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Abstract High-elevation glaciers covered by cold firn are undergoing substantial warming in response to
ongoing climate change. This warming is affecting the ice/rock interface temperature, the primary driver of
avalanching glacier instability on steep slopes. Prediction of future potential instability therefore requires
appropriate modeling of the thermal evolution of these glaciers. Application of a state-of-the-art model to a
glacier in the French Alps (Taconnaz) has provided the first evaluation of the temperature evolution of a cold
hanging glacier through this century. Our observations and three-dimensional modeling of the glacier
response (velocity, thickness, temperature, density, and water content) to climate change indicate that
Taconnaz glacier will become temperate and potentially unstable over a large area by the end of the 21st
century. The risk induced by this glacier hazard is high for the populated region below and makes
observation and modeling of such glaciers a priority.

1. Introduction

The impact of climate change on avalanching glacier instabilities is difficult to assess [Haeberli et al., 1997;
Pralong and Funk, 2006; Faillettaz et al., 2015]. However, such instabilities can lead to major disasters
[Lliboutry, 1975; Evans et al., 2009; Du Pasquier, 1896]. The stability of steep glaciers decreases when the
basal temperature (at the interface between the ice and bedrock) reaches the pressure melting point
[Alean, 1985; Huggel, 2008; Faillettaz et al., 2011], creating conditions under which the glacier can slide
on the rock [Cuffey and Paterson, 2010]. Modeling how cold glaciers will warm in the future in response
to climatic change is therefore crucial. These glaciers are generally located at high elevations, above
the equilibrium line, and the presence of cold firn makes them very sensitive (from a thermal point of
view) to climate warming due to the possibility of surface meltwater percolation and refreezing [Suter,
2002; Gilbert et al., 2014a]. Evidences show that cold glaciers at high elevations are warming [Vincent
et al., 2007a; Gilbert et al., 2010; Hoelzle et al., 2011] and a large number of cold hanging glaciers could
become temperate before the end of the century. Quantifying this warming as a function of glacier
characteristics and local climate change is therefore essential. Investigation of the thermal response of
these glaciers requires a numerical modeling approach. However, this is challenging due to the
generally complex geometry of hanging glaciers, the influence of firn on the rheology, the influence of
ice advection on the temperature field, the importance of meltwater percolation and refreezing, and
the intensity of strain heating.

The aim of this study is to provide a numerical modeling framework that can be used to assess the spatial and
temporal evolution of the basal ice temperature and consequently the volume of ice that can become
unstable in the future. Results from this numerical model should assist public authorities in assessing the
hazards related to hanging glaciers that potentially threaten densely populated valleys. Because each
glacier requires the development of a specially adapted model to take into account the features of its
mass balance regime, bed topography, and elevation, it is virtually impossible to provide universal results
concerning the destabilization of glaciers. Here we focus on Taconnaz glacier (Mont Blanc area, France),
which is of particular interest in terms of hazard and offers a sufficient number of observations to constrain
and validate the model. We present a fully coupled 3-D thermomechanical model applied to the upper part
of the glacier (between 3300 and 4300m above sea level (asl)) which is mostly cold and located on a steep
slope (20 to 40°) above a 600m wide and 60 to 100m high ice cliff (see Figure 1). Many structures in the
valley below are directly threatened by seracs falling from this hanging glacier [Naaim et al., 2010]. Our study
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provides the first evaluation of the temporal and spatial thermal response of an avalanching glacier to ongoing
climate change.

2. Three-Dimensional Thermomechanical Model

The thermomechanical model used in this study has been presented in detail in Gilbert et al. [2014b]. This
model was developed to simulate the thermal and mechanical response to climate change of the
accumulation zone of polythermal glaciers. This model includes a full-Stokes flow model taking into
account the firn rheology coupled with upper free-surface evolution, density evolution, enthalpy transport,
meltwater percolation and refreezing, and a bedrock thermal model (see Table 1). The present study is the
first application of the model to a complex three-dimensional case that includes strong advective
processes. In order to take into account the mechanical degradation of the ice by intense crevassing,
damage mechanics have been included in the model.

