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Abstract. A widespread loss of glacier area and volume has
been observed in the European Alps since the 1980s. In addition to differences among various regions of the Alps, different responses to climate change characterize neighboring glaciers within the same region. In this study we describe the glacier changes in the Ortles-Cevedale group, the
largest glacierized area in the Italian Alps. We analyze the
spatial variability, the drivers, and the main factors controlling the current loss of ice in this region, by comparing mean elevation changes derived from two digital terrain models (DTMs), along with glacier extents and snowcovered areas derived from Landsat images acquired in 1987
and 2009, to various topographic factors. Glacier outlines
were obtained using the band ratio method with manual corrections. Snow was classified from a near-infrared image after topographic correction. The total glacierized area shrank
by 23.4 ± 3 % in this period, with no significant changes
in the mean altitude of the glaciers. In 2009 the snow-

line was 240 m higher than in the 1960s and 1970s. From
the snow-covered area at the end of summer 2009, which
fairly represents the extent and local variability of the accumulation areas in the 2000s, we estimate that approximately 50 % of the remaining glacier surfaces have to melt
away to re-establish balanced mass budgets with present climatic conditions. The average geodetic mass budget rate,
calculated for 112 ice bodies by differencing two DTMs,
ranged from −0.18 ± 0.04 to −1.43 ± 0.09 m w.e. a−1 , averaging −0.69 ± 0.12 m w.e. a−1 . The correlation analysis of
mass budgets vs. topographic variables emphasized the important role of hypsometry in controlling the area and volume
loss of larger glaciers, whereas a higher variability characterizes smaller glaciers, which is likely due to the higher importance of local topo-climatic conditions.
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Introduction

The response of glaciers to climatic fluctuations is primarily
controlled by their geographic setting, in particular by their
latitude and prevailing climatic conditions (wet/maritime to
dry/continental). In general, glaciers are more sensitive to climate change in maritime regions with high precipitation and
mass turnover (Oerlemans, 2001; Hoelzle et al., 2003; De
Would and Hock, 2005; Benn and Evans, 2010).
However, local topographic and microclimatic conditions
determine the behavior of glaciers at smaller scales, for example within a mountain group. Thus, different behaviors
can be observed among neighboring glaciers in response to
the same climatic forcing (e.g., Kuhn et al., 1985). These differences mainly depend on the geometry of the glaciers (hypsometric distribution of area vs. altitude, size, slope, aspect),
but are also related to the physical characteristics of the surrounding terrain, source of nourishment and debris coverage,
which control the local energy and mass balance (Furbish
and Andrews, 1984; Benn and Lehmkuhl, 2000; Machguth
et al., 2006; Chueca et al., 2007). In addition, feedbacks such
as albedo lowering and geometric changes, like surface lowering and disintegration, affecting radiative and sensible heat
fluxes (Paul et al., 2005; Raymond et al., 2005; Carturan and
Seppi, 2007; Oerlemans et al., 2009; Paul, 2010; Carturan
et al, 2012b), influence the reaction of individual glaciers to
climate fluctuations.
The highly variable and interdependent response of
glaciers to climate change, involving changes in length,
area, thickness and flow velocity, complicates the assessment
of future glacier behavior under different climate change
scenarios. Nevertheless, studying the spatial variability of
glacier fluctuations and their relationship to topographic factors and climatic change can be seen as a good opportunity
to improve our knowledge about processes and feedbacks
in action. Moreover, such an analysis is a valuable tool for
quantifying disequilibrium between current glacier geometries and those expected under the current climate conditions
(e.g., Pelto, 2006).
The most immediate indication of the degree of disequilibrium of glaciers is their mass balance evolution. Generally, a
few glaciers with suitable characteristics in terms of size and
accessibility are monitored with the “direct” method (Østrem
and Brugman, 1991; Kaser et al., 2003; Cogley et al., 2011),
but their representativeness for entire regions or mountain
ranges is often unknown. Hence, the extrapolation of measured mass balances to nearby glaciers is challenging, because local characteristics affect the mass and energy fluxes
on individual glaciers (Carturan et al., 2009a; Fountain et al.,
2009; Kuhn et al., 2009).
Other variables closely related to the mass balance, such
as the equilibrium line altitude (ELA) and the accumulation
area ratio (AAR, the ratio between the accumulation area and
total area), can be used to assess the direct impact of climate
change (e.g., an upward shift of the ELA) or the degree of imThe Cryosphere, 7, 1339–1359, 2013

balance of glaciers with respect to current climate conditions,
such as the deviation of AAR from a balanced-budget AAR
(Bahr et al., 2009). However, the relationship with mass balance is not univocal, particularly in high-mountain environments, where avalanches, debris cover and topographic shading can strongly affect the spatial distribution of the mass
balance (e.g., Braithwaite, 1984; Kulkarni, 1992; Clark et al.,
1994; Benn and Lehmkuhl, 2000; Zemp et al., 2008; Braithwaite and Raper, 2009).
Measuring mass balance by means of the geodetic method
increases the spatial coverage (Cogley, 2009) and provides
the total volume change also considering processes not measured at the surface, like the basal melting, and regions that
are not assessed, like steep parts or zones with seracs. The
geodetic method is thus used to calibrate field measurements
(e.g., Thibert et al., 2008; Haug et al., 2009; Huss et al., 2009;
Zemp et al., 2010), but doing this accurately can be rather
demanding, for example due to the unknown densities of firn
and snow (Fischer, 2011; Huss, 2013; Zemp et al., 2013).
The geodetic method can also be used to assess the representativeness of the measured glaciers for the mass budget of
entire mountain ranges and to analyze the spatial pattern of
glacier thickness changes over large regions (Dyurgerov and
Meier, 2005; Haeberli et al., 2007; Paul and Haeberli, 2008).
The modern tool for such assessments is the multi-temporal
differencing of digital terrain models (DTMs), which has recently been improved in terms of accuracy, automation and
resolution by airborne laser scanning using LiDAR (light detection and ranging) technology (e.g., Arnold et al., 2006;
Geist and Stötter, 2007; Knoll and Kerschner, 2009; Joerg et
al., 2012). The dependence of the observed glacier fluctuations on local variables (e.g., topographic attributes) can be
investigated by means of statistical analyses to assess why
different glaciers react in different ways to the same climatic
forcing (e.g., Chueca et al., 2007; Abermann et al., 2009 and
2011; Vanlooy and Forster; 2011).
Since the 1980s, the European Alps have experienced
a phase of intense glacier area and volume loss, which
has also been observed worldwide (Kaser et al., 2006;
UNEP/WGMS, 2008; WGMS, 2008). Regional-scale analyses of this recession period in the Alps have been carried out
by several authors, who focused mainly on area and length
changes using multi-temporal remotely sensed data and existing ground measurement series (e.g., Paul et al., 2004 and
2007a; Lambrecht and Kuhn, 2007; Citterio et al., 2007;
Zemp et al., 2008). The spatial variability of glacier elevation changes from DTM differencing was analyzed in fewer
studies, mainly in Switzerland (Paul and Haeberli, 2008) and
in Austria (Abermann et al., 2009). Regional assessments of
glacier area and length changes in the Italian Alps over this
period were carried out in the Lombardia region (Maragno et
al., 2009; Diolaiuti et al., 2011) and Aosta valley (Diolaiuti et
al., 2012). In South Tyrol, Knoll and Kerschner (2009) also
analyzed volume changes.
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In this work, we use two Landsat scenes from 1987 and
2009 and two DTMs acquired in the 1980s and 2000s to
quantify changes in glacier length, area and volume over the
entire range of the Ortles-Cevedale group, the largest Italian
glacierized mountain range, located in the Eastern Alps. We
examine topographic parameters, their changes through time
and their possible role in controlling the spatial variability of
glacier changes. We also quantify the current disequilibrium
of glacier extents by comparing AARs to a mean balancedbudget value of the AAR (AAR0 ). The analysis is also aimed
at providing an environmental context for the recently undertaken paleo-climatological investigations on Mt. Ortles
(Gabrielli et al., 2010 and 2012; Gabrieli et al., 2011).

