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ABSTRACT. Assessment of the sensitivity of surface mass balance and equilibrium-line altitude (ELA) to
climate change is crucial for simulating the future evolution of glaciers. Such an assessment has been
carried out using an extensive dataset comprising numerous measurements of snow accumulation and
snow and ice ablation made on four French glaciers over the past 16 years. Winter mass balance shows
a complicated pattern with respect to altitude, with no clear linear relationship. Although the ratios of
winter mass balance to valley precipitation differ considerably from site to site, they are relatively
constant over time. Relationships between snow/ice ablation and temperature are stable, with no
link with altitude. The mean snow and ice positive degree-day (PDD) factors are 0.003 and
0.0061mw.e. °C–1 d–1. This analysis shows that, at a given site, ablation depends mainly on the amount
of snow precipitation and on cumulative PDDs. The sensitivity of annual ablation to temperature
change increases almost linearly from 0.25mw.e. °C–1 at 3500m to 1.55mw.e. °C–1 at 1650m. ELA
sensitivity to temperature change was found to range from 50 to 85m °C–1.
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1. INTRODUCTION
Glacier surface mass balance is widely recognized as being
highly sensitive to climate variations in remote areas located
at high altitudes (Kaser and others, 2006; Huss, 2012; IPCC,
2013). A change in climatic forcing is immediately reflected
in a change in accumulation or ablation. Knowing the
sensitivity of surface mass balance to climatic parameters is
indispensable for assessing present climate change in high-
altitude areas where meteorological data are sparse. It is also
essential for estimating the changes glaciers will undergo for
different future climate scenarios.

The sensitivity of glacier surface mass balance to climate
change has been widely studied (e.g. Oerlemans and
Fortuin, 1992; Wagnon and others, 1999; Braithwaite and
Zhang, 2000; Oerlemans and Reichert, 2000; Vincent, 2002;
Gerbaux and others, 2005; Huss and others, 2008; Sicart and
others, 2008). It has been analysed either using the physical
energy-balance approach or empirical relationships. Phys-
ical methods are the best way to study the relationships
between mass balance and energy exchanges and many
such studies have been performed, although the required
measurements on the glacier surface are still rare and not
available for long periods (Hock, 2005). Empirical relation-
ships make it possible to link the surface mass balance to
simple meteorological data to study mass-balance sensitivity
to precipitation or temperature (e.g. Greuell, 1992; Braun
and others, 1994; Hock, 1999; Braithwaite and Zhang, 2000;
Vincent, 2002; Braithwaite, 2008; Huss and others, 2008;
Six and others, 2009; Thibert and others, 2013). Although the
physical processes are not taken into account, these simple
relationships are very useful because air temperature and
precipitation are the most reliable data that can be extracted
from future climatic scenarios.

Previous studies have found a strong relationship
between ablation and air temperature for glaciers in the
European Alps (Chen and Funk, 1990; Vincent and others,

1997; Vincent, 2002; Thibert and others, 2013), which has
not always been the case in other mountainous areas
(Wagnon and others, 1999; Favier and others, 2004). To link
ablation to temperature, snow and ice ablation must be
separated (Braithwaite and Olesen, 1989; Braithwaite,
1995) because surface melt is highly sensitive to spatial
and temporal albedo variations (Brock and others, 2000;
Jonsell and others, 2003). However, many questions and
uncertainties remain due to the lack of long time series of
measurements. First, the physical cause of the strong
relationship between ablation and temperature remains
open to discussion (e.g. Oerlemans, 2000; Ohmura, 2001;
Sicart and others, 2008). Second, many studies suggest that
these relationships are improved when potential solar
radiation is taken into account, although how this should
be done remains controversial (Hock, 1999, 2005; Pelliciotti
and others, 2005; Vincent and Six, 2013). Third, some
studies suggest that ablation–temperature relationships
could be affected by long-term changes in incoming
shortwave radiation (Huss and others, 2009) or by changes
in albedo due to dust deposition (Oerlemans and others,
2009) or black carbon (Painter and others, 2013). Fourth,
accumulation is characterized by marked spatial variability,
and the relationships between accumulation and precipi-
tation are complex (Dadic and others, 2010; Sold and
others, 2013).

For these reasons, major uncertainties remain concerning
the relationships between ablation and temperature (Hock,
2005) and between accumulation and precipitation (Vin-
cent, 2002; Machguth and others, 2006; Huss and others,
2009). The values cited in the literature for the sensitivity of
the equilibrium-line altitude (ELA) of alpine glaciers to
climate change therefore diverge greatly, ranging from 60 to
160m °C–1 (Kuhn, 1989; Oerlemans and Hoogendoorn,
1989; Wallinga and Van de Wal, 1998; Braithwaite and
Zhang, 2000; Oerlemans, 2001; Vincent, 2002; Zemp and
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others, 2007; Thibert and others, 2013). However, most of
these results were obtained from measurements made over
short periods or from modelling. As mentioned by Ohmura
and others (1992) and Rabatel and others (2005), the ELA is
a very good indicator of the glacier mass balance. Under-
standing climate at the ELA is important for predicting
glacier evolution.

In this paper, we reanalyse mass-balance sensitivity to
temperature and precipitation using an extensive network of
ablation and accumulation measurements made on four
glaciers in the French Alps. This analysis goes beyond
previously published evaluations of parts of this dataset (e.g.
Vincent, 2002; Vincent and others, 2005, 2009; Vincent
and Six, 2013). First, we have used all the measurements
carried out over a 16 year period at 130 sites, including very
contrasted years with high or low winter accumulation and
with low or high ablation, representative of very different
situations that could be observed in the future. Second, in
the new dataset, numerous ablation measurements per-
formed four to five times during summer are available. This
allows us to separate ice and snow ablation and conse-
quently to take into account the role of albedo in summer
melt and its sensitivity to temperature change. Finally, the
present network covers very different aspects and slopes,
over a wide range of altitudes. In addition, many of the
measurements were made around the ELA, enabling us to
determine ELA sensitivity to temperature change from
extensive field measurements.

2. SITE DESCRIPTION, METEOROLOGICAL DATA
AND METHOD
2.1. Site description
For this study, we chose a dataset comprising measurements
made on four French glaciers: Glacier de Saint-Sorlin
(Grandes Rousses area), Glacier de Gébroulaz (Vanoise
area), Glacier d’Argentière and Mer de Glace (both in the
Mont Blanc range), between 1995 and 2011. Figure 1a
shows a map of the French Alps, and Figure 1b–e are maps of
the four glaciers. Table 1 lists the characteristics (length,
surface, main aspect) of each glacier. The mass-balance site
number is also given for each glacier (30–40 sites, distributed

over both accumulation and ablation areas). Mer de Glace
and Glacier d’Argentière are large glaciers with numerous
tributary glaciers. The major contributors are also included in
this study: Tour Noir (ablation zone) and Amethystes
(accumulation area) for Glacier d’Argentière, and Talèfre
and Leschaux (both are ablation areas) for Mer de Glace. Mer
de Glace is also divided into three sections in this work:
lower and middle ablation area and Géant (accumulation
area) (Fig. 1e). Most of the data and measurement methods
can be consulted on the website http://www-lgge.ujf-
grenoble.fr/ServiceObs/.

During the period 1995–2011, the winter mass balance
was measured at the end of April/beginning of May and the
summer mass balance at the end of September/beginning of
October. In addition, four or five regular visits were made
during summer to monitor changes in ice and snow ablation
in the accumulation and ablation areas. However, these
regular summer visits were not possible on Glacier de
Gébroulaz or on the top of Mer de Glace (Géant), mainly for
reasons of accessibility. Measurements were therefore made
only twice a year on Glacier du Géant (May for the winter
mass balance and October at the end of the ablation season)
and three times a year on Glacier de Gébroulaz (in May, at
the end of August and in October).

