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Abstract

The continuation of valuable, long-term glacier observation series is threatened by the
accelerated mass loss which currently affects a large portion of so-called “benchmark”
glaciers. In this work we present the evolution of the Careser glacier, from the beginning
of systematic observation at the end of the nineteenth century to its current condition
in 2012. In addition to having one of the longest and richest observation record among
the ltalian glaciers, Careser is unique in the Italian Alps for its 45yr mass balance
series started in 1967. In the present study, variations in the length, area and volume
of the glacier since 1897 are examined, updating the series of direct mass balance
observations and extending it into the past using the geodetic method. The glacier is
currently strongly out of balance and in rapid decay; its average mass loss rate over the
last three decades was —1.5m water equivalent per year, increasing to —2.0 m water
equivalent per year in the last decade. If mass loss continues at this pace, the glacier
will disappear within a few decades, putting an end to this unique observation series.

1 Introduction

Long-term glacier observation series form the basis for the detection of secular trends
and for the understanding of physical processes regulating the response of glaciers to
climatic changes. Given their importance as key indicators of global climate change
(Houghton et al., 2001; Solomon et al., 2007), glaciers are included in the terrestrial
section of the Global Climate Observing System (GCOS/GTOS; GCOS, 2004). The
Global Terrestrial Network for Glaciers (GTN-G), run by the World Glacier Monitoring
Service (WGMS), follows a system of tiers that include: (1) intensive and integrated
experimental sites aimed at increasing process understanding across environmen-
tal gradients; (2) process-oriented mass balance studies within major climatic zones
(about 10 glaciers worldwide); (3) glacier mass changes within major mountain sys-
tems (about 50 glaciers worldwide); (4) long-term measurements of length change at
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about ten sites within each mountain range (about 800 glaciers worldwide), and (5)
repeated glacier inventories from satellite data (Haeberli, 2004; Haeberli et al., 2000,
2002).

Whereas glacier mass balance represents a direct and undelayed signal of climatic
change, changes in glacier length primarily constitute an indirect, delayed and filtered,
but also enhanced, signal (Haeberli, 1995). Long time series of direct mass balance ob-
servations (cf. @strem and Brugman, 1991), based on high-density networks of stakes
and firn pits, are especially valuable for analysing processes of mass and energy ex-
change at glacier/atmosphere interfaces and, hence, for interpreting climate/glacier
relationships (WGMS, 2011). However, long and continuous series of annual/seasonal
glacier-wide mass balance measurements represent only a small subset of total mass
balance investigations. Among the ~ 300 glaciers where such measurements have
been carried out, just 31 have been subject to continuous measurement programmes
dating back to 1970, and only 12 back to 1960 (WGMS, 2011; Zemp et al., 2009).

The continuation of these rare observation series, and their significance, are largely
dependent on the rapid environmental changes which have lead to a widespread reduc-
tion of glaciers worldwide; in many cases the last two decades have been characterised
by a significant acceleration in glacier shrinkage compared to secular rates of glacier
recession (Haeberli et al., 1999; Zemp et al., 2005; WGMS, 2011, 2012). Reinforcing
mechanisms (e.g. lowered albedo, thermal emission from growing rock outcrops, low-
ered elevation, collapse structures) act as positive feedbacks once deglaciation has
started, contributing to the observed acceleration of mass loss rates. Down-wasting
(i.e., stationary thinning) and rapid fragmentation are commonly recorded during this
final stage of deglaciation in glaciers undergoing extinction under current climatic condi-
tions. As a result, important consequences and new challenges are emerging for future
glacier monitoring strategies, the most important of which is probably the complete loss
of long-term mass balance series (Paul et al., 2007).

The present work reports on the evolution of the Careser Glacier in the Eastern Ital-
ian Alps since measurements began at the end of the XIXth century. The dynamics
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of this glacier have been well documented during the last 115yr, thanks to the moni-
toring activities of the Comitato Glaciologico Italiano and of the company exploiting its
melt waters for hydropower generation (CGl, 1914-1977 and 1978-2012). As one of
the few Tier 3 monitoring sites in the world with a 45yr time series of mass balance
measurements, the Careser Glacier is frequently referred to as an emblematic exam-
ple of accelerated deglaciation and of vanishing long-term mass balance observation
series (e.g., Paul et al., 2007; Pecci et al., 2008; Paul, 2010; Gabrielli et al., 2010; Hae-
berli, 2011). The aims of this work are: (i) to document the variations in length, area
and volume of the glacier since 1897, (ii) to present and update the series of direct
mass balance measurements, (iii) to compare the current mass loss rates with secular
trends, and (iv) to outline the possible future evolution of the glacier.