2
2.1

Study area and data sets
Study area

The Ortles-Cevedale group is located in the Eastern Italian
Alps and covers an area of 1638 km2 (Fig. 1). The highest
peaks of this mountain group, Mt. Ortles (3905 m), Mt. Gran
Zebrù (3851 m) and Mt. Cevedale (3769 m), are aligned in a
NW–SE direction. Rather sharp ridges exist in the northwestern area, which is composed of sedimentary rocks (dolomites
and limestones), whereas metamorphic rocks (mica schists,
paragneiss and phyllites) prevail elsewhere, forming more
rounded reliefs. These lithologic differences have an important influence on the terrain morphology and significantly affect the distribution and morphology of the glaciers (Desio,
1967).
The glaciers of the Ortles-Cevedale constitute a major resource for the local population, because they have a great
touristic appeal and are precious water resources. The mountain group is one of the largest glacierized regions of the
southern side of the European Alps (76.8 km2 , approximately
3.5 % of the total Alpine glacierized area) and hosts the
largest Italian valley glacier (Forni, 11.3 km2 ). Like most
of the glaciers in the European Alps, the Ortles-Cevedale
glaciers have been retreating since the end of the Little
Ice Age (LIA), with phases of temporary re-advance in the
1890s, 1910–20s and in the 1970–1980s. A new phase of
strong retreat began in the second half of the 1980s and is
still continuing (Citterio et al., 2007; CGI, 1978–2011, Zemp
et al., 2008).
The Ortles-Cevedale group lies in a transition zone between the “inner dry alpine zone” to the north (Frei and
Schär, 1998) and the wetter area under the influence of
the Mediterranean Sea to the south. Figure 2 shows the
monthly regime of average temperature and precipitation at
the Careser dam weather station (2605 m a.s.l.), which is located in the southern part of the study area (Fig. 1). In the
valleys, the annual precipitation ranges from ∼ 900 mm at
the southern edge of the group to ∼ 500 mm at the northern
edge. Precipitation increases with altitude, up to values of
www.the-cryosphere.net/7/1339/2013/
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1300–1500 mm a−1 at 3000–3200 m within the glacierized
areas of the group (Carturan, 2010; Carturan et al., 2012a).
The mean annual 0 ◦ C isotherm is located at approximately
2500 m.
2.2

Data sets

Two early-autumn Landsat scenes (path 193, row 28 from
20 September 1987 and 31 August 2009; downloaded from
http://glovis.usgs.gov) were selected to map glacier extents
and snow cover, based on the absence of fresh snow and
the presence of very low cloud cover (∼ 1 ‰). The DTMs
were acquired between 1981 and 1984 and between 2005
and 2007, with different methods and spatial resolutions by
the local administrations of the Ortles-Cevedale group (Table 1). Printed aerial photos (black and white, scale 1 : 10 000
to 1 : 20 000, years 1982 and 1983) and digital orthophotos
(colors, resolution 0.5 × 0.5 m, years 2006–2008) were also
available. For simplification, hereafter we refer to the 1980s
and 2000s as the beginning and end of the investigated period.
The longest time series of direct mass balance measurements in the Ortles Cevedale group is available for the
Careser glacier and started in 1967 (Zanon, 1992; Carturan
and Seppi, 2007; WGMS, 2011). Other much shorter mass
balance series in this group exist for the Fontana Bianca
glacier (1984–1988, restarted in 1992) and the Sforzellina glacier (since 1987) (CGI, 1978–2011; WGMS, 2008;
C. Smiraglia, personal communication). Mass balance investigations were also started in 2003 on the La Mare glacier
(Carturan et al, 2009b; Fig. 3) and in 2004 on the Vedretta
Lunga glacier (WGMS, 2008).
A long series of meteorological data at high altitude exists for the Careser dam weather station, since 1930, which
provides additional information for interpreting the observed
glacier changes. Observations used in this study include daily
precipitation, 2 m air temperature and snow observations
(fresh snow and total snow depth) over the period 1959–
2009.
3
3.1

Methods
Calculation of glacier area and length changes

Two glacier inventories, including 165 glacier basins in the
Ortles-Cevedale group, were created from the two Landsat
images, to calculate area changes between the 1980s and
the 2000s. The Landsat scenes, whose orthorectification was
checked against the DTMs of the 2000s (Table 1), were
processed using the ESRI ArcGIS software, in the UTMWGS84 (Universal Transverse Mercator, zone 32, World
Geodetic System 1984 datum) coordinate system. A thresholded band ratio image, given by the Landsat visible band
TM3 divided by the shortwave infrared band TM5, was used
for classifying the debris-free areas of glaciers (e.g., Paul and
The Cryosphere, 7, 1339–1359, 2013
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Fig. 1. Geographic setting of the Ortles-Cevedale group with glacier extents from 1987 and 2009. Named glaciers are referred to in the text.

Fig. 2. Monthly air temperature (line) and precipitation (histogram)
at the Careser dam weather station (2605 m a.s.l.), averaged over the
period 1959–2009. Bars on histogram indicate one standard deviation.

Kääb, 2005; Andreassen et al., 2008; Paul et al., 2011). Optimization of threshold values and manual post-processing,
required to remove inclusion of lakes, and for correcting misclassifications over shadowed and debris-covered areas, were
carried out using contrast-enhanced composites of Landsat
The Cryosphere, 7, 1339–1359, 2013

scenes (bands 5, 4 and 3 as red, green and blue, respectively)
and aerial photos. In a few cases, a direct geomorphological
inspection in the field was performed in late summer of 2010,
to determine the lower boundary of currently debris-covered
glaciers. In 1987, the margins were more evident in the satellite imagery due to more limited debris cover and more convex and sharp fronts. In many cases, frontal moraines that
were visible in the 2000s aerial photos (e.g., Fig. 4) were
helpful for correcting the automatic classification of debriscovered fronts in 1987, because these moraines mark the
most advanced position of the glaciers during the mid-1980s
(CGI, 1978–2011). For the limited areas covered by clouds
in the Landsat scenes (less than 1 % of the total glacierized
area), we reconstructed the glacier outlines using aerial photos and the closest in time Landsat image available.
The identification of glacier units was based on former
inventories. We mainly used the World Glacier Inventory
(WGMS, 1989), adding two small units (Alto del Marlet and
Cima della Miniera) that were reported in previous works
(CNR-CGI, 1959–1962; Desio, 1967). The divides of the
drainage basins were derived from a flow direction grid
calculated from the most recent DTMs, which have higher

www.the-cryosphere.net/7/1339/2013/
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Fig. 4. Comparison of the automatic delineation of Solda glacier
(S) from the thresholded band ratio image of 31 August 2009
(TM3/TM5; RGB composite of bands 5, 4, and 3 in the background)
and post-processed delineation from aerial orthophoto (ortho 2008,
in the inset). Lateral and terminal moraines built by this glacier in
the mid-1980s (in light blue) were used for post-processing the automatic delineation from the 1987 Landsat image.