In the accumulation area, cores were drilled to measure
winter mass balances from snow layering (stratigraphy) and
density. Stakes were inserted in the boreholes down to the
previous summer surface. This technique makes it easy to
measure the winter snow remaining at the end of summer by
reading the stakes and prevents any possible misinterpret-
ation of snow layering. In the ablation zone, winter mass
balances were also measured by drilling cores. Annual mass
balances were determined from wood stakes inserted in the
ice. The summer mass balance was inferred from the differ-
ence between these two balance terms. Uncertainty on
accumulationmeasurements was 0.21mw.e. a–1. Uncertain-
ties on ablation measurements were 0.14 or 0.27mw.e. a–1

depending on whether the ablation concerned ice or firn
(Thibert and others, 2008). The mean ELA was obtained from
the mass balance measured on stakes around the ELA. The
ELA of Mer de Glace could not be calculated accurately as it
is usually located in a huge serac zone.

Table 1. Main characteristics of the four measured glaciers and their major adjacent contributors. The number of measured sites in the
ablation and accumulation areas is also given. The minimum elevation (snout position) was measured in 2012

Glacier de

Saint-Sorlin

Glacier de Gébroulaz Glacier d’Argentière Mer de Glace

Location Grandes Rousses Vanoise Mont Blanc range Mont Blanc range

Coordinates 45°100N, 6°100 E 45°190N, 6°400 E 45°560N, 6°590 E 45°540N, 6°570 E
Surface area (km2) 3 3 19 28

Major tributary contributors Accumulation zone: Amethystes;

ablation zone: Tour Noir

Ablation zone: Talèfre and

Leschaux

Max elevation (m a.s.l.) 3460 3500 3530 3600

Min elevation (m a.s.l.) 2650 2640 1550 1520

Length (km) 2.5 4 10 12

Aspect North to east North North to south North to south

Number of sites in accumulation zone 7 6 Amethystes: 4; Argentière: 5 Géant: 7

Number of sites in ablation zone 15 25 Argentière: 22; Tour Noir: 8 Mer de Glace: 19; Talèfre: 5;

Leschaux: 7

Mean ELA (1995–2011) (m a.s.l.) 3020 3100 2890 Not available (serac zone)
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2.2. Meteorological data
The meteorological dataset used in this study was extracted
from the Météo-France network at suitable nearby climate
stations. For Glacier d’Argentière and Mer de Glace, daily
precipitation and temperature data are available for the
1995–2011 period at Chamonix station (located very close to
both glaciers, <10 km from the lowest stakes), at 1000ma.s.l.
For Glacier de Gébroulaz, we used data from Bourg Saint-
Maurice (z=865ma.s.l.), located 37 km from the glacier.
For Glacier de Saint-Sorlin, we used temperatures from
Lyon–Bron station (125 km away, z = 200ma.s.l.), and

precipitation from Besse en Oisans (9 km away, z =
1525ma.s.l.). Although Lyon–Bron station is far fromGlacier
de Saint-Sorlin, previous studies have shown that Lyon
temperature data are strongly correlated with data from the
nearest meteorological station available on shorter series
(Vincent and others, 1997, 2004).

In August 2005 and June 2006, we set up two complete
automatic weather stations (AWS) on the moraines of Saint-
Sorlin and Argentière glaciers respectively (Fig. 1b and d).
Half-hourly data (ventilated temperature, relative humidity,
wind speed and direction, incident shortwave and longwave

Fig. 1. (a) Map of the western part of the Alps (from Vincent, 2002). Triangles show the locations of the glaciers: 1. Saint-Sorlin,
2. Gébroulaz, 3. Argentière, 4. Mer de Glace. Red dots show the locations of the meteorological stations (Besse en Oisans, Bourg Saint-
Maurice and Chamonix). Lyon, not on this map, is located 80 km northwest of Grenoble. (b–e) Maps of Glacier de Gébroulaz (b), Glacier
d’Argentière (c), Glacier de Saint-Sorlin (d) and Mer de Glace (e), with accumulation (blue) and ablation (red) sites. Tributary glaciers of
Argentière and Mer de Glace are also shown.
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radiation) were recorded at 2720 and 2450m respectively.
Using these two AWS, the air temperature lapse rate can be
calculated between valley stations and glaciers. For the
following analysis related to degree-day factors, the deter-
mination of an air temperature lapse rate is crucial. We first
tested the validity of using a constant air temperature lapse
rate over a large altitudinal range, which can reach 2000m
on Mer de Glace between the lowest and highest stakes.
Tests performed on meteorological data from Chamonix
(1000m), Argentière (2400m) and Aiguille du midi (3800m,
weather station located in the vicinity of Mer de Glace
accumulation zone) reveal very similar air temperature lapse
rates (0.59°C (100m)–1 between Chamonix and Aiguille du
midi, compared to 0.61°C (100m)–1 between Chamonix and
Argentière, during the summer period).

Note that the air temperature lapse rate can change with
the season and within the area under study. As generally
observed, the summer air temperature lapse rate (calculated
from 1 May to 30 September) is different from the mean
annual lapse rate (Jabot and others, 2012). We compared
annual and summer temperature lapse rates over the period
2006–12. The mean annual lapse rate between Saint-Sorlin
and Lyon is 0.54°C (100m)–1, and the mean summer lapse
rate is 0.59°C (100m)–1 (respectively 0.57°C (100m)–1 and
0.61°C (100m)–1 between Argentière and Chamonix). The
differences in these summer lapse rates are therefore small
given that Argentière and Saint-Sorlin glaciers are located
110 km apart. In the following analysis, we use a lapse rate
value of 0.6°C (100m)–1 when the whole summer is taken
into account. Due to the absence of other high weather
stations close to Glacier de Gébroulaz, the same lapse rate is
used for this glacier. Given the large monthly variations of
the air temperature lapse rate, we can question the use of a
single lapse rate value over the entire summer season.
Meteorological data analysis reveals monthly variations
from 0.68°C (100m)–1 in May to 0.54°C (100m)–1 in Sep-
tember between Chamonix and Argentière weather stations
(and from 0.63°C (100m)–1 in May to 0.54°C (100m)–1 in
September between Lyon and Saint-Sorlin weather stations).
Neglecting such monthly variations could modify the
sensitivity of ablation to temperature, particularly close to
the equilibrium line, where snow ablation mostly occurs in
May–July and ice ablation from August to September. The

influence of air temperature lapse rate on ablation sensitivity
is discussed in Section 4.

2.3. Method
The method used in this study to determine ablation
sensitivity to climate parameters is a simple temperature-
index method, widely used on glaciers as already men-
tioned. It assumes a linear relationship between melt and
positive air temperature. Ablation at a given altitude j (Aj) is
the sum of snow ablation (As) and ice ablation (Ai) and is
calculated by the degree-day model (Braithwaite and
Olesen, 1989):

Aj ¼ As þ Ai ¼ fsnowCPDDsnow þ ficeCPDDice

where CPDDsnow and CPDDice are the sums of positive air
temperature (cumulative positive degree-day, or CPDD) at
altitude j, for the snowmelt and ice melt periods respect-
ively. fsnow and fice are the positive degree-day (PDD) factors
for snow and ice (mw.e. °C–1 d–1). A review of PDD factors
can be found in Braithwaite and Zhang (2000, table 4) or
Hock (2003). As mentioned by Braithwaite and Zhang
(2000), there is no evidence of unique values of fsnow and fice
that can be used worldwide.

In the present study, we use separate sets of snow ablation
As and ice ablation Ai to determine the snow and ice PDD
factors respectively. Data with ablation of both snow and ice
were removed from our dataset for this analysis.

