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ARTICLE INFO ABSTRACT

Keywords: Debris-covered glaciers are common in many regions of the world, and accurately modelling their melt is of

Debris-covered glacier increasing importance for water resources planning, and biological and ecological research. In this study, we

I];:ridsat i TIRS investigate meteorological and glaciological conditions and estimate the melt of Amola Glacier (a small debris-
elt mode

covered glacier in the Adamello-Presanella Massif, Italian Alps) using an empirical approach, based on shortwave
radiation, surface temperature, debris thickness and thermal resistance. Meteorological conditions are deter-
mined from a supraglacial automatic weather station, while the model is calibrated using i) field data acquired
during the ablation season 2020, including a network of ablation stakes and thermistors, ii) modelled solar ra-
diation and iii) thermal imagery from Landsat 8 TIRS.

The analysis of glacier meteorological conditions shows a high prevalence of cloud-covered (50.60% of
daytime observations) and humid conditions, with a high daily air temperature range (22.24 °C). Analysis of
thermistor data suggests that a linear thermal gradient of the debris layer can be assumed when the model is run
at daily resolution. Modelled debris thickness, surface temperatures and melt capture patterns observed on the
field, including the decrease in debris thickness and increasing melt with elevation and their variability across
the glacier surface. The root mean square error between measured and observed melt is 0.16 m, corresponding to
22% of the average observed melt, in line with the performance of empirical models for debris-free and debris-
covered ice. The model could thus be used to provide a first estimate of debris-covered ice melt for glaciers in the
Adamello region. Improvements to the model would require measuring all energy fluxes on the glacier from a
weather station and investigating their spatial distribution on the glacier surface.

Adamello-Presanella Massif

Abbreviations: SWin, incoming shortwave radiation (W m’z); SWout, outgoing shortwave radiation flux (W m’z); LWin, incoming longwave radiation (W m’z);
LWout, outgoing longwave radiation (W m~2); T, air temperature (°C); RH, relative humidity (%); DT, debris thickness (m); Ts, debris surface temperature (°C);
SWingg, incoming shortwave radiation during clear sky conditions (W m~2); t, atmospheric transmissivity depending on cloud cover; SWinamels, incoming solar
radiation measured by AWSamola in real atmospheric conditions (W m~2); I, average solar irradiance at the mean Earth-Sun distance (1367 W m~2); Eo, eccentricity
factor; k, factor used to express SWin in the correct measure unit; §, solar declination; @, latitude; S, slope of the grid cell; wy and wg, sunrise and sunset hour angles,
respectively; A, aspect of the grid cell; SWincaret, incoming solar radiation measured by the station located at Malga Caret (W m’z); SWinpinzolo, incoming solar
radiation measured by the station located at Pinzolo (W m™2); SWiNgima presena> incoming solar radiation measured by the station located at Cima Presena (W m2); 0,
Stefan-Boltzmann constant (5.67 x 108 W m™ K’4); M, amount of ice melt under a debris cover (m of surface lowering); T;, temperature at debris-ice interface (°C);
At, time step; p;, ice density (917 kg m~3); DR, effective thermal resistance of the debris layer (m? °C W 1Y); Ly, latent heat of melting (3.34 x 10°J kg’l).
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1. Introduction

During the current phase of global warming, alpine glaciers are
exhibiting two major trends: a general mass loss, due to cumulated
negative mass balances (Marzeion et al., 2017; Roe et al., 2017) and an
increase of thin debris cover on the ice surface due to englacial melt-out
(Anderson and Anderson, 2016; Kirkbride and Deline, 2013), and an
intensification of cryo- and thermo- clastism (Azzoni et al., 2018; Paul
et al., 2007). Beside the Alps, the increase in debris-covered area has
been reported for glaciers of all middle and low latitudes (Benn et al.,
2014; Bocchiola et al., 2018; Kirkbride, 2011; Mihalcea et al., 2008b;
Mihalcea et al., 2008a; Soncini et al., 2015).

When this debris cover is consistent and mantles most of the ablation
area, the glacier can be considered a debris-covered glacier (Benn and
Evans, 2010). When the debris exceeds a “critical thickness” (sensu
Mattson et al., 1993), it slows glacier recession since the debris cover
causes a logarithmic reduction of the ablation rate and, consequently, of
the frontal variations (Belloni and Pelfini, 1995; Nakawo and Rana,
1999; @strem, 1959). This allows glaciers to reach lower elevation such
as Miage and Belvedere Glaciers (Italian Alps) where the terminus is at
an elevation lower than the treeline (Tampucci et al., 2016). However,
local areas of high melt also develop at supraglacial ponds and exposed
ice cliffs, and thus mass losses are often similar for debris-covered and
debris-free glaciers (Stefaniak et al., 2021).

The cryosphere is an important source of freshwater (Huss et al.,
2017) that regulates the hydrological cycle of Alpine basins and in-
fluences the development of alpine ecosystems (Barnett et al., 2005;
Beniston et al., 2003; Chesnokova et al., 2020; Huss and Hock, 2018). In
some mountain ranges such as the Karakoram, large debris-covered
glaciers are prevalent, and their meltwater is crucial for industrial and
domestic use (Kraaijenbrink et al., 2017; Senese et al., 2018a). More-
over, the glacier surface represents a favourable habitat for a large
number of species (e.g. from bacteria, Franzetti et al., 2017; to arthro-
pods, Valle et al., 2022, and plants, Caccianiga et al., 2011), and there is
evidence that over the past decades a number of threatened high
elevation and cold-adapted species have taken refuge on debris-covered
glaciers in response to climate change (Tampucci et al., 2017), high-
lighting the great ecological and biogeographic importance of this
peculiar habitat for high elevation biodiversity. For these reasons, the
study of debris-covered glaciers is becoming crucial in order to predict
the evolution of the cryosphere and its consequences on the biosphere.

