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ABSTRACT

Beyond their iconic role of climate change, mountain glaciers can be considered
as Earth’ essential component and natural “climate-meter”. Despite their small spatial
coverage (0.5% of emerged land), mountain glaciers contribute as high as 30% of
the observed sea-level rise. In some regions, they are considered as essential issues
because of their importance in terms of potable water, agriculture, hydroelectricity
or natural hazards. A small share is however monitored /n situ (<0.0025%) and their
fluctuations at regional scale are poorly known.

Thanks to the development of high spatial resolution satellite sensors (metric
to decametric) new methods are today available to significantly increase the number
of monitored glaciers. After a state of the art of the existing methods and an
identification of the limitations, we focused our attention on the development of two
methods.

The first one is based on the automatic detection of the snow/ice interface
altitude (/.e. snowline) at the glacier surface from optical satellite images. This
altitude, when estimated at the end of summer, is a proxy of the annual glacier-wide
mass change at the glacier surface (called surface mass balance, SMB). Using this
approach, we estimated the annual SMBs of 239 glaciers in the European Alps and
82 glaciers in the tropical Andes for the period 2000-2016 and 2000-2018,
respectively. The mean mass losses are -0.74 and -1.29 m water equivalent per year
for the two regions, respectively. This approach allowed deriving the first dataset of
annual SMBs for individual glaciers at regional scale from optical remote sensing. We
found significant relationships between the computed SMBs and the glacier morpho-
topographic features (e.g. slope, median altitude ...), with steeper and higher glaciers,
experiencing less mass losses. Comparison with in situ monitored SMBs revealed an
overestimation of mass losses from /n situ estimates, due to a low representativeness
of steep glaciers (>20°) in the /n situ datasets. Our study also revealed
heterogeneous inter-annual variability across the European Alps, partially explained
by the climatic context of the studied sub-regions, thanks to the analysis of climate
reanalysis data.

We developed a second method to derive the annual and summer SMBs from
albedo maps, computed from MODIS images. With an application on 30 glaciers in
the French Alps, this work opened the way toward a regional application of this
method, in order to estimate both annual and summer SMBs.

By performing regional applications on different glacierized regions, we
developed and validated methods capable of deriving the annual and summer SMBs
of individual mountain glaciers at regional scale, from optical remote sensing data.
These data could then be used to (1) assess the impact of peculiar climatic conditions
onto mountain glaciers; (2) investigate possible meteorological conditions driving the
documented glacier fluctuations; (3) calibrate and validate glacio-hydrological
models used to estimate the current and future contributions of mountain glaciers to
the hydrological functioning of mountain catchments and to sea level rise.







RESUME

Au-dela de leur rdole d’icone du changement climatique, les glaciers de
montagne sont une composante essentielle de notre planete. Ils sont, de plus, de
véritables « climat-métres » naturels. Malgré leur faible superficie (0.5% des terres
émergées), les glaciers de montagne contribuent a hauteur de 30% a la hausse du
niveau des mers. Dans certaines régions, ils constituent de véritables enjeux quant
a l'eau potable, I'agriculture, la production hydroélectrique ou les aléas glaciaires.
Peu sont en revanche instrumentés (<0.0025%) et leurs fluctuations a I’échelle de
régions entiéres sont mal connues.

Grace au développement de capteurs satellitaires a haute résolution spatiale
(métrique a décamétrique), le développement de méthodes automatisées permet
aujourd’hui d’augmenter considérablement le nombre de glaciers observés. Apres
avoir dressé un état de l'art des méthodes existantes et identifié les verrous
méthodologiques, nous avons développé deux méthodes en particulier.

La premiere se base sur la détection automatique de l'altitude de la limite
glace/neige (/.e. ligne de neige) a la surface du glacier, a partir d’images satellites
optiques. Cette altitude, lorsque mesurée a la fin de I'été, est un marqueur du
changement de masse a la surface du glacier ayant eu lieu au cours de l'année
(appelé bilan de masse de surface). Cette approche nous a permis d’estimer le bilan
de masse de surface annuel de 239 glaciers dans les Alpes européennes et de 82
glaciers dans les Andes tropicales pour la période 2000-2016 et 2000-2018,
respectivement. La perte moyenne annuelle observée est de -0.74 et de -1.29 m
équivalent eau par an pour les deux régions respectivement. A notre connaissance,
cette approche a permis d’établir le premier jeu de données de bilans de masse de
surface annuels pour des glaciers individuels a échelle régionale a partir d'images
satellites optiques. Une dépendance du bilan de masse de surface moyen par glacier
a des caractéres morpho-topographiques (e.g. pente, altitude médiane ...) a été
observée, ou plus les glaciers sont pentus et hauts en altitude, moins leur perte de
masse est importante. Une comparaison avec des mesures /n situ dans les Alpes
Européennes révele une surestimation de la perte de masse par ces derniéres si on
les extrapole spatialement, notamment a cause de la faible représentation de glaciers
a forte pente (>20°) dans les mesures /n situ. Notre étude sur les Alpes Européennes
a de plus permis d’identifier une variabilité interannuelle hétérogéne sur cette région,
en partie expliquée par des contextes climatiques différents grace a l'utilisation de
données issues de ré-analyses.

Le développement d'une autre méthode a permis, a partir de I'analyse de
cartes d’'albédo issues du capteur MODIS, de caractériser le bilan de masse de surface
annuel et estival de 30 glaciers dans les Alpes francgaises. Cette étude ouvre la porte
a l'utilisation de cette méthode pour I'analyse du bilan annuel et saisonnier a I’échelle
régionale.

Ce travail a permis, a travers des applications dans différentes régions englacées,
de développer et valider des méthodes capables, a partir d'images satellites optiques,
d’estimer le bilan de masse de surface annuel et saisonnier de glaciers de montagne
a I'échelle de régions entieres. Ces estimations peuvent ensuite étre utilisées pour :
(1) étudier I'impact du climat local sur les glaciers de montagne ; (2) d’investiguer

\%



de possibles conditions météorologiques favorisant les fluctuations observées ; (3)
calibrer et valider les modeéles glacio-hydrologiques utilisés pour estimer les
contributions actuelles et futures des glaciers de montagne au fonctionnement
hydrologique des bassins versants et a I'élévation du niveau des mers.
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Introduction

1 INTRODUCTION

1.1 POURQUOI S'INTERESSE-T-ON AUX GLACIERS DE MONTAGNE ?

Au-dela de leurs rbles esthétiques et d'icones du changement climatique
(Mackintosh et al., 2017), les glaciers de montagne sont des composants
essentiels de notre planete. Intimement liés au climat, ils répondent
rapidement aux variations climatiques et sont de véritables “climat-meétres”
(Vaughan et al., 2013), faisant d’eux une des variables essentielles
d'observation du climat par l‘organisation météorologique mondiale (OMM,
Bojinski et al., 2014). Le récent déreglement climatique, en partie di a
I'impact anthropique, a renforcé la nécessité de les observer et de les étudier,
notamment dans des régions ou les données climatiques directes (/.e.
température, précipitations ...) sont rares et ou les glaciers de montagne
constituent un des rares marqueurs.

Les glaciers ont, de plus, une importance hydrologique capitale a
I’échelle régionale (e.g. ressource en eau, production d'électricité) et globale
(e.g. hausse du niveau des mers). Malgré leur faible couverture spatiale a
I’échelle des terres émergées (0.5%, Vaughan et al., 2013), les glaciers de
montagne sont présents dans 26% des grands bassins versants mondiaux,
hébergeant pres d’un tiers de la population mondiale (Beniston, 2003). Dans
certaines régions des Hautes Montagnes d'Asie (HMA) ou des Andes tropicales,
ils constituent des réservoirs d’eau indispensables a I'approvisionnement des
populations en eau potable et pour l'irrigation des cultures. Ces régions sont
ainsi particulierement impactées par I'augmentation de la perte de masse de
ces glaciers qui ont, pour certains, déja dépassés leurs contributions
maximales aux débits hydrologiques observés (/.e. peak water) lors de la
saison de fonte (e.g Huss and Hock, 2018) et verront la contribution glaciaire
aux débits saisonniers réduite (e.g., Barnett et al., 2005; Kaser et al., 2010).

A |'échelle globale, une partie de ces eaux de fonte convergent vers les
océans et participent ainsi a la hausse du niveau des mers si elles ne sont pas
compensées par |’évaporation. En dépit de leur faible étendue comparée aux
grandes calottes glaciaires (0.5% versus 11% de la surface totale des terres
émergées), les glaciers contribuaient a hauteur de 0.76 £ 0.37 mm par an sur



la période 1990-2010 (Church et al., 2013), soit de 25 a 30% de la hausse
globale observée (Watson et al., 2015). Une étude récente indique que cette
contribution serait en fait plus importante, avec une contribution de 0.92 %
0.39 mm par an sur la période 2006-2016 (Zemp et al., 2019). Des études
modélisant la contribution future des glaciers au niveau des mers suggéerent
une réduction de celle-ci du fait de la diminution graduelle des volumes
glaciaires entre 2040 et 2100. Ce point de bascule dépend des scénarios
d'émissions de gaz a effet de serre envisagés (Marzeion et al., 2012) méme
si de grandes régions actuellement englacées sont susceptibles de continuer
a contribuer a la hausse du niveau des mers aprés 2100 (Radi¢ and Hock,
2011; Zemp et al., 2019).

Au-dela de leurs contributions au cycle hydrologique terrestre, les
glaciers de montagne sont aussi potentiellement sources d’aléas majeurs
pouvant avoir des impacts importants sur les populations vivant a l'aval. Les
chutes de séracs peuvent, par exemple, avoir des effets dévastateurs,
notamment en hiver, en provoquant des avalanches de neige, glace et débris
(e.g. Glacier de Taconnaz en France, Vincent et al., 2015; calotte sommitale
du Huascaran Norte au Pérou, Lliboutry et al., 1977). Ces séracs peuvent aussi
créer des inondations lorsqu’ils tombent dans des lacs pro-glaciaires pouvant
provoquer la rupture de barrages morainiques et le débordement de lacs
proglaciaires (e.g. lac Palcacocha au Pérou, Carey, 2010). Des conditions
climatiques particuliéres ainsi qu’un changement de régime thermique de
certains glaciers peuvent favoriser la déstabilisation des barrages morainiques
(e.g. Aru-1 et Aru-2 sur le plateau Tibétain, Kaab et al., 2018), et une
surveillance accrue de ces glaciers est nécessaire dans les années a venir. De
plus, de par la hausse graduelle et amplifiée des températures en montagne
(Mountain Research Initiative EDW Working Group et al., 2015) et la fonte du
pergélisol, ces aléas sont susceptibles de s’intensifier (Einhorn et al., 2015).
Un autre aléa consiste en lI'accumulation de masses d’eau intra-glaciaires
pouvant, a terme, rompre le front du glacier et causer des laves torrentielles
dévastatrices. Le glacier de Téte Rousse (Mont-Blanc, 0.08 km2), en est un
exemple tristement célebre de part une vidange brutale en 1892 tuant 175
personnes a Saint-Gervais-les-Bains. Ce type d’aléa est toujours présent de
nos jours, avec par exemple le glacier de Téte Rousse (Vincent et al., 2012),
dont la poche d’eau est surveillée et régulierement vidangée artificiellement.



Introduction

Historiquement, les glaciers de montagne sont mesurés /n situ en
estimant leurs variations de masse au cours du temps : le bilan de masse de
surface glaciaire (SMB pour |'acronyme en anglais). Cette mesure permet
d’estimer avec précision I'impact du climat sur le glacier. Cependant, il existe
des données de SMB pour peu de glaciers (environ 0.002%, WGMS, 2017) du
fait de lI'investissement humain et logistique requis. Dans le but d’affiner notre
compréhension des causes, impacts et enjeux du déreglement climatique sur
I’évolution des glaciers a |I'échelle régionale, que cela soit pour la ressource en
eau, la hausse du niveau des mers, ou une meilleure adaptabilité envers les
aléas glaciaires, le nombre d’observations doit augmenter, a la fois
spatialement et temporellement. La modélisation est un outil intéressant qui
permet de s’affranchir des contraintes spatio-temporelles et des modéles
récents permettent de simuler I'évolution passé et future de la totalité des
glaciers terrestres (e.g. OGGM, Maussion et al., 2019, GloGEMflow, Zekollari
et al., 2019). Ces modeles sont, en revanche, fortement dépendants des
mesures de SMB /n situ, souvent biaisées négativement a cause de leur faible
représentativité spatiale (Gardner et al., 2013; Marzeion et al., 2017). Ce biais
peut étre atténué par I'apport de méthodes utilisant des images satellites, telle
que la géodésie (Zemp et al., 2013). Aujourd’hui, il n‘existe en revanche pas
de méthode fiable permettant, a partir dimages satellites, d’estimer les
variations de SMB de plusieurs centaines de glaciers de montagne (échelle
régionale) au pas de temps annuel et/ou saisonnier. C'est donc dans ce
contexte que mon travail de thése s’inscrit, afin de développer et de valider
des méthodes capables de produire des jeux de données de SMB par glacier
a I’échelle régionale et aux pas de temps annuels et saisonniers, en profitant
de la récente grande disponibilité dimages satellites optiques a haute
résolution.

1.2 ORGANISATION DU DOCUMENT

Ce manuscrit suit un fil général allant de la présentation des méthodes
aujourd’hui disponibles pour estimer le SMB des glaciers de montagne, a la
présentation de deux méthodes développées ainsi que |I’'analyse des jeux de
données associés. Le manuscrit débute par un état de l'art épistémologique
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(Sect. 2.1) narrant les premiéres observations glaciologiques et les grandes
questions qui ont fait débats au sein de la communauté glaciologique. Une
présentation des principales méthodes permettant I'estimation du SMB est
ensuite présentée (Sect. 2.2 et 2.3), dans le but de mettre en exergue les
capacités et limites de chaque méthode (Sect. 2.4). Cette synthése permet de
rappeler mes objectifs de recherche, et I'angle d’attaque choisi pour lever les
verrous scientifiques, méthodologiques et techniques identifiés. Un résumé de
mes recherches est ensuite présenté Sect. 3. Il contient un résumé des
différents articles que j'ai pu écrire ou co-écrire et vise a replacer le lecteur
dans la démarche méthodologique que j'ai suivie pendant ces trois années.
Sect. 4, 5, 6 et 7 présentent les articles évoqués précédemment, dont le stade
de publication est précisé. Du fait des différents styles imposés par les
journaux de publication, certaines redondances pourront étre observées entre
les articles présentés, je m’en excuse par avance. Finalement, la Sect. 8 cl6t
ce manuscrit par une synthese du travail effectué et permet d’aborder les
perspectives autour des méthodes et jeux de données développés pendant
cette these.
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2 METHODES

2.1 CONTEXTE HISTORIQUE

2.1.1 L'énigme de I'écoulement des glaciers

“[...] quand on agit sur un morceau de glace, qu’on le frappe,
on lui trouve une rigidité qui est en opposition directe avec les
apparences [...]. Peut-étre que les expériences faites sur de
plus grandes masses donneraient d’autres résultats ? "

Le Chanoine Francais Louis Rendu, Théorie des glaciers de la Savoie, 1840

L'intérét des scientifiques pour les glaciers de montagne est relativement
récent. On attribue souvent a Horace Bénédicte de Saussure (1740-1799) et
Louis Agassiz (1807-1873) la paternité de la glaciologie méme si des
observations et des questionnements émergeaient déja au XVIeme siecle. La

premiére description scientifique
d'un glacier apparait
vraisemblablement dans les écrits
de Sebastian Munster en 1544, et
les premieres observations
évoquant  I'écoulement d’un
glacier datent de 1574, par Josias
Simler. C’est ensuite a partir du
début du XVIIIeme siécle que
I'intérét de la communauté
scientifique pour

Box 1 : Obstacle épistémologique

Un obstacle épistémologique décrit un
concept, une loi ou un théoreme tres
complexe a comprendre en mobilisant

uniguement ses connaissances ou
observations. Franchir un obstacle
épistémologique revient a le

comprendre dans son intégralité et donc
a intégrer son sens profond.

les glaciers de montagne prend de

'ampleur avec,

notamment, Jean-Jacques Scheuchzer et Johann Heinrich Hottinger (Rémy
and Testut, 2006; Zryd, 2008). Contrairement aux préoccupations
scientifiques actuelles telles que I'estimation de la contribution des glaciers a
la hausse du niveau des mers, ou |’'estimation d’aléas d’origines glaciaires, le
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premier obstacle épistémologique (Box 1) auquel les scientifiques se sont
heurtés, et qui occupera toute Il'attention de ces derniers jusqu'a la fin du
XIXeme siecle, est le mécanisme a l‘origine de I'’écoulement du glacier. La
premiere théorie, décrite par Scheuchzer en 1705 et qui sera, plus de 100 ans
plus tard soutenue par Louis Agassiz, est celle de la dilatation (Agassiz, 1839).
Scheuchzer explique que I'écoulement glaciaire est di aux cycles successifs de
gel-dégel d’eau liquide dans les anfractuosités de la glace, déclenchant le
mouvement observé d’'amont en aval. Cette théorie expliquait notamment les
variations de vitesse observées a la surface du glacier entre I’été (plus rapide)
et I'hiver (plus lent), confirmées de nos jours par des mesures in situ (e.g.
Vincent and Moreau, 2016). Altmann, puis Gruner et De Saussure en 1760
élaborent parallelement la théorie de la gravitation (Seligman, 1949). Cette
théorie concilie la rigidité apparente de la glace avec le mouvement observé
en proposant un écoulement uniquement di{ au glissement d’'un seul tenant
du glacier sur son socle. Enfin, en 1773, André César Bordier est le premier a

\’“ g\
e Y &

.‘ AR ¢ ﬂ
CER YA

0 . N ey

Figure 1 : Figure et légende traduites et extraites de Walker and Waddington,
(1988). "Abri construit par Hugi en 1842 sur la moraine médiane de I'Unteraar, sous
la confluence du Lauteraar (a gauche) et du Finsteraar (a droite). Cet abri, construit
a la base de I'éperon rocheux au centre de l'image a atteint I'endroit représenté en
13 années. Cette moraine a été I'endroit ou Agassiz installa I'Hotel des Neuchéatelois
pendant ses recherches en 1840."
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reconnaitre une certaine viscosité de la glace, la comparant a de la “cire
amollie flexible” et introduit la notion d’écoulement du glacier d'amont en aval
(Bordier, 1773). La théorie de Bordier sera reprise en 1840 par le chanoine
Rendu (Rendu, 1840).

Les premieres décennies du XIXéme siecle marquent le début de la
glaciologie “moderne”. Les scientifiques passent d'une approche
principalement “contemplative”, basée sur de rares expériences et mesures, a
une approche quantitative. Méme si De Saussure propose des 1787 des
estimations d’épaisseur de glace sur la Mer de Glace, des mesures de
température et d’humidité de |'air ainsi que de la pression atmosphérique
jusqu’au sommet du Mont-Blanc, les premieres campagnes de mesures
glaciologiques datent de 1827. Par exemple, les premiéres mesures de vitesse
d'écoulement en surface sont effectuées par Franz Joseph Hugi sur
I'Unteraargletscher dans les Alpes Bernoises, en Suisse (Hugi, 1842, Fig. 1).

En 1840, Louis Agassiz retourne sur |I'Unteraar pour poursuivre les
mesures d'écoulement, en construisant une station de mesure sur une moraine
médiane, “I'H6tel des Neuchatelois”. Il fore pour cela plusieurs trous
n'excédant pas sept metres et y Box 2 : Bilan de masse de surface (SMB)
insere des jalons pour mesurer le | = —— ——————————————

déplacement de la glace et | Le bilan de masse glaciaire correspond a
s’affranchir de I'impact des débris la somme de tous les f_qu de masse

o ] . | entrant et sortant du glacier. Le taux de
supraglaciaires contrairement a | changement de masse peut étre calculé
Hugi (Clarke, 1987). En

sur la surface du glacier comme la
retournant sur le glacier I'année | somme des flux de masse de surface,
suivante (1841) et notamment

interne et basal (Cuffey and Paterson,
accompagné du physicien

écossais James David Forbes, il
s’apercgoit que les jalons ne sont,
pour la plupart, plus enchassés
dans la glace a cause de la fonte
en surface du glacier. Sans le
savoir, il pose les bases de la
méthodologie encore utilisée

2010) sur un intervalle donné. Ce taux
est exprimé en équivalent en eau grace
a une hypothése sur la densité de la
glace/neige. Le terme dominant étant,
pour la plupart des glaciers, le bilan de
masse de surface, le bilan de masse
glaciaire est souvent approximé comme
le bilan de masse de surface glaciaire
(SMB).

aujourd’hui pour mesurer /n situ le bilan de masse de surface glaciaire (SMB,
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Box 2). C'est finalement Forbes qui, en exportant les méthodes d’Agassiz sur
la Mer de Glace en 1842, donne les premiéres clefs du mystére de I'écoulement
des glaciers, en proposant une déformation de la glace sous son propre poids,
entrainant I'écoulement de celui-ci. Il se base pour cela sur des mesures de
vitesse de surface effectuées au théodolite sur la Mer de Glace, validant ce que
André César Bordier et le chanoine Louis Rendu avaient déja compris par le
raisonnement dés 1773 et 1840. Malgré son apparente rigidité, la glace a un
comportement viscoplastique, lui permettant de se déformer, mais aussi de se
fracturer ! De plus, Forbes compléte ses observations par des expériences et
admet que |"écoulement peut étre facilité par la présence d’eau liquide a la
base du glacier, agissant comme lubrifiant (Forbes, 1845). Peu consensuelle a
appliquant les lois de Navier-Stokes au glacier, validera la nature visqueuse
de la glace.

2.1.2 Le bilan de masse glaciaire, une variable ad hoc pour observer les
glaciers

Comme indiqué précédemment, on peut attribuer les premieres mesures
glaciologiques a De Saussure, Agassiz, Forbes et leurs collaborateurs dans la
premiere moitié du XIXéme siecle, méme si celles-ci n‘étaient pas orientées
vers la quantification des variations de volume. Dés 1839, Agassiz met en lien
le SMB et la dynamique glaciaire : “[A] glacier is always descending; if the
extremity at any time seems to retire, this implies nothing more than that the
portion of ice, melted by the heat of summer, is more considerable than that
which the glacier brings along with it in its progress" (Agassiz, 1839, p. 383).
Ce postulat est d'une importance capitale car il exprime simplement le
fonctionnement d’un glacier, ainsi que les causes qui peuvent I'amener a subir
des changements de longueur et/ou de volume. De plus, il met en exergue le
lien étroit entre le SMB, et le climat, faisant des glaciers un observatoire du
climat, et dont I'estimation du SMB est la mesure la plus pertinente.

Les premieres mesures se sont majoritairement concentrées sur les
variations de position du front du glacier, dans plusieurs régions
simultanément (Europe, Scandinavie et Amérique du Nord). Ces mesures ont
été étoffées par I'engouement des peintres de |I'époque pour ces géants de
glace, dont Samuel Birmann a été I’'un des plus actifs, et qui permis, bien plus
tard, la reconstruction des positions du front de plusieurs glacier (e.g.
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Nussbaumer and Zumbuhl, 2012; Zumbihl et al., 2008; Zumbuhl and
Nussbaumer, 2018) a une époque ou peu de mesures existaient, comme sur
le versant Nord du massif du Mont-Blanc par exemple (Fig. 2). Malgré leur lien
avec les changements de volume glaciaire, les variations de longueur n‘en sont
gu’une mesure indirecte. Ces variations de longueurs sont fortement
dépendantes de la géométrie du glacier, de ses caractéristiques morpho-
topographiques ainsi que de sa dynamique d’écoulement (Cuffey and Paterson,
2010), qui conditionnent son temps de réponse au forcage climatique, propre
a chaque glacier.

Figure 2 : Reproduction d'un panorama des Glaciers des Bossons et
de Taconnaz peint par Samuel Birmann depuis le sommet du Brévent,
en 1823. Extrait de Nussbaumer and Zumbuhl, 2012 ("N:454. Samuel
Birmann. Ad. nat. f. au sommet du Brévent 1823.”; pencil and
watercolour;, 46.7 x 225.5 cm; Kunstmuseum  Basel,
Kupferstichkabinett, Inv. Bi.417; photograph by H. J. Zumbdiihl, with
kind permisson of Kunstmuseum Basel)

C’est véritablement Francois-Alphonse Forel qui, dés les années 1890,
met en place des campagnes de mesures glaciologiques régulieres (Rapports
sur les variations périodiques des glaciers, Forel, 1895) dans le cadre de la

création de la Commission Internationale des Glaciers, fondée en 1894 (Hall,
1895) ancétre du World Glacier Monitoring Service (WGMS), collectant les
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données de la plupart des glaciers instrumentés. Les mesures effectuées des
cette période ne se cantonnent pas uniquement a la position du front. Dans
son discours préliminaire, Forel introduit la notion de variation de grandeur,
pour quantifier les variations de longueur, de largeur, d’épaisseur et donc de
volume. Un protocole expérimental intitulé "Méthode du glacier du Rhéne” est
ainsi élaboré. Développé par des ingénieurs suisses, il est basé sur des
mesures périodiques de retraits de la langue glaciaire, de variations
d’'épaisseur le long de profils transversaux ainsi que de vitesses d’écoulement
en surface. Cela ménera aux premiéres séries de SMB. Il faudra attendre la fin
de la seconde guerre mondiale pour voir cette méthode se perfectionner puis
étre appliquée a un plus grand nombre de glaciers (Haeberli et al., 1998).

2.2 MESURER LE BILAN DE MASSE DE SURFACE A PARTIR DE DONNEES IN SITU

2.2.1 La méthode glaciologique

Au cours du XXeme siecle, des méthodes ont été développées afin d’estimer
in situ le SMB. Une de ces méthodes, la méthode glaciologique consiste a
mesurer /n situ, I'accumulation et I’ablation a des sites choisis (appelés balises)
en fonction de la morpho-topographie de la surface du glacier, puis
d’extrapoler ces valeurs a I'ensemble du glacier. Ces balises sont implantées
sur la zone d’‘ablation et d’accumulation, comme illustré Fig. 3 sur plusieurs
glaciers francais. On peut noter un nombre de balises généralement plus réduit
dans la zone d’accumulation par rapport a la zone d’ablation. Cette différence
peut provenir de la difficulté d’acces aux balises ainsi que |'effort plus
important pour mesurer |'accumulation. Ce sous-échantillonnage dans la zone
d’accumulation peut conduire a une mauvaise caractérisation de
I'accumulation, notamment a cause de la grande variabilité spatiale de
I’enneigement, due a la topographie locale parfois complexe ainsi qu’au
processus €éoliens. Les relevés de balises sont effectués le plus pres possible
de la fin de la saison d’ablation et d’accumulation (respectivement vers le ler
octobre et 1er mai dans les Alpes). Le protocole de mesure differe en fonction
du type de balise. Pour les balises disposées en zone d’ablation, des jalons
sont introduits dans la glace (autour du ler octobre dans les Alpes, en fonction
des conditions météorologiques), a l'aide d'une foreuse ou d’une sonde a
vapeur. Un an d’apres, la partie émergée des jalons est mesurée, permettant
ainsi de quantifier la hauteur de glace ayant fondue pendant |'année
hydrologique (schéma illustratif Fig. 4a). Dans la zone d’accumulation, le
protocole décrit ne peut étre utilisé, car le jalon serait perdu d'une année a

10
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l'autre. Vers le ler mai, I'épaisseur de neige accumulée pendant la période
hivernale est estimée, soit par carottage, soit grace a des puits de neige (/.e.
“snowpit”), comme illustrée Fig. 4b.

Améthystes

Figure 3 : Figure illustrant quatre glaciers instrumentés par I'IGE dans les Alpes
francaises dans le cadre du programme d’'observation les GLAciers, un Observatoire
du CLIMat (GLACIOCLIM). Sur chacun des glaciers (b-e) le réseau de balises est
représenté, avec les triangles rouges et bleus désignant les balises localisées en
zone d'ablation et d'accumulation respectivement. Le trait noir désigne le contour
de chacun de ces glaciers, et les lignes grises indiquent les courbes d'altitude au
pas de 50 m. (a) Carte illustrant la répartition géographique des quatre glaciers
représentés (en rouge). (b) Glacier de Saint-Sorlin. (c) Glacier de Gébroulaz. (d)
Mer de Glace ainsi que deux glaciers tributaires, Leschaux et Talefre (désormais
déconnecté). (e) Glacier d’Argentiere ainsi que deux glaciers tributaires, le Glacier
des Améthystes et le Glacier du Tour Noir (TN). Figure extraite de Réveillet et al.
(2017).

11



Afin de déterminer une hauteur indépendante de la densité de la neige,
|’épaisseur mesurée est convertie en équivalent en eau (w.e.) grace a des
mesures de densité. La différentiation entre la neige accumulée durant I'année

N

a)

Schéma
illustrant le principe

Figure 4

de mesure des
variations de surface
aux balises.

a) représente le
protocole utilisé en
zone d‘ablation, et b)

en zone
d‘accumulation.
Schéma dessiné par
Horst Machguth.

et le névé est effectuée visuellement gréce a
I'identification d’un horizon plus sombre ainsi qu‘a une
variation importante de densité et de la taille des
grains. L'hypothése est ensuite faite que chaque balise
(dénommée /) est représentative des processus de
surface au sein d’une zone de surface S; (illustration
Fig. 5). Pour connaitre le SMB a |’échelle du glacier
(appelé glacier-wide) a partir de mesures ponctuelles
aux balises, I'équation 1 est utilisée :

sup, = ZASh,

(1)

tot
ou SMB, désigne le SMB durant la période ¢ (e.g. année

hydrologique, hiver ou été) sur un glacier de surface
S comme la somme des bilans b, mesurés aux

tot 7

balises, et représentative d’'une zone de surface AS,
(surface relative a la surface totale).

Cette méthode, recommandée par le WGMS et

largement utilisée dans toutes les régions englacées,
est notamment détaillée dans les articles de @strem
and Brugman (1991), et Kaser et al. (2003). Ainsi en
2015, 166 glaciers sont instrumentés pour déterminer
leurs bilans de masse de surface, en utilisant
majoritairement cette méthode, constituant ainsi un
jeu de données de référence dont 40 glaciers ont
aujourd’hui plus de 40 ans d’observation (WGMS et al.,
2017). La plupart des incertitudes attachées a cette
méthode proviennent de :
. La distribution et la représentativité des balises
a la surface du glacier et la méthode d’extrapolation
utilisée (Escher-Vetter et al., 2009; Hock and Jensen,
1999; Thibert et al., 2008)
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Les changements de superficie et d’altitude de la surface du glacier
pendant la période d’observation (Zemp et al., 2013). Ces erreurs
peuvent étre réduites en utilisant des modéles numériques de terrain
(MNT) pour contraindre le SMB a la date des acquisitions
photogrammeétries. Cette méthode, appelée méthode géodésique, peut
étre utilisée indépendamment des mesures /n situ. Nous y reviendrons
par la suite.

L'erreur de mesure a chaque balise, provenant de la mesure de la
densité ainsi que de la rugosité de surface (Thibert et al., 2008).

Figure 5 : Schéma d‘un glacier hypothétique ou
plusieurs balises sont représentées. Les balises
bleues et rouges sont implantées en zone
d‘accumulation et dablation respectivement.
Ces balises sont représentatives de zones
délimitées par un trait noir et ont une surface
relative a la surface totale du glacier AS, . Figure

issue de Letreguilly (2018).

Une approche statistique alternative a été développée par Louis Lliboutry

(1974) pour quantifier le bilan de I'ensemble du glacier a partir des mesures
aux balises. Elle peut également étre utilisée pour reconstruire des données
manquantes aux balises, notamment en lien avec les aléas de mesure (balises
manguantes ou détruites). Cette approche se base sur les mesures acquises
aux balises, permettant de capturer la variabilité spatiale et temporelle des
bilans de masse aux balises. L'hypothese est ensuite faite que la variabilité
spatiale observée sera reproduite chaque année, permettant en cas d'absence
de mesures, de reconstruire celle-ci (voir la description de la méthode
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le service d’observation des glaciers francais (Les GLACIers, un Observatoire
du CLIMat, GLACIOCLIM) cette approche peut étre appliquée
rétrospectivement sur des séries de bilans de masse existantes (e.g. Basantes-
Serrano et al., 2016). Elle est aussi adaptée a d’autres types de données, pour
compléter des données manquantes dans des séries de |'altitude de la ligne
d'équilibre glaciaire par exemple (Rabatel et al., 2013a, 2016).

2.2.2 La méthode hydrologique

Une autre méthode pour mesurer le SMB /n-situ consiste a mesurer les flux
d’eau entrant et sortant du glacier, indépendamment de mesures directes sur
le glacier (Cuffey and Paterson, 2010; Tangborn et al., 1975). Cette méthode,
appelée méthode hydrologique consiste a estimer le bilan hydrologique du
glacier en mesurant le débit a I'exutoire du glacier et les précipitations dans le
bassin versant du glacier. Certaines variables, parfois essentielles du bilan
hydrologique, sont difficilement mesurables et sont souvent modélisées telles
que : la sublimation de la glace/neige, I'évaporation, ainsi que la perte d’eau
par infiltration dans le substratum. Cette méthode, moins directe que la
méthode glaciologique présentée précédemment, permet tout de méme
d’estimer des bilans pour des bassins versants fortement englacés ou peu,
voire pas, de mesures glaciologiques ont été réalisées. Les bilans obtenus
peuvent en revanche étre différents de ceux obtenus avec la méthode
glaciologique conventionnelle, notamment d{ au stockage ou rejet d’eau intra-
glaciaire (Tangborn et al., 1975) non pris en comptes par la méthode
glaciologique, la perte par infiltration (Viani et al., 2018) ou liée a des
défaillances instrumentales, notamment pour estimer la quantité de
précipitations (Sicart et al., 2007).

2.2.3 La combinaison de mesures in situ et d’outils de modélisation
L'amélioration des outils informatiques a permis des les années 1980-90 (Hock,
2005) de développer des modeles permettant d’estimer le SMB du glacier, en
se basant sur des données de précipitations et de températures. On dénombre
aujourd’hui trois types de modeles appliqués a la glaciologie et plus
particulierement a l'estimation du SMB:
1. Les modeles paramétrés. Ces modeles ont une approche empirique
reposant sur une paramétrisation de la fonte en fonction des variables
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météorologiques fortement corrélées au SMB et ne résolvent pas
explicitement les processus physiques de surface. Le bilan de masse
estival est, par exemple, fortement corrélé a la température de l'air. Des
modeéles de type temperature-index model utilisent cette forte
corrélation pour estimer |'ablation de surface, soit uniqguement a partir
de données de température (e.g. modeles degrés-jour classique,
(Braithwaite and Olesen, 1989), soit en considérant aussi, par exemple,
la radiation solaire pour mieux reproduire la variabilité spatiale de la
fonte (Hock, 1999; Pellicciotti et al., 2005).

Les approches empiriques sont en revanche moins nombreuses
pour quantifier le bilan hivernal notamment a cause de la forte variabilité
de I'accumulation en fonction de la topographie de surface du glacier et
de son contexte orographique. Des approches trés simples se basant sur
la corrélation entre les précipitations en vallée et |'accumulation de neige
a la surface de glaciers sont assez largement utilisées; elles se basent
sur des données issues de stations météorologiques, de réanalyses, ou
des modeles climatiques régionaux (Hock, 1999; Machguth et al., 2006;
Vincent et al., 1997). Des approches plus complexes ont récemment été
développés, prenant en compte le contexte topographique de la surface
(Huss et al., 2008; Sold et al., 2013; Winstral and Marks, 2002) mais de
grandes incertitudes demeurent sur les bilans hivernaux estimés
(Réveillet et al., 2018), pouvant avoir un impact non-négligeable sur le
bilan annuel modélisé (Réveillet et al., 2017).

D’autres approches assimilent des données de télédétection
comme |'altitude de la ligne de neige afin d’améliorer la paramétrisation
des modeles degrés-jour, en prenant en compte |'état de la surface du
ces approches permettent d’établir, des projections du devenir des
glaciers alpins pour le XXIeme siecle (e.g. Zemp et al., 2006), la
contribution passée et future des glaciers au niveau des mers (e.g.

2. Les modeles basés sur la quantification des processus de surface.
Certains de ces modeles se basent notamment sur la résolution du bilan

d'énergie de surface (BES - Box 3) pour estimer le SMB. Ce bilan est
15




aussi utilisé pour estimer la fonte a partir de données de stations
météorologiques /n-situ qui permettent le calcul direct (méthode d’eddy

Gravesen et al., 2008; Thornthwaite and Holzman, 1939; Van As, 2011;
Wagnon et al., 1999) de toutes les composantes du BES.

3. Certains modeéles, en plus d’estimer le BES, simulent I’évolution du
manteau neigeux en considérant plusieurs couches au sein de celui-ci,
et estiment par exemple pour chaque couche, la quantité d’eau liquide,
la température, la densité, le type de cristallisation (e.g., Crocus, Brun
et al., 1989; Vionnet et al., 2012).

La modélisation permet ainsi, Box 3 : Bilan dénergie de surface (BES)
contrairement a toutes les autres

méthodes d’estimations du SMB, | Le BES dresse le bilan d'énergie a la

. . surface. Il s’exprime grace a |'équation
de quantifier le bilan de masse 5 . P 9 9

des glaciers et calottes a I'echelle Q=P+S+H+LE+G (2)

globale, au pas de temps annuel, | oy Q est I'énergie disponible pour
saisonnier, journalier ou méme | changer la température ou I'état de la
horaire, ainsi que d’établir des | surface. P désigne I'énergie transmise
par les précipitations (e.g. pluie), S la
N somme arithmétique de [I'énergie
variations de volume de glace. | transmise par radiation, H et LE,
Ces estimations sont capitales | I’énergie transmise par transfert de
pour notamment mieux | chaleur ‘et de la vapeur avec
, , I'atmosphere (flux turbulents), et G
apprehender les futurs impacts | |,. :

_ _ I’énergie provenant de la subsurface et
du changement climatique surles | transférée par conduction.

glaciers d'ici la fin du XXIeme
siecle (Stocker et al., 2013).

projections quant aux futures
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2.3 TELEDETECTION DU BILAN DE MASSE

"S/ un observateur pouvait étre transporté a une assez grande
hauteur au dessus des Alpes, pour embrasser d’un coup d’ceil
celles de la Suisse, de la Savoie et du Dauphiné, il verrait cette
chaine de montagne sillonnée par de nombreuses vallées et
composée de plusieurs chaines paralleles, la plus haute au
milieu et les autres décroissant graduellement, a mesure
qu’elles s’en éloignent.”

Horace Bénédicte de Saussure (1803) invoguant le soutien de la télédétection pour
/'étude des glaciers de montagne.

Les avancées technologiques dans le domaine de |imagerie spatiale et
aéroportée ont permis de quantifier les changements de longueur et de volume
glaciaires des le début des années 1970. Les premiéeres observations se sont
principalement concentrées sur |‘observation de caractéristiques de surface
telles que laltitude de la ligne d’équilibre glaciaire, la taille de la zone

Box 4 : ELA d’accumulation, aussi dénommeée
——— | AAR pour accumulation area ratio

La ligne d’équilibre glaciaire (ELA pour | (Box 4 and 5; (Chinn and
equilibrium-line altitude) est |'altitude a Whitehouse, 1980; Dyurgerov et
laquelle I'accumulation est exactement ! !

compensée par l'ablation et donc ou le | @l-» 2009; Kaser and Georges,
SMB au cours d’une année est nul. 1997; LaChapelle, 1962; Meier

and Post, 1962; @strem, 1975),
ou encore les variations de
longueur a partir de photographies aériennes (e.g. Hubley, 1956; LaChapelle,
1962). Certaines études ont, par exemple, permis de mettre en évidence
certaines crues glaciaires (e.g., Bindschadler et al., 1977; Post, 1966) et aléas
glaciaires (Huggel et al., 2005; Kaab et al., 2018). L'apparition de satellites
civils avec notamment le lancement des missions LANDSAT des 1972 permit
d’augmenter drastiquement le nombre d’observations satellitaires et d’étre
graduellement capable d’estimer le bilan de masse par télédétection
(Braithwaite, 1984; Chinn and Whitehouse, 1980; De Ruyter De Wildt et al.,
2002; Greuell and Oerlemans, 2005; @strem, 1975; Rabatel et al., 2005, 2016,
2017). De plus, [I|'‘apparition de satellites capables d’acquisitions
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stéréoscopiques a ouvert la porte a I'application de la méthode géodésique a
partir de données spatiales, permettant de mesurer directement les variations
de volume glaciaire (e.g. Berthier et al., 2016; Brun et al., 2017; Gardelle et

Box 5 : AAR al., 2013; Menounos et al., 2019;

Ragettli et al., 2016; Shean et al.,

Le “accumulation area ratio” est un ratio | 2016). Plusieurs methodes sont
permettant de quantifier la part d’un | aujourd’hui “opérationnelles” pour
glacier étant en zone d’accumulation par | estimer le SMB des glaciers de
rapport a sa superficie totale. Par
exemple, un ratio nul pour un glacier . ) )
donné et une année donnée correspond | SONt presentees succinctement
a une situation ou le glacier n‘a plus de | dans les paragraphes suivants.

zone d'accumulation. Ces méthodes de télédétection

montagne par télédétection et

peuvent étre divisées en deux
catégories : la premiere regroupe les méthodes mesurant directement une
variation de masse et/ou de volume, alors que la seconde regroupe les
méthodes utilisant des caractéristiques de surface comme indicateur du SMB.