2 Geographic and climatic setting of the Careser glacier

The Careser glacier (World Glacier Inventory code 14L00102519; WGMS, 1989) is
a mountain glacier located in the south-eastern part of the Ortles—Cevedale massif
(Eastern Italian Alps), the largest glacierised mountain group of the Italian Alps (Cartu-
ran et al., 2013). The glacier occupies a wide, south-facing cirque surrounded by peaks
ranging from 3162 ma.s.l. (Cima Lagolungo) to 3386 ma.s.l. (Cima Venezia, Fig. 1),
with bedrock composed of metamorphic rocks (mica schists and phyllites). Rather flat
(average slope = 9°), the glacier currently (year 2012) extends from a minimum alti-
tude of 2865 ma.s.l. to a maximum of 3280 ma.s.l., occupying a total area of 1.63 km?
which is subdivided into 3 main ice bodies and 3 smaller patches. The glacier is fed
mainly during winter by direct precipitation and wind-drifted snow; avalanche contribu-
tion and topographic shading are of minor importance, given the small height difference
between the glacier surface and the surrounding summits. For the same reason, de-
bris cover is nearly absent. Melt waters feed the Rio Careser, which drains into the
River Noce, one of the tributaries of the River Adige. In the 1920s the Rio Careser was
dammed at 2600 ma.s.l. for hydropower generation.
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Climatically, the Ortles—Cevedale massif is near to the main so-called “inner dry
Alpine zone” (Schwarb, 2000), being characterised by the lowest precipitation in the
entire European Alps (500 mmyr'1 at the floor of the Venosta Valley). Precipitation
does increase southward however, reaching 900 mm yr'1 in the valleys at the southern
edge of Ortles—Cevedale, while total annual precipitation of 1300—1500 mmyr‘1 has
been estimated at 3000—-3200 ma.s.l. in the area of the Careser Glacier itself (Cartu-
ran, 2010; Carturan et al., 2012). The mean annual 0°C isotherm is located at around

2500 ma.s.l.

3 Datasets and methods
3.1 Length changes

The first investigations into the Careser glacier were carried out by Austrian observers,
who measured tongue variation during the period 1897-1914 (Fritzsch, 1898, 1899,
1902, 1903; Reishauer, 1908; Déhler, 1917). From 1923 onwards the measurements
were performed by ltalian observers on behalf of the Comitato Glaciologico Italiano
(CGI 1914-1977 and 1978-2012). Length change recording consisted of repeated
tape readings of the distance between the glacier margin and landmarks on the glacier
forefield (generally painted boulders). After the 1980s, length variations were assessed
via remote-sensing images (i.e. orthophotos and satellite imagery).

A cumulative length change curve was calculated from the available measurements.
Front positions were checked by identifying the lower margin of the glacier on the
ground, as visible in old photographs (e.g. Fig. 2), and marking it with a portable
GPS (Garmin ETrex Vista with EGNOS differential correction). Other constraints were
obtained from existing topographic maps (see the following section); these reference
points were required in order to verify the observation series, because in most cases
the landmarks were no longer recognisable on the ground. This latter problem was also
frequently encountered by the observers who restarted observation after temporary in-
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terruptions, preventing linkage with previous measurements. The above checks and
calculations were performed using the ESRI software ArcGIS 10.1, with a high resolu-
tion orthophoto (Immagini TerraltalyTM — ®Blom CGR S.PA. — Parma www.terraitaly.it)
and Digital Terrain Model (DTM) acquired in 2006 (Table 1) employed as a background.
The estimated accuracy of the determined annual and cumulative length changes is
around 20 m.

3.2 Topographic surveys

Calculations of glacier area and volume changes were performed using all available
topographic surveys, with the main characteristics of the existing dataset presented in
Table 1. Whereas the first topographic survey of the glacier was carried out in 1933
using terrestrial photogrammetry techniques (Desio and Pisa, 1934), subsequent sur-
veys (from 1959 to 2000) have employed aerial photogrammetry, and the latest in 2006
was acquired via an airborne laser scanner (LiDAR). All the surveys were carried out
at the end of the ablation season, in September or early October, with the exception
of the 1933 survey which was performed on 20 August. Maps constructed before 1933
were not used in the present study, because the glacier margins are reported with too
much approximation and because no elevation data is provided over the glacier.

The oldest surveys were available in paper or digital (scanned) form, while the origi-
nal aerial photos were not available. The 2006 flight was available as a high-resolution
orthophoto (0.5m x 0.5m) and a LiDAR DTM (cell size 2m x 2m). After scanning (if
needed) and georeferencing the oldest maps using the Technical Provincial Map of the
province of Trento as a reference, the glacier margins, elevation points and elevation
contours were digitised manually. Finally, a DTM with a cell size of 10m x 10m was
interpolated from the digitised vector data for each survey date, and the 2006 LiDAR
DTM was resampled to 10m x 10 m. The entire procedure was performed in the ESRI
software ArcGIS 10.1, using the UTM-WGS84 (Universal Transverse Mercator, zone
32, World Geodetic System 1984 datum) coordinate system.
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The resulting DTMs and polygons of glacierised areas were used to calculate
glacier area and volume changes taking place during the period from 1933 to 2006,
while the Landsat image of 16 September 2012 (path 193, row 28; downloaded from
http://glovis.usgs.gov) was employed to update the perimeter of the glacier, which had
split into separate units over the last 6 yr (2006—2012). Finally, the geodetic mass bal-
ance rate was calculated from the total volume change AV (m3) occurring between two
consecutive survey dates, as follows:

max (1)

where Az is the average elevation change between the two DTMs over the largest area

Amax- The area-averaged net geodetic mass balance rate in meters of water equivalent

per year (mw.e.yr™') was then calculated as:

AV .-p
A

AV =Az-A

M = t= 2
where p is the mean density and A is the average of the initial and final areas for
the time interval t (years) between the two topographic surveys. Density assumptions
were based on the areal extent of the firn zone, which is documented by the mass bal-
ance measurements since 1967 and by old photographs before 1967. A mean density
of 900 kg m~2 was used between 1933 and 1959 and between 1991 and 2006, when
the firn zone was absent, while from 1959 to 1990 (when the firn zone temporarily re-
formed) the mean density was obtained by a fractional area-weighted mean, assuming
900 kg m~2 for the ablation area and 600 kg m~2 for the accumulation area (weighted
mean density = 780 kgm ™).