Unlike for debris-free glaciers, modelling melt of buried ice requires
more information and assumptions since the presence of debris modu-
lates the melting of the covered ice; while progress has been made to-
wards more accurate models since the first studies of debris covered ice
melt (Nakawo and Rana, 1999; Nakawo and Young, 1981), several
sources of uncertainty still exist, particularly with respect to the energy
fluxes and thermal conditions of the surface. In fact, accurate knowledge
of the properties of the debris layer is necessary in order to better
quantify the energy available for melt at the debris-ice interface,
including the thickness of the layer, its thermal conductivity and the
temperature of the debris at the surface (Gibson et al., 2018). As surface
temperature is generally difficult to accurately obtain across spatial and
temporal scales, in some studies it is derived numerically from the
inversion of the energy balance equation. For example, Nicholson and
Benn (2006) applied a modified surface energy balance model to
calculate melt beneath a debris layer from daily mean meteorological
data; such an approach was further refined by Reid and Brock (2010)
and Rounce et al. (2015), among others. These methods require the
deployment of an automatic weather station on the glacier surface
carrying all the necessary instruments to derive the energy fluxes, which
is not always practical or possible on a glacier. Besides, as thermal
conductivity is also influenced by the debris porosity (depending on
grain size distribution), lithology and humidity (Mattson et al., 1993),
extensive field data are required to determine these variables.

Thus, in other studies a simplified approach was proposed based on
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the computation of the conductive heat flux through the debris layer
(Han et al., 2006), where surface temperature is derived empirically.
Distributing the debris thickness of the glacier is also complicated and
most approaches estimate it through satellite thermal data (e.g. Fujita
and Sakai, 2014; Minora et al., 2015; Senese et al., 2018a; Zhang et al.,
2011).

In this study, we used the empirical approach (see also Mihalcea
et al., 2008a, 2008b; Minora et al., 2015) which requires knowledge of
patterns of incoming shortwave radiation, debris thickness, and surface
temperature and thermal resistance of the debris layer. Our aims are:

1) To define meteorological and glaciological conditions on Amola
glacier.

2) To model the melt of the debris-covered portions of Amola glacier
using an empirical model driven mainly by surface temperature and
thermal resistance of the debris layer.

2. Study area

The study was performed on the Amola glacier (Eastern Italian Alps:
46°13'10.1"N 10°41'08.7"E, Fig. 1), a debris-covered glacier with an area
of 0.68 km? (Paul et al., 2020) that is located in the Adamello-Presanella
Massif within the protected area of the Adamello Natural Park (Baroni
et al., 2004). The glacier covers the elevation range from approximately
2570 to 3150 m a.s.l. (Paul et al., 2020). Amola glacier has an Easterly
aspect and is surrounded by the Presanella (3557 m a.s.l.) and other
peaks constituted by tonalite, a rock of the diorite class characterised by
lower thermal conductivity and higher reflectance than most meta-
morphic and sedimentary rocks (Bocchiola et al., 2015). Tonalite rocks
cover almost the entire glacier ablation area (debris cover: 60%; 2020
satellite data), with a coarse grain size that ranges from a few milli-
metres to about 1 m (Gobbi et al., 2017).

Average annual precipitation in the area of the Park is about 1000
mm (Bocchiola and Diolaiuti, 2010). Several glaciers are hosted within
the Park area, including the widest glacier of Italy, Adamello glacier
(Maragno et al., 2009). Previous studies on Amola glacier have focused
on the colonisation of supraglacial debris and the glacier foreland by
ground-beetles, spiders and springtails (Gobbi et al., 2017; Tenan et al.,
2016), on plant-insect interactions on the glacier and along the chro-
nosequence of glacier retreat (Losapio et al., 2015) and a relatively
uninterrupted series of terminus variations exists (Gobbi et al., 2017);
however, detailed studies on thickness patterns of supraglacial debris
and their influence on meltwater production are lacking for this glacier.

Amola Glacier was selected as it was the subject of several studies on
communities of epiglacial plants and invertebrates (i.e. ERC project “Ice
Communities - Reconstructing community dynamics and ecosystem
functioning after glacial retreat”, BIODIVERSA+ PrioritICE project
“Vanishing habitats: conservation priorities for glacier-related biodi-
versity threatened by climate change”). In addition, it was the selected
study area for the PhD project “Plant and arthropod communities of
Alpine ice-related landforms: ecological and biogeographic importance”
(at the University of Milan). Amola Glacier was also selected for long-
term interdisciplinary studies related to epiglacial biodiversity and the
environmental factors that limit its survival. Moreover, it can be
considered representative of Italian debris-covered glaciers for its size.
The New Italian Glacier Inventory (Smiraglia et al., 2015), lists 903
glaciers in Italy, of which 114 are considered debris-covered (13%).
These cover on average an area of 0.40 km? ranging from 0.01 km?
(relative to 7 glacierets) to 10.47 km? of Miage Glacier. 108 glaciers
(95%) have an area lower than 0.80 km?. In this inventory, Amola
Glacier had in 2011 an area of 0.78 km?2.

3. Data and methods

In this study, we used data from a supraglacial Automatic Weather
Station (AWS) to define the glacier meteorological conditions and
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Fig. 1. Location of Amola glacier within Italy (A) and Adamello Massif, with weather stations from MeteoTrentino (B). High resolution image of Amola glacier (C)
with contour lines, location of ablation stakes and the automatic weather station (corresponding to number 7) (bottom). Basemap from Bing aerial maps©.

particularly incoming shortwave radiation. Coupled with ice melt under
the debris layer measured through ablation stakes, measurements of
debris thickness and debris surface temperature from thermistors placed
over debris of varying thickness and a Landsat 8 satellite image, these
data allowed us to model sub-debris ice melt. Additionally, we per-
formed sensitivity tests, by i) using off-glacier AWSs to model incoming
shortwave radiation and observe its impact on modelling sub-debris ice
melt, and ii) comparing debris thickness maps obtained from different
satellite images and observing their effect on modelling sub-debris ice
melt.

3.1. Data

3.1.1. The automatic weather station AWSgno1a and the observed
meteorological data

An automatic weather station (AWSpmola) Was installed on 20 July
2020 on the debris-covered surface of the Amola Glacier (coordinates
46°13'09.9” Nand 10° 41' 07.2"E, at 2689 m a.s.l., position number 7 in
Fig. 1, Fig. 2 for details); it was then removed on 18th August 2020. The
station was equipped with a four-component radiometer (CNR4,
Kipp&Zonen, with an accuracy of +5%), a naturally ventilated thermo-
hygrometer (HygroVUE10, Campbell Scientific, with an accuracy of
£0.1 °C for temperature measurements and + 2% for relative humidity),
and a low power data logger (PCTDA041, MTX, with a 4 Gb SD card, 3.6
V NiMH batteries and integrated 1 W solar panel); all instruments were
mounted on a stainless steel tripod (AL300BA, MTX). Measurements of
incoming and outgoing shortwave radiation (SWin and SWout),
incoming and outgoing longwave radiation (LWin and LWout), air

temperature (T) and relative humidity (RH) were sampled at 60-s in-
tervals and minimum, mean and maximum values were recorded over a
30-min time period. We used all meteorological data for assessing the
micro-meteorological conditions of the glacier, while only SWin was
used to quantify buried ice melt.

