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ABSTRACT 14 

Aosta Valley (Western Alps, Italy) is the region with the largest glacierized area of Italy. Like other high 15 

mountain regions, it has shown a significant glacier retreat starting from the end of the ‘Little Ice Age’ that 16 

is expected to continue in the future. As a direct consequence of glacier shrinkage, glacier-bed 17 

overdeepenings become exposed, offering suitable geomorphological conditions for glacier lakes 18 

formation. In such a densely populated and developed region, opportunities and risks connected to lakes 19 

may arise: 1) economic exploitation for hydropower production, tourism and water supply; 2) 20 

environmental relevance for high mountain biodiversity and geodiversity; 3) potential risks due to 21 

outbursts and consequent floods.  22 

In this study, the locations of potential future glacier lakes over large glacierized areas (183 glaciers 23 

covering  163,1 km2) of Aosta Valley were assessed by using the GlabTop2 model.  24 

46 overdeepenings larger than 10,800 m2 were identified, covering an area of 3.1 ± 0.9 km2 and having a 25 

volume of 0.06 ± 0.02 km3. The majority of the overdeepenings are located in the Monte Rosa-Cervino 26 

massif and a mean depth less than 10 m characterizes them. Moreover, an estimation of the most recent 27 

total ice volume for the Aosta Valley was provided (5.2 ± 1.6 km3 referred to 2008). 28 

Thanks to the validation by the proposed “backward approach” and GPR (Ground Penetrating Radar) data, 29 

we can confirm that the location of the overdeepeenings is robust while their actual dimensions are subject 30 

to considerable uncertainties. Almost all of large lakes (area > 10,000 m2), potentially the most dangerous, 31 

are modelled. Finally, we suggest choosing medium pixel size (about 60 m) of the DEM in order to obtain, at 32 

least, the location of the largest lakes and to avoid overestimations of ice thickness and thus a great 33 

number of false positive overdeepenings. 34 

The results presented here can be useful for understanding how the alpine environment will look like in the 35 

future and can help the management of water resources and risks related to glacier lakes. 36 

 37 

KEY WORDS: glacier lakes; glacier shrinkage; glacier bed topography; ice thickness; Western Alps; Aosta 38 

Valley. 39 

 40 
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1. INTRODUCTION 41 

It is expected that the rapid retreat of glaciers, observed in the European Alps and other mountain regions 42 

of the world, will continue in the future (Zemp et al., 2006; IPCC, 2013, Zekollari et al., 2019). One of the 43 

most evident and relevant consequences is the formation of new glacier lakes in recently deglaciated areas 44 

(Linsbauer et al., 2009; Buckel et al., 2018). During glacier retreat, overdeepenings, defined by Haeberli et 45 

al. (2016b) as “closed topographic depressions with adverse slopes in the flow direction, characteristic for 46 

glacier beds and glacially sculpted landscapes”, become exposed and, in some cases, filled with water 47 

rather than sediments. Glacier-bed geomorphologic processes involved in shaping overdeepenings are 48 

mainly basal sliding and bedrock abrasion by ice flux, localized bedrock quarrying and the action of complex 49 

system of pressurized sub-glacial meltwater drainage (Fischer and Haeberli, 2012). The latter, in particular, 50 

is supposed to play a predominant role, both in affecting basal sliding and the efficiency of direct glacier-51 

bed erosion, and in evacuating sediments keeping the bedrock accessible for further erosion (Haeberli et 52 

al., 2016b).  53 

Progressive shrinkage of glaciers is followed by increasing number of new glacier lakes (Paul et al. 2007; 54 

Carrivick and Tweed, 2013; Mergili et al., 2013; Emmer at al., 2014; Salerno et al., 2014; Viani et al., 2016) 55 

and by significant geomorphological changes (appearing/disappearing, expansion/shrinkage) in the existing 56 

ones that reflect climatic fluctuations and environmental changes (Gardelle et al., 2011; Salerno et al., 57 

2014, 2016; Zhang et al., 2017). 58 

When new lakes form because of glacier retreat, both opportunities and risks may arise (Haeberli et al., 59 

2016a), due to several reasons: 1) the potential economic value of glacier lakes for hydropower production, 60 

tourism activities and as water reservoir (Terrier et al., 2011; Purdie, 2013; Drenkhan et al., 2019); 2) their 61 

environmental relevance for high mountain biodiversity (Čiamporová-Zat’ovičová and Čiampor, 2017; 62 

Tiberti et al., 2019) and geodiveristy (Diolaiuti and Smiraglia, 2010); 3) the associated potential risks, e.g. 63 

lake outbursts and consequent floods (Allen et al., 2009; Worni et al., 2013; Emmer et al., 2015, 2016). 64 

The scientific interest and importance of these geomorphologic features is demonstrated by the high 65 

number of regional glacier lake inventories produced for most of the high mountain regions of the world 66 
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since the beginning of the XXI century. The majority of the studies refers to high mountain Asia: Himalaya 67 

region (Gardelle et al., 2011; Worni et al., 2013; Zhang et al., 2015; Salerno et al., 2016), Mount Everest 68 

(Wessels et al., 2002; Bolch et al., 2008; Tartari et al., 2008; Salerno et al., 2012), Tibetan Plateau (Zhang et 69 

al., 2017), Tien Shan (Bolch et al., 2011) and Bhutan (Komori, 2008). There are also examples in South 70 

America, across the Andes (Loriaux and Casassa, 2012; Hanshaw and Bookhagen, 2014; Emmer et al., 2016; 71 

Drenkhan et al., 2018). Some studies refer to Iceland (Schomacker, 2010), Alaska (Capps and Clague, 2014) 72 

and the Caucasus (Stokes et al., 2007). Concerning the European Alps, studies were conducted in 73 

Switzerland (Huggel et al., 2002; Paul et al., 2007; Frey et al., 2010b), Austria (Emmer et al., 2015; Buckel et 74 

al., 2018) and Italy (Galluccio et al., 1998; Salerno et al., 2014; Viani et al., 2016). 75 

More recently, the necessity has emerged of detecting and assessing suitable sites for potential glacier 76 

lakes. Several studies presented approaches for modelling location and morphometric characteristics of 77 

possible future lakes applied in some mountain regions of the world such as: Switzerland (about 500 78 

potential new lakes modeled by Linsbauer et al., 2012); Himalaya-Karakoram (16,000 overdeepenings 79 

reported in Linsbauer et al., 2016); Peruvian Andes (201 overdeepenings identified by Colonia et al., 2017); 80 

Djungarskiy Alatau region in Central Asia (513 potential future lakes modelled by Kapitsa et al. 2017); Mont 81 

Blanc massif (80 glacier-bed overdeepenings estimated by Magnin et al., 2020).  82 

The assessment of the potential location of future lakes is possible through ice thickness modelling and the 83 

subsequent production a of DEM (Digital Elevation Model) without glaciers (Linsbauer et al., 2009). 84 

