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Abstract. We present time series of equilibrium-line altitude lies. Finally, we used an expansion of Lliboutry’s approach
(ELA) measured from the end-of-summer snow line altitudeto reconstruct fluctuations in the ELA of any glacier of the
computed using satellite images, for 43 glaciers in the weststudy area with respect to morpho-topographic and climate
ern Alps over the 1984-2010 period. More than 120 satellitevariables, by quantifying their respective weight and the re-
images acquired by Landsat, SPOT and ASTER were usedated uncertainties in a consistent manner within a hierarchi-
In parallel, changes in climate variables, summer cumulativecal Bayesian framework. This method was tested and vali-
positive degree days (CPDD) and winter precipitation, weredated using the ELA measured on the satellite images.
analyzed over the same time period using 22 weather sta-
tions located inside and around the study area. Assuming a
continuous linear trend over the study period: (1) the average
ELA of the 43 glaciers increased by about 170 m; (2) sum-1 Introduction
mer CPDD increased by about 150 PDD at 3000 ma.s.l.; and
(3) winter precipitation remained rather stationary. SummerHistorically, the glacier's annual surface mass balance and
CPDD showed homogeneous spatial and temporal variabilequilibrium-line altitude (ELA) have been computed from di-
ity; winter precipitation showed homogeneous temporal vari-rect field measurements of snow accumulation and snow/ice
ability, but some stations showed a slightly different spatialablation through point measurements using a network of
pattern. Regarding ELAs, temporal variability between theablation stakes and snow pits on individual glaciers. The
43 glaciers was also homogeneous, but spatially, glaciers iflongest mass balance data series started in the late 1940s for
the southern part of the study area differed from glaciersStorglacidren (Sweden), Taku Glacier (USA), Limmern and
in the northern part, mainly due to a different precipitation Plattalva glaciers (Switzerland), Sarennes Glacier (France)
pattern. A sensitivity analysis of the ELAs to climate and and Storbreen (Norway). The World Glacier Monitoring Ser-
morpho-topographic variables (elevation, aspect, latitudeyice (WGMS) has mass balance data on around 260 glaciers
highlighted the following: (1) the average ELA over the study worldwide (note that the World Glacier Inventory contains
period of each glacier is strongly controlled by morpho- more than 130000 glaciers), but uninterrupted time series
topographic variables; and (2) the interannual variability of spanning more than 40yr are available for only 37 glaciers
the ELA is strongly controlled by climate variables, with the (WGMS, 2012). The small number of available data series
observed increasing trend mainly driven by increasing tem-is due to the cost, in terms of money, manpower, and time,
peratures, even if significant nonlinear, low-frequency fluc- of this laborious method. The small number of data series
tuations appear to be driven by winter precipitation anoma-is an obstacle that needs to be overcome if we are to im-
prove our knowledge of the relationship between climate and
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1456 A. Rabatel et al.: Changes in glacier equilibrium-line altitude in the western Alps

glacier changes from mountain-range up to regional scale|
as well as our knowledge of the contribution of glaciers to
water resources in the functioning of high-altitude water-
sheds. Remote sensing provides a unique opportunity to ad

dress the question of glacier changes at regional scale. Sinc ' w* ’

# 2 N i
the availability of satellite data in the 1970s, several meth- ‘ * - " !':clqo
ods have been developed to compute changes in glacier vol AW "%"3
ume at multiannual to decadal scale using digital elevation L 3 L -
models (DEMs) (e.g. Echelmeyer et al., 1996; Baltsavias tif a0 ( 5 AL

et al., 1999; Berthier et al., 2004; Gardelle et al., 2012), [ ‘ |

or the annual ELA and mass balance (e.g. @strem, 1975 U‘r ' _ . i
Rabatel et al., 2005, 2008, 2012a). However, satellite de-
rived DEMs are not accurate enough to compute variations in

the annual volume of mountain glaciers. Another alternative \ {8 ‘19
emerged from recent studies based on ELA and distributed 1
% 4' + F

mass balance modeling using meteorological input fields de-
rived from local weather stations, data reanalysis, or regional
climate models (e.g. Zemp et al., 2007; Machguth et al.,
2009; Marzeion et al., 2012). However, such modeling ap-
proaches still have a number of limitations, e.g. accumulation
is underestimated in mountainous regions. On the other handg
for mid-latitude mountain glaciers, the end-of-summer snow
line altitude (SLA) is a good indicator of the ELA and thus of
the annual mass balance (Lliboutry, 1965; Braithwaite, 1984;
Rabatel et al., 2005). This enables ELA changes to be recon
structed for long time periods from remote-sensing data (De-
muth and Pietroniro, 1999; Rabatel et al., 2002, 2005, 2008;{
Barcaza et al., 2009; Mathieu et al., 2009), because the snoy
line is generally easy to identify using aerial photographs and
satellite images (Meier, 1980; Rees, 2005). Consequently
B e L5, 1 he 3 gackrs s ) o e 53 acir e
LS . ; " ! “French Alpine glacier inventory (in blue) plus additional glaciers on
2905)' which is particularly useful in remote areas where NOthe Italian and Swiss sides of the Franco-ltalian and Franco-Swiss
direct measurements are available. borders. The three boxes represent the main glacierized ranges
In the current study, we rely on previous studies con-quoted in the text and figures, i.e. Mont Blanc, Vanoise and Ecrins.
ducted in the French Alps (Dedieu and Reynaud, 1990; Ra-
batel et al., 2002, 2005, 2008), to reconstruct ELA time
series for more than 40 glaciers over the 1984—-2010 ped980s and had decreased to about 275 knthe late 2000s.
riod, using the end-of-summer snow line detected on satelin the current study, 43 glaciers located in the French Alps
lite images. Our aim are (1) to quantify at a regional scaleor just next to the border with Switzerland and Italy were
the temporal and spatial changes of the ELA; (2) to char-selected (Table 1, Fig. 1). The selection was based on the fol-
acterize the relationships between ELA and both morpho4owing criteria: (1) glaciers had to have a high enough max-
topographic and climate variables; and (3) to reconstruct themum elevation to allow observation of the snow line every
spatio-temporal variability of annual ELA time series by in- year during the study period; (2) glaciers with all aspects had
corporating the above-mentioned relationships in an expanto be represented; and (3) glaciers located in all the glacier-
sion of Lliboutry’s variance decomposition model (1974). ized mountain ranges in the French Alps from the southern-
most (4450 N) to the northern-most (460 N) had to be

French Alpine glaciers

Glaciers where the SLA
has been measured

" Yl o Weather stations

e b { 0_10km A

included.
2 Study area, data and method Among the selected glaciers, three belong to the GLACIO-
CLIM observatory, which runs a permanent mass balance
2.1 Selection of the study sites monitoring program. These three glaciers are Saint Sorlin

Glacier, monitored since 1957 (# 31 in Table 1 and Fig. 1),
A recent update of the glacier inventory of the French Alps Argentiére Glacier monitored since 1975 (# 4 in Table 1 and
lists 593 glaciers (Rabatel et al., 2012b). The total glacialFig. 1), and Gébroulaz Glacier monitored since 1983 (# 28
coverage in the French Alps was about 34Gkmthe mid- in Table 1 and Fig. 1). Mass balance data available on these

The Cryosphere, 7, 1455-1471, 2013 www.the-cryosphere.net/7/1455/2013/
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Table 1. List of the glaciers studied and the weather stations used in this study. Numbers (for the glaciers) and codes (for the weather
stations) refer to Fig. 1. All glaciers are located in the French Alps except when specified in bracketSv@itderland and I'E Italy. For

the weather stations, letters in brackets identify the data produces: Météo-France, EDE Electricité de France, MS Météo-Suisse.

