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Abstract

In studying the response of alpine glaciers to climate warming, the study of debris-covered
glaciers is important in order to demonstrate that a negative feedback exists in the
temperature-ablation relationship that is introduced by the increase in debris cover. In this
paper, variations in the Belvedere Glacier tongue volume and thickness were quantified
through a comparison of large-scale maps for 1957 and 1991. A volume increase of 22.7
million m> was revealed, and there was a mean increase of 15 m in thickness. Thickening
was greatest above 1830 m, and thinning occurred at the glacier front (1830-1770 m). The
glacier terminus advanced only slightly. This particular evolution of the Belvedere tongue
has been attributed to positive balances of the glacier created by favorable climatic
conditions (increase in winter precipitation between the early 1970s and mid-1980s and
lower summer temperatures in the 1960s and 1970s). After the mid-1980s, reduced pre-
cipitation and a simultaneous increase in temperatures led to a slight retreat of the glacier
front in the early 1990s. However, these climatic conditions were not sufficient to bring
about a significant reduction of the thickness of the glacier, partly owing to the debris
cover, which reduced the role of ablation.

Introduction

Belvedere Glacier constitutes the terminus of the glaciers
descending the steep eastern slope of Monte Rosa (4633 m; Fig. 1)
in the Italian Alps, which cover the gigantic face between Cima Tre
Amici and Punta Nordend (Fig. 2) with their vast flows. This well-
known glacier has been studied extensively since the early decades of
the 20th century (Porro and Somigliana, 1918; Monterin, 1918; 1922).
Important studies were also carried out in the 1950s and 1960s
(Aliverti, 1950; Gili-Borghet, 1961; De Visintini, 1961) as well as in
more recent times (Haeberli, 1984; VAW-ETH, 1985; Mazza, 2000).
In the summer of 2001, Belvedere Glacier experienced a surge-type
flow acceleration with a very active detachment zone for rock falls that
affected the growing hazard potential for local infrastructures (Haeberli
et al., 2002; Haeberli et al., 2002).

Belvedere Glacier is a typical debris-covered glacier like its not-
too-distant neighbors, Miage and Brenva Glaciers (Monte Bianco,
Valle d’Aosta). The tongue is almost completely covered with debris.
The glacier virtually lacks a true accumulation basin and is fed mostly
by avalanches flowing down from the eastern face of Monte Rosa, the
highest face in the Alps. This glacier typology offers many interesting
aspects for study.

The response of alpine glaciers to global warming has long been
identified as a key factor in runoff variations and sea-level changes.
However brief reductions in global warming combined in some regions
with increased precipitation are factors that have brought about
a limited phase characterized by glacier advances. On debris-covered
glaciers, the presence of the debris and its increase modify the relations
between temperature and runoff, reducing melting (Nakawo and
Young, 1982). This type of glacier is undergoing a rapid increase in
number in the Italian Alps as a result of the current warming phase. By
reducing the snow and ice cover on the slopes, recent warming has
fostered processes of slope mass-wasting owing to macrogelivation,
supplying abundant debris to the surfaces of the glaciers below and
thereby increasing the number of glaciers that are partially or totally
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debris-covered. On the larger clean valley glaciers such as Lys, Verra,
and Forni Glaciers, the medial moraines have markedly widened over
the past fifteen years to the point of covering the entire lower sectors of
the tongues with debris. On the smaller glaciers, particularly the cirque
glaciers, the entire surface, or over half of it, is covered with debris.
This latter phenomenon involves almost all of the small glaciers in the
Italian Alps.

Unlike debris-covered glaciers in Nepal and New Zealand that
have been studied during negative-balance phases, several Italian
debris-covered glaciers (Miage and Brenva) have experienced positive
mass balances with increases in thickness and relatively accentuated
front advances (Thomson et al., 2000; Smiraglia et al., 2000; Cerutti,
1992; Orombelli and Porter, 1982).

In this context, quantification of the variations in volume over the
late 20th century for Belvedere Glacier, one of Italy’s largest glaciers,
could be important to establish whether a regional pattern exists in the
southern Alps.

Another element of interest lies in the recent dynamics of
Belvedere Glacier (surging and rock falls), which are creating
hazardous situations.

