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The Adamello Glacier is the largest glacierised area in the Italian
Alps and consists of five hydrographic units, the major in size being the
Mandrone Glacier which covered an area of 13.38 km’ in June 2003.

In order to assess the yearly mass balance of the Mandrone Glacier
the PDSLIM energy-balance model was applied: it is a seasonal snow-
pack model, adapted to glaciers and based on a distributed physically-
based two-layer snow and ice scheme. In this paper the investigated area,
the model and the hydrometeorological data used in input to the model
and for its verification are described. On a large scale, the accuracy of the
model in simulating the retreat of the snow covered areas during the melt
season is verified through comparison with remote images, resulting in a
86% correspondence of observed snow-covered pixels. Downstream
runoff measurements at the outlet of the Sarca di Genova basin at the
Ponte Maria station were used as a term of comparison of the simulated
summer melt. Runoff volumes measured over a twelve year period (1995-
2006) were used to validate the simulation of the glacier’s melt, resulting
in a correlation coefficient of 0.83.

The mean annual mass balance of the Mandrone Glacier over the
1995-2006 period results in an average water equivalent net loss of 1290
mm a™*, with a maximum value of 319 mm for the 2000/01 balance year
and a minimum value of ~3050 mm for the 2002/03 year.
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RiasSUNTO: RANZI R., GROSSI G., GITTI A. & TASCHNER S., Bilancio
energetico e di massa del Ghiacciaio del Mandrone (Adamello, Alpi Cen-
trali). (IT ISSN 0391-9838, 2010).

11 ghiacciaio dell’Adamello, I'area glacializzata pit estesa della Alpi
Ttaliane, consiste di cinque unita idrografiche, la pit grande della quali ¢
il ghiacciaio del Mandrone che ricopriva una superficie di 13.38 km’ nel
giugno del 2003.

Al fine di valutare il bilancio di massa annuale del ghiacciaio del
Mandrone, & stato applicato il modello di bilancio energetico PDSLIM:
un modello stagionale di bilancio energetico e di massa del manto nevoso
e delle superfici glaciali, di tipo distribuito e che suddivide il manto nevo-
so ed i ghiaccio in due strati. In questa memoria vengono descritti il mo-
dello di bilancio energetico e il sistema di monitoraggio idrometeorologi-
co utilizzato per le simulazioni e la loro verifica. A grande scala, dal con-
fronto dell’estensione del manto nevoso simulata dal modello con quella
classificata da immagini satellitari ¢ risultata una corrispondenza
dell’86%. I volumi di deflusso misurati alla sezione di chiusura del baci-
no del Sarca di Genova alla stazione di Ponte Maria per un periodo di
dodici anni (1995-2006) sono stati utilizzati per verificare la simulazione
della fusione del ghiacciaio. Il confronto dei volumi di deflusso con la
fusione del ghiacciaio ha dato buoni risultati, con coefficiente di correla-
zione pari a 0.83.

11 bilancio di massa medio annuo del ghiacciaio del Mandrone nel
petiodo 1995-2006 denuncia una perdita media netta di equivalente in
acqua di 1290 mm a'l, con valori di bilancio di massa compresi tra il
massimo di 319 mm per 'anno 2000/01 ed il minimo di ~3050 mm per
P’anno 2002/03.

TERMINI CHIAVE: Ritiro dei ghiacciai, Bilancio di massa, Bilancio
energetico, Ghiacciaio del Mandrone, Alpi Centrali.

INTRODUCTION

In the last decades a great attention has been devoted
to the analysis of the global climate and the potential im-
pact of its change on the hydrosphere and the cryosphere
(IPCC, 2007). Glacial retreat, observed worldwide since
the first decades of the 19" century at the end of the Little
Ice Age, together with its recent acceleration (WGMS,
2008; Paul & aliz, 2004), is one of the most remarkable
signs of global warming. In most cases a variation in the
physical characteristics (e.g. area, thickness, radiative pro-
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perties, water content, temperature, debris cover) of a
glacier is an index of a changing climate, as clearly indicat-
ed by conceptual models and supported by measurements
reported in several studies (see for example Kuhn, 1979;
Ohmura & aliz, 1992). This is one of the reasons for an in-
creasing interest in the monitoring and modelling of glaci-
er dynamics worldwide and on the documentation of “sig-
natures” of global warming that can result from investiga-
tions on the cryosphere.

Focusing on the Southern Alps, a retreat of the Italian
Alpine glaciers has been observed on average since the be-
ginning of the 1980s (Santilli & a/zz, 2002; Baroni & Car-
ton, 1990; Calmanti & aliz, 2007), at a greater velocity in
the eastern and central areas than in the western area. Ter-
minus fluctuations show that Italian Alpine glaciers under-
went a generalised retreat during the 20" century with one
readvance episode in the 1970s and a poorly documented
one around the early 1920s (Citterio & a/zz, 2007). Mass
balances evaluated through the glaciological method (Ka-
ser & aliz, 2003), have been estimated in Italy systematical-
ly since 1967 on the Caresér Glacier (Zanon, 1992; Giada
& Zanon, 1996) and are still performed there today (Car-
turan & Seppi, 2007). For other mid-size glaciers, some of
them close to the Adamello group, shorter time series are
available (see e.g. Diolaiuti & a/zz, 2002, Kaser & aliz, 1995).

The objective of this study is to assess the mass balance
of the largest glacierised area of the Southern Alps: the
Adamello glacier. It is known (Kuhn & aliz, 1985) that the
response of a glacier to climate fluctuations depends on its
specific geomorphological characteristics, such as topogra-
phy, aspect, hypsometry and glacier surface conditions in-
cluding the debris cover. Then, because of its geomorpho-
logical difference compared to midsize glaciers for which
mass balances are available, the Adamello glacier can be
considered as a representative example of large glaciers in
the same climatic subregion of the Alps as identified by
Auer & aliz (2007). Observations and modelling of its mass
balance variability can therefore be useful for investigating
the features of the response of glaciers to climate fluctua-
tions in the southern Alps and the impact of such changes
on runoff, sediment transport, local microclimate and
landscape.

Because of its large size and complex logistic it is diffi-
cult to estimate the mass balance of the Adamello Glacier
by using the glaciological method, and no systematic, long
term measurements of mass balance have been conducted
so far, although its changes in area and its terminus retreat
over the last two centuries are well documented (Marchet-
ti, 1978-1993; Baroni & Carton, 1990; Marchetti, 1999-
2004; Maragno & aliz, 2009), marking a 200 m retreat dur-
ing the 1953-2002 period. For this reason an alternative
approach was followed in the analysis reported in this
work: an energy balance physically-based and distributed
model was applied to assess the seasonal and annual mass
balance of the Mandrone Glacier, the major glacial unit of
the Adamello Glacier, drained by the Sarca di Genova riv-
er. To this aim meteorological, hydrological and glacio-
logical data from 1995 to 2006, were collected and
processed, as described in the second section. Then the
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energy-balance model and the resulting mass balance com-
putation is presented in the third section. The annual mass
balance was then estimated for each of the twelve years
and discussed as reported in the last two sections of the

paper.