3. RESULTS
3.1. Temporal fluctuations in annual mass balance
since 1995
Figure 2 shows the cumulative annual mass balance for the
four glaciers since 1995. The annual mass balances are
calculated with a linear model of variance over the entire
surface area and adjusted with volume losses obtained from
photogrammetric measurements (Vincent, 2002; Vincent
and others, 2009). The cumulative annual mass balances are
–26.5mw.e., –23mw.e., –19mw.e. and –14mw.e. on
Saint-Sorlin, Mer de Glace, Argentière and Gébroulaz
glaciers respectively. Figure 2 also shows acceleration in
the negative mass balance over the past 10 years. The five
most negative annual mass balances have occurred since
2003. When the whole period is separated into two periods,
1995–2002 and 2003–11, the mean annual mass balances
are respectively –0.71 and –2.23mw.e. on Glacier de Saint-
Sorlin, –0.73 and –1.88mw.e. on Mer de Glace, –0.55 and
–1.54mw.e. on Glacier d’Argentière and –0.31 and
–1.18mw.e. on Glacier de Gébroulaz, i.e. approximately
three times higher over the second period. Such a com-
parison allows us to assess the stability of the ablation
sensitivity to temperature change over time (Section 3.4).

Figure 3 shows deviations in the annual mass balance
from the average value for 1995–2011, obtained using a
method that has been applied widely in previous studies
(Letréguilly and Reynaud, 1990; Vincent and others, 2004).
For this purpose, each annual glacier mass balance was
reduced by subtracting the 1995–2011 average mass bal-
ance of each glacier to obtain a mean-centred value. Figure 3
highlights the striking consistency and the common climatic
signal of data from glaciers scattered throughout the French
Alps (Saint-Sorlin and Argentière are located 110 km apart),
despite the fact the size, aspect and slope of the glaciers are

Fig. 2. Cumulative annual mass balance as a function of time for
Saint-Sorlin, Argentière, Gébroulaz and Mer de Glace and the
linear trend from 1995 to 2011. Annual mass balances were
calculated using a linear model of variance applied to stake
measurements made over the entire surface of the glaciers.
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not the same. Table 2 summarizes mean winter and summer
mass balances for each glacier. Only measurements made
between 2750 and 2800ma.s.l. are presented, to ensure that
the comparison is relevant irrespective of the topographic
characteristics of each glacier. These stake measurements are
usually located in the ablation zone. No data were available
on Mer de Glace for this altitude range. The table shows that
summer mass balances are much more variable than winter
mass balances. For Saint-Sorlin and Gébroulaz glaciers,
there is a factor of 2 between winter and summer mass-
balance variability. The factor is 1.5 for Glacier d’Argentière.
For each glacier, Figure 4a and b show the winter and
summer mass balances for the period concerned.

A slight decrease in winter mass balance was observed on
the three glaciers over the entire period (also observed
irrespective of the altitude of the site; not shown here). There
was a decrease both in winter accumulation and in the
standard deviation. On Glacier de Gébroulaz, winter
accumulation decreased from 1.21mw.e. before 2003 to
0.93mw.e. after 2003, and the standard deviation decreased
from 0.4mw.e. to 0.17mw.e. On Glacier d’Argentière,
winter accumulation decreased from 1.76 mw.e. to
1.35mw.e. and the standard deviation decreased from
0.53mw.e. to 0.30mw.e. Conversely, we observed an
increase in summer ablation. Comparing the periods before
and after 2003, summer ablation increased from 2.7mw.e.
to 3.4mw.e. onGlacier de Gébroulaz, from 3.0 to 3.5mw.e.
on Glacier d’Argentière and from 3.25 to 4.19mw.e. on
Glacier de Saint-Sorlin.

The correlation between annual and summer mass
balance was strong. For example, it reached R2 = 0.89 and
R2 = 0.92 for all the stakes in the ablation zone of Glacier de
Saint-Sorlin for the periods 1995–2002 and 2003–11
respectively. From this analysis, we conclude that the
annual summer mass balance is largely responsible for
changes in the annual mass balance. In addition, we
conclude that the decrease in the annual mass balance
after 2002 is mainly due to the increase in summer ablation.

3.2. Winter accumulation and precipitation
We compared the winter accumulation measured at each
stake in the accumulation zone of the four glaciers with the
cumulative valley precipitation calculated over the same
period (Fig. 5). The Météo-France meteorological stations
used were Besse en Oisans for Glacier de Saint-Sorlin,
Bourg Saint-Maurice for Glacier de Gébroulaz, and Cha-
monix for the other glaciers. Precipitation at temperatures
below 2°C (at the elevation of the observation) was taken
into account. This temperature threshold was selected based
on the best correlation found between winter mass balance
and precipitation. Above this temperature, precipitation is
rain and is assumed to run off the glacier and hence not
contribute to the mass balance. No observations are

reported below 2100ma.s.l. because melting in winter is
by no means negligible and can influence the winter mass
balance significantly. Figure 5 shows the marked differ-
ences, which cannot be explained by orographic effects
alone, in the ratio between winter mass balance and valley
precipitation. For each glacier, the pattern is highly variable,
very far from a linear function of altitude. For instance, the
part of Glacier d’Argentière located between 2800 and
2980ma.s.l. shows strong winter mass-balance ratios simi-
lar to those of the Amethystes tributary glacier located
between 3250 and 3440m. The strong winter mass balance
found between 2800 and 2980m is caused by the
surrounding very steep non-glacial slopes which capture
precipitation over a larger area.

The ratio between winter accumulation and precipitation
varied considerably from site to site, but when we compare
the sites, the ratios are very similar to those obtained by
Vincent (2002), showing that they remained relatively
constant over time. However, the two study periods are
probably not long enough to determine consistent changes
in the ratios.

3.3. Summer ablation and temperature
In a first step, total measured summer ablation (May–
October) for each altitude range and each year on Mer de
Glace was compared with CPDD obtained from Chamonix
data for the period 1995–2011. A fixed lapse rate of 0.60°
C (100m)–1 was applied. Calculation of CPDD takes into
account the beginning and end dates of the ablation
measurements. In this first analysis, considering total summer
ablation, snow and ice ablation data are not separated. We
chose data for Mer de Glace because numerous detailed
measurements had been made over a wide range of altitudes

Fig. 3. Centred annual mass balance (annual mass balances minus
average of each glacier for the period) for the four glaciers, from
1995 to 2011.

Table 2. Means and standard deviations (mw.e.; calculated over the 1995–2011 period) of winter and summer mass balances (w.m.b. and
s.m.b. respectively) on Argentière, Gébroulaz and Saint-Sorlin glaciers between 2750 and 2800ma.s.l. No data are available for this
altitude range on Mer de Glace

w.m.b. Argentière w.m.b. Gébroulaz w.m.b. Saint-Sorlin s.m.b. Argentière s.m.b. Gébroulaz s.m.b. Saint-Sorlin

Mean 1.55 1.06 1.26 –3.23 –3.06 –3.77

SD 0.46 0.32 0.36 0.70 0.63 0.77
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and very different aspects. Relationships were established for
each of the altitude ranges located between 1625 and
3070ma.s.l. in the ablation area, and for two sites in the
accumulation area (Fig. 6). Our results revealed a strong
linear relationship between ablation and CPDD, confirming
previous results on this dataset (Vincent, 2002). Large
dispersion was observed on the glacier tongue (‘lower
ablation zone’, <1750ma.s.l.) due to the debris cover which
is highly variable in space and time. This led to very different
ablation values for the same CPDD. On Glacier de Talèfre,
with a south aspect, the ablation was high compared with
that observed on Mer de Glace at similar altitudes. In the
middle ablation zone of Mer de Glace (1900–2200ma.s.l.),
we found a stronger relationship between ablation and
temperature (R2 = 0.80), probably due to the regular clean ice
encountered on this part of the glacier. Moreover, at these
low altitudes, snow disappears quickly, meaning that
summer ablation is mainly driven by ice ablation, which
explains the close relationship. Large dispersion was
observed on the upper part of the glacier because there is

both snow ablation and ice ablation, for which the degree-
day factors are very different (see analysis below). Moreover,
the ratio between snow and ice ablation differs considerably
from year to year, according to the amount of snow
accumulation. Consequently for the same CPDD during
the ablation period, ablation can differ greatly depending on
the winter accumulation value. In addition, in the very high-
accumulation area (i.e. Glacier du Géant located above
3400m), the relationship is poor due to possible snow
precipitation in summer which can significantly affect the
relationship between the summer mass balance and CPDD.