The dataset was mostly uninterrupted, with gaps ranging from 27.6%
to 31.5% of the total period depending on the parameter. Most of the
gaps were due to a gradual nighttime depletion of the batteries and
therefore they occurred generally in the early hours of the day.

3.1.2. Measurements of ablation, supraglacial debris temperature and
thickness

Nine 2 m long ablation stakes made out of bamboo were drilled into
the ice with a manual auger to evaluate ice melt under different con-
ditions of debris thickness (according to the method introduced by Kaser
etal., 2003). The stakes were placed on a longitudinal transect along the
glacier centerline with two transverse intersecting transects (see
numbers from 1 to 6 and from 8 to 10 in Fig. 1) and ice melt from 21 July
2020 to 18 August 2020 was measured. Except for stake 9, which was
drilled in bare ice, all stakes were installed over a debris-covered sur-
face. Debris thickness (DT) was measured in correspondence of each
ablation stake and at the AWSamola in July; the debris was manually
excavated before inserting the stake and care was taken to maintain the
same thickness and stratigraphy after drilling. DT was also measured in
August, and for some stakes differences were found between July and
August observations owing to the movement of the glacier and possibly
manual excavation and refilling of the layer; we therefore calculated the
average of the two observations when this occurred.
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Fig. 2. The weather station on Amola glacier AWSamola- Typical clast size of
supraglacial debris is also shown.

Additionally, we measured debris surface temperature (Ts), which is
a key element in calculating the energy available for melting of debris-
covered ice, by means of Gemini Tinytag Plus thermistors (models TGP-
4020, TGP-4500, TGP-4520 with a stated accuracy of 0.35 °C, 0.40 °C,
0.35 °C at 20 °C, respectively) at the location of the ablation stakes
(except for stake 9 that was on bare ice). Each sensor probe was fixed
with duct tape under a flat stone (2 cm thick) with a diameter of about
10 cm close to the stake in order to protect it from direct solar radiation,
following Brock et al. (2010); the stone was then placed on the debris
surface. The data recorded at this depth (2 cm) are normally considered
indicative of point surface temperature, and used within several inter-
national protocols to study permafrost and frozen ground (see Gugliel-
min, 2006; Guglielmin et al., 2008; Osterkamp, 2003).In addition, at
two sites (i.e. T8+ and T10) we measured the debris temperature at
three different depths: surface (0.02 m), middle (0.10 m) and bottom
(0.31 m and 0.20 m, respectively). Each data logger was programmed to
acquire temperature readings every minute and record average mea-
surements every 60 min. At stake 5 (see Fig. 1), the thermistor mal-
functioned and it was therefore not possible to retrieve Ts; however, we
placed an additional thermistor close to stake 8 (called T8+), and ob-
tained a total dataset of 9 T records.

3.1.3. Satellite data

We downloaded a Landsat 8 OLI/TIRS image from 28 July 2020 from
the Earth Explorer portal (https://earthexplorer.usgs.gov/) managed by
the United States Geological Survey. The image was acquired at
approximately 10 AM local time, and was downloaded from collection 1
level 1, which provides georeferenced and orthorectified images in the
UTM projection; the image was selected to coincide in time with the
period of observation of AWSamola, With no clouds covering the glacier
and minimum snow cover.
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Landsat 8 features 4 bands in the visible part of the electromagnetic
spectrum, 2 in the near infrared and 2 in the shortwave infrared, all at
30 m spatial resolution, plus one panchromatic band at 15 m spatial
resolution and two thermal bands at 100 m spatial resolution (provided
already resampled to 30 m), with a 12 bit quantization. Compared to
previous sensors of the Landsat family and ASTER used in other studies
(Mihalcea et al., 2008a, 2008b; Minora et al., 2015), the presence of two
thermal bands on Landsat 8, centred at 10.90 ym and 12 ym, makes it
possible to derive surface brightness temperature using a split-window
approach (Rozenstein et al., 2014), which corrects for atmospheric ab-
sorption by water vapour by taking into account the different absorption
features of the two thermal bands.

A second image from 14 September 2020 was also used for sensitivity
analysis, as this image was acquired outside of the period of observation
of AWSamola- The image was acquired around the same time as the one
from 28 July 2020 and features the same characteristics.

3.2. Methods

3.2.1. Gap filling of missing data from AWSAmola

As reported above, the AWSamo1a dataset was mostly uninterrupted,
but some gaps occur especially during nighttime. During this period,
SWin is null and therefore fortunately data gaps can be easily filled by
setting SWin to 0 W m 2. For the rest of the day (i.e. outside nighttime),
we derived missing values of SWin from clear-sky solar radiation
(SWingg, i.e. without cloudiness) and the atmospheric transmissivity
depending on the cloud cover () following Senese et al. (2016). Cloud
transmissivity ranges between 0 and 1 and it is a factor that reduces the
potential SWin of a quantity, which depends on the amount and type of
clouds (Zhang et al., 1996). In fact, clouds reduce the direct component
of SWin and then diffuse radiation prevails: following Konzelmann and
Ohmura (1995), in completely overcast conditions diffuse radiation is
~15% of the total amount of incoming solar radiation. A value of t =1
corresponds to a clear sky with no clouds (i.e. SWin = SWincg), whereas
T = 0 means that no shortwave radiation reaches the surface at all.
However, an overcast sky usually has T > 0 (i.e. SWin << SWincg), with
different values for different cloud types. We considered SWincg as the
half-hourly solar radiation (W m~2) for clear sky, assumed to be higher
than the incoming radiation with clouds. Thus, we estimated SWincg by
considering the half-hourly SWin values measured by AWSne1a 0n all
days, and calculating the maximum value for each half-hour. In this
way, the half-hourly trend of a typical clear sky day was derived. While
this clear-sky incoming solar radiation can in principle be overestimated
owing to multiple reflections from snow-covered surrounding slopes,
this does not affect our measurements, since we considered a period of
the year outside the snow accumulation period (from October to May)
and thus with the higher probability that the surface surrounding the
glacier is snow-free (i.e. from 21 July to 18 August 2020).

