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Abstract Recent record-breaking glacier melt values are attributable to peculiar extreme events and
long-term warming trends that shift averages upward. Analyzing one of the world’s longest mass balance
series with extreme value statistics, we show that detrendingmelt anomalies makes it possible to disentangle
these effects, leading to a fairer evaluation of the return period of melt extreme values such as 2003, and to
characterize them by a more realistic bounded behavior. Using surface energy balance simulations, we
show that three independent drivers control melt: global radiation, latent heat, and the amount of snow at
the beginning of the melting season. Extremes are governed by large deviations in global radiation
combined with sensible heat. Long-term trends are driven by the lengthening of melt duration due to earlier
and longer-lasting melting of ice along with melt intensification caused by trends in long-wave irradiance
and latent heat due to higher air moisture.

1. Introduction

Glacier mass changes are recognized as sensitive indicators of climate change over the last 50 years (Gardner
et al., 2013; Vaughan et al., 2013). Today, glaciers are melting faster than ever observed in the last decades
(Zemp et al., 2015) and recent record-breaking glacier melt values can be attributed both to climate extremes
and long-term trends in warming (Benestad, 2004; Gardner et al., 2013) and changes in glacier response to
climate. Glacier positive feedback responses to climate change include the decrease in surface albedo as
unbalanced glaciers expose long-standing and larger ice surface areas rather than snow to global radiation
(Oerlemans, 2001). In addition, glacier surface elevation lowering is a geometric response that also produces
positive feedback due to the mass balance altitudinal gradient (Elsberg et al., 2001; Huss et al., 2012; Paul,
2010). Direct and feedback responses to warming thus give rise to long-term trends in glacier melt, shifting
the glacier melt probability distribution upward. For the first time, we attempt here to disentangle the causes
of record-breaking glacier melt between specific extreme climatic conditions and long-term drift in averages.
Such an approach requires time series of melt measurements over several decades to infer extreme value sta-
tistics and physically based melt computations to seek physical attribution mechanisms and quantify glacier
feedback responses.

The theoretical basis to analyze glacier melt from extreme value statistics is the result of the time system in
which glacier mass balance is measured in field surveys (Cogley et al., 2011): in the course of the mass change
of a (nontropical) glacier within a year, the summer balance is the maximum of mass loss from the late
winter-early springmaximum of mass budget to the late fall-early winter minimum of mass (supporting infor-
mation Text S2). Conceptually, summer mass balance data then constitutes an annual maxima series (Coles,
2001), for which extreme value theory states that, under mild regularity conditions, the three extreme value
distributions—Gumbel, Frechet, and Weibull (Fisher & Tippett, 1928)—are the only possible choices. These
three distributions can be combined into one family designated as the generalized extreme value (GEV) dis-
tribution (Coles, 2001).

Due to these strong theoretical arguments, extreme value theory is widely used in geosciences (Favier et al.,
2016; Gaume et al., 2013; Katz, 2010; Katz et al., 2002), allowing robust extrapolation beyond observational
records and fair evaluation of return periods associated with the highest (rarest) observations. However, this
theory has never been applied to glacier mass balance series to assess the rareness of mass loss extremes. For
this purpose, we propose to analyze the long-term mass balance recorded at Sarennes glacier (Thibert et al.,
2013), acknowledged to be of great value for inferring climatic fluctuations at high altitudes in the Alps in the
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second half of the twentieth century (Thibert et al., 2013; Vincent et al.,
2004). Mass balance and melt variations are indeed very similar at the
European Alps scale (Letréguilly & Reynaud, 1990; Vincent et al., 2004,
2017); therefore, an analysis from this single glacier should have a wide
spatial significance.

2. Data

Sarennes is a south facing glacier (0.09 km2 in 2015) with a limited alti-
tude range of 150 m between 2,850 and 3,000 m above sea level,
located in the Grande Rousses range (45°070N, 6°070E, French Alps).
Since 1949, systematic winter, and summer mass balance measure-
ments have been carried out, fromwhich annual balances are calculated
(Thibert et al., 2013; Text S1). Sarennes provides detailed point-mass
balance observations repeated year to year at the same locations, form-
ing one of the longest series worldwide (World Glacier Monitoring
Service, 2015; Zemp et al., 2013). Hereafter, melt is considered as a posi-
tive quantity, that is, the opposite of summer balance (a loss conven-
tionally defined negatively). We use the term melt in place of summer
balance as for glaciers at midlatitudes such as Sarennes, summer mass
loss is effectively essentially due to snow and ice melt (Thibert et al.,
2013). Sublimation is limited to around 5% of the summer mass loss
(Sicart et al., 2008) and can therefore be neglected. Note also that
the summer balance can also include some mass input through
potential solid precipitation at high elevations in summer (Cogley
et al., 2011), a possibility which is accounted for in the surface energy
balance analysis.