Figure 6 and previous studies (Hock, 2005) show that the
relationship between summer mass balance and CPDD
depends to a great extent on the surface albedo (snow, ice,
debris). Thanks to the many measurements made during
summer, our dataset allows us to separate the mass-balance
sensitivity for ice from that for snow. This is not crucial at
low altitudes, where snow disappears rapidly in spring, but
is essential in other regions, especially near the ELA (2700–
3000m in the French Alps), where large dispersion is
observed because the winter snow layer disappears at
different times during the summer from year to year,
depending on winter accumulation.

Fig. 4. Annual summer (a) and winter (b) mass balance around 2750ma.s.l. on Argentière, Gébroulaz and Saint-Sorlin glaciers, for the
period 1995–2011. No data are available for Mer de Glace in this altitude range.

Fig. 5. Mean ratio (1995–2011) between the measured accumu-
lation in winter and valley precipitation, as a function of altitude for
Gébroulaz, Argentière, Mer de Glace and Saint-Sorlin. Precipi-
tation data are from Bourg Saint-Maurice meteorological station for
Gébroulaz, Chamonix for Argentière and Mer de Glace, and Besse
en Oisans for Saint-Sorlin.

Fig. 6. Total summer ablation vs CPDD, calculated for various
altitude ranges on Mer de Glace and tributary glaciers (Talèfre and
Leschaux), for the period 1995–2011, using data from Chamonix
meteorological station. For clarity, only part of the dataset is
presented; data from some stakes are not included.
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In a second step, snow ablation was separated from ice
ablation for our entire dataset. For clarity, we first focus our
analysis on some selected sites. Figure 7a–d show, for
example, the relationship between CPDD and snow and ice
ablation for four selected sites, two on Saint-Sorlin (�2775
and �2825m) and two on Argentière glacier (�2500 and
�2700m). Figure 6 reveals a dependence on exposure (e.g.
the marked sensitivity of Glacier de Talèfre which is
exposed to the south). In Figure 7, data were selected at
certain sites to avoid the dependence of the PDD factor on
exposure (Vincent and Six, 2013) or albedo (Van de Wal
and others, 1992; Brock and others, 2000). Snow and ice
data were selected manually from the dataset, depending on
the amount of winter accumulation and the amount of snow
still present on the measurement date. Data showing
ablation of both snow and ice were removed from our
dataset for this analysis.

CPDD values were calculated for the same period as
ablation measurements. The PDD factors fsnow and fice were
determined as the slope of the linear regression between
CPDD and snow or ice ablation. For instance, the PDD
factor was 0.0061mw.e. °C–1 d–1 for ice ablation and
0.0044mw.e. °C–1 d–1 for snow ablation for Glacier de
Saint-Sorlin at 2775ma.s.l., in agreement with results of the
previous studies on this glacier (Vincent and Vallon, 1997;
Vincent 2002). The percentage of explained ice ablation
variance with temperature was generally higher than for
snow (R2 = 0.9 and 0.7 respectively at 2775m).

As in Figure 7a–d, the relationships between snow
ablation or ice ablation and CPDD were obtained for the
four glaciers and for all altitude ranges covered by each

glacier. Thus, 49 PDD factors were deduced from these
relationships. Figure 8 shows the PDD factors as a function of
altitude, separating ice data (in the ablation area) and snow
data (in the accumulation area and in the ablation area at the
beginning of the ablation season). Figure 8 shows an
important feature: on the one hand, the mean ice PDD factor
was 0.0061m °C–1 d–1 between 1600 and 2500ma.s.l., with
no dependence on altitude (standard deviation (SD)
0.0005m °C–1 d–1); on the other hand, the mean PDD

Fig. 7. Observed summer snow ablation and ice ablation on Saint-Sorlin ((a) �2775m and (b) �2825m) and Argentière ((c) �2500m and
(d) �2700m) vs CPDD calculated from data measured at Lyon and Chamonix meteorological stations (stakes measured between 1995
and 2011).

Fig. 8. All positive degree-day factors on the four glaciers as a
function of altitude for the period 1995–2011. Snow and ice
ablation measurements are treated separately for the calculation of
each snow PDD factor in the accumulation (‘acc’) area (empty
symbols) and ablation area (grey symbols) and each ice PDD factor
in the ablation (‘abl’) area (full symbols).
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factor for snow above 3000m was 0.003m °C–1 d–1 (SD
0.0004m °C–1 d–1) and, as for ice, did not depend on altitude.

Greater variability was observed between 2500 and
3000ma.s.l. near the ELA, even though snow and ice ab-
lation were treated separately. It is clear that the PDD factor
depends mainly on the surface albedo (snow or ice) and, in
this region, frequent snowfalls can occur during summer,
which probably increases the uncertainty. There was a drop
between values measured at �0.006 and �0.003m °C–1 d–1,
with no dependence on altitude. For instance, the PDD
factor obtained for snow ablation in the ablation zone of
Saint-Sorlin is very similar to that obtained for snow ablation
in the accumulation zone of Saint-Sorlin and Gébroulaz
glaciers. Note that the snow PDD factors ranged from
0.0025 to 0.004mw.e. °C–1 d–1 whatever the region of the
glacier (accumulation or ablation zone). As mentioned by
Vincent and Six (2013), there is a strong dependence on
aspect. In our dataset, we observed high values close to
0.007mw.e. °C–1 d–1 on Glacier de Talèfre (south aspect)
and the south part of Glacier de Saint-Sorlin between 3025
and 2975m. Vincent and Six (2013) showed that the high
spatial variability of ice ablation on Glacier de Saint-Sorlin
depends mainly on potential solar radiation variations,
while the temporal variations are highly correlated with
temperature. This previous study was performed on a small
area of the glacier. Extending this calculation over the entire
glacier, we found that cumulative potential solar radiation
calculated on the south slope of Saint-Sorlin is 25% higher
than on the north slope at the same altitude (accumulated
between 15 July and 1 October). For these two sites, we
found ice PDD factors of 0.0051 and 0.007mw.e. °C–1 d–1,
indicating a value 40% higher on the slope with a south
aspect. As discussed below, exposure can significantly
influence ablation sensitivity to temperature change.

3.4. Sensitivity of annual ablation to temperature
change
In order to estimate ablation sensitivity to temperature
change over the whole summer, each degree-day factor
shown in Figure 8 was used. We calculated the melting of
snow and ice using these degree-day factors and the daily
average temperature at Lyon, Bourg Saint-Maurice and
Chamonix for the 1995–2011 period, calculated at the

altitude of each site and enhanced by 1°C. These calculations
were made using a mean accumulation scenario (mean value
of the period), a lowwinter accumulation scenario and a high
winter accumulation scenario measured during this period
(lowest and highest accumulation observed in 2011 and
2001 respectively). It is important to consider these scenarios
because the amount of snow present at the beginning of the
melting period (and the time it will remain present at the
surface) will affect the surface albedo. The albedo feedback
will impact on the melt through the snow PDD factor which
is lower than the ice PDD factor. Annual ablation sensitivity
to temperature change is shown in Figure 9 for a mean
accumulation scenario. This figure shows a marked decrease
with increasing altitude, with annual ablation sensitivity to
temperature change ranging from close to +1.55mw.e. °C–1

on the lower part of Mer de Glace (1650 m) to
+0.25mw.e. °C–1 in the higher zone of Glacier d’Argentière
(3440m). This general pattern has already been observed in
previous studies (Vallon and others, 1998; Braithwaite and
Zhang, 2000; Vincent, 2002). Note that at a similar altitude
(2600m), the sensitivity of ablation to temperature
change differed significantly depending on aspect
(+1.23mw.e. °C–1 at Glacier de Talèfre for south exposure
and +0.85mw.e. °C–1 for north exposure at Glacier de
Leschaux, although these glaciers are located <1 km apart).