Fig. 3. Example of the current shrinking of glaciers in the OrtlesCevedale group. Repeat photography of La Mare glacier in late
summer 1987 (photo Giuliano Bernardi, http://www.fotobernardi.it)
and on 28 August 2010 (photo L. Carturan). The yellow circles indicate corresponding points in both photos.

spatial resolution than the DTMs acquired in the 1980s (Table 1). The classified grids with two surface types (debrisfree and debris-covered areas), which were obtained from
each Landsat scene after manual editing, were converted to
polygon shapefiles and then intersected with the shapefile of
the digitized drainage basins. For each drainage basin, the total glacierized area was calculated as the sum of the areas of
the two surface types.
The minimum size for an ice body was set at 0.01 km2 ,
and topographic parameters for each ice body were calculated from the DTMs of the two periods according to Paul
et al. (2009), extracting minimum, maximum and mean values from the grids of elevation, slope, aspect, and clear-sky
global radiation in summer (June to September). The latter
was calculated using the Solar Radiation Tools implemented
in ArcGIS Spatial Analyst (Dubayah and Rich, 1995). The
calculations account for atmospheric effects, site latitude and
elevation, slope and aspect, daily and seasonal shifts of the
sun angle, and the effects of shadows cast by surrounding towww.the-cryosphere.net/7/1339/2013/

pography. The average elevation used in the analyses is the
“area-averaged” elevation of each glacier. Because aspect is a
circular parameter, the mean value for each glacier was calculated as the arc tangent from the respective mean values
of the sine and cosine grids of terrain aspect (Manley, 2008;
Paul et al., 2009). We made the assumption that the glacier
changes that occurred between the acquisition dates of the
DTMs (Table 1) and the respective Landsat scenes were negligible in comparison to the total changes that occurred between the 1980s and the 2000s.
3.2

Calculation of glacier volume changes and average
mass budget

Before calculating the elevation changes of the glaciers, all
the DTMs were resampled to a grid cell size of 20 m (i.e.,
the maximum cell size of the original DTMs, Table 1). They
were then co-registered and checked for possible elevationor slope-dependent biases (Berthier et al., 2006; Paul, 2008;
Gardelle et al., 2012a). The results showed no clear dependencies of the elevation differences between the DTMs on
elevation or slope over stable terrain. Therefore, we did not
apply any correction to the elevation difference grid calculated from the co-registered DTMs (see Section 4.2 for considerations on the accuracy). The total volume change 1V
(m3 ) for each glacier was calculated as
1V = 1̄z · A1987 ,

(1)

where 1̄z is the average elevation change between the
DTM2000 and DTM1980 over the area A1987 , which was assumed to be the largest in the investigated period. The areaaveraged specific geodetic mass budget rate (m w.e. a−1 ), referred to as “average mass budget” hereafter, was calculated
as
The Cryosphere, 7, 1339–1359, 2013
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Table 1. Characteristics of the digital terrain models available for the Ortles-Cevedale group.
DTM 1980s
Province

Ṁ =

Time
interval
(years)

Acquisition
date

Cell
size
(m)

Sondrio and
Brescia
Trento

26

19-08-1981

20

23

24-09-1983

10

Bolzano

21

Late summer
1984

20

1V · ρ −1
·t ,
Ā

Method

Acquisition
date

Aerial
photogrammetry
Aerial
photogrammetry
Aerial
photogrammetry

Late summer
2007
October 2006

(2)

where ρ is the mean density, Ā is the average of the A1987 and
A2009 areas, and t is the time interval (in years) between the
two periods. We used a mean density of 850 kg m−3 , rather
than 900 kg m−3 , as suggested in the literature for glaciers
that are thinning and losing old firn at mid-elevation areas
(Krimmel, 1989; Sapiano et al., 1998; Elsberg et al., 2001;
Fischer, 2011).
3.3

Extent of accumulation areas and current degree
of imbalance

Useful information on the extent of accumulation areas was
derived from the two Landsat scenes by assuming that the
late-summer snow-covered area (SCA) is identical with the
accumulation region. While this is not always correct, other
studies have shown that it is however a reasonable approximation (e.g., Rabatel et al., 2008). On both acquisition dates,
the snowline was well defined and the SCA was very close
to its annual minimum. Indeed, according to the meteorological observations of the Careser dam personnel, the 1987
scene was acquired at the end of the ablation season, after
a two-week period of warm and dry weather, right before
the first snowfall event of the following accumulation season on 24 September. According to our observations on La
Mare glacier, the 2009 scene was acquired shortly before
the end of the ablation season, with the SCA on August 31
(0.77 km2 ) being only 11 % larger than its minimum value
(0.69 km2 ) in mid-September. The accumulation areas visible in the Landsat scenes are also fairly representative of
their long-term extent. In particular, the scene from 2009 has
AARs close to the average of the preceding decade (Table 2).
In addition, the two series of direct observations available for
the Ortles-Cevedale group on Careser and Fontana Bianca
glaciers show that the average AAR in the period between
1987 and 2009 (0.01 and 0.10, respectively) is within the
range of the arithmetic mean values of the AAR derived from
the two Landsat scenes (0.01 and 0.22, respectively).
The Cryosphere, 7, 1339–1359, 2013

DTM 2000s

Late summer
2005

Cell
size
(m)
5
2
2.5

Method

Aerial
photogrammetry
LiDAR
LiDAR

The SCA was mapped based on differences in reflectance
in the near-infrared band of the Landsat scenes (TM4, 0.76–
0.90 µm). We applied the procedure described in Bippus
(2011) for converting the digital numbers to at-satellite radiance and for deriving the top-of-atmosphere reflectance
(TOAR), accounting for the Sun–Earth distance, the spectral
top-of-atmosphere solar irradiance and the solar zenith angle.
Afterwards, a radiometric correction for topographic effects
was applied to the TOAR to account for slope and aspect effects on the surface irradiance (different contributions of direct and diffuse irradiance). We tested the Minnaert and Ekstrand correction methods for this process (Minnaert, 1941;
Ekstrand, 1996), which are both suitable for steep alpine terrain (Law and Nichol, 2004; Törmä and Härmä, 2003; Ekstrand, 1996). In comparison with false-color composites the
Ekstrand method provided the best results and was selected
for the corrections.
The maps of the corrected TOAR were converted with a
threshold for discriminating snow-covered and snow-free areas. This was straightforward because snow showed a very
different reflectance compared to ice and firn in both scenes
(see Fig. 5). In 2009, field data were available to check the
thresholds, whereas in 1987 there were no direct observations and we adjusted the thresholds by comparing automatic
classifications with a contrast-enhanced false-color composite image, using TM bands 4, 3 and 2 as RGB in sunlight and
bands 3, 2 and 1 in shadow.
The SCA and the snowline altitude (SA) from the 1987
and 2009 images were examined for eight aspect classes. The
SA position was determined by intersecting the lower limit of
the SCA with the respective DTM (McFadden et al., 2011).
Avalanche-fed glaciers, as classified in the World Glacier Inventory (WGMS, 1989), were not considered in the SA calculations because avalanches may locally significantly lower
the SA.
The current extent of the accumulation areas, derived from
the 2009 Landsat scene, was used for assessing the degree of
imbalance of the existing glaciers. As mentioned above, the
SCA and SA derived from this scene (SCA2009 and SA2009 )
provide a rather good representation of the average extent of

www.the-cryosphere.net/7/1339/2013/

L. Carturan et al.: Area and volume loss of the glaciers in the Ortles-Cevedale group

1345

Table 2. Comparison of the mean values of the accumulation area ratio obtained from direct observations (decade 2000–2009, this work)
with the value obtained from the Landsat scene of 31 August 2009, for four glaciers of the Ortles-Cevedale group. The location of the glaciers
is reported in Fig. 1.