2.3.1 Les méthodes directes

La méthode gravimétrique

La seule méthode en théorie capable, a partir de données satellites, de
mesurer le bilan de masse de glaciers et plus généralement un bilan
hydrologique est la méthode dite gravimétrique. La gravimétrie consiste a
mesurer le champ de pesanteur ainsi que ses variations. En effet, la pesanteur
est fortement dépendante de la masse de |'‘objet considéré. Ainsi, si une
variation de masse a lieu a un endroit donné du globe (vidange d’un lac,
changement de quantité d’eau dans un aquifere, fonte d’un glacier), ceci se
traduit par un changement de pesanteur associé. En mars 2002 ont été lancés
deux satellites, GRACE-1 et GRACE-2 (Gravity Recovery And Climate
Experiment), dans le but d'observer les anomalies de champ de gravité. En
d’autres termes, ils permettent de mesurer les variations de masse en surface
et subsurface de la Terre. Pour un usage glaciologique, ces données ont tout
d’abord été utilisées pour estimer le bilan de masse du Groenland et de
I’Antarctique (e.g. Velicogna, 2009; Velicogna and Wahr, 2006; Wouters et al.,
2008).
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Figure 6 : Estimation du bilan de masse de surface a partir de données
gravimétrigues GRACE sur les hautes montagnes d'Asie, pour la période 2003-
2010, issue de Jacob et al. (2012). La figure a correspond a la topographie de la
région d'étude. Les points et croix colorés correspondent aux cellules dans
lesquelles le changement de masse est estimé (appelé mascon). La figure b exprime
les taux de changement de masse de surface pour la période 2003-2010 corrigés
des fluctuations hydrologigues et de I'ajustement isostatique de la lithosphére.

De récentes études ont montré que des anomalies de champ de gravité
pouvaient étre utilisées pour quantifier le bilan de masse de régions englacées
non-polaires (e.g. Gardner et al., 2013; Jacob et al., 2012; Luthcke et al.,
2008; Matsuo and Heki, 2010; Yi and Sun, 2014). En revanche, du fait de la
faible résolution spatiale, des incertitudes importantes peuvent étre associées
aux résultats et ne rendent pas possible |'utilisation de ces données sur des
glaciers individuels de moins de 100 km2, comme le montre la carte
représentant les variations de masse a |'‘échelle de toutes les hautes
montagnes d’Asie, Fig. 6 (issue de Jacob et al., 2012). De plus, il est parfois
délicat de différencier la contribution glaciaire des autres contributions
hydrologiques telles que le stockage d’eau souterrain, I'impact de la mousson,
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le rebond isostatique, le soulévement tectonique ou érosion de chaines de
montagne (Chanard et al., 2014; Yi and Sun, 2014). D’autres méthodes sont
ainsi plus adaptées a I’'estimation du bilan de masse glaciaire par télédétection,
en particulier pour les glaciers de montagne (Bamber et al., 2018).
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Figure 7 : Carte du Sud-est du Groenland
montrant les variations de /laltitude de
surface (dz/dt) sur la période 2003-2007,
exprimées en métre par an, issue d'une
étude de Howat et al. (2008). Les traces
rectilignes illustrent la couverture spatiale
des données altimétriques acquises par le
satellite ICESat. Dans cette étude, ces
données ont été complétées par des
données issues du capteur ASTER, et sont
représentées dans les encadrés illustrant
les glaciers exutoires de la calotte.

La méthode altimétriqgue

Une autre méthode permettant
d'estimer le SMB, repose sur
l'observation des changements
d’altitude en certains points de la
surface du glacier. Cette méthode
n‘est, a proprement parlé pas
directe, tout comme la méthode
géodésique (décrite ci-apres) car
elle ne mesure pas directement une
variation de masse mais une
variation d’épaisseur. Cette
variation d’épaisseur doit ensuite
étre combinée a la densité de
surface du glacier pour étre
convertie en variation de masse.
Nous prendrons le soin de
différencier la méthode géodésique
de la méthode altimétrique, méme si
la variable mesurée (l'altitude de
surface) est la méme.

Les observations altimétriques
proviennent soit de campagnes
aéroportées répétées, soit de
données satellitaires. La technique
de mesure consiste a envoyer une
impulsion électromagnétique d’une
certaine fréquence (si possible
adaptée a la cible et a la pénétration
souhaitée dans le milieu) et a

mesurer le temps de trajet de cette onde. En connaissant la position exacte
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de I'émetteur et la vitesse de propagation de |'onde, il est possible de
déterminer une distance, qui peut étre convertie en altitude de la surface
mesurée. Le lancement des satellites ICESat en 2002 et 2003 a permis
d’utiliser I'altimétrie laser satellitaire (longueur d’'onde de 532 et 1064 nm)
pour estimer les variations d’épaisseur (Schutz et al., 2005), notamment en
Antarctique, au Groenland (e.g. Howat et al., 2008), ainsi que sur d’autres
champs de glace et glaciers de tailles suffisantes (e.g. Bolch et al., 2013;
Gardner et al., 2013). L'échantillonnage d’ICESat n’est en revanche pas
uniforme d’une orbite a |'autre et la résolution ainsi que I'espacement entre
deux mesures (70 et 170 m respectivement pour ICESat) rendent difficile
I'estimation des variations de volume sur des glaciers de montagne. La Figure
7 illustre un exemple d’acquisition de données altimétriques obtenues a partir
du satellite ICESat (acquisitions rectilignes) sur la région sud-est du Groenland
pour la période 2003-2007 (Howat et al., 2008). Les zones encadrées ayant
une couverture spatiale plus résolue proviennent de MNT obtenus a partir du
capteur ASTER et utilisant la méthode géodésigue. Des méthodes in situ ou
aéroportées existent, telles que le LiDAR (ou Laser scan), et permettent une
définition trés précise d'un MNT (métrique ou centimétrique). Des mesures
répétées peuvent ainsi permettre de quantifier des variations de SMB (Arnold
et al., 2006; Favey et al., 1999; Jéhannesson et al., 2013; Rees and Arnold,
2007) mais sont souvent onéreuses et logistiquement exigeantes, et, a ma
connaissance, seuls certains glaciers d'Alaska bénéficient aujourd’hui d’un
suivi annuel systématique aéroporté, méme si celui-ci se cantonne parfois a
un transect central (Arendt et al., 2002; Echelmeyer et al., 2002). Le LiDAR
est davantage utilisé pour la prévention et le suivi d’'aléas en lien avec les
glaciers (e.g. Vincent et al., 2015), le permafrost (e.g. Guerin et al., 2017;
Rabatel et al., 2008), ou encore la quantification de la variabilité spatiale de
I'enneigement saisonnier (e.g. Painter et al., 2016; Revuelto et al., 2014).

La méthode géodésique

Cette méthode consiste a mesurer les variations totales du volume du glacier
par mesures répétées de sa topographie, non ponctuellement comme
I'altimétrie laser, mais avec une couverture, partielle ou compléete. La
production réguliere de MNTs permet d’exprimer un changement de volume
correspondant a la somme de toutes les variations de volume observées a
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I’échelle d’un pixel durant la période étudiée, comme illustré Fig. 8 sur le Mont
Rainier pour la période 2000-2009, 2009-2018 et 2000-2018 (Menounos et al.,

2019)

. Afin de calculer le SMB, il est nécessaire de faire une hypothése sur la

densité de surface du glacier. Il est pour cela courant d’utiliser une valeur
moyenne représentative de la densité de surface, dont |'estimation faite par

Huss,

(2013) avec p,,,=850+£60 kg m=3 est la plus utilisée. Les SMB obtenus

en utilisant la méthode géodésique peuvent ainsi étre exprimés en m w.e.
Historiguement, cette méthode provient de la photogrammeétrie terrestre (e.g.
Lang and Patzelt, 1971) ou aéroportée (e.g. Finsterwalder and Rentsch, 1980;
Vincent et al., 2000), et est toujours utilisée actuellement. La méthode
géodésique comporte plusieurs sources d’erreurs :
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Figure 8 : Taux de variation de l'altitude de surface exprimé en m an-1 sur la période
2000-2009 (A), 2009-2018 (B) et 2000-2018 autour du Mont Reinier (South
Cascades, Etats-Unis). Les lignes noires délimitent les contours glaciaires et les
zones grisées correspondent a des zones ou les données sont manquantes. Figure
adaptée de Menounos et al. (2019).

1.

Les erreurs liées au capteur, a savoir sa résolution radiométrique et sa
possible saturation sur des surfaces tres réfléchissantes comme la neige
en zone d’accumulation (Raup et al., 2000), I'encodage des données ou
encore les perturbations du signal radiométrique dans I'atmosphere.

. Les erreurs liées a la production des MNTs, telles que le

géoréférencement, la projection ou reprojection des images. La
coregistration et l'orthorectification des images peut aussi induire des
erreurs sur les cartes de variations d’épaisseur obtenues méme si des
méthodes existent pour réduire leurs impacts (e.g., Nuth and K&ab,
2011).
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3. Le changement de superficie glaciaire entre le début et la fin de la

période d’observation.

4. La date d’acquisition des MNTs. Lorsque cela est possible, il est d’'usage
d’acquérir les MNTs a la fin de la période d’ablation pour diminuer
I'impact de la couverture nivale sur l'altitude de surface du glacier.

5. L'hypothése sur la densité de surface de glaciers.

Complete Begin
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of 3B image of 3N image
Satellte speed
Tk Jseg 64 55 B 9 0sec
A
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Figure 9 Illustration du systeme de
stéréoscopie ASTER grdce aux deux capteurs
ayant des angles de vue différents. Cette
combinaison permet une acquisition au nadir
(a droite du schéma), puis une deuxieme
acquisition visant la méme fauchée que
l'image précédente mais B=361.8 km et 64
seconde plus tard (a gauche du schéma).
Cette acquisition stéréoscopigue permet
d'avoir une représentation en trois dimensions
de la surface observée. Schéma issu de Toutin
(2002).
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L'apparition de capteurs
satellitaires capables de
dépointer leur angle

d’observation, ou ayant deux
capteurs avec des angles de vue
différents, permet ainsi d’obtenir
des informations en trois
dimensions de la surface, grace
a la stéréoscopie, comme illustré
Fig. 9 pour le capteur ASTER.
Ces capteurs (/.e. SPOTS5,
ASTER), de par leur couverture
spatiale et leur haute résolution
(/i.e. métrique a décamétrique)
ont permis la production de

MNTs a I'échelle de grandes
chaines de montagne.

I n‘est en revanche
aujourd’hui pas possible

d’utiliser la méthode géodésique
pour estimer le SMB annuel, du
fait des incertitudes évoquées
précédemment. En calculant des
bilans pluriannuels (au moins 10
ans), l'impact de ces incertitudes



diminue drastiquement devant les variations d’épaisseurs observées. De plus,
il n‘existe aujourd’hui pas de satellites capables d’avoir une couverture et une
répétitivité suffisante pour produire des MNTs de surface chaque année, de
résolution métrique et a I'échelle globale. La méthode géodésique est en
revanche fiable pour quantifier les SMB moyens décennaux de glaciers de
montagne sur des régions englacées entieres, ou peu de mesures existaient
(Hautes Montagnes d’Asie : e.g., Brunetal., 2017; Kaab et al., 2015; Andes :
Dussaillant et _al., 2019; Western North America : Menounos et al., 2019;
plusieurs régions englacées : Zemp et al., 2019). Ces estimations ont ainsi
permis de quantifier la contribution des glaciers de ces régions a la hausse du
niveau des mers. Cette méthode est aussi utilisée en complément d’autres
approches capable d’estimer le SMB annuel, dans le but de contraindre les
résultats obtenus pour éviter le cumul d’erreurs ou de biais (méthode
glaciologique, Thibert et al., 2008; Zemp et al., 2013; méthode ELA, Rabatel

et al., 2005, 2016).

2.3.2 Les méthodes “indirectes”

Les méthodes indirectes, quant a elles, ne mesurent pas directement une
variation de masse ou d’épaisseur, mais utilisent un marqueur de la fonte et/ou
de l'accumulation pour estimer le SMB. Ces méthodes sont le plus souvent
calibrées afin d’obtenir /n fine le SMB. Nous présenterons ci-apres quelques-
unes des méthodes qui ont été utilisées avec succes sur des glaciers de
montagne.

Les variations de surface, un marqueur du bilan de masse de surface ?

La caractéristique d’un glacier la plus “aisée” a mesurer est la variation de sa
surface. Des le XIXeme siecle, des scientifiques ont utilisé les variations de la
position du front du glacier pour exprimer ses variations de volume. La
multiplication des capteurs satellitaires optiques a facilité le tracé des contours
glaciaires et la position du front, celle-ci étant aujourd’hui encore, la donnée
glaciologique la plus recueillie par le WGMS. En 2018, les positions de front de
2499 glaciers étaient mesurées /in situ contre seulement 450 pour le SMB.
Cette mesure ne permet en revanche pas de quantifier directement le SMB et
un retrait du front glaciaire n’est pas forcément un marqueur de SMB négatif
car le temps de réponse du glacier lié a sa dynamique doit étre pris en compte.
De plus, les variations de position du front glaciaire sont parfois peu
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représentatives des processus ayant lieu a la surface du glacier, et plus
particulierement dans la zone d’accumulation (Bamber and Rivera, 2007). I
existe en revanche des méthodes permettant, a partir d’observations de
longueurs ou de surfaces glaciaires, d’estimer un volume de glace. Plusieurs
observations répétées peuvent ainsi permettre de faire une estimation du SMB
sur une ou plusieurs années (Bahr et al., 1997). Cette méthode, nommée
scaling theory, se base sur I’'hypothése que le volume du glacier (), la surface
(S) et la longueur (L) sont liés par une loi de type puissance, telle que :

S =L (3)

V=5” (4)

ol « et Bsont des coefficients établis empiriqguement (Bahr, 1997). Cette

méthode repose sur un modeéle de continuité (Nye, 1960) se basant sur la
réponse dynamique du glacier a une perturbation de son SMB pouvant
engendrer une variation de longueur du glacier (Hoelzle et al., 2003). Le temps
de réponse associé du glacier est exprimé par I’équation 5 (J6hannesson et al.,
1989a, 1989b):

T= psnoot (5)

ou h_  est|'épaisseur de glace maximale du glacier, souvent choisie a la ELA,
et b le SMB au cours de I'année tdu glacier, a son front. Malheureusement,

les coefficients utilisés par cette méthode ont souvent été établis a partir de
mesures d’épaisseur du glacier, souvent ponctuelles et parfois douteuses
(Bahr, 1997). Ces mesures étant complexes et coliteuses, elles sont rares et
les coefficients ainsi dérivés sont parfois peu significatifs (Bahr and Dyurgerov,
1999). De plus, les coefficients obtenus permettant d’estimer le volume du
glacier a partir de sa longueur suggerent une forme en «V» quasi systématique,
ce que l'on sait aujourd’hui étre peu probable (Bahr, 1997). Des méthodes
similaires sont davantage utilisées afin d’estimer le volume de glace global que
pour estimer une variation de volume (Grinsted, 2013; Huss and Farinotti,
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2012; Ice Thickness Models Intercomparison eXperiment (ITMIX) : Farinotti et
al., 2017, 2019). De plus, les variations de front peuvent étre difficilement
observables par télédétection chaque année et parfois complexes et erronées
dans les zones couvertes de débris (Paul et al., 2013), indépendamment de la
résolution du capteur (Paul et al., 2002).

En conclusion, les mesures de variation de front peuvent représenter un
indicateur climatique intéressant pour de longues périodes de temps (/.e.
plusieurs décennies, siécles), supérieures au temps de réponse des glaciers.
Mais malgré une étude ayant permis de quantifier le bilan d’environ 1000
glaciers sur le globe a partir d’'observation de variations géométriques (Hoelzle
et al., 2003), cet indicateur est peu utilisé et des méthodes se basant sur
I’albédo de surface ou la position de la ELA sont aujourd’hui préférées.

L‘albédo de surface et /e bilan de masse de surface

L'albédo de surface du glacier est une caractéristique essentielle du bilan
d'énergie de surface car il gouverne la quantité d'énergie de rayonnement
absorbée par la surface. On distingue généralement a la surface du glacier
quatre états de surface possibles :

1. La neige. Elle recouvre la majorité du glacier pendant la période
d’accumulation et seulement la zone d’accumulation en fin de période
d’ablation. En fonction du métamorphisme et de la quantité d'impuretés
ou de débris qu’elle contient, la neige peut avoir un albédo compris entre
0.4 et 0.85 (Cuffey and Paterson, 2010).

2. Le névé correspond a de la neige ayant subsisté au moins une année
sans fondre totalement, et ayant subi du métamorphisme et de la
compaction. Le névé peut étre apparent a la surface du glacier si la neige
accumulée par-dessus pendant I'hiver a completement fondu. Ce
phénomene est de plus en plus commun, notamment du fait de bilans
de masse de plus en plus négatifs. Son albédo peut varier entre 0.30 et
0.55 (Cuffey and Paterson, 2010) en fonction du degré de
métamorphisme et de la quantité d'impuretés contenue dans le névé.

3. La glace est le stade final d’évolution de la neige/névé. En théorie

invisible pendant la période d’accumulation car masquée par le manteau
neigeux, la glace est visible sur toute la zone d’ablation a la fin de la
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période d’ablation. Son albédo varie entre 0.2 et 0.64 en fonction de son
degré d'impureté (Cuffey and Paterson, 2010).

4. Les débris ou couverture détritique. Ils sont caractérisés par une
absence de tri granulométrique, caractéristique des dépots glaciaires
tels que les moraines. Les débris sont pour la plupart d’origines
minérales et proviennent des écroulements rocheux en zone
d’accumulation, des produits de |I'érosion glaciaire des moraines latérales
dans la zone d’ablation, de dépbts éoliens ou plus rarement de |’érosion
sous-glaciaire. Ils peuvent aussi étre d’origine biologiques (Anesio and
Laybourn-Parry, 2012). Ces débris peuvent étre incorporés a la neige,
au névé et a la glace, modifiant leur albédo de par leurs couleurs
généralement sombres. Certains glaciers peuvent étre partiellement ou
intégralement couvert de débris ce qui peut avoir un fort impact sur leur
bilan de masse (Brun et al., 2019).
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La multiplication des capteurs satellitaires optiques permettant le calcul
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Figure 10 : Carte d'albédo obtenue grédce au
traitement d'une image MODIS du 25 Février
2012 avec l'algorithme MODImLab, permettant
de calculer un albédo de surface du Glacier
Brewster. Les pixels d'une couleur orange a
jaune clair peuvent étre attribués a une surface
englacée alors que les pixels allant du vert clair
au bleu sont représentatifs d'une surface
couverte de neige. Carte extraite de Sirguey et
al. (2016).

de l'albédo de surface (e.g.
LANDSAT, Sentinel, AVHRR,
MODIS) a permis d’observer
presque quotidiennement le
changement d’'état de surface
des glaciers, favorisant
I'émergence de méthodes
utilisant  l'albédo  comme
marqueur du SMB. Des 2000,
Greuell et Knap utilisaient
I'albédo pour détecter
['altitude de la “slush-line” au
Groenland (ligne délimitant la
partie recouverte de neige de
la partie ou la fonte peut faire
apparaitre de l'eau liquide par
endroit, similaire a la ligne de
neige sur les glaciers de
montagne) a partir dimage
AVHRR. Suite a des difficultés
rencontrées pour délimiter
avec certitude la ligne de neige
sur la calotte du Vatnajokull en
Islande, De Ruyter De Wildt et
al. (2002) modifient
I'approche de Greuell et Knap
en calculant un albédo moyen

o sur tout le glacier. Cet albédo moyen est caractéristique de la fraction du

glacier couverte de neige. Il est ensuite possible de suivre les variations de «
a la surface du glacier au cours de la saison d’ablation en comparant des cartes
d’albédo, comme celle illustrée Fig. 10 sur le Glacier Brewster, en Nouvelle-
Zélande (issue de Sirguey et al. 2016). Cet index, représentatif de I’AAR, est
intimement relié aux processus de surface. Ainsi, une année a bilan de masse
treés négatif menera a une réduction de la zone d’accumulation du glacier

(faible AAR donc faible « ), alors qu’une année & bilan positif ménera a une
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augmentation de la zone d’accumulation du glacier (fort AAR, fort « ). En 2005,
cette méthode est validée et perfectionnée par Greuell et Oerlemans en
comparant le SMB mesuré /in situ et I'albédo moyenné sur |'été et sur un
transect au Groenland. Puis, en bénéficiant du temps de revisite journalier de
MODIS et de sa résolution spatiale (250-1000m) adéquate pour observer de
grands glaciers, Greuell et al. (2007) utilisaient cette méthode pour
reconstruire le SMB de 18 glaciers du Svalbard. Certaines erreurs persistent
malgré tout, lorsque les bilans ne sont pas calibrés par des mesures /n situ.

Il faudra attendre une amélioration du calcul de I'albédo par imagerie
satellitaire optique pour voir cette méthode utilisée sur des glaciers de
montagne ou la topographie est complexe, notamment grace a des corrections
atmosphériques, topographiques et radiométriques pour calculer I'albédo de
surface (Dumont et al., 2011; Sirguey, 2009). Plusieurs études ont ensuite

permis de valider le lien entre le SMB annuel des glaciers de montagne et « a
I’échelle de glaciers individuels (Colgan et al., 2014; Dumont et al., 2012;
Sirguey et al., 2016; deux glaciers pour Brun et al., 2015; Wang et al., 2014;
trois glaciers pour Zhang et al., 2018), ainsi qu’a I’échelle saisonniéere (Sirguey
et al., 2016).

Une limitation de cette méthode repose sur sa dépendance a des
données de calibration obtenues par mesures /in situ, véritable frein pour
quantifier le SMB de glaciers ou de chaines de montagne ou pas ou peu de
mesures existent. Une piste permettant de s’affranchir des mesures /n situ a
été présentée par Rabatel et al. (2017) mais n’a pas encore été appliquée en
dehors de cette étude. Elle consiste a estimer I’AAR a partir d’hypothéses sur
une valeur d’albédo représentative de la neige et de la glace (.., = 0.62 et

a,..= 0.48 dans Rabatel et al. 2017), puis de quantifier le SMB en reproduisant

snow

la méthode ELA appliquée a I’AAR (présentée dans la Sect. 4 et dans Rabatel
et al. 2017). Une autre limitation de cette méthode repose sur le manque
d'applications a |’échelle régionale, que cela soit pour déterminer le SMB
annuel ou saisonnier. Les difficultés d’appliquer cette méthode a de grandes
échelles spatio-temporelles résident dans le traitement massif dimages méme
si les algorithmes développés notamment par Dumont et al. (2011, 2012),
Sirguey (2009) et Sirguey et al. (2016) tendent a résoudre cet obstacle.

En conclusion, les méthodes utilisant I'albédo sont désormais capables
d’estimer le SMB a partir d'images satellites optiques, pour des glaciers de
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montagne, dans certaines conditions climatiques. Avec des opportunités pour
des applications a I'échelle régionale et saisonniére, grace au récent
développement d’algorithmes de correction et de traitement d’'images, cette
méthode souffre actuellement de sa dépendance a des données de calibration.

La ligne d’équilibre glaciaire, un indicateur du bilan de masse de surface

"I/ est donc nécessaire de distinguer deux especes de glaciers.
Je donnerai le nom de glaciers-réservoirs a ceux des régions
supérieures, ou la formation doit étre continue, parce gque la
température de ces lieux est habituellement au-dessous de
zéro. Pour ceux qui descendent dans la fusion des glaces et la
région végétale ou des neiges s'opere pendant une partie
considérable de I'année, comme ils ont évidemment une autre
origine que les premiers, je les appellerai glaciers
d'écoulement.”

Le Chanoine Rendu, Théorie des glaciers de la Savoie (1840)

Dans sa théorie des glaciers de la Savoie, le Chanoine Rendu avait déja
identifié une ligne séparant le glacier en deux parties, la ELA. Méme si
I'interprétation du Chanoine peut étre considérée comme fantaisiste de nos
jours, la ligne d’équilibre glaciaire reste une caractéristique trés importante du
glacier. Dans le but d’estimer les anciennes extensions glaciaires, la ELA peut
étre reconstruite a partir de différentes caractéristiques glaciaires (e.g. AAR,
altitude médiane du glacier) ou périglaciaires (e.g. altitude maximum des
moraines latérales), dont les méthodes ont largement été décrites dans la
littérature (e.g. Aa, 1996; Benn and Lehmkuhl, 2000; Gross et al., 1977;
Torsnes et al., 1993). En utilisant la méthode de I'AAR, par exemple, il est
possible, connaissant |‘ancienne extension glaciaire de part une analyse
géomorphologique (/.e. érosion, moraines, lichens), d’en déduire la ELA en se
basant sur une hypothése de I’AAR. La ELA étant un trés bon indicateur
climatique, son estimation permet, apres application d’'un modele, de pouvoir
quantifier des écarts de températures et de précipitations par rapport a
aujourd’hui (e.g. Dahl and Nesje, 1992; Hughes, 2010; Klein et al., 1999;
Rabatel et al., 2008a).
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Figure 11 : Photo du Glaciar Adela Superior
et du Glaciar Torre, Argentine. La ligne
rouge délimite l'altitude de la ligne de neige
a la fin de la saison d'ablation (SLA), prise
fin février 2014 (été austral). Elle peut ainsi
étre considérée comme représentative de la
ligne d'équilibre glaciaire.

La ELA est de plus fortement
corrélée avec le SMB dont elle est
un trés bon indicateur (Braithwaite,
1984; Kuhn, 1989). L'arrivée des
images aéroportées puis des
images  satellites a permis
d’observer la ligne de neige et de
l‘'utiliser comme marqueur des
variations de volume du glacier
(LaChapelle, 1962; Meier and Post,
1962; @strem, 1975).

Il convient ici d’introduire
des notions terminologiques.
Contrairement a la ELA, la ligne de
neige, désigne une ligne visible
sur la majorité des glaciers de
montagne, et représentant la
limite aval du couvert nival sur le
glacier. A la fin de la saison
d’ablation (exemple Fig. 11), on
appellera l'altitude de cette ligne,
SLA (pour end-of-summer
snowline altitude). Au cours de la
saison d’ablation, la ligne de neige
migre du front du glacier a sa

position maximum en fin d’été, la SLA. Lors de cette remonté graduelle, elle
est appelée ligne de neige transitoire (TSL pour transient snowline et TSLA
pour l'altitude de la TSL). Cette migration peut étre observée grace a l'imagerie
satellitaire optique, comme illustré Fig. 12 sur le Glacier Blanc. Pour les glaciers
n'étant pas sujets a la formation de glace surimposée (Cogley et al., 2011), il
est communément admis que la SLA est représentative de la ELA (Lliboutry,

1965).
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Figure 12 : illustration de la migration graduelle de la TSL du 6 Juillet au 12 Octobre
2016, sur le Glacier Blanc, situé dans le massif des Ecrins, France. Les images ont été
acquises par les satellites LANDSAT 8 (*) et Sentinel 2A (+). La couleur provient
dune composition de trois bandes spectrales (bleue, rouge et proche infrarouge)
faisant apparaitre la glace en bleu foncé, la neige en bleu trés clair, et le substratum
rocheux ainsi que la végétation dans des couleurs plus naturelles (vert et marron
respectivement). L‘altitude maximum atteinte par la TSL a été atteinte entre le 2 et
le 8 septembre 2016, et son altitude entre ces dates peut étre considérée comme la
SLA.
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Figure 13 : Lien entre la ELA et le bilan
de masse annuel de surface pour le
glacier de Broggerbreen, de 1967 a
1988. La moyenne des ELAs mesurées in
situ sur la période est exprimée par le
point "ELA mean 1967-88". Figure
extraite de Hagen et al., (1991) et
modifiée par Benn and Lemkhul, (2000).

Dans un article de 1984,
Braithwaite présenta une méthode
permettant, a partir d’observations de
ELA, de calculer le SMB, du fait de leur
forte corrélation (Braithwaite, 1984;
Rabatel et al., 2005, 2012). Cette
méthode se base sur I'estimation de
la différence entre la ELA de l'année
et la ELA du glacier si son bilan était
équilibré (appelé ELAo et représenté
Fig. 13 par l'intersection de la droite
avec l'axe des ordonnées). Afin de
déterminer le SMB, cette différence
est multipliée par ce que Braithwaite
appela le gradient de bilan effectif.
Initialement considéré comme
constant sur une région entiere,
Braithwaite suggéra que le gradient
de bilan de masse pouvait varier
d’une région a l'autre et était relié au
gradient de bilan de masse de surface,
exprimé en m.w.e. mt. Ce gradient
exprime, le taux de variation du bilan
de masse de surface en fonction de
l'altitude au sein du glacier. Ce
gradient de bilan est souvent calculé

a partir de données /n situ. Si I'on compare par exemple le gradient de bilan
de masse calculé sur des glaciers tropicaux dans les Andes (1.2 m 100 m!
d’apreés Rabatel et al., 2012) et celui calculé sur des glaciers des Alpes
francaises (0.78 m 100 m-id’aprés Rabatel et al., 2005), le bilan de masse de
surface semble varier plus fortement avec |'altitude dans les Andes que dans
les Alpes francgaises. Ce gradient est évidemment influencé par des facteurs
locaux comme la variabilité de I"'accumulation de neige due a la topographie
de surface, ou la quantité de débris a la surface, méme si les hypothéses de
gradients uniformes et constants a I'‘échelle d’'une région menent a des
résultats tres bien corrélés avec les données /n situ (Benn and Lehmkuhl, 2000;
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Chandrasekharan et al., 2018; Kuhn, 1984; Mayo, 1984; Rabatel et al., 2005).
Les équations de cette méthode ainsi qu’une explication plus compléte sont
présentées dans |'article Rabatel et al. (2005) ainsi que dans la Sect. 4.

En utilisant la méthode décrite par Braithwaite, Dedieu (Dedieu et al.,
1989) puis Rabatel purent reconstruire le bilan de masse annuel de glaciers
dans les Alpes francaises (Rabatel et al., 2002, 2005, 2008b, 2016), dans les
sur un glacier himalayen, sans calibration nécessaire avec des mesures /in situ
excepté pour le gradient de bilan de masse. Cette méthode permet de calculer
le bilan de masse de glaciers pour lesquels aucune donnée /in situ n'a été
recueillie.

D’autres approches se développérent récemment en paralléle, ne se
basant pas sur la méthodologie développée par Braithwaite, mais utilisant par
exemple I’AAR comme indicateur du bilan de masse de surface (e.g. Dyurgerov
et al., 2009; Hock et al., 2007; Mernild et al., 2013), ou la TSL comme
marqueur de fonte pendant la saison d’ablation (e.g. Barandun et al., 2018;
Chinn and Whitehouse, 1980; Kaser and Georges, 1997; LaChapelle, 1962;
Meier and Post, 1962; Mernild et al., 2013; Naegeli et al., 2019; @strem, 1975;
Pelto, 2011; Shea et al., 2013; Spiess et al., 2016; Tawde et al., 2016). Des
tentatives d’application de cette méthode a une échelle régionale ont été faites
mais se basent soit sur un trop petit nombre de glaciers pour mener une
analyse spatialement résolue de la variabilité des SMBs au sein d’une région
englacée (30 glaciers pour Rabatel et al., 2016), soit ne sont pas assez
abouties pour estimer le SMB annuel (plusieurs centaines de km2 englacés
mesurés pour Spiess et al., 2016 et plusieurs milliers de km2 pour Shea et al.,
2013).

La multitude d’études utilisant la ligne de neige (TSLA ou ELA) comme
indicateur climatique mais, a contrario, le peu d'études ayant abouties a des
séries de SMB souligne la difficulté d’appliquer cette méthode a une échelle
régionale, et le défi repose aujourd’hui sur une automatisation fiable de la
détection de la ligne de neige. Une étude parue récemment (Juin 2019) et
conduite par Philipp Rastner propose un algorithme permettant déduire
automatiquement les TSLAs et SLAs. Cet algorithme, testé sur 26 glaciers dans
les Alpes d’Otztal, se base I'analyse de séries temporelles de la bandes NIR
(near infrared radiation) d'images Landsat. Le seuil de réflectance permettant
de discerner la neige de la glace est obtenu par analyse de I'histogramme de
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chague image en identifiant le seuil entre deux populations de pixels (glace et
neige). Cette méthode permet notamment, en plus d’estimer la TSLA et SLA,
d’estimer la couverture neigeuse a la surface du glacier. Des artefacts
apparaissent malheureusement du fait de nuages non-détectées, d’ombrage
non-corrigés, de ruptures de pente ou de présence de débris a la surface du
glacier et aucune étude a échelle régionale n'a de plus été encore effectuée.

Lanalyse de cartes d'enneigement comme indicateur du bilan de masse de
surface

Une autre méthode indirecte permettant de quantifier le bilan de masse de
surface par télédétection se base sur I'analyse de cartes d’enneigement sur et
en périphérie du glacier. Ces cartes sont obtenues a partir de satellites
optiques ayant un temps de revisite de quelques jours et une résolution
spatiale hectométrique (MODIS, Sentinel3-OLCI) ou plus (/ie. 1km pour
SPOT/VEGETATION). Une description détaillée de cette méthode est disponible
dans les travaux de Vanessa Drolon (Drolon et al., 2016) et Rabatel et al.
(2017), présenté Sect. 4. Cette méthode se base sur le calcul d’un indice, le
NDSI (pour Normalized Difference Snow Index; Crane and Anderson, 1984;
Dozier, 1989), permettant de classifier chaque pixel comme étant, ou pas, en
neige/glace. Cet indice se base sur la différence de réflectance entre la
neige/glace et les autres surfaces ; il et est obtenu grace a I’équation 6 :

Green — SWIR

NDSI = —— > (6)
Green + SWIR

oU GREEN correspond a la bande spectrale correspondant au vert et SWIR a
celle correspondant au “Shortwave infrared’.

Une fois les pixels classés, l'altitude moyenne du couvert nival est
calculée pour chaque image sur une région de plusieurs kilométres autour du
glacier. Cette altitude est ensuite moyennée au cours de la saison. Cette
méthode permet ainsi d’obtenir pour I'hiver et pour I'été, I'altitude moyenne
du couvert nival et se base sur I'hypothese que cette altitude est
représentative des processus d’ablation et d’accumulation ayant affectés le
glacier au cours de la saison. Une comparaison avec des séries de bilans de
masse annuels et saisonniers mesurés /n situ sur 55 glaciers situés en France,
Italie et Suisse sur la période 1998-2008, a permis de conforter cette
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hypothése, comme illustrée Fig. 14. La seule application de cette méthode a
été menée dans le cadre de |I'étude de Drolon et al. (2016) sur les 55 glaciers
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Figure 14 : Comparaison entre les SMB
observés (rouge) et estimés a partir
dimages satellites SPOT/VEGETATION
(VGT - bleu) pour 55 glaciers dans les
Alpes Européennes. Cette figure, extraite
de Drolon et al. (2016), évalue les
performances de cette méthode pour
quantifier le SMB hivernal, estival et
annuel (respectivement a, b, et c).
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précédemment évoqués, sur la
période 1998-2014. Selon les
conclusions de cette étude et
comme illustré Fig. 14, cette
méthode est capable de reproduire
les bilans hivernaux mesurés /in situ
mais détecte parfois mal la
variabilité interannuelle des bilans
annuels et estivaux. En hiver, la
méthode parvient a suivre
I’évolution et la persistance du
couvert nival du fait des chutes de
neige successives. A contrario, en
été, le couvert nival est souvent
restreint avec peu de variations en
terme de surface, menant a des
écarts significatifs entre les bilans in
situ et par télédétection (Drolon et
al., 2016). L'estimation du bilan
annuel étant la somme du bilan
estival et hivernal, les erreurs
commises sur le bilan estival se
propagent sur |'estimation du bilan
annuel. En conclusion, la méthode
développée par Drolon et al. (2016)
est une solution adéquate pour
I'estimation du bilan de masse
hivernal sur des glaciers ou peu ou
pas de mesures existent, mais est
encore peu apte a quantifier un bilan
de masse estival et annuel a partir
d’'images satellitaires optiques.



2.4 SYNTHESE ET PERSPECTIVE DES METHODES PRESENTEES

Il existe ainsi plusieurs méthodes permettant d’estimer le SMB des glaciers de
montagne a partir d'observations directes ou indirectes. Ces méthodes
peuvent étre basées sur des mesures /in situ, ou sur |'analyse d'images
satellites. Dans cette partie, nous ferons une synthése des différentes
méthodes présentées et tenterons de définir leurs avantages et les verrous qui
ont orienté nos choix pendant mon travail de doctorat. Le tableau 1 rassemble
les méthodes présentées Sect. 2.3 en soulignant leurs “aptitudes” a
déterminer le SMB a plusieurs échelles spatiales et temporelles. Les méthodes
basées sur de la modélisation, méme si parfois combinées a des observations
in situ ou satellitaires, ne seront pas présentées ici car elles ne relévent pas
de l'observation a proprement parlé malgré leurs capacités d’estimer des SMB
spatialement et temporellement résolus.

2.4.1 Méthodes permettant le calcul du SMB annuel

Plusieurs des méthodes décrites précédemment permettent la quantification
du SMB a l'échelle annuelle. Parmi celles-ci, la méthode glaciologique est
considérée comme la référence, se basant sur des données /n situ. En revanche,
du fait de son implication logistique et humaine, elle ne permet pas de
caractériser le SMB pour des glaciers individuels a des échelles régionales. Les
méthodes gravimétrique et altimétrique sont des alternatives pour une
estimation régionale mais sont davantage utilisées pour les calottes et champs
de glace du fait de leur faible résolution spatiale et sont peu adaptées pour
estimer le SMB de glaciers de montagne, excepté pour certains glaciers
d’Alaska bénéficiant de campagnes altimétriques aéroportées répétées (Arendt
et al., 2002; Echelmeyer et al., 2002).

La méthode géodésique permet, quant a elle, I'estimation du SMB a
I’échelle régionale, tout en ayant une résolution adéquate pour quantifier le
SMB de glaciers de petites tailles (> 0.5 km2, Menounos et al., 2019). De
nouvelles chaines de traitement automatisées (e.g., Ames Stereo Pipeline ASP;
Beyer et al., 2018; Shean et al., 2016) permettent le traitement massif
d'images satellites ouvrant la porte a une estimation globale du SMB des
glaciers de montagne mais a une résolution temporelle décennale. Cet objectif
s’inscrit notamment dans le projet ASTERIX (pour ASTER - based monitoring
of Ice in eXtinction), conduit par des chercheurs du LEGOS, et notamment
Romain Hugonnet, Fanny Brun, Inés Dussaillant et Etienne Berthier avec qui
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nous avons collaboré. Une étude récente combinant et interpolant des SMBs
obtenus grace a la méthode géodésique et glaciologique a notamment permis
d’actualiser I'estimation de la contribution globale des glaciers de montagne a
la hausse du niveau des mers sur une période récente (2006-2016), révélant
une fonte accrue (Zemp et al., 2019) comparée aux estimations présentées
dans le cinquieme rapport du GIEC (AR5 : +16 mm par an par rapport a la
période 1990-2010, Church et al., 2013). Cette étude révele aussi une
potentielle disparition de certaines régions englacées d‘ici 2100 (Zemp et al.,
2019). Malgré quelques rares exceptions (e.g. Belart et al., 2017), la méthode
géodésique n’est pas utilisable au pas de temps annuel et ne permet donc pas
d’étudier la variabilité interannuelle du SMB pourtant primordiale pour mieux
comprendre lI'impact du changement climatique dans certaines régions ou peu
d’observations directes sont disponibles (Beniston et al., 2018).

Les travaux se basant sur I'analyse de I'albédo de surface du glacier ont
permis d’estimer des SMBs a |'échelle annuelle et saisonniére mais aucune
étude n'a été menée a |'échelle régionale. Cette méthode, en revanche, ne
permet pas de s’affranchir de données /n situ et des applications sur des
glaciers non instrumentés restent aujourd’hui difficiles. De méme, la méthode
basée sur des cartes d’enneigement semble, selon Drolon et al. (2016), peu
adéquate pour caractériser le SMB annuel méme si cette étude a démontré
que des applications a I'échelle régionale étaient envisageables.

Finalement, la méthode ELA, combinant la méthode géodésique et
I'identification de la SLA a démontré ses capacités a estimer le SMB de glaciers
de montagne au pas de temps annuel, grace aux travaux conduits notamment
par Roger Braithwaite et Antoine Rabatel (e.g., Braithwaite, 1984 ; Rabatel et
al. 2005, 2008, 2016). Cette méthode, exceptée pour I'estimation du gradient
de SMB, ne nécessite aucune calibration issue de données /n situ. Le principale
verrou d’'une application de cette approche a une échelle régionale et multi-
temporelle réside dans |‘automatisation de la détection de la SLA sur les
images satellites méme si une étude récente propose une méthode
automatique pour déterminer la SLA, jamais encore appliquée a |'échelle
régionale (Rastner et al., 2019). Cette détection doit ensuite étre combinée
avec |I'estimation du SMB pluri-décennal calculé grace a la méthode géodésique.
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Tableau 1 : Tableau synthétisant les capacités des méthodes présentées Sect. 2.3 a
déterminer le SMB a plusieurs échelles spatio-temporelles. La méthode glaciologique
est encadrée et considérée comme référence. D/1 spécifie si la méthode est directe
ou indirecte (détails Sect. 2.3). « Méthode calibrée » renseigne sur la dépendance de
la méthode a utiliser des données in situ et ainsi, son habilité a étre utilisée sur des
régions/glaciers ou peu ou pas de données in situ existent. * indique quune
caractérisation de la densité de surface est nécessaire pour déduire le SMB. * indigue
que cette méthode requiert 'estimation du gradient de SMB, obtenu a partir de
données in situ. Les croix indiguent gue des études ont permis une estimation du SMB
a l'échelle spatio-temporelle considérée alors que les zones grisées refletent 'absence
ou l'utilisation anecdotique de la méthode a cette échelle.

