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[1] Given the paucity of observations, a great deal of
uncertainty remains concerning temperature changes at very
high altitudes over the last century. Englacial temperature
measurements performed in boreholes provide a very good
indicator of atmospheric temperatures for very high
elevations although they are not directly related to air
temperatures. Temperature profiles from seven deep
boreholes drilled at three different sites between 4240 and
4300 m above sea level in the Mont Blanc area (French Alps)
have been analyzed using a heat flow model and a Bayesian
inverse modeling approach. Atmospheric temperature
changes over the last century were estimated by simultaneous
inversion of these temperature profiles. A mean warming rate
of 0.14°C/decade between 1900 and 2004 was found. This is
similar to the observed regional low altitude trend in the
northwestern Alps, suggesting that air temperature trends are
not altitude dependent. Citation: Gilbert, A., and C. Vincent
(2013), Atmospheric temperature changes over the 20 century at very
high elevations in the European Alps from englacial temperatures,
Geophys. Res. Lett., 40, 2102-2108, doi:10.1002/grl.50401.

1. Introduction

[2] The altitude dependency of temperature trends is a key
issue for climate change studies [/ntergovernmental Panel
on Climate Change, 2007]. It has been suggested that
high-altitude regions may be more sensitive to global-scale
climate change than other land surfaces at the same latitudes
[e.g., Messerli and Ives, 1997; Beniston et al., 1997]. In the
Alps, several studies using climate models have shown an
elevation-dependent climate response [e.g., Giorgi et al.,
1997, Im et al., 2010]. In contrast, studies based on ground
observations in the Alps do not show a clear elevation
dependency [Ceppi et al., 2010; Rangwala and Miller,
2012; Beniston and Rebetez, 1996; Jungo and Beniston,
2001]. However, most long-term meteorological data come
from altitudes that do not exceed 3000ma.s.l. (above sea
level). In addition, several studies [Ceppi et al., 2010; Pepin
and Lundquist, 2008] mention that the altitude dependency
of surface temperature trends obtained from observations is
likely to be influenced by local effects such as snow-albedo
feedback and is not representative of temperature trends at
a more global scale. Given that there is no long-term tempera-
ture series in the Alps for altitudes greater than 3500 ma.s.1.

Additional Supporting Information may be found in the online version
of this article.
"UJF-Grenoble 1 / CNRS, LGGE UMR 5183, Grenoble cedex 09, France.

Corresponding author: A. Gilbert, UIF-Grenoble 1 / CNRS, LGGE UMR
5183, BP 96, 38041 Grenoble cedex 09, France. (gilbert@ujf-grenoble.fr)

©2013. American Geophysical Union. All Rights Reserved.
0094-8276/13/10.1002/gr1.50401

for which this feedback can be neglected (because of snow
persistence all year round), the trends obtained from tempera-
ture data are difficult to interpret. The temperature-
dependency question remains unsolved and, in their review,
Rangwala and Miller [2012] suggest that both observations
and models are currently inadequate to provide a clear under-
standing of climate change in high elevation regions.

[3] An essential requirement is to increase climate moni-
toring at very high elevation sites. Mountain summits or iso-
lated saddles located above the 0°C isotherm all year round
are the best locations to quantify climate change at high
elevations because they are less influenced by topography
or urbanization, and the snow-albedo feedback does not
change significantly at these altitudes [Pepin and Lundquist,
2008]. Englacial temperatures within cold glaciers provide
an excellent tool to investigate climate change in these areas
and can be used as a proxy for temperature change where
meteorological data are almost inexistent [Liithi and Funk,
2001; Vincent et al., 2007b; Gilbert et al., 2010]. In the
Mont Blanc (France) and Monte Rosa area (Switzerland,
4500 m a.s.l), englacial temperature observations show that
temperature profiles are far from a steady state and show a
strong warming since 1980 [Liithi and Funk, 2001; Vincent
et al., 2007b; Hoelzle et al., 2011]. The near surface firn
temperatures depend on complex mass and energy
exchanges at the snow surface but are mainly driven by air
temperature and meltwater refreezing. This is physically
based on the fact that firn surface temperature variations
are similar to air temperature variations and energy transport
into the firn mainly comes from heat advection/diffusion and
water percolation [Suter, 2002; Vincent et al., 2007b]. The
amount of melt energy depends on the surface energy bal-
ance which, given the high relevance of shortwave radiation,
is highly dependent on elevation, slope, aspect, and albedo.
The resulting near-surface firn temperature is therefore
highly spatially variable [Sufer et al., 2001]. Consequently,
a very high spatial variability in firn or ice temperatures is
observed at these very high elevation areas [Hoelzle et al.,
2011]. In addition to these factors, the deep englacial
temperatures also depend on ice and firn advection, firn
conductivity and basal heat flux [Liithi and Funk, 2001].