The accuracy of the DTMs derived from the digitised maps was evaluated via direct
comparison with the high-resolution LiDAR DTM of 2006 (vertical accuracy = 0.3 m),
using 50 control points located on flat and stable terrain outside the glacier, resulting in
a RMSE of the elevation differences between the DTMs ranging from 2.1 to 9.1 m (Ta-
ble 1). The total uncertainty depends on the size of the averaging area and the scale of
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the spatial correlation of elevation differences among the DTMs (Rolstad et al., 2009).
Unfortunately, for most of the available surveys it was impossible to obtain reliable
statistics (i.e. the spatial correlation function), given their insufficient coverage outside
the glacier. Nevertheless, we can estimate an order of magnitude smaller uncertainty
in area-averaged calculations (i.e., 0.2 to 0.9 m), based on recent assessments con-
cerning DTMs constructed by same techniques in the Ortles—Cevedale and glaciers of
a similar size to the Careser (Carturan et al., 2013).

Density assumptions may also introduce uncertainties, particularly during periods of
shifting firn line (Haug et al., 2009; Huss, 2013). The range of uncertainty in converting
volume changes into mass changes was explored by either setting a mean density of
900kg m™~° for the entire glacier, or 900 kg m~ in the ablation area and 600 kg m~> in
the firn zone (Gardelle, 2012; Huss, 2013), obtaining a value of 13 %.

3.3 Direct mass balance measurements

Careser glacier mass balance measurements commenced during the hydrological year
1966—67 and continued to the present without interruption. Data recording was carried
out via the “direct glaciological” method, consisting of in-situ measurements of sur-
face level changes at a number of points, multiplied by the near-surface density to
obtain depths of water equivalent, before finally being inter-extrapolated to the entire
glacier surface (Jstrem and Brugman, 1991; Kaser et al., 2003; Cogley et al., 2011).
This method is prescribed for standardised glacier mass balance data collection by the
World Glacier Monitoring Service (WGMS).

For most of the 46 yr of observations, the net annual balance was supplemented
with distributed measurements of seasonal mass balance (winter and summer bal-
ances). Between 1983 and 2002, distributed measurements of winter and summer
balances were replaced by “index values” sampled on a few representative sites along
the glacier.

Snow accumulation was measured in the second half of May, just before the begin-
ning of the ablation season, by probing the snow depth and measuring the snow den-
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sity in snow trenches dug at several locations along the glacier. Until 1983, the position
of the sampled points was determined using ablation stakes, which were lengthened
during winter for this purpose. Since 2003 a portable GPS has been employed.

Ablation was measured using aluminium stakes drilled into the ice by means of an
auger. In order to ensure the reliability of these measurements, the stakes were re-
drilled when less than 1 m was left in the ice. Although the rapid shrinking of the glacier
necessitated the relocation or abandonment of some ablation stakes, the monitoring
network was kept as unchanged as possible. In the accumulation area, ablation was
measured as the difference between the water equivalent of snow accumulated above
the previous year’s summer surface in May and the water equivalent of residual snow
at the end of the ablation season.

Typical errors reported in the literature regarding individual direct mass balance mea-
surements range from 0.1 to 0.3 mw.e.yr'1 for snow accumulation and from 0.1 to
0.4 mw.e.yr'1 for ablation (Cogley and Adams, 1998; Gerbaux et al., 2005; Thibert
et al., 2008; Huss et al., 2009). Comparisons of whole-glacier calculations with geode-
tic surveys, at decadal time intervals, reveal good agreement (maximum difference of
0.1 mw.e.yr'1) and therefore no adjustments are required (Giada and Zanon, 1985,
1991 and 2001).

3.4 Geophysical surveys

Two surveys were conducted in 2007 and 2008 in order to profile the bedrock under the
eastern part of the glacier (Martinelli et al., 2010). Whereas the first Ground Penetrat-
ing Radar (GPR) survey was performed on 25 May with the glacier completely covered
by snow (Becker et al., 2007), the second survey was carried out on 2 September while
bare ice was exposed on the glacier surface. The employed instrumentation was com-
prised of a GSSI SIR-2000 system during the first survey and an IDS DAD 2 CH-MCH
system during the second, both of which were equipped with a 200 MHz monostatic
antenna. During the first survey this antenna was pulled in a non-metallic sled ahead
of the data collection unit (itself placed in another sled) along routes performed north
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to south and downhill. During the second survey the antenna was manoeuvred by the
operator who also carried the data collection unit. The GPR units were synchronised
with a GPS for the georeferencing of the surveyed profiles.

The first GPR survey consisted of 8 sections with a total length of 3.7 km, and the
second of 44 sections with a total length of 9.0 km. Depth was measured by converting
two-way travel times with a velocity of 0.16-0.17m ns'1, as determined by analysis of
the hyperbola diffraction due to crevasses or debris embedded in the ice. An error of
approximately 0.005m ns™’ (~ 3 %) can be estimated for the radar wave velocity which
results in a maximum accuracy of 2.5m for the ice depth detected on Careser glacier
(Sect. 4.3). The comparison between the profiles performed with the two systems gen-
erally shows similar ice thickness, with a difference of the same order of magnitude
than the uncertainty of the method.