THE STUDY AREA AND THE
HYDROMETEOROLOGICAL DATA

THE ADAMELLO AND MANDRONE GLACIERS

The Adamello massif, with a maximum altitude of
3539 m as.l., is located in the eastern part of the Central
Italian Alps. Its slopes, including the Adamello Glacier,
belong to two different administrative regions: the Lom-
bardia region (specifically the province of Brescia) and the
Trentino-Alto Adige/Stidtirol region (specifically the pro-
vince of Trento). Fig. 1 shows the boundaries of the study
area and the location of some of the meteorological sta-
tions and the two hydrometric monitoring sites used for
our analysis.

At the end of the 19" century, as reported by Payer
(1865), some authors considered the Adamello Glacier as
a single glacier, consisting of one accumulation zone and
several effluences radiating out in the respective valleys. If
we still consider the Adamello Glacier as a unique con-
nected glacial unit (as for instance in S.G.L., 1992), the
area of its glacierized surface is the widest in Italy (Baroni
& Carton, 1996). It measures 17.24 km® according to the
analysis of the ASTER satellite image scanned on the 20"
of June 2003. The official Ttalian Glacier’s Inventory (Co-
mitato Glaciologico Italiano - C.N.R., 1961) divides the
glacier into six units: the Pian di Neve plateau and the
Miller Superiore, Salarno, Adamé, Corno di Salarno and
Mandrone glaciers effluences, located in four separate val-
leys. The mass balance study presented here is focused on
the Mandrone Glacier, the major hydrographic unit, cod-
ed as 1-41.01011-15 in the World Glacier Inventory, which
generates the major source of the Sarca di Genova river:
its area measures 13.38 km’ as estimated from the 20" of
June 2003 image, and taking into account the ice flow di-
rection observed over Pian di Neve and the glacier’s divide
identified by Baroni and Carton (1996). It can be consid-
ered as a valley glacier (C.G.T., 1994) with a north-east
facing tongue, and altitude ranging from 2586 m a.s.l. to
3406 m a.s.l., as detected from the ASTER image superim-
posed on a digital elevation model. The mean altitude of
the glacier was about 3040 m a.s.l. in summer 2003. The
glacier is surrounded by high mountains as Monte
Adamello, Punta Venerocolo and the Lobbia Alta peaks,
shown in fig. 1.

In the scientific literature several studies are reported
dealing with the Adamello Glacier. Pioneer field surveys
were carried out by Julius Payer in 1864 and published
one year later (Payer, 1865). Since then, after the end of
the Little Ice Age, the glacier has been monitored, with in-
creasing intensity in the second decade of the last century.
The terminus retreat has been monitored on a continuous



FIG. 1 - Val di Genova map on the
UTM coordinates grid: the hydro-
logical basins (light grey) and the
glacier’s boundaries (white line)
are outlined, together with the
two hydrometric (white triangles)
and the nearest meteorological
stations (white squares). The
Mandrone Glacier boundaries are
in black. Black triangles indicate
major mountain peaks surround-
ing the glacier.
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basis (Marchetti, 1978-1993; Marchetti, 1999-2004) until
today and data archived by the WGI. A first estimate of
the glacier thickness by using geophysical methods was
provided on the basis of seismic observations by Carabelli
(1961) who estimated a maximum thickness of 260 m; As-
tori & Togliatti (1964) used aerial photogrammetry to pro-
duce a detailed topograpic map with 5 m interdistace in al-
titude. Other works by Baroni & Carton (1990, 1996) and
Baroni & alii (1992) were mainly focused on the recon-
struction of the glacier variations in the past using differ-
ent methods. Recent studies by Frassoni & a/z7 (2001) pro-
vided measurements with georadar of the Adamello Glaci-
er’s thickness, which ranged in the 1997 and 1998 years
from a maximum depth of 240 m in the Pian di Neve area
close to Passo Adameé to 50 m in the tongue close to the
terminus; Ranzi & Taschner (2005) estimated snow, firn
and ice albedo with satellite images and in situ measu-
rements and Baroni & aliz (2004) investigated the per-
mafrost environment in the surrounding areas. Recently
Maragno & alzi (2009) documented changes of the areal
extent of the Adamello glacier, compared to the ongoing
decline of Alpine glaciers.

METEOROLOGICAL AND SNOW MEASUREMENTS

Meteorological and snow monitoring over the study
area was actually conducted after a critical analysis and
processing of meteorological and hydrometric data provid-
ed by a network of gauges in the surrounding area (about

800 km?) of the Adamello Glacier (see fig. 2): data from 17
meteorological stations and 15 snow depth and density
measurement points were processed altogether over the
1995-2006 monitoring period. Most of the monitoring sites
are located at an intermediate altitude, i.e. between 900
and 2000 m a.s.l., but several others are located at a high al-
titude, over 2000 m a.s.l. As the hypsometry of the glacier
ranges from about 2600 to 3400 m a.s.l., great attention is
paid to a proper description of the physical processes and
meteorological variables occurring at high elevations. At
this aim meteorological measurements referring to high al-
titude sites as close as possible to the Mandrone Glacier
were selected to drive the model simulations.

For the 1995 and 1996 ablation seasons, air tempera-
ture, humidity, wind speed, incoming radiation and atmos-
pheric pressure data recorded at the meteorological station
installed by ENEL on the glacier at Passo Adame (3150 m
a.s.l.) were assumed to be representative of the Mandrone
glacier’s conditions. As this station was later no more in
operation, for the 1997 to 2000 period, the most represen-
tative monitoring site was assumed to be the Cima Presena
station, located at 3015 m a.s.l. on a peak close to the
glacial environment. In the following six-years period the
meteorological information required to simulate the glaci-
er energy and mass balance was mainly provided by the
automatic weather station installed at Passo della Lobbia
Alta (3020 m a.s.l., see fig. 1) on the 9" of August 2001. At
that time the station was based 3 m deep in the snow accu-
mulated on the top of the Lobbia glacier (see fig. 3) and a
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R (1650 m, asl)

few tens of metres away from the Mandrone glacier. Ice
was found at the bottom of the basement at the time of the
installation, but in the successive years both the Lobbia
and the Mondrone glaciers retreated some tens of meters
far from the station. The Passo della Lobbia station mea-
sured air temperature and humidity, wind speed and di-
rection, net shortwave and longwave radiation with LSI-

FIG. 3 - The Passo della Lobbia Alta (3020 m a.s.l.) meteorological
station. Wind speed and direction, air temperature and humidity, incom-
ing and reflected global radiation and net radiation are measured. The
photograph was taken on the 17th of August 2001, eight days after the
installation. On the right: Crozzon di Lares peak (3354 m a.s.l.).
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Fi1G. 2 - The meteorological
monitoring network: the white
rectangle is zoomed in fig. 1.
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LASTEM instruments and shortwave incoming and reflect-
ed global radiation with a Kipp & Zonen albedometer.
Even if in the following years the Lobbia glacier retreated
from the station’s site, this site is still considered a good ref-
erence for the meteorology of the investigated area because
of its altitude, its location between two glaciers and because
of the local winds and radiation conditions.

