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Abstract

We investigated the characteristics of sparse and fine debris coverage at the glacier
melting surface and its relation to ice albedo. In spite of the abundant literature dealing
with dust and black carbon deposition on glacier accumulation areas (i.e.: on snow and
firn), few studies that describe the distribution and properties of fine and discontinuous5

debris and black carbon at the melting surface of glaciers are available. Furthermore,
guidelines are needed to standardize field samplings and lab analyses thus permitting
comparisons among different glaciers. We developed a protocol to (i) sample fine and
sparse supraglacial debris and dust, (ii) quantify their surface coverage and the cov-
ering rate, (iii) describe composition and sedimentological properties, (iv) measure ice10

albedo and (v) identify the relationship between ice albedo and fine debris coverage.
The procedure was tested on the Forni Glacier surface (northern Italy), in summer
2011, 2012 and 2013, when the fine debris and dust presence had marked variabil-
ity in space and time (along the glacier tongue and from the beginning to the end of
summer) thus influencing ice albedo: in particular the natural logarithm of albedo was15

found to depend on the percentage of glacier surface covered by debris. Debris and
dust analyses indicate generally a local origin (from nesting rockwalls) and the organic
content was locally high. Nevertheless the finding of some cenospheres suggests an
anthropic contribution to the superficial dust as well. Moreover, the effect of liquid pre-
cipitation on ice albedo was not negligible, but short lasting (from 1 to 4 day long),20

thus indicating that also other processes affect ice albedo and ice melt rates and then
some attention has to be spent analysing frequency and duration of summer rainfalls
for better describing albedo and melt variability.
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1 Introduction

1.1 Research motivation and study aims

Debris generally affects glaciers and glacierized areas and influences their features and
evolution in a great variety of ways (Bolch, 2011). In fact, debris can be found: (i) at the
surface of glaciers (i.e.: supraglacial debris), (ii) within glaciers (i.e.: englacial debris),5

(iii) at the ice–bedrock interface (i.e.: subglacial debris), and (iv) outside the glaciers,
at their boundaries (i.e.: lateral and frontal moraines). As a consequence, it influences
the glacier system in a non-negligible way; the most important and well-known effect
of debris in glacierized areas is on glacier ablation. A valuable example of debris cover
effect on ablation is found on actual debris-covered glaciers (see Kirkbride, 2011). In10

fact, there are many studies dealing with supraglacial debris role in driving magnitude
and rate of buried ice ablation depending on its depth (Ostrem, 1959; Nakawo and
Young, 1981, 1982; Nakawo and Rana, 1999; Tangborn and Rana, 2000; Sakai et al.,
2000; Deline, 2005; Nicholson and Benn, 2006). Debris cover, whenever thicker than
a “critical thickness” (sensu Mattson et al.,1993), reduces the magnitude and rate of15

buried ice melt with respect to bare ice at the same elevation. The critical thickness
value has to be locally evaluated and mainly depends on rock lithology and grain size
and on the geographical glacier setting (Mihalcea et al., 2006, 2008a, b; Diolaiuti et al.,
2009). Moreover, in recent times dust and black carbon deposition on glacier accumu-
lation areas (at the surface of snow and firn) are of increasing interest to the scientific20

community due to enhanced snow melting rates affecting glaciers in the high elevation
glacierized areas of Asia (Flanner et al., 2009; Yasunari et al., 2010).

In spite of this abundant literature dealing with (i) thicker and quite continuous debris
layer at the glacier melting surface (this is the case of actual debris covered glaciers
and glacier medial moraines), and (ii) fine debris deposition on glacier accumulation25

areas, the effects of fine (mainly dust) and sparse debris cover at the melting sur-
face of debris-free glaciers (with this term we indicate glaciers not characterized by an
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extensive and quite continuous debris coverage) are still poorly debated and some-
times underestimated.

Then in this contribution we show the results from our researches devoted to quantify
fine debris coverage at the melting surface of an alpine debris-free glacier to evaluate
its seasonal variability and its influence on ice albedo. Moreover, to permit compar-5

isons between different glacier zones and among different glaciers, we also developed
a protocol to standardize field and lab analyses.

We also focus our attention on the development of fine supraglacial debris, in order
to estimate the evolution of the sedimentological properties and the debris coverage
rate during the melting season. Furthermore, we assess the influence of a rainfall event10

on the changes of fine supraglacial debris distribution and consequently on ice albedo.

1.2 Previous studies and recent literature on supraglacial fine debris

One of the most important glacier albedo driving factor (apart from, for the instance,
the meteorological conditions and the light scattering by bubbles and cracks) is the light
absorption by fine debris and dust (Brock et al., 2000; Brock, 2004; Klok et al., 2003),15

which vary across the glacier surface both in space and in time.
Supraglacial fine debris and dust consist of mineral and organic fractions. Both com-

ponents may be autochthonous or allochthonous. The organic elements can be origi-
nated from bacterial decomposition of organic matter (in situ or outside the glacier), or
they can consist of black carbon (e.g.: deriving from fossil combustion and fires) and20

organic remains in aerosols (Fujita, 2007; Takeuchi et al., 2001; Takeuchi, 2002). On
the one hand the mineral fraction can be locally derived from the weathering of rock
outcrops and nunataks or from lateral moraines and debris slopes: in fact, during the
summer when warm climatic conditions occur, the dry and unconsolidated materials
constituting moraines are easily transported by wind gusts and deposited tens to hun-25

dreds of meters away (Oerlemans, 2009). On the other hand, the dust and fine debris
can be transported for long distances by atmospheric circulation from non-glaciated
areas (Ming et al., 2009; Ramanathan, 2007). For instance, the deposition of Saharan
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dust (Sodermann et al., 2006) or volcanic ash (Conway et al., 1996) on glaciers are
well-known phenomena and are also largely known the darkening processes which
are affecting the largest part of Alpine debris-free glaciers (e.g., Oerlemans et al.,
2009; Paul and Kääb, 2005; Paul et al., 2007; Diolaiuti and Smiraglia, 2010; Painter
et al., 2013) thus changing their albedo and affecting melt magnitude and rates.5