The coordinates are given in degrees, minutes, for latitude and longitude and in ma.s.l. for elevation.

Glaciers Weather stations
# Name # Name Name (data producer) — Code on Fig. 1 Coord. ma.s.l.
1  Trient (CH) 23 Grand Méan  Chamonix-Mt-Blanc (MF) — Cham. °BE N, 06°52 E; 1042
2  Tour 24  Pelve Contamine-sur-Arve (MF)G# the map 46°07 N, 06°20 E; 452
3 Saleina (CH) 25  Vallonnet Contamines-Montjoie (EDF) — Cont. M °/MBN, 06°43 E; 1180
4 Argentiére 26  Arpont Hauteluce (EDF) — Haut °485' N, 06°38 E; 1215
5 Taléfre 27  Mahure Bourg-Saint-Maurice (MF) — Bg. St M °386 N, 06°45 E; 865
6 PrédeBar(IT) 28 Gébroulaz Peisey-Nancroix (EDF) — Pe. Na °32m, 06°45' E; 1350
7  Triolet (IT) 29 Baounet Pralognan-La-Vanoise (EDF) — Pra. la V °285N, 06°43 E; 1420
8  Leschaux 30 Rochemelon Bessans (EDF) — Bes °19M, 06°59 E; 1715
9 MontBlanc (IT) 31 Saint Sorlin Termignon (MF) — Ter U N, 06°48 E; 1280
10 Freiney (IT) 32  Quirlies Lyon — Bron (MF) ©ff the map 45°43 N, 04°56 E; 198
11  Brouillard (IT) 33 Girose St-Etienne-de-St-Geoirs (MR the map 45°21 N, 05°18 E; 384
12 TrélaTéte 34 Lautaret Allemond (EDF)G#f the map 45°12' N, 06°02 E; 1270
13 LéeBlanche (IT) 35 MontdeLans Vaujany (EDF)-Vau °@% N, 06°02 E; 772
14 des Glaciers 36 Selle Besse-en-Oisans (EDF) —B. en O °0448, 06°10 E; 1525
15 Rutor (IT) 37 Casset La Grave (EDF) — LaG °@3' N, 06°17 E; 1780
16 Savinaz 38 Blanc Monetier-Les-Bains (EDF) — M. les B °gR)IN, 06°30 E; 1459
17 Gurraz 39 \Vallon Pilatte ~ St-Christophe-en-Oisans (EDF) — StC °5@ld, 06°11 E; 1570
18 Sassiére 40 Violettes Pelvoux (EDF) — Pel °BAN, 06°28 E; 1260
19 Tsantelaina (IT) 41 Rouies Chapelle-en-Valgaudemar (E0Bfj themap  44°48 N, 06°11 E; 1270
20 Grande Motte 42 Sélé Embrun (MFOff the map 44°33 N, 06°30 E; 871
21 Mulinet 43 Pilatte Genéve (MS)6ff the map 46°14' N, 06°05 E; 420
22 Arcellin Grand St Bernard (MS) ©ff the map 45°52N,07P10E; 2472

three glaciers were used to assess the representativenessTable 2. Characteristics of the wavelength of the spectral bands
the end-of-summer SLA computed from the satellite imagesused to identify the snow line on the satellite images of the three
as an indicator of the ELA and of the annual mass balancé&ensors.

computed from field measurements (see Sect. 3.1 below).

Wavelength (um)

2.2 Snow line altitude retrieved from satellite images Green Near-infrared ~ Shortwave
infrared
2.2.1 Satellite images and snow line delineation Landsat 0.52-0.60  0.77—0.90 1.55-1.75
. . SPOT 0.50-0.59 0.79-0.89 1.60-1.70
A total of 122 images of the 43 glaciers were used to cover ASTER 052-0.60 0.76-0.86 1.58-1.75

the 27 yr study period. Unfortunately, in some years usable
images were not available for all the glaciers because of

(1) cloud cover h'd'f‘g the underlying terrain; and (2) snow- lengths of each satellite) was the most appropriate to identify
falls that can occur in late summer and completely cover thethe limit between snow and ice. The snow line was delin-

glaciers. This was mainly the case in the 1980s and 1990%ated on the central part of the glaciers to avoid border ef-
when fewer satellites were in orbit than in the 2000s. The P 9

images we used were acquired by the following satellites:feCts on the glacier banks: shadows from surrounding slopes,

Landsat 4TM, 5TM, 7ETM-, SPOT 1 to 5 and ASTER, with _20diional snow input by avalanches, overaccumulation due
. ; ) to wind (Fig. 2), which could generate equilibrium-line po-
spatial resolutions ranging from 2.5 to 30 m (see supplemen-_. . .
- . : . sition dependence on local conditions (Rabatel et al., 2005).
tary material: Table 1 for a detailed list of the images used).

. . . . : The delineation was performed manually because automatic
For the snow line delineation on multispectral images, a

test of band combinations and band ratios to facilitate themeth.Ods. hardly succeed in distinguishing the snow I!ne from
. P . . X . . the firn-line when both to be presented on the glacier. This
identification of the snow line on the images is described in

Rabatel et al. (2012a, see Fig. 4). These authors concludeO(IJfStInCtlon resultg to_ be also_wsually difficult when th_e plxel_
N . Size of the satellite images is too coarse (see the discussion

that the combination of the green, near-infrared, and Short'section)

wave infrared bands (see Table 2 for details about the wave- ’

www.the-cryosphere.net/7/1455/2013/ The Cryosphere, 7, 1455-1471, 2013
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the important glacier shrinkage over the last decades (Thib-
ert et al., 2005; Paul and Haeberli, 2008; Vincent et al., 2009;
Berthier and Vincent, 2012), when the SLA is at lower eleva-
tion as was the case in 2001 (288929 ma.s.l.) it is better

to use a DEM as close as possible to the date of the used im-
ages. Accordingly, the DEM from the French IGN was used
for the first half of the period (till the late 1990s) and the
ASTERGDEM was used for the second part of the period.
Changing from one DEM to the other in the late 1990s has
no impact on the results because at that time, the SLA was
located between 3000 and 3200 m a.s.l., an altitudinal range
for which the difference in elevation between the DEMs is
lower than their vertical accuracies.