Thereby, one assumes that future lakes form where the model predicts overdeepened areas (i.e.: 85 

overdeepenings) in the bedrock underneath existing glaciers. Results of these approaches were validated at 86 

the local scale (single glacier) through: i) the comparison of modelled ice thickness with measurements 87 

taken by in situ geophysical investigations (e.g., Ground Penetrating Radar), which can be logistically and 88 

economically demanding (Farinotti et al., 2017); ii) the analysis of the location of modelled overdeepenings 89 

with respect to morphological criteria (Frey et al., 2010a; Colonia et al., 2017); iii) the application of models 90 

to historical data for comparing results with the present situation (Frey et al., 2010a). 91 
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The goal of the present study is to assess the location of potential future lakes for the Aosta Valley Region, 92 

Western Italian Alps. The area has been selected for its wide glacier extension, thus being significant for 93 

providing information about future lakes (the first attempt in the Italian Alps) and adding information on 94 

this topic from a newly studied region of the European Alps. The results and the suitability of the model will 95 

be evaluated using further proposed ways (backward validation at the regional scale) in addition to those 96 

used in existing studies (forward validation at the local scale). 97 

Our specific objectives are: 98 

- to give an estimation of the ice thickness and volumes of the Aosta Valley glaciers; 99 

- to provide a map of possible future lakes for the region;  100 

- to validate, through both well established and additional proposed ways, the suitability of the GlabTop2 101 

model for modelling glacier-bed overdeepenings for mountain glaciers and for anticipating the formation of 102 

lakes;  103 

- to test the sensitivity of the model on the input data. 104 

 105 

2. STUDY REGION  106 

The present study focuses on the glacierized areas of the Aosta Valley Region within the Western Italian 107 

Alps. The Aosta Valley is the region with the most extensive glacier cover in Italy. According to the new 108 

Italian Glacier Inventory (Smiraglia et al., 2015), related to the 2005-2011 period, 192 glaciers exist in the 109 

Aosta Valley Region with a cumulative area value of 133.7 km2, which corresponds to 36% of the Italian 110 

glacier area (21% with respect to the total number of glaciers). In 1991, year of the dataset used in the 111 

present research, there were 183 glaciers (> 0.05 km2) covering 163,1 km2 (Fig. 1). The number of glaciers 112 

was smaller but they covered a larger area if compared to 2005-2011. Differences in number and area are 113 

due to ongoing disintegration of glaciers (from one larger, single glacier body to several smaller bodies) and 114 

shrinkage and disappearance that took place in the meantime (Salvatore et al., 2015).  115 

The largest glaciers, according to the 1991 dataset, were Miage (13.6 km2), Lys (11.8 km2) and Rutor (9.3 116 

km2). 117 
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 118 

Figure 1. Map of the study region showing all Aosta Valley glaciers and all glacier lakes formed after the 119 

‘Little Ice Age’ (LIA) maximum (a). Abbreviations refers to the validation glaciers shown in the detailed 120 

maps: b) Rutor (RU), c) Gran Etret (GE) and d) Indren (IN) . 121 

 122 

The glaciers cover an elevation range from about 1400 m a.s.l. up to 4800 m a.s.l and have a mean 123 

elevation of about 3000 m a.s.l. The 15 glaciers with an area larger than 3 km2 contribute 54% to the total 124 



7 
 

glacierized area but only 8% to the total number. On the contrary, glaciers smaller than 1 km2 account for 125 

80% of the number but only 23% for the area (Fig. 2). Most glaciers are mountain glaciers with few cases of 126 

valley glaciers (in 1991: Miage Glacier, Brenva Glacier, Lys Glacier, Verra Grande Glacier, Pre de Bar Glacier). 127 

 128 

Figure 2. Plot showing the glacier area and the number of glaciers with respect to the relative cumulative 129 

frequency of both values. 130 

 131 

Within the study region, Viani et al. (2016) reported about 200 new glacier lakes being formed within ‘Little 132 

Ice Age’ (LIA) glacier extent boundaries (by http://www.glariskalp.eu/ and referred to 1850. Orombelli, 133 

2011 dated the LIA-maximum for the Western Alps in 1845-1860) covering an area of about 1.3 km2. About 134 

¾ of these lakes are dammed by bedrock, the remaining are mainly dammed by sediments. The 12 lakes 135 

with an area larger than 20,000 m2 contribute 52% to the total lake coverage but only 6% to the total 136 

number. On the other hand, lakes smaller than 6,000 m2 account for 81% of the total number, but only 23% 137 

of the total area. 138 

Glacier lakes represent both opportunities and risks in the study region. As the Miage (Veny Valley) and 139 

Blue (Ayas Valley) lakes, some glacier lakes are important touristic attractions in addition to be valuable 140 

geosites (i.e. features showing a particular geological or geomorphological significance; Reynard, 2004). 141 

Some lakes are potentially hazardous, e.g. Rutor (Dutto and Mortara, 1992) and Miage (Diolaiuti et al., 142 

http://www.glariskalp.eu/
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2006) lakes. In this context, the recent lake outburst event of August 2016 at the Gran Croux lake above 143 

Cogne (Gran Paradiso group) is mentioned (FMS, 2016). 144 

Besides its large number of glaciers and lakes, the Aosta Valley was chosen also for its large amount of data 145 

on this topic. Information about historical (Ajassa et al., 1994; 1997; CGI-CNR, 1961; Citterio et al., 2007; 146 

Diolaiuti et al., 2012; Giardino et al., 2017) and present (Smiraglia et al., 2015; Salvatore et al., 2015) glacier 147 

extent and surface elevation are available. These data are fundamental as input data for the modelling of 148 

bedrock topography underneath glaciers and the detection of possible overdeepenings. Existing and 149 

available glacier lakes inventories (Viani, 2018) and GPR data (Villa et al., 2008) are useful for validating 150 

model results. 151 

Three glaciers (Gran Etret, Indren and Rutor) were selected for validation of the modelled glacier bed 152 

topography with GPR data: 153 

1) Gran Etret Glacier (0.6 km2) is in the Gran Paradiso chain of the Graian Alps. It is a mountain glacier with 154 

a simple basin form and facing north. It lost about 75% of its LIA area (referred to 1850, 155 

http://www.glariskalp.eu/).  156 

2) Indren Glacier (1 km2) is a mountain glacier with a simple basin outline, facing south and located in the 157 

Monte Rosa group in the Pennine Alps. The slope is quite steep, except the central part of the glacier. The 158 

glacier front retreated about 1 km after the LIA-maximum (1850), 4 glacier lakes appeared dammed by the 159 

glacially modelled bedrock.  160 

3) Rutor Glacier (9.1 km2 in 1991) is located in the Rutor-Lechaud chain in the Graian Alps, facing north 161 

west. It is the third largest glacier in Aosta Valley by area and has a rather flat surface morphology. Rutor 162 