[4] A major challenge of reconstructing past temperatures
from ice temperature profiles is the separation of thermal
changes due to air temperature from those due to other
sources. Gilbert et al. [2010] successfully reconstructed air
temperature over the last century at Illimani (Bolivia,
6340 ma.s.l.) from one single englacial temperature profile
using complementary data such as ice core density and stra-
tigraphy to quantify the melting intensity and firn advection.

[5] In this study, we reconstruct an air temperature signal
over the last century from seven englacial temperature pro-
files at very high altitudes between 4240 and 4300 ma.s.l.
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Figure 1. (a) Aerial view of the studied area with a zoom on the drilling site. Numbers indicate the three borehole drilling
sites. (b) Ice temperature measurements in boreholes shown in Figure 1A with corresponding colors.

in the Mont Blanc area. This reconstruction is compared to
air temperatures observed at lower altitudes. This method
was also used to identify criteria that can be used to select
the best drilling sites to infer past air temperatures from
englacial temperatures.

2. Measurements

[6] Englacial temperature measurements were performed
from the surface to bedrock in seven boreholes drilled
between 1994 and 2011 at three different sites in the Mont
Blanc area located between 4240 and 4300ma.s.l.
(Figure 1). At 4240 m, the mean annual air temperature is
—10°C and summer temperatures rarely exceed 0°C. Ice
thicknesses were 40, 126, and 103 m at sites 1, 2, and 3,
respectively. The accuracy of all temperature sensors was
better than +£0.1°C except for the 1999 profile at site 3 for
which the accuracy was +0.3°C due to a calibration prob-
lem. The boreholes were drilled using electro-mechanical
equipment up to 1999 (included) and subsequently by
hot water drilling. Measurements were repeated in each
borehole several times after drilling until a thermal equilib-
rium (+/-0.05°C) was reached. The ice temperature mea-
surements are shown in Figure 1 and the aspect, slope and
elevation of the borehole locations are reported in Table 1.
The ice temperature changes exhibit a high spatial variability.
Indeed, although sites 2 and 3 are very close (250 m) and at the
same elevation (about 4250ma.s.l.), temperature changes
over the last 10years are very different, for example 0.4°C
and 1.2°C at 40 m depth for sites 3 and 2, respectively.

Table 1. Borehole Site Characteristics

[7] Firn and ice densities were measured on ice cores at all
three sites from the surface to bedrock. Horizontal and
vertical velocities (v, and v, respectively) were measured
by differential GPS surveys over the period 1993-2010 at
all three sites (Table 1). The high spatial variability of snow
accumulation is responsible for the very high spatial vari-
ability of the subsidence velocity [Vincent et al., 2007a].

3. Methodology

3.1. Forward Model

[8] To reconstruct the past atmospheric temperature
changes, we used a forward model to simulate englacial tem-
peratures from air temperature variations [Gilbert et al.,
2010]. We assume that horizontal heat advection can be
neglected due to very low horizontal velocity (Table 1). This
assumption is supported by three-dimensional numerical
experiments (see supporting information). Therefore, we solve
the heat diffusion/advection problem at each site in firn and ice
in one dimension by solving the heat transfer equation
[Malvern, 1969; Hutter, 1983]

oT oT o ( OT
pcp(at +v; az) 82 (k 9z ) + Qlat (1)

where z is the depth (m), ¢ the time (s), T the temperature
(K), cp, the heat capacity of ice (= 2030 Jkg ' K™"), p the ﬁrn
density (kgm ), v, the vertical advectlon Ve1001ty (ms ™), k
the thermal conductivity of firn (Wm K™ ) and Q,; the
latent heat released by refreezing meltwater (Wm ).