Subsequently, we used SWincg for calculating the half-hourly cloud
transmissivity (Senese et al., 2020):

 SWintamoia

= 1
’ SWincs ( )

where SWinamela is the incoming solar radiation measured by the
AWSamola in real atmospheric conditions. Compared to SWinamola,
SWincg does not take into account the reduction of solar radiation due to
actual atmospheric conditions (e.g. clouds). We assumed that the con-
ditions of the sky remain constant over short periods (a few hours). Thus,
we calculated the missing SWin values by considering the 7 value of the
following or previous half-hour and inverting Eq. (1). The reflected solar
radiation data were filled considering an albedo of 0.18, which is the
average of noon raw observations. When calculating the average albedo,
we omitted these gap-filled values.

Regarding data gaps of the other meteorological parameters, we
chose not to perform gap filling and to consider the actual measured
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value as these were not used in the ablation model but to define the
micro-meteorological conditions.

3.2.2. Incoming solar radiation model

To distribute the incoming solar radiation (SWin) over the Amola
Glacier surface, we applied the algorithms tested over another Italian
glacier, Forni Glacier, by Senese et al. (2016). The CNR4 net radiometer
installed at the AWSamola is of the same type as that running at the AWS
of the Forni Glacier (Senese et al., 2018b), therefore providing homo-
geneity of the two datasets and thus the applicability of the same model.
For each grid cell we modelled SWin considering astronomical and
geographical factors:

SWo_poins =Ip @ Ey @ k ® [(sin 5 @ sin @ e cos S ) ® (wy, — wy,) — (sin 5 e cos &

ecosSecosA)e(wy—wy)+ (cos5ecosPecossS) e (sinwyg

—sinwg )+ (cosSesin®esinSecosA)e (sinwy— sinwg )
— (cos 6 esinAesinS) e (coswy — coswy )]

(2)

where Ij is the average solar irradiance at the mean Earth-Sun distance
(equal to 1367 W m’z), E( is the eccentricity factor, k is a factor used to
express SWin in the correct measure unit, § is the solar declination, ® is
the latitude, S is the slope of the grid cell, wg and wgg are the sunrise and
sunset hour angles, respectively, and A is the aspect of the grid cell.
Moreover, we estimated shading due to surrounding orography and the
atmospheric absorption taking into account actual meteorological con-
ditions, using the procedure described in Senese et al. (2016).

Senese et al. (2016) validated the approach by comparing the
modelled SWin against the one measured at 18 sites along the glacier
tongue, during summer 2011 and 2012. The modelled values agreed
well with observations with a correlation coefficient of 0.97 and a root
mean square error of 0.095 MJ m™2.

For the last step regarding the atmospheric absorption, we tested the
performance of the model comparing SWin values measured by AWSx.
mola (SWinamola) With the ones obtained using data acquired by different
automatic weather stations off-glacier from 21 July 2020 to 18 August
2020. Firstly, we used half-hourly data from the stations located at
Malga Caret (Val Genova, 46.1814° N, 10.6348° E, 1418 m a.s.l., data
available from 06-10-2011, SWingaret), Pinzolo (46.1565° N, 10.7575°
E, 760 m a.s.l., data available from 01-01-1921, SWinpjp,010) and Cima
Presena (46.2200° N, 10.5835° E, 3015 m a.s.l., data available from 14-
12-1994, SWinpresena). These stations were chosen since they are the
closest to the Amola Glacier at a distance of 5.9 km, 9 km and 8.3 km,
respectively (Fig. 1). Data can be freely downloaded from the website of
Meteotrentino (https://www.meteotrentino.it/#!/content?menulte
mDesktop=111).

3.2.3. Debris thickness model

Previous studies have observed good correlations between temper-
ature measured from satellites and thickness of supraglacial debris.
Mihalcea et al. (2008a) used different linear relationships to estimate DT
from satellite T by dividing the surface of Miage glacier (Italy) into
elevation bands; conversely, on Baltoro glacier a single exponential
relationship was found as the best fit by Mihalcea et al. (2008b) and by
Minora et al. (2015). We calculated surface temperature using the
Landsat 8 TIRS image from 28 July 2020, using SPT, a QGIS plugin, to
perform the extraction using the split-window approach (Rozenstein
et al., 2014). The relationship between Landsat derived Ts and DT was
then estimated using all available DT observations at the ablation stake
sites, except for DT observed at AWSamola, Which was used for valida-
tion. Given the small elevation range of Amola glacier, we preferred to
use a single relationship and not divide the glacier into elevation bands.
An exponential relationship was found as the best fit (Eq. (3)), with an
R? of 0.65:
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DT = 0.221*%™" 3)

3.2.4. Debris surface temperature model
At the AWSpmola, We derived surface temperature (Ts) from the
emitted longwave radiation (LWout) by means of Stefan-Boltzmann law:

LWout
T, = /= )

[

wh4ere o is the Stefan-Boltzmann constant equal to 5.67 x 10™8 W m™2
K™

Over the rest of the glacier surface, as we could not estimate T from
the inversion of the energy balance equation, we derived it by empirical
correlation with SWin and DT. The relationship between these variables
was demonstrated before on debris-covered areas (e.g. Mihalcea et al.,
2008b): higher radiation fluxes and thicker debris lead to higher surface
temperatures. First, we used T from thermistors, modelled SWin and DT
measured at the 8 sites for the entire period of measurements (from 21
July 2020 to 18 August 2020) to establish a linear regression, with an R>
of 0.47 (see Eq. (5)):

T, = 0.079 DT 4 0.038 SWin 5)

This equation was then applied to estimate daily T across the glacier
surface by using daily modelled SWin (see Section 3.2.2) and DT (see
Section 3.2.3). We further calculated cumulated T as the sum of daily
modelled T across the study period.