Glacier is divided into two main branches by a rocky ridge, the conjunction of the two branches is visible in 163 

the lower part of the glacier, down-valley of a rock outcrop where a medial moraine forms. The glacier has 164 

a well-known history of a series of glacier lake outburst floods between 1430 AD and 1864 AD due to front 165 

fluctuations (Orombelli, 2005). After the LIA-maximum (dated 1864 for the Rutor Glacier by Orombelli, 166 

2005), 8 new lakes have formed dammed by moraines and in newly exposed overdeepenings (Villa et al., 167 

2007).  168 

http://www.glariskalp.eu/
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3. DATA AND METHODS 169 

Table 1 summarizes the workflow of the present research as described in the following. 170 

STEP INPUT DATA METHOD 

   
1. Modelling glacier ice thickness Glacier outlines 1991 

DEM 1991 
Glacier Bed Topography Model 2 
(Frey et al., 2014) 

   
   

2. Calculation of bedrock 
topography and overdeepenings 
location 

DEM 1991 
Ice thickness distribution (raster 
file) 

ArcGis Toolbox (Linsbauer et al., 
2012) 

   
   

3. Backward validation at the 
regional scale 

Modelled overdeepenings 
Lake inventories (Viani, 2018) 

Comparison between modelled 
and real lakes in areas exposed 
by glacier retreat between 1991 
and now 

   
   

4. Backward validation at the 
local scale 

Modelled bedrock 
Real bedrock (LIDAR DTM 2008) 

Comparison between modelled 
and real bedrock along selected 
profiles for areas exposed by the 
glaciers after 1991 

   
   

5. Forward validation at the local 
scale 

Modelled bedrock 
GPR data on specific glaciers 

Comparison between modelled 
and measured bedrock along 
selected profiles  

   
   

6. Forward validation at the 
regional scale 

Modelled overdeepenings 
Orthophotos 
DEM 1991 

Morphological criteria (Frey et 
al., 2010a) 

   

7. Sensitivity test DEM 1991 at different resolution Repeat steps 1, 2, 3 and 5 

Table 1 - Workflow of the present research. 171 

 172 

3.1 The GlabTop2 model 173 

The GlabTop2 is part of the GlabTop approach (Linsbauer et al., 2009) developed for assessing the spatial 174 

distribution of ice thickness by estimating the glacier depths at several points within the glaciarized areas. 175 

The GlabTop approach has been widely used for modelling potential future lakes in many mountain regions 176 

of the world by using recent input data (e.g. Linsbauer et al., 2016; Colonia et al., 2017; Kapitsa et al., 2017).  177 

Linsbauer et al. (2012) applied GlabTop approach to historical data (glacier outlines from 1973 and a DEM 178 

from 1985) for Switzerland. 179 
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The Glacier Bed Topography model version 2 (GlabTop2 model; Frey et al., 2014) is a fully automated model 180 

that requires a minimum set of input data: glacier outlines (glacier mask) and a surface DEM. It allows to 181 

model glacier bed topography over large areas combining digital terrain information and slope-related 182 

estimates of glacier thickness (Linsbauer et al., 2016). Consequently, the location of possible 183 

overdeepenings in the bedrock can be assessed.   184 

Ice thickness h is calculated for an automated selection of randomly picked DEM cells within the glaciated 185 

area by using the following relationship: 186 

h = τ / (f ρ g sinα)  [ 1 ] 187 

τ is the basal shear stress, f the shape factor (related to the friction of a real glacier with the valley walls), ρ 188 

the ice density (900 kg m-3), g the acceleration due to gravity (9.81 m s-2) and α the surface slope measured 189 

over a given vertical interval (which is calculated by the model on randomly selected cells).  190 

The calculation requires estimating the parameters τ and f. According to previous works (Haeberli and 191 

Hoelzle, 1995; Linsbauer et al., 2016 and Farinotti et al., 2017), τ is parameterized with the vertical extent 192 

of the entire glacier ΔH by the equation in Haeberli and Hoelzle (1995) 193 

τ=0.005+1.598ΔH-0.435ΔH2   [ 2 ] 194 

Following Linsbauer et al. (2012), f is set to 0.8 for all glaciers which is typical for valley glaciers. 195 

The model was run using the above-mentioned parameter settings identical to the original parameters 196 

used by Frey et al. (2014). The resulting ice thickness distribution was subtracted from the corresponding 197 

surface DEM to provide the bed topography of the investigated glaciers. 198 

Farinotti et al. (2017), in the framework of the Ice Thickness Models Intercomparison eXperiment (ITMIX), 199 

compared the results of a set of 17 different models for 21 test cases. The results obtained by the use of 200 

GlabTop2 are comparable in quality with more complex model approaches (e.g.: Farinotti et al., 2009; Huss 201 

and Farinotti, 2012). The model is limited in its ability to reproduce small-scale details and, in contrast to 202 

other models, performs poorly in modelling ice thickness of ice caps, but this is of no issue in the context of 203 

the present study. 204 

 205 
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3.2 Application to all Aosta Valley glaciers 206 

We adopted the regional DEM of 1991 provided by the Regione Autonoma Valle d’Aosta (RAVA) with an 207 

original spatial resolution of 10 m, produced by aerial photogrammetry. We down-sampled the DEM to 60 208 

m for the calculation using the bilinear interpolation algorithm, to avoid influence of small-scale surface 209 

morphologies on model outputs as suggested by Frey et al. (2014) and Farinotti et al. (2017). As glacier 210 

outlines we used the .kml file available from the GlaRiskAlp Project website (http://www.glariskalp.eu) and 211 

related to 1999. We modified and updated the outlines to the beginning of the 1990s, in order to have a 212 

good fit with the 1991 DEM, by identifying glacier margin positions analysing the hillshade extracted from 213 

the 1991 DEM and available orthophotos of 1988-89. In order to avoid inaccurate results, glaciers smaller 214 

than 0.05 km2 have been removed because they are subject to high uncertainties, as suggested by 215 

Linsbauer et al. (2016). Subsequently, glacier outlines have been converted to a rasterized glacier mask 216 

where all glacier grid cells receive unique IDs (one ID per glacier entity). We applied the model to all the 217 

glaciers of the study region assessing, firstly, the ice thickness (step 1 in Tab. 1) and consequently the DEM 218 

of the bedrock underneath glaciers (step 2 in Tab. 1). Finally, we produced a database of the modelled 219 

overdeepenings (step 2 in Tab. 1) with associated morphometric parameters (area, depth, volume). 220 