SMB

o On oempede Mol b e s o (P ae nwer
Glaciologique D non X X X X X X
Gravimétrie D GRACE non xk(;;())o X X X

:gr'c'::)e.fgz s D LIDAR non* X X X X X

‘sAzIatti?IIiét:iiree D ICESat, CryoSat non* :ns_;rle;gié%nss) X X X

Géodésique D Sﬁg??’a :gg:\l_’x non* X X X X

s mgmATR ok x <

Albédo } MR oui X X X X X X

ELA I "as’;,‘g'?"'M‘ggst' non** X X X X

s 1 STy «x ko

2.4.2 Méthodes permettant le calcul du SMB saisonnier

L'estimation du SMB saisonnier consiste a estimer le SMB au cours de la
période d’accumulation (hiver) et/ou au cours de la période d’ablation (été).
Cette estimation permet de mieux contraindre les contributions des glaciers
au cycle hydrologique dans des bassins versants fortement englacés, ainsi que
de mieux comprendre les raisons de la variabilité interannuelle observée sur
des glaciers de montagne.

Parmi les méthodes décrites précédemment, peu permettent
I’estimation du SMB saisonnier. Les récentes ameéliorations en termes de
résolutions spatiale, radiométrique et temporelle ont permis de rares
applications de la méthode géodésique a I’échelle saisonniére, notamment en
bénéficiant d'images Pléiades et Worldview2. Une étude, menée par Belart et
al. (2017), a conduit a la quantification du SMB hivernal du champ de glace
Drangajokull (Islande) pendant I'hiver 2014-2015, mais n’a été rendu possible
que par la disponibilité d‘images trés haute résolution, de mesures /in situ de
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densité et d'une trés forte accumulation due au contexte climatique de la
région étudiée réduisant ainsi I'impact des incertitudes évoquées Sect. 2.3.
Cette étude reste anecdotique et une application a plus grande échelle et dans
une région a plus faible accumulation n’est aujourd’hui pas envisageable. En
revanche, la méthode basée sur les cartes d’enneigement a été appliquée avec
succes par Drolon et al. (2016) sur 55 glaciers dans les Alpes européennes,
permettant I'estimation du SMB hivernal, sans pour autant parvenir a estimer
de maniere satisfaisante le SMB estival (détails Sect. 2.3).

Utilisant I’évolution de l'albédo a la surface du glacier, Sirguey et al.
(2016) ont proposé une méthodologie adaptée a I'estimation du SMB estival
et hivernal, avec une étude focalisée sur le Glacier Brewster (Nouvelle
Zélande). Malgré sa dépendance a des données in situ, la méthode albédo
semble étre adaptée a une application régionale et les verrous liés au
traitement massif d'images pour produire des cartes d’albédo ont été levés par
Sirguey (2009), Sirguey et al. (2016) et Dumont et al. (2011, 2012) grace au
développement d’algorithmes de traitement et de corrections d'images.

2.4.3 Méthodes privilégiées et objectifs de thése

L'objectif principal de mon travail de recherche effectué pendant cette thése a
été de développer et d’appliquer des méthodes permettant d’estimer le SMB
de glaciers de montagne a une échelle régionale, annuelle et saisonniere, a
partir d'images satellites. Cet objectif découle d'un manque de données
d’observation a |I’échelle régionale, limitant notre compréhension de I'impact
du déreglement climatique au sein de régions englacées ou peu ou pas de
données existent. Améliorer la couverture spatiale de la quantification du SMB
de glaciers de montagne permettrait, de plus, de corriger certains biais de non
représentativité issus de SMB mesurés /n situ par la méthode glaciologique
(Gardner et al., 2013).

La méthode géodésique permet de pallier ce verrou de non-
représentativité spatiale grace a sa capacité a estimer un changement de
masse cumulé sur une période d’environ 10 ans. Elle ne permet en revanche
pas d’analyser la variabilité annuelle, essentielle pour caractériser I'impact de
certaines conditions climatiques et météorologiques sur le SMB. Bénéficiant
d’'une synergie entre [|'amélioration d‘outils informatiques permettant
I'utilisation de la méthode géodésique a une échelle globale (/.e. projet
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ASTERIx) et I'augmentation du nombre de capteurs optiques de résolutions
décamétriques adaptés a I|‘observation des glaciers de montagne (e.g.,
Sentinel 2, LANDSAT, ASTER), ) et la mise a disposition libre des données
satellites nous avons choisi d’utiliser la méthode ELA dont les principaux
verrous résidaient dans lI'automatisation de la détection de la ligne de neige,
la disponibilité d’'un nombre suffisant dimages au cours de I'été et la
disponibilité de SMBs moyens pluriannuels issus de la méthode géodésique.
Dans un premier temps, nous nous sommes donc concentrés sur
I'automatisation de la détection de la ligne de neige a partir d'images satellites
optiques. En découle ainsi une premiere question de recherche : Question 1 :
Une automatisation de la détection de la lighe de neige a partir d'images
satellites optique est-elle envisageable ?

Poursuivant cette volonté de perfectionner notre compréhension des processus
climatiques et météorologiques a l'origine des changements de masse glaciaire
observés a I'échelle saisonniére, une deuxieme méthode a été privilégiée. Ainsi,
une deuxieme partie de mon travail de recherche s’est concentrée sur le
développement et la validation de la méthode utilisant I'albédo de surface
comme marqueur des processus de surface. Comme illustré précédemment,
cette méthode permet d’estimer le SMB a un pas de temps saisonnier et
bénéficie du développement d’algorithmes de traitement d’'image, rendant
I’estimation du SMB a une échelle régionale envisageable, sans pour autant
avoir été effectuée : Question 2 : I'analyse de cartes d’albédo de surface
permet-elle de quantifier sur les glaciers de montagne les processus
d’accumulation et d’ablation a I’échelle régionale ?

Le développement des deux méthodes choisies s’est concentré sur des glaciers
de montagne localisés dans les Alpes francaises. Ce choix provient de
I'existence de données météorologiques ainsi que de SMB annuels et
saisonniers sur six glaciers frangais, obtenues par la méthode glaciologique et
maintenus par le réseau d’observation GLACIOCLIM. De plus, des lignes de
neige ont été manuellement délimitées sur 44 glaciers dans les Alpes
occidentales dans le cadre du travail de Rabatel et al. (2013a), et ont abouti
a l'estimation du SMB annuels de 30 de ces glaciers (Rabatel et al., 2016). Ces
données ont ainsi pu étre utilisées pour valider les lignes de neige estimée
automatiquement ainsi que les SMB obtenues. Question 3 : Les méthodes
développées sur les Alpes francaises et européennes peuvent-elles étre
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exportées dans d’autres régions pouvant avoir des contextes climatiques
différents (e.g. saisonnalité) et ol peu de données de validations existent ?

L'automatisation de certaines méthodes, couplée avec l'augmentation du
nombre de capteurs satellitaires opérationnels ouvre aujourd’hui la voie a des
estimations de variations de masse glaciaire sur des régions englacées
entieres. Au-dela du challenge technique, scientifique et technologique, une
autre gquestion est apparue au cours de ma these : Question 4 : L'estimation
du SMB a l'échelle régionale apporte-t-il réellement une plus-value sur la
compréhension des causes a l'origine des variations observées ? Les
précédentes estimations issues de données /n situ sont-elles représentatives
de la majorité des glaciers de la région étudiée ?
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3 RESUME DE MES RECHERCHES

Les efforts de la communauté glaciologique pour quantifier le changement de
masse des glaciers de montagne, notamment a partir d'images satellites, ont
permis |’élaboration de méthodes novatrices (détaillé Sect. 2). En revanche,
peu d’applications ont été menées pour estimer le SMB annuel et saisonnier a
I’échelle régionale. Ma premiere motivation scientifique a été d'adapter et de
développer ces méthodes dans le but de les rendre opérationnelles a ces
échelles spatio-temporelles. Cette démarche vise, comme évoqué
précédemment, a mieux comprendre I'impact du changement climatique dans
des régions ou parfois peu de variables climatiques sont mesurées, mais aussi
a établir des jeux de données valides et robustes et de les rendre disponibles
a la communauté scientifique pour des utilisations diverses (glaciologiques,
hydrologiques, climatiques...). Ces motivations ainsi que les principaux
résultats obtenus lors de mes trois années de thése sont regroupés dans cette
Section 3. Le travail de recherche effectué a mené a |'écriture de trois articles
scientifiques ainsi qu’a la participation a un quatriéme article de synthese, tous
ayant comme ligne directrice, le développement et I'application de méthodes
permettant la quantification du SMB annuel et saisonnier a |I’échelle régionale,
a partir d'images satellites optiques. Pour chaque étude, un résumé ainsi que
le ou les articles associés (en anglais, du fait de leur publication dans des
journaux a visée internationale) est présenté. Cette Section se divise ainsi en
trois sous-parties :
1. Synthese des méthodes indirectes permettant la quantification du SMB
annuel et saisonnier des glaciers de montagne a partir dimages
satellites optiques (1 article)

2. Développement d’un algorithme permettant l'identification automatique
de la SLA sur des glaciers de montagne, a partir de différents capteurs
satellitaires optiques (1 article)

3. Estimation du SMB annuel et saisonnier a partir dimages satellites
optiques : application sur les Alpes européennes et les Andes tropicales
(3 articles)
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3.1 SYNTHESE DES METHODES INDIRECTES PERMETTANT LA QUANTIFICATION DU
SMB ANNUEL ET SAISONNIER DES GLACIERS DE MONTAGNE A PARTIR
D'IMAGES SATELLITES OPTIQUES

Article 1 : Annual and seasonal glacier-wide surface mass balance quantified
from changes in _glacier surface state.: a review on existing methods using
optical satellite imagery

Antoine Rabatel, Pascal Sirguey, Vanessa Drolon, Philippe Maisongrande, Yves
Arnaud, Etienne Berthier, Lucas Davaze, Jean-Pierre Dedieu and Marie Dumont.
Remote Sensing 9, 507 (2017).

Comme illustré dans la Sect. 2 de ce manuscrit, il existe différentes méthodes
permettant d’estimer le SMB annuel et saisonnier de glaciers de montagne a
partir d'images satellites. En revanche, peu d’articles de synthése existent

développées récemment. Dans cet article de synthése, trois méthodes
permettant |'estimation du SMB annuel et/ou saisonnier a partir dimages
satellites optiques sont présentées. Pour chaque méthode présentée, le
contexte historique est rappelé ainsi que son principe et sa mise en place. Un
exemple d’application de chague méthode illustre ensuite leurs potentiels et
permet de soulever certaines limitations. Puis, une section discute des limites
communes identifiées, comme la présence de nuages non-détectés, véritable
verrou de la télédétection spatiale optique, ou encore la pertinence d'appliquer
ces méthodes sur des glaciers couverts de débris. Les limites spécifiques a
chaque méthode sont aussi énoncées, notamment en lien avec la résolution
spatiale des différents capteurs utilisés (e.g. taille de glacier minimale requise)
ou les caractéristiques des glaciers étudiés (e.g. altitude maximale, régime de
précipitations). Finalement, une derniére partie évoque les perspectives
d’améliorations.

J'ai participé au développement de deux de ces trois méthodes, ainsi qu’a
la relecture et a la modification du manuscrit. Ma contribution a la méthode
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albédo a fait l'objet d’une publication indépendamment de cet article de
synthese (Sect. 7, article 4). De par I'état d’'avancement de mes travaux au
moment de la publication (2017), ma contribution a la méthode ELA n’est pas
prise en compte dans cette étude mais la motivation de mes recherches sur
cette méthode découle des perspectives évoquées, notamment quant a la
nécessité d’automatiser cette méthode et de I'appliquer a grande échelle.
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3.2 DEVELOPPEMENT D'UN ALGORITHME PERMETTANT L'IDENTIFICATION
AUTOMATIQUE DE LA SLA SUR DES GLACIERS DE MONTAGNE, A PARTIR DE
DIFFERENTS CAPTEURS SATELLITAIRES OPTIQUES

Article 2 : An _automated method to estimate the glacier end-of-summer
snowline altitude from optical satellite images

Lucas Davaze, Antoine Rabatel, Pascal Sirguey, Yves Arnaud.
Soumis et refusé a Journal of Glaciology, annexe de |article 3, en préparation’.

Suites aux conclusions et perspectives de I'étude présentée précédemment
(Rabatel et al., 2017; article 1), un algorithme capable d’estimer la TSLA et la
SLA a I’échelle de plusieurs centaines de glaciers de montagne a été développé
et est ici présenté. Les SLAs reconstruites peuvent ensuite étre utilisées
comme indicateur de la ELA et permettre la quantification du SMB annuel gréace
a la méthode ELA. Elles peuvent aussi permettre des interprétations
climatiques précieuses, par exemple pour des études hydrologiques a I'échelle
de bassins versants englacés ou pour la paramétrisation de modeles
glaciologiques.

L'algorithme développé repose sur le traitement d'images satellites
optiques de résolutions décamétriques (10-30m), adaptées a I'observation de
glaciers de montagne (e.g., LANDSAT, ASTER, Sentinel-2). Afin de pallier la
topographie de surface parfois complexe et la présence de nuages, différentes
corrections (e.g., topographiques, radiométriques...) sont réalisées. Une
classification non-supervisée permet ensuite de classer I'état de surface de
chacun des pixels (/.e. glace, neige, autre). Apres avoir divisé le glacier en
bandes d’égale altitude, la TSLA est identifiée, pour chaque image traitée,
comme étant l'altitude ou la surface du glacier change de majoritairement
englacée a majoritairement couverte de neige. La répétitivité des capteurs
utilisés permet I’'estimation d’une a plusieurs TSLAs par an, la plus haute étant

! Ce travail a mené a une présentation a I’AGM, a I’AGU en 2018 ainsi qu’a I'IGE lors de la
venue des thématiciens du CNES en Janvier 2018.
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considérée comme la SLA. Finalement, les séries temporelles de SLA déduites
sont filtrés des potentielles fausses détections en se basant sur la valeur de
chaque SLA par rapport au signal moyen régional des SLAs. Finalement, les
SLAs manquantes et filtrées sont comblées en utilisant I'approche bi-linéaire
de Lliboutry (1974) permettant d’exploiter a la fois les variabilités spatiales et
temporelles de notre jeux de données.

Une application de I'algorithme est proposée sur les Alpes francaises et
une validation des SLAs reconstruites est effectuée grace a I’'existence de SLAs
manuellement tracées. L'algorithme développé permet de reproduire le signal
interannuel moyen observé manuellement a I'échelle des Alpes francaises
(r’=0.83 ; RMSE=82m), pour 34 des 44 glaciers choisis. L'incertitude des SLAs
reconstruites automatiquement est de £123 m. Ces résultats levent ainsi le
principal verrou identifié (I'automatisation) dans l'article 1 vis a vis de cette
méthode et ouvre la porte a I’'estimation du SMB annuel a I'échelle régionale.

Ce travail a tout d'abord été soumis a Journal of Glaciology le 29 janvier
2019 dans l'idée de présenter une méthode « clefs en main » pour estimer
I'altitude de la SLA, développée sur les Alpes francaises. Le 29 mars 2019,
notre étude a malheureusement été rejetée a la suite de commentaires
proposés par deux des trois rapporteurs. La principale critique reposait sur le
mangqgue de disponibilité de I'algorithme (e.g. mise en ligne sur une plateforme
partagée), rendant la méthode peu convaincante pour une diffusion et une
utilisation par tous. Nous avons ainsi choisi, en prenant les commentaires et
corrections en compte, d'inclure ce travail dans une autre étude, visant a
quantifier le bilan de masse pluriannuel et annuel de 239 glaciers dans les
Alpes européennes a partir d'images satellites optiques. Dans cette étude,
nous avons utilisé des estimations automatiques de SLA afin d’estimer le bilan
de masse annuel, en utilisant la méthode de la ligne de neige. Ce travail sera
donc inclus, en tant que Supplementary Material dans l'article 3, présenté Sect.
6, tout en suivant des recommandations faites par les rapporteurs, de
transformer notre premier projet en une étude appliquée sur une région
englacée. Par soucis de simplicité, ce travail sera présenté en amont de
I'application a I’échelle régionale.
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3.3 ESTIMATION DU SMB ANNUEL ET SAISONNIER A PARTIR D’'IMAGES
SATELLITES OPTIQUES : APPLICATION SUR LES ALPES EUROPEENNES ET LES
ANDES TROPICALES

Article 3 : Region-wide annual glacier surface mass balance for the European
Alps from 2000 to 2016

Lucas Davaze, Antoine Rabatel, Yves Arnaud, Romain Hugonnet, Etienne
Berthier

Abstract soumis a Frontiers in Earth Science - Cryospheric Sciences dans le
cadre du Research Topic: « Observational Assessment of Glacier Mass
Changes at Regional and Global Level ».

Grace au développement de l'algorithme permettant d’estimer de maniére
semi-automatique I‘altitude de la SLA, nous avons pu envisager une
application de la méthode ELA a une échelle régionale. Poursuivant le travail
effectué sur 44 glaciers des Alpes occidentales par Rabatel et al. (2016), les
SLAs de 239 glaciers ont été estimées a |’‘échelle des Alpes européennes.
Bénéficiant d’une estimation du SMB pluri-décennal issu de la méthode
géodésique, et produite par Romain Hugonnet et Etienne Berthier dans le
cadre du projet ASTERix, ces SLAs ont pu étre utilisées pour en déduire le SMB
annuel de ces glaciers sur la période 2000-2016.

Cette approche étant novatrice a une échelle régionale, nous avons tout
d’abord validé les SMB annuels reconstruits grace a des SMB issus de données
in situ de 23 glaciers, répartis sur les Alpes européennes. Les estimations /n
situ et télédétectées sont significativement corrélé (©=0.33, n=282) et la
variabilité interannuelle médiane reconstruite est capable de reproduire celle
estimée a partir de données /in situ (’=0.45, n=17). Les différences observées
proviennent principalement des lacunes de notre algorithme de détection a
estimer les SLAs pour les années exceptionnellement déficitaires, ou a bilan
positif, du fait de 'emplacement de la SLA, haute dans la zone d’accumulation,
ou proche du front, complexifiant son identification (discuté en détail dans
I'article 3, Sect. 5.4). Une autre source de différence entre les deux jeux de
données provient du choix des glaciers pour le suivi /n situ et de |'extrapolation
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des bilans aux balises, et pouvant mener en fonction de la distribution spatiale
des balises sur le glacier et des glaciers, a des estimations biaisées.
Ce jeu de données unique nous a permis de poursuivre des travaux

lien entre le SMB et la pente moyenne, les altitudes médiane et maximale du
glacier, expliquant respectivement 19, 24 et 12% de la variance observée.
Notre étude suggeére ainsi que les glaciers fortement pentus et hauts en
altitude présentent des pertes de masse moins négatives.

Dans I’'échantillon de SMB issu de données /in situ (23 glaciers), aucun
glacier n‘a une pente moyenne supérieure a 21.6°. Notre étude réveéle en
revanche une forte dépendance de la perte de masse cumulée a la pente
moyenne du glacier, ou les glaciers ayant des pentes supérieures a 20.5°
(correspondant a 45% de la surface englacées des Alpes européennes)
subissent une perte de masse ~25% moindre que les glaciers moins pentus,
sur la période 2000-2016. Nous suggérons ainsi que les mesures in situ des
23 glaciers utilisées dans cette étude ne sont pas représentatives des bilans
calculés a I'échelle des Alpes européennes. En conclusion, les estimations du
bilan de masse régionale basées sur une extrapolation de ces mesures doivent
nécessairement prendre en compte les caractéres morpho-topographiques des
glaciers lors de I'extrapolation.

Nous avons ensuite analysé la variabilité spatio-temporelle des SMBs
annuels. Une analyse statistique nous a permis d’identifier deux principales
régions, ayant des variabilités interannuelles similaires en termes de SMB et
de forcages climatiques (données issues de réanalyses ERA5). La premiere
région correspond a des glaciers situés au Nord-Est de la chaine, semblant
étre fortement impactés par la quantité de précipitations (eau précipitable sur
toute la colonne atmosphérique expliquant de 31 a 37% de la variance de SMB
observée). Cette observation confirme une précédente étude (Abermann et al.,
2011) suggérant que les glaciers dans cette région existent a de telles altitudes
du fait d'importantes précipitations. La deuxieme région correspond a la partie
occidentale de la chaine, ou les variabilités observées de SMB semblent
davantage expliquées par l'advection d’humidité provenant de I'Ouest, ainsi
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qu’a des conditions météorologiques estivales, dominées par des flux allant
vers le sud (45 a 53% de variance expliquée).

Au-dela des résultats, cette étude propose un cadre méthodologique,
contraint sur une région ou de nombreuses données de validation existent,
permettant d’estimer le bilan pluri-décennal et annuel a I'échelle régionale
pour des glaciers individuels, a partir dimages satellites optiques. Nous
espérons que cette étude ouvrira la porte a d’autres applications sur des
régions ou les enjeux liés aux glaciers de montagne, est plus importante que
dans les Alpes Européennes (e.g., hautes montagnes d’Asie, Andes).
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Article 4 . Monitoring glacier albedo as a proxy to derive summer and annual
surface mass balances from optical remote-sensing data

Lucas Davaze, Antoine Rabatel, Yves Arnaud, Pascal Sirguey, Delphine Six,
Anne Letreguilly, and Marie Dumont. The Cryosphere 12, 271-286 (2018).?

L'albédo est représentatif de I'état de surface du glacier et détermine la
quantité de rayonnement solaire absorbée par la surface. Grace a |'apparition
de capteurs optiques multi-spectraux ayant un temps de revisite quasi-
journalier (e.g. MODIS), des méthodes ont été développées afin de déterminer
le SMB annuel et saisonnier de glaciers de montagne a partir de I'albédo de
surface glaciaire (détails Sect. 2.3 et 4.2.2.). Les récentes avancées en termes
de puissance de calcul et de développement d’algorithmes permettant le
traitement d’'un grand nombre d'images permettent aujourd’hui d’appliquer
ces méthodes a |'échelle régionale. En utilisant la méthode présentée par
Sirguey et al. (2016), des cartes d’albédo ont été produites a I'échelle de 30
glaciers dans les Alpes francaises entre 2000 et 2016. L'analyse de ces cartes
a permis de calculer un albédo moyen a |'échelle du glacier, marqueur des
processus de surface (détails Sect. 2.3 et 4.2.2.). Grace a des données de SMB
de validation, nous avons pu confirmer la capacité de I'albédo moyen minimum
a étre un indicateur du SMB annuel pour 27 des 30 glaciers considérés,
validant ainsi l'utilisation de cette méthode a une échelle régionale.

A |’échelle saisonniére et pour six glaciers pour lesquels des données de
SMB saisonniers existent, nos résultats montrent que le suivi de I'évolution
temporelle de I'albédo moyen sur la période estivale est un indicateur du SMB
estival et une application régionale est aujourd'hui réalisable. A contrario,
I’'analyse de I’évolution temporelle de I'albédo moyen pendant I'hiver permet
de quantifier la fréquence des précipitations mais pas la quantité. Ainsi, notre
étude sur plusieurs glaciers révele que la méthodologie développée par

2Ce travail a mené a une présentation a I’'EGU en 2017 (Davaze et al., 2017conf) ainsi qu’a I'lGE lors de la venue des
thématiciens du CNES en janvier 2017.
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Sirguey et al. (2016) ne peut pas étre utilisée pour déterminer le SMB hivernal
sur les glaciers des Alpes francaises. Finalement, une analyse détaillée des
masques de nuage produits par la chaine de traitement utilisée confirme la
robustesse de I'algorithme utilisé et le faible d'impact du seuil du masque des
nuages sur nos résultats. Une analyse similaire révele en revanche des biais
systématiques issus des corrections topographiques et des améliorations sont
requises si les cartes d‘albédo sont utilisées hors d'une comparaison
interannuelle.
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Article 5 . Annual surface mass balances quantification for 82 glaciers in the
tropical Andes over a 18-yr period from optical remote sensing data

Léna Gurriaran, Lucas Davaze, Inés Dussaillant, Antoine Rabatel, Etienne
Berthier, Yves Arnaud >

Les Andes tropicales sont le plus grand réservoir de glace des tropiques, lequel
est essentiel pour la ressource en eau locale, aussi bien pour |'eau potable,
I’agriculture, la production hydro-électrique, ou les aléas glaciaires (e.g. Bury
et al., 2011; Mark et al., 2010). Dans le contexte climatique actuel, une
importante récession est observée sur les glaciers des Andes tropicales (e.g.
Rabatel et al., 2013; Vuille et al., 2008), pouvant avoir des conséquences sur
la saisonnalité et leurs contributions a I'hydrologie des bassins versants
(Baraer et al., 2012; Huss and Hock, 2018). En revanche, peu de données
existent pour quantifier les variations de masse des glaciers dans cette région,
et les incertitudes restent importantes (e.g. Zemp et al., 2019).

Bénéficiant de données de SMB /n situ ainsi que de lignes de neiges
délimitées manuellement dans la Cordillere Royale et Blanche (Loarte et al.,
2015; Rabatel et al., 2012; Soruco et al., 2009), nous avons pu utiliser
I'algorithme de détection semi-automatique de la ligne de neige et la méthode
associée pour estimer le SMB annuel dans cette région, malgré une
saisonnalité trés différente des Alpes européennes (Rabatel et al., 2012),
région dans laquelle la méthode a été congue et validée. Ce travail a été
effectué par Léna Gurriaran, que nous avons accueilli pour un stage de 5 mois
pendant son année de césure a I’'ENS.

Une application sur 82 glaciers répartis sur la Cordillere Blanche et
Royale, sur la période 2000-2017 a permis de valider la méthode et
I'algorithme sur des glaciers tropicaux, a partir d'images satellites (/.e. ASTER,
LANDSAT, Sentinel-2) ou 59% de variance commune est en moyenne
observée, entre les SLAs dérivées manuellement et semi automatiquement.

3Ce travail a mené a une présentation faite par Antoine Rabatel a 'lUGG en 2019 (Gurriaran et al., 2019).
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Une comparaison des SLAs a |'échelle régionale révele en revanche un biais,
menant en moyenne, a une surestimation des SLAs d’environ 100 m. Ce biais
n‘a malheureusement pu étre étudié plus en détails du fait de la durée du
stage de Léna. La variabilité interannuelle étant représentée de maniére
satisfaisante, ce biais n‘impacte pas la quantification du bilan de masse dans
la mesure ou on travaille en écart a l'altitude de la ELAeq, laguelle est calculée
a partir de la moyenne des SLA observée.

Les séries temporelles de SLA obtenues ont permis de déduire les
variations annuelles de SMB grace a l'estimation du SMB pluriannuel effectuée
par Inés Dussaillant a l'aide de la méthode géodésique, basée sur I'imagerie
ASTER (Dussaillant et al., 2019). Le SMB régional moyen pour la période 2000-
2017 est -0.40 m.w.e. a!, avec des bilans plus déficitaires pour la Cordillére
Royale (-0.65 m.w.e. a!) que pour la Cordillere Blanche (-0.33 m.w.e. a1).
Les SMBs individuels moyens affichent des bilans majoritairement déficitaires,
allant de +0.10 m.w.e. a! (Glacier de Safuna) a -1.29 m.w.e. a! (GLIMSId :
G291837E16266S).

Une analyse de ces bilans confirme le lien entre I'index ENSO 1+2 (O-
10°S ; 80-90°W) durant les mois de décembre, janvier et février et le SMB
annuel dans cette région, déja établi lors d’étude précédentes sur un nombre
commune est de 64% et 46% pour la Cordillere Blanche et Royale
respectivement. Une étude de I'impact des variables morpho-topographiques
sur la période (2000-2017) révele une forte dépendance du SMB moyen a
I’altitude médiane du glacier dans la Cordillére Royale (°=0.54) méme si cela
n‘a pu étre observée dans la Cordillere Blanche, notamment a cause d'une
forte dispersion des valeurs de SMB pour les glaciers de basse altitude (altitude
médiane < 5150 m a.s.l.). Une analyse complémentaire sur les deux
cordilléres (illustré Fig. 15, révele une corrélation significative (r°=0.23 ;
’=0.18, n=82) entre le SMB moyen et respectivement I'altitude maximale et
minimale du glacier. Il n’y a pas de corrélation significative entre le SMB et la
pente moyenne du glacier (/#=0.05) méme si une tendance peut étre observée,
ou les glaciers plus raides semblent avoir un SMB moins négatif.

Cette étude permet de souligner la capacité de l'algorithme et de la
méthode de la ligne de neige a quantifier la variabilité spatiale et temporelle
du SMB, a l'échelle régionale, dans une région ou la saisonnalité est tres
différente des Alpes européennes. Le travail de Léna a aussi permis de
considérablement améliorer les performances de |'algorithme notamment en
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termes de transposabilité dans une autre région, du fait des nombreux « crash-
test » qu’elle a effectué. Dans une région ou peu de données existent et ou les
glaciers ont une importance capitale dans les cycles hydrologiques locaux, ce
jeu de données de SMB annuel, lorsqu’il sera publié, apportera une vraie plus-
value a la communauté scientifique internationale et locale, notamment
intéressée par |'utilisation de l'algorithme de détection de la ligne de neige
pour des inventaires nationaux (collaboration avec Katy Medina du National
Glacier and Mountain Ecosystem Research Institute (INAIGEM)). Le rapport de
de fin de stage de Léna tel qu’elle I'a écrit est présenté dans I'annexe 1.
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Figure 15 : SMB pluriannuels issus de la méthode géodésique sur la période 2000-
2018 en fonction de six variables morpho-topographiques. Les coefficients de
corrélation sont indigués pour chagque comparaison. La ligne rouge représente la
régression linéaire robuste calculée a partir de la méthode M-estimateur (Susanti et
al., 2014).
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Annual and seasonal glacier wide surface mass balance quantified from
changes in glacier surface state: a review on existing methods using optical
satellite imagery

Abstract: Glaciers are one of the terrestrial essential climate variables (ECVs)
as they respond very sensitively to climate change. A key driver of their
response is the glacier surface mass balance that is typically derived from field
measurements. It deserves to be quantified over long time scales to better
understand the accumulation and ablation processes at the glacier surface and
their relationships with inter-annual changes in meteorological conditions and
long term climate changes. Glaciers with in situ monitoring of surface mass
balance are scarce at global scale, and satellite remote sensing provide a
powerful tool to increase the number of monitored glaciers. In this study, we
present a review of three optical remote sensing methods developed to
quantify seasonal and annual glacier surface mass balances. These
methodologies rely on the multitemporal monitoring of the end-of-summer
snow line for the equilibrium-line altitude (ELA) method, the annual cycle of
glacier surface albedo for the albedo method, and the mapping of the regional
snow cover at seasonal scale for the snow-map method. Together with a
presentation of each method, an application is illustrated. The ELA method
shows promising results to quantify annual surface mass balance and to
reconstruct multi-decadal time series. The other two methods currently need
a calibration on the basis of existing in situ data; however a generalization of
these methods (without calibration) could be achieved. The two latter methods
show satisfying results at the annual and seasonal scales, particularly for the
summer surface mass balance in the case of the albedo method and for the
winter surface mass balance in the case of the snow-map method. The limits
of each method (e.g., cloud coverage, debris-covered glaciers, monsoon-
regime and cold glaciers), their complementarities and the future challenges
(e.g., automating of the satellite images processing, generalization of the

methods needing calibration) are also discussed.
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4.1 INTRODUCTION
Glaciers and ice caps are one of the 50 essential climate variables recognized

by the Global Climate Observing System (GCOS), an internationally
coordinated network of observing systems designed to meet evolving national
and international requirements for climate observations [1]. Among the main
glacier characteristics (e.g., length, surface area, mass balance), the surface
mass balance (SMB) is the most relevant in terms of climate as it is governed
by processes of accumulation and ablation at the glacier surface, primarily
driven by the atmospheric conditions.

Logistical, human and financial constraints associated with field measurements
result in a comparably small number of glaciers being permanently monitored
in different climate regions worldwide. Regarding the SMB, the World Glacier
Monitoring Service (WGMS) lists data available for 440 glaciers monitored
worldwide through direct field measurements, including uninterrupted series
longer than 40 years, for only 40 glaciers [2]. The 440 monitored glaciers
represent only 0.25% of the nearly 200,000 glaciers inventoried on Earth and
included in the Randolph Glacier Inventory (RGI) and GLIMS databases [3-4].
This small sample limits our understanding of the relationship between climate
and glacier changes at regional to global scales, as well as our understanding
of the contribution of glaciers to water resources and to the biodiversity of

high-altitude watersheds.

Consequently, there is a need for monitoring approaches that are
complementary to field measurements to quantify the SMB of individual
glaciers at a regional scale. For this purpose, satellite remote sensing has
proven to be a very useful tool. The increase in the number and availability of
satellite sensors over nearly four decades, as well as their improved
performance, /.e., theirimproved spatial, radiometric and temporal resolutions,
has made remote sensing approaches vital for the monitoring of glaciers. Many

remote sensing methods have been developed since the 1970s to determine
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the physical characteristics of glaciers [e.g., 5]. While variables such as length
and areal extent, as well as their variations, could be retrieved relatively easily
from sparse or intermittent imagery, the increase of satellite stereo imagery
and advances in space-borne photogrammetry have allowed glacier
topography to be repeatedly mapped, and, in turn, geodetic mass balance to
be derived. For example, digital elevation models (DEMs) can be derived from
medium-to-high resolution optical satellite images (e.g., SPOT-5/HRS or
ASTER) images or radar satellite data (e.g., SRTM) but the vertical precision
(~5 m) prevents an accurate estimation of the mass balance of individual
glaciers typically smaller than ~10 km2. New generations of satellites sub-
metric optical stereo-images (e.g. Worldview, Pléiades) show promises to
provide accurate glacier topography with a vertical precision of £1 m and even
+£0.5 m on gently-sloping glacier tongues and retrieve annual and seasonal
glacier-wide SMB using the DEM differencing method [e.g., 6-7]. However, the
deployment of this method at a regional scale is still hampered by the limited
availability, footprint (e.g., 20 km x 20 km for Pléiades) and the cost of these
commercial stereo-images at the right time of the year. In addition, it is worth
noting that the geodetic method needs a density value for the conversion from
volume change to mass change. Because this value and its spatio-temporal
variations at the glacier scale are hardly quantifiable, this method currently

provides mass balance at a temporal resolution typically of five to ten years.

Alternatively, changes in the state of a glacier surface have been used to infer
its surface mass balance. In particular, variations in the respective area of the
accumulation zone and the ablation zone of glaciers via the mapping of the
end-of-summer snow line support estimates of the equilibrium-line altitude
(ELA), and/or the accumulation area ratio (AAR) that are used in turn to infer
annual SMB. In this context, improvements and systematic application of the
ELA method, as well as emerging approaches based on the regular monitoring

of snow and ice surfaces have confirmed the potential to confidently estimate
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annual and seasonal SMB of glaciers [e.g., 8-9]. In this study, we present an
overview of three remote sensing techniques developed recently to retrieve
the annual and seasonal SMB of mountain glaciers using optical satellite
images of high (SPOT, Landsat, ASTER), medium (MODIS) and low (SPOT/VGT,
Proba-V) resolution. These methods share a common theme that is to
characterize the state of the glacier surface (/.e., snow line altitude, glacier
surface albedo, seasonal snow cover) and its spatio-temporal changes.

Each of the three methods is presented in section 4.2 with an application.
Section 4.3 discusses the limits and complementarities of the methods as well

as the future challenges together with possible further improvements.

4.2 METHODS TO RETRIEVE ANNUAL AND SEASONAL GLACIER-WIDE SURFACE

MASS BALANCES USING OPTICAL SATELLITE IMAGERY
In order to simplify the text, the method using the snow line detection as a

proxy of the ELA from high resolution optical satellite images is called the “ELA
method’; the one that uses the quantification of the glacier-wide surface
albedo from medium resolution optical satellite images is called the “a/bedo
method’; and the one that uses the mapping of the average regional snow
cover extent from low resolution optical satellite images is called the “snow-

map method".

4.2.1 The ELA method

Principles and history of the method
For glaciers where the formation of superimposed ice [10] is negligible, it is

commonly accepted that the position of the glacier snow line at the end of the
ablation season is representative of the equilibrium line [11]. Indeed, in the
glacier reaches located above the altitude of the end-of-summer snow line,
accumulation is greater than the ablation and this part therefore constitutes
the accumulation zone. Conversely, in the glacier reaches located below the

altitude of the end-of-summer snow line, ablation is greater than the
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accumulation and this part therefore constitutes the ablation zone. Thus, the
SMB at the altitude of the end-of-summer snow line is zero, and the snow line
therefore matches the equilibrium line. Moreover, at annual scale, the altitude
of the equilibrium line (ELA) exhibits high correlation with the SMB [e.g., 12-
14].

The potential for mapping the end-of-summer snow line in glaciological studies
was considered as early as the 1950-60s based on aerial photographs [15-16],
then since the early 1970s using the first civilian optical satellite imagery [17].
In the early 1980s, Braithwaite used /n situ measurements of glacier SMB and
ELA to propose a method to quantify the glacier SMB from its equilibrium line
[12]. The method was based on the altitude difference between the ELA for a
given year and the balance-budget ELA (called ELAo and assumed to be
constant by Braithwaite). To compute the annual SMB of the considered year,
this difference is multiplied by the “effective balance gradient” which
represents a time- and space-average of the SMB gradient with altitude; a
value considered constant by Braithwaite for a given region. Braithwaite yet
recognized that there are large regional variations of the “effective balance
gradient” and pointed out the potential error of using a universal value.
Moreover, Braithwaite postulated that this value is representative of the mass
balance gradient. However, when compared with measured SMB gradients
available today, one can note that Braithwaite’s “effective balance gradient”

values were 2 to 7 times higher than the SMB gradients.

Building upon these pioneering works by Braithwaite, a method to quantify the
glacier SMB from the equilibrium line has been developed with the idea to be
applied with remote-sensing data only, thus without any reliance on /n situ
measurements [13,18-20]. This method has been validated for mid-latitudes

alpine glaciers [13,20], and glaciers in the outer tropics [21].
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It is worth noting that other studies took advantage of the detection of the
end-of-summer snow line from airborne or satellite data to document its year-
to-year variability [22] or the changes in altitude of the snow line over the
summer period as a proxy of ablation [23]. Other studies quantified the annual
glacier wide SMB by combining the altitude of end-of-summer snow line with
the glacier hypsography and the SMB gradients above and below the ELA [24],
or with a temperature-index model [25]. The method proposed by Shea et al.
[24] depends on the availability of the SMB gradients in the ablation and
accumulation zones, and uncertainties associated with these gradients and
their use to compute the glacier-wide SMB can lead to significant errors. On
the other hand, the method proposed by Tawde et al. [25] uses meteorological
data and therefore depends on their availability in the vicinity of the studied
glaciers. In this method, the errors related to the extrapolation of the

meteorological variables can significantly affect the computed SMB.

The strength of the method proposed by Rabatel et al. [13] is due to the
combination of the geodetic method and the temporal changes in the ELA. The
geodetic method using DEM differencing ensures an accurate quantification of
the changes in glacier mass over the entire study period (/.e. the value of the
glacier-wide average annual SMB), and the changes in the ELA allow
computing the annual departure in the glacier-wide SMB from its average
computed by the geodetic method. In addition, in Rabatel et al. [13] the value
used for the SMB gradient is the one in the vicinity of the ELA, /.e. in an
elevation range where assuming this gradient as a constant over time and
space is reasonable. Note that this assumption is also supported by Mernild et
al. [23].

Consequently, in the method described in Rabatel et al. [13], the glacier-wide
annual SMB series is reconstructed in two steps. First, for each year, the
difference between altitude of the snow line at the end of the ablation season,
SLA; (in m, used as a surrogate of E£LA), and the theoretical altitude of the
equilibrium line if the glacier had a balanced budget (glacier wide mass balance

= 0) over the study period, £LAeq (in M), is calculated. E£LAeq is computed as:
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B
ob/oz (1)

l4

ELA, = %i(SLA)+

where B is the average glacier-wide annual SMB over the study period (in m
w.e. yr-1) quantified by the DEM differencing method, and db/3z is the SMB
gradient in the vicinity of the ELA. This gradient, estimated from /n situ data,
is assumed constant across a glacierized region, for example 0.78 m w.e. 100
m~! for the French Alps according to Rabatel et al. [13]. Rabatel et al. [13]
demonstrated that even if db/3zfor a specific glacier departs slightly from this
value, using an average value at a regional scale does not compromise the
results. The glacier-wide annual SMB B, (in m w.e. yr~1), computed for each
year over the study period can then be expressed as:
B, = (ELA, —SLAi)XZ—lZD. 2)
Applying the ELA method requires the following:

e Two DEMs covering the entire region of interest (Rol); one at (or close
to) the beginning of the study period, one at (or close to) the end.

e One cloud-free satellite image for each glacier under study and for each
year of the study period. In temperate latitudes, the image must have
been acquired at the end of the summer season, and in the outer tropics,
during the dry season.

e An estimate of the mass-balance gradient in the vicinity of the ELA.

Application of the method on 30 glaciers in the French Alps
In a recent study, Rabatel et al. [9] applied the ELA method to quantify the

annual SMB of 30 glaciers in the French Alps over the period 1983-2014. For

this period, only five glaciers in the French Alps had continuous annual SMB
time series quantified from /n situ measurements. As a consequence, this
study multiplied by six the number of long term (> 30 years) SMB time series

in the French Alps. Figure 1 illustrates an example of the snow line
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identification on the Glacier d’Argentiére in the Mont-Blanc Massif from a

Landsat image.

)1{
DA B

Figure 1: Examples of the snow line identification (in yellow) on the Glacier
d’Argentiere. The images have been acquired on 18 August 2002 by Landsat-7 (left)
and 9 September 2013 by Landsat-8 (right). These illustration uses a spectral band
combination involving the bands #2 (0.52-0.60 uym), #4 (0.77-0.90 um) and #5
(1.55-1.75 um) for Landsat-7, and the bands #3 (0.53-0.59 um), #5 (0.85-0.88 um)
and #6 (1.57-1.65 um) for Landsat-8. 50-m elevation contour lines are shown in gray.