In fact, to distribute the glacier energy budget for assessing ice melt at the surface of
debris-free glaciers, the choice of a correct ice albedo value is critical and the albedo
parameterizations used in energy and mass balance models are often inadequate to
represent spatial and temporal changes in the surface albedo and are consequently
regarded as a major source of errors (e.g. Arnold et al., 1996; Klok and Oerlemans,10

2002; Klok et al., 2003).
Therefore studies which combine measurements of supraglacial fine debris cover

and dust distribution and features with systematic measurements of glacier albedo are
needed.

On the one hand some authors have deeply investigated dust deposition on snow-15

pack (e.g.: Qian et al., 2011; Yasunari et al., 2010). A possible snow albedo reduction
due to black carbon contamination was revealed by radiation measurements at the
snow surface performed at Barrow, Alaska (Aoki et al., 1998, 2002) and in Japanese
urban areas (Motoyoshi et al., 2005). In the case of snow and firn, a field procedure
was developed, followed by further standardized lab-analyses to quantify and describe20

black carbon presence and features (Yasunari et al., 2010).
On the other hand minor attention was paid on fine debris and dust deposition at the

glacier melting surface. A first attempt to parameterize not only snow albedo variability
but also the ice one on a debris-free glacier was performed by Brock et al. (2000). In
spite of the good results they obtained analysing snow covered area, less accurate25

was the evaluation of debris cover impact on ice albedo. In fact the debris cover was
assessed with the aid of a 0.5 m2 quadrat and investigated through two surrogates (i.e.
cumulative melt and number of days, both calculated since exposure of the ice surface).
From this study arose the need for further researches to standardize the measurements
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of supraglacial fine debris and dust at the glacier ice surface thus avoiding the use of
surrogates unable to full describe debris coverage and its seasonal variability.

2 Study area

Our experiments were carried out on the ablation tongue of the Forni Glacier (Fig. 1),
the widest Italian valley glacier featuring a surface area of 11.34 km2 (2007 data, Gar-5

avaglia et al., 2012). It is located in the Ortles-Cevedale Group, Stelvio National Park,
Lombardy Alps. It is widely debris-free, even if darkening phenomena are ongoing
(D’Agata et al., 2013) and some authors have recently pointed out that fine and sparse
debris is becoming abundant due to the ongoing glacier shrinkage (Diolaiuti and Smi-
raglia, 2010; Diolaiuti et al., 2012; Senese et al., 2012a). For this reason, the Forni10

Glacier can be considered a good laboratory to evaluate fine and sparse debris distri-
bution and seasonal evolution and its influence on ice albedo. The Forni Glacier has
a northward down-sloping surface; it is about 3 km long and its altitude ranges from
2600 m to about 3670 m a.s.l. Metamorphic rocks, mostly micaschist rich in quartz,
muscovite, chlorite and sericite, constitute the dominant lithology (Montrasio et al.,15

2008); these rocks emerge from the glacier surface as nunataks (mainly in the ac-
cumulation basins) and as rock outcrops (surrounding the glacier tongue). These latter
are increasing in size and becoming very frequent due to the ongoing glacier retreat
and thinning phase (Diolaiuti and Smiraglia, 2010; Diolaiuti et al., 2012).

Studies on short term changes of the Forni Glacier have been performed through20

an Automatic Weather Station (named AWS1 Forni) running from 2005 at the glacier
melting surface. The AWS1 Forni is already included in the international meteorological
network SHARE (Stations at High Altitude for Research on the Environment) managed
by EvK2CNR and in the CEOP network (Coordinated Energy and Water Cycle Obser-
vation Project), promoted by WCRP (World Climate Research Programme) within the25

framework of the GEWEX project (Global Energy and Water Cycle Experiment). It is
also the unique Italian site inserted in the SPICE (Solid Precipitation Intercomparison
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Experiment) project managed and promoted by WMO (World Meteorological Organiza-
tion). The AWS1 Forni is located on the ablation tongue (c. 2631 m a.s.l.), about 800 m
from the glacier terminus, and it is equipped with sensors for measuring air tempera-
ture and humidity, wind speed and direction, atmospheric pressure, liquid precipitation
and snow depth, and longwave and shortwave radiation, both incoming and outgoing5

(Citterio et al., 2007; Diolaiuti et al., 2009; Senese et al., 2010, 2012a, b).