3.2.5. Debris-covered ice melt model

According to Minora et al. (2015), the amount of ice melt under a
debris cover (M, m of surface lowering) depends on the energy available
at the debris-ice interface that can be estimated assuming a linear
temperature gradient from the top of the debris layer (Ts) to the ice
surface (T;) for mean daily conditions (e.g. Nakawo and Young, 1981):

_ (lT)sR* T;) e At ©)
ep. oL,

where At is the time step, p; is the ice density, DR is the effective thermal
resistance of the debris layer (m? °C W™ 1) and Lm is the latent heat of
melting (3.34 x 10° J kg™1). We set the ice surface temperature to the
melting point, 0 °C, neglecting refreezing phenomena, which generally
do not occur during the main ablation season (Minora et al., 2015) and
impurities in the ice. An ice density of 917 kg m~> was used (Senese
et al., 2018b).

The assumption of a linear temperature gradient along the debris
cover is given by the fact that if the physical properties in the debris
layer are constant with depth, the heat flux depends linearly on the
surface temperature for steady-state conditions. The thermal resistance
can be assumed constant over an ablation season as it mainly depends on
debris thickness, which is generally considered stable over short periods
(1-2 months, Fyffe et al., 2014). To derive DR for each grid cell, an
empirical relationship was applied based on DT (Minora et al., 2015)
measured at the ablation stakes, with a R? of 0.67:

DR = 0.0056 DT + 0.0341 (@]

To restrict the melt model to the debris covered portions, a nor-
malised difference snow index (NDSI) mask was computed from Landsat
8 OLI bands, using a threshold of 0.3 to separate ice/snow from the
debris covered parts (Gjermundsen et al., 2011).

4. Results
4.1. Meteorological conditions

The data collected by the AWSapo1a are summarized in Fig. 3. Half-
hourly average values of air temperature and relative humidity,
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Fig. 3. Half-hourly average values of air temperature (A), relative humidity (B), incoming and reflected solar radiation (C), clear-sky solar radiation (C), incoming
and emitted infrared radiation (D), surface temperature calculated from LWout (E) and albedo (F) are shown.

incoming and reflected solar radiation, clear-sky solar radiation, and
incoming and outgoing infrared radiation are shown. The figure high-
lights the prevalence of data gaps during nighttime as reported in Sec-
tion 3.2.1.

Air temperature ranges from +1.76 °C (recorded on 4 August at 12
PM) to +16.92 °C (recorded on 28 July at 1 PM) with a mean value of
+9.24 °C (average of all half-hour mean values recorded by the instru-
ment). Generally, minima occur during nighttime or just before dawn.
The minimum value recorded by the AWSap1, at 12 pm is due to very

cold conditions that occurred during that day (Fig. 3a). The mean daily
range is 5.66 °C, ranging from 2.00 °C (recorded on 16 August) to
10.39 °C (recorded on 28 July). Therefore, the warmest conditions and
the widest amplitude occurred on 28 July. Most of the time (77.60%),
half-hourly mean temperatures between +6 °C and + 12 °C prevail:
6-8 °C for 23.13%, 8-10 °C for 31.65% and 10-12 °C for 22.82% of the
considered period.

The half-hourly air relative humidity ranges between 99.5% (recor-
ded on 27 July at 8 PM) and 29.32% (recorded on 28 July at 12:30 PM
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and 1 PM) with an average of 78.02% (Fig. 3b). Humid conditions
prevail; in fact, there is only one occurrence of half-hourly relative hu-
midity lower than 40%. Moreover, 76.66% of time relative humidity is
higher than 70% and 50.26% of time > 80%.

As regards solar radiation (Fig. 3c), most of the considered period is
found to be very cloudy since the clear sky index is lower than 0.40 for
50.60% of daytime observations (see Anslow et al., 2008). This high
cloudiness can explain the data gaps, as the low wattage solar panel
could not supply enough energy to the batteries during the day. Albedo
is almost stable with a half-hourly mean value of 0.17 (Fig. 3f). The
maximum is equal to 0.30 even if only 6.65% of half-hourly values are
higher than 0.25; these high values are due to the normal daily cycle of
albedo and values at early morning or late afternoon are not completely
representative of the actual surface conditions (Azzoni et al., 2016).
Considering daily values, the albedo ranges from 0.12 to 0.21 with a
mean value of 0.18. Lower albedo values can be probably caused by
rainy conditions or meltwater rising to the surface by capillarity, since a
wet surface reflects less than a dry one (Hartmann, 2015).

The outgoing longwave radiation (Fig. 3d) and debris surface tem-
perature (calculated applying Eq. (4), Fig. 3e) follow the daily thermal
cycle of the air: higher values during daytime (maximum of 436.78 W
m~2 corresponding to +23.11 °C recorded on 28 July at 1 PM) and lower
ones during night time (minimum of 312.70 W m~?2 corresponding to
—0.64 °C recorded on 6 August at 5:30 AM). Despite an always positive
air temperature, the debris surface also reaches negative values 1.05% of
the time. The mean surface temperature is 8.73 °C. On a daily scale, only
2 days (25 July and 6 August) are characterised by freeze-thaw condi-
tions (i.e. min < 0 °C and max >0 °C, Guglielmin et al., 2008). As regards
thermal stress, the mean daily range is 13.42 °C and the maximum is
22.24 °C (on 28 July). These results suggest that supraglacial debris is
more affected by thermoclastism and less by cryoclastism during the
analysed period.

Moreover, from our findings, days with warmer air conditions occur
with higher SWin fluxes (and higher t) that heat the debris surface (i.e.

18 T T T T

Cold Regions Science and Technology 216 (2023) 104008

higher Ts) which in turn emits more LWout that considerably affects air
conditions with higher values of LWin.

4.2. Observed debris thickness and surface/subsurface temperatures

Debris thickness measured on the field from the average of July and
August observations ranged between 0.05 m (at stake T3) and 0.32 m (at
T8+); at most (7) sites however the thickness of the debris layer was
lower than 0.10 m, and higher values were observed only at the terminus
and other sites where local conditions favoured accumulation (e.g. at the
base of lateral moraines).

Temperatures measured at the thermistor sites were rather homo-
geneous: for all thermistors except T8, the minimum temperature was
recorded on the morning of 5 August, between 5 and 7 AM; the absolute
minimum was —1.44 °C (T3, at 5 AM on 5 August). Daily maxima were
recorded on 28 July at 3 PM for T2, T4, T6, T8, T10 and T8+, and the
absolute maximum was +42.06 °C (T8+). Hourly T; patterns are highly
correlated, with a Pearson’s correlation coefficient ranging between
0.77 (T3 and T10) and 0.99 (T2 and T6) (see Fig. S1).