To limit local topographic effects, we use the time signal free of any
feedback from changes in glacier surface area (Huss et al., 2012) as
extracted by variance analysis (Eckert et al., 2011), thus revealing the
effect of climatic forcing (Huss & Bauder, 2009; Vincent et al., 2017).

We used here the variance analysis that was found suitable for Sarennes (Eckert et al., 2011; Lliboutry,
1974) and that states that melt can be decomposed into two independent spatial (αi) and temporal (βt) var-
iation terms, giving

bi;t ¼ αi þ βt þ εi;t; (1)

where bi,t is the melt recorded at site i for year t, αi the spatial effects at location i (i.e., the average melt at the
site over the whole 1949–2015 study period), and βt the annual deviation from this average balance (there-
fore Σβt = 0). The spatial-temporal decomposition implies that βt is the same for each location for any given
year t and has a glacier-wide significance. As the melt at each stake only differs from βt by a constant α, year-
to-year variations can be indifferently analyzed through βt or α + βt (Eckert et al., 2011). We choose the aver-
age αi at stake no. 2 for α (2.71 m water equivalent (mwe) yr�1), providing the mass balance series
SMB = α2 + βt (Figure 1) for further analyses from 1949 to 2015. This stake indeed provides detailed informa-
tion on snow and ice ablation periods as analyzed with the surface energy balance (SEB) model. Note that this
choice has no incidence on the extreme value statics analyses based on the βt time series.

Regarding the resulting melt time series, trends are clearly visible (Figure 1) and nonstationarity has already
been quantitatively assessed (Eckert et al., 2011; Thibert et al., 2013). Therefore, the series considered here-
after will be either raw or detrended (Cleveland, 1977; Text S3).

3. Methods
3.1. Extreme Value Distributions

As melt extreme values are expected to follow GEV distributions according to Fisher and Tippett (1928), we
used the framework of extreme value theory for analyzing melt extremes and their return periods (Katz et al.,

Figure 1. Annual melts and their return period. (a) Time series of annual melt
(red line and red dots), long-term 1949–2015 average (blue dashed line), and
21 year moving average (red dashed line). Gray dots are computed melt from
the SEB model. Bars are annual residuals between the SEB model and data.
(b) Revision of melt return periods using detrended anomalies with the non-
stationary hypothesis (red versus blue bars) with computed bootstrap credibility
intervals (only displayed for detrended anomalies). The 2003 exceedance
probability p = 0.0055 year�1 corresponds to an event occurring on the average
5–6 times per millennium.
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2002). The block maxima approach consists of modeling a sequence of maximum values, such as melt
anomalies, retrieved from blocks or periods of equal length as the annual melting seasons in our study.
The probability distribution of extreme events selected this way converges asymptotically to the (GEV)
distribution for which the cumulative distribution function is as follows:

P Z≤zð Þ ¼ exp � 1þ ξ
z � μð Þ
σ

� ��1=ξ
( )

; (2)

expressing the nonexceedance probability P for the variable Z relative to threshold z. The location parameter
μ specifies the position of the center of the distribution, the scale parameter σ determines the magnitude of
deviations around the location parameter, and the shape parameter ξ governs the tail behavior of the GEV
distribution. The limiting cases of ξ = 0 give the Gumbel distribution, while ξ > 0 and ξ < 0 give, respectively,
the Frechet and the Weibull distributions bounded by μ � σ/ξ .

Regarding μ, σ, and ξ parameter estimations, for both raw and detrended melt data and under the
Frechet/Weibull and Gumbel assumptions, the parameters of the GEV distribution were estimated by likeli-
hood maximization using standard numerical techniques (Brooks, 1998). Bayesian methods were also imple-
mented, providing very similar results and showing the robustness of the obtained estimates. We used the
Kolmogorov-Smirnov test to measure the goodness of fit in each case. Parameter standard errors were used
to evaluate confidence intervals on return periods using a delta-like uncertainty propagation approach
(Coles, 2001; Text S5 and Table S1).