An uncertainty was estimated for each SLA. Uncertainty
results from different sources of error (Rabatel et al., 2002,
2012a): (1) the pixel size of the images, which ranged be-
tween 2.5 and 30 m depending on the sensor; (2) the slope of
Fig. 2. Example of Landsat image used to delineate the snow linethe glacier in the vicinity of the SLA, which ranged frorfi 7
(red line) with a combination of spectral bands: green, near-infrarecto 32 depending on the glacier and the zone where the SLA
and shortwave infrared. Argentiére Glacier (MOﬂt Blanc Massif), was located in any given year; (3) the vertical accuracy of the
Landsat TMS image acquired on 9 September 1987. DEM, which was about 20 m; and (4) the standard deviation
of the calculation of the average SLA along its delineation,
which ranged from 10 m to 170 m depending on the glacier

2.2.2 Digital elevation model, computation of the and on the year concerned. The last source of error (4) is the
altitude of the snow line and of the glacier most important. The resulting total uncertainty of the SLAs
morpho-topographic variables (root of the quadratic sum of the different independent er-

rors) ranged fromt15 to £170 m, depending on the year
The average altitude of each snow line was calculated byand glacier concerned. The uncertainty was greater when the
overlaying the shapefiles containing the digitized snow linesSLA was located on a part of a glacier where the slope is
on a DEM. For each glacier, the DEM was also used to com-steepest because in this case, the standard deviation of the
pute the following morpho-topographic variables used in thiscomputed SLA is high.
study: surface area, mean elevation, aspect, latitude and lon-
gitude of the glacier centroid. The mean elevation of each?-2.3 Method used to fill data gaps in the snow line
glacier has been computed as the arithmetic mean of the ele- altitude time series

vation of each pixel of the DEM included within the glaciers ) ) o
outline. This mean elevation is rather close to the median el!N SPite of the large number ofimages used in this study, there

evation of the glaciers. Indeed, the difference between the/e'e Still some gapsin the SLA time series. In the 27 yr study

two variables is 10 m on average for the 43 studied glaciersP€riod for the 43 glaciers studied, the SLA was measured in

This shows that the studied glaciers have on average an ap> 0 of the 1081 cases. Thus, data were missing in 15% of

most symmetrical area-altitude distribution (Braithwaite and (€ €ases. o _ . .
Raper, 2010). To fill these gaps, a bi-linear interpolation was applied.

Originally, this approach was used by Lliboutry (1965, 1974)

these, one comes from the French National Geographical Into extract the spatial and temporal terms from a very Incom-
stitute (IGN) with a resolution of 25m, and dates from the Pl€t€ table of mass balance measurements (70 % gaps) in the

early 1980s. Another one is the ASTERGDEM with a resolu- ablation zone of Saint Sorlin Glacier. This approach is based
tion of 30 m, and dates from the mid-2000s. The average difon the fact that the glacier mass balance depends on both the

ference between the two DEMs at the mean elevation of theit€ @nd the time of measurement. This approach was subse-
SLA of the 43 glaciers studied over the whole study period,quemIy extended to a set of_glac_iers in the Alps _by Reynaud
i.e. approx. 3050 ma.s.l., is about 20 m. This matches the verl1980), and later on, to glaciers in other mountain ranges by
tical accuracy of the DEMs, and is small in comparison to the -6réguilly and Reynaud (1990). Here, we applied it to our
interannual variability of the SLA (the standard deviation of SLA table that had far fewer gaps, writing simply

the measured SLA over the. whole study period ranges beSLA,-t — o + B +eir, 1)
tween 75 and 255 m depending on the glacier). However, be-

cause the glacier surface lowering can reach several tens afhere SLA; is the snow line altitude of the glacieérfor
meters at lower elevation (up to 80 m at 1500 ma.s.l.) due tadhe the year, «; is long-term mean for each glacier over

Several DEMs are available for the study area. Among

The Cryosphere, 7, 1455-1471, 2013 www.the-cryosphere.net/7/1455/2013/
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the period of record, pB; is a term (depending on the year Table 3. Statistics of the three subsets used to reconstruct missing
only) which is common to all the glaciers analyzed, and values.
eir = SLA;; —a; — B, with &;,~N (0, 02), a table of centered

residuals assumed to be independent and Gausaiatef Name of Number — Missing  Number of = RMSE  RMSE
L . . subset of glaciers  values complete SLA ¢

notes the normal distribution). The purpose is not simply to years used
obtain thex; andg, terms, but to estimate each missing value for o;
SLA;, on glacieri and year as: Ecrins 13 11% 14 148m  62m

T Vanoise 16 20% 12 160m 66m
N 1 Mont Blanc 14 14% 14 20lm  90m
&= ZSLAit, 2

t=1

used in the analysis were (1) cumulative positive degree days

R 1 (CPDD) from 15 May to 15 September for each yeaex-

V-

Pi=; (SLAi; —é). (3)  trapolated to the altitude of 3000 ma.s.l. using a standard
i=1 gradient of 8Ckm~1 (3000 ma.s.l. being the approximate
mean elevation of the SLA of the 43 glaciers studied over
the whole study period); and (2) cumulated winter precipi-

tation from 15 September of the yeat to 15 May of the
whereT is the number of years of the study peridd,is the ~ Y&&r- During this period, liquid precipitation is negligible at

number of glaciers studied, and the circumflex is a classicaP000ma.s.|.
statistical estimate. For the CPDD, the date of 15 September was chosen be-

To maximize the consistency of the reconstructignyas ~ cause it matches the average date of the satellite images used
calculated using only the years for which no data was miss 10 delineate the snow line. Furthermore, it should be noted
ing. However, only six years (out of the 27) had the SLA for that at 3000ma.s.l. in our study area, after 15 September,
each of the 43 glaciers, which is not quite enough to obtainCPDD are negligible (Thibert et al., 2013).
an average SLA that is not too dependant on a specific yea . .
Consequently, the initial data set was divided into three ge-E'4 x%ds:lr:gtzf\fgﬁgtﬁggm of the morpho-topographic
ographical subsets: the Ecrins Massif, the Vanoise area, and

the Mont Blanc Massif, and the computation was applied in-g,5 1 our data set of SLA series, glacier morpho-topographic

dependently to each one of these subsets. In this way, MOIg, iaples and climate variables, we propose a simple expan-

years with SLAs for all the glaciers of each subset were ava"'sion of Lliboutry’s approach (1974) to model and reconstruct

able (see Table 3, where the statistics of eaqh subset are Prie SLA fluctuations of any glacier in our study area over the
sented). The year 1995 was the only exception. For this Speétudy period. This approach also enables us to quantify the

cific year, because very few \{aluer? Wﬁre available, the r‘:}C‘mr'espective control of each morpho-topographic and climate
struction was made considering the three subsets together. variables on the SLA spatio-temporal variability.

The RMSE of;;, representing the model errors, was 73 m. Following the ideas of Eckert et al. (2011), the model
This is less than half the standard deviation of the measure implemented in a hierarchical Bayesian framework

SLAs (174 m), showing that the use of the bi-linear model (e.g. Wikle, 2003). The main advantage over more empir-

makes sense on this data set. ical approaches is treating the different sources of uncer-
tainty in a consistent manner. For instance, the available in-
formation (missing values and repeated observations among

Table 1 also lists the weather stations we used, which ar&orrelated glacier series) is “respected” when inferring the
located in and around the study area (Fig. 1). Among thespatp-tempqral pattern§ of interest, more speC|f|c_aIIy: the re-
105 weather stations available in the Météo-France databas¥€ssion variables relating ELA fluctuations, their morpho-
(including stations operated by Météo-France and Electricitd®Pographic and climate drivers, and their respective weight.
de France) in the French departments (Hautes-Alpes, Isére, In 'detalll, starting from the available SLA table with hol-
Savoie and Haute-Savoie) in the study area, 40 were sdow (i.e. without reconstructed values) and Eq. (1), we further
lected on the basis of data availability and their proximity 9€composed the spatial term as:

to the glacierized areas (except the Lyon-Bron weather sta-
tion, which was selected as a regional reference). Among th&! = 90+ Xk: Xaak + Vi, ®)

40 weather stations, only 20 of which had a continuous se-

ries of winter precipitation and summer temperatures ovemwhere a, is the interannual regional averagky; are the

the period 1984-2010, and were finally used. Two weatherspatial explanatory variables considered for each glacier, i.e.
stations in Switzerland were also used. The climate variableshe morpho-topographic variables: latitude, average altitude,

SLA;, =& + A, (4)

2.3 Meteorological data

www.the-cryosphere.net/7/1455/2013/ The Cryosphere, 7, 1455-1471, 2013



1460 A. Rabatel et al.: Changes in glacier equilibrium-line altitude in the western Alps

surface area and aspect, abd~ N (0, ovz) is the spatial  Table 4.Posterior characteristics of the proposed model applied on
residual, i.e. the local effect for the glaciemhich is not the 43 ELA time series for the 1984—-2010 periadandb; denote
explained by the spatial explanatory variables considered. the regression parameters for each explanatory variable in brackets.