Variations in Thickness and Volume

The variations in the thickness and volume of Belvedere Glacier
in the second half of the 20th century were computed through a
comparison of two large-scale maps

e The first, with a scale of 1:5,000 and a 5-m contour interval, was
compiled by means of ground photogrammetry carried out in
1957 by the Ente Italiano Rilievi Aerofotogrammetrici—Italian
aerial photography agency (EIRA) of Florence for the Comitato
Glaciologico Italiano—Italian glaciological committee (EIRA,
1961).

e The second, with a scale of 1:10,000 and a 10-m contour interval,
is the Carta Tecnica Regionale della Regione Piemonte—
Regional technical map of the region of Piedmont (sheets
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FIGURE 1. Location of Belvedere Glacier.

071030, 071040, 071070, 071080), obtained through an aerial
photograph survey conducted in 1991.

Digital elevation models (DEMs) of the maps were developed in order
to determine surface, thickness, and volume variations for the period
between 1957 and 1991.

Computation of the glacier variations was organized according to
five main stages:

1. Digitization of the maps.

2. Georeferencing with the Gauss-Boaga projection, International
Spheroid orientated to Monte Mario 1940, and vectoring of the
rasters obtained.

3. Calculation of the DEM files for both maps using Surfer 7
software. The points acquired through vectoring were utilized for
the calculation of the DEMs. The preliminary phase consisted of
the processing (again, using Surfer) of a 10-m grid, starting from
the X, y, and z data, through a linear variogram.

4. Overlaying of the DEM files thus obtained.

5. Calculation of the variations in volume, thickness, and area. This
procedure was carried out automatically by computer, taking into
account the differences between the two DEM meshes.

The major drawback in performing this type of calculation lies in map
comparability. In the case of this study, it was not possible to consider
the entire glacial basin, as the 1957 mapped representation was limited
to the tongue sector alone. The boundaries of the glacier tongue (both
along the perimeter and the front) were not always evident, because of
the large amount of supraglacial debris. Another factor limiting the
comparison concerns the map of 1957 because this map is
a representation referring to a local system (not the Roma40
geographic national system or the EDS50 geographic international
system). Therefore, the comparison of the maps was made through the
identification of homologous points (a total of 12) on the two
representations. As a result of these limitations, the final accuracy in
the map comparison can be estimated to amount to 5 m in the
horizontal plan. This value led us to consider the overlaying of the
maps as acceptable and, consequently, the data obtained from the
calculation of the variations as reliable.

The digitization of the 1957 map made it possible to calculate the
area of the glacier tongue (from the terminus at 1768 m to an altitude
of 2205 m) as 1,484,000 m>. The 1991 map gave a calculated area of
1,467,000 m?, with a resulting change in area amounting to —17,000 m>.
This loss is concentrated mainly in the frontal zone and is attributable
to the recent slight retreat of the glacier’s terminal sector. The variation
in volume for Belvedere Glacier between 1957 and 1991 (34 years)
calculated by means of the comparison of the two DEM files was
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FIGURE 2. View of Monte Rosa east face with Belvedere Glacier at
its base (photograph by G. Buscaini).

422,672,000 m>. This value includes the thickness of the superficial
debris, the measurements of which (taken in the summer of 2000)
yielded a mean value of 15 cm.

As no previous measurements of the debris thickness exist, this
value was utilized to calculate the volume of debris (220,050 m>) to
be subtracted from the overall variation. The variation in the volume
of ice would then amount to about +22,451,950 m>, equivalent to
20,206,755 m® of water, utilizing a mean density of 900 kg/m® for the
ice. The current debris thickness used in the calculations is probably
greater than the thickness in previous decades, so the variation in ice
thickness may have been slightly underestimated.

A map of isovariations (Fig. 3) was then calculated by the
comparison of the DEM files in order to provide a better visualization
of the distribution of thickness changes between 1957 and 1991. The
mean variation in thickness over the entire glacier was +15 m, cor-
responding to an annual mean of +0.44 m. The maximum positive
variations (exceeding +40 m) were found in limited zones of the
central sector, whereas the maximum negative variations (exceeding
—30 m) were recorded in the frontal sector in the area from where the
glacier has retreated (see the Discussion section) and also in several
zones along the perimeter.

Over 50% of the glacier surface has registered increases in
thickness ranging between 10 and 20 m, whereas 25% of the surface
shows no significant change in surface elevation. Less than 5% of the
surface has thinned over the 34-yr interval.

Assessment of the Total Volume of Ice

A map of the glacier bedrock was utilized in order to obtain
information on the total volume of ice contained in the tongue of
Belvedere Glacier (and thus also on the water reserves represented by
the glacier) as well as on the glacier’s recent variations. This map
was prepared by De Visintini in 1957 (De Visintini, 1961) using
seismic prospecting and published in the Bollettino del Comitato
Glaciologico Italiano. As regards the bedrock morphology, this map
does not differ significantly from the results of a more recent study
(VAW-ETH, 1985) carried out by using GPR techniques that in some
profiles indicated a large thickness of sediments between bedrock and
ice.