Conversely, the sensitivity of ablation to temperature
change was similar whatever the selected accumulation
scenarios, except for the altitude range in the vicinity of the
ELA where sensitivity can decrease by 20% for the high-
accumulation scenario and increase by 10% for the low-
accumulation scenario (the increase is lower because the
low scenario is not so different from the mean in the
measurement period). Our results are similar to those
obtained by Vincent (2002) in the lower and upper part of
glaciers. Conversely, we found marked discrepancies in the
equilibrium-line area. The use of snow and ice PDD factors
very likely improved the accuracy of the sensitivity values.
Differences reached +0.15 to +0.25mw.e. °C–1 between
Vincent’s (2002) study and this analysis.

3.5. Sensitivity of ELA to temperature change
From our surface mass-balance measurements made in the
vicinity of the ELA, we calculated the annual mass-balance
gradient db/dz for each glacier, in order to determine the
annual values of ELA. Gradients around the ELA are 0.6, 0.65
and 1.07mw.e. (100m)–1 for Gébroulaz, Saint-Sorlin and
Argentière glaciers respectively. The average db/dz gradients
calculated over the entire glaciers were also calculated. They
are lower than those calculated with data from the ELA
region for Argentière and Gébroulaz and higher for Saint-
Sorlin (Table 3). For different altitudes within this ELA range,
we were able to determine the number of positive degree-
days required to melt the mean winter accumulation (high-
or low-accumulation scenario), using the snow PDD factor
calculated in Section 3.3. The CPDD of the mean ELA was
calculated using mean daily positive air temperature over the
period and enhanced by 1°C (with a fixed lapse rate of
0.6°C (100m)–1). For each site around the ELA, we deter-
mined the increase in ablation due to a 1°C increase. Thus,
the increase in ablation duration is taken into account.
Finally, using the mass-balance gradient obtained from our
dataset (around the ELA and over the entire glacier), we can
determine the increase in ELA for a 1°C increase (Table 3).
For a 1°C increase, we found an ELA increase of +75m on

Fig. 9. Annual ablation sensitivity to temperature as a function of
altitude for a mean accumulation scenario over the period.
Depending on the altitude, PDD factors calculated for ice ablation
or snow ablation (Fig. 8) were used.
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Saint-Sorlin, +50m on Argentière and +85m on Gébroulaz.
The choice of db/dz will influence the sensitivity of ELA to
temperature change (see Table 3; Section 4).

4. DISCUSSION AND CONCLUSIONS
We have analysed changes in the surface winter and
summer mass balances since 1995 using an extensive
dataset from four glaciers located in the French Alps. Based
on these numerous measurements, we were able to
separately study surface snow accumulation and snow/ice
ablation over different periods. This allowed us to analyse
the sensitivity of the surface mass balance to changes in
snow precipitation and air temperature.

As mentioned in previous studies using parts of this
dataset (e.g. Vincent, 2002; Vincent and others, 2005, 2009,
2014; Vincent and Six, 2013), glacier mass balances have
been very negative since the beginning of the 1980s. In
addition, in the present study, we observed a sharp increase
in mass loss after 2002, and the five most negative annual
mass balances for Argentière and Gébroulaz glaciers
occurred after 2002.

Both winter and summer mass balances have been
thoroughly studied. From our analysis, we confirm that
summer mass balance is mainly responsible for changes in
the annual mass balances; summer mass balance explains
>90% of the variance.

Winter mass balance shows a complicated pattern, with
no linear relationship with altitude, as shown in previous
studies (Machguth and others, 2006; Sold and others, 2013).
The spatial variation of accumulation on the glacier surface
is influenced by snowdrifting and avalanches (Vincent,
2002; Vincent and others, 2007; Huss and others, 2008).
Modelling accumulation distribution over a mountain gla-
cier remains a challenging task (Sold and others, 2013).

We found that the ratios calculated between winter mass
balance and valley precipitation differ considerably from
site to site but that the values remain fairly constant over
time. Although the two study periods are probably not long
enough to determine consistent changes in the ratios, these
ratios could be used for future simulations, as already done
in other studies (e.g. Gerbaux and others, 2005), assuming
that the ratios do not change over the coming decades.

Summer mass balances were compared to the cumulative
PDDs calculated from valley meteorological stations. Over
the past 16 years, the number of PDDs between 1 May and
1 October has increased by 30 days at 2800m on Glacier de
Saint-Sorlin (near the equilibrium line) based on data
measured at Lyon, 19 days on Gébroulaz based on data
measured at Bourg Saint-Maurice and 26 days on Glacier
d’Argentière and Mer de Glace based on data measured at

Chamonix. The CPDD increased by 92°C on Saint-Sorlin,
121°C on Gébroulaz and 184°C on Argentière and Mer de
Glace (again at 2800m).

We compared the periodically observed snow and ice
ablation separately with the CPDD, in order to obtain snow
and ice PDD factors. The snow PDD factor ranged between
0.0025 and 0.004mw.e. °C–1 d–1, and the ice PDD factor
between 0.0045 and 0.007mw.e. °C–1 d–1. The mean ice
PDD factor was 0.0061mw.e. °C–1 d–1, and the mean snow
PDD factor was 0.003mw.e. °C–1 d–1.

These PDD factors were obtained for a fixed air
temperature lapse rate over summer of 0.6°C (100m)–1.
However, as mentioned in Section 2, the lapse rate varies
over the ablation season. In order to study snow and ice
PDD factor sensitivity to this lapse rate change, we analysed
the influence of different air temperature lapse rates. First,
we calculated the snow PDD factor using (1) a fixed lapse
rate over summer (0.6°C (100m)–1), (2) the lapse rate
commonly used in the literature (0.65°C (100m)–1) and
(3) the lapse rate of May and June, during which maximum
snowmelt occurs (0.68°C (100m)–1 on Argentière and
0.63°C (100m)–1 on Saint-Sorlin). We found that, at
2700ma.s.l., in the ablation area of Argentière, the snow
PDD factors are 0.0041, 0.0042 and 0.0045mw.e. °C–1 d–1

respectively. Consequently the snow PDD factor may be
underestimated by 10% using the fixed summer lapse rate.
Secondly, the ice PDD factors were calculated using
(1) the constant lapse rate over summer (0.60°C (100m)–1),
(2) the lapse rate commonly used (0.65°C (100m)–1) and
(3) the lapse rate of August/September during which maxi-
mum ice ablation occurs (0.58°C (100m)–1). On Argentière
at 2700m, the ice PDD factor varies from 0.0056 and
0.0060mw.e. °C–1 d–1 to 0.0053mw.e. °C–1 d–1. The ice
PDD factor is overestimated by 5% using the fixed summer
lapse rate on Argentière and up to 10% on Saint-Sorlin. At
low altitudes (<2500m) we also noticed that differences
were limited because whatever the air temperature lapse
rate used, temperature is positive most of the time during
summer (differences are <5%). The differences are signifi-
cant in the accumulation zone. In this area, the difference in
snow PDD factor between a fixed summer lapse rate and a
commonly used lapse rate (0.65°C (100m)–1) can reach
20%. We conclude that uncertainties of the ice and snow
PDD factors are significant and should influence the
sensitivity of ablation to temperature change if an incorrect
air temperature lapse rate is used. Not using a correct air
temperature lapse rate will introduce 20% uncertainty on
the snow PDD factor in the accumulation area, 10–15% on
the snow PDD factor in the ablation area near the ELA, 10%
on the ice PDD factor close to the ELA and <5% on the ice
PDD factor elsewhere.