Observed 2000-’09
Glacier

Area
km2

Min

Max

Dev.
St.

Mean

La Mare (southern branch)
2.1
0.06
Careser
2.1
0.00
Fontana Bianca
0.5
0.00
Rossa
0.9
0.07
Area-weighted mean

0.76
0.12
0.95
0.72

0.23
0.04
0.30
0.20

0.34
0.01
0.12
0.31
0.19

2009
from
Landsat

Difference (2009
from Landsat – mean
2000-’09 observed)

0.37
0.06
0.24
0.43
0.25

+0.03
+0.05
+0.12
+0.12
+0.06

Fig. 5. Comparison of snow cover mapping from ground surveys (white areas) and from Landsat (TM4, red line) at the end of the 2009
ablation season on La Mare (M) and Careser (C) glaciers. The background image is a composite with Landsat bands TM 5, 4, and 3 as RGB.

the accumulation areas and the position of the ELA in the
last decade, although their slight overestimation (Table 2),
mainly due to the abundant snowfalls in winter 2009 and
early date of the Landsat scene, has to be taken into account while interpreting the results of the imbalance analysis. We compared the AAR2009 (= SCA2009 / A2009 ) and the
ELA2009 (= SA2009 ) to theoretical “balanced-budget” conditions. Field evidence from long-term mass balance measurements on the Careser, Sforzellina and Fontana Bianca
glaciers in the Ortles-Cevedale group indicates an average
value of 0.5 for the balanced-budget AAR0 (CGI, 1978–
www.the-cryosphere.net/7/1339/2013/

2011; WGMS, 2008 and 2011). This value was obtained by
averaging the AAR0 of the 3 glaciers, resulting from their
AAR vs. specific mass balance relationship for the whole observation period. The fractional change of the total area (ps )
necessary to reach equilibrium was calculated by comparing
the AAR0 with the AAR2009 , as follows (Bahr et al., 2009):
ps = αr − 1,

(3)

where αr is the ratio AAR2009 / AAR0 , which provides a measure of the extent to which each glacier is out of equilibrium
(Dyurgerov et al., 2009).
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Analysis of controls

To highlight the controlling factors of the current glacier
shrinkage, the area and elevation changes of the OrtlesCevedale glaciers were analyzed in two steps, examining
(i) the entire Ortles-Cevedale glacier system and (ii) the responses of individual glaciers. For (i) we investigated the
relative change in the frequency distribution of the glacierized areas and the elevation changes for classes of elevation, slope, aspect and summer clear-sky radiation. A correlation analysis was then performed considering the sample of 112 ice bodies which survived in 2009. The 10 variables used in the statistical analysis were the average values
(1980s to 2000s) of mass budget, elevation, elevation range,
slope, aspect, summer clear-sky radiation, AAR, fractional
debris cover, area, and the “avalanche ratio” (Av), calculated
as (Hughes, 2008)
Av =

Aav
,
A

(4)

where Aav is the avalanche contributing area, computed from
a flow direction grid and a slope grid derived from the DTM,
and A is the total area of the glacier. The aspect was indexed
before the calculations by assigning the values of 9 to south,
7 to southwest and southeast, 5 to east and west, 3 to northwest and northeast, and 1 to north.
4
4.1

Accuracy assessment
Changes in glacier extent and accumulation area

For debris-free glaciers, the typical accuracy of automated
mapping from Landsat TM scenes is about 2–3 %, as reported by earlier assessments based on comparisons with
manual delineations on higher-resolution images (e.g., Paul
et al., 2002; Andreassen et al, 2008). To determine the accuracy of the outlines for the Ortles-Cevedale region, a test
was carried out for a subset of 15 debris-free glaciers of different sizes, comparing the results of the automatic classification with those from manual digitizing using digital aerial orthophotos. The test confirmed this accuracy, revealing small
(2–4 %) discrepancies mainly due to marginal debris-covered
areas, like medial moraines and/or margins of the ablation
area. Deviations one order of magnitude larger are found for
debris-covered areas, which had to be manually corrected.
Figure 4 shows the difference between the automated mapping with Landsat TM and the post-processed delineation of
a heavily debris-covered glacier. The accuracy of this postprocessing procedure, which was mainly carried out on aerial
photos, depends on (i) the characteristics of debris-covered
areas (e.g., optical contrast with the surrounding terrain and
the occurrence of features indicating buried ice), (ii) the characteristics of the images (shadow, contrast), and (iii) the analyst’s experience in interpreting subtle details. In the absence
of reference data, one possibility to estimate the precision of
The Cryosphere, 7, 1339–1359, 2013

manually corrected glacier outlines is an independent multiple digitization of the same set of glaciers. This procedure
was carried out for five debris-covered glaciers of the OrtlesCevedale, of different sizes, resulting in a standard deviation
of 3 %, consistent with previous tests on glaciers with similar
characteristics (Paul et al., 2012; Rastner et al., 2012).
The accuracy of the automatic mapping of SCA from the
Landsat scenes was assessed by comparing the results of
the automatic procedure with a snow cover map that was
drawn from field surveys carried out on Careser and La Mare
glaciers on 13 September 2009 (Fig. 5). The automatic mapping provided an 11 % larger SCA than direct surveys on the
ground, which can be considered as a typical deviation for
the entire mountain range. A part of this discrepancy can
be attributed to shortcomings in the classification method
(e.g., in deep shadows), but, as observed on La Mare glacier
(Sect. 3.3), the largest part has to be attributed to an actual reduction of the SCA from 31 August to 13 September, which
is attributable to predominant warm weather conditions in
this period. Due to the natural patchiness of snow cover, we
estimate a maximum error of ±50 m for the SA of individual
glaciers.
4.2

Elevation changes and mass budget

The accuracy of the derived elevation and volume changes
from the geodetic method depends mainly on the accuracy
of the DTMs used. When the mean volume change rates are
compared to the mean mass budget rate as measured in the
field, differences due to the unknown density and basal melting or collapse occur (e.g., Huss, 2013; Zemp et al., 2013).
Therefore, a direct comparison of both values is challenging (e.g., Fischer, 2011). Uncertainties related to the DTMs
depend primarily on the acquisition technique of the elevation data (e.g., optical stereo, LiDAR, radar interferometry), the procedure used for their extraction from raw data,
and finally their processing prior to differencing (e.g., coregistration and resampling). As mentioned in section 3.2,
slope-dependent biases were not found and thus a related correction was not applied. Slope-dependent errors mainly arise
when downscaling lower-resolution DTMs to a higher resolution, while in the present work the original DTMs with 2
to 10 m resolution were upscaled to a grid cell size of 20 m,
which is the maximum cell size of the original DTMs (Table 1).
The accuracy of the DTM differencing was assessed by
applying the geostatistical procedure described in Rolstad et
al. (2009). These authors mention that uncertainties depend
on the standard error of individual grid point elevation differences between the two DTMs, the size of the averaging
area (i.e., the size of the ice body) and the scale of the spatial autocorrelation of elevation differences. The geostatistical procedure takes into account the spatial correlation of the
elevation differences, quantified over “training areas” on stable bedrock. According to this procedure, DTM differencing
www.the-cryosphere.net/7/1339/2013/
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leads to a propagated uncertainty in area-averaged geodetic
mass budget rates ranging from ±0.03 to ±0.26 m w.e. a−1
and averaging ±0.08 m w.e. a−1 for glaciers with an average
area of 0.79 km2 in the Ortles-Cevedale group.
Density assumptions may also introduce uncertainties,
particularly during periods in which changes in the density
of the firn layer occur (Haug et al., 2009; Huss, 2013). Such
changes likely occurred in the Ortles-Cevedale group, because the DTMs used in the calculations were acquired in the
first half of the 1980s (Table 1), when glaciers still retained
firn layers accumulated in the 1960s and 1970s. For this reason, a mean density of 850 kg m−3 was used. The range of
uncertainty was explored by either setting a mean density of
900 kg m−3 for the entire area, or 650 kg m−3 in the ∼ 20 %
zone which lost the firn cover (Gardelle, 2012b; Huss, 2013),
obtaining a value of ±6 %.