The bedrock topography detected by GPR profiling was interpolated to the entire
eastern branch of the glacier by ordinary kriging. The semivariogram model was se-
lected by cross-validation among the exponential, Gaussian and spherical models,
obtaining the better results with a spherical anisotropic semivariogram. Calculations
were carried out including elevation data from the 2006 LiDAR DTM (Sect. 3.2) on the
glacier margin and in the deglaciated terrain surrounding the area which was surveyed
by GPR.

4 Results
4.1 Area and length fluctuations

During the first few years of direct measurements (1897 to 1899), although the front
of the Careser glacier retreated at a rate of 6.7 myr‘1, it was still in close proxim-
ity to the alluvial plain, which was occupied by the artificial Lake Careser from the
1920s onwards (Fig. 1). According to observations, this snout retreat continued in the
decade from 1910 to 1920, showing only a transitory slowdown between 1910 and
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1915 (Fig. 3a), while most other glaciers in the European Alps were observed to re-
advance (Hoelzle et al., 2003; Zemp et al., 2008).

At the time of the first photogrammetric survey in 1933 (Fig. 4), the retreating val-
ley tongue was still well-developed and the glacier completely filled the upper basin
(Fig. 5). Photographs taken during the survey in August 1933 reveal a nearly flat ac-
cumulation area, with some ridge-shaped areas in its north-eastern part, likely formed
by drifted snow. Few crevasses existed, mainly located in the upper part of the ablation
tongue. In many places the glacier reached the surrounding ridges and was connected
to neighbouring glaciers to the north (Alta, Ultima, Serana and Grames glaciers) and
east (Saent di Fuori and Cima Careser glaciers). Supraglacial moraines were nearly
completely absent.

Between 1933 and 1969 the glacier underwent significant changes (Fig. 6), including
the frontal retreat accelerating from 11.5 myr’1 (between 1897 and 1933) to 23 myr'1
(between 1934 and 1957) and the loss of the residual valley tongue, which shrank by
490 m in the 4yr from 1957 to 1961. Significant thinning also took place in the upper
part of the glacier, leading to the enlargement of the existing rock outcrops and the
formation of a nunatak at the centre of the accumulation area. Although the upper
margin of the glacier exhibited no appreciable marginal recession in this time span,
most of the neighbouring glaciers detached from the Careser, with the only exceptions
being the Serana and Grames glaciers.

During the following 10 yr from 1970 to 1980, while the shape of the glacier remained
almost unchanged (Fig. 6), the snout continued to retreat, albeit slowly (4 myr‘1 on av-
erage, Fig. 3a). Thinning continued and widespread emergence of the bedrock took
place in the middle and lower portions of the glacier. Similar to the observations
recorded in the 1920s, this behaviour was in contrast to that of the majority of glaciers
in the European Alps, which showed thickening and advanced during the 1970s and
early 1980s (Zemp et al., 2008).

Since the 1980s the decay of the glacier has clearly accelerated (Fig. 3 and 6), and
its shape has changed rapidly due to the consumption of wide areas, even in the upper
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accumulation zone. Extensive recession of the upper margin of the glacier has occurred
along a substantial portion of its perimeter, indicative of accumulation zone thinning.
Fragmentation of the residual ice mass started in 2005, with the detachment of the
western portion; further rapid disintegration took place in the following years, mostly in
the central and western parts of the glacier where the remaining (thin) dead-ice patches
are subject to rapid melt and collapse. The south-eastern section has exhibited less
impressive changes, maintaining its shape and undergoing a minor retreat of its upper
margin.

Overall, the Careser glacier lost 3.82km? between 1933 and 2012, representing
70% of its 1933 area. The area loss rate has also been far higher in the last 3
decades (0.1 km? yr‘1, i.e. —2% of the 1980 area per year) than between 1933 and
1959 (0.03 km? yr'1, i.e. —0.5% of the 1933 area per year), with the rate further accel-
erating in the 12 yr since 2000 to 0.12 km? yr’1.

4.2 Elevation change and mass balance

The available DTMs revealed that the glacier experienced thinning almost constantly
throughout the period from 1933 to 2006 (Fig. 7), with the only phase of tempo-
rary thickening taking place in the upper part of the glacier during the 1960s, when
a small areal increase was also observed (Fig. 3b). After 1980, thinning became
widespread and strongly accelerated, resulting in bedrock emersion, separation of
dead-ice patches and fragmentation. Cumulative elevation changes between 1933 and
2006 amount to an average of —49m, reaching peak values of —122m (Fig. 7). The
cumulative volume change is —266 x 10°m?®.

The geodetic and direct mass balance results (Fig. 8) correlate very well for the pe-
riod with overlap (1969 to 2006), with a maximum difference of 0.1 mw.e.yr'1 between
2000 and 2006 (6 % more negative with the direct method). The data series indicates
long-term imbalance conditions prevalent from 1933 to 1959 and from 1980 to 2012;
between 1960 and 1980 the mass balance was closer to equilibrium (average geodetic
mass balance rate of -0.2 mw.e.yr'1). The average geodetic mass loss rate between
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1981 and 2006 (-1.3 mw.e.yr‘1) was much higher than that recorded between 1933
and 1959 (-0.7 mw.e.yr'1), with the mean geodetic mass balance rate for the entire
period from 1933 to 2006 being ~0.8 mw.e.yr .