3 Methods

In the time frame 2011–2013 we performed totally 51 field measurements on the
debris-free ablation tongue of the Forni Glacier (Fig. 1): both debris quantification
(i.e.: spatial distribution) and albedo evaluation (Fig. 2). Moreover, we sampled the10

supraglacial debris/dust (totally 13 surveys) to assess the debris coverage rate (Cr
from here) and the sedimentological features (i.e. grain size, humified and total organic
carbon and mineralogical properties). The sites for field measurements were chosen
considering: (i) homogeneity in debris cover, (ii) presence or absence of fine sparse
debris, (iii) diverse debris grain size, and (iv) different distances from rock slopes and15

medial moraines, which are the main debris suppliers, thus assuring that the selected
sites are representative of the range of surfaces present at the glacier melting area.
Moreover the choice of each sampling parcel of area 1m×1m was made selecting the
ones which show features common to the as wide as possible area nearby: in this way
the analyses performed at each single parcel provided results valid for the surround-20

ing zone as well. The medial moraines were excluded from this work because we only
focused on fine and sparse debris covered ice and not on actual buried ice (i.e.: ice
covered by a thick and quite continuous debris layer). Figure 1 shows the study area
and the positions of the sites we analysed.
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3.1 Debris cover quantification

The quantification of supraglacial sparse and fine debris and dust was performed by
acquiring high resolution digital images at each analysed site (Fig. 2c) and processing
them with image analysis software ImageJ following Irvine-Fynn et al. (2010) (Fig. 3).
Digital RGB (red-green-blue, in colour composite) photographs of the 1m×1m par-5

cel were taken using a digital camera (Nikon D40, 6.1 megapixels). From a total of
445 images, we selected one for each measurement site (totally 51): those affected
by shadows, deformations, photographic imperfections (e.g. poor exposure, incorrect
focus) were excluded from the analysis and only images showing clear differences
between bare ice and dust/fine debris-covered ice were considered.10

The selected images were first cropped delimiting the 1m×1m parcel (Fig. 3a).
Second, we converted them to 8 bit greyscale in order to highlight the contrast between
glacier ice and debris/dust. Third, as a darker grey pixel denotes the presence of debris
or shadow (the latter due to surface roughness), we assumed that debris granules
could be isolated by thresholding for those pixels with brightness values which fall15

below a specified GrayScale Threshold level (TGS from here, Fig. 3b) was specified
by a supervised classification. In particular the threshold was iteratively adjusted until
the isolated image pixels best coincide with the debris/dust (Fig. 3c). An 8 bit image
is composed of 256 grey tones ranging from 0 (black) to 255 (white) and ice surfaces
can be isolated by selecting the pixels with brightness values higher than a specified20

TGS; for instance, if the TGS value is fixed at 100, pixels with a grey tones from 0 to 100
represent debris and pixels with a grey tone from 101 to 255 represent ice. For each
image the pixels with a value lower than TGS were turned into black colour and the other
ones into white colour (Fig. 3d). Finally the ratio of the surface covered by debris (d
from here) was obtained as:25

d =
number of black pixels

total number of pixels
(1)
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In order to investigate the robustness of this method for quantifying the ratio of glacier
surface covered by debris (d ) and in particular to evaluate its sensitivity to changes in
the threshold, we performed some tests: (i) we varied the chosen TGS up to ±10 % of
its initial value (TGS+10% and TGS−10%, respectively) and (ii) we averaged all the chosen
TGS thus obtaining a unique value (TGS-AVE). All these thresholds (TGS+10%, TGS−10%5

and TGS-AVE) were applied to each image for re-calculating the ratio of surface covered
by debris (i.e. d+10%, d−10% and dAVE respectively) and the results were compared to
the ones derived from the chosen TGS data.

3.2 Albedo

The albedo (α) is defined as the broadband hemispherically averaged reflectance in10

approximately the spectral range 0.3–2.8 µm (Brock et al., 2000) and depends on solar
elevation, cloudiness, presence of liquid water, crystal structure, ice surface conditions
and the presence or absence of coverage (rock debris, dust, organic matter, etc.). This
parameter can range from 0 (all the SWin is absorbed by the surface) to 1 (all the SWin
is reflected). It is estimated as the ratio of measured outgoing shortwave (SWout) to15

measured incoming shortwave (SWin):

α =
SWout

SWin
(2)

For this study the albedo was calculated from radiation data measured using two pyra-
nometers (the ones installed in the net radiometer CNR1, Kipp&Zonen; see Fig. 2). The20

sensor features an accuracy of ±5 %. The net radiometer was equipped with a wa-
terproof box containing a data logger, a 5 Ah battery and a 10 W solar panel on the
lateral face. Moreover, a tripod was used to raise the net radiometer for short periods
(c. 20–30 min for each measurement) above the ice surface. Tests regarding the influ-
ence of the height of the sensor above the surface on albedo values were performed,25

installing the sensor at various distances from the surface. Since we chose sites fea-
turing homogeneous surfaces, we did not find appreciable differences between albedo
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values measured at the same site thus suggesting a negligible influence of the sensor
height.

The CNR1 net radiometer was chosen for its accuracy and resolution in measuring
shortwave radiation and it is also the same type as the one running at the AWS1 Forni
(Citterio et al., 2007; Senese et al., 2012a) thus assuring the comparability among5

the two datasets. Then the radiation data collected using the portable instrument were
crosschecked and analysed against the data acquired by the AWS1 Forni. The radia-
tion measurements were carried out following the guidelines of the WMO (2008).