5
5.1

Results
Area and length changes

The Ortles-Cevedale mountain group was subdivided into
165 glacier basins. Although small glaciers prevail in number, with only two glaciers exceeding 5 km2 , much of the
glacierized area is concentrated in glaciers ranging from 1
to 5 km2 (Fig. 6). We note that 32 ice bodies were already
extinct in the 1980s, and another 21 glaciers completely disappeared from the 1980s to the 2000s. Over the same period,
all 14 valley glaciers (i.e., glaciers flowing down a valley
and having a distinct tongue; Cogley et al., 2011) have maintained their tongue, but some of them will soon get disconnected from it and transform into the mountain glacier type
(i.e., glaciers in mountainous terrain, which include cirque,
niche, crater or hanging glaciers, as well as ice aprons and
groups of small units; Cogley et al., 2011). Table 3 shows the
detected changes of key parameters for the entire glacier system (i.e., all the ice bodies are taken as one large glacier) and
for the subset of the 112 ice bodies existing in 2009. Since
1987, 23.4 ± 3 % of the initial glacierized area (100.3 km2 )
has been lost, and the debris-covered area has increased by
19 %. In 2009, 41 ice bodies were “debris-covered” (i.e., they
supported a layer of debris on most or all of their ablation
zone (Cogley et al., 2011)), 18 more than in 1987. Based on
the source nourishment codes reported in the World Glacier
Inventory (WGMS, 1989), about 90 % of these 41 glaciers
can be characterized as “avalanche-fed”.
The average elevation of the glacierized area did not increase significantly, being 3110 m in the 1980s and 3124 m in
the 2000s. However, individual glacier units displayed contrasting behavior, with some small glaciers showing a significant increase in mean elevation, due to the complete melt
of their lower parts or sub-units. In contrast, the largest decrease of average altitude was observed where steep glacierized slopes located at the top of accumulation areas ablated
www.the-cryosphere.net/7/1339/2013/

Fig. 6. Bar graphs showing percentages of glacier number and area
per size classes. The area in 1987 is used as the reference for size
class determination.

completely, as in the Solda glacier. The elevation range (difference between maximum and minimum elevation) exhibited a significant and widespread decrease (−74 m). This reduction was mainly caused by an upward shift of the minimum elevations (+53 m on average), and secondarily by the
downward change of maximum elevations (−27 m on average).
No notable changes were observed for the mean slope of
the largest glaciers, while the smaller ice bodies displayed
more variability. The mean slope increased over small residual patches in shadowed areas, with avalanched snow now
accumulating at their base, and decreased in the case of vanished ice from cliffs and couloirs. A more efficient shadowing of rock walls over the lowering and retreating ice surfaces, which mainly have a northern exposure as explained
below, was recognized, leading to a reduction of clear-sky
radiation during summer, although this change was generally
small (−3 % on average).
The reduction of glacier areas from the 1980s to 2000s can
be observed in Fig. 1, where the glacierized areas in the two
epochs are overlain. The change in area since the 1980s is
around −20 % for most glaciers larger than 1 km2 (Fig. 7a)
with the exception of the Careser glacier, which lost 48 %
of its initial area. The scatter in areal reductions increases
strongly for glaciers smaller than 0.3 km2 , and a tendency towards a greater relative area loss with decreasing initial size
is also observable. The terminus retreats were proportional
to the initial length (R = 0.70), with (longer) valley glaciers
retreating more than (shorter) mountain glaciers (Fig. 7b).
The Cryosphere, 7, 1339–1359, 2013
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Table 3. Change of key parameters in the Ortles-Cevedale glacier system from the 1980s to the 2000s. Error bars for average elevation
change (statistics for all glaciers) have been extrapolated by the geostatistical procedure described in Sect. 4.2.
Statistics for all glaciers

Area
Debris cover
Average elevation
Min-max elevation
range
Average slope
Average clear-sky
radiation

Statistics for the 112 ice bodies remaining in 2009
Change (count %)

Change

1980s

2000s

Change

Negative

Positive

Unchanged

Min

Max

Mean

100.3 km2
10.5 km2
3110 m
1795

76.8 km2
12.5 km2
3124 m
1721

−23.5 ± 3.0 km2
+2 ± 0.3 km2
+14 ± 0.2 m
−74 ± 5.5 m

100
30
48
92

–
69
51
7

–
1
1
1

−48 %
−67 %
−121 m
−453 m

−6 %
+100 %
+189 m
+40 m

−36 %
+8 %
+5 m
−80 m

21.7◦
229.7 W m−2

21.3◦
228.6 W m−2

-0.4◦
−1.1 W m−2

44
79

56
20

–
1

−12◦
−27.1 W m−2
(−11 %)

+7◦
+14.3 W m−2
(+8 %)

+0◦
−5.9 W m−2
(−3 %)

and summer clear-sky radiation. The area covered by glaciers
decreased for all elevation classes. Figure 8b suggests an increase of the relative area losses towards the steeper regions,
which usually accumulate less snow and normally have a
smaller ice thickness. Most of the glaciers lie on northern
slopes, and the relative area change was higher over southern exposures (Fig. 8c). Nevertheless, strong area losses were
also found in shaded regions, as on the formerly fully glacierized north cliffs at the top of the Solda glacier (Fig. 8d).
5.2

Fig. 7. (a) Relative change in area vs. initial area in 1987. Horizontal
lines show mean values for distinct size classes. (b) Terminus retreat
vs. initial length in 1987.

Cumulative values of retreat peak at −610 m for the Forni
and Forcola glaciers (−27.7 m a−1 ). In some cases, single
glaciers broke up into smaller ice bodies and length changes
could not be measured. The most striking example is Careser
glacier, where the widespread emergence of bedrock led to
the fragmentation of the parent glacier (Fig. 1).
In Fig. 8 we show the change in the frequency distribution
of the glacierized areas for classes of elevation, slope, aspect
The Cryosphere, 7, 1339–1359, 2013