Table 3. Mean ELA measured over 1995–2011, mass-balance gradients calculated around ELA and ELA increase for a 1°C rise for Saint-
Sorlin, Argentière and Gébroulaz glaciers. The ELA increase is also presented for mass-balance gradients calculated with all the stakes over
each glacier (two rightmost columns)

Glacier Mean ELA m.b. gradient around ELA Increase of ELA for 1°C rise m.b. gradient with all stakes Increase of ELA for 1°C rise

m m w.e. (100 m)–1 m°C–1 m w.e. (100 m)–1 m°C–1

Saint-Sorlin 3020 0.65 + 75 0.81 +64

Argentière 2860 1.07 + 50 0.72 +72

Gébroulaz 3090 0.6 + 85 0.56 +95
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Uncertainties of the air temperature lapse rate also imply
a range of uncertainty in the determination of the ablation
sensitivity to temperature change (Section 3.4). It is close to
the ELA that the uncertainty of the snow/ice PDD factors will
most affect this sensitivity. Again, it will depend on the
amount of snow present at the end of spring. For this reason,
different accumulation scenarios are proposed in this study
(mean, low and high winter accumulation as mentioned in
Section 3.4). For instance, considering Argentière at
2700m, ablation sensitivity to temperature increases by
0.2mw.e. °C–1 (from 1mw.e. °C–1 to 1.20mw.e. °C–1) for a
high-accumulation scenario and by +0.1mw.e. °C–1 for a
low-accumulation scenario. Thus, these sensitivities can be
over- or underestimated by 20% according to the air
temperature lapse rate used.

The absence of a link between these snow and ice PDD
factors and altitude is clear in the lower and higher parts of
the glaciers. To our knowledge, our study is the first to
separately analyse snow and ice ablation with temperature
over such a wide range of altitudes, thanks to our large
dataset. Previous studies based on the comparison between
degree-day modeled mass balance and observations
showed that the degree-day factors obtained from glaciers
in Iceland, Norway and Greenland at different elevations
were similar (Jóhannesson and others, 1995). Ambach
(1988) found smaller degree-day factors at lower elevations
of the Greenland ice sheet resulting from a larger contri-
bution of sensible heat to melt energy. In an overview paper
relative to the temperature index methods, Hock (2003)
asserted that under otherwise similar conditions, degree-day
factors are expected to increase with elevation. In our study,
we found no relationship between the PDD factors and
elevation. The ice PDD factors appear to depend on
exposure since glaciers exposed to the south showed the
largest ice PDD factors. However, they could also depend
on local surface snow or ice albedo. This needs to be
confirmed by a thorough analysis comparing the PDD
factors with the solar radiation and surface albedo measure-
ments in a future study. According to the results of the
present study, the relationships are stable irrespective of
whether the wide glacier mass balances are positive or
negative. Given that this analysis covered 16 years with
highly contrasted mass balances, we conclude that these
snow and ice PDD factors can be used during the coming
decades. This means that, for a given site, ablation depends
mainly on the amount of snow precipitation and the CPDDs.

The age of the snow could be taken into account to
improve this relationship. Indeed, on Glacier de Saint-Sorlin,
we observed a small increase in the snow degree-day factor
in the accumulation area. For fresh spring snow, the snow
PDD factor was 0.0025mw.e. °C–1 d–1, whereas it was
0.004mw.e. °C–1 d–1 for old autumn snow. This is likely one
effect of the absorbed shortwave radiation due to a change in
albedo with the age of the snow (Six and others, 2009).
Future studies should be carried out to confirm this effect.

Our results also allowed us to study ELA sensitivity to
temperature increase. First, we compared our results to
previous results obtained on the same glaciers. Vincent
(2002) calculated such sensitivities for a shorter period
(1995–2001) without distinguishing between snow and ice
ablation sensitivity. He found a rise in the ELA of 60–70m
for a 1°C increase in temperature, slightly lower than the
values we obtained on Saint-Sorlin and Gébroulaz glaciers,
and higher than on Glacier d’Argentière. This was firstly

because the CPDD factor used by Vincent (2002) did not
distinguish ice and snow and also because he used a
gradient-with-altitude of 0.7–0.8m (100m)–1, higher on
Gébroulaz and Saint-Sorlin than the mass-balance gradient
obtained from our dataset (lower on Argentière). Using
observed mass-balance gradients around the ELA, we found
a lower sensitivity on Argentière and Gébroulaz and a
higher sensitivity on Saint-Sorlin than using the mass-
balance gradients calculated with all the stakes (Table 3).
As mentioned by Thibert and others (2013), ELA sensitivity
to temperature is highly dependent on the adopted
altitudinal dependence of mass balance. In the present
study, the altitudinal dependence of mass balance comes
from direct surface mass-balance observations, but the
weight given to the selected stakes (all the stakes on the
glacier or stakes located around the ELA) influences the
sensitivity. The major differences in ELA sensitivity to a
temperature increase seem to be mainly driven by the mass-
balance gradient with altitude. For example, on Glacier
d’Argentière, using a common mass-balance gradient of
0.6m (100m)–1, the sensitivity reaches 73m°C–1 instead of
50m °C–1, corresponding to a 40% increase. The uncer-
tainty of the snow PDD factor near the accumulation line
also contributes to uncertainty of the sensitivity of the ELA to
temperature change. In fact, if the snow PDD factor is
overestimated by 20%, then ELA sensitivity to temperature
change is also overestimated by 20%. For instance, the ELA
sensitivity rises from +75m°C–1 to +90m °C–1 on Saint-
Sorlin, +85m °C–1 to +102m °C–1 on Gébroulaz and
+50m °C–1 to +60m °C–1 on Argentière (for a 20% over-
estimation). This is a major issue in the determination of ELA
increase in the future, and the consequences are very great
for the future of glaciers.

Another way to calculate ELA sensitivity is to use satellite
images, although comparing these with field measurements
can lead to large differences given that (1) satellite images
are not always available at the end of the ablation season
and (2) the snowline detected on satellite images does not
always correspond to the ELA. This method has been used
for 43 glaciers in the French Alps including those in our
study (Rabatel and others, 2013) for the period 1984–2011.
Rabatel and others (2013) found a sensitivity of +115m °C–1

for all 43 glaciers, higher than our values. Using the mean
ELA determined in their study for Argentière, Saint-Sorlin
and Gébroulaz glaciers (see table II, supplementary material
in their paper), restricted to the 1995–2011 period, we
calculate ELA sensitivity to temperature change for each
glacier using our mass-balance gradients near the ELA. The
sensitivities are close to our sensitivities for all three glaciers
(differences <5m on Argentière and Saint-Sorlin and <10m
on Gébroulaz), even if the ELAs are lower by 60m on
Argentière, 90m on Gébroulaz and 20m on Saint-Sorlin.

More generally, we compared our results with those of
previous studies, including those obtained from surface
energy-balance models. Thibert and others (2013) found a
sensitivity of +93m °C–1 on the south-exposed Glacier de
Sarennes around its mean equilibrium line (3100m).
Gerbaux and others (2005) found +125 to +160m °C–1 on
Glacier de Saint-Sorlin. Oerlemans and Hoogendoorn
(1989) determined a value of +130m °C–1 for a fictitious
glacier, and Wallinga and Van de Wal (1998) deduced ELA
sensitivity to be 127m°C–1 on Rhonegletscher, Switzerland.
Braithwaite and Zhang (2000) reported sensitivities between
+90 and +115m °C–1 on Swiss glaciers. Zemp and others
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(2007) reported an average deviation of the regional
climatic ELA of 100m for a temperature change of 1°C.
Kuhn (1989) found a value of +65m °C–1 on Hintereisferner,
Austria. The discrepancies are large, with a factor of >2
between the lowest and the highest value. Note also that
ELA sensitivity to meteorological data obtained from surface
energy-balance models (Oerlemans and Hoogendoorn,
1989; Wallinga and Van de Wal, 1998; Gerbaux and
others, 2005) provided the highest values. This could mean
either that these models overestimate ELA sensitivity or that
the empirical relationships lack all the necessary feedback.
Quantifying ELA sensitivity to temperature from empirical
regression of ablation to degree days integrates the effect of
ablation not only of the measured temperature variations but
also of all meteorological parameters that control ablation
(summer and winter precipitation, downward longwave
radiation, cloud cover, moisture and global radiation).
However, given that the measurements used to assess this
sensitivity have been carried out over a 16 year period, we
can assume that these observations integrate very different
meteorological conditions.