The radiation data were acquired every second, and every minute the minimum,
average, maximum and standard deviation values were calculated. Albedo measure-10

ments were taken in the central hours of the clear-sky day (i.e. from 11 a.m. to 3 p.m.,
when the solar incidence angles are smaller), thus ensuring the albedo calculations
were more accurate and reliable (Brock et al., 2000; Brock, 2004; Oerlemans, 2010).
The mean geographic coordinates (WGS84 datum) for each measurement site were
recorded by a GPS receiver and the characteristic features of the local ice surface15

were also noted. Fifty-one measurements were carried out from the beginning of the
ice ablation period (when snow coverage at the melting tongue disappeared, exposing
ice to solar radiation and dust/debris deposition) to the end of the ice melting season
(before the occurrence of the first snow fall event covering the glacier ice and pre-
venting dust/debris deposition): 30 June and 25 August 2011, 4 July, 7 August and 920

September 2012, and 31 July and 6 September 2013.
Moreover we also analysed the effect of liquid precipitation on glacier albedo vari-

ability. In fact the liquid precipitation washes out the finer sediment above glacier ice
surface (Oerlemans, 2009) thus changing ice albedo. This water effect was quantified
by comparing albedo values before, during and after the occurrence of actual liquid25

precipitation. We considered an actual rainfall any event occurred whenever the hourly
air temperature was higher than 1.5 ◦C (Senese et al., 2012a) and featuring an hourly
liquid precipitation stronger than 0.2 mm. The precipitation temporal length (i.e. number
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of rainy days) and amount (i.e. mm of rain) were measured by a rain gauge installed at
the AWS1 Forni.

3.3 Sedimentological analyses and debris coverage rate evaluation

Several bulk samples of supraglacial sediment were collected from the glacier surface
(Fig. 2a) and divided into sub-samples for physical and chemical analyses. First in5

2011 the eight samples enabled characterization of the spatial variability of supraglacial
debris. Then in 2012 (4 July, 7 August and 9 September) we focused our attention on
the temporal evolution of debris features by sampling three sites (identified by ablation
stakes) with different conditions of supraglacial debris cover: samples 9a, 9b and 9c
fine and sparse sediment (1), samples 10a, 10b and 10c widespread debris cover10

(2) and samples 11a, 11b and 11c coarse debris (3). Finally, in 2012 and 2013 we
assessed the debris coverage rate (Cr). In the last year the samples were collected 4
times (samples 12a, 12b, 12c, 12d): 11 July, 31 July, 6 September and 4 October.

Each sampling was carried out by scraping the glacier surface with a cleaned chisel,
completely removing the surface layer (from 2 to 5 cm deep); the collected material15

was preserved in appropriate holders. A cold chain (ice boxes) was used to preserve
sediment samples at cold temperature conditions (lower than +4 ◦C) during transport
to the laboratory, where further analyses were carried out.

For evaluating the debris coverage rate (Cr), debris samples were periodically col-
lected from the same sites. First it was necessary to clean the parcel of 1m×1m of20

area completely removing surface debris (i.e.: scraping at least 2 cm of surface ice).
Second, about one month later, the sampling of the surface sediments was repeated
on the same glacier parcel which was marked on the field to be retrieved. Then in the
lab debris samples were dried and weighted. The ratio between the weight of the debris
deposited at the ice surface (in grams) and the time frame occurred (days) permitted25
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to evaluate the debris coverage rate (Cr in g day−1):

Cr =
sample weight

time frame
(3)

The samples collected in 2011 and 2012 for evaluating the spatial and temporal vari-
ability were subject to the analytical procedures summarized as follows. Grain size5

analyses (Gale and Hoare, 1991) were performed after removing organics using hy-
drogen peroxide (130 vol) treatment; sediments were wet sieved (diameter from 1000
to 63 mm), then the finer fraction (63 mm) was determined by aerometer on the ba-
sis of Stokes’s law. Humified organic carbon was identified by means of the Walkley
and Black (1934) method, using chromic acid to measure the oxidizable organic car-10

bon (titration). Total organic carbon (TOC) was estimated by loss on ignition (LOI; Heiri
et al., 2001), with an uncertainty margin of ±0.1 %; samples were air-dried and organic
matter was oxidized at 500–550 ◦C to carbon dioxide and ash, then the weight lost
during the reaction was measured by weighing the samples before and after heating.

Additionally, we performed several XRD (X-Ray Diffraction) and SEM (Scanning15

Electron Microscope) analyses on randomly oriented powder from the bulk debris sam-
ples to investigate the mineralogical properties of the fine debris and dust and the
occurrence of micro features (e.g: pollen, spores, micro fauna, algae, etc.).

4 Results

4.1 Debris coverage ratio (d ) and ice albedo (α )20

The image analysis permitted to evaluate 51 d values ranging from 0.01 to 0.63 (Fig. 4).
The ice albedo acquired by the net portable radiometer was found varying from 0.06 to
0.32.

The two data records (i.e. d and α) result highly correlated. The plot showing the
natural logarithm of ice albedo (lnα, y-axis) vs. d values (x-axis) is reported in Fig. 5.25
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The regression line is given by:

lnα = (−2.04±0.19) ·d + (−1.50±0.04) (4)

The correlation is 0.84 (the 95 % coefficient interval ranging from 0.74 to 0.91).
The most frequent d value we found was 0.03 but our dataset suggests a wide5

variability of surface features and then the needing for accurate and numerous surveys
at the surface of an Alpine glacier devoted to describe d pattern and then albedo
distribution.