Firn and ice are considered to be one unique material with variable density; all the following equations are
applied to whole glacier without distinction between firn and ice. The velocities are obtained by solving
the momentum and mass conservation equations:

div σð Þ þ ρg ¼ 0 (1)

∂ρ
∂t

þ ∇ � ρvð Þ ¼ Qlat

L
(2)

where σ is the stress tensor (Pa), g acceleration due to gravity (m s�2), ρ the firn density, v the velocity
field (m s�1), Qlat the latent heat released by meltwater refreezing (see equation (3)), and L the latent
heat of fusion (J kg�1). The model includes a flow law for compressible firn as initially proposed by

Figure 1. (a) Map of Taconnaz glacier. Colored stars show the locations of borehole temperature measurements, and the black bold line is the 3-D model
domain. Elevation contours are shown for 50 m intervals. (b) Temperature profiles measured at the five boreholes at different dates. (c) Location of Taconnaz
glacier (red dot).
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Gagliardini and Meyssonnier [1997].
This rheological law takes the form of
Glen’s flow law but accounts for
compressibility by imposing a density-
dependent relationship between stress
and strain.

Energy transport is modeled using the
enthalpy formulation proposed by
Aschwanden et al. [2012]:

ρ
∂H
∂t

þ v � ∇H
� �

¼ ∇ κ∇Hð Þ þ tr σ_∈ð Þ þ Qlat (3)

where H is the enthalpy (J kg�1), κ the enthalpy diffusivity (kgm�1 s�1), tr σ ∈_ð Þ the strain heating (Jm�3 s�1),
and Qlat (Jm

�3 s�1) a source term accounting for meltwater refreezing.

Water percolation and refreezing is explicitly resolved assuming vertical water transport at constant velocity
in order to calculate Qlat. When the liquid water reaches the depth of pore closure density at 830 kgm�3

[Cuffey and Paterson, 2010], it is assumed to be evacuated by runoff along the firn/ice interface.

Glacier thickness evolution is computed by solving the free-surface equation:

∂s
∂t

þ us
∂s
∂x

þ vs
∂s
∂y

� ws ¼ ρw
ρs

ac (4)

where s(x, y, t) is the free-surface elevation (m); us, vs, and ws are the surface velocity components (m s�1)
along the x, y, and z axes, respectively; ac is the surface mass balance (m water equivalent (w.e.) s�1), ρw
the water density (kgm�3), and ρs the snow density at the surface (kgm�3).

Damage mechanics was included in the model following the approach of Pralong and Funk [2005] and Krug
et al. [2014]. Considering the damage to be isotropic, it can be assumed that damage is a scalar quantity
denoted D and the effective stress tensor can be written as follows:

eσ ¼ σ
1� D

(5)

where eσ is the effective Cauchy stress tensor and σ the Cauchy stress tensor. Damage evolution is computed
using the following advection equation:

∂D
∂t

þ v � ∇D ¼ f B; χð Þ if f B; χð Þ > 0

0 otherwise

� �
(6)

where the right-hand side represents a damage source term. This term is function of the damage
enhancement factor B and the damage criterion χ. As proposed by Krug et al. [2014], this criterion is
expressed as a function of the maximum principal Cauchy stress σI, an average stress threshold for
damage initiation σth and D:

χ σI; σth;Dð Þ ¼ max 0;
σI

1� D
� σth

n o
(7)

The values of B and σth are set to 1.0MPa�1 and 0.03MPa, respectively [Pralong and Funk, 2005]. This is also in
good agreement with Krug et al. [2014] who used these values with success for modeling calving on Helheim
Glacier. The effective Cauchy stress tensor is then used instead of the Cauchy stress tensor in the flow law,
which is equivalent in multiplying the flow rate factor by (1-D)�n, where n is the Glen’s law exponent.

3. Application to Taconnaz Glacier
3.1. Observations

Numerous field campaigns have been carried out since the beginning of the 21st century to measure the
surface velocity field, the surface mass balance [Le Meur and Vincent, 2006], the volume and frequency of
serac falls [Vincent et al., 2014], the bedrock and surface topography, and englacial temperatures. Bedrock