Averaging T from thermistors to daily means, the minimum T was
recorded on 4 August and the maximum on 28 July. The Pearson’s
correlation between the daily Ts from thermistors is even higher than for
hourly values, ranging between 0.84 (T6 and T8) and 0.99 (T3 and T6),
see Fig. 4.

Considering debris temperature at different depths from thermistors
T8+ and T10, hourly temperatures show the dampening of daily tem-
perature cycles with increasing depth, as the amplitude of the daily
temperature range is reduced. At thermistor T8+, the average daily
range is 6.29 °C at 0.31 m depth (close to the debris-ice interface) vs
24.81 °C at the surface, while at thermistor T10, it is 4.30 °C at 0.20 m
depth and 9.66 °C at the surface. A lag of 1-2 h between debris tem-
perature peaks and lows at different depths is also observed at both sites
(see Fig. 5). While the behaviour of hourly debris temperatures is non-
linear, the opposite is true for daily temperatures, especially at
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Fig. 4. Average daily debris surface temperature from thermistors located on Amola glacier. DT = debris thickness.
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Fig. 5. Average hourly debris temperatures at different depths from thermistors T8+ and T10 (a and b, respectively); daily debris temperature at different depths

from T8 and T10+ (c and c, respectively).

thermistor T10 (see Fig. 5). Considering a linear regression between
temperature and depth, 15 out of 29 observations have a R? > 0.85 at
T8+, while at T10 all observations have a R? > 0.99.

4.3. Modelled debris thickness, surface temperature and buried ice melt

From the NDSI mask based on the Landsat 8 OLI image, we calcu-
lated a debris-covered area of 0.40 km?, corresponding to 59% of the
Amola glacier surface. Debris is found up to 2760 m a.s.l., except for
isolated patches at higher elevations, which might include dirty ice, with
a temperature close to 0 °C (see Fig. 6a). The average modelled debris
thickness is 0.08 m, with a maximum of 0.25 m, which in general slightly
underestimates ground observations. Higher modelled DT is seen close
to the terminus and the left flank of the glacier, while the lowest
modelled values are seen above 2750 m a.s.l. (average DT < 0.01 m).
Two patches with low modelled DT (0.03-0.05 m) are found in the
middle of the debris-covered part, likely because the lateral rock walls
are the main source of debris. Ground observations confirm the presence
of patchy debris cover in these areas. At the AWSamola, (number 7 in
Fig. 1) a DT of 0.08 m was modelled based on Landsat 8 TIRS, compared
to an observed value of 0.05 m. Considering all DT measurements, we
obtained a root mean square error (RMSE) of 0.03 m, a mean absolute
error (MAE) of 0.02 m and a mean bias error (MBE) of 0.00 m from the
comparison between measured and modelled values.

Cumulated modelled T follows the main pattern of debris cover,
with a few differences (see Fig. 6b): a longitudinal band of lower
modelled Ts along ice flow is seen at the terminus towards the

hydrographic left part of the glacier, while on the hydrographic right
flank higher modelled T occurs. This might be caused by the influence
of solar radiation, as in those areas the topographic characteristics (slope
and aspect) cause a different radiative input. The correlation between
daily modelled T and observed T; at thermistor T7, by the AWSamola, iS
0.80; the RMSE between observed and modelled cumulated temperature
is 62 °C, the bias is 3.62 °C and the MAE is 55 °C.

As regards glacier melt, the total modelled cumulated amount is 295
m?; the average modelled total daily melt is 10.2 m® day ! on the debris-
covered part of the glacier or 0.03 m day ! for each glacier cell. The
highest total melt of >1.5 m between 21 July and 18 August 2020 is
modelled at the upper reaches of debris cover (approximately 2760 m a.
s.l.) while about 1 m is modelled in the lower central portion of the
tongue, owing to the combined effect of low DT and higher cumulated
temperatures (see Fig. 6¢). Comparing modelled melt with observed
melt at the stakes between 21 July 2020 and 18 August 2020, the
maximum difference is found for stake 1, where modelled melt is 0.36 m
higher than measured melt (35% of melt at the stake, see Table 1), while
the minimum difference is 0.01 m for stake 10 and stake 7 (see Table 1),
where AWSamo1a Was located. Overall, the RMSE is 0.16 m, the bias is
+0.03 m (modelled - measured) and the mean absolute error is 0.12 m,
with a correlation coefficient of 0.50.
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Table 1
Comparison between cumulated measured and modelled melt at the stakes
located on Amola glacier from 21 July to 18 August 2020.

Stake number Measured melt (m) Modelled melt (m) Difference (m)

1 0.68 1.04 —0.36
2 0.73 0.81 —0.08
3 0.89 0.77 0.12

4 0.93 0.74 0.19

5 0.91 0.92 —-0.01
6 0.66 0.60 —0.06
7 0.80 0.76 —0.04
8 0.50 0.73 -0.23
10 0.44 0.45 —0.01

5. Discussion

5.1. Using off- glacier weather stations to distribute incoming solar
radiation

From the comparison between SWinamela and the modelled values
SWincaret, SWinpinzolo and SWinpyesena (Fig. 7), we found errors ranging
from 153.46 W m 2 (84% of the half-hourly mean SWinam,la) to 176.14
W m~2 (96% of the half-hourly mean SWinamera) (Table 1). The
modelled values are generally underestimated if compared to the
measured ones. This can be due to cloudy conditions prevailing at the
three off-glacier AWSs, which reduce the radiative input. Moreover, the
multireflection from the snow-covered surfaces surrounding the glacier
could increase SWinamola values. Another factor leading to differences
between SWinamela and the modelled values obtained from the off-

glacier AWSs is shading, both from topography and from cast shadow
on the radiation sensors from the other sensors on the AWSs; concerning
topographic shading, uncertainties can arise from the shading model
used. In fact, in order to find the highest obstructing peak along the grid-
point-to-the-Sun direction for each half-hour of the day, we set a grid
step of 30 m. Probably choosing a lower grid step would produce a more
reliable model.