To assess the most suitable d value to differentiate a completely debris-free ice
surface from a partially debris-covered one, some attempts were performed. In fact it10

is almost impossible to find a melting glacier surface completely free from dust and/or
debris (Oerlemans et al., 2009), thus suggesting that a null d value (i.e. 0 % of debris
in a 1 m2 parcel) is unrealistic. Then we considered the pictures featuring a typical ice
albedo (i.e. 0.3–0.4) and we compared their d values. We found that a d value lower
than 0.06 (i.e. 6 % of debris coverage over a 1m×1m parcel) represents a debris-free15

surface.
Regarding the impact of liquid precipitation on supraglacial fine debris and ice

albedo, we report in Table 1 the mean daily albedo values before, during and after
rainfall events. First, the days before the rainfall featured a mean daily albedo equal
to 0.22. Second, whenever a precipitation occurred the mean daily reflectivity was re-20

duced to 0.20 due to the water albedo being lower than ice (i.e. equal to 0.05–0.10,
Hartmann, 1994). This phenomenon was found occurring over 18 events of a total
number of 30: as regards the remained 12 cases, 6 featured an albedo increase and 6
steady state albedo conditions. This variable trend can be attributed to the rain amount:
in fact a misty rain decreases the surface albedo less than a heavy liquid precipitation.25

Third once the rain event has washed out the dust, the mean daily albedo resulted
0.26. Almost all rain events (28 over a total number of 30) showed a mean daily albedo
increase slightly higher than 20 %. On the contrary when albedo before the rainfall was
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higher than 0.30, the water effect was not so appreciable. In fact this reflectivity value
is typical of the bare ice with no debris coverage.

The occurrence of the washing out effect and the consequent reflectivity increase
was found to be short lasting. The mean time period to restore the previous albedo
value result equal to 1.8 days (ranging from 1 to 4 days) occurring over 10 events over5

a total of 30. Whenever the interval between two rainfalls was equal to 1 day, the albedo
was higher than following the previous rain event (51 % of the analysed events).

4.2 Debris features and debris coverage rate (Cr)

The spatial variability of the fine debris cover is highlighted from 2011 data. The sed-
iment analysis performed in the lab indicates significant variability in the total organic10

carbon (TOC, from 0.6 % to 5.9 %, see Table 2). The highest content of organic matter
was found in samples 5, 6 and 8; in particular, sample 5 was wholly cryoconite, where
generally the development of algae and bacteria communities is extremely favoured
(Takeuchi et al., 2000, 2005). The lowest value of total organic carbon was found in
sample 2, which was collected on a glacier area located close to the flank of the nest-15

ing rock walls, a site which receives a high amount of debris originating from macro-
gelivation and weathering processes. Rock debris coverage here is younger (recent
deposition) and unstable, and therefore poorly colonized by supra-glacial organisms.
Moreover, the grain-size analysis shows that samples collected at these sites are char-
acterized by coarser sediments, in keeping with their origin, mostly due to slope ero-20

sion.
Regarding the debris origin, X-ray diffraction analysis indicates that the samples are

enriched with quartz, muscovite, chlorite, sericite and albite, thus confirming the geo-
logical origin of debris mostly from local rock outcrops (a local formation of micaschist).
SEM analysis (Fig. 6) revealed algae, spore, pollen and microfauna. Moreover we ob-25

served also spherical structures (Fig. 6d) characterized (from EDS analysis) by an
abundance of FeO (45.3 %) and Al2O3 (19.8 %). This composition confirms that these
structures are cenospheres (i.e. a residual product of carbon combustion, see Fig. 6
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and Kolay and Singh, 2001). These cenospheres can be carried out by a wind contri-
bution probably from siderurgic district at the northern fringe of the Po Plain (c. more
than 150 km southward the Forni Glacier), suggesting a limited allochthonous input and
a human impact even at the glacier surface.

To evaluate the fine debris cover evolution, during ablation seasons 2012 and 20135

the debris coverage rate (Cr) was evaluated (see Eq. 3). From 4 July to 9 Septem-
ber 2012 we found a higher Cr on sites characterized by coarser dust (i.e. 96 g m−2

per day along an entire ablation season) than in the sites featuring finer sediment (i.e.
1 g m−2 per day). In the 2013 measures are more representative of the average debris
cover condition of the ablation tongue of the glacier. The Cr value we found is 6 g m−2

10

per day.
As at the each field survey the parcels were not distinguishable from glacier areas

nearby, the development of debris coverage resulted occurring at a fast rate. This evo-
lution is highlighted also from the sedimentological analyses performed on the 2012
samples. During the ablation season the grain-size remains were almost similar with15

a slight increasing of finer sedimentological classes (i.e. silt and clay), on the other
hand a more intense growing of the total organic carbon (i.e. TOC) is observed. At the
beginning of July the TOC ranges from 1.6 g kg−1 (at sample 9a) to 26.3 g kg−1 (at sam-
ple 10a), at the end of the ablation period the organic carbon arises up to 41.9 g kg−1.
The higher values are in correspondence of finer debris (i.e. samples 9a, 9b, 9c, 11a20

and 11c, enriched in silt and clay), on the contrary in coarser sample 10a, 10b and 10c
the TOC results lower.

The evolution of the supraglacial debris is also analysed through SEM observations.
At the beginning of the melting time frame, the sediment was characterized by sharp
and angular clasts; on the other hand, the samples collected in September 2012 fea-25

tured more rounded shapes, suggesting a supraglacial mass transport.
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5 Discussion

To investigate the robustness of our method to quantify d and its sensitivity to changes
in the chosen TGS, we firstly varied the applied TGS values up to ±10 % of their initial val-
ues (TGS−10% and TGS+10% respectively, Fig. 7): for example whenever the applied TGS
value to discriminate debris from bare ice was 100, we recalculated d with 90 (TGS−10%5

obtaining d−10%) and with 110 (TGS+10% obtaining d+10%). We applied this simple test
to all the performed measurements (51 field data) thus obtaining 51 d−10% values and
51 d+10% values. Then we evaluated the departures of d−10% (d−d−10%) from d which
resulted up to −0.07 (with a mean value of −0.02). Moreover we calculated the depar-
tures of d+10% (d −d+10%) from d which were found lower than +0.09 (with a mean10

value of +0.02). We found that whenever d was higher than 0.25 the d −d−10% and
d−d+10% values reached their maxima. In fact d−d−10% was −0.07 when d value was
found 0.28 and d −d+10% was +0.09 with a d value was equal to 0.60. Considering
the whole sample it resulted that slightly more than 70 % of d featured d −d−10% up to
−0.02 and d −d+10% lower than +0.03.15