Elevation changes and mass budget

Large elevation changes have occurred in the OrtlesCevedale glacier system (Fig. 9). The total volume change
is −1.58 km3 , yielding an average surface lowering rate
of 0.71 m a−1 . Surface lowering has prevailed at all elevations, with the exception of the Mt. Ortles summit area
(Alto dell’Ortles glacier), above 3800 m a.s.l., where negligible changes have been detected. On the other hand, maximum rates of 3.5–4 m a−1 were observed in the lower parts
of four valley glaciers (Forni, Basso dell’Ortles, Lunga and
La Mare). Many episodes of collapsing subglacial cavities
were observed in the field, which tend to accelerate the fragmentation of low-altitude, stagnant portions of glaciers. The
glaciers that still retained some snow cover at the end of
the ablation period had much smaller lowering rates (from
0 to 0.5 m a−1 ) in their upper parts. In contrast, glaciers
with small or no snow-covered areas showed high lowering
rates over the entire surface, e.g., Lasa glacier (from 0.5 to
1.0 m a−1 ) and, in particular, the Careser glacier (from 1.0 to
2.5 m a−1 ).
Notably, the average mass budget is negative for all the ice
bodies in the Ortles-Cevedale group. The arithmetic mean of
the 112 individual mass budgets is −0.69 ± 0.12 m w.e. a−1 ,
while the area-weighted mean is −0.68 ± 0.12 m w.e. a−1 .
The spatial variability of the geodetic mass budget is
relatively low, with a few exceptions (Fig. 10). The
two extremes among all the glaciers larger than 0.3 km2
are Alto dell’Ortles (−0.18 ± 0.04 m w.e. a−1 ) and Careser
(−1.43 ± 0.09 m w.e. a−1 ). The scatterplot in Fig. 10 does not
www.the-cryosphere.net/7/1339/2013/
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Fig. 8. Area distribution of the Ortles-Cevedale glaciers from 1987 to 2009 and percent change for classes of (a) elevation, (b) slope, (c)
aspect, and (d) summer clear-sky radiation.

show the clear relationship between the mass budget and the
initial glacier size that was found in the studies by Paul and
Haeberli (2008) and Paul (2010), but, as was observed for the
area changes, the scatter increases among ice bodies smaller
than 0.3 km2 .
The vertical profile of the elevation changes over the entire glacierized area remaining in the 2000s (Fig. 11a) shows
maximum lowering rates of −1.3 m a−1 at ∼ 2700 m a.s.l.
Interestingly, below this altitude, decreasing lowering rates
were found, with a minimum of −0.2 m a−1 at 2300 m a.s.l.,
likely as a result of the large share of debris-covered glaciers.
Flat areas lowered more rapidly than steeper areas (Fig. 11b),
and stronger elevation losses were detected across slopes
with southern exposure (Fig. 11c) or higher radiation inputs (Fig. 11d) with the exception of the poorly represented
classes of summer clear-sky radiation.
5.3

Extent of snow-covered area and current degree
of imbalance

glacier system, normalized as a function of the exposure, was
3215 m in 1987 and 3223 m in 2009, showing negligible differences between these 2 yr.
The index αr (AAR2009 / AAR0 in Eq. 3) is at present
lower than 1 in most cases, indicating that nearly all glaciers
have to reduce their total area (by 40 % on average) to reach
a balanced budget under the current climatic conditions. For
17 out of 112 cases, the resulting equilibrium areas are less
than 0.01 km2 , indicating impending extinction. According
to Eq. (3), among the glaciers larger than 1 km2 , further remarkable area losses are expected for the Careser (−87 %)
and Lasa (−66 %) glaciers. Conditions closer to equilibrium,
with an expected area loss of 6 %, were found for the highestaltitude glacier (Alto dell’Ortles, which has a mean elevation
of 3425 m). Large area losses are expected in general for valley glaciers (−34 % on average). Among them, the Cevedale
and Dosegù glaciers still have a relatively large accumulation
area (AAR2009 = 0.45) and are closer to a balanced budget.
5.4

The snow-covered area (SCA) was 7 km2 (23.4 %) smaller
in 2009 than in 1987 (Fig. 12). The average snowline altitude
(= (SA1987 + SA2009 ) / 2) ranged from 3094 m on the northern
slopes to 3335 m on the southern slopes. The snowline altitude was 45 m higher for areas exposed to the east (3223 m)
than for those to the west (3178 m). The average SA of the
www.the-cryosphere.net/7/1339/2013/

Analysis of controls

The results of the correlation analysis among average geodetic mass budgets and nine other variables are shown in Table 4. The subset of 51 glaciers larger than 0.3 km2 showed
highly significant (0.01 level) correlations between mass
budget and slope, AAR and elevation range. The correlations
The Cryosphere, 7, 1339–1359, 2013
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Table 4. Correlation matrix for ten variables. Correlations significant at the 0.01, 0.05 and 0.10 levels are marked in bold type, bold-italic and
italic, respectively. Glaciers larger than 0.3 km2 are in the lower left (n = 51), glaciers smaller than 0.3 km2 are in the upper right (n = 61).

Mass budget
Elevation
Slope
Aspect
Clear-sky radiation
AAR
Debris cover
Elevation range
Area
Avalanche ratio

Mass
budget

Elevation

Slope

Aspect

Clear-sky
radiation

AAR

Debris
cover

Elevation
range

Area

Avalanche
ratio

1.00
0.23
0.48
−0.06
−0.14
0.47
0.17
0.48
0.01
0.28

0.06
1.00
−0.14
0.47
0.69
0.54
−0.59
−0.02
0.11
−0.33

0.40
−0.18
1.00
−0.27
−0.66
0.13
0.47
0.32
−0.28
0.50

0.07
0.65
−0.35
1.00
0.75
−0.02
−0.01
−0.12
−0.05
0.22

−0.12
0.73
−0.68
0.83
1.00
0.13
−0.48
−0.27
0.15
−0.28

0.23
0.48
−0.13
0.26
0.32
1.00
−0.39
0.40
0.34
−0.25

0.33
−0.49
0.44
−0.16
−0.40
−0.52
1.00
0.08
−0.30
0.80

0.16
0.05
0.47
−0.17
−0.32
0.23
−0.16
1.00
0.49
0.15

−0.19
0.08
−0.15
−0.12
0.01
0.14
−0.42
0.57
1.00
−0.31

0.40
−0.23
0.32
0.16
−0.08
0.02
0.57
0.04
−0.34
1.00

–
Fig. 9. Mean annual elevation change rates of the Ortles-Cevedale glaciers from the period 1981–1984 to 2005–2007, on a cell-by-cell
basis.
–
with elevation and avalanche ratio are less significant (0.10
and 0.05 levels, respectively), while there is no significant
correlation between mass budget and aspect, clear-sky radiation, debris cover or area. The glaciers with higher elevation ranges and higher mean elevations also have higher
AARs. The AAR is in turn highly correlated with area and
The Cryosphere, 7, 1339–1359, 2013

(inversely) with debris cover. The glaciers with higher radiation inputs and less topographic shading are located at higher
altitudes, and vice versa. By contrast, increasing debris cover
enables the existence of ice masses at lower elevations and is
highly correlated with avalanche activity, as expressed by the
avalanche ratio (Eq. 4).
www.the-cryosphere.net/7/1339/2013/
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Fig. 10. Glacier specific mean geodetic mass balance rates calculated from the values shown in Fig. 9. The scatterplot shows the values
plotted vs. initial area in 1987.

The group of 61 glaciers smaller than 0.3 km2 produced
quite different results. Among the analyzed variables, slope,
debris cover and avalanche ratio displayed the highest correlation with mass budget. The absence of a significant correlation with elevation and the lower significance of the correlation with AAR, in contrast to the results for larger glaciers,
are remarkable but somewhat expected for these small ice
bodies. Glaciers with higher altitudes have less debris cover
and are less shielded from solar radiation. Slope is inversely
correlated with aspect and clear-sky radiation and directly
correlated with debris cover and elevation range. As was observed for the larger glaciers, the ice bodies with higher debris cover are also mainly avalanche-fed.