Slightly better results were observed considering a daily time reso-
lution: errors range from 30.92 W m~2 (17% of the daily mean SWina.
mola) to 68.13 W m 2 (38% of the daily mean SWinamela) (Table 2).
These results suggest an extreme variability in hourly meteorological
conditions among the sites and that no station is able to represent the
same atmospheric absorption occurring over the Amola Glacier.
Therefore, we decided to consider the SWin measured directly by the
AWSamola in order to model the SWin distributed over the whole glacier
surface. This assumption was applied by Senese et al. (2016) as well.

Although none of the three stations is able to accurately represent
SWinamola, it is still possible to estimate T using daily SWin from the off-
glacier stations and the empirical formula in Eq. (5); we therefore
calculated T and subsequently buried ice ablation from modelled daily
SWincaret, SWinpinzolo and SWinpyesena- Similar melt amounts were found
compared to SWinamela; In fact, using SWin from AWSp esena actually
results in a slightly lower RMSE (0.15 m compared to 0.16 m for
AWS Amola) if compared with observed melt at the stakes between 21 July
and 18 August 2020, whereas a worse RMSE was found for the other
stations, with the worst results for Caret (see Table 3). However, all off-
glacier AWSs show a similar or worse MAE and a worse bias in modelling
melt in comparison with AWSyn01a, with the worst result again obtained
for Caret station (0.07 m).
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Table 2
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Comparison between the incoming solar radiation measured by AWS,,01, and the modelled values using data acquired by the automatic weather stations at Malga
Caret (SWincaret), Pinzolo (SWinpjn,o10) and Cima Presena (SWinpyesena).- The Root Mean Square Error (RMSE) between modelled and measured values is shown.

Half-hourly Daily
RMSE (W m’2) % T Measured-Modelled >30 W m 2 Measured-Modelled <—30 W m 2 RMSE (W m~2) % T
SWincaret 153.46 84% 0.84 27% 15% 30.92 17% 0.92
SWinpinzolo 156.02 85% 0.83 34% 12% 43.29 24% 0.87
SWinpresena 176.14 96% 0.80 25% 20% 68.13 38% 0.77
Tarca and Guglielmin (2022).
Table 3

Comparison between melt modelled using off-glacier incoming shortwave ra-
diation from three Automatic Weather Stations (AWS) and the observed melt at
the stakes between 21 July and 18 August 2020. Statistics include the Mean
Absolute Error (MAE), Mean Bias Error (MBE) and Root Mean Square Error
(RMSE).

Off-glacier AWS MAE (m) MBE (m) RMSE (m)
Caret 0.12 0.07 0.18
Pinzolo 0.12 0.05 0.17
Cima Presena 0.14 —0.05 0.15

5.2. Modelling debris thickness from different satellite images

We checked the consistency of the DT - T; relationship by using a
Landsat 8 TIRS image outside of the observation period of AWSpc1a. We
used the image acquired on 20 September 2020 for this purpose; the
image was processed in the same way as the one from 28 July. The
relationship between Landsat-derived Ts and DT was estimated with an
exponential fit, with an R? of 0.63, slightly lower than using the image
from 28 July (0.65). Landsat-derived T was generally lower on that day
on the glacier at the time of image acquisition, with an average of
5.43 °C compared to 7.27 °C, compared to the image from 28 July.
However, the relationship predicts larger debris thickness, with a
maximum of 0.70 m and an average of 0.11 m, compared to 0.25 m and
0.08 m, respectively. At AWSamola, the calculated DT in this case is 0.07
m, compared to a measured value of 0.05 m.

When using DT modelled from the Landsat 8 TIRS image acquired on
20 September, very small differences can be observed in modelled melt
compared to the image from 28 July. All the statistics considered are the
same, with a RMSE of 0.16, a MAE of 0.12 and bias of —0.03. This
suggests that debris cover at the site is relatively stable and that using
thermal images acquired up to one month outside of the field season
does not produce further uncertainty when modelling sub-debris melt.

5.3. Model uncertainties and possible improvements

The comparison between the empirical melt model and measure-
ments from ablation stakes highlighted some discrepancies between
modelled and measured melt; the RMSE of 22% is comparable to several
other empirical models for ice-free and debris-covered ice; in Kar-
akorum, a RMSE of 17% of cumulated melt was found by Minora et al.
(2015) for debris-covered ice; in the Alps, Senese et al. (2021) found
errors of 12-33% when comparing a set of empirical models with the full
energy balance for debris-free ice on Forni Glacier. We identified several
sources of uncertainty that can contribute to our RMSE. Among them,
the spatial scale has probably a large influence, owing to the small size of
Amola glacier (0.68 km?) and the spatial resolution of modelled
incoming shortwave radiation (30 m) and thermal data (100 m from
Landsat 8 OLI, interpolated to 30 m), which might not accurately
represent local conditions. While modelling shortwave radiation at a
higher spatial scale is complicated by the availability of high resolution
digital elevation models and the high computing requirements necessary
to calculate shading, higher resolution thermal data compared to
Landsat 8 OLI might be acquired from UAVs, as done by Kraaijenbrink
et al. (2018) or a thermal camera in a fixed position, as in the study of

11

Beside modelled quantities, other sources of uncertainty are related
to the measured data as well. Specifically, data gaps occurred in the
meteorological record from AWSapel., and gap-filling of SWin was
necessary to estimate daily Tg and melt. In view of the power con-
sumption of the sensors and cloud cover at the site, higher wattage solar
panels (40 W or higher) and lead-gel batteries would be required to
provide an uninterrupted data record, as discussed in Senese et al.
(2018b). Measured ablation and debris thickness are also affected by
uncertainties often difficult to quantify. In addition, they are point
measurements and might not accurately estimate mass loss in an area of
30 m as used in the model, as differences of several tens of centimetres
can easily develop during the ablation season between point measure-
ments and nearby areas (Miiller and Keeler, 1969). The same issue also
affects temperature as measured from thermistor probes, which besides
their inherent accuracy can undergo malfunctioning, as occurred in our
case for the thermistor T5. To evaluate the potential of determining
thermistor temperatures in case of malfunctioning, we compared T; at
the AWSamola against temperatures derived from LWout and observed a
high correlation coefficient (0.85). The relationship between the two
variables is rather good for lower (< 10 °C) and nighttime temperatures
but the spread increases for higher ones, and temperature from LWout is
overestimated compared to the one measured by the thermistor (see
Fig. 8), which was placed under a rock. A similar result was observed by
Brock et al. (2010) for thermistors placed at 2-3 cm depth, and is
probably related to the steep thermal gradients in the first few cm of
debris (see also Fig. 5). In addition, since the net radiometer is installed
at a height of about 2 m, we can assume a contribution from the warm
air layer between the surface and the sensor with a consequently over-
estimated measured LWout (Senese et al., 2012).