For the future, a combined approach using a surface
energy-balance model and the many measurements made in
this study for the purpose of validation will be required to
calculate the sensitivity of the surface mass balance and ELA
to meteorological data and to validate the empirical
approach. Empirical relationships have the advantage of
using simple and reliable available meteorological data in
future climatic scenarios.

ACKNOWLEDGEMENTS
This study was conducted in the context of the French
Glacier Observatory GLACIOCLIM supported by INSU
(Institut National des Sciences de l’Univers, France), AllEnvi
(Alliance nationale pour la recherche en Environnement)
and OSUG (Observatoire des Sciences de l’Univers de
Grenoble). LGGE is part of Labex OSUG@2020 (ANR10
LABX56). The study was also supported by the Emosson S.A.
hydroelectric company (Switzerland), Parc de la Vanoise
(Chambery, France) and Compagnie du Mont-Blanc
(Chamonix, France). The work would not have been
possible without the meteorological data provided by
Météo-France. We are grateful to all those who collected
the numerous data from field measurements made on the
four glaciers. Antoine Rabatel provided invaluable help and
comments on the manuscript. We thank an anonymous
reviewer and Martyn Tranter, the scientific editor, for
thorough comments on the paper.

REFERENCES
Ambach W (1988) Heat balance characteristics and ice ablation,

western EGIG-profile, Greenland. In Thomsen T, Søgaard H and
Braithwaite RJ eds. Applied Hydrology in the Development of
NorthernBasins. Proceedings of the 7thNorthernResearchBasins
Symposium/Workshop, 25 May–1 June 1988, Ilulissat, Green-
land. Danish Society for Arctic Technology, Copenhagen, 59–70

Braithwaite RJ (1995) Positive degree-day factors for ablation on the
Greenland ice sheet studied by energy-balance modelling.
J. Glaciol., 41(137), 153–160

Braithwaite RJ (2008) Temperature and precipitation climate at the
equilibrium-line altitude of glaciers expressed by the degree-day
factor for melting snow. J. Glaciol., 54(186), 437–444 (doi:
10.3189/002214308785836968)

Braithwaite RJ and Olesen OB (1989) Calculation of glacier
ablation from air temperature, West Greenland. In Oerlemans
J ed. Glacier fluctuations and climatic change (Glaciology
and Quaternary Geology 6) Kluwer Academic, Dordrecht,
219–233

Braithwaite RJ and Zhang Y (2000) Sensitivity of mass balance of
five Swiss glaciers to temperature changes assessed by tuning a
degree-day model. J. Glaciol., 46(152), 7–14 (doi: 10.3189/
172756500781833511)

Braun LN and 7 others (1994) Measurement and simulation of high
Alpine water balance components in the Linth–Limmern head
watershed (north-eastern Switzerland). Z. Gletscherkd. Glazial-
geol., 30, 161–185

Brock BW, Willis IC and Sharp MJ (2000) Measurement and
parameterization of albedo variations at Haut Glacier d’Arolla,
Switzerland. J. Glaciol., 46(155), 675–688 (doi: 10.3189/
172756500781832675)

Chen J and Funk M (1990) Mass balance of Rhonegletscher during
1882/83–1986/87. J. Glaciol., 36(123), 199–209

Dadic R, Mott R, Lehning M and Burlando P (2010) Wind influence
on snow depth distribution and accumulation over glaciers.
J. Geophys. Res., 115(F1), F01012 (doi: 10.1029/2009JF001261)

Favier V, Wagnon P and Ribstein P (2004) Glaciers of the outer and
inner tropics: a different behaviour but common response to
climatic forcing. Geophys. Res. Lett., 31(16), L16403 (doi:
10.1029/2004GL020654)

GerbauxM,GenthonC, Etchevers P, Vincent C andDedieu JP (2005)
Surface mass balance of glaciers in the French Alps: distributed
modeling and sensitivity to climate change. J. Glaciol., 51(175),
561–572 (doi: 10.3189/172756505781829133)

Greuell W (1992) Hintereisferner, Austria: mass-balance recon-
struction and numerical modelling of the historical length
variations. J. Glaciol., 38(129), 233–244

Hock R (1999) A distributed temperature-index ice- and snowmelt
model including potential direct solar radiation. J. Glaciol.,
45(149), 101–111

Hock R (2003) Temperature index melt modelling in mountain
areas. J. Hydrol., 282(1–4), 104–115 (doi: 10.1016/S0022-1694
(03)00257-9)

Hock R (2005) Glacier melt: a review of processes and their
modelling. Progr. Phys. Geogr., 29(3), 362–391 (doi: 10.1191/
0309133305pp453ra)

Huss M (2012) Extrapolating glacier mass balance to the mountain-
range scale: the European Alps 1900–2100. Cryosphere, 6(4),
713–727 (doi: 10.5194/tc-6-713-2012)

Huss M, Bauder A, Funk M and Hock R (2008) Determination of the
seasonal mass balance of four Alpine glaciers since 1865.
J. Geophys. Res., 113(F1), F01015 (doi: 10.1029/2007JF000803)

Huss M, Funk M and Ohmura A (2009) Strong Alpine glacier melt
in the 1940s due to enhanced solar radiation. Geophys. Res.
Lett., 36(23), L23501 (doi: 10.1029/2009GL040789)

Intergovernmental Panel on Climate Change (IPCC) (2013) Summary
for policymakers. In Stocker TF and 9 others eds. Climate change
2013: the physical science basis. Contribution ofWorkingGroup I
to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. Cambridge University Press, Cambridge and
New York

Jabot E, Zin I, Lebel T, Gautheron A and Obled C (2012) Spatial
interpolation of sub-daily air temperatures for snow and
hydrologic applications in mesoscale Alpine catchments.
Hydrol. Process., 26(17), 2618–2630 (doi: 10.1002/hyp.9423)

Jóhannesson T, Sigurdsson O, Laumann T and Kennett M (1995)
Degree-day glacier mass-balance modelling with applications to
glaciers in Iceland, Norway and Greenland. J. Glaciol., 41(138),
345–358

Jonsell U, Hock R and Holmgren B (2003) Spatial and temporal
variations in albedo on Storglaciären, Sweden. J. Glaciol.,
49(164), 59–68 (doi: 10.3189/172756503781830980)

Kaser G, Cogley JG, Dyurgerov MB, Meier MF and Ohmura A
(2006) Mass balance of glaciers and ice caps: consensus

Six and Vincent: Mass balance and ELA in the French Alps 877

https://doi.org/10.3189/2014JoG14J014 Published online by Cambridge University Press

https://doi.org/10.3189/2014JoG14J014


estimates for 1961–2004. Geophys. Res. Lett., 33(19), L19501
(doi: 10.1029/2006GL027511)

Kuhn M (1989) The response of the equilibrium line altitude to
climatic fluctuations: theory and observations. In Oerlemans J
ed. Glacier fluctuations and climatic change. Kluwer Academic
Publishers, Dordrecht, 407–417

Letréguilly A and Reynaud L (1990) Space and time distribution of
glacier mass-balance in the Northern Hemisphere. Arct. Alp.
Res., 22(1), 43–50