Only when missing data were present, the surrounding
stations of Cima Presena, Capanna Presena (2730 m
a.s.l.), also close to a glacier, Pantano d’Avio (2325 m
a.s.l.) and Passo del Tonale (1880 m a.s.l.) were used. The
correlation of data from the surrounding stations with re-
spect to those at Passo Adame and Passo della Lobbia Al-
ta was used to estimate meteorological conditions repre-
sentative for the glacier. Missing temperature data were es-
timated on the basis of a temperature lapse rate computed
from the network of surrounding stations. Temperature
data recorded at Cima Presena have a linear correlation
coefficient with the Passo della Lobbia data in the range
0.94-0.96 and a bias of +0.2 °C at 0°C. Also radiance,
wind speed and humidity data of Cima Presena were close
to the Passo della Lobbia data. The houtly air temperature
recorded at Passo della Lobbia Alta during the month of
August, which is the most relevant for the energy balance
as the highest ablation occurs, is plotted in fig. 4: data start
from year 2001, when the meteorological station was in-
stalled. For the year 2004 and for the days prior to the sta-
tion’s installation on the 9" of August 2001 data were re-
constructed after the Cima Presena hourly data. Signifi-



FIG. 4 - Hourly air temperature

Passo della Lobbia Alta (3020 m asl)

recorded in the month of August
at Passo della Lobbia Alta (2001
to 2006 years). On the 7" of Au-
gust 2003 a temperature value of
15°C (black circle) was measured
at 12:00 local time (CET) at the
station. For the rest of August
2003 and some missing values in
the other years data, e.g. in August
2001 before the 9" of August, da-
ta were reconstructed with values
recorded at Cima Presena (3015 m
a.s.l.) station.
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cant inter-annual differences, up to 15 °C, can be noticed
and the extremely hot temperatures of the 2003 summer
are evident from the data. Mean annual and monthly tem-
peratures estimated at the site of the Passo della Lobbia
Alta station are reported in tab. 1.

Precipitation recorded at Passo del Tonale or at Vasca
di Genova (the closest station in the Sarca riverbasin, at
900 m a.s.l. altitude) was assumed as a reference, but a
correction factor was applied as altitudinal precipitation
gradients were observed in the surrounding area. In fact,
thanks to measurements conducted with a precipitation
totaliser until the 1970s, a mean annual precipitation of
1421 mm was measured at 2441 m a.s.l., two kilometres
apart from the Mandrone glacier, over the 1963-1972 peri-
od. An annual precipitation lapse rate [,=0.312 mm m"
and a reference annual precipitation at sea level estimated

as P,=717 mm (over a dense network which was available
in that period at high altitudes) were applied to correct
precipitation data in our simulations, assuming an altitu-
dinal linear trend and a multiplicative correction factor
as in Ranzi & alii (1999). See also Beniston (1997)
Brunetti & ali7 (2000), Laternser & Schneebeli (2003) for
reference on this issue.

Incoming global shortwave radiation data were used in
input to the energy balance model. Net radiation and re-
flected shortwave global radiation data, collected over the
2001 to 2006 period at the Passo della Lobbia Alta meteo-
rological station, were used to validate the net shortwave
and longwave radiation components of the energy balance
model, described in the next section.

Surface properties of the Mandrone glacier were sur-
veyed by field investigations throughout the 2001-2008 pe-

TABLE 1 - Mass balance of the Mandrone Glacier (1995-2006) and hydrological regime of the Sarca di Genova basin. The mean annual mass balance of
—1290 mm results as the sum of the winter mass balance estimated as the April 1% snow water equivalent (673 mm) and the summer
glacier’s mass balance (-1963 mm)

Sum/
J] F M A M J J A S O N ol
Rain on snow » (mm) - - - 0 9 47 44 43 22 - - - 166
Snowfall s (mm) - - - 150 135 73 35 54 64 - - - 513
"5 Sublimation from ice e,, (mm) - - - 0 0 -1 -5 -8 2 - - -12
S Snow evaporation e, ,,, (mm) - - - 20 2 21 13 7 9 - - - 9
S Tee melt ,, (mm) -~ = 0 0 97 426 594 252 - -~ 1368
g Snowmelt 72, (mm) - - - 0 88 538 371 140 53 - - - 1190
E Snow water equivalent (1% day of the month) (mm) - - - 673 803 87 398 93 43 67 - -
= Glacier’s mass balance 5 (mm) - - - 130 34 535 726 -636 230 - - - -1963
Rain on ice 7, (mm) - - - 0 0 9 38 55 13 - - - 115
Total precipitation p (mm) 150 144 129 117 152 99 791
Mean monthly temperature at Passo della Lobbia® (°C) -10.2 -10.2 -85 -63 -12 23 42 40 09 -13 7.0 94 35
% Runoff at Ponte Maria®> (mm) - - - 62 203 330 369 316 167 112 - 1559
g Runoff at Ponte Maria® (m’/s) - - - 1.8 587 988 10.69 9.14 498 3.25 - 654
3 Corrected precipitation? (mm) 875 63.6 8l.6 1685 1223 151.7 1494 1155 168 210.7 165.7 1165 1601
s Runoff at Vasca di Genova* (mm) 93 143 226 60.7 1844 2532 288.0 2375 1289 63.1 313 521 1345
& Runoff at Vasca di Genova* (m?/s) 048 0.82 1.17 324 953 1352 1488 1227 6.88 326 167 269 5.90

! Area 13.38 km?.

2 Station altitude 3020 m a.s.l.. Missing data (e.g. in the period 1995-2000) are interpolated from surrounding stations after estimating the temperature lapse rate.

> Basin area 77.52 km?. Observation period (1995-2006).
4 Basin area 138.4 km?. Observation period (1989-1996).
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riod. The objective was to observe the glacier’s surface and
the position of the transient snowline and the firn and
measure some physical properties of snow and ice, rele-
vant for the energy balance model, such as albedo and
snow density. A detailed field survey was carried out dur-
ing the summer of 2002 on the Adamello Glacier, aimed at
monitoring the physical characteristics of the snow and es-
timating the albedo in several sites. On the 19" and the 20"
of August 2002, air temperature, incoming and reflected
radiation were measured, together with temperature, den-
sity, liquid water content, shape and size of the snow
grains in six different sites. Other snow density measure-
ments were conducted in the following years. Seasonal
snow density ranged, on average, between 300 kg m” in
June and 510 kg m~ in August. Point albedo measure-
ments of seasonal snow at four different sites were in the
0.4-0.5 range, while ice surface reflected from 20% to
30% of incoming radiation.

STREAMFLOW MEASUREMENTS

The hydrometric station located at Ponte Maria at
1100 m a.s.l. altitude, (fig. 1 and fig. 5) records the water
level of the Sarca di Genova river, downstream the glacier,
gauging a drainage area of 77.52 km’®, 25% glacierised. A
second downstream measurement station named Vasca di
Genova is located at the intake of a sedimentation basin of
a hydropower system at 900 m a.s.l. altitude and draining
an area of 138.4 km’, 18 % glacierised.