To quantify the overall glacier mass loss and compute the average annual SMB

(E in Eq. 1) over the study period, the authors used three DEMs: one dated
from 1979 (retrieved from aerial photographs), one from 2003 and one from
2011 retrieved from SPOT-5 stereo images. Regarding the detection of the
annual end-of-summer snow line (SLA;in Eq. 1 and 2), the authors used 131
images from different satellites (SPOT 1 to 5, Landsat 4 to 8 and ASTER) to

cover the 30 glaciers for the 31-year study period. From B and SLA;, ELAeq
and B could be quantified for each glacier using Equations 1 and 2. Figure 2
illustrates the cumulative SMB time series. One can note the very good
consistency in the inter-annual mass changes between the glaciers related to
homogeneous meteorological conditions and inter-annual variability at the
regional scale. This result is in good agreement with the homogeneity in inter-
annual glacier mass changes quantified from /n s/itu point surface mass balance
data at the scale of the European Alps [26] and in other regions of the world
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[27]. On the other hand, Figure 2 shows that the cumulative mass loss at
decadal time scales varied considerably from one glacier to another, and the
authors showed that the changes in glacier surface area and length are not
representative of changes in mass balance at this decadal time scale. On the
other hand, Rabatel et al. [9] emphasized the shift in the temporal trend of
glacier mass loss in the early 2000s, with a 3.25-fold increase in the average
mass losses by the 30 glaciers between the periods 1983-2002 and 2003-2014
(-0.47 and -1.52 m w.e. yr’!, respectively).
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Figure 2: Cumulative glacier-wide mass balance time series for 30 glaciers in the
French Alps (1983-2014), quantified from the end-of-summer snow line. The black
curve on the graph is the average of the 30 glaciers and the gray area shows the +
1 standard deviation interval. Numbers in brackets after the glacier name refer to the
map of the right. Adapted from Rabatel et al. [9].

Regarding the ELA method, Rabatel et al. [9] provided evidence for the
different sources of uncertainty in the quantified annual glacier-wide SMB
coming from each of the variables in Eq. 1 and 2 and the one related to the

temporal difference between the date of the used satellite image and the end

69



of the hydrological year. The authors concluded that the overall uncertainty in
the glacier-wide annual SMB equals £0.22 m w.e. yr! on average considering
all the studied glaciers and all the years (ranging from +£0.19 to £0.40 m w.e.
yr-1 depending on the year and glacier concerned). They showed that the main
sources of uncertainty results from: (1) the average annual SMB over the
entire period computed by DEM differencing which depends on the quality of
the available DEM (this uncertainty is estimated at £0.12 m w.e. yr! in Rabatel
et al. [9]); and (2) the temporal difference between the date of the used
satellite image and the end of the hydrological year (£0.09 m w.e. yr! in

average but ranging from 0 to £0.33 m w.e. yr! in Rabatel et al. [9]).

Rabatel et al. [9] also considered the impact of using an intermediate DEM
when the study period is long (e.g. several decades). Indeed, to quantify the
average annual SMB over the entire period by DEM differencing, the mean
surface area of the glacier is generally taken as the arithmetic mean of the
initial and final areas. This assumes that surface area and SMB trends are
linear, which is not necessarily true. Accordingly, the authors concluded that
for study period of several decades with potential periods of glacier mass gain
and loss, using an intermediate DEM is recommended to reduce errors related

to non-linear changes in surface area.

4.2.2 The albedo method

Principles and history of the method
The albedo, g, of a surface measures the ratio of solar radiation being reflected

by this surface. In the case of snow and ice targets, albedo often controls the
surface energy budget that in turn governs glacier ablation [e.g., 28-29]. On
temperate glaciers, this control accentuates during the ablation season as
relatively high reflective snow (g~ 0.8) progressively gives way to more
absorptive ice surfaces (g~ 0.4 or less), concurrently with a significant
increase in daily shortwave radiation [30-31]. The rationale behind the a/bedo
method thus stemmed from the capacity of glacier surface albedo to integrate
processes of accumulation (e.g., albedo rising with fresh snowfall) and ablation
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(decrease of albedo as snow transforms and/or glacier is increasingly exposed)

combined with its significant physical control on net energy fluxes.

In attempting to estimate the mass balance of Vatnajokull using AVHRR data,
pioneers of this approach De Ruyter De Wildt et al. [32] faced difficulties in
resolving the equilibrium-line due to ambiguities in the transition between ice,
firn, and snow, further complicated by cloudiness. Having converted spectral
reflectance to broadband albedo, these authors averaged the albedo over the
glacier surface, hereby named glacier-wide albedo, a. The sum of absorptance
(/.e., 1-a) weighted by the extraterrestrial solar radiation and integrated over
a summer was postulated and found to correlate well with the surface mass
balance. Greuell and Oerlemans [33] confirmed and refined this approach on
a transect in Greenland by using the satellite-derived albedo in an
approximation of the energy budget instead of an empirical regression. The
method was then applied more widely by Greuell et al. [8] to resolve inter-
annual anomalies in SMB of 18 Svalbard glaciers found to be consistent with
observations. Nonetheless, Greuell et al. [8] stressed discrepancies between
observations and satellite estimates that impair the usefulness of the method

when not calibrated by absolute values of SMB.

Dumont et al. [34] revisited this approach by building upon progress in the
atmospheric and topographic corrections of optical imagery [35], combined
with an improved retrieval method of snow and ice albedo [36]. This allowed
time series of glacier surface albedo of mountain glaciers to be derived from
MODIS data. Under the simplest assumption that, at the end of the ablation
season, a glacier of surface A, accounts for a relative share between an
accumulation zone of area 4,.., covered by snow with an average albedo of
Asnow, @nd an ablation zone of area A,;,;, exhibiting exposed glacier ice with an
average albedo of «,.., then, assuming a linear mixing of the reflectance, the

glacier-wide albedo can be obtained as
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AsnowAacct®iceAabl (3)
" .

a

Using AAR = % =1 —%, it comes that:

a = Aice + AAR(Aspow — Xice)- (4)

In other words, the glacier-wide albedo is a case of linear spectral mixing that
approaches directly the AAR with the sensitivity of @ to AAR being controlled
by the contrast in albedo between the exposed ice and the snow at the end of
the ablation season. Note that this also requires that the albedo of snow and

ice at the end of the ablation season remain constant from one year to another.

By leveraging frequent MODIS observations, Dumont et al. [34] used the
minimum reached by @ at the end of the ablation season, namely a™" to
capture the AAR. In turn, and consistently with studies showing AAR to be a
good predictor of SMB [e.g., 14,37-38], Dumont et al. [34] showed that g™
could be used as a surrogate for the annual SMB on Saint-Sorlin glacier (French
Alps) using a simple linear model, namely

B, =s*a™n +o, (5)
where s and o are the slope and offset of the linear regression, respectively.
Using a similar approach, Wang et al. [39] also obtained significant
correlations between a at the end of summer and annual SMB on two glaciers
in western China. Brun et al. [40] further tested the method on Chhota Shigri
(India) and Mera (Nepal) glaciers in Himalaya allowing annual SMB series to
be reconstructed over the period of MODIS observations. The correlation
between @™ and B, on Mera Glacier was found to be less robust because of
persistent cloud cover and snow accumulation during the monsoon season that
prevented the seasonal variations of @ to be fully resolved despite near-daily
imaging with MODIS. As a summer accumulation type glacier, Mera Glacier
also exhibited a relatively narrow range of a™" that contributed to a weaker
linear model. A linear correlation between surface mass balance and albedo
over Greenland’s terrestrial ice was also shown by Colgan et al. [41] and used
to estimate monthly surface mass balance. Finally Sirguey et al. [42]

successfully applied the albedo method on Brewster Glacier in New Zealand,
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allowing the relatively short record of /n situ measurements to be

reconstructed over 37 years.

Application of the albedo method on New Zealand Southern Alps glaciers
Only a few direct SMB studies have been made in the Southern Alps of New

Zealand, bringing relatively short term observations [43]. In lieu of direct
glaciological monitoring, annual aerial surveys have been conducted since
1977. Oblique photographs captured at the end of the austral summer are
used to document the position of the snow line (end-of-summer snow line,
corresponding to the SLA; in the previously described ELA method) on 50
“index” glaciers which sample several transects along and across the alpine
range. The photographic record supports estimates of SLA; as the annual ELA
of glaciers, whose inter-annual variability is used as a surrogate to glacier
mass-balance changes [22]. Cullen et al. [38] recently consolidated the
longest /n situ record of a glacier SMB in New Zealand, namely Brewster Glacier.
The study documented the relationship between AAR, ELA, and SMB, and
supported the validity of linear approximations within range of variations of
ELA or AAR. Sirguey et al. [42] confirmed the potential of the a/lbedo method
in New Zealand with @™ found to be a suitable proxy to estimate both the
annual and summer SMB (Fig. 3). It enabled the SMB series of Brewster Glacier
to be reconstructed over the period of MODIS acquisition and confirmed the
potential of frequent monitoring of glacier surface properties as a method

capable of sustained systematic observations of glacier SMB signal.
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Figure 3: Relationships between (a) annual and (b) summer SMB and minimum
glacier-wide albedo calculated across 26 MODIS pixels on Brewster Glacier (from

[42]).

Among the four /ndex glaciers of more than 2 km? monitored in New Zealand,
variations of MODIS glacier-wide albedo was obtained for Park Pass Glacier
from which yearly values of @™ could be obtained (Fig 4). Figure 4b confirms
a conclusion by Sirguey et al. [42] that a™" is expected to be reached in early
February. @™ values for each year on Park Pass (2000-2015) and Brewster
(2000-2013) glaciers are plotted against the corresponding SLA; from the
snow line aerial survey program in Figure 5. In the two cases, a™® captures
nearly 90% of the variance of SLA;, thus stressing its potential to supplement
the EOSS program, for example to generate SMB sighals of New Zealand

glaciers larger than those currently included in the aerial surveys.
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Figure 4: (a) Park Pass Glacier with footprint of MODIS 250m resolution pixels used
to retrieve glacier surface albedo. (b) Average seasonal albedo cycle of Park Pass
Glacier for the 2000-2015 period. Retrieval of albedo is compromised during winter
months as the glacier is almost fully in the shade at the time of MODIS/Terra
acquisition.
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Figure 5: (a) Evolution of a™" and SLA; from the snow line aerial survey program for
Park Pass glacier over the 2000 - 2015 period. (b) Comparative relationship between
a™n" and SLA; for Park Pass and Brewster glaciers.

2100

Therefore, the a/lbedo method can capture a SMB signal comparatively relevant

to that of the snow line aerial survey program (analog to the ELA method).
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Moreover, the albedo method has the advantage of being available from
satellite remote sensing and a potential of generalization to monitor an entire
glacierized region with less logistical burden. However, the conversion of a™n
to SMB values has, so far, been approached only via calibration with /n situ
data. It is possible to propose a development of the albedo method inspired
from the ELA method to quantify the SMB readily from a™®, namely a gradient-
based albedo method. First, we note that the SMB-elevation gradient db/dz,
used by Rabatel et al. [13] can be converted into a SMB-area gradient db/0AAR,

using the hypsometric curve of a glacier using:

db ab 0z
=—X .
0AAR dz  0AAR (6)

For example on Brewster Glacier, Cullen et al. [38] found that g—i =1.75mw.e.

0z

i
I 9AAR S

100 m™! across ELA,,. From the hypsometric curve shown in Figure 6a

found to be ca -2.1 m % . The value of% can be estimated as -36.7 mm

w.e. %1, From Cullen et al. [38], the average annual SMB over the period
2005-2013 is estimated to B = -0.201 m w.e. yr! (note that the latter could
be obtained from the geodetic method that uses DEM differencing). Using a™"
values derived by Sirguey et al. [42] and assuming ag,,, = 0.62 (old snow)
and a;., = 0.48 similar to observations made by Cullen and Conway [31],
equation (4) yields estimates AAR; that match the values obtained from re-
analysis of /n situ measurements (Fig. 6b). With regards to the ELA method,

the AAR of a glacier in equilibrium can be estimated by:

AAR.q = ~ Y AAR; + —5—. (7)

0AAR

Using the values above, we find AAR,, = 47% for Brewster Glacier which is
close to the estimate based on the hypsometric curve (46%) reported Cullen

et al. [38]. Finally, yearly values of surface mass balance B,, can be estimated
by:

A db
B, = (AAR., — AAR) —— (8)

0AAR’
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Figure 6c illustrates the good agreement between SMB values of Brewster
Glacier derived by the gradient-based albedo method and those initially
obtained via direct regression with /n situ measurements. Although this
example only serves as a proof of concept, it shows that the approach of the

ELA method can be generalized to the albedo method successfully. Similar to
Rabatel et al. [24] and Chinn et al. [43] who postulated that 3—;’ could be
extrapolated to glacier (sub-)regions to apply the ELA method, a similar
assumption could be made along with a specific glacier hypsometric curve to

extrapolate the gradient-based albedo method to glaciers with no in situ

measurements.
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Figure 6: (a) Hypsometric curve of Brewster Glacier. (b) Comparison between AAR
estimated from a linear spectral mixture model of glacier-wide surface albedo and
reference values from reanalysis of in situ glaciological observations. (c) Comparison
between mass balance obtained with the gradient-based albedo method and
estimated from the re-analyzed glaciological method (2005-2013, [38]) and
calibrated albedo method (2000-2004, [42]).

Finally, the albedo method proved to support more than the annual balance
only. Sirguey et al. [42] hypothesizes that, in addition to B,, the temporal
variation of @ could also support a signal related to summer and winter mass
balance B, and B,,, respectively. a™" was found to correlate well with B, which
is consistent with glaciers whereby the variability of annual SMB is
predominantly controlled by the variability of summer SMB [38,44].
Furthermore, Sirguey et al. [42] proposed the cumulative winter albedo 4,,,
namely the integration of @ over the accumulation season when @ exceeds a

threshold «a,;, large enough to capture conditions favorable to winter balance:

Ay = fwinter {a(t()): f/(sa = fon dt. (9)

A significant correlation was found between winter SMB and 4,, that allowed
B, to be estimated using a linear model. The concurrent evolution between 4,,
and B, illustrated in Figure 7 supports that a signal of winter balance can be
captured by monitoring variables of the glacier surface that integrate events
that are favorable to winter accumulation. This result resonates with the
following section of the paper whereby the inter-annual variability of the snow
cover around glaciers during summer and winter is also shown to explain

variability of the seasonal SMB.
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Figure 7: Temporal variations of winter mass balance and cumulative winter albedo
for Brewster Glacier.

4.2.3 The snow-map method
Principles and history of the method

This method is based on regional snow maps from daily optical satellite images
(e.g., the daily 1 km resolution SPOT/VGT and PROBA-V images) to quantify
glacier seasonal SMB. The method hypothesizes that the seasonal mean snow

altitude around a glacier is a proxy for the seasonal glacier SMB.

The first step consists of calculating the normalized difference snow index
(NDSI) from the satellite images to produce daily snow maps for the winter
and summer seasons of the study area during the period covered by the
satellite data (e.g., 1998-2014 for SPOT/VGT, 1 km pixel resolution). The NDSI
was introduced by Crane and Anderson [45] and Dozier [46] for the Landsat
sensor. The index has since been widely used with different sensors [e.g., 47-
49]. The NDSI value is proportional to the snow cover fraction inside the pixel
and allows an efficient monitoring of the spatial and temporal snow cover
variations [50]. In Drolon et al. [51], an NDSI adapted to the SPOT/VGT sensor
was proposed, inspired by Chaponniere et al. [50], computed from the mean
of the red (B0) and blue (B2) channels and from the SWIR band:
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B0+B2
2

BO+B2
2

NDSI = ( — SWIR)/( + SWIR). (10)

A cloud mask is applied in order to flag cloudy pixels and to avoid
overestimating the snow coverage. A temporal interpolation is then computed
for the “cloudy” pixels. Maps of winter/summer NDSI are produced by
averaging all NDSI syntheses (10-day syntheses for SPOT/VGT images)
included between 1 October and 30 April for each winter, and between 1 May

and 30 September for each summer (Fig. 8).
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Figure 8: Example of regional seasonal snow maps over the European Alps for two
contrasted hydrological years produced by averaging all NDSI syntheses included
between 1 October and 30 April for the winter season, and between 1 May and 30
September for the summer season.

Then, the seasonal snow maps are overlaid on a DEM (e.g. SRTM30) to derive
the seasonal altitudinal distribution of NDSI in an optimized area surrounding

each studied glacier called the windows of snow monitoring (WOSM). The
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inter-annual variability of the altitudinal distribution of NDSI within the WOSM
surrounding the glacier is thus obtained for the studied period (16 years for
SPOT/VGT; Fig. 9). From the intersection between an optimized NDSI value
(specific to each glacier) and each curve of the NDSI seasonal altitudinal
distribution, a “mean regional” altitude of snow (Z2) can be deduced for
summers and winters of the study period.

Finally, a linear regression between the mean regional snow altitudes Z and
the seasonal SMB is quantified (Fig. 10). This linear regression allows the
estimation of the glacier seasonal SMB, as a function of Zinferred from satellite
images (see Eq. (11), generalized for both seasons):

Bw/s v =X wis* Zwss + Bwys. (11)
Bus veris the winter/summer SMB estimated for the year y (in m. w.e. yrt),
Zwys is the winter/summer “mean regional” altitude of snow (in m), the slope
coefficient aus (in mm w.e. yr! m1) represents the sensitivity of a glacier

winter/summer SMB towards Zus, and Bus is the winter/summer intercept

term (in mm w.e. yri).

Mean NDSI
Mean NDSI
°

2 500 1000 1500 2000 2500 3000 3500 = 500 1000 1500 2000 2500 3000 3500
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Figure 9: Example of altitudinal distribution of NDSI for each year since 1998. The
NDSI was averaged in a square window centered on Griesgletscher, central Swiss
Alps. The red horizontal line represents the NDSI value from which the mean regional
snow altitude Z (represented by the red vertical line) is inferred for each year. (a)
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Winter NDSI over 1999-2014. (b) Summer NDSI over 1998-2014. From Drolon et al.
[51].
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Figure 10: Observed (a) winter and (b) summer SMB of Griesgletscher, central Swiss
Alps, as a function of the mean regional snow altitude Z for each year of the calibration
period represented by colored dots. Dashed thin lines represent the 95% confidence
intervals for linear regression (solid line). From Drolon et al. [51].

For each glacier, different sizes of WOSM and different seasonal NDSI values
can be applied. Both WOSM and NDSI value are adjusted in order to minimize
the RMSE. s cas between the observed and simulated seasonal SMB. The cost

function foptimizing the RMSE. s cas for a glacier is thus:

N _ 2
f(NDSI*, WOSM", awss, Buss) = min ( \/ZH(BW/SVGTV Buje rer) )

N

(12)

NDSI* and WOSM™ are respectively the NDSI value and the WOSM side length
minimizing the RMSE, s ca. Allowing the adjustment of both the NDSI value
and the WOSM size is a mean to select an optimized quantity of snow-covered
pixels (where snow dynamics occurs) that are less affected by artefacts like

residual clouds, aerosols and/or directional effects.
To apply the snow-map method, the following are needed:

e Several optical satellite images for each season of the studied period,
covering the region of interest (ROI).

e One DEM of the ROI acquired during the studied period.

e Observed seasonal SMB available over the studied period covered by the
satellite (or for sub-period of the study period).
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Application of the method on 55 glaciers in the European Alps
This method has been applied for 55 glaciers in the European Alps with

SPOT/VGT images by Drolon et al. [51]. Promising linear relationships between
the regional mean snow altitude and observed seasonal SMB have been found
over the calibration period 1998/1999-2008. The explained variance in winter
is statistically significant for all glaciers (R2=0.84 on average) and the
averaged RMSE (161 mm w.e. yr!) is below the usual error Eobs associated
with glaciological SMB measurements (typically included between 200 and

400 mm w.e. yri).

For the summer period, the explained variance is lower although still
statistically significant (R2=0.73 on average) with the averaged RMSE (318
mm w.e. yr!) still in the range of Eobs. An individual cross-validation of the 55
linear regressions allowed validating the temporal stability and the robustness
of 95% of the relationships in winter and of around 60% of the relationships

in summer.

Beside the individual calculation of each glacier SMB presented in Drolon et al.
[51], we illustrate here a synthetic result through the mean reconstructed and
observed MB time series averaged for the 55 studied glaciers (Figure 11). In
winter (Fig. 11a), <Bw ver> is generally in close agreement with <By ops>. The
highest absolute mean SMB errors /MBE. ca/ (i.e. the mean difference
between B, verand B ovs for all the glaciers) (175 mm w.e. yrt in 2005) is
smaller than Eobs and than the standard deviation of the observed winter SMB
of all glaciers ow oss (615 mm w.e. yrtin 2005). Moreover the two contrasted
2001 and 2002 winter are well-captured by the model. In summer (Fig. 11b),
< Bs ver> accurately reproduces <Bs ops> and the large inter-annual variations
are well captured. The lowest SMB values are observed in 2003 reflecting the

exceptional summer heat wave of 2003. The summer absolute mean SMB error
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/MBEs 2/ is the highest in 2007 (448 mm w.e. yr1) and 2003 (356 mm w.e.
yr1) but remains still inferior to the standard deviation of the observations
(594 and 559 mm w.e. yr! for 2007 and 2003, respectively).

The relationships calibrated over the period 1998-2008 have then been applied
to the evaluation period 2009-2014. Seasonal surface mass balances /in situ
data on the 55 studied glaciers across the European Alps show that the method
is able to retrieve the winter SMB without bias and with an acceptable mean
error (417 mm w.e. yrt) over 2009-2014. In summer, the mean error of SMB
estimation over 2009-2013 is higher than in winter (561 mm w.e. yr!) and

slightly above Eops.

The possibility of a generic and transferable relationship between Z and
seasonal SMB has also been investigated to apply the methodology on glaciers
where no /n situ SMB data are available. For each season, a generic model has
been built by averaging the aws;s and Bw/s coefficients obtained from the cross-
validated relationships. Additionally, the NDSI values and WOSM sizes are
adjusted in order to minimize the mean RMSE for the glaciers used for
validation. Then the ability of the resulting generic model to retrieve the 55
glaciers seasonal SMB was assessed. In winter, the generic model showed
significant results over the entire study period 1998-2014 (mean RMSE of 411
mm w.e. yr! as regards to Eoss). However, errors produced by the summer
generic model are high (714 mm w.e. yr't). The high inter-annual variability

of the alpine glaciers summer SMB is not well captured by the generic model.
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Figure 11: Time series of observed SMB (red) and VGT SMB (blue) over the period
1998-2008, averaged for the 55 glaciers. The pink curves represent the £+ 1 standard
deviation for all glaciers. (a) Winter SMB, (b) Summer SMB. From Drolon et al. [51].

4.3 DISCUSSION
4.3.1 Limits of the methods

Cloud cover
The three methods based on optical satellite imagery presented here are

subject to the limitation of cloud cover. Regarding the E£LA method this issue
becomes progressively less important with the multiplication of satellites
acquiring images at a decametric spatial resolution (e.g. Landsat, ASTER,
SPOT, Sentinel-2) and in some cases with a short revisiting time-period (e.g.,
5 days for Sentinel-2). In addition, Rabatel et al. [9] have shown that using
images recorded within one month before the end of the hydrological year (/.e.
between mid-August to late September for the northern hemisphere mid-
latitudes) generates accurate annual SMB values because the elevation
changes of the snhow line at the end of the summer is limited. Another
alternative could be the use of Radar data which showed promising results for

the identification of the end-of-summer snow line [52-53].

The albedo method is also affected by cloud obstruction although it leverages
more frequent imagery at coarser resolution to increase chances of repeated
clear observations spanning the seasonal albedo cycle. For example, due to
the persistent cloud cover in New Zealand, nearly 70% of observations are
affected by clouds even with near-daily imagery. However, there are still
enough good observations sufficiently scattered in time to resolve the albedo
cycle. As the method relies on a cloud detection algorithm and due to the
difficulties of achieving perfect discrimination between clouds and snow using

optical imagery, the albedo method also suffers from omissions and
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commissions errors in the cloud detection algorithms. This can however be
mitigated via the statistical filtering of time series. Resolving the albedo cycle
can become particularly difficult for areas with even more persistent clouds,

such as Nepal during the monsoon [40].

Regarding the snow-map method, the effect of pixels contaminated by
undetected clouds (e.g. low-altitude clouds located in the valleys) can partly
explain the reduced performance for summer. The error in a pixel NDSI value
caused by a cloud is smaller for a snow-covered pixel than for a snow-free
pixel. As there is less snow in summer than in winter, undetected clouds may

impact NDSI and snow detection more in summer.

Glacier size and elevation
Regarding the ELA method, the main limiting factor for its application is related

to the uppermost elevation reached by the glacier. Indeed, the uppermost
elevation must be high enough to allow preserving an accumulation zone at
the end of the ablation season. The a/bedo method leverages high frequency
acquisitions to resolve the albedo cycle with sufficient details to retrieve
minimums representative of the glacier surface condition at the end of the
summer. In remote sensing, this typically involves imagery obtained at coarser
spatial resolution. For example, the application presented here has relied on
near-daily imaging from MODIS with albedo mapped at 250 m spatial
resolution. This nominal footprint is compromised of the panoramic distortion
of the across track scanner with about a third of observations acquired under
view angle greater than 45°. In effect, the relatively large pixels favor spectral
mixtures with nearby terrain that hinder the quality of the albedo signal [42].
Furthermore, the area from which the glacier-wide albedo is calculated needs
to account for pixels in both the ablation and accumulation areas to capture
contrast and statistically reduce the noise inherent to the albedo retrieval
method via averaging. It has so far been applied only to glaciers of area
greater than 2 km? captured typically by more than 20 MODIS pixels chosen

inside the glacier outlines to minimize spectral mixtures. Glaciers on and/or
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surrounded by steep topography can also be exposed to severe shadowing
that can compromise the albedo retrieval. This happens typically during winter
months when relying on morning MODIS/Terra acquisition. Early afternoon
imagery from MODIS/Aqua could be used to mitigate this limitation.

For the snow-map method, the uppermost elevation reached by a glacier or
the minimum size of a glacier do not constitute an a priori limit of applicability.
However, in some rare cases, if the regional snow line rises above mountains
the snow-map method suffers from same issue as the ELA method and does
not allow the estimation of the seasonal SMB (after the calibration period). In
those particular cases, the NDSI value optimizing the linear relationships
between Z and SMB over the calibration period does not intersect the NDSI
altitudinal distribution curves (the curves are below the NDSI value). Thus, no
SMB can be retrieved, except if the WOSM size is increased (but at the cost of
degrading the regression quality). Moreover, the snow-map method does not
seem to perform well for large glaciers (e.g., Aletsch Glacier in the case of the
application in the European Alps, see [51]) whose ablation area reaches
relatively low elevation. Glacier snout can thus remain snow-free for a
considerable part of the period used for winter SMB estimate (October to April).
Winter SMB data for those glaciers thus include both accumulation and melting,
whereas the snow-map method for winter is optimized to represent snow

accumulation.

Debris covered glaciers
None of the methods presented in this review has been applied on debris-

covered glaciers. It is noteworthy that among the glaciers with long-term /in
situ  monitoring of their surface mass balance that are used to
calibrate/validate the remote-sensing methods, the large majority are free of

debris, or the debris-covered parts are negligible in comparison with the total
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surface area of the glaciers. Regarding the ELA method, it is assumed that the
glacier-wide mass balance is similar to the surface mass balance obtained in
the vicinity of the ELAe;. Rabatel et al. [9] underlined that this assumption is
reasonable because the mass balances obtain with the ELA method are
normalized by the glacier-wide SMB of the entire study period, using satellite
DEM differencing. In the case of heavily debris-covered glaciers this
assumption deserves to be verified. Indeed, ablation processes on the debris-
covered areas differ from the debris-free areas and can strongly influence the
glacier-wide SMB [e.g., 54]. Studying a small debris-covered glacier in the
Everest region, Vincent et al. [55] indicated that, for this particular glacier, the
insulating effect of the debris cover has a larger effect on the total mass loss

than the enhanced ice ablation due to supraglacial ponds and exposed ice cliffs.

The calibration of the a/lbedo method has not yet been attempted on glaciers
with extensive debris cover, but does prove successful when the area covered
by debris is small [40]. As the relative share of the debris-covered area
increases, a disconnection between SMB of the debris-free area and the glacier
wide SMB may compromise the relationship between AAR and surface mass
balance, and in turn the al/bedo method. Nonetheless, the suggested
development of the gradient-based albedo method will benefit from the same
assumption and limitation of the ELA method as it will take similar advantage

of the average glacier-wide SMB.

Regarding the snow-map method, it is based on the variability of the seasonal
regional mean snow altitude to retrieve the SMB. For glaciers with extensive
debris cover, the SMB is controlled by other processes than the snow
accumulation/ablation. Hence, the snow-map method may be less relevant to

retrieve seasonal SMB of debris-covered glaciers.

Polar and monsoon-regime glaciers
The presented methods have been applied on temperate glacier of the mid-

latitudes, and also on glaciers located within the outer-tropics of the Andes in
the case of the £LA method [21].
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The ELA method requires that the elevation of the snow line at the end of the
hydrological year must be representative of the ELA. In the case of polar
glaciers where the formation of superimposed-ice can represent a significant
part of the accumulation, such a requirement is not verified and the ELA
method cannot be applied. It is also the case for equatorial glaciers where
accumulation at the glacier surface is almost constant all year long [e.g., 56]
or glaciers located in mountain ranges where a monsoon regime co-exists with

a winter precipitation regime.

The albedo method initially relies on a linear relationship between AAR and
SMB, which has been shown to be a common case [37]. It leverages a well
defined seasonal albedo-cycle whereby the minimum albedo is reached at the
end of the ablation season. Glaciers with less seasonal contrast in surface
albedo, due for example to a mixed ablation/accumulation regime such as
during monsoon, may complicate this relationship. Nevertheless, Brun et al.
[40] found that minimum glacier-wide albedo could still capture valuable

variance of the SMB on a monsoon influenced glacier (Mera) in the Himalayas.

The snow-map method hypothesizes that the seasonal mean snow altitude
around a glacier is a proxy of the glacier seasonal SMB. It works well for
temperate glaciers whose winter/summer SMB is mainly controlled by snow
accumulation/melting. The method relies on the variability of the seasonal
snow cover, easily detected when there is a seasonal partitioning of the snow
accumulation and ablation. The snow-map method will therefore be less

efficient for equatorial or monsoon-regime glaciers.

Spatial distribution of surface mass balance
The presented methods increase the number of monitored glaciers for their

glacier-wide annual to seasonal surface mass balances, but none of the

methods allows retrieving the spatial distribution of surface mass balance.
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In the case of the albedo method, further work is needed in this area and to
link the albedo value (annual minimum or integrated albedo value over the
winter or summer season) of each pixel to its annual or seasonal surface mass
balance. However, the 250-m spatial resolution of the currently used MODIS
images might be a limitation because with such a large pixel size, the albedo
value of the pixel could hardly be related to the SMB at one point (/.e., a stake)
within this pixel. In the case of relatively small mountain glaciers, individual
pixels remain potentially affected by varying pixel footprints and spectral
mixtures that are compounded by the uncertainties inherent to the
topographic and atmospheric corrections and albedo retrieval algorithm.
However, the Sentinel-2 images, available at a 10-m spatial resolution every
five days, open interesting perspectives to resolve albedo cycles from smaller

distinct areas of a glacier from which local SMB information may be obtained.

4.3.2 Future challenges

Automating the data processing
Regarding the ELA method, the next step will be automating the method in

order to apply it globally or at least for glaciers where the end-of summer snow
line can be considered as a proxy of the ELA. Such a global application still
needs to tackle some problems such as automating the detection of the end-
of-summer snow line and the computation of its elevation. Different spectral
band combinations or band ratios can be tested [21], associated with cloud
and shadows masks. Another important issue for the long-term application of
the ELA method is to find DEMs of sufficient accuracy to compute the geodetic
balance from the 1970s or 1980s, which for some mountain ranges might not
be easy.

Regarding the al/bedo method, by relying on the systematic processing of
frequent image acquisitions, the method requires automating. This has been
achieved via the MODImLab MATLAB toolbox whereby the downloading and
processing of thousands of MODIS images can be efficiently batched.
MODImLab also provides algorithms to compute isotropic and anisotropic
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albedos [34] for every MODIS pixels, allowing end-users to easily obtain
albedo maps.

Regarding the snow-map method, the data processing is partly automated.
Indeed, a chain of MATLAB routines allow processing the downloaded
SPOT/VGT images and the DEM in order to estimate the seasonal SMB.

Use of other images
Regarding the ELA method, the application presented here used high-

resolution satellite images (i.e. SPOT, Landsat, ASTER). However, as
mentioned earlier the method of mapping the end-of-summer snow line can
be based on different sources, from very high resolution aerial photographs
[e.g., 15-16 and more recently 22] to medium resolution satellite images like
MODIS data [e.g., 24,57-58] when the studied ice bodies are wide (/.e.

hundreds to thousands of km?2).

Adaptation of the a/lbedo method to other sensors (currently only MODIS) is
also needed. There is good prospect for sustainable observations of glacier
surface by upcoming satellite programs such as Sentinel-3 and JPSS
constellations, both embarking instruments (e.g, OLCI and VIIRS) capable of
providing high temporal revisit frequency at the regional scale similar to
MODIS. Image processing currently done for MODIS to retrieve horizontal
equivalent reflectances and retrieve surface albedo of snow and ice needs to
be adapted to the new spectral resolution. Further adaptation of the albedo
retrieval to Landsat-8 and Sentinel-2 data are also needed to research the
potential of resolving the spatial distribution of SMB as well as mitigating
spectral mixture affecting albedo retrieval from currently coarse pixels. The
combination of observations from Landsat-8 and Sentinel-2 may achieve
sufficient redundancy to resolve albedo cycle albeit at a higher cost in

computing resources.
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Applying the snow-map method with images from other optical sensors is
possible as far as the temporal resolution of image acquisition makes possible
the calculation of seasonal snow maps. Such an exercise has already been
initiated with observations from the PROBA-V satellite, launched in May 2013
in order to continue the SPOT/VGT mission (which ended in May 2014). Note
that a similar exercise is still needed with MODIS and Sentinel-3 data.
Regarding PROBA-V, an inter-calibration of the NDSI computed from the
PROBA-V 1 km resolution images and from the SPOT/VGT images has been
achieved by Drolon [59] over the acquisition overlap period of the two sensors
(Oct. 2013 - May 2014). A consistency has been found between winter SMB
estimations from the two sensors, in 2013-14. A “near real-time” seasonal
SMB monitoring is thus conceivable with PROBA-V or any other daily resolution
optical imagery for a large sample of Alpine glaciers, if an inter-calibration of
the satellite data can be achieved. Low resolution optical satellite images are
available two to three days after the acquisition dates, implying that seasonal
snow cover and seasonal SMB could be estimated a few weeks after the end

of each season.

PROBA-V also provides images at 300 m and 100 m spatial resolution. A study
is underway to assess the impact of the PROBA-V image resolution on the
accuracy of the seasonal SMB estimated with the snow-map method. 1n fact,
the 100 m resolution PROBA-V images could improve the seasonal SMB
estimates, specially the summer ones. The summer mean regional snow
altitude detected with the PROBA-V 100 m images could be closer to the snow
line notion. The snow-map method applied for the summer period could
certainly also take advantage of higher resolution images (like Landsat-8
and/or Sentinel-2) that would enable the inter-annual monitoring of residual
small snow-covered surfaces (snow patches). More research is needed in this

area.
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Generalization of the calibrated methods
The methods based on the albedo and regional seasonal snow maps are

currently used on glaciers where /n situ SMB data are available for calibration.
However, in both cases, a generalization can be made to apply these methods

on glaciers where no SMB data are available, as in the case of the ELA method.

Section 2.2.2 proposed a way forward to generalize the albedo method to
avoid reliance on current calibration with /n situ data. It is suggested that such
an approach could mimic the ELA method by using long term geodetic
estimates of average glacier wide SMB and the use of the mass-balance
gradient. A SMB-area gradient can be made analog to the SMB-elevation
gradient via the use of glacier morphometry. The regionalization of such a

gradient could then allow estimates of SMB for unmonitored glaciers.

Regarding the snow-map method, a generic relationship showed good
performance for winter SMB, even on non-monitored glaciers (without
calibrated relationships established between Z and SMB). Indeed, for a dataset
of 15 glaciers of the Alps, the winter generic relationship showed a satisfying
RMSE (490 mm w.e. yrt). The winter generic model can thus be applied at
the scale of the European Alps to sufficiently estimate winter SMB of glaciers
for which no /n situ data are available. The application of this generic model to

other mountain ranges requires further developments.

4.4 CONCLUSIONS
We presented a review on three existing methodologies based on optical

satellite images to quantify the glacier-wide seasonal to annual surface mass
balances. These methods show promising results to considerably increase the
number of time series of surface mass balance; a glacier variable necessary
to better understand the relationship between climate and glacier changes as

well as the contribution of glaciers to the hydrological regime of glacierized
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catchments. It is worth noting that the best method will vary by region,
depending on, for example, cloudiness, glacier size or maximum elevation.

Even if the albedo method and the snow-map method have currently been
applied on glaciers where /n situ SMB data were available for calibration
purposes, both methods can be generalized to be applied on unmonitored

glaciers as in the case of the ELA method.

Regarding the seasonal SMB, it is noteworthy that the a/bedo method performs
better for the summer SMB which can be efficiently quantified from the
minimum average albedo value of the glacier surface area, or the integration
of this value over the entire summer period. On the other hand, the snow-map
method shows better performance for the quantification of the winter SMB
because the method is based on the variations of the seasonal altitude of the
snow cover distribution which are significantly representative of the winter
SMB; whereas in summer the variations of the seasonal altitude of the snow
cover distribution are lower and limited to representing the high year-to-year
variations of summer SMB.

As a consequence, a further exercise could consist of applying the three
methods simultaneously to the same glaciers to take advantages of the better
performance of each method. In that sense, the winter SMB could be quantified
from the winter show maps, the summer SMB could be quantified from the
albedo method and then, a cross validation between the annual SMB quantified
from the ELA method and from the sum of the two seasonal components could

be done.

Finally, it is worth noting that the three methods were developed, calibrated
and validated on temperate glaciers of the mid-latitudes (and outer tropics)
with no or limited debris-coverage. We suggest that for polar glaciers or
glaciers in the equatorial and monsoon-regime regions these methodologies
might not be efficient and the methods need to be adapted or alternative

methods need to be found.
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5 A SEMI-AUTOMATED METHOD TO ESTIMATE THE GLACIER
END-OF-SUMMER SNOWLINE ALTITUDE FROM OPTICAL
SATELLITE IMAGES

Towards advancing the ELA method (for equilibrium-line altitude method) to
derive the annual surface mass balance (SMB) on individual glaciers at regional
scale, we propose an algorithm to semi-automatically estimate the transient
snowline altitude (TSLA) and then derive the altitude of the end-of-summer
snowline (SLA) on mountain glaciers at regional scale. SLA and TSLA are
derived from optical satellite images of adequate spatial resolution (10-30 m)
for monitoring mountain glaciers. This algorithm takes advantage from new
optical images opportunities with enhanced capabilities (in terms of spatial
coverage, spectral, temporal and radiometric resolutions) and the launch of
recent satellites as the twin Sentinel 2A & B and Landsat 8. Retrieved SLAs
can in turn be used as an indicator of the ELA (Lliboutry, 1965), input of the
ELA method or other parametric approaches. Such data can also provide a
valuable dataset during the melt season for hydrological studies in glacierized
catchments or for model parametrization.

This study is divided in three sections; (1) the description of the required data;
(2) the principle of snowline detection and the algorithm step-by-step
description; (3) the validation of the semi-automatically derived SLA on 44

glaciers located in the western European Alps.

5.1 DATA
The algorithm presented in the current study requires four types of input data:

satellite images, a digital elevation model, the glaciers’ outline and central flow

line which are described in the following sub-sections.

100



A semi-automated method to estimate the glacier end-of-summer snowline
altitude from optical satellite images

5.1.1 Satellite images
As the snowline is the limit between two areas of the glacier with contrasted

spectral characteristics (snow-covered and bare ice) that can be visually
interpreted, optical satellite images have been widely used to map it and track
its elevation (Mernild et al., 2013; Pelto, 2011; Rabatel et al., 2005, 20083,
2013a; Winsvold et al., 2016). Because of the typical size of mountain glaciers
(1-100 km?), decametric spatial resolution has been preferred to hectometric
to kilometric imagery (e.g. MODIS, SPOT/VEGETATION). Although, our
algorithm is suitable for coarser resolution images (e.g. MODIS) when tracking
snowline on large glaciers, we developed and applied it to the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER), Sentinel-2
A&B and Landsat-5 to -8 images over the 1999-2016 time period. These
sensors have been chosen because of their open data policy, revisit times,
spatial and radiometric resolutions suitable to monitor mountain glaciers at
regional scale. Sensor main features, band denominations and radiometric
extents are shown Table S1 and Fig. S1. Only orthorectified and

radiometrically calibrated images have been used in this study.

5.1.2 Digital elevation models
A DEM is used at multiple stages in our algorithm. Because of its worldwide

availability and no penetration into the snowpack (on the contrary of SRTM),
ASTER GDEM v2 has been chosen in this study, but one can use any available
DEM of sufficient accuracy (<30 m). The ASTER GDEM v2 results in an
aggregate of stereo-pair images collected by the ASTER instrument between
2000 and 2009. This last feature could be a source of uncertainty especially
on “fast melting” mountain glaciers, as it corresponds to a mean altitude over

2000-2009 and has been therefore taken into account in this study.
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5.1.3 Glacier outlines and central flow lines

Glacial outlines are used in the algorithm to clip the images at the glacier
extent. The Central Europe outlines from the Randolph Glacier Inventory 6.0
(Consortium RGI, 2017) have been used in the present study.
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Fig. S1. Glacier ice, coarse and fine-grained snow and optical thick clouds spectral
reflectance. The bands used in the algorithm are shown for each sensor. TM
designates the Thematic Mapper sensor, on-board Landsat 5, ETM+ the Enhanced
Thematic Mapper Plus on-board Landsat 7, OLI the Operational Land Imager on-board
Landsat 8.