No observations were made regarding Equilibrium Line Altitude (ELA) and Accumu-
lation Area Ratio (AAR) prior to the initiation of direct mass balance measurements in
1967, but the firn zone was almost completely absent in the 1940s and 1950s, as can
be observed in old photographs. A mean ELA value of 3100 m was measured between
1967 and 1980 (mean AAR = 0.43), while on the contrary the ELA was higher than the
maximum altitude of the glacier (which fluctuated between 3280 and 3348 m) in the
following 32 yr, with few exceptions (Table 3).

The spatial distribution of the mean specific net balance during the last decade
(Fig. 9) reflects the spatial distribution of the elevation changes resulting from DTM
differencing (Fig. 7). Whereas the melting of the lower portions in the central part of
the glacier is currently very rapid and locally exceeds 3 mw.e.yr‘1, a less negative net
balance (~ —1 mw.e. yr'1 on average) is observed where high snow accumulation com-
bines with low summer ablation, i.e. in the western and south-eastern parts, mainly due
to higher elevation and/or lower radiation input. The north-eastern area of the glacier,
although at high altitude, has a low snow accumulation as a result of wind scouring and
therefore melts rapidly.

4.3 Ice thickness distribution and bedrock morphology

The good spatial coverage provided by the GPR profiles obtained in 2007 and 2008
enabled the accurate description of the bedrock morphology underneath the eastern
branch of the glacier (Fig. 10). The NW-SE profile displayed in Fig. 10 reveals a fairly
distinct bedrock signature, with no significant radar reflectors between the surface and
the bed of the ice body. Moreover, the bedrock appears as a unique reflection, sug-
gesting a sharp transition from ice to rock with negligible debris layers at the base. This
profile exemplifies the conditions across most of the surveyed area, with minor excep-
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tions in the upper section and close to the front of the glacier where internal reflections,
just above the bedrock, indicate the presence of debris layers.

The thickness of the eastern branch of the glacier, calculated as the difference
between the DTM of the glacier surface in October 2006 and that of the bedrock
(Fig. 11a), ranged from 0 to 88 m (Fig. 11b), averaging 27.5 m. The calculated bedrock
topography has a fairly regular slope, but becomes steeper towards the ridge which
currently bounds the glacier to the south-east. The bedrock in the area of greater ice
depth is shaped as an overdeepened hollow, with the floor lying at 2980-3000 ma.s.I.
and opened downstream towards the south-west.

The volume of the eastern part of the glacier in 2006 was 45 x 10° m?. Although
geophysical data were not available for the western part, by combining information
obtained from mass balance measurements, changes in extent and field evidence for
the residual ice patches (e.g. collapse structures and new rock outcrops), an average
thickness of ~20m in 2006 can be estimated for this area, indicating a total glacier
volume of 59 x 106 m®. The resulting volume loss during the period from 1933 to 2006
was therefore 266 x 10° m?, representing 82 % of initial glacier volume.

5 Discussion

During the field surveys, a nearly complete absence of frontal moraine ridges was ob-
served in the proglacial area between the current front of the glacier and the landforms
(trimlines and small moraines) outlining the maximum extent of the glacier during the
Olocene. This geomorphological evidence provides a further confirmation to the recon-
structed snout fluctuations of the Careser glacier (Fig. 3a), even though the very scarce
debris entrainment due to the small height difference between the glacier surface and
the surrounding summits has been likely a concause of this lack of morainic deposits.
The available measurements reveal the front of the Careser glacier to be in con-
tinuous retreat since 1897. This marks a difference in glacier dynamics compared to
most other glaciers in the Ortles—Cevedale group, with many of them exhibiting tempo-
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rary re-advances during the periods from 1910 to 1920 and from 1970 to 1980 (Desio,
1967; CGI 1914-1977 and 1978-2012). The La Mare glacier (5 km west of Careser),
for example, advanced by 164 m between 1914 and 1923, and by 320 m between 1963
and 1985.

In the context of the European Alps, the response of the Careser glacier is typical of
longer (> 10 km) and flatter glaciers (mean slope < 15°), being characterised by a con-
stant retreat since the beginning of measurements (Hoelze et al., 2003), although its
initial length in 1897 was only 3.8 km. The significant change in glacier geometry likely
affected its response during the last century. In the 1910-1920s the Careser was still
a drainage glacier (sensu Lliboutry, 1965), with a length of 3.5km, a surface velocity
of 10.2 myr‘1 in its valley tongue (Desio, 1967) and the front reaching a minimum alti-
tude of 2645 ma.s.l. By the 1970-1980s, the glacier was 2.2 km in length, its minimum
altitude was 2855ma.s.l. and it was becoming a reservoir glacier (Zanon, 1992) with
very low surface velocities (maximum speed of 2 myr'1 between 1968 and 1970; Fori-
eri et al., 1999). Consequently, the dynamic response of the glacier during different
periods of the investigated time span (1897-2012) cannot be compared, e.g. in terms
of speculation regarding the mass balance changes triggering the observed displace-
ment of the front, in particular during the last decades when stationary thinning and
down wasting replaced “active retreat” (Small, 1995).