FIG. 5 - Ponte Maria hydrometric station (1100 m a.s.l.), with the staff
gauge on the right bank of the bridge and the ultrasonic hydrometer in
the centre.
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For the gauged section of Ponte Maria we carried out
seven discharge measurements in the period 2001-2005
(tab. 2) to calibrate a stage-discharge rating curve (fig. 6).
A power-law analytical expression, as widely used in the
hydrological practice for the discharge rating curve, was
adopted:

O=a-(h-h,), (1)

where Q (m’/s) is a function of the water level / (m), mea-
sured with a CAE ultrasonic hydrometer, 5, is a reference
level (m) and « and 4 are calibration parameters. The best

TABLE 2 - Discharge measurements at the Sarca di Genova at Ponte
Maria hydrometric station (1100 m asl) in the period 2001-2005. On the
12" december 2005 the stream was partially frozen

Water

level

Date and time

Discharge Area Velocity

surface  surface
mean

mean maximum

(m) (m’/s)  (m?) (m/s) (m/s) (m/s)

03/06/2001 12:25 - 16:40  0.75 6.2 7.0 0.8 1.10 1.77
18/08/2002 14:20 - 16:20  0.78 7.8 84 093 1.24 1.74
18/8/2005 10:30 - 12:25 0.67 52 75  0.69 0.8 17

18/8/2005 14:30 - 15:45 0.89 12.3 121 1.01 1.31 3.15
19/8/2005 08:00 - 09:30 0.61 5.1 65 079 0.97 1.77
04/11/2005 10:45 - 12:30 038 15 3.7 0.4 0.47 0.812
12/12/2005 13:30 - 14:50  0.37 0.8 1.8 046 051 118

60 ' I

0 L | L | 1 |
0 0.3 0.6 0.9 1.2 15
h (m)

< Stream-gauges at Ponte Maria hydrometric station (1100 a.s.l.)
The stage-discharge curve at Ponte Maria hydrometric station

FIG. 6 - The stage-discharge curve for the Ponte Maria hydrometric
station.



fit of measurements was obtained assuming ¢=18.317,
h=2.996, h,=0 m. Before the 19" September 1999, when a
flood carrying coarse debris and gravels raised the level of
the cross section, the reference level h, was set to —0.05 m,
so that early spring runoff before that period was in agree-
ment with the mean values of the following period. The
high value of the 4 exponent reflects the shape of the cross
section, including a lateral by-pass channel receiving water
in excess of a threshold level of about 0.7 m.

The reconstruction of the mean hydrological regime
at Sarca di Genova was possible thanks to the availability
of raingauge data and runoff measurements at the intake
of the Vasca di Genova reservoir over the 1989 to 1996
period. Daily data at Vasca di Genova support the verifi-
cation of the accuracy of the stage-discharge rating curve
at the Ponte Maria hydrometric station, as fig. 7 shows.

300 T T
© Vasca di Genova daily runoff
250 + Ponte Maria hourly runoff
—Ponte Maria 24 h moving average
200

150 +

100 4

specific discharge q (15" km?)

50

1-4-85 1-585 1-6-95 1-7-956 1-8-85 1-9-95 1-10-95

FIG. 7 - Comparison between the hourly specific discharge at the Ponte

Maria hydrometric station (altitude: 1100 m, area: 77.52 km’) and the

daily discharge measured at Vasca di Genova (altitude: 900 m a.s.l., area:
138.4 km?).

It has to be considered, however, that the Vasca di Gen-
ova inflow underestimates the Sarca di Genova runoff
because environmental flow is released downstream the
basin and large floods are not measured. As represented
in fig. 7, the amplitude and the timing of the hourly spe-
cific runoff measured for the Sarca river at Ponte Maria
and the daily runoff measured at Vasca di Genova are in
good agreement. The runoff regime of Sarca di Genova
is of the glacial type, with a single maximum in summer
and a high correlation with mean monthly air tempera-
ture. A different behaviour is shown by the precipitation
regime, with areal precipitation estimated with Thiessen
polygons and taking into account systematic measure-
ment errors and altitudinal precipitation gradients as de-
scribed in Ranzi & aliz (1999). Two precipitation maxi-
ma occur, a major one in autumn and a second one in
spring (fig. 8 and tab. 1). The runoff coefficient of the
basin, i.e. the ratio between annual runoff and precipita-
tion, is 83 %.

Sarca di Genova meteorclogical and runoff regime
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2006 years) and Vasca di Genova (1989-1996 years) runoff stations, and

mean monthly air temperature reconstructed at Passo della Lobbia Alta
(1995-2006 years).

SATELLITE MONITORING

Because of the areal extension of the Adamello Glacier
and the wide spatial variability of the radiative properties
of its ice, firn and seasonal snow cover, satellite images
characterized by high spatial resolution are of fundamental
importance to estimate maps of albedo and to monitor
temporal and spatial variability of transient snow covered
areas.

To achieve these objectives ASTER images scanned
from the TERRA satellite were chosen on a cost-efficiency
basis. These images were made available within the
GLIMS project (Kargel & aliz, 2005). The 15 m spatial res-
olution of these images permits to obtain detailed albedo
maps of the snow cover and the ice surface, suitable for
the available DEM resolution. The radiative module im-
plemented in the energy balance model, including a sun-
tracking algorithm to compute shadowed areas and inci-
dent direct radiation, the computation of direct and dif-
fused radiation from the sky and the surrounding terrain
and a spectral atmospheric attenuation model derived
from literature data were used to simulate distributed inci-
dent radiative flux. With the radiance reflected by the sur-
face to the sky measured by the satellite-borne ASTER
sensor on the 23" of August 2003 image and assuming an
atmospheric albedo of 0.07, a distributed albedo map was
derived. Over the ice covered areas the mean reflectivity
was 0.5, while the snow patches still present in late August
reflected 83 % of incoming radiation. The slightly higher
albedo of ice we estimated, compared to that assumed by
Klok & Oerlemans (2002) for the Morteratschgletscher, in
Switzerland, can be explained by the fact that ice crusts
and crystals are often observed on the Mandrone ice sur-
face, possibly because of frequent sublimation and evapo-
ration cycles. Snow albedo values are in agreement with
literature data and with in situ measurements.

Typically albedo values of ice surfaces are marked out
by a higher spatial variation and a lower temporal variation
than snow covered areas; for example, the presence of de-
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bris cover over a glacier decreases the value of the albedo,
while ice crusts, which form as a result of sublimation and
evaporation and are often observed over the Mandrone
glacier, increase the value of albedo, if compared with val-
ues over pure ice. Snow albedo is characterized by a high-
er temporal variability, that is, albedo values can change
by 30% in a few days. For example, albedo values mea-
sured at Passo della Lobbia Alta, from the 26" of May, just
after a spring snowfall, up to the 6" of June of 2005, varied
from 0.85, a typical value for fresh snow, to 0.55 a typical
value for wet snow. One station installed on the Mandrone
glacier in the summer of 2008 measured ice albedo in the
0.3-0.5 range and fresh snow albedo in the 0.7-0.9 range.
In the model, while ice albedo is assumed as a distributed
map derived from the satellite image, and constant in time,
the distributed snow albedo is assumed to change accord-
ing to a model described in Ranzi & Rosso (1991) which
takes into account season, snow metamorphosis and dif-
fused radiation.

METHODS

ANNUAL MASS BALANCE

Among the different methods to assess the mass bal-
ance of a glacier, when the access to large glaciers is dif-
ficult for the glaciological method to be adopted, the hy-
drological method can be a valid alternative. It implies
the estimation of outgoing and incoming water volumes
to the glacier over a given period, typically one year
or the accumulation and the ablation seasons. In order
to properly evaluate the outgoing mass, a reliable esti-
mate of snowmelt and icemelt is necessary and the appli-
cation of a distributed energy balance model can be
adopted. Runoff measurements can also be conducted
for verification.