Machguth H, Eisen O, Paul F and Hoelzle M (2006) Strong spatial
variability of snow accumulation observed with helicopter-
borne GPR on two adjacent Alpine glaciers. Geophys. Res. Lett.,
33(13), L13503 (doi: 10.1029/2006GL026576)

Oerlemans J (2000) Analysis of a 3-year meteorological record from
the ablation zone of Morteratschgletscher, Switzerland: energy
and mass balance. J. Glaciol., 46(155), 571–579 (doi: 10.3189/
172756500781832657)

Oerlemans J (2001) Glaciers and climate change. AA Balkema,
Lisse

Oerlemans J and Fortuin JPF (1992) Sensitivity of glaciers and
small ice caps to greenhouse warming. Science, 258(5079),
115–117

Oerlemans J and Hoogendoorn NC (1989) Mass-balance gradients
and climatic change. J. Glaciol., 35(121), 399–405

Oerlemans J and Reichert BK (2000) Relating glacier mass
balance to meteorological data by using a seasonal sensitivity
characteristic. J. Glaciol., 46(152), 1–6 (doi: 10.3189/
172756500781833269)

Oerlemans J, Giesen RH and Van den Broeke MR (2009) Retreating
alpine glaciers: increased melt rates due to accumulation of
dust (Vadret da Morterastch, Switzerland). J. Glaciol., 55(192),
729–736 (doi: 10.3189/002214309789470969)

Ohmura A (2001) Physical basis for the temperature-based melt-
index method. J. Appl. Meteorol., 40(4), 753–761 (doi: 10.1175/
1520-0450(2001)040<0753:PBFTTB>2.0.CO;2)

Ohmura A, Kasser P and Funk M (1992) Climate at the equilibrium
line of glaciers. J. Glaciol., 38(130), 397–411

Painter TH, Flanner MG, Kaser G, Marzeion B, VanCuren RA and
Abdalati W (2013) End of the Little Ice Age in the Alps forced by
industrial black carbon. Proc. Natl Acad. Sci. USA (PNAS),
110(38), 15 216–15 221 (doi: 10.1073/pnas.1302570110)

Pellicciotti F, Brock BW, Strasser U, Burlando P, Funk M and
Corripio JG (2005) An enhanced temperature-index glacier melt
model including shortwave radiation balance: development and
testing for Haut Glacier d’Arolla, Switzerland. J. Glaciol.,
51(175), 573–587 (doi: 10.3189/172756505781829124)

Rabatel A, Dedieu J-P and Vincent C (2005) Using remote-
sensing data to determine equilibrium-line altitude and mass-
balance time series: validation on three French glaciers,
1994–2002. J. Glaciol., 51(175), 539–546 (doi: 10.3189/
172756505781829106)

Rabatel A, Letréguilly A, Dedieu J-P and Eckert N (2013) Changes
in glacier equilibrium-line altitude in the western Alps from
1984 to 2010: evaluation by remote sensing and modeling of
the morpho-topographic and climate controls. Cryosphere, 7(5),
1455–1471 (doi: 10.5194/tc-7-1455-2013)

Sicart JE, Hock R and Six D (2008) Glacier melt, air temperature, and
energy balance in different climates: the Bolivian Tropics, the
French Alps, and northern Sweden. J. Geophys. Res., 113(D24),
D24113 (doi: 10.1029/2008JD010406)

Six D, Wagnon P, Sicart JE and Vincent C (2009) Meteorological
controls on snow and ice ablation for two contrasting months on

Glacier de Saint-Sorlin, France. Ann. Glaciol., 50(50), 66–72
(doi: 10.3189/172756409787769537)

Sold L, Huss M, Hoelzle M, Andereggen H, Joerg PC and Zemp M
(2013) Methodological approaches to infer end-of-winter snow
distribution on alpine glaciers. J. Glaciol., 59(218), 1047–1059
(doi: 10.3189/2013JoG13J015)

Thibert E, Blanc R, Vincent C and Eckert N (2008) Glaciological
and volumetric mass-balance measurements: error analysis over
51 years for Glacier de Sarennes, French Alps. J. Glaciol.,
54(186), 522–532 (doi: 10.3189/002214308785837093)

Thibert E, Eckert N and Vincent C (2013) Climatic drivers of
seasonal glacier mass balances: an analysis of 6 decades at
Glacier de Sarennes (French Alps). Cryosphere, 7(1), 47–66 (doi:
10.5194/tc-7-47-2013)

Vallon M, Vincent C and Reynaud L (1998) Altitudinal gradient of
mass-balance sensitivity to climatic change from 18 years of
observations on glacier d’Argentière, France. J. Glaciol.,
44(146), 93–96

Van de Wal RSW, Oerlemans J and Van der Hage JC (1992) A study
of ablation variations on the tongue of Hintereisferner, Austrian
Alps. J. Glaciol., 38(130), 319–324

Vincent C (2002) Influence of climate change over the 20th century
on four French glacier mass balances. J. Geophys. Res.,
107(D19), 4375 (doi: 10.1029/2001JD000832)

Vincent C and Six D (2013) Relative contribution of solar radiation
and temperature in enhanced temperature-index melt models
from a case study at Glacier de Saint-Sorlin, France. Ann.
Glaciol., 54(63 Pt 1), 11–17 (doi: 10.3189/2013AoG63A301)

Vincent C and Vallon M (1997) Meteorological controls on glacier
mass balance: empirical relations suggested by measurements
on glacier de Sarennes, France. J. Glaciol., 43(143), 131–137

Vincent C, Kappenberger G, Valla F, Bauder A, Funk M and Le
Meur E (2004) Ice ablation as evidence of climate change in the
Alps over the 20th century. J. Geophys. Res., 109(D10), D10104
(doi: 10.1029/2003JD003857)

Vincent C, Le Meur E, Six D and Funk M (2005) Solving the
paradox of the end of the Little Ice Age in the Alps. Geophys.
Res. Lett., 32(9), L09706 (doi: 10.1029/2005GL022552)

Vincent C, Le Meur E, Six D, Funk M, Hoelzle M and Preunkert S
(2007) Very high-elevation Mont Blanc glaciated areas not
affected by the 20th century climate change. J. Geophys. Res.,
112(D9), D09120 (10.1029/2006JD007407)

Vincent C, Soruco A, Six D and Le Meur E (2009) Glacier
thickening and decay analysis from 50 years of glaciological
observations performed on Glacier d’Argentière, Mont Blanc
area, France. Ann. Glaciol., 50(50), 73–79 (doi: 10.3189/
172756409787769500)

Vincent C, Harter M, Gilbert A, Berthier E and Six D (2014) Future
fluctuations of Mer de Glace, French Alps, assessed using a
parameterized model calibrated with past thickness changes.
Ann. Glaciol., 55(66), 15–24 (doi: 10.3189/2014AoG66A050)

Wagnon P, Ribstein P, Francou B and Pouyaud B (1999) Annual
cycle of energy balance of Zongo Glacier, Cordillera Real,
Bolivia. J. Geophys. Res., 104(D4), 3907–3924 (doi: 10.1029/
1998JD200011)

Wallinga J and Van de Wal RSW (1998) Sensitivity of Rhone-
gletscher, Switzerland, to climate change: experiments with a
one-dimensional flowline model. J. Glaciol., 44(147), 383–393

Zemp M, Hoelzle M and Haeberli W (2007) Distributed modelling
of the regional climatic equilibrium line altitude of glaciers in
the European Alps. Global Planet. Change, 56(1–2), 83–100
(doi: 10.1016/j.gloplacha.2006.07.002)

MS received 17 January 2014 and accepted in revised form 27 July 2014

Six and Vincent: Mass balance and ELA in the French Alps878

https://doi.org/10.3189/2014JoG14J014 Published online by Cambridge University Press

https://doi.org/10.3189/2014JoG14J014