In our model, we assumed a linear gradient of debris temperature
with depth, and demonstrated that the assumption holds true for the
daily scale (see Fig. 5), but it is not verified for sub-daily time periods.
This is in agreement with Nicholson and Benn (Nicholson and Benn,
2013; Nicholson and Benn, 2006), who demonstrated this behaviour for
debris of different lithology and grain size. To compute melt at an hourly
scale, a different approach would therefore be needed. Most studies have
done so by solving the energy balance at the debris surface using satellite
surface temperature to derive DT, with meteorological data from an
AWS as input (Foster et al., 2012; Rounce and McKinney, 2014). This
approach however relies on the calculation of all energy fluxes at the
surface and debris-ice interface including turbulent fluxes, which
require a wind and pressure sensor not deployed on AWSap,la, as well as
the extrapolation of these fluxes from the AWS to the entire glacier
surface, with uncertainties related to the distribution of air temperature
as well as the estimation of surface roughness (Foster et al., 2012).
However, the method might have the potential to be employed without
field- and time-dependent calibration, used in the empirical approach, if
meteorological parameters are acquired from reanalysis products
(Schauwecker et al., 2015). Other approaches which are first calibrated
using the glacier energy balance include a debris-enhanced T-Index
model developed by Carenzo et al. (2016), which is based on the
calculation of cumulated air temperature and shortwave radiation, and
requires empirical coefficients for both as well as lag coefficients ac-
counting for the delaying effect introduced by debris. Such a model
might also be tested on AWSamola, although spatially distributing melt
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would also require the extrapolation of air temperature on the glacier
surface.

Recent studies have adopted another methodology to derive debris
thickness, by fitting the @strem curve (Jstrem, 1959), relating debris
thickness and melt to sub-debris ice melt in energy balance simulations
for varying debris thickness and then using it to estimate spatially
distributed debris thickness from distributed melt. The latter is obtained
from geodetic mass balance (Ragettli et al., 2015), potentially corrected
for the ice flux divergence (Rounce et al., 2018). The advantage of this
approach is that it does not require thermal data, which is limited by the
coarse resolution of satellite sensors (100 m interpolated for Landsat 8/9
OLI and 90 m for ASTER TIRS) or the difficulties in undertaking and
processing data from thermal surveys from UAVs or field-based cameras.
Therefore, it has great potential to produce accurate estimates of debris
thickness. Nevertheless, local calibration of the @strem curve for the
conditions at Amola glacier would be required, as well as a geodetic
mass balance, ideally from high-resolution DEMs.

Finally, a global map of glacier debris thickness estimated using a
sub-debris melt-inversion and temperature-inversion approach is avail-
able from Rounce et al. (2021); the maximum debris thickness modelled
for Amola glacier is 0.16 m, which clearly underestimates ground ob-
servations, and does not capture the patterns observed in Fig. 6 with our
empirical approach; however, the approach uses calibration coefficients
for the melt- and temperature-inversion from other nearby glaciers
which might not be appropriate for Amola glacier.

6. Conclusions

In this study, we investigated meteorological and thermal conditions
of a small debris-covered glacier of the Italian Alps, Amola glacier, and
used an empirical model to estimate debris-covered ice melt over the
course of a month during the ablation season 2020. The model is based
on incoming shortwave radiation, surface temperature, thickness and
thermal resistance of the debris layer, assuming a linear temperature
gradient within the debris mantle. Incoming shortwave radiation was
obtained by estimating exoatmospheric radiation from a modelling
approach and correcting it for local cloud conditions using observations
from an automatic weather station; surface temperature was derived
assuming a linear relationship with shortwave radiation and debris
thickness; the latter was spatially extrapolated using satellite
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temperatures from Landsat 8 OLI while thermal resistance was calcu-
lated through a network of ablation stakes.

The model is able to capture debris thickness, surface temperature
and melt patterns of Amola glacier, including the increase in debris
thickness close to the terminus and the left flank of the glacier, with
consequent lower melt, and the decreasing debris thickness with
elevation, which leads to higher melt in the upper parts of the contin-
uous debris mantle. Modelled melt ranges between approximately 0.30
m and >1.50 m over approximately a month, with an RMSE of 0.16 m
compared to ground observations from 9 ablation stakes, corresponding
to 22% of average observed melt.

We also tested varying inputs to the melt model, by using off-glacier
weather stations to correct modelled exoatmospheric radiation and a
thermal image acquired 1 month apart from field observations to model
debris thickness. Observations from off-glacier automatic weather sta-
tions are unable to capture the local solar radiation receipts of Amola
glacier, with an RMSE of 17-34% of daily incoming radiation. However,
since the model empirically relates solar radiation to surface tempera-
ture in melt calculation, the stations can still be used for melt modelling
without compromising the accuracy. Similarly, using a thermal satellite
image acquired 1 month apart does not result in a higher RMSE of
modelled melt, which suggests a relative stability of the debris mantle
during the ablation season.

Alternative approaches might be tested to improve the estimates of
meltwater production of Amola glacier, based on solving the energy
balance; however, the approaches rely on a full set of meteorological
parameters to be acquired, and a comparison with off-glacier AWSs
should also be performed to investigate whether the latter can be used to
infer meteorological fluxes on the glacier surface.

In summary, our study provides an estimate of buried ice melt using
a simple empirical model with a small number of meteorological and
glaciological parameters obtained on the field. The performance of the
model is comparable with that of empirical models used for debris-free
and debris-covered ice in other glaciated regions. In view of the
increasing importance of debris-covered glaciers for the hydrology of
high mountain catchments, and of the logistic difficulties of installing
and maintaining on-glacier automatic weather stations measuring a full
set of parameters to derive the glacier energy balance, the empirical
model could be used to provide an estimate of buried ice melt in the
whole Adamello region. Further research is needed to extend the
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applicability of the empirical model in time and space.
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