Finally, in order to estimate the most recent ice thickness and volume of the Aosta Valley glaciers, we 221 

assumed that bed topography modelled by GlabTop2 is independent from the date of the input data (DEM 222 

and glacier outlines). Ice thickness information have been obtained by subtracting the most recent regional 223 

elevation model (2008 LIDAR DTM of the Aosta Valley representing recent glacier surface geometry) from 224 

the modelled bedrock without glaciers (i.e. the result of the GlabTop2 application to the 1991 data) and 225 

masking these results with the outlines from the most recent glacier inventory (2006-2007 glacier outlines 226 

from Salvatore et al., 2015). 227 

 228 

3.3 The backward approach 229 

The main idea is to use historical datasets (glacier outlines and DEMs) as input data for the model. Steps 3 230 

and 4, as presented in Tab. 1, synthesizes the proposed backward approach. 231 

http://www.glariskalp.eu/
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Our approach is based on the assumption that glacier retreat was a general trend since the year of 232 

acquisition of the historical data. From the year at which the datasets refer (data survey) until now, in areas 233 

exposed from glacier ice, new glacier lakes appeared and glacially shaped landforms become exposed. 234 

Following a backward-looking procedure, existing glacier lake and freshly exposed glacially shaped 235 

landforms can be used to verify, at the regional scale, the correspondence with modelled lakes and to 236 

validate modelled bedrock, respectively. The application of the described approach requires a lake 237 

inventory and the availability of recent elevation models. In a GIS environment we evaluate whether 238 

locations of modelled overdeepenings correspond to the location of the newly formed lakes for the areas 239 

exposed by glacier ice. This approach should allow to test if glacier lakes formation can be predicted by 240 

GlabTop2. 241 

Ideally, data from earlier time periods would be used to maximize glacier retreat since then. For this 242 

reason, we performed preliminary tests for the production of DEMs from historical aerial photogrammetry 243 

(aerial photos stereo pairs of the 1954 aerophotogrammetric flight) on selected glaciers where significant 244 

glacier lakes have formed in bedrock overdeepenings (e.g.: Rutor and Indren glaciers). The quality of the 245 

photographs and the missing calibration certificate of the camera prevented an accurate evaluation of 246 

errors of the extracted orthophotos and DEMs. We also performed a real test with Structure for Motion 247 

(SfM) technique with the same aerial photographs from 1954 flight (Roberti et al. 2018) but the problem is 248 

that the photographs were not enough to obtain a correct and accurate SfM model to compare with the 249 

regional 1991 DEM. In addition, the potential dataset produced would only cover single glaciers.  250 

Thus, we decided to use the 1991 DEM dataset as input data because of its consistent data quality and the 251 

wide area covered. Furthermore, glacier lake inventories related to the end of the 1990s, 2006 and 2012 252 

(Viani, 2018) exist and can be used to check the real presence of modelled lakes at the regional scale.   253 

Finally, at the local scale (glacier scale), focusing on areas subject to glacier retreat since the 1990s, it is 254 

possible to compare their actual topography with the modelled one along selected profiles. The regional 255 

2008 LIDAR DTM of the Aosta Valley gives the recent topography.  256 

 257 
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3.4 The forward approach 258 

In the existing literature (e.g. Linsbauer et al., 2012; 2016; Farinotti et al., 2017; Helfrischt et al., 2019), 259 

researchers used geophysical investigations carried out on selected glaciers to validate model results. 260 

We adopt a similar approach by performing a forward-looking validation comparing Ground Penetrating 261 

Radar (GPR) profiles with modelled bedrock at the glacier scale (step 5 in Tab. 1). We consider several data 262 

sets: existing GPR data at Rutor and Gran Etret glaciers by Villa et al. (2008) and by Regional Agency ARPA 263 

VDA in collaboration with the Department of Environment, Land and Infrastructure Engineering (Politecnico 264 

di Torino), respectively. The data were acquired during different field campaigns (Rutor: 1996 and 2006, 265 

using a central frequency of 35 MHz; Gran Etret: 2013 by helicopter, using a main frequency of 70 MHz). A 266 

GPR survey was also carried out during summer 2016 (central frequency of 200 MHz) on the central area of 267 

Indren Glacier where GlabTop2 shows the presence of a possible subglacial overdeepening.  268 

Moreover, the morphological criteria proposed by Frey et al. (2010a) can be used as a forward validation at 269 

the regional scale (Colonia et al., 2017). For each modelled overdeepening of the study area it is possible, 270 

using orthophotos and DEMs, to verify if the morphological characteristics at sites where overdeepenings 271 

are modelled fulfil the mentioned criteria (step 6 in Tab. 1). 272 

 273 

3.5 Sensitivity test on input data 274 

In addition to the previously presented modelling with 60 m spatial resolution datasets, we performed 275 

additional runs of GlabTop2 varying the pixel size of the input data (DEM and glacier mask) from high to low 276 

spatial resolution: 20 m, 40 m and 90 m (step 7 in Tab. 1). The objective is to evaluate the effect of the 277 

change of the pixel size on model results (ice thickness, bedrock geometry, total overdeepenings, depth 278 

and area), considering that GlabTop2 calculation of ice thickness is grid-based and that surface slope is 279 

derived as the average surface slope of all grid cells with a buffer of a given vertical elevation extent. 280 

 281 

4. RESULTS 282 

 283 
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4.1 Thickness and volume of the Aosta Valley glaciers 284 

In Figure 3 the ice thickness distribution for all Aosta Valley glaciers is shown. Ice thicknesses lower than 50 285 

m are dominant. 78% of the glaciers have a mean ice thickness below 25 m and another 18% between 25 286 

and 50 m. 287 

We estimated a total ice volume of 5.2 ± 1.6 km3, considering 30% as the uncertainity of the model as 288 

demonstrated by Linsbauer et. al. (2012).  The arithmetic mean ice thickness, obtained by dividing the total 289 

volume by the total area, is about 39 m. Maximum modelled ice thickness is 214 m (Triolet Glacier). 290 

Considering the volume of single glaciers, the 3, 9, and 27 largest glaciers (defined by volume) contained 291 

28, 59 and 86% of the total volume, respectively. The three largest glaciers thereby are Miage (0.53 km3) , 292 

Rutor (0.50 km3) and Lys (0.45 km3) glaciers. The thickest ones (considering the mean thickness) are Rutor 293 

(62 m), Tribolazione (61 m) and Pre de Bar (60 m) glaciers. 294 

 295 
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Figure 3. Ice thickness distribution for the Aosta Valley glaciers in 2008. The largest (Miage, Rutor and Lys) 296 

and thickest (Rutor, Tribolazione and Pre de Bar) glaciers are indicated by their name, as well as the glacier 297 

with maximum modelled ice thickness (Triolet). 298 

 299 

4.2 Potential future lakes 300 

The total number of detected overdeepenings is 46. We used an area threshold of 10,800 m2 (or about 1 301 

ha) for the lakes area, which means a lake resulting from 3 pixels of the 60 m spatial resolution modelling. 302 

Figure 4 shows the location, mean depth and area of the overdeepenings located in the most important 303 

glacierized areas of the study region. Overdeepenings are mainly located in correspondence of areas where 304 

the 1991 glacier surface was flat (slope < 5°). For the steepest mountain glaciers, located for example in the 305 

