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ABSTRACT: 
 
Since June 2006, a network of 9 ablatometric stakes has been installed on Belvedere surface with the aim of monitoring its 
dynamics. Stakes, made of 4, 2 metres long, wooden poles linked with iron cable, have been placed on glacier surface after drilling it 
with a steam drill and their positions have been measured with DGPS, they have been surveyed for 30 minutes; a second receiver 
have been previously placed on a reference point external to the glacier. 
The reference point has been placed on a rock outside the glacier and its position has been measured with a relative approach by 
fixing baselines to a Regione Piemonte official reference point. 
Stakes survey have then been carried out every 20-30 days in order to measure glacier ablation and displacement during three 
ablation seasons, after the installation of the GPS reference station every stake position has been measured and, during the 10' 
acquisition, stake emergence has been measured too. 
GPS data have been post processed, as real time approach failed due to glacier position and morphology, after every measurement 
session obtaining centimetric accuracy. 
The survey results have depicted an highly dynamic scenario, both ablation and displacement values vary in the three seasons, 
months and among each stake, too. Only GIS analyses studying displacement directions have showed an homogeneous trend in 
every season. Altogether the surveyed phenomena has been characterized by impressive magnitude and have proven highly 
remarkable results in Belvedere current dynamic comprehension. 
Displacement measurement have pointed out a reduction of its rate(up to 30 – 35 metres per year) in comparison to the previous 
data, i.e. up to 200 metres per year; thus suggesting the return of the glacier to a more stable phase and the potential ending of the 
surge-type movement. 
Total ablation ranges from 15.48 to 7.77 metres, ablation data have also highlighted two exceptional phenomena. In the first season, 
the ablation season has showed a prolonged duration: stake emergence has been measured until the second half of November; 
ablation values measured at the beginning of the second season where, approximately, one meter greater then values recorded at the 
end of the previous one underlining an early o winter ablation event. The comparison of these results with meteorological data, 
obtained from an automatic measurement station located in a position comparable to the glacier, have confirmed the exceptionality 
of the event. 
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1. INTRODUCTION 

The Belvedere Glacier (WGI code I4L01211009) is located in 
the Anzasca valley, Macugnaga (45°58′ N, 7°58′ E), in the 
north-eastern sector of Piemonte (Italy). It is a rock covered 
glacier situated at the base of the Monte Rosa east face. The 
glacier elevation, ranges from a maximum of 4520 m a.s.l. to a 
minimum of 1760 m a.s.l., its length is about 6 km and its 
maximum width is up to 500 m, with an average surface of 5.58 
km². It’s oriented at 45° due north with an average slope of 10°. 
The glacier main body is connected, in its upper part, with the 
Northern Locce, Signal and Monte Rosa Glaciers and it ends 
with a forked snout. 
At the beginning of the present century - since 1999, according 
to Mazza (2003) - the glacier has undergone a remarkable 
increase in horizontal displacement speed and surface elevation. 
According to the displacement rate measurement, carried out by 
remote sensing techniques, the speed of the glacier has 
increased from 32 – 43 m per year, recorded in the last 5 years 
of the 20th century to 92 – 112 m per year (02/09/1999 – 
06/09/2001); in the autumn of the same year the speed had still 

increased to its maximum of 100 – 200 m per year (Kaab et al., 
2005). 
The surface elevation has shown a similar trend, with an 
increase in ice thickness of up to 20 m reaching the level of the 
Little Ice Age moraine (Mortara et al., 2003), with a consequent 
appearance of large crevasses on the whole glacier. Due to the 
described phenomena the formation of a new moraine has been 
observed. Contemporarily, in the upper part, the glacier surface 
has shown an opposite state, by lowering its elevation and in the 
originated depression a supraglacial lake has been observed. 
The lake has been identified as the “Effimero Lake” (Figure 1). 
The lake has undergone different fillings until reaching its 
maximum volume of 3 · 106 m³ and a 57 m depth with evident 
risk of GLOF (Glacial Lake Outburst Flood) or jökulhlaup due 
to termokarst processes or rockfall from Monte Rosa East Face. 
During the most critical phase the lake level has been rising 
with a rate of 1 m/day so an overflow event was also evaluated 
(Mercalli et al., 2002; Mortara et al., 2003; Mortara and 
Mercalli, 2002; Tamburini and Mortara, 2004). 
In the past, similar events have been observed in Belvedere 
glacial basin. Due to intense precipitation, the consequent 
outburst of a water pocket inside the glacier have provoked 



