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Introduction
Mountain glaciers and ice caps provide the most readily visible evidence of the effects of climate change, and are,
therefore, key variables for early-detection strategies in global climate-related observations. The global Intergovernmental
Panel on Climate Change has recognized their importance as an overall temperature indicator by including data on glacier
fluctuations in all their assessments since 1990. From a climatologic point of view, snow and ice play an important role,
interacting with the atmosphere over a range of spatial and temporal scales involving complex and sensitive feedback
mechanisms. From a hydrological perspective, glaciers represent important water resources, contributing significantly to
streamflow. Glaciers exert a considerable influence on catchment hydrology, especially in mountain areas, by temporarily
storing water as snow and ice on many timescales (5). The reaction of a glacier to a change of climate depends on the
flow regime, which itself evolves over time as part of the response. Ice behaves as a thick viscous fluid; it slowly and
continuously deforms under an applied stress, a process known as creep (4). The sum of all accumulation and ablation
processes determines the mass balance of a glacier. In this context, a thermofluidodynamic model was applied to the
study case of the Adamello glacier (17.24 km2, after ASTER 2003 data), located in the Central Alps. The dynamic of the
glacier was first simulated in the current climate conditions (1996-2007) and then using future climate projection resulting
from the PCM A1B scenarios (3). Using the finite element code Elmer the dynamic equations were solved for the velocity
field and the free surface elevation. The glacier was modelled with a 3D mesh composed by 28050 nodes and subdivided
into 10 vertical layers. Elevation of the free surface and bedrock recorded in 1991 and in 1996 were used as boundary
and initial conditions. For each simulated year a top surface temperature of −7.5 ◦C was considered for the winter
semester in the ablation season the glacier’s temperature was set to 0 ◦C. During melting a fixed bottom velocity was
applied to simulate the slip behaviour. As a Neumann boundary condition on the glacier’s top surface the seasonal mass
balance estimated from the energy-balance over the 1995-2009 period was assumed, with a mean value of −1.4 m a−1.
The reliability of the energy balance was verified with point measurement at ablation stakes over two ablation seasons,
with runoff data and remote sensing (6).

1 Theoreticals
General Equations The three-dimensional velocity field and the pressure field of an ice mass flowing under gravity
are obtained by solving the Stokes equations and the mass conservation over the ice volume (2).

divσ + ρg = divτ − gradp + ρg = 0 (1)

divu = trε̇ (2)
When the ice is assumed to behave as an isotropic material, its rheology is given by the Glen’s law, which links the
deviatoric stress τ with the strain rate ε̇:

τ = 2ηε̇ (3)
where
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For transient simulations, the upper and lower boundaries of the domain are allowed to evolve, following an advection
equation. The evolution of the upper surface z = zs(x, y, t) is given by
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where (us, vs, ws) are the surface velocities obtained from the Stokes solution and as = as(x, y, t) is the accumula-
tion/ablation prescribed as a vertical component only.

Boundary conditions The upper surface is a stress-free surface, so that

σns = −patmns ≈ 0 z = zs (6)

The lateral surface is free to deform, but it’s possible to introduce a tank condition, so that

us = 0 vs = 0 (7)

The bottom surface can slide on the bedrock following a simple friction law

σnti + βuti = 0 i = 1, 2 (8)



2 Results
The results from the simulations show that:

í the model is able to respect very well the input mass balance (1397 vs 1382 mm(w.e.) as output) and to reproduce a
realistic velocity field of the ice mass and the actual ice divide is clearly respected and reproduced (see Figures 1b
and 1c). The maximum simulated surface velocities of the order of 102 m a−1, a value consistent with observations
of speed of some ablation stakes. The identification of the ice divide of 5 glaciological units in the Sarca and Oglio
subbasins, separated from a hydrological point of view, is a very useful application, which is not a trivial task to
be performed in the field;

í The comparison between observed topographic data and the simulated deformed mesh of 2007 presents a signif-
icant difference (697 mm(w.e.)) in terms of mean annual loss of ice (see Figure 1d). It’s been conjectured that the
topography of 1997 was assumed lower than the actual one, thus the underestimation of the mass loss. An evidence
of this fact is that the short term simulation initialized with 1997 topographic data places the detachment of the
glacier tongue flowing from ’Passo della Lobbia’ in 2006, about five years before the actual occurrence.

í A long term simulation was initialized with 2007 data and a very important qualitative verification could be done
here (see Figures 2a and 2b). This simulation, that take in consideration a mass balance for 2050 and 2090, derived
from a quite pessimistic scenario, suggested from IPCC and identified by A1B, places the death of the glacier in
the middle of the next century, in year 2078, when it should be completely disappeared (see Figure 2c).

3 Conclusions
If the long term simulation’s foresight is close to reality as it appears to be, the largest Italian glacier is going to disappear,
with consequences for the environment, on the aquatic ecosystem, on the use of water both for energy production and for
agricultural use, on landscape, the hydrological cycle and tourism. In fact, this glacier feeds two major river basins, Oglio
and Sarca river, and nowadays it has the important function of reservoir in lean season. The consequences for tourism in
surrounding areas, are inevitable in this scenario even in the short term considering that the glacier retreats very quickly
in the first decades of simulation.
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(a) 2D mesh for the Adamello and Mandrone glacier domain (b) 1997 velocity field in 1997 and qualitative Ice Divide

(c) 1997-2007 mean mass balance (reference of −1397 mm(w.e.) on the left and −1382 mm(w.e.) simulated on the right)

(d) Error map, comparison between simulated and observed el-
evations in year 2007

(e) Overlay of the simulated velocity field and geomorphologic
map drawn by Baroni e Carton (1996)

Figure 1: Short-term simulation results
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(a) Mandrone glacier tongue terminus (view from North) (b) Several details of the Mandrone glacier’s extent simulated
by the model are qualitatively in agreement with the potograph
taken from Cima della Lobbia Alta

(c) Ice presence in year 2050 (on the left) and 2077 (on the right)

Figure 2: Long-term simulation results
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