Mont Blanc massif, few overdeepenings have been modelled. About 3.1 ± 0.9 km2 of potential future lakes 306 

can contain a total volume of 0.06 ± 0.02 km3, which is less than 1% of the corresponding total glacier 307 

volume (7.3 km3 in 1991). The average depth of the modelled overdeepenings is about 18 m (weighted with 308 

the total area). Potential future lakes could be less deep and have smaller area and volume than the 309 

modelled overdeepenings as they may not completely fill up. 310 
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 311 

Figure 4. Location of modelled overdeepenings for the main massifs of the Aosta Valley Region. The size of 312 

the points refers to the area of the overdeepening and the colour to the mean depth. The two glaciers 313 

hosting the largest overdeepenings are indicated. 314 

 315 

The average area of overdeepenings is 68,000 m2 with a volume of 1.2 · 106 m3. Seven modelled 316 

overdeepenings larger than 1 · 106 m3 account for 89% of the total volume and the two largest ones (each > 317 

10 · 106 m3) for almost half (45%) of total volume. These two overdeepenings are located underneath the 318 

Rutor (A = 425,000 m2 and V = 12.6 · 106 m3) and the Triolet (A = 360,000 m2 and V = 12.2 · 106 m3) glaciers 319 

(Fig. 4).  320 

In terms of distribution, the majority of the overdeepenings are located in the Monte Rosa-Cervino massif. 321 

However, mean depths of less than 10 m characterizes them. In the Mont Blanc massif, there are few 322 

overdeepenings due to morphology of the remaining glaciers that are the steepest of the study area. 323 

Exceptions are Miage and Rutor glaciers that have large overdeepenings. Modelled overdeepenings are 324 

mostly located at the front of the glaciers or in wide and flat accumulation areas. 325 
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 326 

4.3 Backward and regional validation 327 

Between the 1990s and now, glaciers have retreated in the whole study region, glacially shaped landscapes 328 

became exposed and new lakes formed. For backward-looking validation, we used the overdeepenings 329 

located in areas exposed from glacier ice between the 1990s and 2012 and compared them with the actual 330 

surface topography and lakes (where they have formed).  331 

We focused on: 332 

- existing lakes modelled as overdeepenings by GlabTop2; 333 

- existing lakes that have not been modelled (false negatives);  334 

- modelled overdeepenings not corresponding to real lakes (false positives). 335 

Over the time period 1990s to 2012, according to Viani et al. (2016), 35 lakes formed in areas exposed by 336 

glaciers. Their area varies from a minimum of 300 m2 to a maximum of about 50,000 m2. There are only six 337 

lakes greater than 10,000 m2 (large lakes), seven have an area between 5,000 and 10,000 m2 (medium 338 

lakes) and 22 are smaller than 5,000 m2 (small lakes).  339 

Considering model results, in the areas corresponding to glacier retreat, 16 overdeepenings (> 10,800 m2) 340 

have been modelled. 341 

Nine (26%) of the 35 newly formed lakes have been modelled by GlabTop2: 5 of the large lakes, 2 of the 342 

medium lakes and 2 of the small lakes, which means that almost all of the large lakes are modelled, a third 343 

of the medium ones and almost none of the smallest ones. Lowering the threshold of the minimum area of 344 

overdeepenings from 10,800 to i.e. 3,600 m2 (that corresponds to a lake resulting from only 1 pixel of the 345 

60 m modeling) would have permitted to model 6 more existing lakes (3 medium and 3 small) but then, 346 

more false positive (i.e. modelled overdeepenings not corresponding to real lakes) would have been 347 

produced, increasing the uncertainty of the results.  348 

The modelled overdeepenings mostly are larger than the real lakes; this is not considered a major issue 349 

because overdeepenings containing a lake might often not get completely filled by water and/or partly 350 

filled with sediments. 351 
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The modelling results in 26 false negatives (i.e. existing lakes that have not been modelled): 1 large lake, 5 352 

medium lakes and 20 small lakes. The largest lake (area of about 13,000 m2), is located in the proglacial 353 

area of the Rutor Glacier (L2 in Fig. 12a) as well as one of the medium lakes (M in Fig. 12a). The majority of 354 

the remaining false negatives (70%) are located at glaciers with an area smaller than 1 km2. Moreover, 355 

analysing the slope of the 1991 glacier surface at the location of the false negatives, we observe that for the 356 

majority of them (73%) the slope is greater than 20°. 357 

Nine of the modelled overdeepenings (56%) correspond to real lakes (Tab. 2). Analysing the remaining 7 358 

ones (false positives) on orthophotos we found that all are located at glacier fronts close to the glacier 359 

margins. At the location of false positives, the glacier surfaces in 1991 had a medium slope of about 11°. 360 

The two largest false positives (area > 21,600 m2) are located in the proglacial area of the Rutor Glacier (ID 361 

2 and ID 5 in Tab. 2 and Fig. 12a). The remaining false positives have an area smaller than 14,400 m2.  362 

    Modelled overdeepenings (GlabTop2) Observed lakes (orthophotos) 

ID Glacier 
Area 
(m2) 

Max 
depth 
(m) 

Mean 
depth 
(m) 

Volume 
(106 m3) 

Max area 
measured 
(1990s-2012) 

Geomorphological 
observations and 
notes 

1 Rutor 115200 33 16 1,79 52500 See Fig. 12a 

2 Rutor 36000 19 12 0,42 - Sediments 

3 Lavassey 28800 11 5 0,14 18100 See Fig. 12b 

4 Lys 21600 8 3 0,07 10400   

5 Rutor 21600 6 4 0,08 - Sediments 

6 
Western Gran 
Neyron  

18000 24 16 0,29 11400 See Fig. 12c 

7 Lac Gelè 18000 39 26 0,47 5200   

8 Tsa de Tsan 14400 8 5 0,08 6700 See Fig. 12d 

9 
Punta Laurier 
North 

14400 19 9 0,13 - Sediments 

10 
Soches 
Tsanteleina 

14400 16 9 0,13 3000   

11 Lys 14400 11 6 0,09 10200   

12 Lys 10800 9 5 0,06 3100   

13 Traversiere North 10800 17 8 0,09 - Bedrock (Fig. 12f) 

14 Monciair 10800 8 5 0,05 - Bedrock (Fig. 12e) 

15 Mont Gelè 10800 11 6 0,07 - 
Sediments and/or 
dead ice (Fig. 5a) 

16 Invergnan 10800 13 9 0,10 - 
Dead ice and water 
ponds (Fig. 5b) 
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Table 2. Main morphometric parameters of modelled overdeepenings compared with the real 363 

morphologies.  364 

 365 

We compared modelled bedrock with real bedrock topography (LIDAR DTM 2008) in the areas where 366 

overdeepenings have been modelled but no lakes had formed (i.e. false positive, figure 5). In the two 367 

examples shown in Fig. 5, the profile extracted from the LIDAR DTM represents the elevation of the debris 368 

and/or dead ice occupying the proglacial area. Measured and modelled profiles agree well in 369 

correspondence of the rocky threshold but above they diverge. The real bedrock probably contains an 370 

overdeepening (as modelled) that can’t be detected, neither from the orthophotos nor from the LIDAR 371 