For each of the twelve hydrological years 1995-2006
the annual mass balance of the Mandrone Glacier, ex-
pressed in terms of equivalent water volume B [L’], was
estimated as the sum of the winter balance and of the
summer balance, each lasting six months. For a given hy-
drological year, it is assumed that winter starts on the 1"
of October, denoted as #,,, of the previous year and ends
on the 31" of March, denoted as #;,, of the current year.
The ablation season starts, in our working assumption,
on the 1" of April, ¢, = ¢, of the balance year, when the
first spring snowmelt episodes are detected in some years
on the hydrograph at the Ponte Maria hydrometric sta-
tion (see for instance fig. 7), and ends on the 30" of Sep-
tember, #;, of the balance year. For the Mandrone Glaci-
er’s surface, A, outlined in fig. 1 and assumed to have a
constant area of 13.38 km” over the twelve year simula-
tion period, the mass balance B is computed as the sum
of the balance of the snow-covered areas changing in
time, A,,,,(2), and that of the firn- or ice-covered areas,
assumed as a single unit, with area A,,(2), also changing

in time. The total glacier’s area is then constant and equal
t0 A=A, (D+A,.(1).
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WINTER MASS BALANCE

The winter glacier’s mass balance, B,, is estimated as
the sum of the firn and ice mass balance and of the snow
mass balance. The firn and ice winter mass balance, B, .,
is assumed to be equal to the total volume of the snow wa-
ter equivalent left at the beginning of the balance year,
S eq(t0,), which starts its metamorphosis into firn and later
ice. Ice melt is assumed to be negligible in winter. The
snow winter mass balance, B,,,,,,, is given by the differ-
ence, S,.,(ti,) - Sue(ts,), between the snow water equiva-
lent measured at the end, S,.,(t,), and that simulated at
the beginning of the winter period, S,,,,(%,,), the last often
being small or negligible. The snow water equivalent on
the 15t of April of each year is estimated by interpolating
with a logistic curve the snow water equivalent measure-
ments available from a network of about fifteen stations
available in the domain of fig. 1 up to an altitude of 2700
m. As a result, the glacier’s winter mass balance is:

Bu - BV\ .|cc+Bw,‘.lm\\- = Swuq(tﬁn) + S\wq(tt‘v\) — chq(tﬁn) = chq(tt'w)' (2)

This assumption is consistent with the literature (see
for instance Ohmura & a7z, 1992).

SUMMER MASS BALANCE

Over the snow-covered areas the snow mass balance,
B, ;00> With dimension [L’] is computed as the sum of the
point mass balance over each pixel of the domain, measur-
ing dA=30 m x 30 m= 900 m”:

B's_\lllm'= S\Acq(tfs) gk Sum(tlla)=

=J' f[r{A{t), t) +s(A(t), 1) -m_,. (A(t),t) e, (A(t),t)]dAdt . (3)

ts Asmo (1)

where r represents the rainfall rate, s is the snowfall, #2,,,,
is the snowmelt (including drainage of the snow liquid wa-
ter content) and e, represents net snow evaporation and
sublimation losses. All these terms have dimension [LT™].
Because rainfall over firn and ice areas is assumed to flow
as runoff on the surface and in subsurface channels of the
glacier the summer balance B, ,, of this part of the glacier,
with area A,,(2), is always negative being the sum of the
melt rate, 7z,,, and sublimation rate, e,,, computed as:

we’ wey
L

Bum [ [T-mi (AD.D) - e (A(D, DIdA . 4)

fgs A1)

As a consequence, the summer mass balance of ice and
snow over the glacier’s area A, is

1
fi

B\:J' f[pm“_ (A(t),t) - m(A(t),t) - e(A(t), t)]dAdt . (5)

tys Ag (1)

Where p,,,, represents total precipitation rate, either
rain, 7, or snow, s, over snow, #=m,,,,, 17,, the total melt,
including drainage from the snowpack, and e=e,,,,+¢;, eva-
poration and sublimation from snow and ice, all terms
having dimension [LT™] and negative sign when conden-



sation of air water vapour occurs. Total precipitation over
the glacier, p, is the sum of total precipitatiom on snow,
Punows and rain on ice, 7, which does not contribute to the
glacier’s mass balance because it runs off the glacier’s sur-
face. The annual mass balance is given by the sum of the
winter and summer mass balances:

t

B=S,.,(t,)+ J‘ JTP o (A0 - m(A(D), ) - e(A(), D]dAdL . (6)

oy Ay (1)

The annual specific mass balance over a unit surface of
the glacier, with dimension [L], can be obtained as:

B B_.+B,
b T Avd,, @
' ice Stow

The basic terms of equations (1) to (6) are given in tab.
1, where they are reported with the same notation as
above, but in units of volumes per unit surface of the glac-
ier, that is expressed in millimetres of water equivalent
over the computational period. Areal changes are neglect-
ed in our computation as their estimation would require a
continuous monitoring of the glacier’s areal extent.

ENERGY BALANCE OF SNOW AND ICE

In the following, the hypotheses of our energy bal-
ance modelling framework, called PDSLIM (Physically
based Distributed Snow Land and Ice Model), are briefly
described. This model is a development of the PDSM
model, already applied at the catchment scale to simulate
snowmelt in two alpine basins, Cordevole (Ranzi &
Rosso, 1991) and Toce (see Grossi & Falappi, 2003
where the model’s transpiration component is de-
scribed). At the point scale the temperature and liquid
water content dynamics of the snowpack model were ver-
ified with microwave radiometry during the MASMEX
experiment, in the Cordevole test-site (Cagnati & alzi,
2004; Macelloni & aliz, 2005). The adaptation of PDSM
to simulate the energy balance of glacierised basins was
already tested for the debris-covered Belvedere Glacier
(Ranzi & aliz, 2004).

For a unit area and finite depth layer of ice or snow su-
perimposed over ice, the melt rate can be computed from
the energy balance equation

Hm+ H(' = Sr'ra it L’fra + H}' + H_\ + H;- £ H.lc' 2 (8)
where the terms, with units W/m’, represent, respectively:

H,,: energy available for melt,

H.: internal energy of the ice or snow layer,

S,.: net shortwave radiation,

L,,: net longwave radiation,

H;: latent heat,

H.: sensible heat,

H,: advective heat from precipitation,

H,: conductive heat at the bottom surface of the ice or
snow layer,

For an ice or snow layer with finite depth Az, specific
heat C, density p and mean temperature T, thermal energy
changes over time, #, with a rate

H.=C p Az dT/dt . )

The specific heat of ice is set to C=C=2093.4 ] kg™ K"
and its density is assumed p=p=830 kg m”, a literature
value for firn (Paterson, 2004) which can be adopted also
for ice at the surface, where ice porosity is high. The rela-
tively low ice density, close to literature values for firn, was
adopted because ice crusts and sublimation crystals were
often observed on the glacier’s surface, resulting on higher
porosity. For snow, instead, density p=p, changes over
time according to the snowpack simulation model already
described in Ranzi & Rosso (1991) and Cagnati & aliz
(2004). Details of the computation of the shortwave and
longwave radiation terms of the equation, S,, and L,,, after
global shortwave radiation measurements, R, are basically
those reported in Ranzi & Rosso (1991; 1995). In the ap-
plication to glacierised areas, the diffused shortwave radia-
tion from the sky, computed as R, and the fraction of the
measured incoming global radiation, R,,, reflected by the
terrain surrounding each point with average albedo a,(x,y)
contribute to the flux of diffused radiation at each point,
R, (x,y). Considering the sky view factor, V,, i.e. the frac-
tion if the sky hemisphere surrounding each point, and the
terrain view factor, V,, which is its complementary value
V=1-V, the diffused radiatio R ,(x,y) results:
R(xy)=R, V(x,y)+ a(xy) R, V(xy) . (10)