6
6.1

Discussion
Glacier changes and controls

The area loss rate of the Ortles-Cevedale glacier system, with
reference to the initial area in 1987, was −1.1 ± 0.1 % a−1 ,
which is slightly lower than the recent Alpine-wide estimate of −1.4 % a−1 between 1984 and 2003 found by Paul
et al. (2011), when referring to the initial area of about
2900 km2 . Similarly, Paul et al. (2004) found an area loss
rate of −1.3 % a−1 for the Swiss glaciers from 1985 to
www.the-cryosphere.net/7/1339/2013/

1999, while Lambrecht and Kuhn (2007) calculated a rate
of −0.6 % a−1 for the Austrian glaciers during the period of
1969–1998. However, the latter includes the expansion period of 1973–1985 and must thus be smaller. If the total area
change in this period is assumed to be close to zero, the
rate over the 1985–1998 period is −1.2 % a−1 . Abermann
et al. (2009) calculated an increase in area loss rates from
−0.4 % a−1 in the period of 1969–1997 to −0.9 % a−1 in the
period of 1997–2006 in the Austrian Ötztal Alps. Concerning the Italian Alps, Knoll and Kerschner (2009) quantified
a reduction rate of −1.4 % a−1 for the South Tyrol glaciers
from 1983 to 2006, highlighting a significantly lower reduction rate (−1.1 % a−1 ) for the portion of the Ortles-Cevedale
glaciers that lies in the province of Bolzano, which is consistent with our results in this area (−1.0 % a−1 ). Larger reduction rates (−1.8 % a−1 ) were found from 1981 to 2003 for
the glacier system of the Dosdè-Piazzi group, about 20 km
west of the Ortles-Cevedale (Diolaiuti et al., 2011). Citterio
et al. (2007) calculated an area reduction of −1.5 % a−1 for
249 glaciers in the Lombardia region from 1992 to 1999. Finally, Maragno et al. (2009) estimated −0.9 % a−1 for the
Adamello group, 35 km southwest of the Ortles-Cevedale,
during the period of 1983–2003.
The spatial pattern of the area changes shows significant area losses even at high altitudes (Fig. 8a), causing a
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Fig. 11. Elevation changes of the Ortles-Cevedale glacier system from the 1980s to the 2000s, for classes of (a) elevation, (b) slope, (c)
aspect and (d) summer clear-sky radiation. Calculations were performed over the 2000s glacierized area. The area distribution in the 1980s
is shown to give a background for the reported elevation changes.

substantial lack of adjustment of the area-averaged elevation of the glacier system (+14 m). This can be explained by
considering the physical characteristics of the high-altitude
glacierized areas of the Ortles-Cevedale group, which are
typically steep and convex and receive relatively little accumulation during winter (see for example the Glacierreports of Ufficio Idrografico – Autonomous Province of
Bolzano: http://www.provinz.bz.it/wetter/glacierreport.asp).
These high-elevation areas should benefit from the accumulation of wet snow during the warmer part of the year. However, due to less abundant summer snowfall (Fig. 13c), they
are often exposed to net ablation during the summer. This
retreat of the head of the glaciers indicates disequilibrium
conditions, because this occurs due to thinning of the upper
accumulation zone (Pelto, 2010).
Factors causing negative feedbacks on glacier wastage
were detected in this study, such as an increase in debris
cover and decrease of clear-sky radiation during summer, due
to increased topographic shading for some glaciers. However, overall these feedbacks were not effective so far in offsetting the effects of increasing temperatures (Fig. 13a).
The average geodetic mass budget of the glaciers is indeed
highly negative (−0.7 m w.e. a−1 ) and close to the average of
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nine glaciers with long-term direct measurements in the European Alps (−0.8 m w.e. a−1 ) during the same period (Zemp
et al., 2005; WGMS, 2008, 2009 and 2011). These two estimates come from different methods, which can give quite
different results depending on factors such as the density assumptions, basal or internal melt and errors in measuring
and/or extrapolating direct measurements (Krimmel, 1999;
Fischer, 2011). Nevertheless, the two methods provided very
similar results on the Careser glacier from 1983 to 2006
(−1.43 m w.e. a−1 (geodetic) and −1.39 m w.e. a−1 (direct)).
Similarly, good results were obtained also for the other two
glaciers with long-term direct measurements, although these
lack some years on record (Sforzellina: −0.86 m w.e. a−1
(geodetic) and −1.08 m w.e. a−1 (direct), the latter missing
6 years out of 26; Fontana Bianca: −0.90 m w.e. a−1 (geodetic) and −0.86 m w.e. a−1 (direct), the latter missing 3 yr out
of 21).
The elevation changes vs. altitude plot (Fig. 11a) displays
a trend that is different from the findings of Lambrecht and
Kuhn (2007). In the latter study the trend resembled the vertical balance profile of a “clean glacier” (i.e., a glacier without debris cover), with increasing elevation loss rates towards
lower elevations. In our study, the trend more closely recalls
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Fig. 12. Snow-covered area in the late summer of 1987 (red and white) and 2009 (white only). Light blue represents bare ice in 2009;
white + red + blue = glacier area in 2009. The radar chart shows the snow line altitude versus main aspect direction in both years.

the vertical mass balance profile of debris-covered glaciers
(e.g., Benn and Lehmkuhl, 2000), marked by decreasing elevation loss rates below 2700 m. Actually, the only areas that
extend below this altitude in the Ortles-Cevedale are glacier
tongues with thick debris cover, which insulate them reducing ablation, that are mainly clustered in the region of Mt. Ortles (Solda, Marlet and Finimondo glaciers). Of course, the
observed vertical profile of elevation changes also includes
dynamic adjustments. However, no experimental data were
available in the Ortles-Cevedale group for a quantitative assessment of this process.
The positive correlations of the average mass budgets of
the 51 glaciers larger than 0.3 km2 with their elevation range,
AAR, mean elevation and slope confirm the role of hypsometry in controlling the sensitivity of glaciers and their response to climate fluctuations (Furbish and Andrews, 1984;
Benn and Evans, 2010). The negative correlations reported
by other authors (e.g., Chueca et al., 2007; Paul and Haeberli, 2008) between mass budget and area and between mass
budget and potential shortwave radiation in summer were not
found in the Ortles-Cevedale, most likely due to the peculiar
characteristics of the glaciers in this mountain group and/or
the much smaller range of glacier sizes. Indeed, in the OrtlesCevedale, the glacier area is highly correlated with the ele-
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vation range (i.e., larger glaciers extend farther in altitude
and still retain accumulation areas), and the valley tongues
of larger glaciers, which should undergo larger mass losses,
are already reduced (e.g., the Forni glacier) or debris-covered
(e.g., the Solda glacier). The lack of a correlation between
the mass budget and potential shortwave radiation might be
attributed to the high mean elevation of the glaciers that receive higher shortwave radiation inputs (elevation is highly
correlated with potential shortwave radiation).
A clear difference exists between glaciers that maintain
accumulation areas and show dynamic retreat and an “equilibrium response”, and glaciers with low elevation ranges,
almost entirely below the ELA and exhibiting down-wasting
and a “disequilibrium response” (Pelto, 2006 and 2010). The
Careser glacier, whose area and mass loss rates were much
higher than average (Figs. 7a and 10), exemplifes the behavior of the latter group, composed of glaciers without a consistent accumulation zone, which can thus not survive under the
present climate conditions. This comparatively flat glacier
lies below the ELA and has lacked an accumulation area in
most of the past 30 yr. Careser glacier thus behaved like a
stagnant block of ice that is melting down. The lowering of
the albedo and increased thermal emission from the growing
patches of ice-free terrain likely act as positive feedbacks,
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Glaciers smaller than 0.3 km2 displayed greater variability
in the individual responses (Figs. 7a and 10) and less obvious control of their behavior. Notably, AAR and elevation
show little or no correlation with the mass budget, likely because these small ice bodies are more influenced by local
topo-climatic conditions and are somewhat decoupled from
regional-scale climatic trends (Kuhn, 1995; Hughes, 2008;
DeBeer and Sharp, 2009; Carturan et al., 2013). Most of them
are remnants of formerly much larger glaciers that are now
protected from ablation by topographic shading and/or debris
cover, and take advantage of additional snow accumulation
by avalanches. Some of them, namely those located in steep
terrain at high altitudes, show little change over the analyzed
period.
6.2