The good match between the direct and geodetic mass balance series for the period
between 1969 and 2006 confirms the results of previous studies (Giada and Zanon,
1985, 1991 and 2001), with the absence of major deviations, even when considering
assumptions concerning density, the absence of basal melting, as well as the chal-
lenges of comparing the two methods (e.g. Fischer, 2011), reinforcing the accuracy
of direct measurements which do not require adjustment (Thibert et al., 2008; Cogley,
2009; Huss et al., 2009). The somewhat larger divergence for the period from 2000
to 2006 (6 % more negative values for the direct method) may be associated with the
rapid and irregular changes in glacier geometry which took place during this time, which
would have affected the geodetic mass balance calculations.
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The long-term (geodetic) mass balance rate of the Careser glacier between 1933
and 2006 (—0.8mw.e.yr‘1) is far more negative than the secular average mass bal-
ance calculated from length change data for the Swiss and Eastern Alps since 1900
(-0.1 to -0.3 mw.e.yr'1, Hoelzle et al., 2003). Similar values of mass balance (i.e.,
-0.3 mw.e.yr‘1 from 1900 to 2010, and -0.4 mw.e.yr‘1 from 1930 to 2011) were ob-
tained for all glaciers in the European Alps by Huss (2012), who extrapolated mass
balance data via the use of a multiple regression describing glacier geometry. Direct
mass balance results for the last three decades on the Careser glacier have confirmed
its higher degree of imbalance (-1.5mw.e. yr‘1 on average) with respect to a represen-
tative sample of Alpine glaciers (-0.8 mw.e.yr'1 on average, for St. Sorlin, Sarennes,
Silvretta, Gries, Sonblickkees, Vernagtferner, Kesselwandferner, Hintereisferner; Zemp
et al., 2005; WGMS, 2009). The peculiar behaviour of the Careser glacier was also
highlighted in a recent work which analysed the shrinking of glaciers in the Ortles—
Cevedale group over the last three decades (Carturan et al., 2013); during this period,
the area and mass loss rates of the Careser were more than twice the mean of the
other 111 glaciers in this mountain group.

The peculiar response of the Careser to climate changes is likely due to its geom-
etry, a characteristic which typically influences the climate sensitivity and volume re-
sponse time of individual glaciers (Oerlemans, 2007). Much of the catchment hosting
the former accumulation area of the glacier lies between 2950 and 3150 ma.s.l.; small
changes in the ELA therefore have a large impact on this catchment (Oerlemans, 2001;
Benn and Evans, 2010). Indeed, fluctuations in the ELA of only 200 m, if sustained for
enough time, may lead to the complete glacierisation or deglaciation of the catchment
and to the development or disappearance of the large valley tongue which existed in
the past and which disappeared during the XXth century (GNGFG-CNR, 1986; Pulejo,
1998). According to Jéhannesson et al. (1989), the volume response time (yr) is given
by:

T=— (3)
3309
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where H is a characteristic ice thickness (m), usually taken at the equilibrium line where
ice depths are near maximum, and b; is the mass balance rate at the glacier tongue
(mw.e.yr ). Using the geometry of the Careser glacier in 1933 and the average mass
balance gradient for the period of direct mass balance measurements (5.3mm w.e.
m™ yr’1), the resulting response time is 35 yr. This value should then be multiplied by
a factor of ~ 2.9 according to Raper and Braithwaite (2009), in order to account for the
mass balance-elevation feedback associated with both the area reduction and lower-
ing of the glacier surface. In this way a secular response time can be obtained for the
Careser glacier. As reported by Hoelzle et al. (2003) flat (and/or large) glaciers have
a comparatively higher thickness and are therefore subject to larger ice losses com-
pared to small (and/or steep) glaciers, where the bedrock is reached relatively quickly.
In other words, the Careser glacier is still dissipating the thick ice mass accumulated
during the Little Ice Age (~ 1350—-1850).

The average mass loss rate of the glacier for the last three decades is about twice
that for the period from 1933 to 1959, with mass balance also becoming increasingly
negative from the 1980s to the 2000s (Fig. 8). Although a long-term non-zero bal-
ance is typically the expression of sustained climatic forcing (WGMS, 2011), feedback
mechanisms likely modulated the response of the Careser glacier. Comparison be-
tween present and past mass balance values must therefore take such feedbacks into
account; in particular, a large portion of the reaction to climate change may be hidden
in geometric adjustments (e.g. Elsberg et al., 2001; Paul, 2010). The main processes
involved are: (i) progressive decrease of glacier area and melt-out of sectors subject
to higher net ablation; (ii) lowering of albedo; (iii) thinning and surface lowering (mass
balance-elevation feedback); (iv) increased thermal emission from expanding patches
of ice-free terrain. Hitherto, the last three (positive) feedbacks likely overcame the first
one (negative), and the decrease of glacier area was mainly the result of downwasting
rather than reflecting dynamic adjustment. Indeed, a comparison of glacier hypsometry
in 1933 and 2006 (Fig. 12 and Table 2) reveals a lack of adjustment of the glacier to
climate change, since the area losses were proportionally larger at higher altitudes.
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This led to a decrease in the median altitude from 3101 to 3069 ma.s.l., rather than
to an increase as would be expected for a “dynamically” adjusting glacier. The mass
balance-elevation feedback can be estimated from the mass balance gradient and from
the observed change in mean glacier elevation, resulting in an average mass balance
perturbation of —0.13mw.e.yr_1, with maximum values reaching —0.48 mw.e.yr_1 in
the lower part of the current glacier.