Turbulent heat fluxes of sensible and latent heat (see
for instance Hock & Holmgren, 2005; Denby & Greuell,
2000), H, and H; respectively, are computed according to
the mixing length theory, assuming stable conditions at the
snow and ice surfaces. This is a reasonable hypothesis dur-
ing the melt season, in the lack of more detailed measure-
ments of the wind field and the turbulent structure which
are known to be complex (Brock & aliz, 2006; Smeets &
alii, 1998, 2000), but are seldom measured in detail over
glaciers. Accordingly H, and H, can be computed as:

H =p,C,D(T,-T), (11)
0.622
H, =Lp,D, (e, ~e,)s (12)
p
ku
D,=D, =——FF—, 13
! [In(z/zy)]? (13)

being D,, D, turbulent heat and momentum exchange
coefficients and

p, (kg m”): air density,

C, (J kg” K™): specific heat of air,

p (Pa): atmospheric pressure,

T, (K): air temperature at height z,

T, (K): ice or snow surface temperature,

e, (Pa): air vapor pressure,
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e, (Pa): vapor pressure at the ice or snow surface,

L, (J kg™): latent heat of sublimation.

u, (m s™): wind velocity at measurement height z, assumed
the same reference height for temperature and humidity,
z, (m): surface acrodynamic roughness,

k=0.4: Von Karman constant.

Surface roughness z, is assumed 0.007 m for ice after
Hock (1998), while for snow it is 0.003 m (see for instance
Pliiss & Mazzoni, 1994). The measurement height z is 6 m
in the case of the Passo della Lobbia meteorological sta-
tion in late summer, when the seasonal snow is, generally,
completely melted. When snow is present, according to
measurements or simulations, the effective measurement
height is computed as the distance between the height of
the sensor and the snow surface depth simulated by the
model. It is worth noticing that in the year the station was
installed, 2001, 3 m of snow were still present in August
(see fig. 3), the maximum value observed for that month
over the 2001 to 2008 measurement period at that site.

Both air temperature and atmospheric pressure were
estimated at each 30 m x 30 m grid cell of the glacier’s
Digital Elevation Model on the basis of the respective alti-
tude gradients. No correction was applied to measured
relative humidity.

Conductive heat, H,, at the bottom of a surface ice or
firn layer 0.1 m deep is computed according to the Fourier
law:

H.=K,dT/dz . (14)

with K, the thermal conductivity of ice (W m™ K™), deter-
mined after Paterson (1994) as a function of the mean
temperature of the ice layer, T,

K,=9.828 exp (-0.0057 T)) . (15)

The surface ice or firn layer is assumed to exchange
conductive heat with an underlying isothermal, semi-infi-
nite, ice layer at constant 0°C temperature, T, a reason-
able assumption for a temperate glacier in the melt season.

With this assumption, the conductive heat flux gained
from the glacier over the time step [t, t,, =t +At], by the
surface ice layer, with mean temperature T, at the begin-
ning of the time step, results:

CpK,
7 At

H =2

(Tg == T:k) J (16)

Let  and ¢ represent the constant terms

a=Cp; Az/At , (17)
Cpk
fimid /‘07 (18)
T At
and H, the heat flux
Hk=Sio+Lfrr+ H|f+ H\'+ Hp . (19)

computed at the beginning of each computational time
step [ty, t..,] in a finite difference implicit scheme to solve

54

in time the energy balance equation (8) for the finite vol-
ume of the surface ice layer assumed 0.1 m deep. Then,
combining equations (9), (16), (17), (18) and (19), assum-
ing first that H,,=0 we can solve equation (8)

H.=H, +H,, (20)

with respect to the unknown mean ice temperature, T}..;,
at the end of the computational time step:

ATy - To)=Him (T, + T2, (21)
obtaining
T =[H AT, (a-c/2)]/(a+e/2) . (22)

If T,,., results higher than 0°C the ice temperature is
set to 0°C and the surplus heat available for ice melt is

Hm=ma‘r(a T‘I‘JHI '0) d (23)

The surface ice temperature, T,, which is needed to
compute the radiative and convective terms of equation
(8) at the successive computational time step, assuming a
linear temperature profile within the ice layer, is set twice
the mean ice layer temperature, T, =2 T}.,;.

A similar numerical scheme is adopted to simulate con-
ductive heat fluxes in the upper snow layer, 0.1 m deep,
and at the bottom of the snowpack.

When the temperature of the ice or snow layer reaches
0°C, melt can occur at a rate 7z (m s™) computed by divid-
ing the energy flux H,, by the latent heat of fusion of ice,
L,=334944 ] kg™, and the water density, r,, being 7,=
1002.28 kg m” at 0°C:

Micelsnow™ Hm/LI/ ,On' . (25)

RESULTS

MASS BALANCE OF THE MANDRONE GLACIER

The time variability of the annual mass balance of the
Mandrone Glacier is shown in fig. 9, where the time series

5000 e =1 Winter balance 3
&% =1 Summer balance
4000 T | T . fnnual balance 2500
“‘H!\.\‘ B Annual balance Careser
3000 - T F—a—h mass balance 5000 G
\\L -'—'_'_'\r-almmuhled mass balance Careser z
—~ 2000 “a_| I 7500 E
o | T ! | E
: | i 8
g 1000 - re 5 -10000 £
E SN i b
8§ o 12500 g
1 [-]
§ E
-1000 1 -15000 o
2 8
2 2000 = ]| | sl A7s00 2
-3000 | 1 b -20000 <«
-4000 : T -22500
-5000 - - -25000

1985 1996 1997 1598 1999 2000 2001 2002 2003 2004 2005 2006

FIG. 9 - Mean winter, summer and annual mass balance and mean accu-

mulated balance modelled for the Mandrone Glacier compared with the

annual and accumulated measured mass balance of the Careser Glacier
(Carturan & Seppi, 2007).



of the accumulated mass loss of about 15475 mm of water
equivalent, estimated for the 1995-2006 balance years, is
also represented. This corresponds to an estimated average
mass loss of 1290 mm a equal to the sum of the mean
winter mass balance, 673 mm, estimated from equation (2)
as the mean areal snow water equivalent on the 1" of April
of each year, and the mean summer mass balance, given by
equation (5) and reported in tab. 1 and tab. 3 and result-
ing in —1963 mm a. The terms of equations (3), (4) and
(7) computed for the ablation season are listed in tab. 1.
The ablation rate during the ablation season strongly de-
pends on the meteorological conditions occurring each
year over the melting surface. In fact the boundary meteo-
rological conditions induce a meaningful change in the val-
ue of the heat fluxes involved in the energy balance. With
reference to the Mandrone Glacier and to the melting sea-
son, tab. 3 lists the mean annual and summer (from June
to August) air temperature estimated at the site of the Pas-
so della Lobbia Alta meteorological station, together with
the winter, summer, annual and accumulated balance esti-
mated over the twelve years (1995-2006). It is possible to
observe, also from the data plotted in fig. 9, that for the
year 2003, when the highest value of the mean summer
temperature (6.7 °C) was recorded, the highest mean an-
nual mass loss of 3050 mm of water equivalent was ob-
tained. Conversely, the highest positive balance of 319 mm
w.e., was obtained for the year 2001, owing to the highest
initial mean water equivalent observed over the simulation
period (1458 mm). This confirms an established consensus
in the scientific literature, stating that key factors influenc-
ing mean annual net balance, b, are summer temperature
Tja and winter balance 4,, (which is often assumed, as
here, as the end of the winter snow water equivalent)
summed to summer precipitation P (Ohmura & aliz, 1992).
The simple multiple linear regression equation:

b=-1258 473 T,,,+1.123 (b, + P) . (26)