Fig. 13. Time series of meteorological observations from 1959 to
2009 at the Careser dam weather station (2605 m a.s.l.): (a) air temperature; (b) total precipitation; (c) solid precipitation.

which accelerate the down-wasting and fragmentation of this
glacier (e.g., Oerlemans et al., 2009). The continuation of its
long-term mass balance series is at risk, and care should be
taken in interpreting and extrapolating mass balance results
of this glacier.
The Cryosphere, 7, 1339–1359, 2013

Extent of accumulation area and current degree
of imbalance

The comparison of the current values of AAR (AAR2009 ,
which fairly reflects the average conditions in the previous
decade) and the balanced-budget AAR0 (0.5 for the OrtlesCevedale, based on available mass balance series) demonstrates that the glaciers of this mountain group will continue
to shrink and retreat, even without additional atmospheric
warming. However, taking into account the small overestimation of the mean AAR in the last 10 yr, due to the use
of the SCA2009 (Table 2), the expected average reduction in
area of 40 % has to be interpreted as a lower bound value.
Considering this issue and the difficulties concerning the calculation of the AAR0 (i.e., the small sample of glaciers with
sufficiently long mass balance series and the high variability of AAR0 for single glaciers), the expected areal reduction
rises to ∼ 50 %.
Interestingly, some glaciers like Finimondo and Marlet show an apparent discrepancy between their observed
slightly negative mass budget and the high degree of imbalance which they should experience, given their current low
AAR. This finding can be explained by considering that in
high-mountain environments the spatial distribution of mass
balance and, as a consequence, the value of the AAR0 can
be largely affected by avalanching, debris cover, and topographic effects (Benn and Lehmkuhl, 2000; Benn and Evans,
2010). In particular, glaciers with thick and extensive debris
cover, such as Finimondo and Marlet, tend to have much
lower values of AAR0 , because their surface ablation rates
are lower when compared to “clean” glaciers, largely due to
the insulating effect from debris (Nicholson and Benn, 2006).
The balanced-budget ELA (ELA0 ), corresponding to the
balanced-budget AAR0 (0.5), was calculated from the hypsometry of all glaciers of the Ortles-Cevedale group and was
compared to current observations of the SA. The SA2009
(3223 m) is 92 m higher than the current ELA0 (3131 m) and
156 m higher than the ELA0 in the 1980s (3067 m). However,
since most glaciers were expanding during the first half of the
1980s, a somewhat lower ELA should have been present in
www.the-cryosphere.net/7/1339/2013/
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the 10–20 preceding years (1960s–1970s). Based on the mass
balance series of the Careser glacier, we can estimate a mean
ELA of 2984 m in the period from 1967 to 1980, which is
239 m lower than the SA2009 and 83 m lower than the ELA0
in the 1980s.
The recent behavior of glaciers in the European Alps
was characterized by two contrasting periods: the 1960s to
the 1970s, when a general expansion was observed, and
the 1980s to the 2000s, when a strong recession occurred
(Patzelt, 1985; Citterio et al., 2007; Zemp et al., 2008). These
two periods can be clearly linked to meteorological data series recorded at 2605 m by the Careser dam weather station
(Fig. 13), which shows strong positive trends for both annual (+0.5 ◦ C per decade) and summer (+0.6 ◦ C per decade)
temperatures. The mean annual temperature increased by
1.6 ◦ C from the first to the second period, resulting in an
ELA change of +147 m ◦ C−1 . This value lies in the range
of 100–170 m ◦ C−1 reported for other glacierized regions in
the literature (e.g., Brock et al., 2000; Klok and Oerlemans,
2002; Gerbaux et al., 2005; Paul et al., 2007b; Zemp et al.,
2007). Although the temperature increase is the dominant
characteristic of the observed climate change, the precipitation trends were also unfavorable for the Ortles-Cevedale
glaciers, showing a decrease of 2.5 % per decade in both
the annual and winter values. Remarkably, solid precipitation exhibited larger trends (−7.2 %, −4.5 % and −16.2 %
per decade for the annual, winter and summer values, respectively).
7

Conclusions

We have analyzed the changes in area, length and volume
of the glaciers in the Ortles-Cevedale group from the 1980s
to the 2000s, using two Landsat scenes (from 1987 and
2009) and calculating the difference between two digital
terrain models. We investigated the role of several topographic parameters in controlling the spatial variability of the
glacier shrinkage and the degree of imbalance of the glaciers
by comparing the AAR derived from their end-of-summer
snow-covered area (SCA) with the balanced-budget AAR0 .
During the investigated period, the Ortles-Cevedale
glaciers lost 23.4 ± 3 % of their area, displaying no significant adjustments of their mean altitude. In total 21 ice bodies became extinct. The average area loss rate (−1.1 ± 0.1
% a−1 ) and mass loss rate (−0.69 ± 0.12 m w.e. a−1 ) were
well within the range of previously assessed values in other
regions of the European Alps. Consistently with previous
studies, the fractional area change of the Ortles-Cevedale
glaciers was inversely related to the initial glacier size, and
the terminus retreat was proportional to the initial length. In
contrast, the individual mass loss rates were not related to the
initial glacier size and clear-sky solar radiation, as found in
other studies.
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The different responses of the Ortles-Cevedale glaciers to
climate change are mainly controlled by their hypsometry
(slope, elevation and elevation range). Glaciers with large
vertical extents still retain accumulation areas and show active retreat, while flat glaciers below the current equilibrium
line altitude (ELA) experienced strong mass losses over their
entire surface, likely magnified by positive feedbacks such as
albedo lowering and thermal emission from the increasingly
large rock outcrops. The Careser glacier is the most striking example of this behavior, showing mass loss rates that
are nearly double the average. Consequently, this glacier and
its 45-year-long mass balance series would end rather soon.
Very small glaciers with areas ≤ 0.3 km2 displayed much
greater variability in their individual responses, because they
are increasingly influenced by local topo-climatic conditions
and are somewhat decoupled from regional climate. Among
them, those that are avalanche-fed and/or debris-covered experienced smaller mass losses.
To reach equilibrium under the climatic conditions which
characterized the last decade, the Ortles-Cevedale glacier
system would need to lose ∼ 50 % of its present area. The
snowline altitude (SA) is now ∼ 100 m higher than it should
be for balanced-budget conditions, and it is ∼ 250 m higher
than during the short period of expansion that occurred from
the 1960s to the beginning of 1980s. Hence, glaciers will
continue to shrink even if temperature does not further increase. On the other hand, the special characteristics of individual glaciers in the steep areas of the Ortles-Cevedale
group (e.g., influenced by avalanching, topographic shading
and heavily debris-covered) will favor their persistence.
Supplementary material related to this article is
available online at: http://www.the-cryosphere.net/7/
1339/2013/tc-7-1339-2013-supplement.zip.
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