Table 1. List of Variables Used in the Model

Variable Name Symbol Unit

Enthalpy H J kg�1

Temperature T K
Water content ω kgm�3

Velocity v ms�1

Pressure P Pa
Density ρ kgm�3

Surface elevation s m
Damage D -
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topography was measured by a helicopter-borne radar survey in April 2011 using a frequency ranging from
50 to100MHz.A setof55profileswereobtainedon theglacier atmean intervalsof50m.Comparisonsbetween
inferred ice thickness from radar and drilling show a mean discrepancy of about 20m (see Figure S5 in the
supporting information). Surface topography was measured in August 2011 by airborne lidar (uncertainty
less than 0.5m). Temperatures profiles were measured in five different boreholes (Figure 1) by thermistor
chains installed after hot water drilling between 2008 and 2013. Uncertainty is expected to be less than 0.1 K.
The measurements for the different sites and years are plotted in Figure 1. They reveal that the glacier is
mostly cold, with temperatures ranging from �11°C to �4°C at the glacier base. However, we observed the
presence of temperate firn in the first 20m at drilling site 1, indicating temperate surface conditions at this
elevation (3400m asl) even though the mean annual air temperature is about �4°C. Surface velocities
between 23 August and 19 September 2003 were measured using feature tracking applied to two 2.5m
SPOT5 satellite images [Berthier et al., 2005]. After discarding unrealistic velocities, measurements were
obtained for 537 points on Taconnaz glacier and range from less than 10myr�1 at the Dome du Gouter
summit up to 100myr�1 close to the ice fall (Figure 2). Their accuracy was estimated at about 10myr�1

using D-GPS measurements on the Mer de Glace and Argentière Glacier [Berthier et al., 2005]. This
uncertainty is confirmed using D-GPS measurements available on Taconnaz glacier (see supporting
information Figure S3).

3.2. Model Setup

The mathematical model has been solved using the finite element code Elmer/Ice [e.g., Gagliardini et al.,
2013] based on the Elmer open-source multiphysics package (see http://elmerice.elmerfem.org). Details
on the three-dimensional mesh and on the different boundary conditions are given in the supporting
information (Text S1 and Figure S1 in the supporting information).

Figure 2. (a) Satellite-derived (colored dots) and modeled (colored contour lines) horizontal surface velocities. (b) Modeled steady state temperature profiles
(bold dashed lines) and modeled transient profiles (bold solid lines) compared to the measurements at five drilling sites (thin lines with black dots).
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3.2.1. Steady State Simulation
In order to determine initial conditions at the beginning of the twentieth century for the transient simulations, a
steady state configuration was modeled for the glacier. We assume that the glacier thickness remained nearly
unchanged over the last century as observed at Col du Dôme just above Taconnaz glacier [Vincent et al., 2007b]
and the current thickness is therefore considered to be representative of the glacier in steady state. This
assumption is confirmed by the present modeling results that show very little change in thickness over the
twentieth century (<5m). Mean surface mass balance data were taken from Le Meur and Vincent [2006]. This
mass balance reconstruction is, however, poorly constrain (sparse measurements) and need bias correction.
We multiplied the reconstructed accumulation rate by a factor of 1.4 in order to match the observed glacier
thickness. Surface temperatures for steady conditions were directly adjusted for elevation so that the
simulated basal temperatures would agree with the measured temperatures at the bottom of the five
boreholes (Figure 2). For the numerical experiments, we assume a basal heat flux of 1.5× 10�2Wm�2 [Gilbert
et al., 2014b]. Exposed rock temperature below the icefall is set to the mean annual air temperature at this
elevation (according to Lyon-Bron air temperature records and a constant lapse rate, see next section). Firn
surface density is assumed to be constant over the whole glacier and set to 350 kgm�3 [Gilbert et al., 2014a].
Surface damage is also imposed as a Dirichlet boundary condition and set to zero.
3.2.2. Transient Simulation
Starting from the steady state glacier, transient simulations are performed at a daily time step to solve the enthalpy
and water percolation equations. Other variables are solved with a 100day time step. The time-dependent
boundary conditions are limited to surface melting, temperature, and mass balance. We assume a nonsliding
condition at the base of the glacier even when the glacier bed becomes temperate.

Surface temperature is calculated as a function of air temperature using a constant lapse rate [Gilbert et al.,
2014b]. We used daily air temperatures recorded at Lyon-Bron station (~200 km west of the glacier) from 1907
to 2013. This temperature data set has already been successfully used for modeling glacier thermal regime in
the area [Gilbert et al., 2014a, 2014b]. Future daily temperature scenarios used in this study come from the
ENSEMBLES climate scenario database (www.ensembles-eu.org) [Van der Linden and Mitchell, 2009] from
which we selected three models in order to have different temperature variability: CNRM-RM5.1_ARPEGE,
METNOHIRHAM_HadCM3Q0, and MPI-M-REMO_ECHAM5. Climate scenarios were produced by Regional
Climate Models forced by Global Circulation Models using the A1B scenario [Nakicenovic et al., 2000] and
downscaled using the empirical-statistical error correction method (quantile mapping [Themessl et al., 2011])
at Col du Grand Saint Bernard meteorological station located 50 km east of the glacier at 2469m asl. The
annual temperature trends for these scenarios were then adjusted according to three new Representative
Concentration Pathway (RCP) scenarios (2.6, 6.0, and 8.5) from last Intergovernmental Panel on Climate
Change report [Collins et al., 2013] (see supporting information Figure S2). We thus obtained nine climate
scenarios (three RCPs for each of three models). Hereafter, only the average of the three models for each RCP
will be presented (Figures 3 and 4).