Elevation Firn Measurement Horizontal Velocities Subsidence Velocities
Site No. (ma.s.l.) Depth (m)  thickness (m)  Aspect Slope(®) Dates (m yr’l) (m w.e. yr')
1 4300 40 20 E 8 1999 /2011 1.2 0.7
4245 126 80 E 10 1994 /2005 /2010 7.9 32
3 4255 103 60 NW 10 1999 /2011 3.5 1.3
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Figure 2. Posterior PDF of air temperature sampled by RI-MCMC algorithm for each borehole. The thick line shows the
mean posterior PDF and the dashed line is the standard deviation. The red dashed line shows mean posterior PDF for inver-

sion of firn surface temperature.

Equation (1) is solved using the spectral element method
[Patera, 1984] with a time step of one year. We use mea-
sured densities at sites 1, 2, and 3. Conductivity is inferred
from density using the relationship given by Calonne et al.
[2011] based on experimental measurements and numerical
simulation using microtomographic images. The basal heat
flux f; is given at 800 m depth in the bedrock. At this depth,
the basal heat flux is assumed to be constant during time of the
simulation (see supporting information). The thermal proper-
ties of the bedrock (gneiss and granite) are not well known.
We use a thermal conductivity of 32Wm 'K, a heat
capacity of 7.5 10 Jkg ' K™' and a density of 2.8 10°kgm™
as proposed by Liithi and Funk [2001]. The annual surface
temperature T is assumed to vary in the same way as the mean
annual air temperature [Gilbert et al., 2010]. The latent flux
from refreezing of meltwater is released at the surface and
calculated from an annual temperature anomaly:

a(Ty — Trer)Lp,,
h

where T.r (K) is equal to the steady state temperature 7 (K)
(see next section), L (3.34 10°Jkg ") is the latent heat of
fusion, a (m w.e. K 's ') a melting factor (different for each
site), py (= 1.0 10°kgm™) the water density and /4 (m) a
scale factor representing the thickness of the layer influenced
by latent heat over one year (#=10m here). The vertical
advection profile is calculated from the surface advection
velocity vy (m w.e. yr ') and assumed to vary linearly with
depth [Vincent et al., 2007Db]

v.(2) = p‘)(”) (1-3) 3)

where z is depth (m), D the bedrock depth (m), p,, the water
density (kgm ) and p(z) the firn density.

Ol = @

3.2. Inverse Problem

[¢] The inverse problem is solved using Bayesian infer-
ence [Hopcroft et al., 2007] via the method used by Gilbert
et al. [2010]. We use a Reversible Jump Markov Chain
Monte Carlo (RJI-MCMC) algorithm to explore the parame-
ter space and randomly draw the posterior probability

density function (PDF) of each parameter. At every site, five
different parameters are explored: the surface temperature
evolution vector Ts, the melting factor a (equation (2)), the
basal flux f,, the surface advection velocity v, and the steady
state surface temperature 7, used to compute the initial
profile. As proposed in other studies [e.g., Liithi and Funk,
2001], a long past temperature history is used to calculate
the initial temperature profile in 1900. For this purpose,
numerical modeling experiments start in the year 800 for
which we assume a steady state profile. Numerical experi-
ments have shown that this past temperature history has a very
small influence on the temperature inversion (see supporting
information). This initial profile is calculated for every
iteration of the RJ-MCMC algorithm using 7} and v,. The sur-
face temperature evolution is represented by a series of linear
segments with the nodes of these segments being the model
parameters Ts, ie., Ts=(T; , t; k=1,5), where T} is

T T T T T T 25|
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Figure 3. Air temperature variations in the Mont Blanc
area over the last century from simultaneous inversion using
all boreholes (black bold line). The colored curves are the
time series of the 10 year moving averages of air temperature
from Chamonix (1050 ma.s.l.), Lyon-Bron (200 ma.s.l.) and
Jungfraujoch (3570 ma.s.l.) meteorological stations and
from HISTALP and HISTALP high elevation (1500 to
3500ma.s.l.) reconstitutions in the northwestern Alps
[Auer et al., 2007].
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Table 2. Posterior PDF Means and Standard Deviations of Mean
Latent Heat (Qy,), Subsidence Velocities (vy), Basal Heat Flux
(f) and Steady State Temperature (7) as Sampled by the RI-MCMC
Algorithm in the Simultaneous Inversion