DTM, because it is filled with debris and/or dead ice. 372 

 373 

Figure 5. Comparison between modelled bedrock and real surface (LIDAR DTM 2008) for two cases (a, 374 

Mont Gelé Glacier and b, Invergnan Glacier) where an overdeepening has been modelled but no real lake 375 

exists. (Imagery: Italian National Geoportal. 2006-07 orthophotos). 376 

 377 

4.4 Forward and local validation 378 

We compared measured (GPR) and modelled bedrock along some profiles for the Gran Etret and Indren 379 

glaciers. In particular, we selected two cross-sectional profiles and one longitudinal profile for both glaciers 380 

(Fig. 6). We also provide a similar validation for some selected areas of the Rutor Glacier (Fig. 8). 381 



20 
 

 382 

Figure 6. Maps of the modelled bedrock elevation (elevation contours) and ice thickness (grey scale grid) at 383 

Gran Etret (top left) and Indren (bottom right) glaciers. The interval of the elevation contours is 30 m a.s.l. 384 
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Plots show the cross-sectional and longitudinal profiles modelled with GlabTop2 and the model uncertainty 385 

of ±30%, the GPR measurements and the GPR uncertainty.  386 

 387 

In the case of Gran Etret Glacier, we noticed a good agreement between measured and modelled bedrock 388 

in the highest part of the glacier, as shown for the upper part of the profile (a) and for profile (c) and the 389 

deviations between measurements and model results mostly remain within the model uncertainty of ±30%. 390 

The geometry of the cross sections is well captured for profile (c). On the contrary, the elevation of the 391 

central part of the glacier is underestimated by the model (profiles a and b) and it is outside the uncertainty 392 

range. Profile (b) shows a great difference between measured and modelled elevation values, the latter 393 

underestimating the ice thickness. Considering the geometry of the cross section, the profile has similar 394 

trends but the different spatial resolution of model output and GPR data as well as the short GPR track 395 

prevent a good comparison. 396 

At Indren Glacier, measurements and model outputs are in good agreement along the whole profile (a) and 397 

(b) within the model uncertainty range. Profile (c) shows a proximity between measured and modelled 398 

elevation values near the uncertainty range. It seems that the model does not capture the small U-shaped 399 

geometry measured by the GPR (Fig. 6, profile cc’ of the Indren Glacier, dotted red line), the divergence 400 

could be due to the low spatial resolution of the model outputs. 401 

The radargram corresponding to the longitudinal GPR profile AA’ at Indren Glacier is shown in the following 402 

Figure 7. The maximum ice thickness is measured in the central part of the profile and corresponds to 403 

about 40 m.   404 
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 405 

Figure 7.  Radargram of the corresponding longitudinal GPR profile AA’ at Indren Glacier. 406 

 407 

By analysing the differences between the elevation of the bedrock measured by GPR and the one modelled 408 

by Glabtop2 at Rutor Glacier (Fig. 8), a high differences between measured and modelled ice thickness is 409 

observed where the model predicts overdeepenings, which corresponds to the flattest area of the glacier.  410 

Maximum ice thicknesses measured by GPR at the locations of the two modelled overdeepenings is about 411 

80 meters (L in Fig. 8) and 50 m (U in Fig. 8). However, comparison of the GPR data with modelled ice 412 

thickness at these two overdeepenings suggests that the model overestimated the ice thickness (maximum 413 

values of 229 meters in L and 203 meters in U). According to the measured profiles, small overdeepened 414 

morphologies exist at the lower modelled overdeepenings, while no real overdeepened landforms exist at 415 

the location of the upper modelled overdeepenings. 416 
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 417 

Figure 8. Maps of the two overdeepenings modelled in the lower (L) and upper (U) zone of the Rutor 418 

Glacier, corresponding ice thickness and location of GPR paths (a). Plots show the cross-sectional profiles (ll’ 419 

in b and uu’ in c) modelled with GlabTop2 and the model uncertainty of ±30%, the GPR measurements and 420 

the GPR uncertainty. (Imagery: Italian National Geoportal. 2006-07 orthophotos). 421 

 422 

4.5 Sensitivity test 423 

We performed different runs of GlabTop2, in addition to the previously presented 60 m run, varying the 424 

pixel size of the input data (DEM and glacier mask) from a high to a low spatial resolution: 20 m, 40 m and 425 

90 m. Here we present the results related to changes in the spatial resolution of the input data. Thereby, 426 

we focused on the main parameters of the modelled overdeepenings as shown in Figure 9.  427 
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 428 

Figure 9. Scatter plot of mean depth of modelled overdeepenings versus their area as modelled for the 20 429 

m, 40 m, 60 m and 90 m runs. The table (top left) reports the main morphometric parameters of the 430 

overdeepenings for the four different spatial resolutions. 431 

 432 

The number of possible future lakes (surface area > 10,800 m2) in the study area, and the total area and the 433 

total volume, varies considerably with respect to the spatial resolution of the input DEM from a minimum 434 

of 24 overdeepenings for the 90 m run to a maximum of 125 overdeepenings for the 20 m run. Focusing on 435 

Figure 9, we notice that the majority of the overdeeepenings modelled with a spatial resolution of 40, 60 436 

and 90 m has an area lower than 100,000 m2 and a depth lower than 20 m. Results of the 20 m run show an 437 

increase in the number, area and depth of the overdeepenings. The output of the 20 m run, with respect to 438 

the 60 m run, performs better in shaping bedrock morphologies showing a good agreement (qualitatively 439 

assessing agreement of modelled vs. measured shape) with the GPR data when we analyse the geometry of 440 

the profiles, for example, at profile b of the Gran Etret Glacier and profile c of the Indren Glacier (Figure 441 

10). From a quantitative point of view, the results of the comparison among modelled ice thickness by 20 442 

and 60 m runs and GPR data differ. At profile b of the Gran Etret Glacier both the 20 and 60 m run 443 

underestimated the ice thickness and the 20 m performs better. At profile c of the Indren Glacier, both the 444 

20 and 60 m overestimated the ice thickness and the 60 m performs better. 445 
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 446 

Figure 10. Comparison between outputs of glacier bed model using DEMs sampled to 60 m and 20 m and 447 