Surface melting is calculated using a degree-day formulation including potential solar radiation dependence
and a daily maximum temperature anomaly [Gilbert et al., 2014a]. We added a dependence on elevation to
account for albedo increase with elevation [Vincent, 2002]. Melting factor and elevation lapse rate were
adjusted in order to match the measured temperature profiles (Figure 2). The temperature lapse rate was
set to 6.2 × 10�2 Km�1 and the melt factor calculated from

mf ¼ 2:05 10�3 � 6:33 10�7zs þ 5:0 10�6R (8)

where mf is the melt factor (mw. e. K�1 d�1), zs the surface elevation (m), and R the annual mean potential
solar radiation (Wm�2).

The surface mass balance is calculated from the surface melt (computed as described above) and a constant
accumulation rate. This accumulation rate is defined as the difference between the steady mass balance
(section 3.2.1) and the mean melting calculated over the first decades of the twentieth century for which the
glacier mass balance was close to steady state conditions [Vincent, 2002].

3.3. Results

Modeling results are in good agreement with observed temperature, velocity, and glacier thickness (Figure 2
and supporting information Figures S4 and S5). Simulations performed over the twentieth century reveal that
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the glacier ice and its surface firn were mostly cold until 1980. After this time, a temperate firn layer started to
develop in the lower part of the glacier above the icefall (Figure 3) in response to significant air temperature
increasing (see supporting information Figure S2). This temperate layer reached a depth of 20m in 2012 as
observed and modeled at borehole 1 (Figure 2). The total volume of temperate firn/ice increased from
about 3.4 × 106m3 (2% of the total glacier volume) at the beginning of twentieth century to about
1.7 × 107m3 (10% of the total volume) in 2012. The warm anomaly observed at around 60m depth in
borehole 1 is not captured by the model and reveals that the glacier could be locally influenced by

Figure 3. Modeled englacial temperatures along the longitudinal profile in Figure 1 (thin dashed line). The white line indicates the ice/rock transition. The thick
dashed black line is the lower bedrock boundary in the model. The thin dashed black line is the 2012 surface elevation.

Figure 4. Modeled temperatures at the ice/rock interface for climate scenario RCP8.5. The areas over which temperature exceeds �1°C are hatched. The inset a on
the left plot shows the surface slope in degrees. The black hatched zone in inset b shows damage production location (f(B, χ) in equation (6)).
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crevasses that allow deeper water percolation and refreezing. However, due to high advection of cold ice
from upstream, this kind of anomaly does not have the time to propagate very far and should not influence
the general basal temperature pattern. The influence of damage mechanics is mainly expressed in the
modeled thickness and velocity fields, because damage alters the flow rate factor by reducing ice viscosity.
Surface velocity increase due to damage is about 10% in the most impacted zones. The maximum decrease
in glacier thickness reaches 15m upstream of borehole 2 (supporting information Figure S7).

Simulations for future climate conditions show that the temperate firn layer will extend to the highest
elevation of the glacier (4300m asl) before 2050 for all scenarios (Figure 3). Due to the efficiency of
melting, percolation, and refreezing processes in transporting energy within the glacier [Gilbert et al.,
2014a], the firn warms very quickly, leading to a rapid increase of the temperate firn layer thickness. Below
the firn/ice interface, the speed of propagation of the 0°C isotherm to bedrock is strongly limited by the
impermeability of the cold ice to water. Energy transfer within the ice is limited to advective and diffusive
processes, leading to slower warming rates. However, the extension of temperate ice down to the bedrock
appears inevitable given that surface conditions will become temperate at all elevations. In the lower part
of the glacier (above the icefall), ice at the bedrock interface should reach the melting point near 2080 and
the temperate area will then progressively extend to higher elevations (Figures 3 and 4) for scenario
RCP6.0 and RCP8.5 (see also supporting information Figures S11 to S14). The volume of temperate ice
should reach 7.0 × 107m3 (40% of the total volume) in 2100 for RCP8.5 (supporting information
Figure S15). The western region of the glacier should warm most quickly due to easterly aspect (enhancing
surface melt) and the absence of cold ice in flow from upstream. The bedrock interface in this region of
the glacier was already temperate over a small area in 2012 (Figure 4).