Steady State Mean Latent  Subsidence Basal
Temperature Flux Velocities Heat Flux
Qlat Vo .ﬁJ
Site No. Ty (°C) MWm?) (mwe yr') (10°Wm?
1 —14.440.5 3016 0.6+£04 25+16
—124+0.5 32+16 3.7+0.2 26£16
3 —12.7£0.5 7+10 1.1+0.4 3612

temperature and # is time. Posterior PDF is calculated for each
parameter set sampled by the RI-MCMC algorithm following
the Bayesian approach:

Ppost ¢ Pprior X P(d | m) 4

where Py is the posterior PDF, P, is the prior PDF and
P(d | m) is the probability of observing the data d for a given
parameter set m. Details on the calculation of the posterior
PDF are given in the supplementary material.

[10] In order to deal with the three sites simultaneously,
the surface temperature is defined as a deviation from the
steady state temperature 7, (different at each site). The
surface temperature evolution vector Ts is the same for all
sites and the surface temperature at each site is given by:

T =T+ 7T} )

where Ts' is the surface temperature at site i and 7, the
steady state temperature at site i. Data likelihood is calcu-
lated as the product of the data likelihood at each site

3

P(dimy3 |miy3) = HP(di | m;) (6)

i=1

where d; is the data at site 7 and m, the parameters set for site i.

4. Results

4.1. Individual Inversion at Each Site

[11] Atmospheric temperature reconstruction at each site
is shown in Figure 2. Ten million iterations were needed to
reach a steady posterior PDF. The mean value of the poste-
rior PDF (black bold line) is interpreted as the expected
value given by the inversion. The standard deviation
(or 68% credible interval) gives the uncertainty (thin dashed
line). The three inversions exhibit an air temperature rise
starting between 1960 and 1980. The mean warming ampli-
tude between 1960 and 2004 is 1.4°C with a warming of
1.6°C, 1.4°C, and 1.1 °C for sites 1, 2, and 3, respectively.
The sites are too close to experience such different air
temperature warming and the differences observed here are
clearly due to uncertainties inherent to the method. The
uncertainty of these reconstructions remains high due to
the uncertainties associated with the melting intensity and
advection velocity at each site. Our analysis shows that
repeated measurements at the same site and at different times
significantly improve the accuracy of reconstruction. For
instance, the three measurements performed in 1994, 2005,
and 2010 at site 2 provide the most accurate reconstruction
of air temperatures (Figure 2). Moreover, the high advection
velocity and melting intensity found at this site increase the
impact of the atmospheric temperature change on englacial
temperatures and provides a better reconstruction. Note that
the englacial temperature measurements carried out in this
borehole make it possible to detect the warm period of the
1940s. The reconstruction from borehole 1 temperatures
does not provide any information before 1970 due to the
low thickness of the glacier at this site. For site 3, high-
frequency climate variations are filtered out by diffusion as
a result of the low advective heat transfer. No trace of the
forties warm period can therefore be detected from tempera-
ture profiles measured at site 3.

[12] A second set of inversion experiments were
performed assuming no melting/refreezing processes at the
surface (i.e., @=0 in equation (2)), making it possible to
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Figure 4. Inversions of synthetic englacial temperature profiles created from the forward model forced by daily air temper-
ature measured at Lyon-Bron and using different melting intensities and advection velocities. Bold lines are the mean pos-

terior PDF and dashed lines are the standard deviation of each inversion. The blue line is the 10 year moving average of

Lyon-Bron temperature.
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Table 3. Comparison of Atmospheric Temperature Trends From the Different Data Sets

Linear Trend Linear Trend Linear Trend

1900-2004 1960-2004 1980-2004
Elevation Range Localization Type of Data (K decade™) (K decade™) (K decade™)
HISTALP 0-3500ma.s.l. NW Alps Homogenized records 0.14 0.36 0.58
HISTALP high elevation 1500-3500 ma.s.1. Alps Homogenized records 0.12 0.36 0.50
Jungfraujoch 3570 ma.s.1. 46°32 Meteorological station - 0.35 0.52
7°58'
Lyon-Bron 200ma.s.l. 45°72 Meteorological station - 0.46 0.72
4°94/
Chamonix 1042ma.s.l. 45°93’ Meteorological station - 0.31 0.51
6°88'
This study 4250 ma.s.l. 45°84’ - 0.14 £0.06 0.33 £0.02 0.55£0.15
6°84/