Similarly, the temporal term is decomposed as: Overall, 2.5% and 97.5 % denote the lower and upper bound of the
95 % credible interval.
ﬁt = Zthbk + 7, (6)

k Mean 25% 97.5%
where theXy, are the temporal explanatory variables con- a1 (average altitude) 0381 0257  0.502
sidered, i.e. the climate variables: summer CPDD and win- 4, (latitude) —0.123 —0.269 0.023
ter precipitation, an&; ~ N (0, 02) is the temporal residual, az (aspect) 0.108 —0.022  0.238
i.e. the annual effect common to all glaciers for any year ay (surface area) —-0.066 —0.199 0.067
which is not explained by the temporal explanatory variables b1 (summer CPDD) 0417 0268  0.557
considered. b2 (winter precipitation) —0.311 —-0.459 —0.155

For the sake of simplicity, the model is fed with reduced S"m 0.31 0.19 0.41
standardized variables (by dividing by the standard devia- Sl'm res 0.11 0.06 0.19
tion the difference between each value and the average of the thopo 0.24 0.16 0.32
series). This avoids identifiability problems by granting that ~ R{opo res 0.09 0.05 0.14
> B: = 0, and makes the, andb, coefficients more directly Rés 0.25 0.19 0.30

! R? 0.73 0.60 0.81
interpretable, at least for non-heavily correlated explanatory R2 0.72 057 0.82

variables (see below). Space ' ' '
. 0.73 0.52 0.84

Without the V; and Z, terms, the model would be a Sme 056 0.43 0.68

i i i i i tlme/s ace : . '
classical spatio-temporal linear model with easy inference, P

e.g. with likelihood maximization providing analytical so-

lutions for point estimates and asymptotic standard errors.

However, this would not allow us to distinguish between ex- terms in ELA variability:

plained and unexplained variance in the spatial and temporal

ter.ms. Henge, th&; and Z, term; make the; model hierar— thop():VAR (Z inak) /VAR (SLA;,), ©)
chical, i.e. richer but also more tricky to estimate. This chal- k

lenge was solved using Bayesian Markov chain Monte Carlo

methods (MCMC, Brooks, 1998). As detailed in Eckert et

al. (2007, 2010b) for similar problems, the robustness of the

inference was checked using tests based on starting dlffechllm = VAR (Z Xk’bk) /VAR(SLAD), ©)
ent simulation runs at different points of the parameter space k

(Brooks and Gelman, 1998). Poorly informatieor prob-

apility distribution_s were used for all p_ararr_}eters,_ however, t20 ores= 02/VAR(SLA,',) (10)
this standard choice allows us to obtg@osterior estimates P

only driven by information conveyed by the data. From the

joint posterior distribution of all parameters, latent variables,

and missing values, we retained point estimates s RZj res= 02/VAR(SLA;), (11)
rior mean)posterior standard deviations, and 95 % credibil-
ity intervals, the Bayesian counterpart of the classical confi-
dence interval (Table 4). The construction of the model en- 2
Ries= 0/VAR(SLA;). (12)

sures thaty;, 8; ande;; are independent. Furthermovgand
ZXk,ak are independent, so arg andZ X.:bi.. Hence the

total variance of the data table is: Similarly, ratios can be computed for the spatial and tem-
poral terms solely:

VAR(SLA;;) = VAR (Xk: inak) Rgpace: VAR (Z inak> / (VAR (Z kaak> +gv2> , (13)
k k
+VAR (Z Xk,bk) +ol+al+ac  (7)
k

_ _ _ RZ10= VAR Zthbk>/ VAR (Z Xkibr +o§>, (14)
By analogy to the classicat?, variance ratios can then be X X

computed to evaluate the respective weight of the different
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and, getting rid of the random spatio temporal fluctuations,variability of the SLA measured on the 43 glaciers for the
the overall time/space ratio and determination coefficient in1984—2010 period. In Sect. 3.2., we present the variability of

the decomposition can be computed as: climate variables (i.e. summer CPDD and winter precipita-
tion).
R? = | VAR Xibr | +02)/
timefspace™ < (Xk: t ) : 3.1 Changes in the equilibrium-line altitude
N2
(VAR (SLAi) —o ) (15) As mentioned above, it has been demonstrated that on mid-
latitude glaciers where superimposed ice is negligible, the
2 end-of-summer SLA is an accurate indicator of the ELA (see
Rior= | VAR Zinak + VAR Zkabk / Fig. 6 in Rabatel et al., 2005, and Fig. 3B in Rabatel et al.,
k k 2008). Because of this strong correlation and for the sake of
(VAR (SLA;)) — 02) . (16) simplicity, we hereafter only use the term ELA.

All these statistics quantify the weight of mean spatial and3 1 1 Temporal variability of the equilibrium-line
temporal effects in the total variability, and the capacity of altitude

the chosen explanatory variables to model these mean ef-

fects. At the observation level of each year/glacier of therigyre 3a illustrates changes in the ELA over the 1984-2010
model, local and annual adjustment statistics can also bgeriod for the 43 glaciers studied (see also see Supplement:

computed as: Table Il where all the data are presented). Considering all
-1 the glaciers, the average ELA for the whole period was lo-
b= o cir (17)  cated at 3033:-120ma.s.l., i.e. the interannual variability

! of the average ELA of all glaciers was high (120 m on av-
erage). The difference between extreme years was as high
5 = -1 ZSir, 18) 3s 460m, with the lowest average ELA measured in 1984
T < (2790+ 180 ma.s.l.), and the highest average ELA measured
in 2003 (325Gt 135 ma.s.l.). In addition, over the study pe-
riod, the ELA time series showed an average increasing trend

Z 8i2, of 6.4myr 1, assuming a linear trend which results to be sta-
§2=1- ’—2 (19) tistically significant considering a risk of error of 5%. This
ZSLAn is the equivalent of an average increase of 170 m over the
l

1984-2010 period, i.e. higher than the interannual variability
of the average ELA.
Y62 The average annual ELA during the first five years of the
o (20) study period was lower than the average ELA for the whole
! ZSLAI,ZI’ period (except in 1986, when it was slightly higher than the
1 average). These years match the end of a 15 yr period (from

\
respectively representing the annual and local bias, and thEehe mid-1970s to the late 1980s) during which alpine glaciers

P y rep g th - ’ Ihcreased in size due to higher winter accumulation and re-
annual and local determination coefficient, withthe num-

ber of glaciers considered affcthe number of years studied. duced summer ablation (Vincent, 2002; Thibert et al., 2013).