The map was digitalized and then georeferenced using the same
points utilized for the georeferencing of the topographic map of the
same year. The isohypses were then vectored and the points acquired
were processed with Surfer 7 (according to the same methodology
followed previously) to calculate a DEM of the bedrock. The isopach
map obtained from the DEM is shown in Fig. 4, it highlights the deep
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FIGURE 3. Map of 1957-1991 thickness isovariations.

excavation of the glacial valley. In fact, the central sector proves to be
more than 240 m deep over a breadth of about 500 m.

The DEM thus obtained was compared with the one compiled for
the glacial surface of 1957. This comparison made it possible to
calculate the volume in 1957 of the glacier tongue contained between
the topographic surface and the bedrock, which proved to be equal
to 115.7 X 10° m> (this value includes the ice; the surficial debris,
the thickness of which is not available for 1957; and the sediments
between bedrock and ice revealed by the VAW-ETH survey but not
exactly quantified).

The glacier volume calculated for 1957 was algebraically added to
the 1957-1991 change in volume (ice and debris). However, there is
a difference of 428,000 m? in the areas on which the volumes were
calculated (1,482,000 m? on the 1991 map and 1,056,000 m? on the
map of the bedrock). Therefore, the volumes for the same reference
surface area were recalculated prior to adding up the two values in
order to obtain the volume of ice and debris for 1991. It was thus
possible to estimate the glacier’s volume in 1991, which proved to be
equal to 131.7 X 10° m>, with an increase of 14% compared to the
volume calculated for 1957.

In addition, five profiles (one longitudinal and four cross-profiles)
were plotted on each DEM (the 1957 DEM and the 1991 DEM). The
locations of the three profiles held to be the most representative are
shown in Fig. 5 and the profiles are presented in Fig. 6. The profile of
the bedrock, which was obtained as indicated above, has also been
inserted.

Figure 6a presents a graph that compares the 1957 and 1991
longitudinal profiles. The y-axis scale has been enlarged with respect to
the x-axis coordinates in order to highlight the variations that took
place. The profiles extended for a length of about 3 km over an altitude
interval between 1768 and 2205 m. The 1991 profile remains con-
sistently above the 1957 DEM between the altitudes of 1830 and
2205 m, but between 1830 m and 1768 m in altitude it is lower than the
1957 profile. In those 34 yr, the glacier decreased in thickness (and
thus also in volume) in the outermost frontal portion (where the debris
cover is extremely thin), whereas it increased in thickness (and thus in
volume) in the zone above the altitude of 1830 m.

Figures 6b and 6¢ show the cross-profiles. It shows that thickness
increased between 1957 and 1991, while an almost identical surface
morphology was maintained.
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FIGURE 4. Map of glacier thicknesses.

Debris Thickness Measurement

Measurement of the debris thickness was made because of its
importance in terms of reducing ablation and in terms of energy
exchange at the atmosphere-debris interface.

Debris thickness was measured in September 2000 at 260 points,
across the glacier tongue from the terminus to an altitude of 2150 m.
Thickness was measured by means of direct field surveying, with
removal of the debris cover down to the underlying ice.

The points were selected on the basis of geomorphologic criteria
(inclination of the glacier surface, debris distribution, presence of
crevasses and other morphological structures). Three measurements
were taken for each point over a square meter of surface, and the mean
value was used. Each point was represented on CTR maps (1:10,000),
as the survey was conducted with the aid of GPS equipment (Trimble
4600 Series in fast static mode with postprocessing of data). It was
observed that the thicknesses are a direct function of glacier surface
inclination, and they varied between 4-5 cm in the uppermost sector of
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the tongue (where the inclination is greater) and 20-30 cm on the two
frontal lobes, with peak levels of 80 cm in depressions (glacier karst). It
was also noted that vegetation is present mainly where there is a greater
amount of debris and inclination is lower. The points acquired through
GPS were processed (with GPS Survey 2.35 software) to obtain a DEM
that would be representative of the debris distribution and thickness
(using Surfer 7 software) and to prepare a thematic map (Fig. 7).