To mitigate possible glacier outline uncertainty and side effects that can
complicate SLA detection (lateral moraines or avalanche deposits,
bergschrunds, ...) the algorithm buffers the main glacier flow line to focus the
detection of the snowline on the glacier central part. To simplify the delineation
of this footprint, we rely on automatically delineated flow lines, calculated
following the method presented by Kienholz and others (2014) and corrected

manually when artefacts were detected.
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Table S1. Sensor specifications. Anir and Aswir stands for wavelength of near and
shortwave infrared radiations, respectively. *Res stands for the spatial resolution of
the image for the specified band. **METI stands for the Japan Ministry of Economy,
Trade and Industry.

0.76- 1.55- = 1984-
0.90 30 175 30 170*%185 16 2013 NASA LI1T
Scan line
0.77- 1.55- corrector
0.90 30 175 30 170*185 16 1999-... NASA LIT failure
May 2003
0.85- 1.57- . 5
0.88 30 165 30 170*%185 16 2013-... NASA LIT
SWIR
2000- detectors
0.76- 1.60- . NASA/ .
0.86 1° 170 30 60*60 16 April meTrxx LIT failure
2008 Apr.
2008
0.76- 1.54- . )
0.91 10 168 20 100*100 5 2015-... ESA L1C
5.2 METHOD

The flowchart presented in Fig. S2 shows the processing and post-processing
steps to retrieve the SLA. Each section of the flowchart is developed in this
section. To facilitate understanding, some of the steps are illustrated Fig. S3.
The algorithm is applied and validated on the western European Alps where
SLAs were manually delineated on 44 glaciers by Rabatel and others (2013,
2016) but the algorithm is designed to be applied to other glacierized regions.

5.2.1 Principles of the detection
The detection method is based on the bulk processing of all the available

images from the previously mentioned sensors, and can be extended to other

optical sensors. For each image, the algorithm detects the snowline on the
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glacier as the steepest gradient in surface spectral signature corresponding to
the local transition between ice and snow. This transition, visible on glaciers
during the ablation season, is named transient snowline (TSL and TSLA for its
altitude). At the end of the ablation season, as the snowline migrates to its
highest elevation, it corresponds to the end-of-summer snowline. In its current
version, the algorithm is not able to map any snowline contours confidently

but rather to capture a range of elevation in which the snowline is.
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Fig. S2. Flowchart of the algorithm to estimate SLAs from optical satellite images.
Rectangles represent the required datasets except for the last one that correspond to
the product of the algorithm ("One SLA per year and per glacier”). Diamonds
represent the processing and post-processing steps computed automatically and the
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circle, the manual step of the algorithm. Steps coloured with light blue and numbered
with letters (e.g. A,B...) are illustrated Fig. 3.

5.2.2 Processing of satellite images
This section presents the eight processing steps of the algorithm, required to

estimate the glacier TSLA and SLA.

Fig. S3 Illustration of some of processing steps presented in the flowchart, Fig. 2.
Letters correspond to particular steps from the flowchart (Fig. 2). This example is
focused on Glacier Blanc located in the Ecrins mountain range, France. The
background image is from Landsat-8 and was taken the 6" September 2015.

Removal of clouds
In order to avoid erroneous detections induced by cloud coverage on the

glacier, a cloud mask is produced at the image scale and is clipped and

resampled at the glacier scale (illustrated Fig. S3A). Cloud masking takes
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advantage of the contrasting spectral signatures of snow and ice surfaces and
optically thick clouds (Fig. S1). A Normalized Difference Snow Index (NDSI,
Dozier, 1989) is computed to detect the presence of clouds. After manual
visualization on our set of studied glaciers, pixels showing a NDSI smaller than
0.25 are considered to be cloud-covered. The chosen threshold is more
conservative than usual cloud cover NDSI threshold (/.e. 0.57 in Choi and
Bindschadler, 2004) to not exclude any pixels of relatively debris-rich ice.

Completely cloud covered images at glacier scale are removed at this stage.

Cosine topographic correction
Optical satellite radiance in the reflective domain is modulated by the

geometry of the observed surface (Richter, 1998), relative to the sun direction
(e.g. slope, aspect, ...). Over mountainous regions, steep slopes can introduce
local variability in observed radiances. This variability can be reduced by
correcting the observed radiance using the cosine topographic correction

model.

Equation 1 provides the local illumination angle 7L of an observed pixel and is
obtained using the Euler’s rotation theorem. It is computed with the surface
slope and aspect angle Gsur, @surr, the solar zenith and azimuth, Bsun and @sun
respectively. Bs.r and @sur are derived from the DEM at the same resolution
as the processed images, while 8sun and @su» are obtained from the image

metadata.

cos IL =C0s esun Cos gsurf + Sin esun Sin esurf COS((/’sun - ¢surf) (S 1)

The illumination angle (cos IL) is used to correct the surface observed radiance
to represent a horizontal pixel under a Lambertian assumption (also-called
cosine correction) as shown in Equation S2.

_ , Cos@

sun
hor —

cos IL (S2)

R stands for radiance of the input satellite pixel while Rnor stands for radiance

of the pixel if the surface was horizontal. To prevent aberrant corrections for

106



A semi-automated method to estimate the glacier end-of-summer snowline
altitude from optical satellite images

low incident angles (cos IL ~ 0), known as a weakness of this correction model
(e.g. Meyer and others, 1993), all pixels with cos IL < 0.2 have been discarded
from the images to avoid artefacts in corrected surface reflectance (Davaze et
al., 2018; Sirguey, 2009).

Band ratios
Already in the 1970s, the idea of combining spectral bands (e.g. NIR/SWIR)

to infer surface properties from optical remote sensing images was introduced
(Valovcin, 1976). Several studies have therefore used band ratios to derive
surface properties at regional scales, such as global snow cover from NDSI
(Hall et al., 1995), or use of vegetation indices (Rouse, 1974) to assess global
change in land use (Defries and Townshend, 1994). To identify ice/snow
transition, Winsvold and others (2016) recommended the use of the Red/SWIR
ratio as the most discriminating. By looking at the different spectral reflectance
of snow, ice and clouds (displayed Fig. S1), testing manually several band
ratios and using results from Rabatel and others, (2012), we concluded that
an enhanced ratio of the one proposed by Valovcin (NIR2/SWIR) was the most
suitable to discriminate ice, snow, clouds and extra-glacial features (illustrated
Fig. S3B and Fig. S4). Furthermore, it has the advantage to allow topographic
corrections on input bands, while using a simple ratio would simplify this

correction (refers to Equation S2).

Clipping and resampling
Topographically corrected ratios are resampled to match the DEM resolution

(/.e. 30 m) and clipped at the glacier contour, manually modified if necessary,
from the RGI 6.0 (as displayed Fig. S3C).

Removal of shadows
Shaded areas can lead to errors in SLA estimation. To mitigate this problem,

self and cast shadows corresponding to the time of image acquisition are

computed using the DEM. Cast shadows are detected by estimating the sky
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obstruction by the surrounding topography from the input DEM at 30 m
resolution. The used algorithm is fully described by Sirguey (2009) and was
inspired by Dozier and others (1981) and Dozier and Frew (1990). Self
shadows are merged to the cast shadow product derived from the illumination
angle. An example of detected shadows on a Landsat image is illustrated Fig.
3D. Quality assessment of the produced shadow masks has been encompassed

in Davaze and others (2018) and shaded areas have then been masked.

Fig. S4. Example of different band composites for the Blanc Glacier in the
French Alps on a Landsat 8 image from the 8 Sept. 2016. (A) corresponds to
a RGB composite from the band 6, 5 and 3 (green, NIR, SWIR) as
recommended by Rabatel and others (2012), (B) to a band ratio 4/6
(Red/SWIR) as recommended by Winsvold and others (2016), (C) to a band
5/6 (NIR/SWIR), and (D) to an enhanced band ratio 52/6. The red glacier
outline corresponding to 1985 is illustrative.
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Visual verification of eligible images
Only relying on the NDSI index to detect high altitude and snow clouds is

challenging, especially using the rather low NDSI threshold we chose. To
mitigate the impact of undetected clouds, a visual verification of the images is
currently performed. It also allows to discard images when the glacier is
completely covered with fresh snow that generates erroneous detection of SLA.
For convenience, a RGB composite of the green, NIR and SWIR band as
recommended by Rabatel and others (2012, 2016) is produced for each image
(as displayed Fig. S3E). At this stage, glaciers with particularly patchy

snowlines are discarded to avoid detection errors.

Definition of a snowline detection footprint
Because of outline uncertainties, compounded with georectification errors,

contrasting targets at the edge of glacier areas can lead to mapping errors.
Therefore, only a central buffer along the glacier flow line, far away enough
from the margin, is considered for snowline detection (example illustrated Fig.
S3F). This footprint extends from 50 m above the glacier terminus to 100 m
below its top. The width of this footprint is located along the main glacier flow

line and is defined as 40% of the mean width of the glacier and is computed

as follow:
va=o.4é
L

(S3)
Where Wgis the width of the buffer, A the glacier area, and L its maximum

length.

Unsupervised classification
An unsupervised K-Means classification is performed on the resulting

processed band ratio within the snowline detection footprint, following the

algorithm proposed by Lloyd (1982), with two classes (ice = 1, snow = 2).
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Performing this classification improves the snowline detection by mitigating
the risk of detecting small features as SLA (e.g. snow patch, image artefacts...)
due to a dilation-erosion processing. An example is provided Fig. S3F and Fig.
S3G).

Estimating TSLAs and deriving the SLA
The glacier is divided in elevation bands of 100 m using the DEM (as displayed

Fig. S3F). For each valid image (/.e. manually checked), the classified mode of
each band is computed. Subsequently, the algorithm targets the band where
the mode changes from the classified value of ice (/.e. 1) to snow (/.e. 2). This
step is achieved by computing the first derivative of mode values per altitude
band. The first derivative is maximized at the altitude where the mode changes
from snow to ice cover. This altitude is subsequently considered as the altitude
of the TSL.

Once the elevation band of the TSL is identified, the process is repeated by
segmenting three 100 m bands around the first guessed band, into 20 m bands
to refine the result (illustration provided Fig. S3G). This yields a single TSLA
being identified per glacier and per image, and its altitude is defined as the
mid-elevation of the 20 m elevation band where the first derivative is maximal.
To retrieve the annual SLA, the highest altitude reached by the TSL at the end
of the ablation season is selected (between 15 July and 20 October in the

European Alps).

Identification and filtering of outliers
To mitigate the impact of erroneous detection, we performed a filtering to

remove SLA outliers. As the algorithm has been developed to estimate the SLA
of unmonitored glaciers (where no data are available for validation), the
statistical approach used to detect and remove outliers has to be independent
from validation data. The chosen approach is based on a comparison of the
retrieved SLA of each individual glacier with SLAs from surrounding glaciers.

The underlying hypothesis is that a common regional response of glaciers to
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climatic signal exists as demonstrated by Vincent and others (2017) and Pelto
(2018) by comparing in situ SMB dataset across the European Alps and the
North Cascades glaciers, respectively. However, the response to climate
forcing can differ for some glaciers in relation with specific morpho-topographic
features, dynamics and/or local meteorological conditions, which justify the
development of automatic method to monitor large dataset of glacier

fluctuations.

To detect and remove outliers, the SLA of each individual glacier is compared
to the regional median SLA of all monitored glaciers from the surroundings.
According to Vincent and others (2017) or Pelto (2018), the common variance
of mountain glaciers SMB is a function of their relative distances. For example,
using results from Vincent and others (2017), for two glaciers 100 km apart,
97.5% of the SMB variance is common and of climatic origin. As the SLA is a
good proxy of the SMB, we hypothesize that the same relationship applies. To
mitigate the impact of morpho-topographic features which could impact the

SLA (slope, aspect...), SLA time series are standardized as:

SLA; g—Median(SLAy)
NMAD,

SLAstandardized = (54)

Where SLA,, stands for SLA at the year ¢ and for the glacier g and
Median(SLA,) for the median of all the SLAs of glacier g. NMAD represents the
normally distributed median absolute deviation.

We also define a regional SLA signal, corresponding to the median of all the
glacier standardized SLAs at year ¢ except for the glacier g in order to be
independent of the considered glacier (leave-one-out cross-validation). SLAs
at year t and for glacier g are discarded if they fulfill at least one of the two

following conditions:

e The standardized SLA is considered as an extreme value regarding the
distribution of all the computed standardized SLA (probability density
function equal to zero in between the value and the rest of the
distribution, SLA at more than 30 from the median).
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e For each glacier, a comparison between its standardized SLA time series
and the regional SLA signal is performed, along with the 95% confidence
interval that takes into account both the SLA uncertainty and the
dispersion of the regional SLA signal. Then, a regression is computed
following a robust linear model with support for the M-estimators
(Susanti et al., 2014). Individual SLAs are removed if lying out of the
95% confidence interval (/.e. too different from the regional SLA signal).

Gap-filling of the SLA timeseries
Removed SLAs are reconstructed using the Lliboutry linear approach (Lliboutry,

1974) also applied to SLA by Rabatel and others (2013). This approach

(described in Equation S5) takes into account inter-annual (regional effect,

according to glaciers from the same region) and spatial (site effect, according
to the average of each individual glacier) variabilities to reconstruct missing
SLAs:

SLA, = s, + 3 + &y (S5)

I‘Agtstands for the snowline altitude for year ¢t and glacier g, Hs is a

WhereS

variable corresponding to the average SLA for glacier g (function of its climatic

and topographic context). A is a variable specific to the year ¢, related to

meteorological conditions which are represented by the average of all the

glaciers for this year, and st is the linear model residual, /i.e. a random
variable with a zero-mean Gaussian distribution (Lliboutry, 1974). In other
words, the method relies on numerous observations of SLAs providing
information on the spatial and temporal variabilities of the SLA. For a long
enough period of monitoring (e.g. >10 yr), the behavior of a glacier compared
to the regional signal is expected to be conserved every year. Reconstruction
of SLA has been only performed when a sufficient number of non-filtered SLAs
were available per glacier. A threshold of 31.8% of available SLAs on the whole

time series per glacier has been chosen. We consider that if more than 68.2%

(£10) of the SLAs were missing, reconstruction of missing SLAs was not robust

enough to be performed.
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5.3 RESULTS AND VALIDATION

5.3.1 Errors and uncertainty of the retrieved SLAs
The overall error in the retrieved SLAs is defined as the discrepancy between

manually and semi-automatically derived SLAs. For seven glaciers (Blanc,
Casset, Saint-Sorlin, Arcelin, Sassiére, Mer de Glace, Pré de Bar), SLAs have
been manually derived using the same detection footprint and the same
images as the algorithm. These glaciers have been chosen because of their
various morpho-topographic features (latitude, orientation, slope, altitude-
range, area), representing the variability of our glaciers dataset and assessing
the different sources of errors related to the processing of the images,
detection method and the DEM used for the retrieval.

Errors in retrieved SLAs compared to manually derived SLAs can arise from

two sources:

e The different detection footprint between manually derived SLAs
(detected on the whole glacier width) and semi-automatically
derived SLAs (detected on a buffer on the central part of the
glacier).

e Detection of a steeper gradient than the transition snow/ice due to
local topographical context (e.g., snow patches, changing slope,
crevasses)

In order to quantify the impact of these sources, we first assessed the impact
of detecting the SLA on a buffer along the central part of the glacier. As
illustrated Fig. S5A, SLAs have been manually derived within a buffer and on
the total glacier width to study the impact of different detection footprint.
Widths of delineated buffers have been calculated using Eq. S3. On the 118

compared SLAs, no significant mean bias can be observed (Bias=1)  This
observation implies that the detection of the snowline on a central buffer does
not tend to overestimate or underestimate its altitude, at least on the seven

studied glaciers. There is a statistically significant relationship at a confidence
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level of 99% (r?=0.88) between the detected SLAs on the two different
footprints. This comparison indicates that detecting snowlines on a central
buffer should not depreciated the results, but introduces an uncertainty in
retrieved SLAs of 55 m, corresponding to the root mean squared error (RMSE)

of the comparison illustrated in Fig. S5A.

The same exercise has been carried on but comparing manually delineated
SLAs on whole glacier width and semi-automatically derived SLAs on a central
buffer. This comparison is illustrated in Fig. S5B. Deriving the SLA with the
algorithm introduces outliers arising from detection errors. Looking carefully
at these outliers with altitude differences up to 700 m, it indicates that these
discrepancies are caused by the presence of crevasses or change of slopes
that have not been sufficiently mitigated by the algorithm. These outliers are
mostly detected far above the real SLA, in steep part of the glacier uppermost
reaches. Outliers detected close to the glacier snoot are often not kept as SLA
if others TSLAs are detected higher during the same summer season. This
leads to an observed mean bias of +44 m, largely impacted by the presence
of extreme outliers. Despite these outliers, there is a statistically significant
relationship at a confidence level of 99% (r’=0.56) between manually and

semi-automatically derived SLAs.

With an RMSE of 123 m for the comparison between manually delineated
SLAs on the total glacier width and semi-automatically derived SLAs on a
central buffer, we can estimate the uncertainty in retrieved SLAs by the
algorithm of ASLA=+123 m with 55 m related to difference in detection
footprints. Semi-automatically derived ASLA is in the same order of magnitude
than the uncertainty estimated by Rabatel and others, (2013) for manually
delineated SLAs (ranging from +15 to +170 m depending of the year and the
glacier)

As manually and semi-automatically derived SLAs are based in the same
DEM (ASTER GDEM v2) the encompassed comparison did not account for the
DEM accuracy in the estimation of ASLA. However, regarding the computed
uncertainty by the ASTER GDEM validation team (17 m at 95% confidence
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level - Tachikawa and others, 2011), it could be neglected in comparison with
ASLA.
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Fig. S5. Error assessment for seven glaciers in the French Alps. Fig. S5A illustrates
the comparison between manually delineated SLAs on a central buffer and on the
total glacier width. Fig S5B illustrates the comparison between semi-automatically
derived SLAs on the same central buffer and manually derived SLAs delineated on the
total glacier width. Nb stands for the number of SLAs compared. Heat-map style
colours are given as an indicator of the point density, with one point representing one
compared SLA.

5.3.2 Validation of the retrieved SLA

After the validation on seven glaciers, the general performance of the
algorithm has been assessed using the set of annual SLA from 44 glaciers of
the western European Alps derived manually by Rabatel and others (2013).
Figure S6A compares manual and semi-automatic SLA estimations on 44
glaciers over the 18 study years, without filtering and gap-filling the derived
SLAs. For this comparison, images used for the manual delineation and by the
algorithm can be different. One can note the presence of outliers, with

discrepancies of the same order than the comparison previously made on
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seven glaciers. The observed mean bias of +36 m, close to the +44 m
computed previously, is small and not statistically significant compared to the
estimated errors in retrieved SLA (4SLA=£123 m), with causes of this bias
being the same than enounced previously. There is a significant correlation at
the 1% risk level between manually and semi-automatically retrieved SLA,
with 35% of common variance. The RMSE of 158 m is of the same order of
magnitude than the uncertainty derived previously (4SLA=123m), even if
slightly higher. Comparisons have been made at glacier scale and r2, RMSE
and mean biases have been computed in Table 2 for each of the 44 glaciers.
For the raw values of retrieved SLAs (/.e. before the filtering step), we
observed an average r2of 0.3 (ranging from 0 to 0.75), an average RMSE of
140 m (ranging from 48 m to 296 m) and a mean bias of about 40 m. These
statistics reveals that the algorithm is able to derive SLAs and to capture the
inter-annual variability for a large share of the 44 glaciers (refers to Table S2
for list of involved glaciers). However, there are for some glaciers (e.g., Rouies,
Mahure, Des Glaciers...) and for some years, outliers leading to poor correlation

coefficients at glacier scale.
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Fig. S6. Semi-automatically versus manually derived SLA. Fig S6A illustrates the
comparison of SLAs without the filtering and gap-filling steps on 44 glaciers located
in the western Alps. Fig. S6B illustrates the comparison for filtered and gap-filled SLA
on 34 of the 44 studied glaciers. Statistics are displayed to assess the correlation
between semi-automatic and manually derived SLAs. Heat-map style colours are
given as an indicator of the point density, with one point representing one compared
SLA.

As these outliers do not reflect real fluctuations of SLAs but are artefacts
of the algorithm, the developed filtering and gap-filling method has been
applied. Filtering and gap-filled SLA are then compared to the same manually
derived SLAs. The comparison has been made on 34 glaciers, as the filtering
step led to the removal of 10 glaciers on which the method is not applicable
because of peculiar morpho-topographic conditions making the detection very
challenging (e.g. presence of snow-patches, narrow, steep or highly crevassed
glaciers with important seracs falls). As illustrated Fig. S6B, filtering and gap-
filling led to the removal of a large share of observed outliers in Fig. S6A and
improved the correlation (r’=0.41 and RMSE = 144 m). However, it did not
solve the mean observed bias that remains almost equal (from +36 to +35
m), as both overestimated and underestimated SLAs have been filtered. At
glacier scale (Table S2), the filtering and gap-filling steps improved the
correlation with the reference dataset, rising the average r2from 0.30 to 0.34.
Lowering of the average RMSE and mean bias is also observed, from 140 to
97 m and from +40 to +33 m respectively, which indicates that a large share
of outliers due to detection errors have been removed at this stage. As
displayed Fig. S6B, the filtering step is not able to remove some of the outliers,
which led to the observed positive bias.

Finally, on the initial set of semi-automatically retrieved SLAs
corresponding to 725 values, considering 44 glaciers over 18 years, and 67
missing SLAs due to cloud coverage, 284 have been filtered and 104
reconstructed using the Lliboutry approach. 180 SLAs were not reconstructed

because of the 10 glaciers discarded by the filtering process. In addition to
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allow gap-free SLA time series to be reconstructed on mountain glaciers,
filtering and gap-filling retrieved SLA significantly improved the agreement
with manually delineated SLAs.

Table S2. r2, RMSE and mean bias of the comparison between manually and
automatically derived SLAs. Glaciers are listed according to the mountain range they
belong. Coefficients have been computed for retrieved SLAs and gap-filled SLAs. For
glaciers removed in the filtering steps, "-" indicates that no coefficients have been
computed as the glacier has been discarded. On an indicative basis, for an 18-yr
period (1999-2016), the correlation is significant at the 1% risk level for r2>0.34,
and for r2>0.21 at the 5% risk level. For initial and filtered-gap-filled time series,
possible missing or filtered SLAs changes the number of samples of the comparison.
This also changes the threshold of statistical significance, increasing when the number
of samples decreases.
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5.3.3 Temporal variability of the retrieved regional SLA
To assess the ability of the algorithm to capture the SLA regional variability,

we computed for both manual and semi-automatic retrieval, the annual
median and distribution of SLAs for the 34 glaciers remaining from the
previous steps. The temporal comparison between both datasets is illustrated

Fig. S7, and the annual variability of the retrieved SLAs is presented Fig. S8.

As displayed in Fig. S7, the algorithm is able to capture, in a certain extent,
the temporal variation of the manually delineated SLAs, with 83% of common
variance. The RMSE of this comparison (82 m) is in the range of the previously
estimated 4SLA=123 m and in the range of the uncertainty of manually
derived SLA (ranging from +15 to +£170m). The mean observed bias of +48 m
indicates that the algorithm tends to overestimate the regional SLA. This was
particularly true for 2001 where the filtering and gap-filling steps did not
succeed to reproduce the exceptionally low median SLA. 2001 was the only
year with positive SMB over the 1999-2016 period with some glaciers
experiencing SLA close to the glacier front. In such conditions, the glacier is
almost entirely snow-covered, with the SLA lying in some cases beyond the
lower boundary of the detection footprint (/.e. 50 m above the terminus).
These conditions make the automatic detection more challenging and can
explain the general overestimation of the SLA during this year. Same
conclusions can be made for 2003, which was an exceptional warm year with
very high SLAs recorded in the European Alps (Paul et al., 2005; Rabatel et
al., 2013a). In 2003, the SLA was close to the glacier top for glaciers with a
rather low maximum altitude (~3,300 m a.s.l.), for which the algorithm fails
to derive the SLA out of the detection footprint (100 m below glacier top). This
inability led the semi-automatic retrieved SLAs to be underestimated for such
exceptional warm years, caused by estimation of late TSLAs rather than SLAs.
Adapting the choice of glaciers considering their maximum elevation would

solve this problem but could also reduce the number of studied glaciers.

Small discrepancies between manually and semi-automatically derived
SLAs can also be observed for 2007 and 2012 and in a lesser extent for 2006
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and 2013. These discrepancies can arise from different missing data in the two
compared dataset, caused by sensor availability and cloud coverage during the
acquisitions. Missing SLAs from different mountain ranges can introduce
significant bias depending on which mountain range SLAs have not been
derived (Rabatel et al., 2013a). Furthermore, most of the discrepancies are
observed between 2003 and 2008, period during which SLA estmiates were
mostly based on Landsat 7 images, suffering of a failure of the Scan Line
Corrector (SLC) resulting in stripped images, reducing drastically the number
of available images.
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Fig. S7. Comparison between manually and semi-automatically retrieved regional
SLAs (corresponding to the annual median of all SLAs for the two methods). Solid
grey line represents the annual median of semi-automatically retrieved SLAs on the
34 glaciers kept after filtering. The solid blue line illustrates the annual median SLA
on the same set of glaciers but for manually delineated SLASs.

On the other hand, the variability is more pronounced for manually
delineated SLAs than for semi-automatically derived SLAs as illustrated by the

boxplots in Fig. S8A and S8B (representing manual and semi-automatic
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derived SLAs respectively). It is noteworthy that the manual method
delineates the SLA on the whole glacier width, while the algorithm estimates
a range of altitude where the SLA lies. Manual delineation is therefore able to
monitor a greater variability in monitored SLA, especially for exceptionally high
and low SLA (/.e. 2001, 2003 and 2009). Likewise, years with exceptionally
high or low SLA are not well captured by the algorithm because of the

previously enounced reasons.
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Fig. S8 Annual variability of manually and semi-automatically retrieved SLAs (Fig. 8A
and 8B respectively). For each time series, boxplots represent, from top to bottom,
maximum, quartile 75%, median, quartile 25% and minimum SLA for a given year.
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Lines display the temporal variability of the annual median SLA, also illustrated Fig.
7.

Aware of these limitations, the proposed approach allowed semi-
automatically deriving continuous SLA time series for 34 mountain glaciers

over an 18-yr period.

5.4 LIMITATIONS OF THE METHODS
Despite the overall performances of the proposed algorithm, some limitations

may affect its success. First, if no snowline can be identified for a given image
(undetected clouds or complete snow cover), the algorithm will still derive the
steepest gradient, leading to an erroneous estimate of a TSLA. This is currently
mitigated by the visual check prior to the computation of the SLA. Such
detection errors could also occur for exceptional positive SMB years where the
SLA is close to the glacier tongue (as observed in 2001) and close to the glacier
top (/.e. 2003), beyond the detection footprint. For the same reason, this
algorithm must not be applied to derive the SLA on glaciers where the snowline
may reach and virtually exceed their uppermost elevation during severe
ablation years, but can be used to partially track the TSLA during the ablation

S€ason.

Another limitation comes from the topographic correction model. The
algorithms developed for such a correction can mitigate illumination variations
on relatively smooth surfaces but become sensitive to artefacts over steep and
rough topographies (steep hanging glaciers, crevasses ...) not well captured
by the DEM. Improvement of this correction could reduce artefacts due to
changing illumination that can compromise the detection. No consensus could
however be found in the current literature about the most capable algorithm
that could reinforce the robustness of this correction (Minnaert model for
Richter and others (2009); slope matching method for Mishra and others
(2010); processing scheme for standardized surface reflectance for Ediriweera
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and others (2013); Meyer's model for Ke and others (2014); sun canopy
sensor + cosine correction for Wu and others (2016)). Promising algorithms
have been recently developed but are not yet operational and lack in open
source availability (Lamare et al., 2018). We hence encourage future end-
users of our algorithm to consider this limitation on glaciers prone to inaccurate
topographic correction (e.g., very steep and crevassed glaciers, glacier subject

to large DEM errors).

Finally, our method differs from the recently published method from
Rastner et al. (2019), which is based on the differentiation of ice and snow by
applying a dynamic threshold on the reflectance of Landsat NIR band on each
considered image. The method from Rastner et al. (2019), even if able to
derive a snow cover area on the glacier and to spatialize the derived SLA on
26 glaciers from glaciers in the Otztaler Alps, has never been applied at

regional scale.
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6 REGION-WIDE ANNUAL GLACIER SURFACE MASS BALANCE
FOR THE EUROPEAN ALPS FROM 2000 10 2016

Lucas Davaze, Antoine Rabatel, Yves Arnaud, Romain Hugonnet, Etienne Berthier.

Abstract

Studying glaciers mass changes at regional scale provides critical insights of
the impact of climate change on glacierized regions, but is inconceivable using
in situ estimates only due to logistical and human constraints. In this study,
we present annual surface mass balance (SMB) time series for 239 individual
glaciers in the European Alps, using optical satellite images for the period
2000-2016. Our approach, called the SLA-method, is based on the estimation
of the glacier snowline altitude (SLA) for each year combined with the geodetic
mass balance over the study period to derive the annual SMB. In situ SMB
time series from 23 glaciers allowed validating our approach (r’=0.33,
significant at 99% confidence level).

At the European Alps scale, our comprehensive geodetic estimate for
361 glaciers (75% of the glacierized area) indicates a mean annual mass loss
of -0.74+0.20 m w.e. a’! from 2000 to 2016. This is slightly less negative than
earlier mass change estimates based on spatial interpolation of sparse data.
The spatial variability in average glacier mass loss over the entire period is
significantly correlated to three morpho-topographic variables (mean glacier
slope, median and maximum altitudes) altogether explaining 36% of the
observed variance. Comparing the mass losses from /n situ and remote-
sensing estimates and taking into account the glacier slopes, we show that
steeper glaciers experience less mass losses. Because steeper glaciers (>20°)
are poorly represented by /n situ estimates, this could explain part of the
difference between our estimates and the previous ones. We suggest that
region-wide extrapolation of field measurements could be improved by
including a morpho-topographic dependency.

Regarding the annual SMB variability, our dataset allowed identifying two
main sub-regions within the European Alps. Combined with climate data from
ERAS reanalysis allowed characterizing two sub-regions. The first sub-region
(Northeastern European Alps) seems mainly driven by the amount of
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precipitable water in the atmospheric column, while in the second one
(Western European Alps) the SMB inter-annual variability seems more
impacted by eastward advection of humidity and summer meteorological
conditions, mostly impacted by southward fluxes.
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6.1 INTRODUCTION

Beyond their iconic role of climate change (Mackintosh et al., 2017), mountain
glaciers are considered as natural “climate-meter” (Vaughan et al., 2013)
because of their high sensitivity to climate change. Present in ~26% of the
main hydrological basins, about one-third of the Earth inhabitants directly or
indirectly rely on water from glacier melt (Beniston, 2003). Because of the

contributing to a third of the observed sea-level rise (Church et al., 2013), and
are expected to reach their peak of ice mass loss from 2040 to 2100, function
of the considered climate scenario (Marzeion et al., 2012). The glacier-wide
surface mass balance (SMB) is considered as the most comprehensive metric
to assess both the glacier mass and dynamics changes, and interactions with
local climate. Quantifying the SMB of individual glaciers at regional scale
remains today challenging, especially using the “logistically expensive”
glaciological method from /n situ data. Recent methods have taken advantage
of the multiplicity of remote-sensing sensors, leading to regional estimates of
glacier multi-decadal average mass balance, using gravimetry (e.g. Jacob et

et al., 2003). However, these methods fail in estimating the inter-annual
variability of the SMB, providing critical insights of the impact of climate
change at a regional scale, and valuable dataset for hydrological studies in
glacierized catchments, or for model parameterization.

In this study, we propose an automation and a regional application of
the SLA-method (Braithwaite, 1984; Rabatel et al., 2005, 2016, 2017), based
on the estimation of the end-of-summer snowline altitude (SLA), known as a
compute the annual SMB time series. Obstacles of a regional application of this
method were relying on the automatic delineation of the SLA and the
availability of geodetic mass balance estimates used to quantify the multi-
decadal average mass balance needed to retrieve the annual SMB in the SLA-
method (Rabatel et al., 2017). The recent development of algorithms to

computing capacities and the multiplicity of optical remote sensing sensors,
suitable to monitor glacial features (e.g. Landsat, Sentinel-2, ASTER) have
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Despite their minor potential impact on sea-level rise (Huss, 2012; Zemp
et al., 2019) and the relatively low ice extent (2,092 km2, RGI 6.0, RGI
period 2000-2016 because of: i) the availability of a high number of /n situ
monitored glaciers with SMB data (23 in this study), among which nine are
considered as reference glaciers by the World Glacier Monitoring Service
(WGMS, see Table S3 for detailed list); and ii) manually delineated snowline
from 44 glaciers (Rabatel et al., 2013a, 2016) used to validate our estimates.

Besides providing a new estimate of the mean European Alps mass balance for
the period 2000-2016, we used these data to: i) propose and assess a
methodological framework to derive the annual SMB times series for individual
glaciers at regional scale from optical remote sensing data; ii) investigate the
spatial and temporal patterns of SMB fluctuations across the European Alps;
iii) assess the possible climatic and morpho-topographic drivers affecting the
SMB variability at sub-regional scale; and iv) determine the
representativeness of the available annual SMB time series quantified from /n
situ data and gathered by the WGMS.

6.2 STUDY AREA

We define the European Alps as the region located between the
coordinates 44° to 48°N and 5° to 14°E. The European Alps are the second
most glacierized region of Europe after Scandinavia (2,092 vs. 2,949 km2
according to the Randolph Glacier Inventory 6.0, RGI Consortium, 2017). Two
sets of glaciers within the European Alps have been chosen in the present
study. The first set corresponds to glaciers selected to compute the geodetic
mass balance using the ASTER images archive (see section 1.3.1.); larger than
0.5 km2 as recommended by Menounos et al. (2019) who applied the same
method to quantify the geodetic mass balance. The second set corresponds to
glaciers selected to compute the annual SMB time series using the SLA-method.
In order to be able to detect the SLA for each year of the studied period (2000-
2016), glaciers of the second set were selected using the following criteria: (1)
glaciers had to have a high enough maximum elevation to allow observation
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of the snowline every year; (2) glaciers had to be larger than 0.5 km2 because
of the dependency to geodetic mass balance to compute the annual SMB. The
total considered glacier number and glacierized area by dataset are presented
Table 1. Glaciers for which the annual SMB time series have been computed
are distributed over 10 sub-regions, on a 1x1 degree grid.

Table 1: Glacier datasets used in the present study, together with their respective
cumulative area and the corresponding fraction of the RGI 6.0.

Glacier dataset Glacier count Area [km2] Fraction of the
[Nb] RGI 6.0 /%]
RGI 6.0 3,927 2,092 100
Geodetic 361 1,563 75
SLA-method 239 1,215 58

6.3 DATA & METHODS

In order to assess the glacier mass change over the 17 years of the study
period, we computed both the geodetic mass balance corresponding to a multi-
decadal average and the annual SMB time series from the SLA-method at the
glacier scale.

6.3.1 Reconstructing multi-decadal mass balance from digital elevation
models

Digital elevation models (DEMs) have been extensively used to compute multi-

decadal mass changes of mountain glaciers for entire glacierized regions (e.g.

Berthier et _al.,_2016; Gardelle et_al., _2013) and allowed to refine their

contribution to sea—IeveI rise (Gardner et al., 2013; Zemp et al., 2019).

and the Ohio State University’s Surface Extractlon from trlangulated |rregular
network-based Search-space Minimization (SETSM; Noh_and. Howat, 2015

imagery. Produced DEMs are coregistered over stable terrain (excluding ice
and lakes) following the Nuth and Kaab (2011) approach and using the Global
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revisit time and global coverage, several DEMs can be produced each year,
adding the opportunity to go beyond conventional geodetic approaches that

to the ASTER-derived DEMs to estimate the temporal trend in elevation change
(dh/dt), following the methodology extensively described in Berthier et al.
(2016) and Brun et al. (2017). The overall surface elevation change for each
considered individual glacier is then derived using the RGI 6.0 outlines (RGI
Consortium, 2017).

In order to estimate the decadally-averaged glacier-wide mass balance,
surface elevation changes are converted into mass changes applying the
consensual volume-to-mass conversion of 850+60 kg.m-3 (Huss, 2013).

6.3.2 Reconstructing annual surface mass balance time series from optical
satellite images
The geodetic approach provides spatially resolved mass balance estimation
over decadal time spans, but fails in estimating the annual fluctuations for
mountain glaciers. In this study, we used the SLA-method, based on the
identification of end-of-summer snowline altitude (SLA), representative of the
equilibrium-line altitude (Lliboutry, 1965) which can in turn be used as an
indicator of the annual SMB (Braithwaite, 1984; Kuhn, 1989). The SLA-method
has been proposed by Braithwaite in 1984, and later applied by, among others,
Dedieu et al. (1989), Rabatel _et_al. (2005, 2008, 2012, 2016) and
Chandrasekharan et al. (2018). The first step consists in estimating the SLA.
Because of the large number of glacier considered in this study (239), we
semi-automatically identified the transient snowline altitude (TSLA) using the
workflow detailed in the supplementary material (Sect. 5 of the manuscript).
We used multi-sensor optical satellite images of decametric resolution (/.e.
LANDSAT 5, 7, 8, Sentinel2, ASTER) and identified the TSLA using a band ratio
(NIR?/SWIR), enhancing the snow/ice contrast. The ASTER GDEM v2 has been
used in the present study to compute the snowline altitude. For each image,
the workflow allows detecting the TSLA on the glacier as the steepest gradient
in the surface band ratio signature corresponding to the local transition
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between ice and snow. For each glacier we then considered the highest annual
derived TSLA to be representative of the glacier annual SLA. Missing SLAs, due
to cloud cover or image unavailability are gap-filled using a statistical linear
approach (Lliboutry, 1974) taking into account inter-annual (regional effect,
according to glaciers from the surrounding region) and spatial (site effect,
according to the average of each individual glacier) variability to reconstruct
missing SLAs. Following the conclusion by Vincent et al. (2017) and Pelto
(2018), we considered that glaciers 100 km apart have a significant common
variance (97.5% in the European Alps for SMB data, Vincent et al., 2017). As
the SLA is a good proxy of the SMB, we assumed that the same relationship
applies.

Following the methodology detailed in the supplementary material, 239
SLA time series have been derived. Using the method presented in Rabatel et
al. (2016), the glacier-wide SMB has been reconstructed for the period 2000-
2016. In summary, this approach computes for each year the departure
between the annual SLA and ELAeq, the theoretical altitude of the equilibrium
line if the glacier had a balanced budget for the study period. ELA¢q is
computed using the mean glacier-wide mass balance over the period, obtained
with the geodetic method, and the mass-balance gradient (db/dz) in the
vicinity of the ELA. Although peculiar to each glacier, several studies (Benn
and Lehmkuhl, 2000; Chandrasekharan et al., 2018; Kuhn, 1984; Mayo, 1984;
Rabatel et al., 2005, 2016) demonstrated that choosing a regional db/dz does
not depreciated the results and lead to similar results that individual glacier
db/dz estimates. We therefore selected a mass-balance gradient of 0.0078 m
w.e. m-1, according to Rabatel et al. (2005).

6.3.3 Climatological data

In order to evaluate the role of climate forcings on the observed glacier mass
changes, we analyzed the climatic conditions during the period 2000-2016
using data from the ERA5 reanalysis products (Copernicus Climate Change
Service (C3S), 2017). ERAS is a global atmospheric reanalysis produced by
the European Centre for Medium-Range Weather Forecasts (ECMWF) that
consists in 137 levels from the surface up to a height of 80 km, on a 30 km
grid and available since 1979. ERA5 combines a large amount of surface- and
satellite-based observations into an estimate at global scale using data
assimilation and advanced modelling. In this study we analyzed glacier-
relevant variables from ERA5 (/.e. air temperature 2 meter above the grid
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mean elevation, total precipitation of the atmospheric column, sea-level
pressure, precipitable water, zonal and meridian component of the water vapor
and temperature advection into the grid cell).

6.4 RESULTS

6.4.1 Uncertainty in the annual and decadal retrieved glacier-wide mass
balance

The uncertainty on individual glacier multi-decadal average mass balance is
related to three independent sources: the uncertainty on the glacier surface
area, the uncertainty on the rate of elevation change and the uncertainty on
volume-to-mass conversion factor. The uncertainty on the rate of elevation
change integrated over the area of each glacier is estimated following Rolstad
et al. (2009) with spherical variogram of 500 meter range. The standard
deviation of stable terrain is drawn in 1x1 degree tiles and applied to glaciers
in the corresponding tile, with an average value of 0.5 m a-1. The uncertainty
on the glacier surface area is conservatively defined as 5% for clean-ice glacier
(Paul et al., 2013), and the uncertainty on the volume-to-mass conversion
factor is estimated as £60 kg m=3 (Huss, 2013). The overall uncertainty is
estimated for each glacier, with a mean value of 0.20 m w.e. a1, ranging from
0.06 to 0.71 m w.e. a'! depending of the sub-region.

The overall uncertainty in the retrieved annual SMB can be computed as
the cumulative of the uncertainty of each variable used in the calculation
(equations 1 and 2 from Rabatel et al., 2016). It therefore corresponds to the
quadratic sum of the uncertainty from:

e the uncertainty in the semi-automatically retrieved SLA, equal to £123
m. It takes into account: i) the DEM resolution and uncertainty; ii) the
pixel size and resampling of the satellite images used for the detection
and; iii) uncertainties related to the detection method and potential false
detections caused by the presence of crevasses, undetected clouds or
change of slope not mitigated by the algorithm. A full description is
presented in the supplementary materials (Sect. 5 of this manuscript).

e the uncertainty related to the mass balance gradient in the vicinity of
the ELA, considered as 10% of db/dz as suggested by Rabatel et al.
(2005).
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e the uncertainty in the computed geodetic mass balance presented above.

e the time difference between the image acquisition used to estimate SLA,
and the last day of the hydrological year. Rabatel et al. (2016) estimated
this uncertainty at £0.09 m.we. a-1 in average on 30 glaciers in the
French Alps for a 30-yr study period. This estimates made for glaciers in
the French Alps is considered here at the scale of the European Alps.