: ) Since 2003, the average annual ELA has consistently been
l’greié/squantlfy the goodness of fit of each of the annual/localabove the average ELA for the whole period. Considering the

Variance ratios and adjustment statistics were evaluated btWO subsets, i.e. before and after 2003, no significant trend
. . ) . . . X\ppeared in either of the subsets. The second subset is shorter
computing their values at each point of the MCMC iterative

simulation run, giving access to point estimates and relate 8 yr) than the first (19 yr), and trends computed on short pe-
on run, gving P o iods should be interpreted with caution. However, the aver-
uncertainties taking into account the number of missing val-

ues for each year/glacier (logically, when nearly all observa-age ELA between the two subsets increased by about 140m,
yearg (logically, y which is 82 % of the total change. Hence, the year 2003 can

gg?;rr?wri(ra\amlcysr?ggefﬁ%iae rg]jgzegn)&eéazr/agrléiﬁlﬁ&,ntcr)\vinc;orrespondmgalso be considered as a breakpoint in the time serie§. It should
i i ' be noted that the 2003 extreme heat wave resulted in a reduc-
tion, or even complete loss on some glaciers, of the firn area,
3 Results hence introducing a positive feedback on glacier mass bal-
ances after 2003, consistent with higher ELAs.
Here we give the results of both the SLA and the climate Considering each glacier individually, Fig. 4 shows the
variables. In Sect. 3.1, we present the temporal and spatiaiate of increase in the ELA over the whole period for each

§2=1—
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Fig. 3. Changes over the 1984—-2010 periodA) the ELA for the 43 glaciers studied (see Fig. 1 and Tabl¢R)summer CPDD; an(C)

winter precipitation recorded by the weather stations used (see Fig. 1 and Table 1). In each graph, the horizontal black bar represents the
annual average of the sample, the gray box represents the median ingEval@1), and the vertical black lines show the interval between

the first and the last decile (D1 and D9). On each graph (described in Sects. 3.1.1. and 3.2.), the dashed line represents the smooth underlyin
trend captured by a cubic smoothing spline regression (Lavigne et al., 2012). The dotted line is the corresponding 95 % confidence interval.
The yellow and purple boxes highlight the years in which the average ELA at the scale of the study region is linked with positive (yellow) or
negative (purple) winter precipitation anomalies (see Sect. 4.2).

glacier plotted against its aspect. In this study, the aspect
of the glacier matched the average aspect of the area of the N
glacier, where the ELA fluctuated over the whole study pe-

riod. Itis notable that (1) the increasing trend of the ELA var- oy = NE
ied between less than 1 nTyrand more than 13 myt de- o ¢ ¢ . A
pending on the glacier; and (2) glaciers facing east displayed 2 ."‘. DX X

a more pronounced increasing trend of the ELA. However, * e g0 *
this result should be interpreted with caution because the dis- W " 5° L% s T -
tribution of the glaciers studied were not homogeneous with % 0’21 LY LS

respect to the aspect of the majority of glaciers in the French i T . *

Alps, which are north facing. Furthermore, one of our se- P

lection criteria should also be recalled: to measure the ELA W wE
for each year, the glaciers had to reach at least 3250 ma.s.l. 3

(highest average ELA measured in 2003), and south-facing

glaciers reaching this elevation are rare and can only be founéfig. 4. Average increasing rate of the ELA (my}) over the

in the Mont Blanc Massif. 1984-2010 period of each of the glaciers studied with respect to the
aspect of the glacier. The color of the diamond identifies the mas-
sif in which the glacier is located: blueEcrins, greers= Vanoise,
red= Mont Blanc.
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3.1.2 Spatial variability of the equilibrium-line altitude glacierized summits), and is clearly associated with an un-
usually warm summer (Beniston and Diaz, 2004) that caused
Figure 5a shows the results of a factor analysis of the ELAintense ablation, because winter precipitation in 2003 was
time series, including all the glaciers and all the years inaverage for the study period.
the study period. The factor analysis is a statistical method Temporal variations in the summer CPDD at 3000 ma.s.l.
allowing to describe the variability, differences or simili- were highly homogeneous across the study area. Indeed, the
tudes among observed and correlated variables according factor analysis of these data (Fig. 5b) showed a common vari-
a lower number of factors, i.e. unobserved variables, for in-ance of 85 % on the first axis indicating similar temporal vari-
stance the space and time. For the ELA time series, the firsations between the stations located up to 150 km apart.
two factors explained 80% of the common variance with Regarding winter precipitation, no significant trend was
71% on the first factor. The high percentage of common vari-observed over the study period (Fig. 3c). However, one can
ance on factor 1 represents the common temporal signal imote that, on average, interannual variability was lower af-
the interannual variability of the ELAs that is related to cli- ter 2001 (standard deviation divided by 2 after 2001, falling
matic forcing. Factor 2 explained 9 % of the common vari- from 140 mm to 62 mm), but it should be kept in mind that
ance of the glaciers studied and is related to different spathe time series after that date is short, and this point thus
tial patterns. Hence, with respect to the second factor, twaneeds to be confirmed with longer data series. Over the study
groups can be distinguished corresponding to the northerperiod, maximum winter precipitation occurred in 2001, and
Alps (Mont Blanc, Vanoise) and the southern Alps (Ecrins), the same value was almost reached in 1995. These two years
respectively. One glacier in the Vanoise Massif, Gébroulazcorrespond to low ELAs, but not to the lowest of the whole
Glacier, is closer to the glacier group of the southern Alps.time series, which occurred in 1984 and 1985, and appears to
Its geographic location, i.e. nearest to the southern sectdbe associated more with cooler summer temperatures.
among the Vanoise glaciers, could partly explain the position Variations in winter precipitation at the different stations
of this glacier in the graph. The distinction between the twoover time were not as homogeneous as the summer CPDD,
groups could be related to a higher elevation of the ELA foreven if the first factor of the factor analysis explained 71 %
the glaciers of the southern sector (Fig. 6a) which could beof total variance (Fig. 5¢). As was the case for the ELAS, two
associated with differences in winter accumulation betweergroups can be distinguished on the second axis, explaining
the southern and northern Alps (see below) and warmer sumd % of the variance. This factor analysis showed that most of
mer temperature in the southern sector, which would increaséhe variance was common to all the weather stations and was
the amount of CPDD and thus the ablation (note that the efdue to large-scale precipitation patterns, but that local effects
fect of higher summer temperature on a shift of precipitationalso exist. This is particularly true for the weather stations
from snow to rain is not considered in this study becauselocated in the southern part of the study area, which is in-
we do not use summer precipitation in our analysis). Indeedfluenced by a Mediterranean climate in which some winter
Fig. 6a shows the average ELA over the 1984—-2010 periocprecipitation is not only due to typical western disturbances,
for each glacier plotted as a function of its latitude: a clearbut also to eastern events coming from the Gulf of Genoa
decreasing trend is apparent from south to north, with an avsuch as the one in December 2008 (Eckert et al., 2010a).
erage ELA located on average 150 m higher for the glaciers
in the southern sector.