 

different collapses in the lateral moraines and the consequent 
trigger of debris flows (1868, 1896, 1904, 1922) as reported by 
Haeberli et al (2002). 
Moreover, another lake, close to Belvedere, has been involved 
in several outbursts involving the glacier body, with their flows. 
The Locce Lake, a proglacial lake located at the terminus of 
Northern Locce glacier (a tributary of Belvedere glacier) has 
undergone three main outburst events (13/08/1970, 02/08/1978, 
and 19/07/1979) as reported in GRIDABASE archive. In every 
episode, the water has flown through the endoglacial draining 
system, rather than overflowing over the moraine; after 
emerging from crevasses the flow has been channelled by the 
glacier and its moraine until reaching the breach opened in 1904 
outburst, described by Somigliana in the Italian Alpine Club 
journal in (1917), and joining the Pedriola River. 
Both phenomena, the changes in surface dynamics and the 
supraglacial lake, have triggered a civil protection procedure in 
order to reduce risk related to the explained events for the 
inhabitants of Macugnaga (Mercalli et al., 2002; Mortara et al., 
2003; Mortara and Mercalli, 1999). Fortunately the lake has 
ended, by itself, the emergency state by two endoglacial 
outburst, due to the improvement in subglacial drainage system, 
finished without consequences (Tamburini and Mortara, 2004; 
Tamburini et al., 2003b). The two episodes occurred on 19 and 
20 June 2003 with a discharge of, respectively, 14 and 9 m³/s; 
among them a marked discharge reduction has been observed, 
probably due to a temporary obstruction in the drainage system. 
 
 

 
Figure 1 - The “Effimero lake”, in the left part of the image the 

“Locce lake” (Photo G. Mortara) 
 
According to the definition of Haeberli et al (2002) the 
Belvedere glacier has been subject to a “surge-type movement”, 
currently a unique phenomenon in the Alps; conversely Mazza 
(2003) have explained the phenomena with the kinematic waves 
theory due to the reduced horizontal displacement speed, the 
lack of the formation of a terminal moraine and the absence of 
the typical block-flow movement; in fact, due to the high 
displacement speed, the glacier is unable to keep a viscous flow 
and breaks into small ice blocks. Moreover, the kinematic wave 
theory is supported by previous events, though characterised by 
reduced magnitudes, occurred between 1984 and 1985 and at 
the end of 1992 (Mazza, 2003). 
 