TABLE 3 - Mean annual and summer (from June to August) air tempe-

rature estimated at Passo della Lobbia Alta (3020 m asl), mass balances

expressed in millimetres of water equivalent over the Mandrone Glacier.

The Equilibrium Line Altitude and the Accumulation Area Ratio are
reported. Maxima are in bold, minima in italic

Annualair  Summerair  Winter S Annual A lated

Year temperature temperature balance balance balance  balance E'L'Al' AAR.
0 0 (om)  (mm)  (om)  (mm PP O
1995 -4.4 2.0 658 -1187 -529 -529 3173 0.183
1996 4.9 1.8 642 -754 -112 -641 3086 0530
1997 3.8 2.7 711 2475 -1764 -2405 3313 0.007
1998 3.1 45 620 -1727 -1107 3512 3300 0.025
1999 3.5 32 545 -1667 -1122 -4634 3289  0.038
2000 2.7 3.6 537 -1948 -1411 -6045 3296 0.028
2001 -4.9 3.1 1458 -1139 319 -5726 2937 0.830
2002 2.9 3.6 323 -2051 -1728 -7454 3341 0.000
2003 2.6 6.7 601 -3651 -3050 -10504 >3406  0.000
2004 3.3 3.4 1022 -2874 -1852 -12356 3395 0.000
2005 3.8 3.8 323 2056 -1733 -14089 3353 0.000
2006 2.5 4.0 640 -2025 -1385 -15474 3325 0.003
Mean 3.5 3.5 673 -1963 -1290 3268 0.137
St.dev. 0.8 13 293 756 850 131 0.255

with T, expressed in °C, b, b,, and P in mm, is capable to
explain 75 % of the variance of the simulated annual mass
balance, b, as fig. 10 shows. This means that with the actu-
al mean summer temperature of Tjj,=+3.5 °C at Passo del-
la Lobbia, 1148 mm of winter snowfall, contributing to the
winter mass balance, and summer precipitation in addition
to the actual ones would be needed to maintain the glacier
in equilibrium.
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FIG. 10 - Comparison of the annual mass balance simulated by the
PDSLIM model, on the x-axis, and that estimated by equation (26),
on the y-axis.

Even though the mean net balance over the glacier’s
surface permits to evaluate the global evolution of the
glacier, it does not give information about the spatial and
the temporal variation of the accumulation and ablation
areas; the capability of the distributed model to produce
instantaneous and accumulated ablation maps, reporting
the ablation rate in each cell of the glacierized area and at
each time step, enables to identify local critical conditions
and to project scenarios about the future evolution of the
glacier, regarding the terminus position and the glacier’s
size and shape. Fig. 11 shows that a mean annual net bal-
ance close to —4500 mm is simulated at the glacier’s termi-
nus, and that a negative balance occurs over the whole sur-
face with the exception of small areas over Dosson di Gen-
ova and around the Corno Bianco peak. These areas with a
positive balance account for only 2% of the glacier’s sur-
face and are definetly insufficient to balance, through the
glacier’s flow, the dramatic losses in the ablation areas.
The mean specific mass balance distribution versus alti-
tude is shown in fig. 12 together with the glacier’s hypsom-
etry. Also the Equilibrium Line Altitude and the Accumu-
lation Area Ratio, computed, respectively, as the mean alti-
tude of the pixels with annual mass balance equal to + 20
mm and the ratio of the area of positive balance to the to-
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FIG. 12 - Mean 1995-2006 specific mass balance distribution versus
altitude (mm w.e.) and Mandrone Glacier hypsometry.

tal glacier’s area at the end of September, are reported in
the last two columns of tab. 3. They confirm the negative
mass balance losses computed by the model.

DISCUSSION

VERIFICATION WITH SATELLITE IMAGES AND RUNOFF DATA

ASTER images were used not only for the estimation
of the ice albedo, as mentioned before, but for two further
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FIG. 11 - Simulated map of the
mean annual mass balance of the
Mandrone Glacier averaged over
the twelve years period 1995-2006.
Arrows indicate the direction of
potential avalanches.

agso della Lokbia
Alta 3020 m

purposes. The first one was to evaluate the position of the
glacier’s terminus and show the progressive retreat of the
glacier since 1864 (fig. 13); in this case satellite images
show a retreat of about 40 m from 2002 to 2003, much
more rapid compared to the previous period when it was
of the order of 7.5 m a™ in the 1987-2002 period, and even
slower, 4 m a”', from 1953 to 2002, as documented by the

W~ LIA-1820
=LY

FIG. 13 - The retreat of the Mandrone glacier’s terminus since the end of

the Little Ice Age (dashed line drawn after Baroni and Carton, 1990) un-

til year 2003. The position of the glacier’s front is superimposed over the

20 June 2003 ASTER image and was redrawn after the analysis of five

maps (Payer, 1865; K.U.K. M.I., 1886; D.O.A.V. 1903; Provincia Au-

tonoma di Trento-CTR, 1990; Comitato Glaciologico Trentino web site,
1997) and of two Aster images scanned in 2002 and 2003.



terminus measurements by Marchetti (1978-1993) and
Marchetti (1999-2004) collected and summarised in the
WGI data base. The accumulated retreat since the Little
Ice Age, as marked by the geomorphological signatures
drawn on the map by Baroni & Carton (1996), is now
about 2.1 km in length, corresponding to an increase of
the glacier’s terminus altitude of about 900 m.

Another objective was to verify the accuracy of the
model in simulating the retreat of snow covered areas dur-
ing the simulation period. The seasonal snowline position
detected by setting a threshold on the map obtained from
the radiance at sensor in the ASTER first visible band in
the June 20" 2003 satellite image in fig. 14 is compared
with the boundary of snow simulated by the model ini-
tialised on April 1" 2003 and run with meteorological forc-
ing only. The pixels classified as snow-covered in both the
satellite and model-simulated maps are 35256 out of 41231
pixels of the “true” snow cover as detected on the satellite
map, for the Sarca di Genova at Ponte Maria basin, thus
resulting in a 86% correspondence. The same verification
was done for the 23" August 2003 image: both the simula-
tion and the satellite image showed no remaining snow-cov-
ered pixels at the end of that exceptionally hot summer.