3.2 Changes in climate conditions 4 Discussion

Figure 3b shows the changes in summer CPDD ovedn this section, we first discuss the bivariate relationships
the 1984-2010 period for the 22 weather stations usedbetween each of the morpho-topographic variables consid-
Summer CPDD present an increasing trend, averagingred and the average ELA of each glacier for the study pe-
5.3+ 1.9 CPDDyr! at 3000 ma.s.l. assuming a linear trend riod. Then, in the second part, we present the bivariate rela-
over the period 1984—2010. This trend is statistically signif- tionships between the ELA interannual variability and each
icant considering a risk of error of 5%. Such an increaseclimate variable. Finally, we exploit the expansion of Lli-
(1504 1.9) in the CPDD over the study period is the equiva- boutry’s approach (1974) that explicitly incorporates both
lent of an additional energy supply of #46 W m=2 , which climate and morpho-topographic variables to reconstruct an-
can result in an additional ablation of about 0.5mw.e. (as-nual ELAs.
suming that all of this energy is used to melt the snow, and
so that sublimation is negligible). 4.1 The role of morpho-topographic variables

The year 2003 had the maximum summer CPDD in the
1984-2010 period, and 2003 is an outlier in the time seriesFigure 6 shows the relationship between the average ELA
In this particular year, the ELA was about 300 meters higherof each glacier computed over the whole study period and
than the average for the whole period (in fact above manythe latitude of the glacier (Fig. 6a), the mean altitude of the
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glacier (Fig. 6b), the glacier surface area (Fig. 6¢), and theing that the lower the average altitude of the glacier, the lower
glacier aspect (Fig. 6d). the average ELA. Conversely, the correlation between the av-
We already mentioned the relationship between the ELAerage ELA and the glacier surface area was negative, mean-
and the latitude (Fig. 6a) in Sect. 3.1.2, where we noted thaing that the smaller the glacier, the higher the ELA. To un-
the average ELA of the glaciers located in the southern partlerstand these correlations, one has to keep in mind the re-
of the study area was about 150 m higher in altitude thanationship between the ELA and the accumulation area ra-
the ELA of the glaciers located in the northern part of thetio (AAR). Indeed, the ELA constitutes the lower limit of
study area. This meridional effect is consistent with the drierthe accumulation zone, which represent/3 of the total
and warmer conditions associated with the Mediterraneamglacier surface area in a steady-state glacier. Accordingly,
climate that prevails in the southern part of the study area. the wider the accumulation zone, the bigger the glacier, the
Figure 6b and c show the relationship between the averag®wer its snout, the lower the mean altitude and consequently
ELA and the average altitude of the glacier and the glacierthe lower the ELA of the glacier. Current ELAs certainly
surface area, respectively. The correlation between the avecan not represent steady-state conditions, nevertheless, over
age ELA and the glacier average altitude was positive, meana long period of time (almost 30yr in our case), assuming
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A o B . nificant correlation coefficient regardless of the glacier and

s W g s T o Lo its location in the study region; (2) a slight but not statisti-

e T - s S MoncEians cally significant decrease in the correlation coefficient with

_ " o § M increasing latitude. This means that the proportion of vari-

; 04 ;»“ o ance of the ELAs explained by the summer CPDD is, first,
o moLs i« B3 important, and secondly, of the same order regardless of the

021 @ corme osfh Al 44 glacier concerned.

s Vansien R This also appears clearly in Fig. 3 which shows strong

—_— 08 similarities between annual variability of ELAs (Fig. 3a) and

T Lattue T T Lattute CPDD (Fig. 3b), mostly an increasing trend over the whole

study period, although stronger before 1990, which appar-

F|g._7.5A) nghest correlations among all the possible “glacier vs. ently stopped after the 2003 maximum. Hence, the annual
station” pairs between each glacier (each symbol represents one

glacier) and CPDD, plotted as a function of latitu¢i®) The same means of b_Oth. vanab[es_arg s_t_rongly cqrrelated: 0'73)'
but with the winter precipitation. To further highlight their similarities, a spline regression was

performed, which fit the data variability well, apart from the
exceptional CPDD in 2003. The correlation between these

pseudo-stationary conditions over this period, the averagdoW frequency signals was enhanced with regards to annual
surface area of a glacier as well as its average altitude caf’€ans, reaching=0.84, confirming the very similar long-
be deemed to be representative of its average ELA. This i$€'m variations in ELA and CPDD over the study area.
in good agreement with the results presented by Braithwaite Regarding winter precipitation, Fig. 7b shows the particu-
and Raper (2010) showing, on the basis of 94 glaciers, thal@r behavior of the Ecrins Massif (blue triangles in Fig. 7b),
the glacier area, median and mid-range altitudes are accuratéhich could be related to a winter precipitation regime in-
proxies of the ELA for a period of time, e.g. several decades fluenced by the eastern disturbances coming from the Gulf
Figure 6d shows the average ELA of each glacier p|o»[_of Genoa and presenting higher temporal variability than the
ted as a function of the glacier aspect. For this morpho-typical regime in which disturbances come from the west.
topographic variable, we distinguished between the differentiowever, except for three glaciers in the Ecrins Massif, the
massifs in the study area, because when treated all togetheorrelation between the ELA and cumulative winter precip-
the effects of aspect and latitude tended to cancel each othdi@tion was statistically significant considering a risk of er-
out. Indeed, the average ELA of a glacier facing north in thefor lower than 5%, and even 1% in most cases. These three
Ecrins Massif is almost the same as the average ELA of Hlaciers are Glacier des Violettes (#40), Glacier de la Girose
glacier facing south in the Mont Blanc Massif. As a result, (#33) and Glacier du Mont de Lans (#35); the low correlation
the meridional effect related to the latitude is stronger thanWith precipitation for these glaciers could be due to topo-
the aspect effect. However, considering each massif Sepagraphic effects influencing redistribution of the snow by the
rately, and even if our samples are not homogeneous witfyvind which can affect accumulation processes in one way
respect to aspect, glaciers facing north and east have a low& the opposite, i.e. overaccumulation or erosion (Girose and
average ELA than glaciers facing south and west, as wouldVont de Lans are located on a dome and Violettes in a nar-
be expected for mid-latitude glaciers in the Northern Hemi-Fow and cached mountainside).

sphere. Hence, the annual average ELAs (Fig. 3a) and win-
ter precipitation (Fig. 3c) were rather strongly negatively
4.2 Climatic control of equilibrium-line altitude correlated = —0.63). Like for CPDDs, a well-supported
interannual variability spline regression enhanced their similarities=(—0.80).