Moreover we used d−10% and d+10% values to look for a relation with α obtaining two
new equations (reported in Table 3 together with Eq. 4). Applying these 3 equations to
the d dataset it was possible to estimate glacier albedo; the modelled albedo values
were compared to the albedo data obtained from field radiation measurements and the
departures between the two records resulted very small, with a mean value lower than20

±0.01.
This suggests that the sensitivity of our method to changes in the applied threshold

is not so high to affect the reliability of the results. Moreover we also tested the method
using a unique threshold value. For this attempt we applied TGS-AVE (i.e. 92) obtained
averaging all the 51 TGS values thus obtaining 51 dAVE values. Then we compared25

these dAVE values to d dataset obtained through the supervised classification (51 TGS
values). The obtained scatter plot (Fig. 8) indicates a not negligible relation among
the two datasets thus suggesting that a unique threshold value could be sufficient to
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describe debris distribution on different images; then we applied the obtained 51 dAVE
values to look for a relation with α data finding the following equation:

lnα = (−1.38±0.21) ·dAVE + (1.58±0.05) (5)

Equation (5) features a R value of 0.68, meaningful but lower than the one of Eq. (4)5

thus suggesting that the different TGS we found for each image (even if they require to
spend more time in the image analysis) permit a better and detailed determination of
debris distribution and then a more accurate d evaluation.

Then summarizing, to look for the most reliable relation between d and α the best
and suitable solution is to apply as many specific TGS values as are the images to be10

analysed thus describing with further details the large variability of surface conditions
which affect glacier surface during the summer season.

The relation between albedo and debris cover we found underlines a strong influ-
ence driven by the glacier surface characteristics. The dust resulted featuring a high
spatial (over the glacier tongue) and temporal (during the summer season) variability.15

In proximity of the nesting rock flanks and of the median moraine sediments are more
diffuse and poorly sorted, indicating deposition after mass transport. At the end of the
ice melting season a more diffuse fine debris coverage occurs on the glacier surface.
Similarly to the dust distribution, the albedo variability is higher at the end of the ice
melting time window as well. Other parameters affecting the fine sediment accumula-20

tion are represented by supraglacial water streams (i.e. bedieres), wind contribution,
and in situ weathering of coarser clasts. Moreover, the liquid precipitation had a non-
negligible effect on ice albedo but its consequence was short lasting (from 1.8 to 1 day
long) thus the actual impact on other processes driven by surface albedo (like ice melt
rates and magnitude) depends on frequency and duration of summer rainfall.25

Regarding the debris origin, X-ray diffraction analysis indicates that the largest part
of our samples was enriched with minerals which confirm the local geological origin
of debris mostly from rock outcrops. Nevertheless the spherical structures character-
ized (from EDS analysis) by an abundance of FeO and Al2O3 we found through SEM
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analysis and we identified as cenospheres suggest an impact on glacier from siderurgic
factories located at the northern fringe of the Po Plain.

The evolution of sedimentological properties can be evaluated sampling a same site
at the beginning and at the end of ablation season. The organic content (TOC) in-
creased during the summer time frame and its distribution was controlled by the grain-5

size of the supraglacial sediment. In fact TOC seems to be more abundant in finer
sediments (Table 2). This can be explained by the stability of the finer debris area: it is
likely that this place offers refuge for organic particles transported by wind and the en-
vironmental conditions suitable for development of algae, yeasts and bacteria. Yeasts
had already been identified at the Forni Glacier surface (see Turchetti et al., 2008).10

Moreover, Gobbi et al. (2006) reported the presence of arthropod fauna on the surface
of the Forni Glacier, which by decaying can supply significant organics.

6 Conclusions

This work represents an attempt for improving the research on fine debris coverage
at the surface of debris free glaciers and for contributing to fill a knowledge gap. In15

fact, no systematic studies have been previously performed at the melting surface of
debris free glaciers but only at snow covered areas. Moreover, dust and black carbon
occurrence on glacier ice surface seems to have increased over the recent years due
to the ongoing Alpine glacier shrinkage (e.g. Oerlemans et al., 2009; Diolaiuti and
Smiraglia, 2010), thus requiring accurate studies to describe debris coverage, pattern20

and evolution and their influence on ice albedo. For this reason, we proposed a novel
integrated method to describe dust and fine supraglacial debris and their effects on ice
albedo. The image analysis permitted to evaluate 51 d values ranging from a 0.01 to
0.63. The measured ice albedo was found varying from 0.06 to 0.32. We investigated
the robustness of our image analysis with two sensitivity tests: (i) varying the selected25

threshold up to ±10 % for each image and (ii) applying a unique threshold (TGS-AVE)
obtained by averaging all the chosen TGS. Considering the whole sample, it resulted
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that more than 70 % of d featured d −d−10% up to −0.02 and d −d+10% lower than
+0.03. These data suggest that the sensitivity of our method to changes in the applied
threshold is not so high to affect the reliability of the results. Moreover, even if TGS
analysis is more time-consuming, the specific TGS values found for each image permit
a better and detailed determination of debris distribution and therefore a more accurate5

d evaluation. Then summarizing to look for the most reliable relation between d and α,
the best and suitable solution is to apply a specific TGS value for each image.