4. Discussion and Conclusion

Three main processes have been identified that control the temperature field of a hanging glacier such as
Taconnaz: (i) the surface melting driven by elevation as well as surface slope and aspect, (ii) ice advection,
and (iii) strain heating. In terms of temporal and spatial variability, surface melting appears to be a key
parameter for this type of cold firn-covered glacier. It makes near-surface firn temperature highly sensitive
to slope, aspect, elevation, and climate variation. Surface melting must be carefully taken into account for
englacial temperature modeling of this kind. Numerical experiments show that cold ice advection is able
to maintain cold basal conditions in the vicinity of the ice fall, despite temperate surface conditions and
strain heating sufficient to increase basal temperature by several degrees (3 to 5 K close to the ice fall, see
supporting information Figure S8). We show that the basal temperature increase due to strain heating is
linearly correlated with the magnitude of surface ice flow velocities (R2 = 0.92) and is far from negligible in
such no-sliding steep glaciers (see supporting information Figure S9). The thermal impact of the exposed
rock downstream of the ice fall on the basal ice temperature is extremely low due to the inefficiency of
heat diffusion compared to ice advection. Our numerical experiments show that the influence of exposed
rock on basal ice temperature is limited to the first 15–20m from the ice fall and the induced cooling is
less than 1 K (see supporting information Figure S8).

For the assessment of potential hazards related to this glacier, our study offers two main results. First, the
glacier thinning in response to mass balance and viscosity changes will not exceeds 20m in the vicinity of
the ice fall by 2100. Second, our numerical experiments show that temperate ice will extend nearly to
bedrock over a large area (Figure 4); it is therefore very likely that a large volume of ice could become
temperate at its base in this century. Instabilities due to the transition from cold to temperate bed
conditions have already been observed in the Alps with the catastrophic breakoff of Altels Glacier in 1895
[Heim, 1895; Forel, 1895; Du Pasquier, 1896]. The ice volume released was estimated at 4 × 106m3, making
this the largest known icefall event in the Alps. This glacier, located on a steep slope (35° to 40°), most
likely experienced a rapid warming leading to a weakening of the basal support [Faillettaz et al., 2011]. For
the sake of comparison, the modeled volume of warm-based ice in 2100 located on a slope greater than
30° (see Figure 4) in Taconnaz glacier would be about 10 × 106m3. However, in the case of Altels breakoff
event, bedrock temperature configuration was different with a cold glacier bed at the front and a
temperate bed in the middle of the glacier creating meltwater entrapment that was likely responsible for
the breakoff [Faillettaz et al., 2011]. In our case, according to the different simulations, the onset of the
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temperate ice/bedrock interface will initiate at the terminus (near ice cliff), independently of the climatic
scenario. As a consequence, subglacial meltwater would not be trapped within the glacier as meltwater
reaching the bed would have the possibility to be evacuated as runoff. In this case, the glacier is more
likely to fail progressively in the release of small/medium ice chunks as the temperate zone extends
upward. However, one of the main limitations of our model is that we do not take into account the fact
that meltwater could reach the bed even in cold ice via crevasses. Crevasses would most likely be localized
in the damage production zone in the middle of the east side of the glacier (see localization of the
damage production in Figure 4, inset b). Similar to Altels glacier, this process could therefore create a
temperate zone in the middle of the glacier, especially if the water supply increases with surface melt as
the climate warms. Another limitation of our study is that we neglect the influence of sliding when the
glacier bed becomes temperate. Sliding strongly influences the dynamics and possibly the thermal regime
of the glacier. It is furthermore a central issue for studying glacier stability. Including a sliding law should
be the next step toward a real estimation of glacier stability.

Modeling and measuring the progressive warming of cold hanging glaciers is a necessarily step to assess
their stability [Faillettaz et al., 2015]. This study presents the first model capable of reproducing most of the
observed geometric and thermal characteristics of such a glacier, including the spatial and temporal
evolution of the glacier bed temperature. Many cold glaciers in the Alps are located at elevations similar to
those of Taconnaz glacier and are subject to similar warming. Given the climate projections, steep cold
hanging glaciers located below 4000m asl are likely to become partially temperate by the end of this
century. Modeling and measuring the thermal evolution of such glaciers should be a priority for glacier
hazard prediction.
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