2. MATERIALS AND METHODS 

The measurement of glacier ablation has been achieved 
according to the methodology defined by UNESCO manuals 
(Kaser et al., 2003). In the lower sector of the glacier, a network 
of ablatometric stakes has been installed, with the aim of 
measuring ablation rates on the two tongues and on the upper 
sector, in order to have a complete survey of ablation dynamics. 
Firstly, the network has been planned, in GIS environment, on 
an orthoimage of the glacier with the purpose of fulfilling the 
previously explained tasks, stakes hypothetical positions has 
been recorded in a point shape file and stored, together with the 
image, on a GPS/GIS mobile device. The device has then been 
employed during the installation phase, in order to keep the 
planned positions according to the already tested methodology 
during the Effimero Lake emergency (Tamburini et al., 2003a). 
The ablatometric stakes have been built using four wooden 
poles of 2 m length, linked together with iron cable. Every pole 
has been painted with red and white stripes, every 20 cm, with 
the aim of speeding up the next measurement operations and 
improving their visibility in the glacier. 
The installation phase has been fulfilled by drilling the glacier, 
in the planned positions, with a Heucke Steam Drill™; this tool 
is really useful in glacier monitoring, as it is a portable device 
and allows the operator to keep it operational by a ice/snow 
melting system, avoiding the need to carry big amounts of 
water (Heucke, 1999). 
The drill functional principle is the warming, till to boiling, of 
an amount of water with a propane or butane burner; when the 
correct pressure is reached the operator opens a valve, allowing 
the steam to flow in a pipe covered with insulating material. 
The pipe is 13 m long and marked every meter, in order to 
ensure the correct drilling depth; every hole has taken up to 40 
minutes to be completed, with an approximate depth of 7.5, 
allowing each stake to emerge from 30 to 50 cm. 
After the installation of each stake, their emergence has been 
measured and recorded as a reference value for the next 
surveys. 
During the next measurements, when a stake was near to be 
completely expelled or endangered by rock fall or crevasses 
opening, has been replaced by a second one in a close, and 
safer, location in order to keep the continuity in the data series. 
In some locations a third replacement has been necessary. The 
substitutions have been carried out according to the previously 
explained methodology. 
The measurement dataset, stored in an Excel™ spreadsheet has 
been employed in order to compute the ablation rate in every 
season and to estimate the glacier mass loss and its equivalent 
in water. 
Contemporarily to the ablation measurement, every stake 
position has been surveyed with GPS. 
Before the installation phase, a reference station, located 
outside the glacier, has been set. Its position has been decided 
in order to receive the signals from the maximum number of 
satellites, reduce the number of obstacles and to avoid tourist 
disturbance during surveys. 
After the installation of each stake, its position has been 
measured according to the static approach (Cina, 2000; Van 
Sickle, 2001) with 30 minutes observation session. The entire 
survey has then been post processed in order to establish the 
reference positions and to record them in shape file format for 
the next measurements and analysis (Figure 2). 
As previously explained the next expeditions have been planned 
with the aid of the reference survey: the positions of the stakes 
and the, previously described, orthoimage has been loaded on a 
palm GIS/GPS device. The interactive positioning of the 



 

operator, on the image support, has been crucial in reaching the 
stake during surveys and in case of fog, with low or no 
visibility, in keeping the operator’s correct and safe orientation. 
On the glacier surface, during rainy or cloudy days, a thick 
cover of cloud usually forms and endangers the operation 
safety, as the glacier surface is subject to continuous rock falls 
and some sectors are highly crevassed. 
Every measurement session has been carried out, after the 
installation of the reference station, according to the fast static 
methodology (Cina, 2000; Van Sickle, 2001) with 10 minute 
observation sessions and the data post processing, by baselines 
computations, employing Leica Geo Office Version 2™. 
During the GPS measurement, the ablation reading has been 
performed and also pictures have been taken, with the aim of 
describing the stake surroundings, and particularly, the 
evolution of debris cover in time. 
The stakes positioning has been performed using two double 
frequency GPS receiver Leica 1200™, equipped with radio and 
GSM modems, the instrument employed as navigation support 
was a Trimble GeoexplorerCE™ with ESRI ArcPad™ 
installed. 
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Figure 2 - Reference and stakes locations (background 

orthoimage – courtesy Ing. G. Viazzo) 
 
Due to the GPS additional equipment, different approaches in 
stakes survey have been experimented. The goal of these tests 
was to try to hasten the measurement phase and reduce the 
fieldwork duration. In the first season, a Virtual Reference 
Station approach has been tried out employing the Leica GNSS 
Spider Net™ with the purpose of employing only one receiver 
and computing the data processing in real time, due to the link, 
by a GSM modem, to a Virtual Reference Station server (Chen 
and Li, 2004; Hu et al., 2003). 
In the second season, the Real Time Kinematic method has 
been tested using the same reference station set for the 
campaigns, but establishing a link between the receivers with 
the radio modems and transmitting in real time the differential 
correction coefficients. In this second, test the goal was the 
achievement of stakes positioning with two receivers and 
contemporarily assuring the reduction duration of every 
measurement to few seconds required for the position 
computation (De Jong et al., 2001; Grejner-Brzeniska et al., 
1998; Grejner-Brzeniska et al., 2005). 
The measurement dataset, after baseline processing, has been 
stored in a shape file format, in order to perform analysis on 
glacier displacement. Over the computation of the displacement 