In 2012 we found a higher Cr (i.e. 96 g m−2 per day along an entire ablation season)
on sites characterized by coarser dust than in the sites featuring finer sediment (i.e.
1 g m−2 per day). In 2013 the average debris coverage rate (Cr) of the ablation tongue10

of the glacier resulted equal to 6 g m−2 per day.
The preliminary analyses of the supraglacial debris evolution suggest a variable sedi-

ment development during the melting season assessed by rapid changes in sedimento-
logical features and in the content of organics. The latter resulted increased during the
summer time frame and its distribution is controlled by the grain size of the supraglacial15

sediment. In fact, TOC seems to be more abundant in correspondence with finer sed-
iments. Moreover, the surface fine debris evolution is also forced by the occurrence
of liquid precipitation. On the one hand, rainfall washes out the dust accumulation on
glacier surface; but on the other hand, the rain smoothing effect on the ice surface re-
duces the roughness. This influence was quantified in an albedo increase up to 20 %,20

two days long.
Regarding the debris origin, X-ray diffraction analysis confirms that the main debris

supplier are local rock outcrops (made by a local formation of micaschist). By SEM
analysis we found algae, spore, pollen, microfauna and cenospheres. These latter par-
ticles can be derived from siderurgic industries of the Po Plain and then transported to25

the glacier surface by wind.
In conclusion, this methodological approach is applied to a very small scale (parcel

of 1m×1m), nevertheless it could be extended to a larger scale. For instance, the
image analysis can be performed on higher resolution imagery such as orthophotos
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(for Lombardy Alps available with pixel resolution of 0.5m×0.5m) or satellite imagery
(featuring a resolution of 3–5 m or better). This improvement and the jump of scale
will permit to distribute ice albedo once the debris properties are analysed and the
relationship between albedo and debris ratio is known.
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Table 1. Influence of rainfall on surface albedo (α) measured from the AWS1 Forni. In the table
are reported the 30 rainy events that occurred in 2011, 2012 and 2013 ablation seasons and
the albedo values before, during and after every rainfall.

Before rainy event During rainy event After rainy even Albedo increasing
Data α Data α Data α %

16 Jun 11 0.33 17–18 Jun 11 0.21 19 Jun 11 0.41 24.2
20 Jun 11 0.31 21–23 Jun 11 0.21 24 Jun 11 0.31 0.0
24 Jun 11 0.31 25–26 Jun 11 0.20 27 Jun 11 0.32 3.2
28 Jun 11 0.18 29 Jun 11 0.18 30 Jun 11 0.20 11.1
3 Jul 11 0.23 4–8 Jul 11 0.20 9 Jul 11 0.25 8.7
2 Aug 11 0.20 3 Aug 11 0.19 4 Aug 11 0.24 20.0
31 Aug 11 0.25 1 Sep 11 0.25 2 Sep 11 0.28 12.0
2 Sep 11 0.28 3–6 Sep 11 0.24 7 Sep 11 0.29 3.6
7 Sep 11 0.29 8 Sep 11 0.22 9 Sep 11 0.31 6.9
11 Sep 11 0.22 12 Sep 11 0.23 13 Sep 11 0.25 13.6
19 Jun 12 0.20 20–26 Jun 12 0.21 27 Jun 12 0.22 10.0
1 Jul 12 0.17 2–7 Jul 12 0.22 8 Jul 12 0.19 11.8
8 Jul 12 0.19 9–11 Jul 12 0.19 12 Jul 12 0.23 21.0
12 Jul 12 0.23 13–15 Jul 12 0.20 16 Jul 12 0.29 26.1
19 Jul 12 0.20 20–22 Jul 12 0.24 22 Jul12 0.27 35.0
23 Jul 12 0.21 24–25 Jul 12 0.20 26 Jul 12 0.22 4.8
26 Jul 12 0.22 27–31 Jul 12 0.20 1 Aug 13 0.23 4.5
2 Aug 12 0.20 3–6 Aug 12 0.18 7 Aug 12 0.24 20.0
24 Aug 12 0.16 25–26 Aug 12 0.19 27 Aug 12 0.26 62.5
23 Sep 12 0.22 24–27 Sep 12 0.23 28 Sep12 0.32 45.4
28 Sep 12 0.32 29 Sep–2 Oct 12 0.24 3 Oct 12 0.32 0.0
6 Oct 12 0.27 7 Oct 12 0.23 8 Oct 12 0.30 11.1
16 Jul 13 0.16 17–24 Jul 13 0.18 25 Jul 13 0.17 6.3
25 Jul 13 0.17 26 Jul 13 0.16 27 Jul 13 0.18 5.9
28 Jul 13 0.16 29 Jul 13 0.15 30 Jul 13 0.23 43.7
30 Jul 13 0.23 31 Jul 13 0.19 1 Aug 13 0.25 8.7
6 Aug 13 0.16 7–9 Aug 13 0.16 10 Aug 13 0.26 62.5
12 Aug 13 0.19 13–15 Aug 13 0.19 16 Aug 13 0.24 26.3
31 Aug 13 0.18 1 Sep 13 0.18 2 Sep 13 0.24 33.3
26 Sep 13 0.16 27 Sep 13 0.15 28 Sep 13 0.24 50.0

MEAN 0.22 0.20 0.26 21.3
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Table 2. Properties of sites sampled for sedimentological analyses and results. The grain-size
classes are referred to Krumbein’s scale (Wentworth, 1922). With the asterisk it is indicated
a debris sample not enough to grain size analysis.