This showed that the irregularities in the increasing trend

Analysis of the variances and correlations between the ELAof the average ELA at the scale of the study region were
of each glacier and the climate variables (summer CPDDlinked to winter precipitation anomalies: excesses in 1995
and winter precipitation) was conducted for the study pe-and 2001, and deficits in 1990 and 1998, which respectively
riod. Considering our 27 yr data set, the correlation coeffi-decreased/increased the annual average ELA.
cientr is statistically significant with a risk of error lower Finally concerning Fig. 7, one has to keep in mind that
than 1% wherr > 0.49, orr < —0.49, and lower than 5% (1) the highest correlation coefficient was found for summer
whenr > 0.38 orr < —0.38. CPDD; and (2) except for few glaciers in the Ecrins Massif,

Figure 7 shows the correlation coefficients for the two cli- significant correlations were also found with winter precipi-
mate variables obtained by selecting the weather station wittiation but to a lesser extent than with summer CPDD. These
the highest value for each glacier. The correlation coefficientpoints are in good agreement with results found at a glacier
were plotted against the latitude of the glaciers in order toscale based on direct field measurements showing that the
evaluate spatial variations in these coefficients. For summemass balance variability (and hence the ELA) is primarily
CPDD, Fig. 7a shows: (1) a generally high and always sig-controlled by summer ablation variability, which is in turn
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400 4007 tivity of the ELA to all meteorological variables. Here, our
=-0.48 . .. . .
ow approach is empirical, but relies on large number of glaciers
) / ¢ i 2 and weather stations and can be considered as relevant at the
o4 ~F L scale of French Alpine glaciers.
lCPDD anorpaly F 4 L3 | X . , L Precip anomaly
-400 200 % 200 400 -400 200 200 400
b0 * ] -
LS L] q \\\\ . .
pah &1-200 200{F " R 4.3 About the efficiency of our modeling approach to
g g " reconstruct equilibrium-line altitude time series
< < . . .
@l 400 00l from morpho-topographic and climate variables

Fig. 8. ELA anomalies (in meters) plotted versus CPDD anoma-

lies (in°C d, left graph) and precipitation anomalies (in mm, right Figures 9 and 10 summarize the results of the modeling ap-
graph). Each symbol represents one year in the 1984—2010 periodproach from the symmetric temporal and spatial point of
views. Hence, in each figure, A and B subplots illustrate
the capacity of our method to model the common pattern of
time (respectively the interannual local effect), getting rid of
the interannual effect of each glacier (respectively the annual

the observed increasing trend in the average regional ELA i common effect). C and D subplots quantify the g_oodness of
%t at the lower level of each annual/local series in terms of

in fact mainly driven by increasingly warm summer tempera- bias and determination coefficient
tures, it also shows that nonlinear low frequency fluctuations . ) i
9 y From Figs. 9 and 10 and Table 4, one can first see that the

in the average regional ELA are significantly related to win- ) e ;
t LS : temporal/spatial decomposition is very good, with a lﬁﬁys
er precipitation anomalies. I't0 0.25. Thi ts a very clear distinction between
In terms of sensitivity of the ELA to climate variables, ehqeuzﬁeocté of.s a:eS;r?(? 'teifnz ?n tﬁey t?)ti\?datz vz:l:rigbilite Fi?
Fig. 8 shows the scatter plots of ELA anomalies vs. summerihermore the §vera e temporal effect for each year an the
CPDD anomalies (Fig. 8a) and winter precipitation anoma-. ' /erag P ! y
interannual spatial effect for each glacier are well captured by

lies (Fig. 8b). For this figure, both the ELA anomalies and the symmetric temporal and spatial regression models, with

the summer CPDD and winter precipitation anomalies were . - - o .
computed from the annual average values of the 43 glacie(rEQIgh detczermmatlon coefﬂqents n tlmagme - 9'73.) and in .
RSpace= 0.72), leading to a total determination coeffi-

and the six weather stations with the highest correlation coSPac€ : ' _ _
efficients. These two graphs show that the sensitivity of thecient (Ri; = 0.73). This confirms the capacity of the chosen
ELA to summer temperature was 11561 (note that the  explanatory variables to model the average spatial and tem-
length of the period used to compute the summer CPDDPOVa|_effeCtS-_ _
was 120 days in our case, and that the temperature gradient This is particularly true for the temporal explanatory vari-
used to compute the CPDD at 3000 m a.s.l. wa€ Bm1), ables: with only two climate variables, the regression ex-
and the sensitivity of the ELA to winter precipitation was Plains more than 30 % of total variance (main term), lead-
48 m/100 mm. This means that an additional amount of win-ing to the predominance of interannual fluctuations with re-
ter precipitation of about 240 mm is needed to compensat&ards to interglacier variabilityRg ¢ space= 0-56)- As a con-

for a daily average increase in summer temperature°@f.1 ~ sequence, the average annual ELAs modeled from temporal
Note that in our estimate, we do not consider that the in-€xplanatory variables follow annual fluctuations of the mean
crease in summer temperature would lead to a lengthenin&LA (B series) very well, and roughly match the spline ad-
of the ablation period. justment presented in Fig. 3a. A Spearman test showed that

Our estimate of ELA sensitivity to summer temperature, CPDD and winter precipitations are independent, so that,
115m°C~1, is in the middle range of values reported in the since all the explanatory variables are standardized anoma-
literature which range from 60-707@-1 (Vincent, 2002) lies, the regression parameters given in Table 4 are directly
to 160 m°C~1 (Gerbaux et al., 2005). Other values from the the marginal correlation coefficient with thg series, 0.42
European Alps and other mid-latitude temperate regions tha@nd—0.31, respectively.
can be found in the literature are 90-115@1? (Braith- For the spatial term, the four morpho-topographic vari-
waite and Zhang, 2000), 100181 (Zemp et al., 2007), ables explain abouTRtZOpO=25% of total variance, and
125m°C* (Kuhn, 1981) or 130rC~* (Oerlemans and  RZ,c=72 % of the variability of the interannual average
Hoogendoorn ,1989). Such a difference in values mainly reELA for each glacierd; series). For the spatial explanatory
sults from the approaches used that vary from empirical revariables, a slight correlation exists between the surface area
gressions from ablation stake measurements on a monitoregind the average elevation of the glaciers. However, the values
glacier and temperature data from one weather station loef a; (Eqg. 5) for each explanatory variable remain close to
cated close to the glacier, to modeling approaches based ahe correlation values of the bivariate regressions (Sect. 4.1.),
physical processes and providing information on the sensisuggesting that the model is not overparameterized so that the

closely linked with summer CPDD (e.g. Martin, 1974, Vallon
et al., 1998; Vincent, 2002). However, if Fig. 3 confirms that
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Fig. 9. Results of temporal modelingA) and(B) show the comparison between the ELA measured on the satellite images and the annual
average ELA modeled using the temporal explanatory variables only, thus getting rid of the interannual mean specificity of each glacier.
ao + B (EQ. 6) is the same plus “white noise” not explained by the temporal explanatory varig@jesnd(D) quantify the goodness of the

fit for each annual series in terms of determination coefficient and bias, respectively.

full inferred multivariate relationship can be interpreted with tion is insufficient to fully represent the variability of ELA

reasonable confidence. values measured using the remote sensing images. For these
Figures 9c and 10c (Figs. 9d and 10d) present the annugleculiar years or glaciers, certain points are worth emphasiz-

and local determination coefficients (the annual and localing to explain the non-negligible spatio-temporal residuals:

bias). Since the bias is generally close to zero, and the de- .
termination coefficient acceptable, this confirms the overall In F'.g' 9.C' the years 1990 _and 2008 showed low de-
termination coefficients. This means that for these two

capacity of the model to reproduce the data set variability, in S .
accordance with the inferred loRZ,= 0.25 value for each years, th_e ELA variability between the gI.aC|ers con-
year/each glacier. In other words, the assumption of complete cerned dllffered' from that of the whole period. Indeed,
separability of the effects of space and time appears to be we _men'uoned in Sect. 4.1. that, over the whole study
correct for most of the years/glaciers whose ELA time se- period, the average EL'.A‘ of the glaciers of the sputhem
ries can be reasonably approximated by the regional annual septor of the study region was about 1.50 m higher in
mean series/interannual local mean series, weighted by the altitude than that of the glaciers located in the nprthern
interannual mean effect for each glacier/the regional annual sector. In the years 1990 and 2008, the s_|tuat|on was
effect for each year, respectively. However, for some years or pot the same, the ELA was homogeneoy § in 2008, and,
glaciers, the high bias/low determination coefficients show in 1990, the ELA of the glaciers located mt_he southem
that this is not true, i.e. that the spatio-temporal decomposi- sectorwas Iovyer_than_ the_ ELA of the ones n the north-
ern sector. This situation is not clearly explained by the
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Fig. 10. Results of spatial modelingA) and(B) show the comparison between the ELA measured on the satellite images and the average
ELA modeled using the spatial explanatory variables only, thus getting rid of the annual effect common to all gladte same plus

“white noise” not explained by the spatial explanatory variabl€$.and (D) quantify the goodness of fit for each local series in terms of
determination coefficient and bias, respectively.

climate variables and further investigations are needed
to explain what happened during these two years.