GPR measurements along cross-sections at the Gran Etret and Indren Glacier. 448 

 449 

Because of this divergence in the performances we decided to carry out an additional test by comparing 450 

modelled overdeepenings and existing lakes for the four runs (Fig. 11). We notice that the 20 m run has the 451 

highest number of modelled lakes but it is also the one with the highest number of false positive. Most of 452 

them are located at glacier margins where the calculation of glacier surface slopes could be uncertain and 453 

consequently results in artefacts. Modelled lakes as well as false positive decrease with the decrease of the 454 

spatial resolution. Looking at the largest modelled lakes, we note that all the four runs modelled about 455 

more than the 50% of the large lakes (> 10,000 m2). 456 

The 60 m run gives the best performance among the four runs in modelling large lakes (5 of the 6 lakes 457 

modelled). The 20 and 40 m versions perform better than the 60 m run for small lakes and similarly to 60 m 458 

run for medium lakes but false positive are the triple and the double in the 20 m and 40 m versions 459 

respectively  if compared  to the 60 m. The 90 m run performs worst except for the small number of false 460 

positives.  461 

We decided to focus on the results of the 60 m run in the present work because of: 1) good performance in 462 

modelling the largest lakes, potentially the most dangerous; 2) few false positive; 3) correct calculation of 463 

small lakes is not demanded in the present study (considering the limited ability of the model to reproduce 464 

small-scale features). 465 
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 466 

 467 

Figure 11. Model performances for the four different runs (20 m, 40 m, 60 m and 90 m); for each run the 468 

number of modelled (green) and not modelled (red) real lakes are given, differentiating among large (L, 469 

area>10,000 m2), medium (M, area between 5,000 and 10,000 m2) and small (S, area<5,000 m2) existing 470 

lakes and the overdeepenings that do not correspond to real lakes (blue, false positive, FP).  471 

 472 

5. DISCUSSION 473 

 474 

5.1 Future landscape evolution 475 

Within the study area, the volume of calculated potential overdeepenings (0.06 km3) is only 0.8% of the 476 

corresponding total glacier volume (7.3 km3 in 1991). Considering similar studies implementing GlabTop 477 

approach, we notice that the calculated value is less than the corresponding one for the Swiss Alps (3%, 478 

Linsbauer et al., 2012) and the Himalaya-Karakoram (3-4%, Linsbauer et al., 2016). However, similar values 479 

(0.5, 1%) were found for the Peruvian Andes (Colonia et al., 2017). Considering that flat areas (like valley 480 

glacier tongues) are more suitable for the modelling of overdeepenings, the higher value for the Swiss Alps 481 

can be due to the fact that the results refer to 1973 when glaciers were wider and flat tongues still existed. 482 

For the Himalaya-Karakoram the input datasets are more recent (2000-2010) and, accordingly to Bolch et 483 

al. (2012), at that stage a large part of the ice in the region was still located in the flat tongues of the valley 484 
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glaciers. Finally, similarity with the study of Colonia et al. (2017) in the Peruvian Andes can be due to the 485 

limited extent of remaining flat glacier parts. Many Peruvian glaciers, similar to the glaciers of the Aosta 486 

Valley, lost their flat and thick tongues in the recent past. 487 

In Aosta Valley Region, the surface area occupied by lakes (1.1 km2) corresponds to about 0.6% of the area 488 

exposed through glacier retreat (179 km2) over the time period (1850-1991). The total area of modelled 489 

overdeepenings (3.1 km2) corresponds to 1.9% of the remaining glacier area in 1991 (163 km2). The 490 

differences in the values could be attributed to the fact that not all the past overdeepenings are filled with 491 

water, originating a lake; the same can happen in the future, especially considering the increase in the 492 

amount of debris in glacier basins becoming exposed on slopes, which will likely fill some of the 493 

overdeepenings once they become exposed by glacier retreat. The formation of breaches in dams at 494 

overdeepenings can also prevent lake formation, as discussed by Colonia et al. (2017). More than a half of 495 

the potential overdeepenings are located in the lowest areas of the glaciers and they correspond to the 496 

smallest and shallowest elements of the population. The glaciers will probably free the areas where these 497 

overdeepenings are located in the coming years. The largest and deepest overdeepenings are located in the 498 

accumulation areas of the widest and thickest glaciers of the region (Tribolazione, Rutor, Pre de Bar, Triolet, 499 

Grandes Murailles), located in the highest mountain massifs. According to future scenarios, these largest 500 

glaciers will probably survive in the coming decades becoming increasingly important with their ice reserves 501 

(Zemp et al., 2006; Linsbauer et al., 2012; Zekollari et al., 2019). Hence, the related overdeepenings will not 502 

appear very soon but nevertheless probably before the end of the century. 503 

 504 

5.2 Model performance 505 

Similarly to other authors (Farinotti et al., 2017), in the present study we demonstrated that models 506 

inferring ice thickness from surface topography are limited in their ability to reproduce small-scale features 507 

of bed topography. Anyway, it should be stated that an accurate simulation of very small glacier lakes is not 508 

a crucial demand, because they rarely constitute a hazard or cause relevant issues for environmental 509 

management.   510 
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A qualitative comparison between modelled overdeepenings and existing lakes shows a good performance 511 

of GlabTop2 in terms of location of modelled overdeepenings and lakes, especially for the lakes with area 512 

larger than 10,000 m2 (Figure 12 a, b, c). The model is also able to predict the location of some of the 513 

medium size lakes (area between 5,000 and 10,000 m2) as shown in Figure 12d. 514 

Regarding false negatives, we note that the  majority of them is located in steep areas (slope >20°) of small 515 

glaciers (surface area <1 km2). On such glaciers ice thickness in the centre is not much thicker than at the 516 

margin, which is a possible reason for this type of “error”. Furthermore, and as mentioned above, the 517 

model has limited abilities to reproduce small-scale landforms (more than 70% of the false negatives are 518 

small lakes, area < 5,000 m2).   519 

Only two of the 7 false positives are clearly artefacts (ID 13 and ID 14 in Tab. 2 and Fig. 12 e and f). From a 520 

geomorphological point of view, they correspond to areas not characterized by a bedrock overdeepening in 521 

the real-world, the slope is uniform. They are generated where the glacier surface in the year 1991 was of 522 

shallow slope (about 11°), thus likely to result in modelled overdeepenings. However, They are also located 523 

very close to the glacier margins where the model often tends to create spurious overdeepenings. The 524 

remaining false positives could be real overdeepenings but they are nowadays filled by sediment or dead 525 

ice instead of water (e.g.: ID 15, Fig. 5 a). In one case water ponds are currently forming (ID 16, Fig. 5b). 526 

An exception is the Rutor Glacier (Fig. 12a) whose proglacial area features two modelled overdeepenings 527 

(ID 2 and ID 5) that are located in the vicinity, but do not overlap, with two actual lakes (M and L2). This 528 

result can be interpreted as an ability of the model in, at least, identifying areas prone to lakes formation. 529 
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 530 

Figure 12. Comparison between the location of modelled overdeepenings (green outlines) and existing 531 

large (L) and medium (M) lakes within 1991 glacier extents (black lines) in the study area (a, b, c, d). Panels 532 

e and f show examples of model artefacts (false positive). (Imagery: Italian National Geoportal. 2012 533 

orthophotos). 534 

 535 

We also compared the location of the modelled overdeepenings with morphological criteria described by 536 