and its rate among following measurements and seasons, 
analysis on displacement direction has been also carried out in 
GIS environment. 
For each stake, every position has been linked in order to 
reconstruct the stake path, and then employing spatial statistic 
tools as the “linear directional mean” (De Smith et al., 2007), 
the mean direction of every stake has been computed, in order 
to define the main glacier displacement direction and, in case, 
find out differential behaviours among stakes. The displacement 
rate of the stakes have been also used in the computations of 
yearly displacement rate, in order to estimate the present glacier 
state, according to the past – surge-type or kinematic waves 
related – dynamics. 
 

Stake Ablation daily trend 
(cm/d) 

1 777 0.88 
2 1196 1.22 
3 1181 1.10 
4 1175 1.31 
5 962 1.00 
6 1548 1.80 
7 1128 1.23 
8 786 0.92 
9 819 1.00 

Table 1 - 2006/2008 total ablation and estimate of future daily 
trend. 

 
3. RESULTS AND DISCUSSION 

Ablation measurements have been accomplished during the 
three years of survey during the entire ablation season, with an 
approximate 20 - 30 days frequency. The whole time series is 
constituted by 15 measures for every ablation stake placed on 
the glacier. The number of survey varies in the three seasons, in 
relation to the different weather behaviour (e.g. temperature, 
precipitations...), that heavily influences the glacier ablation 
dynamics. The overall dataset have allowed to quantify the total 
amount of ice loss in each stake location, varying from a 
minimum of 7.77 m (stake 1) to a maximum of up to 15.48 m 
(stake 6). According to the previous estimates (Tamburini et al., 
2006) and to these data the glacier has lost up to 2.4 millions of 
m³ W.E. in the last three years. 
Plotting the ablation data in comparison with measurement date 
(Figure 3) has allowed computing an estimate of the ablation 
daily trend in the future (Table 1). 
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Figure 3 – 2006/2008 cumulative ablation and linear trend of 

Stake 1 and 6 (the blue rectangles highligth the 
winter seasons and the unexpected early ablation) 



 

 
Ablation data comparisons between the comparable months of 
the three years have highlighted different behaviours in the 
glacier dynamics, with meaningful differences during the 
ablation season. 
The next figure (Figure 4) shows, as an example, the 
considerable differences in values of ablation rate between two 
years in July. On the other hand the August data have shown 
analogous trends, as illustrated in the other figure (Figure 5). 
 

 
Figure 4 - Comparison between 2006 and 2007 ablation rates in 

July 
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Figure 5 - Comparison between 2006 and 2007 ablation rates in 

August 
 
Temperature and precipitations play an important role in glacier 
dynamics. By analyzing meteorological data through index 
computation is possible to achieve a better comprehension of 
phenomena measured during the seasons. 
The ablation is highly influenced by temperature. The 
collection of data from stations located in the surroundings of 
the glacier, or in comparable locations, may help in 
understanding ablation trend in time. 
Data employed for the analysis have been retrieved from the 
validated databases of ARPA meteorological annals 
(http://www.arpa.piemonte.it/annali/meteorologici), currently 
available until 2007. The analysis has been carried out by the 
Italian Meteorological Society (SMI) (Cat Berro et al., 2007). 
The displacement surveys have been accomplished according to 
a relative positioning approach, in order to achieve a higher 
accuracy in stake measures. The stake position computation has 
been accomplished with centimetric accuracy, thank to the 
reduced baseline length and the optimal satellite configuration 
during GPS sessions. 
The GIS processing used to compute displacement vectors 
allowed, to show an average one describing the trend of every 
single stake. 
The difference between stakes’ position in June 2007 and June 
2006 have also provided an estimate of glacier annual 
displacement rate that ranges from 12.59 to 34.48 metres per 
year, while in the following season measured rate has ranged 