The present behaviour of the Careser glacier leaves no doubt as to the certainty of
its complete disappearance in the next few decades with either the continuation of cur-
rent climate conditions or future additional warming. The ELA was above its maximum
altitude for 22 out of 31 yr since 1981, while the maximum AAR was 0.14 in 1993. Rapid
thinning, marginal recession, the emergence of new rock outcrops and fragmentation
are taking place not only in the lower part of the glacier, but also in the upper half,
which should be the accumulation area. These processes are indicative of a strong
imbalance and the impending extinction of the ice body (Pelto, 2010).

Making the realistic assumption of a complete absence of motion (as demonstrated
by recent GPS surveys of the ablation stakes) and negligible basal melt (as suggested
by the good correspondence between the direct and geodetic mass balances), the
future evolution of the glacier was calculated by differencing the 2006 ice thickness
distribution (Fig. 11b) and the cumulated lowering in 2020, 2040 and 2060, computed
from the spatial distribution of the average mass balance for the last 10yr (Fig. 9).
The projected future extent of the glacier, with the hypothesis of unchanged climatic
conditions and absence of feedbacks, is displayed in Fig. 13. As this figure shows,
the westernmost patches would disappear almost completely by 2020, given the small
residual thickness here which can be inferred from field evidence (widespread outcrop
of bedrock and basal till, bedrock reached at depths < 8 m during re-positioning of ab-
lation stakes). The larger residual ice body would survive in the eastern part of the
catchment, but would shrink to 0.65 km? by 2020, 0.15 km? by 2040 and almost vanish
entirely by 2060.
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6 Conclusions

A large amount of information available in the form of length change measurements,
photographs, topographic maps and a unique series of mass balance measurements
for the Italian Alps were collected and processed in order to analyse the fluctuations of
the Careser glacier from the commencement of the first direct observations at the end
of the XIXth century.

Results show that the glacier has retreated by 2.3 km since 1897, without significant
interruption, and has also lost 70 % of its area and 82 % of its volume since 1933. Its
mass balance was negative for most of the observation period, with a temporary phase
of reduced imbalance between 1959 and 1980. The present-day ELA is above the max-
imum elevation of the glacier, causing increasingly negative mass balance and rapid
fragmentation, due to unfavourable climatic conditions reinforced by positive feedbacks.

The behaviour of the glacier is peculiar, displaying far higher mass loss rates both at
the regional scale and in the context of the European Alps. Its high climatic sensitivity
appears to be mainly attributable to its hypsometry, which causes large variations in the
AAR in response to small changes in the ELA. The glacier persists today thanks only
to the thick ice mass accumulated during the Little Ice Age; according to the present-
day mass balance distribution and residual ice thickness it will experience an additional
fast reduction and finally a complete extinction in few decades, even without additional
climatic warming.

The rapid modification of the Careser glacier and its impending extinction will have
important consequences for future monitoring. Indeed, length change measurements
are already meaningless for a glaciological or climatological interpretation, due to the
observed transition from active retreat to downwasting. Moreover, the climatic interpre-
tation of the mass balance series is rather complex and its spatial representation poor,
largely due to the rapid modification and interplay of feedbacks which self-accelerate
the glacier decline. Nevertheless, this rare series (the Careser glacier is one of the few
Tier 3 monitoring sites in the world with such a long series of mass balance measure-
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ments) should continue as long as possible, contributing to the understanding of pro-
cesses involved in the extinction of alpine glaciers, even though adaptation strategies
must be developed in order to ensure adequate mass balance observations continue
to take place in this geographic area. The recently undertaken investigations in the
neighbouring larger and higher-reaching La Mare glacier (Carturan et al., 2009) aim at
fulfilling this need.
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Table 1. Characteristics of the topographic surveys available for the calculation of area and

volume changes of Careser glacier. RMSE is referred to the 2006 DTM.

Survey Method Available Contour Map scale Institution (surveyed by) RMSE
year form In-
terval
(m)
1933 Terrestrial Paper 25 1:8333 Ufficio Idrografico del Mag- 9.1m
photogramme-  map istrato alle Acque - Istituto
try Geografico Militare
1959 Aerial Paper 25 1:25000 Istituto Geografico Militare ~ 4.1m
photogramme-  map
try
1969 Aerial Paper 5 1:5000 Comitato Glaciologico ltal- 2.5m
photogramme-  map iano — ENEL (IRTA)
try
1980 Aerial Paper 5 1:5000 Comitato Glaciologico Ital- 2.2m
photogramme-  map iano — ENEL (IRTA)
try
1990 Aerial Digital 5 1:5000 Comitato Glaciologico Ital- 2.1m
photogramme-  map iano — ENEL (SCM)
try
2000 Aerial Digital 5 1:5000 Comitato Glaciologico Ital- 2.5m
photogramme-  map iano — ENEL (SCM)
try
2006 LiDAR 2mx2m — - Provincia Autonoma di -
DTM Trento (CGR)
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Table 2. Distribution of area vs. elevation on Careser glacier from 1933 to 2006.