reconstruct surface firn temperature variations (Figure 2, red
dashed curve). Comparison with the atmospheric tempera-
ture reconstruction (Figure 2, black bold curve) shows the
occurrence of surface melting at each site when atmospheric
and firn temperature variations deviate. At site 2, the
reconstructed surface firn temperature rises by 3.3°C over
the last 30 years while reconstructed atmospheric tempera-
ture rises by 1.8°C. This confirms the strong impact of
increasing melting on englacial temperature in cold glaciers
as already demonstrated by other studies [Vincent et al.,
2007b; Suter et al., 2001; Liithi and Funk, 2001; Gilbert
et al., 2010].

4.2. Simultaneous Inversion

[13] Simultaneous inversion provides a way to reduce
uncertainties related to the melting intensity inference
and greatly increases the reliability of the reconstruction
(see the numerical experiments performed with the synthetic
englacial data set, in section 5). Simultaneous inversion
results are shown in Figure 3 and Table 2 (mean posterior
PDF and standard deviation of all parameters for each site)
assuming the same temperature changes at the three sites.
Posterior PDFs of a, vy , f,, and T are shown in the supporting
information. The surface temperature is given here as a devia-
tion from steady state temperature 7 at each site (equation (5)).
This method improves the accuracy of the reconstruction and
reduces the uncertainty of parameter estimation given that the
same temperature evolution explains englacial temperature
changes for all the three sites. Fifty million iterations were
needed to reach a steady posterior PDF.

[14] Results exhibit a 1.2°C warming between 1900 and
1950, a cooling period of 0.7°C between 1950 and 1975,
and a recent 1.6°C warming between 1975 and 2004. For
each site, the inferred surface vertical velocity (vo, Table 2)
has been compared with GPS measurements [Vincent et al.,
2007a] (Table 1). This comparison shows good agreement
for the three sites. Advection velocity profile (equation (3))
was also validated using ice core dating from radioactive
horizons (see supporting information). Variation of melting
intensity is linked to the slope and aspect of the site that influ-
ence the incoming potential solar radiation [Suter, 2002].
Thus, sites 1 and 2 are more subject to surface melting than
site 3. This is consistent with our inversion results (Table 2)
that show less energy released by refreezing of meltwater at
site 3.

[15] The reconstructed basal flux values seem to show a
stronger basal flux at site 3. This could be due to

topographical effects related to the influence of the south
face of Mont Blanc.

5. Sensitivity and Reliability of
Temperature Reconstructions

[16] The accuracy of temperature reconstructions is very
sensitive to the choice of drilling sites. As shown in section
4.1, the main parameters that influence the reconstruction are
the melting intensity driven by the local incoming potential
solar radiation [Suter, 2002] and the firn vertical advection
velocity driven by the seasonal distribution of accumulated
snow [Vincent et al., 2007a].

[17] To test the reliability of our reconstruction, we inves-
tigated the influences of melting intensity and vertical advec-
tion velocity using a synthetic englacial data set. This data
set was obtained from the forward model forced by the daily
air temperature measured at Lyon-Bron meteorological
station and different values of vertical advection velocity
and melting intensity. Melting is calculated using the classical
degree-day method at a daily time scale [e.g., Hock, 2003].
Four virtual sites were created using low and high vertical
advection (set to 0.5 and 4.0m w.e. yr ', respectively) and
low and high melting% intensity (with degree-day factor set to
0 and 2.0mmK " d ™, respectively). For each virtual site, we
modeled three virtual 126 m deep englacial temperature
profiles (in 1994, 2005, and 2010). Then air temperature was
reconstructed from these profiles using the inverse method
and compared with the temperatures from Lyon-Bron
(Figures 4a to 4d). The deviation between reconstructed
profiles and Lyon-Bron daily temperatures allows us to assess
the reliability of the reconstruction. Results show high differ-
ences between Lyon-Bron temperature and reconstructions
from individual inversion at each virtual site. These differ-
ences are due to the high uncertainty on the melting intensity
which leads to a high uncertainty on the temperature recon-
struction. In contrast, the use of simultaneous inversions at
the four virtual sites reconstructs past temperature variations
accurately (Figure 4¢). In addition, our numerical experiments
show that repeated measurements at the same site reduce
significantly the uncertainty of the reconstruction (Figure 4e).