from 10.65 to 30.14 metres per year. These rates are an 
indicator of the actual behaviour of the glacier according to 
previous phenomena and their dynamics. 
The high frequency measurement has provided a detailed 
description of glacier behaviour during ablation seasons. The 
glacier has shown a differential ablation trend according to 
stakes position and to monthly temperature and weather. 
In the first two years data have highlighted a similar trend in 
August when temperature have got colder than the previous 
months, a 9% reduction estimated from Italian Air Force 
climatic data – www.meteoam.it, and also precipitation 
phenomena tended to be more frequent.  
On the other hand, ablation data has been highly different in 
July and in September due to different temperature and 
precipitation trends, in fact season 2006 has been marked by 
high temperatures and low precipitation while season 2007 has 
been characterized by an opposite kind of weather conditions as 
explained by the meteorological analysis. 
The temperature trends of season 2006 and 2007 have caused 
other important events. In autumn 2006, ablation values have 
been measured until the second half of November. The glacier 
appeared subject to ablation as it has been in summer time and 
the presence of running water, on the surface, was highly 
frequent. The phenomenon, unfortunately, continued in the next 
year and in the first survey of season 2007 (14/06/2007) 
pointing out an early ablation phenomenon, with values varying 
from 82 to 216 cm. 
In season 2007 ablation measurement has showed globally 
lower values, nearly halved if compared with the previous 
season. This positive state allowed the glacier to end its ablation 
season in September returning in a typical condition according 
to the glacier seasonal cycle (Vincent et al., 2005). 
The increase of precipitation and reduction of temperatures, a 
6% reduction estimated from Italian Air Force climatic data – 
www.meteoam.it, in the second half of the ablation season has 
been a basic factor in determining these favourable conditions. 
The variations, in ablation values, were also related to the 
different glacier rock cover and this can be easily evaluated by 
comparing pictures of several stakes surroundings. 
In the first pictures (Figure 6), stake number 6 is represented. 
Large areas of bare ice are evident and furthermore, this stake 
has been the first who has been totally expelled from the 
glacier, during the first season, and showed high ablation rates 
in season 2006 and the highest rates in season 2007. In both 
pictures large crevasses are also evident, emphasizing the high 
variability of this glacier portion. 
 

  
Figure 6 - Stake n° 6 in year 2006 (left) and 2007 (right), the 

amount of bare ice surfaces is similar in both 
seasons. 

 

http://www.arpa.piemonte.it/annali/meteorologici
http://www.meteoam.it/
http://www.meteoam.it/


 

On the other hand, stake number 1 is located in a highly debris 
covered portion of the glacier, with rocks of various dimension 
and little amounts of soils, where vegetation has been observed, 
including an example of Larch (Larix decidua Mill.). The 
presence of vegetation has been observed, more frequently in 
less disturbed sectors of the glacier, where ablation values were 
lower than in the rest of the studied area (Pelfini et al., 2007). 
Stake number 3 have instead shown a differentiated behaviour 
in the two seasons: in the first one ablation rate has been the 
highest among the entire set of stakes, but in the following one 
the ablation course has been the opposite with values 
comparable with the average trend. This fact could be explained 
with a remarkable change in rock cover in the stake 
surroundings, shifting from nearly bare ice to a moderate rock 
cover (Figure 7). 
 