Jaded uoissnosiq

Area (km?) Decay of a long-term
_ monitored glacier:
Elevation band 1933 1959 1969 1980 1990 2000 2006 i (B 2
2650-2700 0.04 - - - - - - o
2700-2750 006 - - - - - - § L. Carturan et al.
2750-2800 020 - - - - - - &
2800-2850 0.06 001 - - - - - s
2850-2900 0.05 0.04 008 007 009 007 007 - :
2900-2950 0.09 019 022 022 020 021 013 9 | TWePage
2950-3000 033 036 040 039 037 036 0.33 ® :
3000-3050 063 082 086 084 066 057 0.41 -
3050-3100 1.21 1.17 1.04 1.03 0.96 0.93 0.83 Conclusions References
3100-3150 155 1.30 143 132 104 060 0.37 o - -
3150-3200 068 046 051 046 031 020 0.5 8
3200-3250 038 029 030 028 019 006 0.04 7
3250-3300 014 0.10 016 0.16 006 0.03 0.02 s}
3300-3350 003 001 002 002 - - - - g g
Total 545 474 500 4.80 3.88 3.02 235 2
Back Close

Minimum elevation 2655 2782 2854 2858 2859 2858 2865
Maximum elevation 3345 3325 3340 3348 3317 3297 3280
Mean elevation 3081 3087 3089 3087 3075 3059 3056
Median elevation 3101 3093 3094 3092 3084 3070 3069
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Table 3. Careser glacier mass balance series from 1967 to 2012. Values with asterisks are 2
“‘index” values. = TCD
»
Year Specific Specific Specific Equilibrium Accumulation Cumulative g 7, 3293_3335, 2013
winter balance summer balance  net balance Line Altitude Area Ratio net balance
(mmw.e.) (mmw.e.) (mmw.e.) (m) (%) (mmw.e.) E
1966/67 1016 -1402 -386 3165 15 -386 s
1967/68 788 -541 247 3045 70 -139 = Decay of a long-term
1968/69 989 -994 -5 3084 53 -144 0 -
1969/70 995 -1626 -631 3155 17 -775 _— monitored glacier:
1970/71 1083 -1733 -650 3159 17 -1425 .
1971772 1065 -665 400 3014 82 1025 the Careser glacier
1972/73 602 -1878 -1276 3251 2 -2301 )
1973/74 995 -1314 -319 3137 25 -2620 0
1974/75 1152 -1007 145 3053 67 -2475 = L. Carturan et al.
1975/76 611 -879 -268 3200 8 -2743 »
1976/77 1894 -906 988 2857 98 -1755 @,
1977/78 1204 -1125 79 3060 63 -1676 g
1978/79 1103 -1285 -182 3125 32 -1858
1979/80 12 3083 53 -1846 Q_? itle Page
1980/81 -839 > 3348 0 -2685 S
1981/82 684 -2362 -1678 > 3348 0 -4363 1)
1982/83 1400" -2187" -787 > 3348 0 -5150 e Abstract Introduction
1983/84 990 -1581° -591 3273 3 -5741
1984/85 1045' -1803° -758 3279 3 -6499 =
1985/86 -1138 >3348 0 -7637
1986/87 -1645 >3348 0 -9282 o
1987/88 813" -1869° -1056 >3348 0 -10338 i T ——
1988/89 777 ~1504° -817 3275 2 11155 z
1989/90 610" -2188" -1578 >3317 0 -12733 c
1990/91  1020° -2754° -1734 >3317 0 -14467 2
1991/92 884" -2083° -1199 >3317 0 -15666 o
1992/93 941" -1244° -303 3148 14 -15969 35 g g
1993/94  1065' -2808° -1743 >3317 0 -17712 T
1994/95 571" -1652° -1081 >3317 0 -18793 )
1995/96 598" -1918" -1320 >3317 0 -20113 © _ —
1996/97 927" -1847" -920 3264 2 -21033 @
1997/98 624" -2864" -2240 >3317 0 -23273
1998/99 ~1800 S 3817 0 ~25073
1999/00 -1610 > 3297 0 -26683 o
2000/01  1800" -2050° -250 3170 12 -26933
2001/02 -1149 3250 1 -28082 w)] Full Screen / Esc
2002/03 1021 -4338 -3317 > 3297 0 -31399 @
2003/04 1069 -2631 -1562 > 3297 0 -32961 @)
2004/05 826 -2831 -2005 > 3297 0 -34966 -
2005/06 841 -2934 -2093 > 3280 0 -37059 1%} Printer-friendly Version
2006/07 381 -3127 -2746 > 3280 0 -39805 o
2007/08 744 -2596 -1851 > 3280 0 -41656 =)
2008/09 1347 -2583 -1235 3260 1 -42891 o) Interactive Discussion ‘
2009/10 1054 -2016 -962 3250 9 -43853 Q
2010/11 868 -2790 -1922 > 3280 0 -45775 8
201112 799 -3259 -2460 > 3280 0 -48235 =
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Fig. 6. Extent of the Careser glacier in eight different epochs from 1933 to 2012.
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Fig. 8. Annual (above diagram) and cumulative (below diagram) net balance of the Careser
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Fig. 10. Spatial coverage of the GPR profiles performed in the eastern part of the Careser
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