3.2. Surface Energy Balance Model

To seek physical attribution mechanisms in trends and extremes, melt is reconstructed from surface energy
balance (SEB) computations. The SEB model was driven by a combination of 1959–2015 Météo-France
SAFRAN reanalyses (Dumont et al., 2012; Durand et al., 1993; Durand, Laternser, et al., 2009) and
Météo-France homogenized weather data. SAFRAN data limited to 1959–2015 were extended to cover the
whole period of Sarennes measurements from parameterizations (Konzelmann et al., 1994; Oerlemans,
1992; Text S6).

The surface energy balance is conceptually calculated from the equilibrium of energy at the glacier surface
considering that radiative and sensible heat are balanced by latent heat fluxes associated with mass
exchanges due to change of state at the glacier surface. The surface energy balance (SEB) represents the heat
content in a control mass unit available for melt. This reads (Oke, 1987)

SEB ¼ S� Sþ L� Lþ Hþ LE ¼ Qf ¼ ρLf _m; (3)

where S↓ is the global radiation (short-wave irradiance), S↑ the reflected short-wave radiation, L↓ and L↑ the
long-wave irradiance and emittance, H the turbulent flux of sensible heat, and LE the turbulent latent heat
due to sublimation. The net short-wave radiation flux, S↓ � S↑, can be written S↓(1 � α) where α denotes
the surface albedo. The long-wave emittance is fixed at 316 Wm�2 for snow/ice considered to be at the melt-
ing point during the entire melting season. As set on the right-hand side of equation (3), the latent energy
term related to fusion, Qf, is conventionally defined as positive and related to melt _m by the latent heat of
fusion Lf and the density ρ of ice.

To estimate sensible and latent heat transfers, the bulk aerodynamic method is used, considering a standard
meteorological screen. SAFRAN large-scale wind speed data were corrected to account for topographic effect
at the glacier scale (Text S7 and Figure S4d). To define stability conditions in the surface layer, daily means for
wind speed and temperature were considered (average bulk Richardson number of 0.0215) (Hartmann,
1994). This corresponds to a stable surface layer under neutral to slightly damped forced convection
(Braithwaite, 1995, 2009; Schlögl et al., 2017), and the neutral formulation for the transfer coefficient was
therefore applied.

The SEBmodel was fitted on both snow and icemelt data (Text S8). Glacier surface conditions in 1949 (ice and
old firn) were set by mass balance reconstruction from Torinesi et al. (2002). Snow at the beginning of the
melting seasons was set as input from themeasured winter balance. To account for snow aging, snow albedo
was defined daily, decreasing linearly with the snow ablation duration. Three parameters were tuned in the
model: two for snow albedo (daily decreasing rate + intercept) and the other for ice albedo.
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To analyze the links between SEB terms, data dimension reduction was
investigated by principal component analysis (PCA) (Husson et al.,
2010). This statistical procedure converts possibly correlated variables
into a set of values of linearly uncorrelated variables (principal compo-
nents). Then, similarity and dissimilarity between melting seasons were
investigated using agglomerative clustering, and hierarchical trees
were considered according to Ward’s criteria (incremental clustering;
Murtagh & Legendre, 2014; Ward, 1963). Details are provided in the
supporting information (Text S10).

4. Results
4.1. Discerning Melt Extremes Within Trends

We first consider raw melt anomalies with respect to the 1949–2015
long-term average (2.71 m of water equivalent in snow and ice melt
per year—mwe yr�1). Figures 2a and 2b show the resulting statistical
GEV distribution for the cumulative frequency and probability density
functions. An unbounded Gumbel-type distribution (ξ = �0.13 ± 0.11)
appears to be a good choice (p value = 0.95), avoiding any bounding of
the distribution by a theoretical limit. This results in potentially very
high values for melt, far above the highest observed values, which
may occur with rather common probabilities. Quantitatively, return
periods, that is, the expected frequency of exceedance, have been
computed (Figure 3) to quantify the average recurrence interval of
annual melt maxima (Text S4). A conclusive analysis from Figure 3 is
that an extreme melt event such as the one observed in 2003 is
assigned to a rather short return period of only 24 years within a
relatively narrow (12–49 years) 95% confidence interval. Similar return
periods are assigned to 2009 and 2011 (24 years and 28 years) in the
late years of the series. The exceptional nature of the 2003 heat wave
(Luterbacher et al., 2004) makes these results dubious. Even more phy-
sically questionable is the lack of any upper bound in the distribution of
melt anomalies resulting from a Gumbel-type distribution and leading
to an infinite surface energy balance responsible for melting.