Finally, the uncertainty in the computed annual SMB with the SLA-method
equals £0.26 m w.e. a’! on average, ranging from 0.22 to 0.4 mw.e. a!
depending on the year and the glacier.

6.4.2 Remotely-sensed SMB validation

Using the SLA-method, the glacier-wide annual SMB time series of 239 glaciers
were reconstructed for the period 2000-2016. The European Alps being one of
the most monitored glacierized regions worldwide, we could validate our
estimates with 23 glacier-wide annual SMB time series estimated from /n situ
data and computed with the glaciological method (full list presented Table S3
in the supplementary material).

As displayed in Figure 1A, annual SMB from remote sensing and from /n
situ data are in general agreement, with 33% of common variance, no
observed mean bias and RMSE (0.6 m w.e.) of the same order of magnitude
than the computed remotely-sensed SMB uncertainty (0.26 m w.e. in average).
There is however a small underestimation for positive and highly negative SMB,
resulting in the slope of the linear regression to be smaller than 1 (a = 0.4).
When comparing the standardized glacier-wide annual SMB of the 23 glaciers
with /n situ estimates (Figure 1B), the interannual variability agrees quite well
except in between 2004 and 2008. There are three possible explanations for
this discrepancy: i) errors in SLA estimation from the SLA-method; ii)
representativeness of the computed glacier-wide SMB from sparse /n situ data;
and iii) difference of glacier extent used to compute the glacier-wide SMB in
the two methods. Indeed, when comparing manually delineated and semi-
automatically derived SLA (see supplementary material, Sect. 5 of this
manuscript), the algorithm fails in reproducing extremely high or low SLA due
to the position of the SLA itself, either too close to the glacier head or snoot.
Therefore, retrieved SMB from the SLA-method would not well capture positive
or extremely negative years leading to the observed discrepancy. Furthermore,

134



Region-wide annual glacier surface mass balance for the European Alps from
2000 to 2016

most of the SLA estimates between 2003 and 2008 were based on Landsat 7
images, for which the Scan Line Corrector (SLC) failed in May 2003, resulting
in stripped images reducing drastically the number of usable images to detect
the SLA. On the other hand, glacier-wide estimates from /n situ data using the
glaciological method is dependent from the point measurements distribution
on the glacier (often biased toward the ablation area due to access facilities),
the interpolation method, and glacier area change during the monitored period
Geodetic calibrations can reduce the related errors when photogrammetry
acquisitions are performed (Zemp et al., 2013). In addition, /n situ SMB can
show surprising values, as for the north-facing Corbassiere Glacier in 2006,
with a measured annual SMB of -3.56 m w.e. a! and a corresponding ELA at
3,875 m a.s.l., which is more than 450 m above the uppermost manually
delineated SLA from neighbouring French glaciers for the period 1984-2010
(Rabatel et al., 2013). Such negative SMB values from /n situ measurements
can be questionable and a source of discrepancy with remote-sensing
estimates. Finally, the different glacier surface areas considered in the two
methods can explain part of the differences. Indeed, glacier surface areas used
for the SLA and geodetic methods correspond to the glacier outlines mostly
from 2003 regarding the European Alps (RGI Consortium, 2017) while the year
of glacier extent delineation used for the glaciological method is variable from
glacier to glacier, and dependent of the local inventories. Different glacier
surface areas can therefore have an impact on the retrieved annual SMB values
but is challenging to estimate.

Despite the observed discrepancies, computed annual SMBs from the
SLA-method are able to reproduce the monitored SMB from /n situ
measurements together with the interannual variability (Fig. 1B) and allow
applying the SLA-method at regional scale.
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Figure 1 : Annual SMBs computed from remote-sensing data using the SLA-method
versus annual SMBs from in situ data using the glaciological method. In Fig. 1A, the
red line illustrates a robust linear regression with support for the M-estimators
(Susanti and others, 2014), together with the 95% confidence interval, illustrated
with grey lines. Statistics are displayed to assess the correlation between both
datasets,; a represents the slope of the linear regression and b the intercept. Heat-
map style colours are given as an indicator of the point density with one point
representing one compared annual SMB. In Fig. 1B, the median standardized
interannual variability is represented for in situ and remote-sensing estimates for
the 23 glaciers monitored in situ and detailed Table S3.

6.4.3 Glacier morpho-topographic features, one of the multi-decadal average
SMB drivers?

Previous studies showed that multi-decadal average mass balances of

(2011) differences in specific mass balance between neighbouring glaciers
can often be more controlled by glacier morpho-topography than climate
variability, and observed mass balance response to similar climate forcing
can differ by up to a factor of four from one glacier to another. However,
assessing the impact of glacier morpho-topography on the average glacier
mass balance was challenging due to the limited number of /n situ
measurements, not necessarily representative of a regional glacier diversity
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(Gardner et al., 2013). Therefore, geodetic estimates of multi-decadal mass
changes for individual glaciers at regional scale provide a lever to investigate
the impact of glacier geometry on the decadal mass balance variability from
one glacier to another. We tested the relationship between the geodetic
multi-decadal average mass balance for 361 glaciers for the period 2000-
2016, and several glaciers morpho- topographic features (i.e. mean glacier
slope, minimum, median and maximum altitude, aspect and area, displayed
Figure 2).
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Figure 2 : Geodetic multi-decadal average mass balance for the period 2000-2016
as a function of six morpho-topographic variables. Correlation coefficient is provided
for each of the variables. A regression has been computed following a robust linear
model with support for the M-estimators (Susanti et al., 2014), and is represented
by a red line, excepted for the glacier aspect, for which a linear regression was not
Judicious.

We willingly computed the mean glacier slope rather than the largely used
glacier tongue slope to also take into account accumulation basin geometries.
For the six studied features, three can be significantly correlated to computed
multi-decadal average mass balance (with a statistical risk of error <5%
according to a Student’s test); (1) the median altitude (/2=0.24), (2) the mean
glacier slope (#=0.19) and (3) the maximum altitude (/2=0.12). Using a least
absolute shrinkage and selection operator (LASSO) regression analysis, the
three variables explain 36% of the observed geodetic multi-decadal average
mass balance variance, with the slope and the median altitude being the
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dominant terms. Adding other variables (area, minimum altitude and mean
aspect) only rises the explained variance to 39%, which underlines their
relative low impact on the multi-decadal average mass balance at regional
scale. This result strengthens previous observations made within the European

statistical correlation between the glacier area and the multi-decadal average
mass balance as suggested by previous studies (Huss, 2012; Paul and Haeberli,
2008). This difference could also rest on the absence of small glaciers
(<0.5km?) in our dataset.

It is finally worth noting that correlations are positive for the three
significantly correlated morpho-topographic variables, suggesting that steep
and high glaciers with a high accumulation basin experience the less negative
multi-decadal average mass balances.

6.5 DISCUSSION

6.5.1 Heterogeneous pattern of annual SMB

400 km?
% of excluded
pixels on the
1°x1° tile
=1 0 1 40 km?
Mean SMB 2000-2016 [m w.e. yr?]

Figure 3: Map of European Alps illustrating the glacierized and the ice-free (framed
cells) 1x1 degree grid cells. For each glacierized cell, the pie charts illustrate the
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mean mass balance over 2000-2016 computed with the geodetic method, with
white slices corresponding to the percentage of glacierized pixels not monitored
because of large uncertainties. Numbers (1 to 10) denominate regions where
annual SMB time series have been computed using the SLA-method. Dashed green
and continuous orange polygons illustrate the two main groups of sub-regions
identified from the analysis of inter-annual SMB time series.
Multi-decadal average mass balances and annual SMB time series averaged by
sub-regions are presented Figure 3 and 4, respectively. According to Figure 3,
the sub-region #4 (Eastern Berner and Urner ranges) experienced the
strongest mass loss between 2000 and 2016, with an average of -0.90+0.20
m w.e. a'l. On the other hand, the sub-region #1 (North of Otztaler, Stubai
and Zillertal ranges) experienced a lower mass loss with an average loss of -
0.54+0.28 m w.e. a-1. The length of the ASTER images archive gives the
opportunity to divide the study period (2000-2016) into two sub-periods
(2000-2009 and 2009-2016) as done in the study by Menounos et al. (2019)
and Dussaillant et al. (2019). Results for the two sub-periods are not displayed
because no contrasted pattern is observed between the two sub-periods, as
also illustrated by the cumulative annual SMB (Fig. 6). The multi-decadal
average mass balances for the European Alps over the period 2000-2016 is -
0.74+0.20 m w.e. a!, corresponding to an average annual loss of -1.54+0.38
Gt, which is less negative than estimates from previous studies: -0.99+0.04
m w.e. a-! in Huss (2012) computed from /n situ data interpolation for the
from both /n situ interpolation and local geodetic estimates for the period
2006-2016.

Regarding the inter-annual SMB variability, similar patterns can be
observed for some sub-regions (Fig. 4). To investigate these patterns, we
computed the Mahalanobis distance (Mahalanobis, 1936) between each of the
sub-regions and represented their respective distances in Figure 5. This
distance allows seeing whether spatial patterns emerge and if sub-regions
show similar temporal variability in their SMB time series.
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Figure 4 : Median SMB time series (in m.w.e. a-1) for each of the ten studied sub-
regions (displayed Figure 3). The confidence interval in light grey illustrates the
annual dispersion of the SMB estimates for individual glaciers in the sub-region,
computed using the normalized median absolute deviation (NMAD). The number of
glaciers is displayed on the up-left corner of each subplot (n=). The red histograms
sort each annual SMB as a function of its value, in m w.e. a“.
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Figure 5 : Mahalanobis distance of the median SMB between each sub-region. A low
Mahalanobis distance (i.e. red) corresponds to sub-regions having similar SMB time

141



series, while a high distance (i.e. blue) indicates heterogeneous pattern between
the compared sub-regions.

Looking at the respective SMB time series from Figure 4 and associated
distances Figure 5, glaciers from sub-regions #1, #5, #6 and #7 show similar
behaviour. These sub-regions correspond to the central-eastern part of the
European Alps, from 9 to 12° E. The region #2 seems to have a peculiar inter-
annual SMB variability even if a relatively low distance is found with its
neighbouring sub-region #7. Sub-region #4, corresponding to the central part
of the European Alps (/.e. Eastern Berner and Urner ranges) seems to behave
differently from surrounding regions, even if some medium distances are found
with sub-regions #9 and #10, with the common characteristic to be on the
southern side of the European Alps. Another group can be constituted with
sub-regions #3, #9 and #10 (/.e. western part of Valais, Aosta Valley and
Ecrins), being the western part of the European Alps excepted for sub-region
#8 which, surprisingly, does not have similar behaviour with any of the other
sub-regions. Sub-regions #9 and #10 (/.e. Aosta Valley and Ecrins) show very
similar inter-annual SMB variability and are located at the southern tip of the
European Alps.

6.5.2 Analysis of possible climatic drivers

In order to understand the observed heterogeneity of the computed annual
SMB time series, we investigated different climatic variables during summer
(May to September included) and winter (October to April included) from the
ERAS reanalysis. For each 1x1 degree grid cell, we computed the summer
average of the 2-m air temperature (T2ms), sea-level pressure (SLPs), zonal
and meridian temperature advection (Tus and Tvs), and the winter average of
precipitations (Pw), sea-level pressure (SLPw), precipitable water over the
entire atmospheric column (Pwatw) and the zonal and meridian humidity
advection (Quw and Qvw). We then performed, per grid cell, a LASSO
regression analysis between these climatic variables and the median annual
SMB time series over the 2000-2016 period. For each comparison, a maximum
of three variables explaining most of the observed variance are identified and
reported Table 2, with red variables being the first, salmon the second and
blue the third variable in terms of explained variance. It has to be noted that
this statistical analysis is conducted over a 17-yr time period, which from a
climatic point of view is rather short. Therefore, the interpretation of the

142



Region-wide annual glacier surface mass balance for the European Alps from
2000 to 2016

results has to be considered with caution and as a preliminary study of the
relationship between the SMB and climate inter-annual variability at the
European Alps scale.

Interestingly, from the LASSO analysis, the two groups of sub-regions

identified from the SMB time series also emerge. For the sub-regions #1, #5,
#6 and #7, the only climatic variable statistically significant and explaining
more than 30% of the observed inter-annual SMB variance is the precipitable
water during winter, which is largely impacted by the winter air temperature
(maximum water content in humid air depending on temperature). This is in
agreement with observations made for glaciers in these regions (/.e. Austrian
Alps, Abermann et al., 2011) suggesting that glaciers in this area could be
maintained because of “above-average accumulation”.
Sub-regions #3, #4, #9 and #10 have the same first explicative variable (Quw,
except for #3 where it is second), corresponding to eastward advection of
humidity and seems also highly impacted by summer air temperature and
summer meteorological conditions (Tvs, SLPs and T2ms), mainly dominated by
southward fluxes. These sub-regions are all in the western European Alps and
could therefore experience similar meteorological forcing during zonal or
meridian meteorological events.

Sub-region #2 seems to be highly impacted by summer meteorological
conditions and could not be assimilated to any other sub-region. In contrary
to sub-region #3, #2 seems not impacted by temperature or humidity
advection and is too distant from #3 to be grouped with, despite their common
high dependence to summer air temperature. Finally, the sub-region #8 is
dominated by summer meteorological conditions, winter eastward humidity
advection and precipitable water. The predominating drivers and observed
inter-annual SMB are not identical from the surrounding regions despite their
close geographical distances, and our analysis does not allow to conclude on
the reasons for this peculiar behaviour.
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Region  r?bz r°, T2ms Pw SLPs SLPw Pwatw  Tus Tvs Quw Qvw

#1 0.36 =
#2 0.41 ] 0.38
#3 0.45] 0.33

#4 0.53 ] 0.44
#5 0.37 =
#6 0.37 =
#7 0.31 =
#8 0.68 | 0.41
#9 0.52 ] 0.33
#10 0.52 | 0.38

Table 2 : Results from multi-linear LASSO regression analysis in between median
annual SMB and nine climatic variables from ERA5. r’p; displays the correlation
coefficient with the computed inter-annual SMB considering the most explicative
climatic variables (three at maximum), and r’s, the correlation coefficient of the
most explicative variable. Scores displayed in bold are significant (risk<5%)
according to a Student t-test. Most explicative variables are classified function of
their relative significativity, with red the most explicative, salmon, the second and
blue the third.

Surprisingly, winter precipitation is not identified as an explicative
variable for any of the monitored regions. One hypothesis could rest on the
poor capacity of ERAS to spatialize precipitation regarding the relatively low
resolution of the used DEM (/.e. 30 km), particularly important in mountainous
terrain. Precipitable water is often considered as more accurate as it does not
perform a spatial estimation of precipitation but rather a budget of precipitable

water.

6.5.3 In situ monitored SMB representativity

Historically, glacier-wide SMB is monitored /n s/itu and glaciers have often been
chosen because of their access, morpho-topographic features enabling their
instrumentation or political and historical reasons (Kaser et al., 2003). As the
“ideal” glacier for mass balance investigation does not represent the global
glacier diversity, biases can occur when considering such glacier as
representative of the regional scale glacier behaviour. Indeed, negative biases
have already been observed when comparing spatially resolved SMB from
geodetic estimations to interpolations of sparse glaciological measurements,
not representative for large glacierized regions (Gardner et al., 2013).
Recently developed geodetic methods allow overcoming this issue of
representativeness due to temporal and spatial resolutions of the computed
SMB (e.g. Zemp et al., 2019; Menounos et al., 2019).
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To see whether the /n situ monitored glacier in the European Alps are
representative of the regional behaviour, we analyzed the cumulative mass
balance of the 239 glaciers in the European Alps for which annual SMB time
series have been computed, as a function of the glacier morpho-topographic
features; for instance, mean glacier slope, median and maximum altitude
(significantly correlation to the average glacier wide mass balance, see.
Section 4.3). Figure 6 illustrates the cumulative SMB from 239 glaciers, divided
into four glacier slope classes of equal number of glaciers and compared to the
average of the 23 SMB time series obtained with the glaciological method and
from /n situ measurements.

As described in Sect 6.4.2, computed annual SMB with the SLA-method
underestimates extremely high and low SMB values (/.e. 2001, the only year
with positive SMB from the studied period and 2003, a very low SMB year in
the European Alps). As our studying period has both extremes in the first four
years, the cumulative SMB is at the beginning poorly reproduced by remotely-
sensed estimates but is then able to match /n situ monitored SMB for the rest
of the period. The glacier mean slope of the /n situ monitored glaciers falls into
class 1 and 2 (slopes gentler than 20.5°). The median of the 23 /n situ SMB
time series is in agreement with the remote-sensing SMB for glaciers having a
similar mean slope (inset Table in Figure 6). As shown in Figure 2, the gentler
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Classes Slope [deg.] Area [km?] EA area [km?]
(% of subset area) (% of EA area)
<17 428 (35) 589 (28)
17<~<20.5 417 (34) 560 (27)
20.5<~<238 234 (20) 360 (17)
4 =238 135 (11) 582 (28)
11.6<~<21.6
(mean=16)
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Figure 6 : Cumulative SMB of glaciers from the European Alps as a function of their
mean slopes. The dashed line represents the median cumulative SMB of 23 glaciers
obtained from in situ data. Classes 1, 2, 3 and 4 illustrate the cumulative SMB
estimated from remote sensing data of four sets of glaciers sorted by their mean
slope. Each class has the same number of glaciers but corresponds to a peculiar
total glacier area. The class’ glacier area of our subset and the corresponding glacier
area for the entire European Alps (EA) are displayed in the inset.

the glacier slope, the higher the overall mass loss. This relationship has already
been observed, either sporadically on a small set of glaciers (e.g. Rabatel et
al., 2013, Huss, 2012), or at a larger scale (e.g. Brun et al., 2019, Fischer et
al., 2015). A possible interpretation of this observation is that the glacier mean
slope and the glacier response time are related with steeper glaciers having a
faster dynamics and adapting quickly to changing climate conditions compared
to glaciers with low slopes. This hypothesis would imply that steeper glaciers
faster reach a balanced-state with less negative SMB while glaciers with low
slope remain in imbalance for a longer time, experiencing more negative SMB
to adapt to changing climatic conditions (corroborated by Brun et al., 2019).
Another hypothesis would rest on an increase in precipitation over the period
2000-2016 that would benefit steeper glacier because of their faster mass
turnover. The studying period is however too short to conclude on a significant
increase in precipitation (illustrated Fig. S9, and this hypothesis is rather
speculative and would require a longer observation period and assessment of
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the glacier dynamics response to increasing precipitation with numerical
models.

On the other hand, the /n situ SMB time series fails in representing

glaciers from class 3 and 4 (slopes greater than 20.5°), while these classes
account for 45% of the total European Alps glacierized area. We therefore
suggest that /n situ SMB time series may illustrate a negatively biased picture
of the regional behaviour because of their poor representativeness for the
steeper glaciers representing almost half of the glacier coverage.
A similar analysis has been conducted for the glacier median altitude but the
only class standing out from the crowd (with median altitude greater than
3,207 m a.s.l. versus 3,103 m a.s.l. in average for /n situ monitored glaciers)
concerns about 20% of the total European Alps glacierized area and glacier
from the glaciological sample are spanning over the four defined classes, not
permitting to conclude on significant relationship or mis-representativeness of
the glaciological sample. For the maximum altitude, when divided our glacier
subset into four classes as a function of their maximum altitude, glaciers with
higher maximum elevations seem to experience less negative SMB. It is
important to highlight that SLAs are rarely observable for the entire studied
period on glaciers with low maximum elevations (<3,400 m a.s.l.). Low
elevation glaciers have not been selected because SLAs were not identifiable
every year on these glaciers. Therefore, our subset is not representative of the
total European Alps population (12% in our subset vs. 46% for the entire
European Alps, in terms of corresponding area for glaciers with maximum
altitude <3,471 m a.s.l.).

We therefore suggest that because of a low representativeness for steep
glaciers, in particular with slopes greater than 20°, studies estimating region-
scale SMB from /n situ extrapolation could be substantially biased, if morpho-
topographic features are not considered. This could be a source of differences
of our regional mass balance estimates (-0.74+0.20 m w.e. a'!), ~25% lower

attributed to our inclusion of steep glaciers, and our spatially resolved
estimated.
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6.6 CONCLUSION

We quantified a spatially resolved estimate of individual annual SMB time
series for 239 glaciers in the European Alps, using both geodetic and snowline
altitude estimates for the period 2000-2016. Benefiting from /n situ SMB data
from 23 glaciers, we could validate our approach, based on the SLA-method
to quantify the SMB of individual glaciers at regional scale. The observed
discrepancies with /n situ estimates have been assigned to both the
uncertainties in the SLA using a semi-automatic algorithm (described in the
supplementary material) and to glacier-wide estimates from /n situ surface
mass balances.

Geodetic estimates of long term mass changes were used to analyse the
impact of glacier morpho-topographic features on the mass changes. Three
morpho-topographic variables: mean glacier slope, median and maximum
altitude, appear to explain 19, 24 and 12%, respectively, of the observed
variance of the long term mass changes. An analysis of the cumulative SMB
from /n situ and remote-sensing estimates, as a function of the glacier slopes,
suggests that steeper glaciers experienced less mass losses. Our analysis
suggests that SMB time series quantified from the glaciers with in situ
measurements are not representative of the regional behaviour of glaciers in
the European Alps. Indeed, these glaciers belong to the “gentle slope glaciers”
(< 20 ©), and half of the glaciers in the European Alps, with higher slope
experimented as lower mass loss. Nonetheless, /in situ measurements still
provide essential data for the comprehension of surface processes and glacier
response to climate forcing at fine scales.

Analysis of the temporal SMB variability in combination with climate
forcing from ERAS reanalysis data, allowed identifying two main sub-regions
within the European Alps. In the first one at the north-eastern part of the
European Alps, the temporal SMB variability seems to be mainly driven by the
precipitable water of the entire atmospheric column, suggesting that, in
agreement with previous studies (e.g. Abermann et al., 2011), precipitations
are essentials in the observed SMB in this region. Regarding the second region
in the western part of the European Alps, the temporal SMB variability seems
more impacted by eastward advection of humidity and summer meteorological
conditions, mostly impacted by southward fluxes.

Finally, this study proposes a new methodological framework to quantify
the long term trend and the annual SMB time series of individual glaciers at
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regional scale from optical remote sensing only. The satisfactory results we
obtained should encourage to apply this framework to other glacierized regions.
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6.7 SUPPLEMENTARY MATERIAL

Name Country | Investigators Years in | Name Country Investigators Years in
2000- 2000-2016
2016
Saint- FR D. Six and C.| 17 Adler CH Huss, Salzmann, | 13
Sorlin(*) Vincent (CNRS) Leysinger-Vieli and
colleagues  (DGUF,
GIUZ)
Argentiere(* | FR D. Six and C.| 17 Clarinde | CH U. Steinegger, G. | 10
) Vincent (CNRS) n Kappenberger and
colleagues
Gébroulaz FR D. Six and C.| 17 Rhone CH A. Bauder and | 17
Vincent (CNRS) colleagues (VAW)
Blanc FR E. Thibert and | 17 Schwarz | CH A. Bauder, M. Huss | 17
colleagues berg and colleagues
(IRSTEA) (VAW)
Mer de Glace | FR D. Six and C. | 16 Allalin CH A. Bauder, M. Huss | 17
Vincent (CNRS) and colleagues
(VAW)
Hintereis(*) AT Juen I., Kaser G. | 17 Hohlaub | CH A. Bauder, M. Huss | 12
and colleagues and colleagues
(ACINN) (VAW)
Wurtenkees( | AT S. Reisenhofer and | 12 Findelen | CH Huss, Salzmann, | 17
*) colleagues (ZAMG) Leysinger-Vieli and
colleagues  (DGUF,
GIUZ)
Stubacher AT H Wiesenegger, H. | 17 Gietro CH A. Bauder, M. Huss | 17
Sonnblickkee Slupetzky and and colleagues
s(*) colleagues (VAW)
(HD/SB)(HD/LS)
Vernagt(*) AT Braun L., Mayer C. | 17 Silvretta | CH A. Bauder, M. Funk | 17
and colleagues *) and colleagues
(CGGBAS) (VAW)
Kesselwand( | AT Juen 1., Kaser G. | 17 Gries(*) | CH M. Funk, A. Bauder | 17
*) and colleagues and colleagues
(ACINN) (VAW)
Zettalunitz AT A. Fischer and | 11 Lunga IT S. Galos and | 15
colleagues (HD/LS) colleagues (IMGI &
UI/HA)
Pasterze AT B. Hynek, A. | 10
Neureiter and
colleagues (ZAMG)
Table S3 : List of glaciers for which in situ SMB data have been used to validate

remotely-sensed SMB estimates. Number of available annual SMB for the period
2000-2016 are also provided. Data from French glaciers have been kindly provided
by GLACIOCLIM. Data from Swiss glaciers were downloaded from the GLAMOS
database (GLAMOS, 2018). Data from glaciers from Italy and Austria were

data providers for their work on the respective glaciers.
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Figure S9: Mean centered-reduced summer 2m-air temperature (red) and winter total
precipitation in the atmospheric column (dashed olive) variability for the period 2000-
2016 over the ten defined 1x1 degree tile region.
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Figure S10 : Cumulative SMB of glaciers from the European Alps as a function of their
maximum altitude. The dashed line represents the median cumulative SMB of 23
glaciers obtained from in situ data. Classes 1, 2, 3 and 4 illustrate the cumulative
SMB estimated from remote sensing data of four sets of glaciers sorted by their
maximum altitude. Each class has the same number of glaciers but corresponds to a
peculiar total glacier area. The class' glacier area of our subset and the corresponding
glacier area for the entire European Alps (EA) is displayed in the inset.
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Figure S11 : Cumulative SMB of glaciers from the European Alps as a function of their
median altitude. The dashed line represents the median cumulative SMB of 23 glaciers
obtained from in situ data. Classes 1, 2, 3 and 4 illustrate the cumulative SMB
estimated from remote sensing data of four sets of glaciers sorted by their median
altitude. Each class has the same number of glaciers but corresponds to a peculiar
total glacier area. The class' glacier area of our subset and the corresponding glacier
area for the entire European Alps (EA) is displayed in the inset.
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Abstract. Less than 0.25% of the 250000 glaciers inventoried in the Randolph
Glacier Inventory (RGI V.5) are currently monitored with in situ measurements
of surface mass balance. Increasing this archive is very challenging, especially
using time-consuming methods based on in situ measurements, and
complementary methods are required to quantify the surface mass balance of
unmonitored glaciers. The current study relies on the so-called albedo method,
based on the analysis of albedo maps retrieved from optical satellite imagery
acquired since 2000 by the MODIS sensor, on board the TERRA satellite.
Recent studies revealed substantial relationships between summer minimum
glacierwide surface albedo and annual surface mass balance, because this

minimum surface albedo is directly related to the accumulation—area ratio and
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the equilibrium-line altitude. On the basis of 30 glaciers located in the French
Alps where annual surface mass balance data are available, our study
conducted on the period 2000-2015 confirms the robustness and reliability of
the relationship between the summer minimum surface albedo and the annual
surface mass balance. For the ablation season, the integrated summer surface
albedo is significantly correlated with the summer surface mass balance of the
six glaciers seasonally monitored. These results are promising to monitor both
annual and summer glacier-wide surface mass balances of individual glaciers
at a regional scale using optical satellite images. A sensitivity study on the
computed cloud masks revealed a high confidence in the retrieved albedo
maps, restricting the number of omission errors. Albedo retrieval artifacts have
been detected for topographically incised glaciers, highlighting limitations in
the shadow correction algorithm, although interannual comparisons are not

affected by systematic errors.

7.1 INTRODUCTION
Mountain glaciers represent only 3% of the ice volume on the Earth but

contribute significantly to sea level rise (e.g. Church et al., 2013; Gardner et
al., 2013; Jacob et al., 2012). In addition, millions of people partly rely on
glaciers, either for drinking water or agriculture or due to related glacier
hazards (Baraer et al., 2012; Chen and Ohmura, 1990; Immerzeel et al., 2010;
Kaser et al., 2010; Sorg et al., 2012; Soruco et al., 2015). The surface mass
balance (SMB) of glaciers is directly driven by the climate conditions;
consequently, glaciers are among the most visible proxies of climate change
(Dyurgerov and Meier, 2000; Haeberli and Beniston, 1998; Oerlemans, 2001;
Stocker et al., 2013). Measuring and reconstructing glacier SMB therefore
provides critical insights into climate change both at global and regional scales
(Oerlemans, 1994).

Systematic SMB monitoring programmes began in the late 1940s and
early 1950s in most of the European countries (e.g. France, Norway, Sweden,
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Switzerland). Gradually, more glaciers have become monitored, reaching the
present worldwide figure of 440. However, this represents only a small sample
of the nearly 250000 inventoried glaciers worldwide (Pfeffer et al., 2014).
Among the existing methods to quantify changes in glacier SMB, the well-
established glaciological method has become a standard, widely used
worldwide, yielding most of the reference datasets (World Glacier Monitoring
Service, WGMS; Zemp et al., 2015). Based on repeated in situ measurements,
this method requires intensive fieldwork. However, this method is unable to
reconstruct the SMB of unmonitored glaciers. The Global Terrestrial Network
for Glaciers (GTN-G) aims at increasing substantially the number of monitored
glaciers to study regional climate signhal through changes in SMB. To reach this
objective, the development of methods complementary to the ground-based
glaciological method is therefore required. Since the 1970s, several methods
have taken advantage of satellite imaging to compute changes in glacier
volume (Kaab et al., 2005; Rabatel et al., 2017; Racoviteanu et al., 2008).
Several glacier surface properties have thus been used as proxies for volume
fluctuations - changes in surface elevation from differencing digital elevation
models (DEMs) (e.g. Belart et al., 2017; Berthier et al., 2016; Gardelle et al.,
2013; Ragettli et al., 2016; Shean et al., 2016); end-of-summer snow line
elevation from high spatial resolution optical images (Braithwaite, 1984; Chinn
et al., 2005; Meier and Post, 1962; Mernild et al., 2013; Rabatel et al., 2005,
2008, 2016; Shea et al., 2013); mean regional altitude of snow from low
spatial resolution optical images (Chaponniere et al., 2005; Drolon et al.,
2016); or changes in the glacier surface albedo from high temporal resolution
images (Brun et al., 2015; Dumont et al., 2012; Greuell et al., 2007; Greuell
and Knap, 2000; Shea et al., 2013; Sirguey et al., 2016). Widely used over
icecaps or large ice masses, satellite derived DEMs cannot yet be confidently
used to compute annual or seasonal SMB of mountain glaciers, although recent

studies have revealed promising results for determining SMB changes of large
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mountainous glacierized areas (Belart et al., 2017; Ragettli et al., 2016). The
method based on the correlation between the regional snow cover and glacier
SMB has shown satisfying results to retrieve seasonal SMB, especially for the
winter period. This method was used for the quantification of 55 glaciers SMB
in the European Alps over the period 1998-2014 (Drolon et al., 2016). The
method based on the identification on high spatial resolution optical images of
the end-of-summer snow line altitude has shown encouraging results in the
French Alps, multiplying by 6 the available long-term annual SMB time series
(Rabatel et al., 2016), but needs to be automated to compute glacier SMB at
regional scales. In addition, monitoring glacier surface properties on the daily
or weekly basis and over large glacierized regions is still challenging with high
spatial resolution images. The current study is based on the albedo method
used in Dumont et al. (2012), Brun et al. (2015) and Sirguey et al. (2016).
Images from the MODerate resolution Imaging Spectroradiometer (MODIS)
are processed to compute daily albedo maps of 30 glaciers in the French Alps
over the period 2000-2015. Then we rely on the methodological framework
proposed by Sirguey et al. (2016) on Brewster Glacier (New Zealand), looking
at the relationships between annual and seasonal SMB and the glacier-wide
averaged surface albedo a. Our overall objective is to study the relationships
between glacier SMB and albedo by (i) reconstructing the annual albedo cycle
for 30 glaciers in the French Alps for the period 2000-2015, (ii) linking the
albedo signal to the summer components of the SMB as well as to its annual
values for 6 and 30 glaciers, respectively, and (iii) assessing the sensitivity of
the retrieved albedo towards tuning parameters (cloud coverage threshold for
images processing, reliability of detected shadows). Section 2 presents the
available SMB datasets used for the comparison and describes briefly the in
situ automatic weather stations (AWS) used to assess the quality of MODIS-
retrieved albedo. The method to retrieve albedo maps is described in Sect. 7.3.
Results are presented and discussed in Sects. 7.4 and 7.5. The conclusion
gathers the main results of the study and provides perspectives for future
works.
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7.2 STUDY AREA AND DATA

7.2.1 Site description
The study focuses on 30 glaciers located in the French Alps (Fig. 1). Each

glacier can be classified as a mountain glacier, extending over an altitudinal
range from around 1600ma.s.l. (Argentiere and Mer de Glace glaciers) to
4028ma.s.l. (Blanc Glacier), and located between the coordinates 44°51” to
46° N and 6°09”to 7°08” E. The cumulative glacial coverage considered in the
present study is 136km?, i.e. half of the glacier surface area covered by 593
inventoried glaciers over the French Alps for the period 2006-2009 (Gardent
et al., 2014).

Studied glaciers have been selected following four criteria related to the
availability of field data and remote sensing constraints, namely (i) the annual
glacier-wide SMB for the study period had to be available, (ii) the glacier
surface area had to be wide enough to allow robust multi-pixel analysis, (iii)
the glacier had to be predominantly free of debris to allow remotely sensed
observations of the albedo of snow and ice surfaces, and (iv) summer SMB
records had to be available to consider summer variability. Finally, 11 glaciers
have been selected in the Ecrins Range, 14 in Vanoise and 5 in Mont Blanc
(Fig. 1, and listed Table 1).

7.2.2 MODIS satellite images
The MODIS sensor, on board the TERRA-EOS/AM-1 satellite has been

acquiring near-daily images of the Earth since 25 February 2000. With 36
spectral bands ranging from 0.459 to 14.385um, and spatial resolution ranging
from 0.25 to 1km depending on the spectral band, MODIS is nowadays one of
the most used optical sensors for land surface observations. Because of its
short temporal revisit time, its long acquisition period and its moderate
resolution, images from MODIS are the most suitable for the present work. We
therefore rely on about 15000 MODIS calibrated Level 1B (L1B) swath images.

159



7.2.3 Surface mass balance data

In the French Alps, six glaciers allow both the summer and annual analyses to
be conducted, due to the availability of summer SMB data (bs) obtained from
in situ measurements with the glaciological method (unpublished data, LGGE
internal report, listed in Table 1). In addition, glacier-wide annual SMB values
of the 30 studied glaciers were computed by Rabatel et al. (2016) using the
end-of-summer snow line measured on optical remote-sensing images and the
glacierwide mass change quantified from DEM differencing.

46°0'0"N

45°0'0"N

6°0'0"E 7°0'0"E

Figure 1. Map of the region of interest with the studied glaciers shown in red (numbers
refer to Table 1). The four AWS used in the present study were set up on Saint-Sorlin
Glacier (no. 20). Adapted from Rabatel et al. (2016).

For the six glaciers where glacier-wide annual SMB is available from the
two methods, i.e. in situ and satellite measurements, the average of the two
estimates was used to calibrate and evaluate the albedo method, in order to
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derive for each glacier a single relationship SMB vs. computed albedo. We do
not discuss here the differences between the considered datasets because
these differences have been investigated by Rabatel et al. (2016).

7.2.4 In situ albedo measurements
Albedo measurements acquired punctually using an AWS on Saint-Sorlin

Glacier have been used to evaluate the MODISretrieved albedo. In situ albedo
measurements were available for three periods in the ablation zone (July-
August 2006; June-August 2008; June-September 2009) and for one period
in the accumulation zone (June-September 2008). Albedo data from these
AWS have been calculated as the ratio of the reflected to incident shortwave
radiation (0.3- 2.8um) using two Kipp and Zonen pyranometers. With a
potential tilt of the instrument with respect to surface melting and the intrinsic
sensor accuracy (3%, Six et al., 2009), the calculated albedo at the AWS
shows a £10% accuracy (Kipp and Zonen, 2009; Dumont et al., 2012).

7.3 METHODS

7.3.1 MODImLab products
MODIS L1B images were processed using the MODImLab toolbox (Sirguey,

2009). Image fusion between MOD02QKM bands 1 and 2 at 250m resolution
and MOD02HKM bands 3-7 at 500m resolution allows seven spectral bands at
250m resolution to be produced (Sirguey et al., 2008). Then, atmospheric and
topographic corrections are applied that include multiple reflections due to
steep surrounding topography (Sirguey, 2009). Various products are derived
from the corrected ground reflectance including snow and ice surface albedo
(Dumont et al., 2012). As recommended by Dumont et al. (2012), the white-
sky albedo (estimated value of the surface albedo under only diffuse
illumination) is considered. The use of an anisotropic reflection model for snow
and ice has been preferred to the isotropic case, due to its closer agreement

with in situ measurements (Dumont et al., 2012). The MODImLab toolbox also
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produces sensor geometrical characteristics at the acquisition time such as the
solar zenith angle (SZA) and the observation zenith angle (OZA) used for post-
processing the images (Sect. 7.3.4). The MODImLab cloud detection algorithm
is more conservative than the original MODIS product (MOD35), and has been

preferred as recommended in Brun et al. (2015).

Table 1. List of studied glaciers, characteristics and albedo/mass balance correlations
over 2000-2015, except for summer coefficients (over 2000-2010). For localization,
refer to Fig. 1. Bolded rows exhibit glaciers where annual and summer in situ glacier-
wide SMB data are available. The mask size is expressed in number of pixels. To
obtain the glacier mask area in km?, one should multiply the mask size by 0.0625km?.
Determination coefficients are expressed for each glacier. Note the units of r? (%),
RMSE, P1 and P2 (m w.e.).

No. Name Mask size (pixel) by = PAgit 4 P2 bs = Pfai™ + P§
r> RMSE P} P} r RMSE P} P§

1 Tour 71 078 061 149 7.8

2 Argentiere 111 074 039 168 -84 076 027 123 -10.1
3 Talefre 40 046 073 170 -80 046 069 159 -I21
4 MerdeGlace 246 016 089 87 -58 0.69 031 153 -I21
5  TreéLaTée 38 043 125 228 -10.0

6  Savinaz 7 023 127 123 -74

7 Gurraz 17 029 077 98 538

8  Sassitre 19 052 067 82 —49

9 Grande Motte 30 083 053 136 —65

10 Mulinet 18 033 062 77 45

11 GrandMéan 11 044 064 78 —42

12 Arcelin 37 064 052 66 —37

13 Pelve 44 041 075 87 57

14 Arpont 41 028 100 98 58

15 Mahure 20 055 066 101 -5.1

16  Vallonnet 19 0.36 066 34 -20

17 Gebroulaz 23 062 045 91 -46 076 028 98 79
18  Baounet 11 0.16 064 28 25

19 Rochemelon 11 031  0.67 4.3 —2.8

20 Saint-Sorlin 31 086 037 138 —63 094 021 147 -I1L0
21 Quirlies 15 06 054 114 -52

22 MontDe Lans 35 069 064 114 -54

23 Girose 60 07 043 91 47

24 Selle 13 079 041 90 —44

25  Casset 7 073 047 89  —46

26 Blanc 4 082 029 79 -39 072 026 92 =73
27  Vallon Pilatte 7 068 056 160 —7.2

28 Rouies 14 072 068 180 -—7.8

29 Sélé 12 0.63 061 109 -5.1

30 Pilatte 18 068 083 281 —I3.1
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According to Dumont et al. (2012) and further assessed by Sirguey et
al. (2016) the overall accuracy of MODImLab albedo product under clear-sky
conditions is estimated at £10%.

To mitigate the impact of shadows over the glaciers, MODImLab uses a
DEM from the Shuttle Radar Topography Mission (SRTM - 90m resolution -
acquired in 2000) to estimate the sky obstruction by the surrounding
topography and to correct the impact of shadows (see Sirguey et al., 2009).
The algorithm implemented in MODImLab is fully described by Sirguey et al.
(2009) and was inspired by Dozier et al. (1981) and Dozier and Frew (1990)
for the sky obstruction factor processing (Horizon and Vsky in Sirguey et al.,
2016), and Richter (1998) for the correction of shadows. It is first computed
at 125m resolution, providing Booleantype products of self and cast shadows
per pixel. Results are then averaged and aggregated to 250m resolution,
producing a sub-pixel fraction of shadow (further detailed in Sirguey et al.,
2009). Finally, MODIS data processed with MODImLab provide, among others,
near-daily maps of white-sky albedo at 250m resolution together with cloud

masks and cast and projected shadows.

Albedo maps have been processed for 5068 images for the Ecrins range,
4973 for Mont Blanc and 5082 for Vanoise over the period 2000-2015. Only
images acquired between 09:50 and 11:10UTC (+2h in summer for local time
conversion) were selected to get minimum SZA and limit projected shadows

of surrounding reliefs.

7.3.2 Glacier masks
Following Dumont et al. (2012) and Brun et al. (2015), we manually created

raster masks of the 30 glaciers, based on the glaciers’ outlines from the 1985-
1987 (Rabatel et al., 2013) and high spatial resolution (6m) SPOT-6 images
from 2014. All debris-covered areas, together with mixed pixels (rocksnow/ice)
have been removed to capture only the snow/ice albedo signal. The resulting
number of pixels per glacier is listed in Table 1.
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7.3.3 Surface albedo and glacier-wide mass balance relationship

Basis of the method
For one glacier in the Alps (Dumont et al., 2012), two in the Himalayas (Brun

et al., 2015) and one in the Southern Alps of New Zealand (Sirguey et al.,

2016), the summer minimum glacier-wide averaged albedo (Eamm) has been

significantly correlated with the glacier-wide annual SMB. The relationship

—min

between %2 and glacier-wide SMB results from the fact that solar radiation is
the main source of energy for melting snow and ice, both at the surface and
within the first centimetres below the surface (Van As, 2011). But this is not
sufficient to explain why averaged surface albedo is suitable for monitoring

glacier SMB.