  
Figure 7 - Stake n° 3 with bare ice surroundings (left) in year 

2006 and debris covered in 2007 (right) 
 
GPS technology has been strategic in the monitoring as it has 
assured a precise stake 3D positioning and simultaneously has 
allowed carrying out each survey session in only one day, thus 
optimizing time and resources. Moreover measured data has 
been immediately available in digital format. 
Survey has been carried out contemporarily with ablation 
measurement. At every stake a 10 minute observation session 
has been executed so, during the acquisition, the operator was 
free to accomplish ablation measurement and to take pictures of 
stake surrounding. With this operative procedure, at the end of 
each day, a complete dataset was available and ready for further 
processing. 
Every session has been carried out according to fast static 
surveying method but in every season an alternative method has 
been tested, unfortunately, unsuccessfully.  
In the first season, a Virtual Reference Station approach has 
been attempted but the glacier position, outside the area covered 
by the network of GPS permanent stations, has determined the 
failure in the experiment, as the receiver has not been able to fix 
the initial position and solve the ambiguities, a common 
problem in mountain areas (Prof. G. Vassena, personal 
communication, 2007). 
During the second year, the test has been carried out according 
to the Real Time Kinematic approach, this test has ended with a 
partially negative result. Because of complex surface 
morphology, in some stake positions, the transmission of the 
correction coefficients was not possible. Nevertheless this 
partial failure, where the measurement was feasible, also the 
fast static survey was realized, in order to compare the results 
from the two methodologies obtaining highly coincident data. 
According to the results of these attempts, the other survey 
sessions have then been accomplished with the fast static 
method. 

The centimetric precision, required for this kind of 
measurement, was achieved thank to the optimal satellite 
constellation configuration during surveys, in spite of the 
morphological characteristic of the site, and thank to the short 
distances between each stake and the reference station. 
Moreover, the high number of satellites, sometimes reaching 8 
or 9 units, has allowed taking stake position in reduced amount 
of time, optimizing survey duration. 
Data obtained from the first measurement of every season have 
provided an estimate of glacier maximum annual displacement, 
varying from 35 (season 2006/2007) to 30 (season 2007/2008) 
m/year. Rates show a slight reductive trend, however this 
measures should be repeated in the future, with the purpose of 
analysing the overall glacier trend. Such rates are comparable 
with those measured in the 1984 – 85 period (Haeberli, 1985). 
These values give a meaningful information on present glacier 
dynamic in comparison with previous event. The current speed 
is definitely lower than speed reached during 2001, with values 
up to 200 m/year as resulting from GLACIORISK and other 
monitoring project results (Kaab et al., 2005; Mortara et al., 
2003). 
Considering the displacement speed measured in 2001 and 
these data may be correct to state that the phenomenon, whether 
surge or kinematic wave, is going to its end or to a more static 
phase. Nevertheless, measured values are still marked by quite 
impressive magnitudes. 
The meteorological data may help in the comprehension of 
glacier dynamics as they influence the energy input in the 
glacier seasonal cycle. 
In the years involved in the experiments some exceptional 
events have been observed and the glacier response has been 
equally clear. 
In both season 2007 (Godone et al., 2007) and 2008 early 
ablation has been observed in contrast with classical theories of 
ablation/accumulation cycles limiting the ablation season from 
June to September (Vincent et al., 2005); while in season 2006 
an exceptional lengthening of the ablation season until 
November has been confirmed by the exceptional temperatures 
of those months (Godone, 2008). On the other hand the slight 
temperature reductions in August in both years have caused a 
reduction in ablation. Unfortunately this fact has not been 
enough effective, in order to reduce the global negative trend 
explained by measurements and clearly noticeable during the 
survey campaigns. 
 

4. CONCLUSIONS 

Surface displacement measurements, together with 
meteorological data and ablation measurement, provide 
indispensable data for assessing the dynamics of a glacier. 
GPS is a powerful tool in measuring surface displacement and, 
contemporarily, allows the safe execution of the survey by 
assuring the operator orientation in the glacier even in bad 
weather conditions. 
In the case of Belvedere, the yearly displacement rate, 
measured within this project, confirms that, in 2006, the surge-
type evolution, affecting the glacier since 1999, has finished. 
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