We therefore reconsider the hypothesis of exchangeability of melt years, in order to account for their nonsta-
tionarity attributable to climate change over the seven-decade record. We use a 21 year moving average
(Figure 1) to compute the long-term trend and detrended annual deviations (Liebmann et al., 2010).
Adopting a 31 year detrending window marginally affects anomalies and fitted distributions (Text S3).
Figure 2a shows the GEV distribution fitted on detrended melt anomalies (p value = 0.99). This distribution
shows distinct characteristics and is inherently different, as its shape parameter characterizes an upper-
bounded Weibull-type distribution (ξ = �0.31 ± 0.08).

Figure 1b shows how return periods change for each specific year of the record after assigning them a revised
exceedance probability from the new (i.e., accounting for nonstationarity) distribution. The revised return
periods of numerous melt events are higher (2003, 1989, 1986, 1964, and 1990). On the other hand, the
revised return periods of recent 2004-to-2015 summer melt events are shorter; in particular, the record-
breaking 2009 and 2011 summer melts are now no rarer than the melts observed in the 1980s (Figure 3).
The systematic long-term rising trend of the most recent years reduces the magnitude of the anomalies,
clearly shifting the melt distribution vertically upward. This effect also explains why 1998, which was the
twentieth century record year of glacier mass loss, is revised to a “second-rate” 5 year return period. This
demonstrates how long-term trends in means have to be accounted for to properly estimate melt extreme
frequencies. Note that despite detrending melt data, several occurrences of extremes remain since the
2000s. This could be explained by some residual time dependence in the data, such as memory effects
between succeeding years of large mass losses. Plotting βt versus βt-1 in scatter diagram (Text S10 and

Figure 2. Statistical distribution of melt anomalies. (a) The cumulative distribu-
tion function and (b) the probability density function. In both figures, blue
curves plot the melt anomalies with respect to the 1949–2015 average assumed
as stationary (raw anomalies). The red curves plot the detrended anomalies
accounting for nonstationarity. Solid curves show the fit to the GEV distribution
and dotted curves show the fitted data. The vertical dashed line in Figure 2b) is
the upper bound of the Weibull distribution found when nonstationarity is
included (detrended data).
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Figure S14), this hypothesis is, however, not confirmed, showing no sig-
nificant correlation (R2 = 0.12) between detrended melt anomalies.
Recent changes in extremes properties that a simple GEV framework
cannot account for might be suspected.

With this approach, an event like the 2003 summer melt is very far from
the detrended mean (almost 2 times the scale parameter σ) and has a
long 183 year return period (p = 0.0055; Figure 1b), much more consis-
tent with the extreme heat wave that affected the European continent
and the Alps (Luterbacher et al., 2004) for which the return period was
estimated to be up to 500 years (Stott et al., 2004) due to its magnitude
and spatial extent. With respect to the seven decades of the series, this
resulting return period is not an excessively high estimation—just 3
times the period of record. It nevertheless cannot be excluded that this
event could be even rarer considering the very wide (22–7,779 years)
computed confidence interval (Figure 3). In such as case, 2003 glacier
mass loss could be as rare as the largest historical temperature
extremes over several 100 years, such as for instance in the Medieval
Warm Period (Glaser et al., 1999; Pfister et al., 1999).

By accounting for nonstationarity, a more physical and realistic
bounded behavior is thus obtained to fairly characterize extreme melt
value rareness and detrended melt anomalies have an upper limit (μ-σ/
ξ = 2 mwe yr�1) that bounds the deviations from the long-term trends.
To attribute record-breaking melting to specific extreme climate condi-
tions versus long-term drift in averages and seek physical attribution
mechanisms, we reconstructed melt from physically based simulations.