[18] Some further experiments were performed to test the
best combination of measurements for temperature recon-
struction (Figure 4f). These experiments show that the use
of only two sites is sufficient to obtain reliable temperature
reconstruction. They also reveal that the best reconstruction
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is obtained from sites with contrasting melting intensity and
accumulation (Figure 4f). The use of two sites overcomes
the difficulty of inferring melting from englacial temperature
measurements. Conversely, reconstructions based on only
one site require independent calibration of melting factor
from direct measurements or from an energy balance model
using on-site automatic weather station data. In addition to a
sensitivity analysis, these numerical modeling experiments
show that the air temperature reconstruction shown in
Figure 3 is relevant.

6. Discussion and Conclusions

[19] For the first time, atmospheric temperatures over
100 years were reconstructed at a very high elevation using
multiple englacial temperature profiles. This reconstruction
does not depend on any air temperature record from lower
elevations. Our results exhibit a warming of 2.0 +£0.6°C
with a linear trend of 0.14 £0.06°C/decade at around
4300ma.s.l. in the Mont Blanc area between 1900 and
2004. The 2°C warming corresponds to the reconstructed
temperature difference between 1900 and 2004. This con-
firms that 20™ century warming in the Alps was greater than
the global and hemispheric average [Beniston et al., 1997].
These results have been compared to local meteorological
data and temperature reconstructions from HISTALP [Auer
et al., 2007] (Figure 3). Local meteorological data have been
recorded in the valley at Chamonix (1050 ma.s.l.) since
1934, in the plain at Lyon-Bron meteorological station
(200 ma.s.L.) since 1907 (located 200 km west of the glacier)
and at Jungfraujoch meteorological station (3570 ma.s.l.,
Switzerland) since 1933. Auer et al. [2007] used measure-
ment instrument series (mostly located below 1500 m a.s.l.)
of monthly mean temperature to estimate the homogenized
long-term temperature evolution in the Alps. The means
for the northwestern Alps and the selected high elevation
data set temperatures (1500 to 3500 ma.s.l.) are reported in
Figure 3 together with the inversion results. Temporal tem-
perature trends relative to these series are shown in Table 3.
We can conclude that our reconstruction is in good agreement
with the temperature trends of all these data over all the differ-
ent periods 1900-2004, 1960-2004, and 1980-2004. Only
Lyon-Bron temperature trend seems to be stronger over the
periods 19602004 and 1980-2004. A possible effect of
urbanization could affect this series [Pepin and Lundquist,
2008]. The good agreement with temperatures trends from
HISTALP confirms that temperature change at very high ele-
vations in the Mont Blanc area is representative of a regional
climate change and it is not biased by local effects. We con-
clude that atmospheric temperature trends detected on Mont
Blanc above 4000 ma.s.l. agree fairly well with the trends
recorded at lower elevations or reconstructed at regional scale,
even though they have been obtained fully independently from
these records. This suggests that, in the Alps, warming is not
increasing at very high elevations above the 0°C isotherm.

[20] These results seem to conflict with modeling studies
using future scenarios that have shown an elevation-
dependent climate response [e.g., Giorgi et al., 1997, Im
et al., 2010]. However, it is difficult to compare our results
with other results from large-scale atmospheric modeling
and simulations for the future. Studies based on ground obser-
vations during the 20™ century show no overall agreement
concerning the elevation dependency of atmospheric

temperature trends [Ceppi et al., 2010; Rangwala and Miller,
2012; Beniston and Rebetez, 1996; Jungo and Beniston,
2001]. Our study suggests that there is a similar air temperature
trend at low and very high altitudes over the last 100 years.

[21] Englacial temperature measurements provide a way to
infer air temperature changes at very high eclevations. We
show that temperature reconstructions from englacial temper-
atures need a minimum of two neighboring measurement sites
with contrasting surface melting and snow accumulation. This
facilitates differentiation between the fraction of the englacial
warming coming from increasing air temperature and the
fraction coming from increasing surface melting. This method
could be applied to other high elevation glaciated areas where
meteorological data are nonexistent.
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