If we consider a temperate glacier in the mid-latitudes, its surface is fully

covered by snow in winter, leading to high and uniform surface albedo (¢

=0.8 in Cuffey and Paterson, 2010). During the ablation season, the
accumulation area is still covered with snow conversely to the ablation area
where the ice is exposed and sometimes covered by debris. The overall albedo
of the glacier surface is therefore decreasing over the course of the ablation
season, providing information on the ratio of these two areas. The ratio
between the size of the accumulation zone and the entire glacier, called the
accumulation—-area ratio (AAR) has often been used as a predictor of SMB both
qualitatively (LaChapelle, 1962; Meier and Post, 1962; Mercer, 1961) or

—min

quantitatively (Dyurgerov et al., 2009). Therefore, assessing %2 provides
insight into the relative share of the exposed ice and the snow-covered areas

at the end of the ablation season, also quantified by the AAR.
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Albedo

&

Figure 2. Schematic of a typical albedo cycle over one summer, displaying parameters
which have been linked to annual and summer (between 1 May and 30 September in

—int
the Northern Hemisphere) SMB. ©s s retrieved using Eq. (1). The summer minimum

value of albedo is represented by %a

From annual to summer SMB

In this study, aa has been computed for the 30 glaciers in order to validate

the method at a regional scale. Only the @a occurring in summer have been

considered because minimum values out of the summer period are artifacts.

—min

Then, @a has been directly correlated with available annual SMB data (listed
in Table 1).

Following the work by Sirguey et al. (2016) on Brewster Glacier, a similar
approach has been used in order to validate the method at a summer scale
but only on six glaciers (within our sample of 30) for which the summer SMB

are available. Conversely to Sirguey et al. (2016), the summer SMB bs has

—int

been compared to the integrated albedo signal ¢s during the entire ablation

season (1 May to 30 September) computed as follows and illustrated in Fig. 2:
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a = OTOE(t) dt (1)

05.01

Integrated summer albedos enable us to account for snowfall events that can
occur during the ablation period (punctual high albedos). As an example, a
strong summer snowfall event leading to a rather persistent snow coverage of
the glacier will “feed” the integrated albedo, and physically reduces the glacier
melting, which has an impact on the SMB (Oerlemans and Klok, 2004). The
method therefore accounts for snowfall events to retrieve the glacier summer

SMB. To compare each year together and remove the impact of the variable

—in

t
integration time period for each glacier, s has been divided by the number

of integrated days.

7.3.4 Data filtering
MODIS offers the opportunity to get daily images, but retrieving daily maps of

Earth surface albedo remains challenging. Indeed, various sources of error
require filtering of the available images in order to only capture physical
changes of the observed surface and not artifacts. Clouds are known to be a
major problem in optical remote sensing of the Earth surface especially in the
case of ice- and snow-covered surfaces. Even though some algorithms exist
to differentiate clouds and snow-covered areas (e.g. Ackerman et al., 1998;
Sirguey et al., 2009), omission errors are difficult to avoid, leading to

erroneous albedo of the surface.

In this study, all images with a presence of cloud greater than 30% of the
total glacier surface area have been discarded. This threshold is higher than
that chosen in Brun et al. (2015) on the Chhota Shigri Glacier (20%), and we

thus discuss in Sect. 7.5.1 the impact of the computed cloud threshold on the

—min

derived albedo results. When determining %= , 0% of cloud cover has been
imposed as a condition, and a visual check for each year and each glacier has
been performed. Snapshots from the fusion of MODIS bands 1-3 and from

bands 4-6 (Sirguey et al., 2009) have been used to visually check the images,
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together with images from other satellites (mostly from the Landsat archive)
and pictures and comments from mountaineering forums. This last step,
although laborious when studying 30 glaciers, allowed the identification of the
summer minimum to be improved. A visual check of these images also
confirms that projected shadows of clouds are not affecting the albedo maps
of summer minimum. Another source of error is the impact of the OZA. As
mentioned in Sirguey et al. (2016), accuracy of the MODIS retrieved albedo
strongly decreases for viewing angles above 45° as pixel size increases from 2-
to 5-fold from OZA=45° to 66° (Wolfe et al., 1998). This phenomenon is
accentuated when observing steep-sided snow/ice surfaces, surrounded by
contrasted surfaces (rocks, forests, lakes). This distortion could lead to
capturing the mean albedo of a glacier plus its surroundings. As a result of
this, we decided to filter the images according to their OZA angle, as further
described Sect. 7.4.1.

7.4 RESULTS

7.4.1 Retrieved albedo assessment
A quantitative evaluation of the retrieved albedo has been performed with AWS

deployed on Saint-Sorlin Glacier. Measurements have been synchronized
between punctual albedo for MODIS and a 2h averaged albedo around MODIS
acquisition time for the AWS. It is worth recalling some differences between
the in situ measured albedo data and the one retrieved using MODIS. The
downward-facing pyranometer stands at around 1m above the surface,
corresponding to a monitored footprint of ca. 300m? (theoretical value for a
flat terrain) while the pixel area of MODImLab products matches 62500m?.
Quantified albedos from each method are therefore not representative of the
same area. On the other hand, incoming radiation data are extremely sensitive
to a tilt of the sensor located on the AWS, and maintaining a constant angle

throughout the monitoring period remains challenging, especially during the
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ablation season. For instance, a tilt of 5° of the pyranometer at the summer
solstice can increase by 5% the error on the irradiance measurement (Bogren
et al., 2016). No sensor tilt was deployed on the AWS, thus preventing the
application of tilt correction methods (e.g. Wang et al., 2016). Nonetheless,
regular visits allowed us to maintain the sensor horizontal and to limit errors

in the irradiance measurements.

Figure 3 illustrates the comparison between the retrieved and measured
albedos at the AWS locations for various OZA classes. One can note minor
differences between the data plotted in Fig. 3 and those presented in Dumont
et al. (2012, Fig. 2). These differences are related to changes in the MODImLab
algorithm and different computation of the in situ albedo, integrated over a 2h
period in the current study.

Table 2. Filtering the images from OZA values.

Class OZA (°) Criteria
I 0OZA <10 All retained
I1 10< OZA <20 Retained if more than 7 days

between consecutive 1mages
from class 1

I 20< OZA <30 Retained if more than 7 days
between consecutive 1mages
from class I+ 11

|AY OZA = 30 Not retained

In Fig. 3, the spread between MODIS and AWS albedos is higher for low
albedos (i.e. ablation area). This is related to the footprint difference as
described earlier, accentuating the albedo differences when monitoring
heterogeneous surfaces (snow patches, melt pounds...), which are even more
pronounced in summer. One can also note that MODIS albedo often
overestimates the AWS albedo value. This overestimation could be explained

by (1) the MODImLab albedo retrieval algorithm. (Under-estimation of the
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incoming radiation computed in the MODImLab algorithm would lead to
overestimated retrieved albedo values, and in addition the atmospheric
corrections used to compute the incident radiation could be hypothesized as
source of error — e.g. modelled transmittance through a simplified computed
atmosphere; see Sirguey et al. (2009) for further description), or (2) the AWS
albedo measurements. Indeed, view angles of AWS pyranometers (170°) could
influence the retrieved albedo by monitoring out-of-glacier features (e.g.
moraines, rock walls,), resulting in underestimated albedo values. However, it
is worth noting that most of the points are within the combined uncertainty of
both sensors and these differences in albedo retrieved from MODIS and the

AWS are thus hard to interpret.

OZA RSSoTMODS |+ | RMSE | B07° | BT
albedo against (Nb)
L AWS albedo i
0-10° 0.10 0.88 0.05(24) 0.96 0.10
0-20° 0.10 0.76 0.08 (48) 0.82 0.14
0-30° 0.10 0.77 0.07 (65) 0.79 0.15
0.81| -as 0.09 0.77 0.07 (98) 0.80 013 |7
s ‘ +
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Figure 3. MODIS albedo and AWS albedo data for different OZA classes on Saint-

Sorlin Glacier. Years indicated in the caption correspond to the year of acquisition

while subscripts express the AWS location in the accumulation or ablation areas. The

mean discrepancy between MODIS and AWS albedo per OZA is quantified by the RSS
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(residual sum of square). Correlation coefficient per OZA classes are also provided,
with r?, RMSE together with the number of compared measurements (Nb), and
coefficients of the equation: MODISpeqo =P1""°P AWSspeao +P7"°P1. The continuous
grey line illustrates the 1 ! 1 relationship between AWS and MODIS retrieved albedo.
Thin and dotted lines represent the combined uncertainties on both AWS- and MODIS-
retrieved albedo (absolute value of 10% for each), only accounting for intrinsic sensor
accuracy and not for errors related to the acquisition context, e.g. size of the footprint.

Finally, Fig. 3 shows substantial differences between OZA <10°and other
OZA classes. For OZA<10°, MODIS albedos better agree with AWS albedos
than for the three other classes. Integrating MODIS images with OZA >10°
substantially deteriorates the agreement with AWS albedos (in term of 2,
RMSE and the slope AMOPIS), especially on “narrow” targets as alpine mountain
glaciers. We therefore chose to prioritize images acquired with low OZA to
avoid detection of non-glacierized surfaces. Therefore, four classes of images

have been selected following the criteria presented in Table 2.

For the rest of the computation, the absolute £10% accuracy per pixel
estimated in Dumont et al. (2012) has been considered. We determined the
uncertainty on g by accounting for the spatial variability of the albedo signal
within the glacier and considering that our sets of pixels are independent from
each other (Eq. 2):

a

R, (2)

where o stands for the standard deviation (SD) of the pixels albedo with NVthe

Oy —

number of pixels.

7.4.2 Temporal variability of the albedo signal
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Figure 4. The ~16-year albedo course for Saint-Sorlin Glacier. Glacier-wide averaged
albedo is represented with the continuous black line. The green dots spot for each
summer the minimum average albedo, and have been manually checked for all years
and glaciers. Dashed red and blue lines stand for the beginning of the defined ablation
and accumulation seasons (May and 1 October respectively).

Using the “step-by-step” filtering procedure explained in Sect. 7.3.4, the ~16-
year albedo cycle of each of the 30 glaciers was obtained. Figure 4 illustrates
the entire albedo time series for Saint-Sorlin Glacier over the period 2000-

2015. We observed that the albedo decreases from the beginning of summer

—min

(dashed red line), reaching %2 in August/September and rising again at the
end of September. This cyclicality is a proxy of surface processes. The snow
cover decreases at the beginning of summer until reaching its lowest extent,
and finally increases again with the first snowfall in late summer to reach its
maximum extent in winter/spring.

The periodicity of the albedo signal is however not so well defined for

some of the studied glaciers. For instance, Argentiere Glacier exhibits a severe

drop of @ in winter, reaching values as low as summer minima (Z‘ ~0.4). The
observed drop of albedo in winter occurs during more than 1 month centred
on the winter solstice (21 December) and is observed for nine glaciers
(Argentiere, Baounet, Casset, Blanc, Girose, Pilatte, Vallon Pilatte, Tour and
Sélé glaciers). These glaciers are located within the three studied mountain
ranges and have the common characteristic of being very incised, with steep
and high surrounding faces. We studied the albedo series as a function of the
SZA to reveal possible shadowing on the observed surfaces. Figure 5 displays
the same cycle as Fig. 4 for Argentiere Glacier but providing information about
SZA. As a reminder, the MODImLab white-sky albedo is independent of the
illumination geometry but the computed albedo for each pixel can be subject

to shadowing from the surrounding topography.
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Two main observations stand out from the winter part of the cycle in Fig.

5: (i) most of MODIS a severely decrease under ¢ = 0.6 for SZA greater than
60° corresponding to November to January images, and (ii) these drops are
not systematic and we rather observe a dispersion cone than a welldefined
bias. As there are no physical meanings to systematic change of the surface
albedo during a part of the winter period and owing to the fact that this
dispersion is only observed for topographically incised glaciers, these
decreases in albedo have been considered as artifacts. These observations led
us to perform a sensitivity study on the validity of the shadow mask produced
by MODImLab, and to study the impact of these shadows on the retrieved

glacier-wide albedo (see Sect. 7.5.2).

7.4.3 Albedo and glacier-wide SMB

—min

%a__gnd annual SMB
The summer minimum average albedo for each year and each glacier has been

linearly correlated with the glacier-wide annual SMB. Figure 6 illustrates the

—min

relationship between @a and b, for Blanc Glacier. Error bars show the

dispersion of the SMB dataset for each year, and from the glacier intrinsic

—min

variability of the albedo signal on the day of @2 acquisition. For the glaciers
where the glacier-wide annual SMB is available from the SLA method, the
uncertainty is about £0.22mw.e. on average (ranging from 0.19 to 0.40mw.e.

depending on the glacier; Rabatel et al., 2016).

Twenty-seven glaciers show significant correlations (see Table 1 for full

results) if considering a risk of error of 5% (according to a Student’s ¢ test),

—min

which confirms the robust correlation between @2 and bs. However, the linear
correlation has no statistical significance for three glaciers with 2 <0.25. A
possible explanation is the high number of removed images in summer due to
manually checked thin overlying clouds not detected by the MODImLab cloud

algorithm.
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Looking at the 27 glaciers for which significant relationships have been
found, 2001 is regularly identified as an outlier. According to existing SMB
datasets, 2001 is the only year of the period 2000-2015 for which the annual
SMB has been positive for all the studied glaciers (+0.80mw.e.yr~! on average).
To predict correctly the SMB values for the year 2001 using the albedo method,
monitored minimum glacier-wide average albedo would need to be extremely
high (often greater than 0.7, i.e. 0.83 and 0.95 for Rochemelon and Vallonnet
glaciers, respectively), to match the regression line derived from other years
of the time series (Table 1). Taking into consideration snow metamorphism
during the summer period, melting at the surface and possible deposition of
debris or dusts, monitoring such high albedo values averaged at the glacier
scale is unrealistic. As removing 2001 from the time series does not increase
the number of glaciers for which the correlation is significant, 2001 has been
conserved in the time series. However, this observation reveals a limitation of
the albedo method by underestimating the annual SMB value for years with

very positive annual SMB.

0.8

0.6

MODIS albedo

0.4

~=2000-2015 smoothed and weekly averaged

0.2 S
25 40 55 70

Solar zenith angle [degree]

Figure 5. Albedo cycle for Argentiere Glacier as a function of the SZA. Each point
corresponds to glacier-wide averaged albedo for each available image. The 16 years
are displayed. Colour scale gives indication on the date of the used image. The thick
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grey line describes the weekly albedo averaged over the entire study period. For
readability purpose, the averaged albedo has been smoothed, using a seven-point
running average.
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Figure 6. Annual SMB as a function of the MODIS-retrieved summer minimum glacier-
wide average albedo for Blanc Glacier. Error bars show the dispersion of the available
annual SMB data and the quadratic sum of the systematic errors made on each albedo
measurement. The thin dashed grey line illustrates the line of best fit, along with
regression coefficients and significance.

—int

s _agnd summer SMB
Studying the integral of the albedo signal during the ablation season can

provide insight into the intensity of the ablation season and thus into the

summer SMB bs. As described in Sect. “from annual to summer SMB”, as has
been computed and connected to the in situ bs. Figure 7 illustrates the results
for Saint-Sorlin Glacier. Saint-Sorlin Glacier, together with the five other
seasonally surveyed glaciers, showed a significant correlation between the two

observed variables (from r2 =0.46 to r2 =0.94 with an error risk<5%, all

—min —int

statistics detailed in Table 1). Conversely to %a | the @s is slightly more
robust to the presence of undetected clouds as its value does not rely on a
single image. The lowest correlation has been found for Taleéfre Glacier. The
latter accounts for a relatively large debris-covered tongue that has been
excluded when delineating the glacier mask. Consequently, the low correlation

could be partly explained by this missing area, considered in the glaciological
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—int

method but not remotely sensed. To conclude, @s has been significantly

correlated with bs and is therefore a reliable proxy to record the ablation
season.
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Figure 7. Summer SMB bs expressed as a function of the integrated albedo over the
entire ablation season for Saint-Sorlin Glacier. Error bars result from the uncertainties
related to the glaciological method (measurements and interpolation at the glacier
scale of the punctual measurements, £0.20mw.e. in total), and on the quadratic sum
of the systematic errors made on each albedo measurement. The thin dashed grey
line represents the linear regression showing the best correlation between the two
variables, together with correlation coefficients.

7.5 DISCUSSION

In this section, we first discuss the impact of the threshold applied to the cloud
cover fraction on the obtained results. Then, a sensitivity study focused on the
algorithm correcting the shadows is presented. We finally express the main

l[imitations and assessments of the albedo method.
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7.5.1 Cloud coverage threshold
As stated in Sect. 7.3.4, a value of 30% of cloud coverage over the glacier

mask has been defined as the acceptable maximum value for considering the
albedo map of the day. We computed a sensitivity study on the impact of this
threshold on the value of the obtained correlations between the integrated
summer albedo and the in situ summer SMB. The summer period has been
chosen as it represents the period when the albedo of the glacier is the most
contrasted, between bare ice and snow/firn. The glacier-wide average albedo
in this period is therefore more sensitive to possible shading of a part of the
glacier. Figure 8 illustrates the results for the six seasonally surveyed glaciers.
The used value of the allowed cloud coverage appears not to have a substantial
impact on the correlation. This observation implies that the MODImLab cloud
product is reliable enough to only compute surface albedo and to avoid too
frequent misclassification between the clouds and the surface. It also suggests
that removing too many images because of partial cloud cover removes
information about the glacier-wide average albedo variability. However,
allowing all images, even when the glacier-wide average albedo is computed
on only 10% of the glacier (90% of detected cloud coverage), does not reduce

significantly the correlation for most of the six glaciers.

Nevertheless, hypothesizing that the glacier-wide average albedo of a
small fraction of the glacier (e.g. 10%) is suitable to represent the entire
glacierized surface is questionable. It therefore depends on the size of the
observed glacier, where 10% of a glacier of 3 and 30km?2 do not have the same
meaning, but also on the delineated mask (ablation area not entirely
considered because of debris coverage). The summer-integrated albedo is also
highly dependent on the time gap between valid useful images. In other words,
if an image has an “anomalous” glacier-wide average albedo because of high
cloud coverage, the impact on the integrated value will be smaller if *normal

condition” albedos are monitored at nearby dates.
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Figure 8. The 7 for the six seasonally surveyed glaciers for the albedo summer integral
vs. summer SMB relationship against the cloud threshold above which images have
been discarded during the summer season. For the computation, 100 thresholds have
been tested between 0 and 100%. The inner histogram illustrates the number of
considered images per summer and averaged on the six glaciers.

The average number of available images per year does not largely differ
between the various computed cloud coverage thresholds. It varies on average
from 95 to 123 images per summer period for respectively 0 and 100% cloud
coverage threshold. Intermediate values are 106, 111 and 116 images per
summer for 30, 50 and 75% cloud coverage threshold, respectively. The
difference in significance of r2 (according to a Student’s t test) between opting
for 0 and 100% is almost negligible, and choosing the-best Eloud t_hreshold
value is rather a compromise between the number of used images and the
resulting correlation with glacier-wide SMB. We finally concluded that selecting

a cloud coverage threshold of 30% presents the best determination
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coefficients between the integrated summer albedo and the summer balance

for most of the six glaciers without losing too much temporal resolution.

7.5.2 Assessment of the impact of shadows on retrieved albedos

In light of the documented dispersion on aduring some of the winter months
on several studied glaciers (Sect. 7.4.2), sensitivity of the MODIS retrieved
albedo against correction of shadows had been assessed. This work has only
been conducted on the 250m resolution raster products and specifically on the
cast shadow product, because self-shadow corrections can be considered as
reliable enough as they are only related to the DEM accuracy. We thus defined

a pixel as “corrected” when at least one of its sub-pixels was classified as

shadowed. From then on, two glacier-wide albedos a have been defined: (i)

& hon-cor cOMputed on non-corrected pixels only, classified as non-shadowed,
and (ii) a of both corrected and non-corrected pixels, equal to the glacier-
wide average albedo. Figure 9 illustrates the difference between anon-cor and

@ as a function of the percentage of corrected pixels over the entire glacier.

The study was performed on Argentiere Glacier (111 pixels) that exhibited

large a artifacts in winter (Fig. 5). The inner diagram allows us to emphasize
the annual “cycle” of modelled shadows, contrasted between nearly no cast

shadows in summer and an almost fully shadowed surface in winter. We

represent the 1SD of 5, averaged by classes of 5% corrected pixels. In other

words, it illustrates the mean variability of the glacier-wide surface albedo.

Therefore, for images with anon-cor —a within the interval defined by 1SD of

@, errors resulting from the correction algorithm are smaller than the spatial

variability of the glacierwide albedo glacier. We also selected only significant

values, following a normal distribution of the averaged 5. Consequently, only
values at £10 (68.2%) in terms of percentage of corrected pixels have been

retained (i.e. when the relative share of corrected pixels ranged from 15.9 to

84.1%). Between 0 and 15.9%, & on-corand a are not sufficiently independent
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because of the low number of corrected pixels, and beyond 84.1%, & non-cor iS
computed over a too small number of pixels. As a consequence, even if the
albedo correction in the shadowed parts of the glacier could be improved, most

of the errors related to this correction do not depreciate the results. Above 80%
of corrected pixels (December to early February), differences between anon-cor

and a exceed the monitored spatial variability of a, These anomalies are at
the root of the observed artifacts in Fig. 5 caused by the severe drops of
albedos and described Sect. 7.4.2.

In addition, a seasonality in the albedo signal can be observed with a

non-cor —a >0in early spring (February to April) and &non—cor —a <0in summer
and autumn (June to November). This could be explained by different

localizations of shadowed area for a given ratio of corrected pixel.

As an example, a glacier could have in October a snow and shadow-free snout
and a fresh snow-covered and shadowed upper section. This configuration
would induce a negative difference, as we observe from June to November.
Conversely, this glacier could present in March (same ratio of corrected pixels

as October) a complete snow coverage, leading to a smaller difference

between anon-corand a (<0.1), that could even result in a positive difference,

as we observe from February to April.

Finally, observed albedo artifacts in winter are most likely due to the
correction of shadows. On the other hand, correcting shadows accurately and
consistently is extremely challenging. As illustrated by Fig. 9, a way to
confidently consider the albedo signal is to exclude values with too large a
share of corrected pixels. However, because of the interannual approach
carried out in this study, such a systematic artifact is not depreciating the
results but would be a major issue in studies focused on albedo values

themselves (e.g. maps of snow extent).
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Figure 9. Impact of the ratio of corrected pixels toward the difference between non-
corrected and glacier-wide albedo for Argentiere Glacier. Each point corresponds to
one acquisition and the 16 years are therefore displayed on this graph. Colour scale
gives some indication of the date of the acquired image. Grey shaded areas

correspond to ratios of corrected pixels for which & pop-cor —& has low statistical
robustness (refer to the main text). Thin grey lines represent 10 SD of a, averaged
by classes of 5% corrected pixels. The inner graph illustrates the amount of corrected
pixel, as function of the selected month.

7.5.3 Limits of the albedo method

In agreement with Dumont et al. (2012) and Brun et al. (2015), retrieving the
glacier annual SMB from albedo summer minima proves to be an efficient
method. Low correlations often result from high and persistent cloud coverage
during summer, reducing the chance of spotting the albedo summer minimum.
For SMB reconstruction purpose, a future line of research could rest upon
linking morpho-topographic features of the glacier, such as glacier surface
area, mean altitude or slope, to the regression coefficients of both annual and
seasonal SMB vs. albedo relationships, giving the opportunity to establish
analogy between monitored and unmonitored glaciers. Tests have been carried
out, but no significant and satisfying results have been obtained, due to a

presumably too heterogeneous dataset, where large glaciers (>10km?2) and/or
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south-facing glaciers are largely under-represented. Larger-scale studies and
multi-variable correlations in between morpho-topographic features could be
for instance envisaged. Rabatel et al. (2017) recently proposed an alternative
approach to reconstruct the annual mass balance of unmonitored glacier on

the basis of the albedo method. This approach relies on the ELA method

—min

(Rabatel et al., 2005), but using the remotely sensed monitored @= together
with the AAR, the glacier hypsometry, and the regional SMB elevation gradient
(which is the annual SMB gradient in the vicinity of the glacier ELA). For an
exhaustive description of this approach, see Rabatel et al. (2017).

Using the albedo method for the summer period has shown promising
results, with significant correlations found for the six seasonally monitored
glaciers. There is still in this approach a step to retrieve the summer SMB of
an unmonitored glacier with high confidence.

Table 3. Coefficients of determination for the relationship between the winter SMB by
and the integrated winter albedo, computed with and without the albedo threshold

aT |

Glacier aT r2 using o r2 without aT
Saint-Sorlin 0.76 0.75 0.21
Argentiere 0.58 0.88 0.76
Talefre 0.68 0.59 0.25
Mer de Glace 0.53 0.9 0.87
Gebroulaz 0.75 0.36 0.25
Blanc 0.7 0.33 0.21

The winter period has also been considered in the framework of this
study, but has not been presented in the main body of this publication because
of underwhelming results. The albedo signal between 1 October and 30 April

has been computed similarly to Sirguey et al. (2016) by integrating the winter

albedo signal, only when exceeding a certain threshold ar , as described by
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—im  s— .} ifa(t) is found between 10.01 and 04.30
aw = Qa(t)i o _
f Onlyif a(t)® ar

According to Sirguey et al. (2016), the use of ar allows for detection of all

snowfall events on the glacier by monitoring abrupt rises of a. One of the

—int

main conclusions of the above study was the ability of the computed @« to
monitor the frequency of snowfall events, themselves proxy of the
accumulation of snow on the glacier, known to be one of the main components
of the winter SMB.

a1 has been chosen to maximize the correlation between the retrieved

—int
cumulative winter albedo 2+ and the winter SMB. Threshold values have been

computed independently for each of the six seasonally monitored glaciers. To
—int
evaluate the impact of this threshold, @w has also been computed without

threshold over winter months (equivalent to ar =0). Table 3 gathers all the

—int

coefficients obtained from the relationship @w vs. bw, with and without the use

of an albedo threshold @ .

For Argentiere and Mer de Glace glaciers, a significant correlation is
found whatever the value of the albedo threshold @1. For the four other
glaciers, using ar largely improves the correlation. However, ar is far from

being uniform on the six glaciers (0.53> ar >0.76). In addition, for most of the
considered glaciers, correlation coefficients abruptly deteriorate when
changing this threshold, which does not allow us to use a “regional” threshold

for all considered glaciers. On the other hand, Argentiere and Mer de Glace

without the use of ar provide the best correlation coefficients compared to the
other four glaciers; it is noteworthy that they are by far the largest glaciers of
our monitoring set (14.59 and 23.45km? for Argentiere and Mer de Glace

glaciers, respectively). With a glacier snout reaching 1600ma.s.l., the tongue
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of these glaciers can experience melting events (resulting in contrasted pixels
in terms of albedo value), even during the winter season. Another difference
between our study and Sirguey et al. (2016) is that their work focused only
on Brewster Glacier, defined as a maritime glacier. These types of glaciers,
even during the accumulation period, can experience strongly varying albedos
in their lower reaches, which leads to similar behaviours in winter as for
Argentiere and Mer de Glace glaciers. We therefore reconsider the idea of
Sirguey et al. (2016) to use a threshold as a representative value of fresh
snowfall, as there is no physical reason that this threshold varies, at least
within the same region. However, an interesting perspective would be to apply
the method without threshold, on a set of other maritime or large glaciers
(>10km?).

An additional approach has been carried out, aiming at retrieving bw by
deduction from the reconstructed b: and bs from the albedo signal. This
approach, not using the winter albedo signal, is poorly correlated (/2 <0.16)
with in situ bw for the six seasonally monitored glaciers. Indeed, the result
extremely depends on the quality of the correlations between bs, bs and the
albedo signals. Saint-Sorlin Glacier is a good example, being one of the glaciers
with the highest correlations for the annual (/2 =0.86) and summer (2 =0.94)
SMB. Subtracting bs from bs to computed bw leads to an average difference
between computed and measured by of £0.41mw.e. for the 10 simulated years.
As a consequence, in the case of low correlations between SMB and albedo,

errors in the computed winter SMB become exacerbated.

7.6 CONCLUSION
In this study, we used the so-called albedo method to correlate annual and

summer SMB to glacier-wide average albedos obtained from MODIS images.
This method has been applied to 30 glaciers located in the French Alps, over

the period 2000-2015. Image processing has been performed using the
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MODImLab algorithm, and filters on the images have been applied, removing
images with more than 30% cloud coverage, and excluding images with
satellite observation angles greater than 30°. Quality assessment has been
performed and close agreement has been found between albedos from AWS
installed on Saint-Sorlin Glacier and MODIS retrieved albedo values. Annual
SMB has been significantly correlated with the summer minimum albedo for
27 of the 30 selected glaciers, confirming this variable as a good proxy of the
glacier-wide annual SMB. For the six seasonally monitored glaciers, summer
SMBs obtained from the glaciological method have been significantly linked to
the integral of the summer albedo. However, calculating the integral of the
winter albedo to quantify the winter SMB as done by Sirguey et al. (2016) has
shown underwhelming results. Monitoring winter glacier surface albedo may
provide good insight into the frequency of snow accumulation at the surface
of the glacier but is poor at quantifying the amount of accumulation. Glaciers
that experience complete snow coverage during most of the winter season
showed the lowest correlation (/2 <0.33) while the two glaciers showing the
best correlations are subject to some events of surface melting in their lower
reaches. This approach should not be definitively forsaken, but it requires

improvements in order to confidently retrieve winter SMB.

Sensitivity study on the impact of the considered cloud coverage has
revealed a high confidence in the MODImLab cloud algorithm, limiting pixel
misclassifications, and a rather high tolerance of the integrated signal to the
number of partly cloud-covered images. This confidence on cloud filters is very
promising to document unmonitored glaciers. Correction of shadows by the
MODImLab algorithm has however revealed some limitations when a large
share of the glacier is shadowed by the surrounding topography (around winter
solstice). Despite this, severe and artificial drops of albedo in winter have not
been identified as an obstacle for monitoring both summer and winter SMB.
Such systematic errors are not an issue for inter-annual studies, but would be
a serious issue on studies focused on albedo values themselves. For future

works, the MODIS archive together with albedo maps, cloud and shadow
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masks processed with MODImLab, together with validation data from AWS,
offer a unique dataset to monitor the temporal and spatial evolution of the
surface albedo of glaciers at a regional scale. For instance, computing the
absorbed solar radiation (Bair et al., 2016) by date and for each glacier would
be an appropriate protocol to estimate the impact of a changing glacier surface
albedo in terms of snow or ice melt. Quantifying albedo changes and resulting
mass losses with such an approach would be of major interest to better
understand the potential effects of possibly increasing dust content, glacier
orientation or snow grain growth on glacier surface melt processes.

To conclude, the use of optical satellite images to estimate glacier
surface processes and quantify annual and summer SMB from the albedo cycle
is very promising and should be expanded to further regions. Using images
from different satellites, combining high spatial and temporal resolution
instruments, could substantially reduce uncertainties, especially for spotting
the albedo summer minimum with more confidence, but also to improve the
temporal resolution. This method could then in the short term become reliable
for retrieving SMB values of monitored and unmonitored glaciers.

Data availability. Processing of the albedo images has been performed using the open-
source MODImLab algorithm. This algorithm can be accessed by contacting its
administrator, P. Sirguey. MODIS images have been downloaded using the permanent
ftp server: n5eil01u.ecs.nsidc.org maintained by the National Aeronautics and Space
Administration (NASA) Distributed Active Archive Center (DAAC).

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. This study was conducted within the Service National
d’Observation GLACIOCLIM and supported by the French National Research Institute
for Sustainable Development (IRD) and the French National Research Agency (ANR)
through ANR-13-SENV-0005-04-PRESHINE. Equipex GEOSUD (Investissements
davenir - ANR-10-EQPX-20) is acknowledged for providing the 2014 SPOT-6 images.
The MODIS Level-1B data were processed by the MODIS Adaptive Processing System
(MODAPS) and the Goddard Distributed Active Archive Center (DAAC) and are
archived and distributed by the Goddard DAAC. In situ mass balance data for the
Glacier Blanc were kindly provided by the Parc National des Ecrins. The authors
acknowledge the contribution the Labex OSUG@2020 (Investissements davenir -
ANR10 LABX56). Pascal Sirguey thanks the University of Grenoble Alpes and
Grenoble-INP for the 6-month “invited professor grant” obtained in 2015-2016.

185



Edited by: Valentina Radic

Reviewed by: Jeff Dozier and one anonymous referee

References

ACKERMAN, S. A., STRABALA, K. I., MENZEL, W. P., FREY,
R. A., MOELLER, C. C., AND GUMLEY, L. E.:
DISCRIMINATING CLEAR SKY FROM CLOUDS WITH MODIS, J.
GEOPHYS. RES., 103, 32-141,
HTTPS://DOI.ORG/10.1029/19981D200032, 1998.

BAIR, E. H., RITTGER, K., DAviS, R. E., PAINTER, T. H.,
AND DOZIER, J.: VALIDATING RECONSTRUCTION OF SNOW
WATER EQUIVALENT IN CALIFORNIA’S SIERRA NEVADA USING
MEASUREMENTS FROM THE NASA AIRBORNE SNOW
OBSERVATORY, WATER RESOUR. RES., 52, 8437-8460,
HTTPS://DOI.ORG/10.1002/2016WR018704, 2016.

BARAER, M., MARK, B. G., MCKENZIE, J. M., CONDOM, T.,
BURY, J., HUH, K.-I., PORTOCARRERO, C., GOMEZ, J., AND
RATHAY, S.: GLACIER RECESSION AND WATER RESOURCES IN
PERU’S CORDILLERA BLANCA, J. GLACIOL., 58, 134-150,
2012.

BELART, J. M. C., BERTHIER, E., MAGNUSSON, E.,
ANDERSON, L. S., PALSSON, F., THORSTEINSSON, T.,
HOWAT, I. M., ADALGEIRSDOTTIR, G., JOHANNESSON, T.,
AND JAROSCH, A. H.: WINTER MASS BALANCE OF
DRANGAJOKULL ICE CAP (NW ICELAND) DERIVED FROM
SATELLITE SUB-METER STEREO IMAGES, THE CRYOSPHERE,
11, 1501-1517, HTTPS://DOI1.ORG/10.5194/TC-11-
1501-2017, 2017.

BERTHIER, E., CABOT, V., VINCENT, C., AND SiX, D.:
DECADAL REGIONWIDE AND GLACIER-WIDE MASS BALANCES
DERIVED FROM MULTITEMPORAL ASTER SATELLITE DIGITAL
ELEVATION MODELS. VALIDATION OVER THE MONT-BLANC
AREA, FRONT. EARTH ScI., 4, 63,
HTTPS://DOI1.ORG/10.3389/FEART.2016.00063, 2016.

BOGREN, W. S., BURKHART, J. F., AND KYLLING, A.: TILT
ERROR IN CRYOSPHERIC SURFACE RADIATION MEASUREMENTS
AT HIGH LATITUDES: A MODEL STUDY, THE CRYOSPHERE, 10,
613-622, HTTPS://DOI1.ORG/10.5194/TCc-10-613-2016,
2016.

BRAITHWAITE, R. J.: CAN THE MASS BALANCE OF A GLACIER
BE ESTIMATED FROM ITS EQUILIBRIUM-LINE ALTITUDE?, J.
GLACIOL., 30, 364- 368,
HTTPS://DO1.ORG/10.1017/S0022143000006237,
1984,

BRUN, F., DUMONT, M., WAGNON, P., BERTHIER, E., AZAM,
M. F., SHEA, J. M., SIRGUEY, P., RABATEL, A., AND
RAMANATHAN, AL.: SEASONAL CHANGES IN SURFACE ALBEDO
OF HIMALAYAN GLACIERS FROM MODIS DATA AND LINKS
WITH THE ANNUAL MASS BALANCE, THE CRYOSPHERE, 9,
341-355, HTTPS://DO1.ORG/10.5194/TC-9-341-2015,
2015.

CHAPONNIERE, A., MAISONGRANDE, P., DUCHEMIN, B.,
HANICH, L., BOULET, G., ESCADAFAL, R., AND ELOUADDAT,
S.: A COMBINED HIGH AND LOW SPATIAL RESOLUTION
APPROACH FOR MAPPING SNOW COVERED AREAS IN THE ATLAS

186

MOUNTAINS, INT. J. REMOTE SENS., 26, 2755- 2777,
2005.

CHEN, J. AND OHMURA, A.: ESTIMATION OF ALPINE GLACIER
WATER RESOURCES AND THEIR CHANGE SINCE THE 1870s,
IAHS-AISH PuBL., 193, 127-135, 1990.

CHINN, T. J., HEYDENRYCH, C., AND SALINGER, M. J.: USE
OF THE ELA AS A PRACTICAL METHOD OF MONITORING
GLACIER RESPONSE TO CLIMATE IN NEW ZEALAND'S
SOUTHERN ALPS, J. GLACIOL., 51, 85-95, 2005.

CHURCH, J. A., CLARK, P. U., CAZENAVE, A., GREGORY, J.
M., JEVREJEVA, S., LEVERMANN, A., MERRIFIELD, M. A.,
MILNE, G. A., NEREM, R. S., NUNN, P. D., PAYNE, A.].,
PFEFFER, W.T., STAMMER, D., AND UNNIKRISHNAN, A.S.:
SEA LEVEL CHANGE, IN: CLIMATE CHANGE 2013: THE
PHYSICAL SCIENCE BASIS. CONTRIBUTION OF WORKING
GROUP I TO THE FIFTH ASSESSMENT REPORT OF THE
INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE, EDITED
BY: STOCKER, T. F., QIN, D., PLATTNER, G.-K., TIGNOR,
M., ALLEN, S. K., BOSCHUNG, J., NAUELS, A., XIA, Y., BEX,
V., AND MIDGLEY, P. M., CAMBRIDGE UNIVERSITY PRESS,
CAMBRIDGE, UK AND NEW YORK, NY, USA, 1137- 1216,
HTTPS://DOI1.ORG/10.1088/1748-9326/8/1/014051,
2013. CUFFEY, K. M. AND PATERSON, W. S. B.: THE
PHYSICS OF GLACIERS,

ELSEVIER SCIENCE, AVAILABLE AT:
HTTPS://BOOKS.GOOGLE.FR/BOOKS?ID? =JCA2VI1U1EKEC
(LAST ACCESS: 18 JANUARY 2018), 2010.

DOZIER, J. AND FREW, J.: RAPID CALCULATION OF TERRAIN
PARAMETERS FOR RADIATION MODELING FROM DIGITAL
ELEVATION DATA, IEEE T. GEOSCI. REMOTE, 28, 963-969,
HTTPS://DOI1.ORG/10.1109/36.58986, 1990.

DOZzIER, J., BRUNO, J., AND DOWNEY, P.: A FASTER
SOLUTION TO THE HORIZON PROBLEM, COMPUT. GEOSCI., 7,
145-151, HTTPS://DOI1.ORG/10.1016/0098-
3004(81)90026-1, 1981.

DROLON, V., MAISONGRANDE, P., BERTHIER, E., SWINNEN,
E., AND HUSS, M.: MONITORING OF SEASONAL GLACIER MASS
BALANCE OVER THE EUROPEAN ALPS USING LOW-RESOLUTION
OPTICAL SATELLITE IMAGES, J. GLACIOL., 62, 912-927,
HTTPS://DOI.ORG/10.1017/30G.2016.78, 2016.

DUMONT, M., GARDELLE, J., SIRGUEY, P., GUILLOT, A., SIX,
D., RABATEL, A., AND ARNAUD, Y.: LINKING GLACIER
ANNUAL MASS BALANCE AND GLACIER ALBEDO RETRIEVED
FROM MODIS DATA, THE CRYOSPHERE, 6, 1527-1539,
HTTPS://DOI.ORG/10.5194/TC-6-1527-2012, 2012.

DYURGEROV, M., MEIER, M. F., AND BAHR, D. B.: A NEW
INDEX OF GLACIER AREA CHANGE: A TOOL FOR GLACIER
MONITORING, J. GLACIOL., 55, 710-716,
HTTPS://DOI.ORG/10.3189/002214309789471030,
2009.


https://doi.org/10.1029/1998JD200032
https://doi.org/10.1002/2016WR018704
https://doi.org/10.5194/tc-11-1501-2017
https://doi.org/10.5194/tc-11-1501-2017
https://doi.org/10.3389/feart.2016.00063
https://doi.org/10.5194/tc-10-613-2016
https://doi.org/10.1017/S0022143000006237
https://doi.org/10.5194/tc-9-341-2015
https://doi.org/10.5194/tc-9-341-2015
https://doi.org/10.1088/1748-9326/8/1/014051
https://books.google.fr/books?id?=Jca2v1u1EKEC
https://books.google.fr/books?id?=Jca2v1u1EKEC
https://doi.org/10.1109/36.58986
https://doi.org/10.1016/0098-3004(81)90026-1
https://doi.org/10.1016/0098-3004(81)90026-1
https://doi.org/10.1017/jog.2016.78
https://doi.org/10.5194/tc-6-1527-2012
https://doi.org/10.3189/002214309789471030

Monitoring glacier albedo as a proxy to derive summer and annual surface
mass balances from optical remote-sensing data

DYURGEROV, M. B. AND MEIER, M. F.: TWENTIETH CENTURY
CLIMATE CHANGE: EVIDENCE FROM SMALL GLACIERS, P. NATL.
ACAD. ScI. USA, 97, 1406-1411,
HTTPS://DOI1.ORG/10.1073/PNAS.97.4.1406, 2000.

GARDELLE, J., BERTHIER, E., ARNAUD, Y., AND KAAB, A.:
REGIONWIDE GLACIER MASS BALANCES OVER THE PAMIR—
KARAKORAM— HIMALAYA DURING 1999-2011, THE
CRYOSPHERE, 7, 1263-1286,
HTTPS://DOI1.ORG/10.5194/TC-7-1263-2013, 2013.