4.2. Modeling the Surface Energy Balance Responsible for Melt

For glaciers such as Sarennes, for which the temperature is at the melting point, snow and ice melt can easily
be converted into atmospheric heat fluxes providing the latent heat required for fusion (Paterson, 1994). On
the basis of recorded melt durations, melt anomalies are converted into a surface energy balance (SEB). The
detailed results of the SEB model can be found in Text S9 of the supporting information. Figures S11a–S11d
plot the SEB computation results in mean annual values resulting from daily runs over the 67 ablation
seasons. The model fits melt data with 94% of explained variance and within ±0.28 mwe yr�1 of RMSE, an
acceptable residual with respect to the measurement error range affecting the data (Thibert et al., 2008).
The year-to-year variations and links between surface energy components were investigated by principal
component analysis (PCA) using five components (Husson et al., 2010): global radiation, long-wave irradi-
ance, sensible heat turbulent flux, latent heat turbulent flux, and winter mass balance, fixing the snow con-
ditions at the beginning of the melting season. The factor map of Figure 4a reports the scatterplot of the
67 surface energy balance reconstructions with respects to the 2 first principal components (Dim.1 and
Dim.2). The projection of the components in the space of the two first factors is also reported in the correla-
tion unit circle. All SEB component arrows are close to the unit circle, showing that most of the information is
carried by the two first factors (Jolliffe, 1986). Indeed, principal component Dim.1 accounts for 42% of the
overall variance and is almost related to global radiation alone. The second component, Dim.2, is uncorre-
lated (orthogonal) with Dim.1 and nearly a single SEB component as well: the latent heat flux that accounts
for 32% of the SEB variance. The third independent component Dim.3 is the winter balance controlling
another 19% of melting (Figure 4b). The last factor Dim.4, accounting for a residual 7% of the variance, is
not truly attributable to a single SEB term. Almost 74% of the year-to-year SEB variability can therefore be
explainedmostly by two independent heat fluxes: the global radiation controlling nearly half of the variability
of the melting energy and the latent heat flux explaining another third. Sensible heat and long-wave irradi-
ance fluxes are two others energy components, almost independent of each other (R2 = 0.02), but each
related to Dim.1 and Dim.2. The 19% of control by the winter balance on the SEB corresponds to albedo nega-
tive feedback from the amount of snow at the beginning of the season. Remarkably, snow precipitation along
melting seasons has no effect on seasonal melt (Text S9 and Figure S12).

Figure 3. Return periods of melt extremes. For both conditions of stationarity
and nonstationarity, blue and red curves plot the melt anomalies (raw or
detrended, respectively) as function of their return periods (inverse of the
exceedance probability) computed by the distributions fitted to the data. The
dots plot return periods assigned by the distribution for each measured melt
anomaly with their bootstrap credibility intervals. Note that 2003 and 2009 dots
overlap on the blue curve (raw melt anomalies).
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The PCA is also successful to agglomerates homogeneous melting sea-
sons into clusters (Kaufman & Rousseeuw, 1990) (Figures 4a and S13).
This analysis separates clusters into roughly three periods since 1949
and shows three melt regimes (Text S10). Cluster#1 contains especially
melting seasons from 1950 to the mid-1970s under high long-wave
and low global radiation conditions. Cluster#2 mainly contains the
mid-1970s to the 1980s with low turbulent sensible and latent heat flux
conditions and low long-wave irradiance. Cluster#3 contains melting
conditions driven mostly by high global radiation and sensible and
latent heat fluxes in association with higher air moisture conditions as
observed since the 2000s. The scatter diagram of Figure 4b shows that
the winter balance (Dim.3) is not a variable that contributes to the
cluster structure.

Cluster#1 reflects the drift toward lower global radiation (Ohmura,
2009; Ohmura & Lang, 1989) between 1950 and 1980, explained by
high cloudiness, and low air temperatures in the European Alps (Auer
et al., 2007). Cluster#3 is in line both with brightening in connection
to the aerosol content of the atmosphere (Wild et al., 2005) and large
sensible heat fluxes in relation to higher air temperatures reported
since the 1980s (Philipona et al., 2009). Cluster#3 also contains the
1949 summer season (Figure S13) of remarkably high global radiation,
consistent with the 1940s period of enhanced solar radiation reported
to explain for instance abnormally high melt rates for glaciers in
Switzerland (Huss et al., 2009).

5. Discussion and Conclusions

The top seven melt extremes have systematically occurred under high
global radiation, with large turbulent heat fluxes taking part in the
2000s extremes (Figure 4a). Except for 1986, 1989, and 1990, which
belong to low turbulent fluxes conditions of Cluster#2 and are
explained by very high global radiation alone, melt extremes are
related to uncommon high turbulent fluxes in association with strong
global radiation (Cluster#3). Most melt extremes are associated with
lowwinter accumulation, except 2003 and 2004 (Figure 4b). Long-wave
irradiance is not associated with extreme melt, except to some extent
in 2003. This extreme summer melt, which is well simulated
(0.13 mwe of model-data discrepancy), is physically explained by the
combination of the highest energy fluxes in long-wave irradiance and
sensible and latent heat over seven decades. The 2003 simulated SEB
has a deviation of +62 W m�2 from the seven-decade average. This
deviation comes from large deviations in latent heat (+17 W m�2),
long-wave irradiance (+15 W m�2), global radiation (+14 W m�2), and
sensible heat (+11 W m�2). Deviations in sensible heat and long-wave
are linked to the +2.5°C temperature anomaly observed over the 2003
melting season. The deviation in global radiation is related to the low
2003 summer cloudiness (8% below average). The change in turbulent