The comparison of the satellite image scanned on June
20™ 2003 and the snow depth map simulated for the same
day provide a first check on the overall reliability of the
snow and ice melt model setup. In fact the snowline seems
to have quite the same shape and location in the two im-
ages, as shown by some key geomorphological features in-
dicated by the black arrows. The result is however depen-
dent upon a correct estimate of: 1) the snow water equiva-
lent depth at the beginning of the ablation season, 2) the

FIG. 14 - Limits of the snow line
simulated by the PDSLIM model
on the 20" of June 2003 (in grey)
superimposed on the VNIR 1 band
of the corresponding ASTER im-
age. In black the limits of the Man-
drone Glacier on the UTM coordi-
nates grid.

snowfall accumulated in the simulation period and 3) the
heat fluxes estimated to compute the snow and ice melt.

A wrong estimate of any of these three variables would
unavoidably introduce errors in the energy balance on the
simulation domain which includes the whole Sarca di
Genova basin gauged at the Vasca di Genova outlet.
Wrong initial conditions, snow precipitation and simulat-
ed heat fluxes would result in a wrong location of the tran-
sient snowline compared to the observed ones.

A further comparison was done with runoff measured
in the ablation season (from April to September) in the
Ponte Maria streamauge shown in fig. 15. By excluding the
year 2001 with an anomalous winter balance, the linear
correlation coefficient between the simulated snow and ice
melt and measured runoff is 0.83, thus providing a further
support to the reliability of our simulations. Including the
year 2001 the correlation decreases to 0.36.

UNCERTAINTIES AND FUTURE DEVELOPMENTS

Several uncertainties can affect our results and conclu-
sions. Although we dedicated a lot of effort to the data
collection and analysis and to the reference to literature
data, we are aware of the complexity of the modelling ap-
proach described here.

One of the uncertainties we consider of major rele-
vance is related to precipitation and snow water equivalent
measurements. The maintainance of reliable precipitation
gauges at a high altitude is of paramount importance, as
well as the correction of precipitation measurements with
the altitudinal trend. The applied precipitation correction,
described in the previous paragraph, increased summer
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FIG. 15 - Comparison of the runoff volume measured from April to Sep-
tember at the Sarca di Genova at Ponte Maria station and the simulated
snow and ice runoff of the Mandrone Glacier.

precipitation by 140 mm to the measured values. In ad-
dition, higher snowfall in summer has a positive feedback
on the mass balance, by reducing ablation. No major im-
provements can be expected in the short term for snow
water equivalent monitoring technologies, since point
measurements in a dense network of snow gauges, such as
those conducted so far, are still the backbone for snow wa-
ter equivalent monitoring systems in areas as that investi-
gated here (see, for instance, Bocchiola & Rosso, 2007). A
denser network of snow gauges can, however, increase the
accuracy of winter mass balance estimates. Avalanches can
provide additional mass to the glacier, although their influ-
ence is limited to small areas indicated by the arrows in fig.
11.

Snow and ice aerodynamic roughness estimates and
modelling of turbulent fluxes, performed by applying stan-
dard literature methods, are another source of uncertainty
subject to future developments. Further verifications based
on a comparison of simulated runoff with hourly discharge
measurements at the Ponte Maria station, point measure-
ments at ablation stakes conducted in 2007 and 2008 and
turbulent fluxes measurements at an eddy-correlation sta-
tion installed on the glacier in the summer of 2008 are now
being processed, in order to reduce uncertainties of our
model’s results.

Despite these factors of uncertainty, we are quite confi-
dent about the reliability of our conclusions, based on our
point and distributed measurements, runoff data and the
fairly good agreement between our mass balances and
those obtained with the glaciological method in the near-
by, south-east facing Caresér Glacier (Zanon, 1992; Cartu-
ran & Seppi, 2007). The comparison of the accumulated
mass balance modelled with the energy-balance method
for the Mandrone Glacier with that measured on the
Careseér Glacier was shown in fig. 9 which illustrates a
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qualitative and quantitative agreement between the two
time series. A more negative balance for the Careser Glac-
ier is justified by its lower altitude, ranging from 2860 m
and 3310 m a.s.l. and its south-east facing orientation. The
most negative and positive balance years, and also the time
series of the Equilibrium Line Altitude and Accumulation
Area Ratio of the two glaciers, exhibit a similar time pat-
tern as shown by the comparison of our data in tab. 3 with
those reported by Carturan & Seppi (2007), with a maxi-
mum of the AAR in the year 2000/01 and a maximum of
the ELA in the year 2002/03 for both glaciers. This means
that, according to our simulation framework, if the meteo-
rological conditions observed over the 1995-2006 period
are representative of the future climate, it is very reason-
able to expect that the equilibrium shape and size of the
glacier will be much different and smaller than the actual
ones. Assuming an accumulation area ratio close to 0.5 in
equilibrium conditions, it can be projected that only small
glacierised areas over Dosson di Genova and around
Corno Bianco above 3200 m a.s.l. might survive in the fu-
ture. Climate warming, as that projected for this area by
several Global Circulation Models (see Barontini & ali7,
2009) would further reduce the glacier’s areas and possibly
lead to a complete disappearance of the Mandrone glacier.

CONCLUSIONS

The mass balance of the Mandrone Glacier, which is
the major hydrographic unit of the largest glacierised area
of the southern Alps, has been evaluated for twelve years,
from 1995 up to 2006. The evaluation was performed by
applying the PDSLIM distributed energy balance model,
already tested both at the point and at the basin scale in
different alpine basins. For the model’s setup albedo maps
derived from satellite imagery were adopted, with point
measurements used for verification. Even if some precipi-
tation gauges are located at high elevation within the
basin, a corrrection factor for the precipitation value had
to be adopted in order to take into account the observed
orographic enhancement of precipitation, a frequent phe-
nomenon in mountain areas. A precipitation lapse rate was
then used to correct 651 mm of observed April to Septem-
ber precipitation to 791 mm of corrected precipitation.

A mean value of the annual mass balance of 1290 mm
results, with a high inter-annual variability, which can be
well explained in terms of summer temperature and sum-
mer precipitation added to winter mass balance. Only 2%
of the glacier’s area has a positive mass balance.

For verification, 86% of the satellite-derived transient
snow-covered area was in agreement with that simulated
by the model eighty days after the model’s initialisation. A
new discharge rating curve for the Sarca di Genova at
Ponte Maria was calibrated on the basis of seven measure-
ments. The resulting summer runoff measurement is high-
ly correlated with the simulated snow and ice-melt over
the Mandrone Glacier.

The major uncertainties affecting this type of method
to compute the glacier’s mass balance lay in the precipita-



tion measurements at high altitude and in the definition of
the initial state of the basin in April. In particular the snow
water equivalent can be affected by avalanches in some
small areas and in the parameterisation of turbulent fluxes.
Developments which are currently in progress include the
verification of ablation with a network of ablation stakes,
the analysis of eddy-correlation measurements conducted
in 2008 and hourly runoff simulated at the Ponte Maria
streamgauge.

With the high negative balance and the climate of the
recent years the actual geomorphological condition of the
Mandrone Glacier is far from an equilibrium and a signifi-
cant shrinkage and volume loss of the glacier is expected
for the near future. The methodology used for this analysis
can be applied considering future climatic scenarios which
would likely result in even more negative mass balances.

In perspective, this study can be useful also to assess
changes on the runoff and sediment transport regime, as
well as on the impact on downstream hydropower genera-
tion capacity and water resources available for irrigation
and environment conservation.
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