Discussion

As revealed by the comparison of the maps, Belvedere Glacier
registered a 15m increase in mean thickness between 1957 and 1991,
with a maximum increase of 50m in the central sector. The frontal
variation data indicate an almost uninterrupted phase of sharp re-
duction lasting until 1967 (950 m, including a retreat of 200 m, as
estimated by Mazza, 2000, between 1943 and 1952, when measure-
ments were not taken); a limited advance between 1968 and 1970,
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FIGURE 5. Longitudinal and cross-profile locations.

a limited renewal of the retreat until 1977; and alternating steady states,
limited advances, and retreats of the same order from 1978 to the
present (Fig. 8).

The increase in thickness revealed by the comparison of the
maps of 1957 and 1991 could be linked to the positive mass balances
resulting for several years. In fact, drops in the mean summer tem-
peratures were registered at the Monte Rosa meteorological stations
from 1953 to 1977 (Fig. 9a) as well as increases in snowfall between
1972 and 1985 (Fig. 9b). These positive balances gave rise to the
terminus steady state and the small advances in the 1968—-1970 and
1978-1992 periods.

A comparison can be made with Lys Glacier, a large clean glacier
on the southern slope of Monte Rosa. The comparison of the maps
revealed a reduction in thickness amounting to 17 m between 1953 and
1994 for Lys Glacier (Rota et al., 2001). As regards front variations of
Lys Glacier, a rapid retreat (about 700 m) lasted until 1972. Then there
was an evident expansion until 1985 (+-93 m), and from 1986 to 2000
the front retreated by over 130 m. Even taking into account that several
years of data are lacking for Belvedere Glacier, it is observable that the
dynamics of the two glaciers were markedly different over the 1970—
1990 period (Fig. 10), when the clean glacier registered a more evident
expansion phase.

The positive 1973—1985 phase for Lys Glacier could be linked to
the same climatic event affecting the Belvedere, but on the debris-
covered glacier the passage of the kinematic wave was slowed down
and the tongue thickness increase was preserved, with only a very
limited advance of the terminus. On Lys Glacier the reaction to the
climatic cooling period has been rapid with a real advancing phase, as
well as the response to the nowdays warming period was immediate
and the front retreat phase deleted all the last glacier increasing.
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FIGURE 6. (a) Longitudinal profile; (b) and (c) cross-profile.

Miage and Brenva Glaciers are two debris-covered glaciers in the
Monte Bianco Group. Between 1975 and 1991, Miage Glacier reg-
istered increases in thickness, with peaks of 40 m in the lower sector
and reductions in the upper sector, with limited variations of the
position of the front (Smiraglia et al., 2000; Thomson et al., 2000).
Between 1959 and 1991, Brenva Glacier’s increase in thickness
amounted to about 40 m (Smiraglia et al., 2001), whereas the frontal
variations indicate a strong advance phase until 1941 derived from the
giant rock fall of the 1920s, which covered the entire tongue with
a considerable thickness of debris, followed by a reduction phase from
1953 to 1966. Then the glacier underwent a strong positive phase
(Lesca, 1972), with an increase in thickness and a terminus advance
until 1991 +490 m) (Cerutti, 1992). From 1992 to 1996, the glacier
was in a retreat phase (—30 m).

In short, we can observe that as their response time proves to be
longer, Italian debris-covered glaciers underwent an advance period
from 1967 to 1991. The advance was limited for Belvedere and Miage
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FIGURE 7. Map of the surface debris thickness.

Glaciers but strong for Brenva Glacier. The retreat phase from 1992 to
the present was also limited for Belvedere and Miage (which alternated
limited advances with limited retreats and stationary periods) but
strong for Brenva Glacier. In contrast the clean Lys Glacier (like other
alpine clean glaciers) advanced during the years 1973-1985, with
a stronger advance than that of Belvedere Glacier. Its current retreat
phase, which started in 1985, is stronger than that of the debris-covered
glaciers.

The different response to the same climatic effects could be
attributed to the effects of the debris cover (Nakawo and Young, 1982).
In fact, the debris cover tends to reduce ablation, as demonstrated in
the literature (Drewry, 1972; Humlum, 1981) and by the data collected
directly on Italian glaciers. In particular, we can note that on Miage
Glacier, areas with a 10 cm thick debris cover lost 0.54 m in ice
thickness in the course of about one month, whereas the clean ice in
that same period lost just over 1 m of w.e. (Casati, 1998). If all other
factors remain constant, the ablation rate decreases exponentially with
the increase in the debris thickness (Benn and Evans, 1998).