In Figure 9d, the only year with an annual bias higher
than4+5m was the year 2002. It should be noted that
the year 2002 followed a year with a very high win-
ter accumulation leading to a low ELA. During the
field campaigns at the end of summer 2002, a firn line
(firn from the year 2001) and the snow line were ob-
served. However, the difference between the firn line
and the snow line is difficult to distinguish on images
with 30 m resolution (most of the ELA in 2002 were
measured on Landsat images). As a consequence, it is
quite possible that for some of the glaciers studied, the
firn line was delineated instead of the snow line. This
used to be the limitation of the use of satellite images,
however, with the new sensors launched in the recent

The Cryosphere, 7, 1455-1471, 2013

years that have a resolution of few meters or even tens
of centimeters, this limitation is now reduced.

In Fig. 10c, some glaciers (e.g. Gébroulaz or Vio-
lettes glaciers) show low determination coefficient.
This means that for these glaciers, the ELA interan-
nual variability differed from the one computed for
all the glaciers studied. For Gébroulaz Glacier, Raba-
tel et al. (2005) had already reported specific behavior.
These authors assumed that the peculiar accumulation
conditions on this glacier could lead to a low mass-
balance gradient. This could be one of the causes of
the different interannual variability of the ELA on this
glacier. For Violettes Glaciers (the only glacier with a
local bias above 15 m, Fig. 10d), as already mentioned
in Sect. 4.2, the peculiar morpho-topographic condi-
tions could be responsible for the different interannual
variability of its ELA.
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5 Conclusion Finally, both methods presented in this study, based on re-
mote sensing and modeling, are powerful tools to provide an-

This study presents time series of ELA for 43 glaciers lo- nyal series of ELA that will be useful in hydrological model-

cated in the western Alps over the 1984-2010 time perioding of high mountain watersheds where there is a need to in-

ELAs were derived from the end-of-summer snow line alti- tegrate the g|acier Component in such an approach and when

tude, an accurate proxy of the ELA for mid-latitude mountain ng field data are available.

glaciers. More than 120 satellite images were used to obtain

an annual coverage of the 43 glaciers during the 27 yr period.

In parallel, this study analyzed changes in climate variablesSupplementary material related to this article is

in terms of summer CPDD and winter precipitation. Theseavailable online athttp://www.the-cryosphere.net/7/

two variables were obtained for the same time period from 221455/2013/tc-7-1455-2013-supplement.pdf.

weather stations located in and around the study area. From

these time series several points are worth emphasizing:

— Assuming a linear trend over the study period: the
average ELA increased by about 170 m; the summerAcknowledgements. This study was conducted in the con-
CPDD increased by about 150 PDD at 3000ma.s.l.,text of the French glacier observatory GLACIOCLIM

while winter precipitation remained rather stationary. (http://www-Igge.ujf-grenoble.fr/ServiceObs/index.htm). We
are grateful to Imanol Goni for his help with image processing.

— Temporal variability of the ELAs, summer CPDD and This work was possible thanks to the contributions of: Météo-
winter precipitation were very homogeneous over theFrance, Electricité de France and Météo-Suisse who provided the
study region. Regarding spatial variability, homogene- meteorological data, USGS-EDC and GLIMS program who granted
ity was high for summer CPDD, but glaciers in the free access to Landsat images and ASTER images, respectively.
southern part of the study area differed from the others SPOT images were provided through the CNES/SPOT-Image ISIS

program, contracts # 0103-157, 0412-725, 2010-405 and 2010-435.
Bivariate and relationships between the ELAs and morpho-We thank G. Hilmar Gudmundsson (handling editor), M. Zemp
topographic and climate variables were also establisheg@nd an anonymous referee for their constructive comments used to

These relationships allow us to highlight the fact that: imprave the paper.

— The average ELA over the study period of each glacierEdited by: G. H. Gudmundsson
is strongly controlled by its morpho-topographic vari-
ables, namely its average altitude, surface area, latitud
and aspect.

The publication of this article
— The interannual variability of the average ELA of the is financed by CNRS-INSU.
glaciers studied is strongly controlled by climate vari-
ables, with the observed increasing trend in the average
ELA truly mainly driven by increasingly warm tem-

peratures, even if nonlinear low frequency fluctuations
in the average ELA time series appear to be signifi-
cantly related to winter precipitation anomalies. Barcaza, G., Aniya, M., Matsumoto, T., and Aoki, T.: Satellite-

From these relationships. we propose an expansion of derived equilibrium lines in Northern Patagonia Icefield, Chile,
PS, prop P and their implications to glacier variations, Arct. Antarct. Alp.

LIibout_ry’s approach, implemented within a hierar_chical Res. 41, 174-182, dai0.1657/1938-4246-41.2.174, 2000.
Bayesian framework, to reconstruct the ELA fluctuations of Baltsavias, E. P., Favey, E., Bauder, A., Bosch, H., and Pateraki, M.
any glacier in the study area. Considering two climate vari-  pijgital surface modelling by airborne laser scanning and digital
ables and four morpho-topographics variables, we show that photogrammetry for glacier monitoring, Photogramm. Rec., 17,
our approach is well suited to: (1) isolate an average temporal 243-273, doi:10.1111/0031-868X.00182, 1999.

effect for each year and an interannual mean effect for eactBeniston, M. and Diaz, H. F.: The 2003 heat wave as an example
glacier; (2) model and explain their fluctuations from a re- of summers in a greenhouse climate? Observations and climate
duced number Of Cllmatlc and topographlc explanatory Varl_ model simulations for Basel, SWitZerland, Glob. Planet. Change,

ables whose respective weight and related uncertainties are 4‘;'1'_ 73‘;1‘ d(;)i\:}o'1016£-Q'I;’p:a‘fha-zoo"';gﬁ-,OOG'fzoo?-
quantified in a consistent manner; and (3) well approximate>€rther E. and Vincent, C.: Relative contribution of surface mass
balance and ice flux changes to the accelerated thinning of the

the full variability of our ELA data set for each year and for ="~ (Alps) over 19792008, J. Glaciol., 58, 501-512
each glacier and identify specific spatio-temporal behaviors .:.1093189/2012J0G11.083 2012 R ’
that do not match the assumption of complete separability Ofgrthier E. Amaud. Y. Baratoux. D.. Vincent. C.. and Rémy F.:
space and time effects. Recent rapid thinning of the “Mer de Glace” glacier derived
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