Sample Sampling
Date

Description Gravel
(%)

Sand
(%)

Silt
(%)

Clay
(%)

TOC
(g kg−1)

Weight
(g)

1 30 Jun 11 Central tongue 2.1 17.4 58.8 12.3 2.7 –
2 30 Jun 11 Eastern tongue 6.6 69.7 19.6 0.6 0.6 –
3 30 Jun 11 Median moraine (5 cm thick debris) 18.9 50.2 24.3 4.5 1.6 –
4 30 Jun 11 Central tongue, predominantly bare ice 0.4 29.4 30.9 15.8 3.6 –
5 30 Jun 11 Central tongue, cryoconite 5.6 32.9 30.9 15.8 5.1 –
6 30 Jun 11 Eastern tongue 0.1 14.5 35.3 20.5 5.0 –
7 25 Aug 11 Eastern tongue 6.2 72.4 15.7 3.4 1.9 –
8 25 Aug 11 Eastern tongue 0.1 21.4 31.7 22.8 5.9 –
9a 4 Jul 12 Central tongue 19.7 66.3 8.9 2.2 1.6 67.7
10a 4 Jul 12 Central tongue 8.6 33.6 25.7 12.3 26.3 1559.4
11a 4 Jul 12 Eastern tongue 0.1 17.7 35.5 19.7 18.3 432.0
9b 7 Aug 12 Central tongue, the same site of sample

9a
13.0 75.0 7.4 2.1 1.3 11.9

10b 7 Aug 12 Central tongue, the same site of sample
10a

– – – – 40.8 4026.9

9c 9 Sep 12 Central tongue, the same site of samples
9a and 9b

22.5 66.3 7.9 2.3 5.4 49.4

10c 9 Sep 12 Central tongue, the same site of samples
10a and 10b

2.4 23.6 40.9 16.7 38.1 2356.7

11c 9 Sep 12 Eastern tongue, the same site of sample
11a

2.6 25.4 35.2 14.9 41.9 462.4

12a 11 Jul 13 Central tongue – – – – – 29.1
12b 31 Jul 13 Central tongue, the same site of sample

12a
– – – – – 159.5

12c 6 Sep 13 Central tongue, the same site of sample
12a and12b

– – – – – 308.3

12d 4 Oct 13 Central tongue, the same site of sample
12a, 12b and 12c

– – – – – 59.5
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Table 3. Depending on the 3 different ratio datasets (considering d+10%, d−10%, and d ) the
differences between measured (αM) and calculated (αC) albedo data are shown.

Relation equation Min Mean Max
(αM −αC) (αM −αC) (αM −αC)

ln(α) = (−2.20±0.21)d−10% + (−1.52±0.04) −0.06 +0.011 +0.13
ln(α) = (−2.04±0.19)d + (−1.50±0.04) −0.07 +0.005 +0.12
ln(α) = (−1.89±0.17)d+10% + (−1.48±0.04) −0.07 −0.001 +0.12
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Figure 1. (a) The position of Forni Glacier in the Italian Alps and of AWS1 Forni (black star, in
both panels). (b) Enlarged view of the Forni Glacier (image credit: GoogleEarth™) showing the
location of field measurements (black dots).
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Figure 2. Series of pictures illustrating: (a) sampling supraglacial debris, (b) measuring albedo
and (c) acquiring high resolution digital images of the glacier surface.
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Figure 3. Example of the procedure followed in image analysis: (a) original cut frame; (b) 8 bit
conversion and discrimination between the debris-covered (in blue) and debris-free ice surface;
(c) definition of the threshold; (d) calculated debris covered ratio.
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Figure 4. Examples of Forni Glacier surfaces: albedo (α) and debris cover ratio (d ) values are
shown.
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Figure 5. Albedo natural logarithm values vs. debris cover ratio (2011–2013 data).
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Figure 6. SEM investigation on bulk samples from Forni Glacier evidenced the presence of (a)
organism of collembolan order, (b) spore, (c) diatom and (d) cenosphere (a residual product of
carbon combustion).
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- d+10%) from d which were found lower than +0.09 (with a mean value of +0.02). 493 

We found that whenever d was higher than 0.25 the d - d-10% and d - d+10% 494 

values reached their maxima. In fact d - d-10% was -0.07 when d value was 495 

found 0.28 and d - d+10% was +0.09 with a d value was equal to 0.60. 496 

Considering the whole sample it resulted that slightly more than 70% of d 497 

featured d - d-10% up to -0.02 and d - d+10% lower than +0.03.  498 

 499 

Figure 7. Values of d from 51 measurements performed in 2011, 2012 and 2013 500 

ablation seasons (black dots). The vertical bars indicate the d+10% and d-10% 501 

values.  502 

 503 

Moreover we used d-10% and d+10% values to look for a relation with α obtaining 504 

two new equations (reported in Table 3 together with equation 4). Applying 505 

these 3 equations to the d dataset it was possible to estimate glacier albedo; 506 

the modelled albedo values were compared to the albedo data obtained from 507 

Figure 7. Values of d from 51 measurements performed in 2011, 2012 and 2013 ablation
seasons (black dots). The vertical bars indicate the d+10% and d−10% values.
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Figure 8. Scatter plot reporting d (obtained from TGS) vs. dAVE (obtained from TGS-AVE) values.
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