Frey et al., 2010a (Fig. 13 a) to identify potential locations of overdeepenings. The reported examples (Fig. 537 
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13 b, c) show a good correspondence with the three criteria: 1) distinct break in slope; 2) reduction in 538 

glacier width; 3) heavily crevassed glacier part below a crevasse-free part. The location of modelled 539 

overdeepenings also correspond well with areas with surface slope < 5°, as a first-order criterion for pre-540 

selecting sites with possible overdeepenings (Frey et al., 2010a). We can confirm that the location of the 541 

modelled overdeepenings is quite robust while other parameters, like size and depth, are less certain. 542 

 543 

Figure 13. Morphological criteria from Frey et al. (2010a) (a) that indicate the potential existence of glacier-544 

bed overdeepenings for two cases in the study area: Pre de Bar Glacier (b, Mont Blanc Massif) and Coupé 545 

de Money Glacier (c, Gran Paradiso Chain). (Imagery: Italian National Geoportal. 2006-07 orthophotos). 546 

Some issues in modelling ice thickness and consequently overdeepenings are noticed in the flat and wide 547 

areas of the glaciers, as demonstrated in the case of Rutor Glacier (Fig. 8). In such areas, the model might 548 

overestimate actual ice thickness. In fact, the Rutor Glacier cannot be defined as a typical valley or 549 

mountain glacier, and probably its dynamic is highly influenced by the structural lineaments of the bedrock: 550 

these could be the reasons of such divergence between measured and modelled values. In addition, the 551 

upper flat (firn) zone is close to a “firn divide” where surface slope becomes zero and the basic assumption 552 

of the GlabTop approach (constant basal shear stress) is no longer valid. The differences between GPR data 553 

and model results remain unresolved, especially for the site in the lower zone which fulfils all conditions for 554 

the formation of an overdeepening according to Frey et al. (2010a). Potential inaccuracies during the 555 

acquisition and interpretation of the GPR data have also to be taken into account. In fact, the accuracy in 556 

estimating the depth of the interface between ice and bedrock is challenging and depends on several 557 
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factors such as: morphology of the radiated surface; dielectric permittivity of the ice and its thickness; tilt-558 

angle of the radiation with respect to the inclination of the target; frequency of the radar signal; scattering 559 

phenomena due to the presence of heterogeneities in the ice; wave velocity of the ice depending on the ice 560 

density. Because of theses challenges in the GPR data acquisition and  interpretation, they should always be 561 

used with care when validating modelled bed topography. 562 

   563 

5.3 Backward and forward validation   564 

We believe that the backward approach represents a solid way for validating and evaluating the 565 

performance of the model. In particular, the backward approach allows comparing modelled results with 566 

real lakes and topography of deglaciated areas. In comparison, GPR data often used for validation (e.g. 567 

Farinotti et al. 2017; Frey et al., 2014) can be subjected to large uncertainties because of challenging data 568 

acquisition and interpretation (Colonia et al., 2017). 569 

Extensive GPR coverage is needed for a good comparison of measured and modelled bedrock because of 570 

the large pixel size of the output raster. Short GPR tracks can be used for the validation of the ice thickness 571 

at some specific points but they cannot validate the general shape of the bedrock and, in the case of 572 

identification of overdeepenings, their real existence. Moreover, analyzing typically linear GPR profiles is 573 

challenging because an overdeepening is only fully defined in three dimensions, and the multiple 3D radar 574 

reflections imply uncertainties in interpretation. For these reasons, in a GPR survey planning it is necessary 575 

to consider the glacier size and shape and the GPR tracks must be long enough in both longitudinal and 576 

transversal directions.  577 

 578 

5.4 Effect of the input data on model results  579 

The spatial resolution of the input DEM influences modelled ice thickness. The smaller the pixel size, the 580 

higher the ice thickness, the larger the number of modelled overdeepenings but also the higher the number 581 

of false positives. Moreover, as suggested by Paterson (1994) and Haeberli and Hoelzle (1995), the 582 

relationship between surface slope and ice thickness is strongest along the central flowline of a glacier and 583 
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breaks down towards the margins (both laterally and near glacier top and terminus). These issues have to 584 

be taken into account in the future implementation of GlabTop2.  585 

The comparison between measured and modelled bedrock profiles shows that the morphological variability 586 

of the glacier surface (represented by the DEM) is transferred to the modelled bedrock topography  587 

because it is calculated by subtraction of modelled ice thickness from the DEM (Paul and Linsbauer, 2012). 588 

This explains the better performances, in terms of qualitative agreement, for the high spatial resolution 589 

run. Comparing existing lakes with the modelled overdeepenings of the four runs, we found that larger 590 

lakes have been well modelled, which confirms the robustness of the model in assessing the location of the 591 

overdeepenings and approximately their size. 592 

Based on our results, we recommend to choose a medium pixel size (about 60 m) to avoid a great number 593 

of false positive and overestimation of ice thickness, overdeepenings number, depth and volume.  594 

 595 

6. CONCLUSIONS  596 

The results of the application of the GlabTop2 model to the glaciers of the Aosta Valley Region quantify 597 

newest ice volumes for the largest glacierized region of Italy (5.2 ± 1.6 km3 of total glacier volumes) and the 598 

location of potential future glacier lakes (46 potential future overdeepenings covering a total area of 3.1 ± 599 

0.9 km2). Future lake models were missing so far for Italy: therefore, this study fills an important research 600 

gap by modelling glacial bed overdeepenings and potential future lakes for the Aosta Valley, the region 601 

with the most extensive glacier cover in Italy. Application of this information can be important for the 602 

management of water resources and risks related to glacial lakes.  603 

The volume of modelled potential future overdeepenings represents only 0.8% of the total modelled glacier 604 

volume. We estimate that, continued glacier retreat, will expose mainly smaller and shallower 605 

overdeepenings. Larger and deeper geomorphological troughs will remain filled by ice for a few more 606 

decades. 607 

In addition to the use of well-known methodologies for validation of model of ice thickness and 608 

overdeepenings (GPR surveys and morphological criteria), we have proposed a further approach termed 609 
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“backward approach” that has proven to be useful to compare modelled glacier-bed overdeepenings and 610 

real-world landforms. Obviously, GPR surveys remain essential to detect not already exposed 611 

overdeepenings but always considering the challenges in the GPR data acquisition and  interpretation. 612 

Considering the GlabTop approach, we have found that the location of the modelled overdeepeenings is 613 

robust while a higher level of uncertainty remains in the dimensions of the overdeepenings.  614 

Combining the analysis of the location of modelled lakes with glacier retreat scenarios will allow to define 615 

the approximate year or decade during which the potential lakes will appear (Colonia et al., 2017).  616 

To our knowledge, overdeepenings underneath Italian glaciers have not yet been modelled. Extending the 617 

modelling to the rest of the Italian Alps would be important for estimating the total amount of water stored 618 

in the future lakes and for understanding how the alpine environment will look in the future, following 619 

continued glacier shrinkage.  620 
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