More favorable mass balances, or at least less negative ones, for
debris-covered glaciers compared to neighboring clean glaciers are
a direct result of the reduced ablation caused by the debris cover (Casati,
1998). This could explain the greater inertia of debris-covered glaciers
in reversing the positive trend of the frontal variations compared to the
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clean glaciers. The Belvedere, Miage, and Brenva Glaciers continued to
advance to remain steady until the early 1990s, whereas the neighboring
clean glaciers began retreating five years earlier.

Conclusions

The study made it possible to quantify variations in the volume
and thicknesses of Belvedere Glacier, revealing an increase in both
which took place in the second half of the 20th century, thus also
confirming previous data concerning the 1977-1985 period (VAW-
ETH, 1985). Measurements were also taken of the thickness of the
glacier’s debris cover, which has certainly influenced its energy
balance (Ranzi and Grossi, 2000; Ranzi et al., 2001) and dynamics.
The increase in thickness is attributed to positive mass balances
resulting from the increase in yearly snowfall that took place between
the beginning of the 1970s and the mid-1980s and from a reduction in
summer temperatures from 1953 to 1977, as recorded by numerous
meteorological stations in the regions of Piedmont and Valle d’Aosta
(Mazza and Mercalli, 1992; Mazza, 1998; Biancotti et al.,1998a;
Biancotti et al. 1998b; Cortemiglia,1999). After the mid-1980s, the
reduction in precipitation and the simultaneous increase in temper-
atures led to very negative mass balances for the clean glaciers, with
marked retreats of the fronts, and to steady or less negative mass
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¢ Belvedere Glacier: yearly terminus variations
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FIGURE 8. Yearly terminus variations in m (CGI data from 1917 to 1965 and IUGG data from 1965 to 2000)
(in the period 1943—1952 the glacier was not surveyed).

balances for the debris-covered glaciers, resulting in slight retreats of
the glacier fronts. The retreat phase, which started in the 1990s for the
debris-covered glaciers studied, was not sufficient to determine a
marked reduction of the thickness of the glacier (from the 1991 map, it

a R o ,, i proves to be greater than the thickness in 1957).
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obtained using the same methodologies (map comparison for an
assessment of changes in area, volume, and thickness; geophysical
surveys to determine the thickness of the ice; and direct measurements
of debris thickness) (Smiraglia et al., 2000), it is possible to detect
dynamics that closely resemble the dynamics of Belvedere Glacier.
The expansion phase took place as a consequence of an increase in
glacier mass balances between 1960 and 1985 on numerous other
alpine glaciers (Patzelt, 1985; Wood, 1988)—an increase that has also
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o FIGURE 10. Cumulated terminus variations in m for Belvedere
FIGURE 9. (a) Mean summer temperature—Monte Rosa group Glacier and Lys Glacier (CGl and IUGG data; the not surveyed
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expansion phase was followed by a phase marked by intensive ablation
after the mid-1980s that triggered the generalized return of negative
balances and retreats of glacier fronts that are still in progress but that
have barely affected debris-covered glaciers. Compared to clean
glaciers, the lower and nonlinear mass balance gradients (Inoue, 1977)
in the debris-covered glaciers and the lengths of the tongues that reach
the lowest altitudes in the Italian Alps (1775 m for Miage Glacier
and 1375 m for Brenva Glacier) can justify the longer time scale of
adjustment to mass balance changes and therefore both the minimal
1977-1992 advance and slow retreat thereafter.

The future evolution of Belvedere Glacier within the current
framework of global warming does not depend as much upon the
increase in temperature as upon the increase in the thickness of the
debris. In fact, the increase in temperatures (of a few tenths of a degree,
as predicted by International Climate Change Panel (ICCP) scenarios)
will increase instability on the east face of Monte Rosa and the
growing rockfall activity with destabilization of a larger rock mass,
which could trigger an event comparable to the rock fall and powder-
snow avalanche at Brenva, Mont Blanc, in 1997 (Haeberli et al., 2002).

Thus, there will be an increase in the thickness of the debris,
which will further reduce ablation, compensating for the effects of
increased temperatures.

The debris cover increased by macrogelivation as a consequence
of nowdays warming climatic conditions can influence glacier dy-
namics and aid complex phenomena such as the surge-type movement
that is taking place at Belvedere Glacier (Haeberli et al., 2002). These
events, on soft bed conditions glaciers like Belvedere (VAW-ETH,
1985), are linked to deformation of subglacial till and were observed in
young mountain range subject to rapid erosion (Paterson, 1994) as the
east face of Monte Rosa.
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