latent heat flux was due to much lower snow and ice sublimation conditions on this specific summer. Those
conditions were slightly reversed into atmospheric moisture condensation conditions (positive latent heat,
Figure S11c), providing additional heat for melt at the glacier surface. The 2003s melt extreme was neverthe-
less limited by the winter balance (Figure 4b; in the range of the seven-decade average) that provided a sig-
nificant amount of snow at the beginning of the season, thereby reducing melt by negative feedback from
the albedo.

Figure 4. Factors controlling the surface energy balance. Principal components
of the energy balance as provided by PCA: (a) Dim.1 is mainly driven by global
radiation, and Dim.2 is driven by the latent heat flux. The two heat fluxes account
for 74% of the melt variance. (b) Dim.3 is mostly the winter balance, accounting
for another 19%. Red markers correspond to melt exceeding the 10 year
return period. Melting seasons are plotted with markers corresponding to the
three groups identified by the agglomerative clustering.
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Summing up, our present results demonstrate that glacier melt follows extreme value statistics if nonstatio-
narity is accounted for, detrending raw observations from two-decade long-term trends in averages that shift
distributions. Around this long-term trend, extreme melt anomalies are distributed along an upper-bounded
Weibull-type extreme value statistic law. The mean seasonal energy fluxes associated with these melt inten-
sities are reconstructed from a SEB model. Melt deviations and extremes are controlled by three independent
drivers: (1) the winter balance determining the amount of snow at the beginning of the melting season, (2)
the global (short-wave) radiation giving rise to the largest melt deviations and required for melt extreme
occurrences, and (3) the latent heat flux that is controlled by air moisture. Sensible heat is involved in
extremes but is a flux connected to latent heat (through wind speed) and global radiation (through air tem-
perature). The long-wave irradiance, varying only slightly and systematically anticorrelated with the net short-
wave balances, is not involved in melt extremes.

In light of Thibert et al. (2013), nonstationarity is explained mostly by the lengthening of the ablation season
observed since the mid-1980s and also by snow and ice melt intensification in the core of the melting sea-
sons. Regarding the longer ablation seasons, positive feedback from the albedo change due to longer ice ver-
sus snow ablation is the main factor. Altitude lowering of the glacier surface accounts here for less than 16%
(Thibert et al., 2013) of the trend, but some potential changes in ice albedo cannot be ruled out (Oerlemans
et al., 2009). A remarkable finding is that the long-termmelt intensification is mainly driven by the latent heat
flux increase (+17 W m�2) due to higher air moisture and less snow/ice sublimation, tending to cancel this
systematic sink of energy in the SEB. The long-wave irradiance rise (+5 W m�2) is the second factor in melt
intensification. It is related to a larger forcing of +3.6 Wm�2 per decade as assessed by SAFRAN data and con-
sistent with the +2.5 W m�2 per decade reported at global scale for the 1990s and 2000s by Ohmura (2012)
(Text S9). We expect the long-term trend in melt attributable to the drift in latent heat and long-wave fluxes
to continue due to the projected rises in air moisture, greenhouse gases, and higher air temperatures.
Projected earlier snowmelt (Musselman et al., 2017), as already reported for seasonal snow cover (Durand,
Giraud, et al., 2009), and snow over the glacier accumulation area (Thibert et al., 2013) associated with the
lengthening of the ablation season in autumn may increase the ice melt duration and enhance melt from
albedo positive feedback. Under increased atmospheric water vapor (Santer et al., 2007), despite more-or-less
unchanged relative humidity (Ingram, 2002), snow/ice sublimation together with the associated energy sink
of latent heat will be much more limited, providing more energy for melt in the energy balance. More fre-
quent record breaking of glacier melt values should be expected from these upward shifts in SEB averages.
Whether future record breakings constitute extreme deviations from averages could be inferred analyzing
trends and carrying out GEV analyses. Moreover, potential changes in melt extreme properties cannot be
ruled out as already established for temperatures (Schär et al., 2004). For this, a peak over threshold model
(Katz et al., 2002) should be tested in place of the GEV approach which supposes steady state for extremes.
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