GARDENT, M., RABATEL, A., DEDIEU, J.-P., AND DELINE, P.:
MULTITEMPORAL GLACIER INVENTORY OF THE FRENCH ALPS
FROM THE LATE 1960s TO THE LATE 2000S, GLOBAL PLANET.
CHANGE, 120, 24-37,
HTTPS://DOI.ORG/10.1016/3.GLOPLACHA.2014.05.004,
2014.

GARDNER, A. S., MOHOLDT, G., COGLEY, J. G., WOUTERS,
B., ARENDT, A. A., WAHR, J., BERTHIER, E., HOCK, R.,
PFEFFER, W. T.,

KASER, G., LIGTENBERG, S. R. M., BOLCH, T., SHARP, M.
J., HAGEN, J. O., VAN DEN BROEKE, M. R., AND PAUL, F.: A
RECONCILED ESTIMATE OF GLACIER CONTRIBUTIONS TO SEA
LEVEL RISE: 2003 TO 2009, SCIENCE, 340, 852-857,
HTTPS://DOI.ORG/10.1126/SCIENCE.1234532, 2013.

GREUELL, W. AND KNAP, W. H.: REMOTE SENSING OF THE
ALBEDO AND DETECTION OF THE SLUSH LINE ON THE
GREENLAND ICE SHEET, J. GEOPHYS. RES.-ATMOS., 105,
15567-15576, 2000.

GREUELL, W., KOHLER, J., OBLEITNER, F., GLOWACKI, P.,
MELVOLD, K., BERNSEN, E., AND OERLEMANS, J.:
ASSESSMENT OF INTERANNUAL VARIATIONS IN THE SURFACE
MASS BALANCE OF 18 SVALBARD GLACIERS FROM THE
MODERATE RESOLUTION IMAGING
SPECTRORADIOMETER/TERRA ALBEDO PRODUCT, J. GEOPHYS.
RES.-ATMOS., 112,
HTTPS://DOI1.ORG/10.1029/20061D007245, 2007.

HAEBERLI, W. AND BENISTON, M.: CLIMATE CHANGE AND ITS
IMPACTS ON GLACIERS AND PERMAFROST IN THE ALPS, AMBIO,
27, 258-265, 1998.

IMMERZEEL, W. W., VAN BEEK, L. P. H. AND BIERKENS, M.
F. P.: CLIMATE CHANGE WILL AFFECT THE ASIAN WATER
TOWERS, SCIENCE, 328, 1382-1385,
HTTPS://DOI.ORG/10.1126/SCIENCE.1183188, 2010.

JAcoB, T., WAHR, J., PFEFFER, W. T., AND SWENSON, S.:
RECENT CONTRIBUTIONS OF GLACIERS AND ICE CAPS TO SEA
LEVEL RISE, NATURE, 482, 514-518,
HTTPS://DOI.ORG/10.1038/NATURE10847, 2012.

KAAB, A., HUGGEL, C., FISCHER, L., GUEX, S., PAUL, F.,
ROER, I., SALZMANN, N., SCHLAEFLI, S., SCHMUTZ, K.,
SCHNEIDER, D., STROZZI, T., AND WEIDMANN, Y.: REMOTE
SENSING OF GLACIER- AND PERMAFROSTRELATED HAZARDS IN
HIGH MOUNTAINS: AN OVERVIEW, NAT. HAZARDS EARTH
SYsT. ScI., 5, 527-554,
HTTPS://DOI.ORG/10.5194/NHESS-5527-2005, 2005.

KASER, G., GROSSHAUSER, M., AND MARZEION, B.:
CONTRIBUTION POTENTIAL OF GLACIERS TO WATER
AVAILABILITY IN DIFFERENT CLIMATE REGIMES, P. NATL.
ACAD. ScI. USA, 107, 20223-20227,
HTTPS://DOI.ORG/10.1073/PNAS.1008162107, 2010.

KIPP AND ZONEN: INSTRUCTION MANUEL CNR1 NET
RADIOMETER, AVAILABLE AT:
HTTPS://S.CAMPBELLSCI.COM/DOCUMENTS/CN/MANUALS/CNR
1. PDF (LAST ACCESS: 18 JANUARY 2018), 2009.

LACHAPELLE, E.: ASSESSING GLACIER MASS BUDGETS BY
RECONNAISSANCE AERIAL PHOTOGRAPHY, J. GLACIOL., 4,
290-297, 1962.

MEIER, M. F. AND POST, A.: RECENT VARIATIONS IN MASS
NET BUDGETS OF GLACIERS IN WESTERN NORTH AMERICA,
IAHS-AISH PuBL., 58, 63- 77, 1962.

MERCER, J. H.: THE RESPONSE OF FJORD GLACIERS TO
CHANGES IN THE FIRN LIMIT, J. GLACIOL., 3, 850-858,
HTTPS://DOI1.ORG/10.1017/50022143000027222,
1961.

MERNILD, S. H., PELTO, M., MALMROS, J. K., YDE, J. C.,
KNUDSEN, N. T., AND HANNA, E.: IDENTIFICATION OF SNOW
ABLATION RATE, ELA, AAR AND NET MASS BALANCE USING
TRANSIENT SNOWLINE VARIATIONS ON TWO ARCTIC GLACIERS,
J. GLACIOL., 59, 649-659, 2013.

OERLEMANS, J.: GLACIERS AND CLIMATE CHANGE, BALKEMA,
AVAILABLE AT:
HTTP://DSPACE.LIBRARY.UU.NL/HANDLE/1874/22045 (LAST
ACCESS: 13 JuLy 2017), 2001.

OERLEMANS, J.: QUANTIFYING GLOBAL WARMING FROM THE
RETREAT OF GLACIERS, SCIENCE, 264, 243-245, 1994,

OERLEMANS, J. AND KLOK, E. J.: EFFECT OF SUMMER
SNOWFALL ON GLACIER MASS BALANCE, ANN. GLACIOL., 38,
97-100,
HTTPS://DOI1.ORG/10.3189/172756404781815158,
2004.

PFEFFER, W. T., ARENDT, A. A., BLISS, A., BOLCH, T.,
COGLEY, J. G., GARDNER, A. S., HAGEN, J.-O., Hock, R.,
KASER, G., KIENHOLZ, C., MILES, E. S., MOHOLDT, G.,
MOLG, N., PAUL, F., RADIC, V., RASTNER, P., RAUP, B. H.,
RICH, J., AND~ SHARP, M. J.: THE RANDOLPH GLACIER
INVENTORY: A GLOBALLY COMPLETE INVENTORY OF GLACIERS,
J. GLACIOL., 60, 537-552,
HTTPS://DOI.ORG/10.3189/2014]J0G13]176, 2014.

RABATEL, A., DEDIEU, J.-P., AND VINCENT, C.: USING
REMOTESENSING DATA TO DETERMINE EQUILIBRIUM-LINE
ALTITUDE AND MASS-BALANCE TIME SERIES: VALIDATION ON
THREE FRENCH GLACIERS, 1994-2002, J. GLACIOL., 51,
539-546,
HTTPS://DOI.ORG/10.3189/172756505781829106,
2005.

RABATEL, A., DEDIEU, J.-P., THIBERT, E., LETREGUILLY, A.,
AND VINCENT, C.: 25 YEARS (1981-2005) oF


https://doi.org/10.1073/pnas.97.4.1406
https://doi.org/10.5194/tc-7-1263-2013
https://doi.org/10.1016/j.gloplacha.2014.05.004
https://doi.org/10.1126/science.1234532
https://doi.org/10.1029/2006JD007245
https://doi.org/10.1126/science.1183188
https://doi.org/10.1038/nature10847
https://doi.org/10.5194/nhess-5-527-2005
https://doi.org/10.5194/nhess-5-527-2005
https://doi.org/10.1073/pnas.1008162107
https://s.campbellsci.com/documents/cn/manuals/cnr1.pdf
https://s.campbellsci.com/documents/cn/manuals/cnr1.pdf
https://s.campbellsci.com/documents/cn/manuals/cnr1.pdf
https://doi.org/10.1017/S0022143000027222
http://dspace.library.uu.nl/handle/1874/22045
https://doi.org/10.3189/172756404781815158
https://doi.org/10.3189/2014JoG13J176
https://doi.org/10.3189/172756505781829106

EQUILIBRIUM-LINE ALTITUDE AND MASS-BALANCE
RECONSTRUCTION ON GLACIER BLANC, FRENCH ALPS, USING
REMOTE-SENSING METHODS AND METEOROLOGICAL DATA, J.
GLAcIOL., 54, 307-314,
HTTPS://DOI.ORG/10.3189/002214308784886063,
2008.

RABATEL, A., LETREGUILLY, A., DEDIEU, J.-P., AND ECKERT,
N.: CHANGES IN GLACIER EQUILIBRIUM-LINE ALTITUDE IN THE
WESTERN ALPS FROM 1984 7O 2010: EVALUATION BY
REMOTE SENSING AND MODELING OF THE MORPHO-
TOPOGRAPHIC AND CLIMATE CONTROLS, THE CRYOSPHERE, 7,
1455-1471, HTTPS://DOI1.ORG/10.5194/TC-7-1455-
2013, 2013.

RABATEL, A., DEDIEU, J. P., AND VINCENT, C.: SPATIO-
TEMPORAL CHANGES IN GLACIER-WIDE MASS BALANCE
QUANTIFIED BY OPTICAL REMOTE SENSING ON 30 GLACIERS IN
THE FRENCH ALPS FOR THE PERIOD 1983-2014, J.
GLACIOL., 62, 1153-1166,
HTTPS://DOI.ORG/10.1017/30G.2016.113, 2016.

RABATEL, A., SIRGUEY, P., DROLON, V., MAISONGRANDE,
P., ARNAUD, Y., BERTHIER, E., DAVAZE, L., DEDIEU, J.-P.,
AND DUMONT, M.: ANNUAL AND SEASONAL GLACIER-WIDE
SURFACE MASS BALANCE QUANTIFIED FROM CHANGES IN
GLACIER SURFACE STATE: A REVIEW ON EXISTING METHODS
USING OPTICAL SATELLITE IMAGERY, REMOTE SENS., 9, 507,
HTTPS://DOI1.ORG/10.3390/RSs9050507, 2017.

RACOVITEANU, A. E., WILLIAMS, M. W., AND BARRY, R. G.:
OPTICAL REMOTE SENSING OF GLACIER CHARACTERISTICS: A
REVIEW WITH FOCUS ON THE HIMALAYA, SENSORS, 8, 3355-
3383, HTTPS://DO1.ORG/10.3390/s8053355, 2008.

RAGETTLI, S., BOLCH, T., AND PELLICCIOTTI, F.:
HETEROGENEOUS GLACIER THINNING PATTERNS OVER THE
LAST 40 YEARS IN LANGTANG HIMAL, NEPAL, THE
CRYOSPHERE, 10, 2075-2097,
HTTPS://DOI1.ORG/10.5194/71C-10-2075-2016, 2016.

RICHTER, R.: CORRECTION OF SATELLITE IMAGERY OVER
MOUNTAINOUS TERRAIN, APPL. OPT., AO, 37, 4004-4015,
HTTPS://DOI1.ORG/10.1364/A0.37.004004, 1998.

SHEA, J. M., MENOUNOS, B., MOORE, R. D., AND TENNANT,
C.: AN APPROACH TO DERIVE REGIONAL SNOW LINES AND
GLACIER MASS CHANGE FROM MODIS IMAGERY, WESTERN
NORTH AMERICA, THE CRYOSPHERE, 7, 667-680,
HTTPS://DOI.ORG/10.5194/TC-7-667-2013, 2013.

SHEAN, D. E., ALEXANDROV, O., MORATTO, Z. M., SMITH,
B. E., JOUGHIN, I. R., PORTER, C., AND MORIN, P.: AN
AUTOMATED, OPEN-SOURCE PIPELINE FOR MASS PRODUCTION
OF DIGITAL ELEVATION MODELS (DEMS) FROM VERY-HIGH-
RESOLUTION COMMERCIAL STEREO SATELLITE IMAGERY,
ISPRS J. PHOTOGRAMM., 116, 101-117,
HTTPS://DOI.ORG/10.1016/3.1SPRSIPRS.2016.03.012,
2016.

SIRGUEY, P.: SIMPLE CORRECTION OF MULTIPLE REFLECTION
EFFECTS IN RUGGED TERRAIN, INT. J. REMOTE SENS., 30,
1075-1081,
HTTPS://DOI.ORG/10.1080/01431160802348101,
2009.

188

SIRGUEY, P., MATHIEU, R., ARNAUD, Y., KHAN, M. M., AND
CHANUSSOT, J.: IMPROVING MODIS SPATIAL RESOLUTION
FOR SNOW MAPPING USING WAVELET FUSION AND ARSIS
CONCEPT, IEEE GEOSCI. REMOTE S., 5, 78-82,
HTTPS://DOI.ORG/10.1109/LGRS.2007.908884, 2008.

SIRGUEY, P., MATHIEU, R., AND ARNAUD, Y.: SUBPIXEL
MONITORING OF THE SEASONAL SNOW COVER WITH MODIS
AT 250M SPATIAL RESOLUTION IN THE SOUTHERN ALPS OF
NEW ZEALAND: METHODOLOGY AND ACCURACY ASSESSMENT,
REMOTE SENS. ENVIRON., 113, 160-181,
HTTPS://DOI.ORG/10.1016/3.RSE.2008.09.008, 2009.

SIRGUEY, P., STILL, H., CULLEN, N. J., DUMONT, M.,
ARNAUD, Y., AND CONWAY, J. P.: RECONSTRUCTING THE
MASS BALANCE OF BREWSTER GLACIER, NEW ZEALAND,
USING MODIS-DERIVED GLACIER-WIDE ALBEDO, THE
CRYOSPHERE, 10, 2465-2484,
HTTPS://DOI.ORG/10.5194/TC-10-2465-2016, 2016.

Six, D., WAGNON, P., SICART, J. E., AND VINCENT, C.:
METEOROLOGICAL CONTROLS ON SNOW AND ICE ABLATION
FOR TWO CONTRASTING MONTHS ON GLACIER DE SAINT-
SORLIN, FRANCE, ANN. GLACIOL., 50, 66-72,
HTTPS://DOI1.ORG/10.3189/172756409787769537,
20009.

SORG, A., BOLCH, T., STOFFEL, M., SOLOMINA, O., AND
BENISTON, M.: CLIMATE CHANGE IMPACTS ON GLACIERS AND
RUNOFF IN TIEN SHAN (CENTRAL ASIA), NAT. CLIM. CHANGE,
2, 725-731, HTTPS://DOI1.ORG/10.1038/NCLIMATE1592,
2012.

SORUCO, A., VINCENT, C., RABATEL, A., FRANCOU, B.,
THIBERT, E., SICART, J.-E., AND CONDOM, T.:
CONTRIBUTION OF GLACIER RUNOFF TO WATER RESOURCES OF
LA PAZ cITY, BOLIVIA (16° S), ANN. GLACIOL., 56, 147-
154, HTTPS://DOI1.ORG/10.3189/2015A0G70A001,
2015.

STOCKER, T., QIN, D., PLATTNER, G., TIGNOR, M., ALLEN,
S., BOSCHUNG, J., NAUELS, A., XIA, Y., BEX, B., AND
MIDGLEY, B.: IPCC, 2013: CLIMATE CHANGE 2013: THE
PHYSICAL SCIENCE BASIS. CONTRIBUTION OF WORKING
GROUP I TO THE FIFTH ASSESSMENT REPORT OF THE
INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE,
CAMBRIDGE UNIVERSITY PRESS, CAMBRIDGE, UK AND NEW
YORK, NY, USA, 1535pp.,
HTTPS://DOI.ORG/10.1017/CB09781107415324, 2013.

VAN AS, D.: WARMING, GLACIER MELT AND SURFACE ENERGY
BUDGET FROM WEATHER STATION OBSERVATIONS IN THE
MELVILLE BAY REGION OF NORTHWEST GREENLAND, J.
GLACIOL., 57, 208-220,
HTTPS://DO1.ORG/10.3189/002214311796405898,
2011.

WANG, W., ZENDER, C. S., VAN As, D., SMEETS, P. C. J.
P., AND VAN DEN BROEKE, M. R.: A RETROSPECTIVE,
ITERATIVE, GEOMETRY-BASED (RIGB) TILT-CORRECTION
METHOD FOR RADIATION OBSERVED BY AUTOMATIC WEATHER
STATIONS ON SNOW-COVERED SURFACES: APPLICATION TO
GREENLAND, THE CRYOSPHERE, 10, 727-741,
HTTPS://DOI.ORG/10.5194/TC-10-727-2016, 2016.


https://doi.org/10.3189/002214308784886063
https://doi.org/10.3189/002214308784886063
https://doi.org/10.5194/tc-7-1455-2013
https://doi.org/10.5194/tc-7-1455-2013
https://doi.org/10.1017/jog.2016.113
https://doi.org/10.3390/rs9050507
https://doi.org/10.3390/s8053355
https://doi.org/10.5194/tc-10-2075-2016
https://doi.org/10.1364/AO.37.004004
https://doi.org/10.5194/tc-7-667-2013
https://doi.org/10.1016/j.isprsjprs.2016.03.012
https://doi.org/10.1080/01431160802348101
https://doi.org/10.1109/LGRS.2007.908884
https://doi.org/10.1016/j.rse.2008.09.008
https://doi.org/10.5194/tc-10-2465-2016
https://doi.org/10.3189/172756409787769537
https://doi.org/10.1038/nclimate1592
https://doi.org/10.3189/2015AoG70A001
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.3189/002214311796405898
https://doi.org/10.5194/tc-10-727-2016

Monitoring glacier albedo as a proxy to derive summer and annual surface
mass balances from optical remote-sensing data

WOLFE, R. E., RoY, D. P., AND VERMOTE, E.: MODIS LAND
DATA STORAGE, GRIDDING, AND COMPOSITING
METHODOLOGY: LEVEL 2 GRID, IEEE T. GEOSCI. REMOTE,
36, 1324-1338, HTTPS://D0OI.ORG/10.1109/36.701082,
1998.

ZEMP, M., FREY, H., GARTNER-ROER, I., NUSSBAUMER, S.
U., HOELZLE, M., PAUL, F., HAEBERLI, W., DENZINGER, F.,
AHLSTR@M, A. P., ANDERSON, B., BAJRACHARYA, S.,
BARONI, C., BRAUN, L. N., CACERES, B. E., CASASSA, G.,
CoBOS, G., DAVILA, L. R., DELGADO GRANADOS, H.,
DEMUTH, M. N., ESPIzUA, L., FISCHER, A., FUJITA, K.,

189

GADEK, B., GHAZANFAR, A., HAGEN, J. O., HOLMLUND, P.,
KARIMI, N., LI, Z., PELTO, M., PITTE, P., POPOVNIN, V. V.,
PORTOCARRERO, C. A., PRINZ, R., SANGEWAR, C. V.,
SEVERSKI1Y, I., SIGURDSSON, O., SORUCO, A., USUBALIEV,
R., AND VINCENT, C.: HISTORICALLY UNPRECEDENTED
GLOBAL GLACIER DECLINE IN THE EARLY 21ST CENTURY, J.
GLACIOL., 61, 745-762,
HTTPS://DOI.ORG/10.3189/2015]J0G15]1017, 2015.


https://doi.org/10.1109/36.701082
https://doi.org/10.3189/2015JoG15J017

8 CONCLUSIONS ET PERSPECTIVES

Le but du travail que j'ai réalisé pendant ces trois années a été d’explorer la
possible automatisation de méthodes permettant d’estimer le SMB de glaciers
de montagne afin d’étre capable de caractériser leurs variations annuelles et
saisonnieres pour des glaciers individuels a une échelle régionale. Ce travail
est aussi allé au-dela des lignes de codes et m’a permis d’investiguer les
causes des variations de masse observées, et de comparer ces résultats aux
études précédentes, tout en évaluant la plus-value des jeux de données étabilis.
Je peux désormais apporter des éléments de réponses aux questions
identifiées Sect. 2.4.3.

Question 1 : Une automatisation de la détection de la ligne de neige a partir
dimages satellites optique est-elle envisageable ?

Dans la Sect. 5, nous avons développé un algorithme se basant sur |'analyse
d'images satellites optiques de résolution décamétrique et issues de plusieurs
satellites (Landsat 5, 7 et 8, ASTER et Sentinel 2). L'algorithme bénéficie de
modules provenant d’études antérieures permettant, par exemple, d’estimer
les ombres propres et portées, et de corriger les images des effets de la
topographie (Sirguey, 2009). Cet algorithme constitue une chaine de
traitement utilisable sous Python. L‘automatisation de cette tache a
vraisemblablement constitué le verrou le plus conséquent de mon travail. Il a
été assez simple d’établir, avec confiance, |'altitude de la ligne de neige sur
quelques glaciers tests. En revanche, développer une méthode générique
multi-capteurs, adaptée a |'observation de glaciers ayant une topographie de
surface parfois complexe s’est révélé étre un vrai challenge, qui explique sans
doute pourquoi aucun algorithme n’avait jusqu’aujourd’hui été développé pour
une application régionale (excepté Rastner et al., 2019 ; paru en Juin 2019).

Grace a des lignes de neige délimitées manuellement sur 44 glaciers
dans les Alpes frangaises et italiennes (Rabatel et al., 2013a, 2016), nous
avons pu valider I'aptitude de cet algorithme a identifier I'altitude des TSLA au
cours de |'été, et d’en déduire la SLA, représentative de la ELA (Lliboutry,
1965). Une limitation de notre méthode réside dans la vérification manuelle
de chacune des images traitées, nécessaire afin d’exclure les nuages non-
détectés, la présence de neige fraiche perturbant la détection, ou d’autres
artefacts. Cette limitation n’a pas empéché son utilisation avec succes sur 239
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glaciers dans les Alpes européennes et 82 glaciers dans les Andes tropicales.
Cet algorithme est aujourd’hui en « concurrence » avec l‘algorithme publié
trés récemment par Philipp Rastner (Rastner et al., 2019). Une autre étude
est actuellement en cours de publication et est issue d’'un travail d’Adina
Racoviteanu, avec qui nous avions travaillé sur le massif du Hunza (hautes
montagnes d’Asie). Il serait trés intéressant de comparer les performances
relatives de chacun de ces algorithmes sur une région commune, afin de
s’enrichir respectivement des stratégies utilisées, mais aussi de proposer a des
utilisateurs une évaluation des qualités et limitations de chacune des méthodes.

Dans le cadre de la thése de Gabriela Collao, nous avions produit des
cartes d’albédo a partir dimages MODIS et de la chaine de traitement
MODImLab sur le champ de glace Nord de Patagonie. Ces cartes ont été
utilisées pour valider des estimations d’albédo faites avec le modéle
d’estimer la ligne de neige et le SMB du champ de glace Nord en utilisant la
méthode ELA et de le comparer aux estimations faites avec MAR. Cette
seconde partie n‘a pu étre réalisée, faute de temps, mais constituerait un
exercice tres intéressant, dans le but de pouvoir estimer l'altitude de la ligne
de neige sur de grands champs de glace ou calottes a partir de I'analyse de
carte d'albédos issues de MODIS.

Finalement, I'algorithme que nous avons développé a permis de déduire
le premier jeu de données, a notre connaissance, de SMB annuels a I'échelle
régionale, issus d'images satellites optiques. Suite a des présentations faites
au centre national d’études spatiales (CNES), le produit ligne de neige a été
défini comme centre d’expertise scientifique (CES) dans le cadre the THEIA, le
pole national de données sur les surfaces continentales, soulignant la
pertinence de cette variable pour la communauté scientifique. Une
amélioration notable pouvant étre portée a cet algorithme serait son
optimisation, le développement d’une interface « user-friendly » ainsi que sa
mise en ligne sur une plateforme partagée. Cette amélioration a été suggérée
au sein du laboratoire en collaboration avec un ingénieur de recherche mais
n‘a pas eu de suite jusqu’a aujourd’hui. Cette amélioration permettrait a un
utilisateur non-spécialiste d‘utiliser I'algorithme et d’y apporter des
modifications.
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Question 2 : |‘analyse de cartes d’albédo de surface permet-elle de quantifier
sur les glaciers de montagne les processus d‘accumulation et dablation a
/’échelle régionale ?

Grace au développement d’algorithmes permettant I'estimation de |I’'albédo de
surface de la glace et de la neige (Dumont et al., 2011, 2012; Sirguey, 2009)
et bénéficiant du cadre méthodologique présenté par Dumont et al. (2012) et
Sirguey et al. (2016), nous avons pu établir des cartes d’albédo issues du
capteur MODIS, sur 30 glaciers des Alpes francgaises pour la période 2000-
2016 (Sect. 7).

Cette étude nous a permis de confirmer le lien entre |'albédo moyen
minimum a la fin de I'été et le SMB pour 27 des 30 glaciers étudiés, validant
ce parametre comme un marqueur robuste du SMB annuel a partir d'images
satellites optiques. L'albédo a ensuite été utilisé apres la publication de notre
étude sur d’autres régions, comme sur le plateau tibétain (Zhang et al., 2018).
L'albédo intégré sur la saison estivale a pu quant a lui étre relié au bilan d’été
pour les six glaciers étudiés, et permet ainsi de caractériser |'ablation durant
I’été.

Contrairement a |'étude de Sirguey et al. (2016), nous n‘avons pu
confirmer, sur les six glaciers étudiés, |I'aptitude de I'albédo moyen hivernal a
caractériser I'accumulation a la surface du glacier. Ainsi, I'albédo moyenné sur
toute la surface du glacier est un excellent marqueur du bilan estival et annuel
sans pour autant étre capable de I'estimer quantitativement. Des approches
se basant sur une relation linéaire entre I'albédo moyen minimum estival et le
bilan de masse ont émergé (Zhang et al., 2018) mais sont uniguement
applicable sur le glacier étudié. En effet, notre étude révele des coefficients
pouvant varier d’un facteur six d’un glacier a l'autre et des estimations
régionales annuelles et estivales de SMB ne sont aujourd’hui pas
envisageables en utilisant notre méthodologie. Une nouvelle méthode
suggérée par Pascal Sirguey dans la Sect. 4.2.2 pourrait constituer une
solution pour s’affranchir de données /n situ mais repose sur une hypothese
forte de I'albédo de la glace et de la neige, particulierement sur des glaciers
de montagne ou la topographie peut induire des erreurs dans |’'estimation de
I'albédo de surface (discuté Sect. 7.5.3).

Le lancement des satellites Sentinel 2A&B a permis de considérablement
améliorer la couverture temporelle sous nos latitudes avec un temps de
revisite inférieur a cing jours cumulé a l'archive Landsat. Une future direction
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de recherche pourrait se baser sur l'analyse de cartes d’albédo et/ou de
réflectances pour en déduire I'altitude de la ligne de neige transitoire, grace a
La variation de cette altitude pourrait ensuite étre utilisée pour estimer une
variation de masse entre chaque image, et ainsi obtenir une information
nécessiterait d’adapter la valeur du gradient de bilan de masse grace a des
campagnes/données /in situ répétées permettant d’estimer la dépendance
altitudinale du gradient de bilan de masse. Ce projet de recherche a été déposé
dans le cadre d'une candidature pour un poste d'ATER qui n’a
malheureusement pas été acceptée du fait de I'éloignement des thématiques
de recherche ouvertes pour I'année 2019/2020 (Géologie / Géographie et
aménagement du territoire).

Question 3 : Les méthodes développées sur les Alpes francaises et
européennes peuvent-elles étre exportées dans d‘autres régions pouvant avoir
des contextes climatiques différents (e.g. saisonnalité) et ou peu de données
de validations existent ?

Cette problématique de transposabilité de méthodes développées sur des
régions géographiques « rassurantes » (proximité géographique des glaciers
étudiés, disponibilité de longues séries temporelles de données in situ...) est
fondamentale. Malheureusement, les régions les mieux connus, en terme de
SMB par exemple, sont souvent celles ou les enjeux sont les plus faibles (e.g.
ressource en eau, contribution a la hausse du niveau des mers pour les glaciers
des Alpes européennes). Notre travail dans les Alpes européennes a permis,
profitant des nombreuses mesures /in situ de développer et de valider une
approche fiable et adaptée permettant I'estimation du SMB pluriannuel et
annuel a I'échelle régionale, a partir dimages satellites optiques. En plus
d’avoir pu estimer un bilan moyen annuel sur la période 2000-2016 des
glaciers des Alpes Européennes (-0.74+0.20 m w.e. a-1), nous avons pu
observer une certaine hétérogénéité spatiale et temporelle des séries
temporelles de SMB liée aux contextes climatiques locaux (/.e. analyse de
données de réanalyses ERA5) et morpho-topographique de chaque glacier. Le
travail effectué par Léna, dans la continuité des travaux de Rabatel et al.
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confronter cette méthode développée dans les Alpes sur une région a fort
enjeu, les Andes tropicales (cordilleres Blanche et Royale). Cette étude
(présentée en Annexe 1) nous a permis de valider notre approche sur un
massif ou le contexte climatique est tres différent des Alpes européennes
(accumulation et ablation possible toute I'année, dépendance trés forte au
mode de variabilité climatique principal de I'Océan Pacifique : ENSO). Les
résultats obtenus ont permis de quantifier un SMB annuel sur 82 glaciers dans
ces deux massifs.

Cette étude nous a finalement montré qu’une analyse a l’échelle
régionale ne prive pas |'opportunité d’observer des curiosités a I'échelle d'un
glacier, comme l'avancée du Glacier Safuna, ayant connu une crue dans les
années 2000, probablement suite un déstabilisation d’une partie du glacier
entrainant son avancée, et dont la littérature scientifique ne fait aujourd’hui,
pas état a notre connaissance.

Question 4 : L‘estimation du SMB a |’échelle régionale apporte-t-il réellement
une plus-value sur la compréhension des causes a l'origine des variations
observées ? Les précédentes estimations issues de données in situ sont-elles
représentatives de la majorité des glaciers de la région étudiée ?

Grace au développement d’'un algorithme de détection semi-automatique de
la ligne de neige, nous avons pu appliquer la méthode ELA pour quantifier le
bilan annuel de 239 glaciers dans les Alpes européennes (Sect. 6) et 82
glaciers dans les Andes tropicales (Annexe 1). Nous avons pu identifier deux
facteurs impactant les bilans calculés. Le premier est le forcage climatique
local qui impacte le bilan de masse glaciaire. Dans les Alpes européennes, nous
avons utilisé des données de réanalyses climatiques (/.e. ERA5) dans le but
d’estimer les variables climatiques impactant le plus les bilans calculés. Cela
nous a permis de discerner deux régions ou les glaciers ont une variabilité
interannuelle des bilans de masse contrastée. Dans la premiere région, la
variabilité semble majoritairement impactée par les précipitations hivernales
(Nord-Est de la chaine), alors que dans la seconde, elle semble assujettie aux
flux d’humidité provenant de |'Ouest et aux conditions météorologiques
estivales (versant Ouest de la chaine).

Dans les Andes tropicales, des résultats préliminaires confirment (e.g.
par les événements marqués de I'ENSO. Une étude plus poussée serait
nécessaire, en combinant les données de SMB avec des données climatiques
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issues de réanalyses (/.e. ERA5) ou de modeles physiques (i.e. WRF, RACMO,
MAR) dans le but de mieux appréhender les variabilités spatiales et
temporelles.

Le second facteur impactant les bilans de masses calculés réside dans
les morpho-topographiques des glaciers observés. En effet nous avons pu
confirmer une dépendance de la perte de masse cumulée sur I'ensemble de la
période d’étude aux variables morpho-topographiques de chaque glacier,
confirmant des études précédentes (Abermann et al., 2011; Brun et al., 2019;
Fischer et al., 2015; Rabatel et al., 2016). La variable morpho-topographique
expliquant le plus la variance des bilans cumulés observés semble varier d’'une
région a l'‘autre : pente moyenne, altitudes médiane et maximale dans les
Alpes européennes ; altitudes minimale et maximale en Cordillere Blanche ;
altitude maximale en Cordillére Royale). En régle générale, les glaciers situés
plus haut en altitude, et les plus pentus (dans les Alpes européennes)
subissent des pertes de masse moins importantes.

Finalement, I|impact des variables morpho-topographiques et
climatiques est difficilement transposable d’une région a l'autre et des études
ciblées sur des régions englacées sont désormais nécessaires, pour estimer le
SMB pluriannuel (/.e. projet ASTERIX) et annuel (/.e. méthode ELA).

Les mesures /n situ d’accumulation et d’ablation constituent la mesure
de référence pour estimer le bilan de masse de surface, notamment grace a la
méthode glaciologique. Ces mesures permettent aussi d’améliorer notre
connaissance des processus de surface, nhotamment en lien avec le bilan
d’énergie de surface lorsqu’elles sont couplées a l'installation d’une station
ou a I'accumulation et a la caractérisation de la variabilité spatiale du manteau
neigeux lorsque couplées avec des mesures de type LiDAR ou Radar (e.g.
SMB ne permettent en revanche pas d’observer un nombre important de
glaciers du fait des contraintes humaines, logistiques et financiéres. Les études
que nous avons réalisées (présentées Sect. 4, 5, 6 et 7) ont, en revanche,
permis de valider |‘utilisation d‘images satellitaires pour quantifier le SMB
estival et annuel, a I’échelle régionale. Nos résultats (Sect. 6) montrent que
les SMB estimés sont en accord avec les SMB issus de données /n situ,
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uniquement pour une partie des glaciers observés par télédétection. En effet,
les glaciers « idéaux » pour des campagnes /n situ (Kaser et al., 2003) n’étant
pas représentatifs de la majorité des glaciers, notamment du fait de leurs
caractéres topographiques facilitant leur acces (peu pentus, parfois a
relativement basse altitude), certains biais peuvent apparaitre. Dans les Alpes
Européennes, les glaciers ayant une pente moyenne supérieure a 20° ne sont
pas représentés par les données /n situ alors que leurs SMB cumulés est
significativement moins négatif. De fait, les études estimant le SMB régional a
partir d’extrapolation d’observation /n situ doivent nécessairement prendre en
compte une dépendance au contexte morpho-topographique des glaciers
étudiés (Huss, 2012) ;

Perspectives personnelles

Ces trois années de thése ont été pour moi une expérience trés enrichissante
autant sur le plan humain que scientifique. J’ai appris ce que c’était que de se
concentrer sur une question (ici scientifique) pendant trois ans, au-dela de
I’'ascenseur émotionnel, dans lequel chaque doctorant monte lors de la
signature de son contrat doctoral. J’ai aussi eu lI'opportunité d’enseigner au
cours de ces trois années, autant a l'université qu’avec un public scolaire et
tout public (listes des enseignements et présentation d’une réflexion
pédagogique en Annexe 2 et 3). Ces expériences ont été trés enrichissantes
et j'ai énormément apprécié les contacts que j'ai eus avec le public. Mes
interventions étant trés orientées « climat », je me suis rendu compte des
attentes des auditoires envers la compréhension des mécanismes climatiques
a l'origine du changement actuel, mais aussi du travail de sensibilisation
encore nécessaire pour favoriser une prise de conscience citoyenne,
indispensable, a mon sens, pour favoriser des actions rapides d’atténuations
et d'adaptations. C’est pourquoi je souhaite, au terme de cette thése, me
consacrer a plein temps a des activités de médiation scientifique autour du
climat, auprés du grand public, d’enseignants, d’élus locaux, ainsi que d’un
public n‘ayant normalement pas acces a des interventions sur le climat.
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Annexe 1 Annual surface mass balances quantification for 82 glaciers in the
tropical Andes over a 18-yr period from optical remote sensing data

Obtain Annual Mass Balances from Automatically Derived
Equilibrium Line Altitude — Application to the
Inter-Tropical Andes

Léna Gurriaran

Abstract

Few glaciers in the tropical Andes have their mass balance regurlarly monitored with field mea-
surements or remote sensing data. The computation of the anmual mass balance for one glacier
may be done from its Equilibrium Line Altitude (ELA) which can be estimated from the Snow
Line Altitude {SLA) on satellites images. Here we present the results of the application, to the
inter tropical Andes, of an algorithm that automatically derived the Snow Line Altitude from
satellites images and inferred the mass balances. The algorithm was successfully applied to the
Cordillera Blanca in Peru and to the Cordillera Real in Bolivia In total we obtained the ELA
amd the mass balances for 82 glaciers for a 17 years period (2000 — 2017). The algorithm gives
congistent mass balances for those glaciers, despite a 200m upward bias in the ELA detection and
effectively reproduce the annual variability. It gives enough data to siudy the different drivers of
the mass balance evolution at a regional scale. For example here wa saw that the Nifio events
have a strong influsnce in te Cordillera Blanca while the mean altitude of the glaciers seems more
important in the Cordillera Real

Résumé

Dans les Andes tropicales, peu de glaciers ont leur bilan de masse régulifrement renseigné par des
mesures de terrain ou des données izsues de la télédétection. Le caleul du bilan de masse annuel
d'un glacier peut étre effectué 4 partir de la détection de 'altitude de sa ligne déquilibre, qui est
estimée, pour les éudes basées sur des images satellites, prace a I'altitude de la ligne de neige.
Dans cette étude on présente les résultats de 'application aux Andes inter-tropical d'un algo-
rithme qui détecte automatiquement la ligne de neige sur des images satellites et en déduit les
bilans de masse. Cet algorithme 4 & appliqué & 1a Cordillére Blanche an Pérou et & la Cordillére
Royale en Bolivie. Au total on a obtenu 'altitude des lignes d'équilibre et les bilans de masse
pour 82 glaciers, sur une période de 17 ans (2000 - 2017). L'algorithme donne des bilans de masse
cohérent, malgrés un biais de 200 m vers le haut dans la détection des lignes de neige, et reproduit
trés hien la variahilité inter-annuelle. 11 fournit ainsi suffisemment de données pour étudiers les
différents facteurs qui influence '&volution des bilans de masse 4 I'échelle régionale. On voit par
exemple ici I'influence des événements El Nifio dans la Cordillére Blanche et de ['altitude movenne
des placiers dans la Cordillere Rovale.
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1 Imntroduction

Glacier retreat is one of the most eloquent and broadeast indicator of the global warming. The
mass balance of a glacier, that is it mass loss or gain during a limited period, is important to un-
derstand the glacier response to climate. Indeed it has been proven that the mass balance is more
representative of the health of a glacier than the measure of it thickness or length loss (Rabatel
et al , 2008). Obtain the mass balances of the glaciated area is them a major issue to understand
how they react to climatic changes and to try to anticipate consequences, like reduction of water
resources of sea level rise, that could result from shrinking glaciers. Field measurements allow
a precise monitoring of mass balances but these expedition are very costly and time consuming.
Few glaciers, about 400, are monitored with this method around the world. That represent only
a small fraction of all the terrestrial glaciers (Pfeffer et al., 2014). To obtain data on a significant
number of glaciers an other method is necessary. Remote sensing is the ideal way to solve this
problem as satellites provide numerous images of the Earth surface, sometimes for decades. With
these images it is therefore possible to study the evolution of all the glaciers around the world
even if they are in a remote areas. Besides since the beginning of the century satellites data are
more and more numerous, accessible and very often free which makes easier the launch of project
using remote sensing data.

Different methods enable to find glaciers mass balances with satellites images: the Equilibrium
Line Altitude (ELA) method, the albedo method and the snow map method. These three ap-
proaches are complementary. The ELA method gives good resulis at the annnal scale and the
two other gives satisfying results at the annual and regional scale but they still need regional
calibrations. All of these method are subject to the limits of remote sensing, that is cloud cover,
debris on the glaciers, snowfall out of season, avalanches...

Here we are going to focus on the application of the ELA method (Rabatel et al, 2005, 2008 and
2012). An algorithm has been developed on the Alps to antomatize the method (Davaze et al,
in review) and w adapted it to the inter tropical Andes.

2 The ELA method

2.1 Development and description

The ELA method is based on a hypothesis: if there is no superimposed ice formation, the alti-
tude of the snow line is also the Altitude of the Equilibrium Line (ELA) which is the line that
separates on a glacier the accumulation zone (area gaining mass) from the ablation zone (area
loosing mass). Along this line the mass balance of a glacier is considered as null. Yet it has been
demonsirated in previous studies (Braithwaite, 1984) that the ELA of a glacier is strongly related
with its mass balance (cf figure 1). In the Alps and in massifs under temperate climate in general,
it is the ELA at the end of the summer that is relevant with regard to the mass balance. The
end of summer correspond to the end of the ablation season and of the hydrological year. It is
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commonly admitted that the Equilibrium Line Altitude is analogous to the Snow Line Altitude
(SLA). Therefore we only need to detect on satellites images the end of summer SLA to infer the
annual mass balance of a glacier.
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Fig‘lll‘e 1: Observed mass balance wersus altitude close to the squilibrium line zone: example for Glacier
d’Argentitre, French Alps, 1900362 (all ohservations were selected along the same longitudingl transect). From
Rabatsl et al, 2005

Three glaciers in the Alps were selected to test this hypothesis: the Gébroulaz glacier, the
Arpentiére glacier and the Saint-Sorlin glacier. The mass balances of these glaciers were monitored
fior several vears with field measurements to compared and validate mass balances obtained with
the ELA method (Rabatel et al | 2005).

To calculate mass balances with this method it is necessary to have:

# 2 Digital Elevation Model (DEM), one at the beginning and one at the end of the studied
period
# One optical satellite image, without clouds, per year and per glaciers, taken at the end of
the hydrological year
# One estimate of the mass balance pradient around the ELA (8b/8z)
It is necessary to identified on every images the snow line, focusing on the central part of the
glacier to avoid sides effects. It is then possible to reconstruct annual mass balance time series
for every glaciers. First, the difference between ELA., and ELA; for each year (i) has to be

calculated. ELA, is the equilibrium state of the glacier, that is the mean altitude of the equi-
librium line on a period of time during which the mass balance is zero. EL A, is obtained with

216



Annexe 1 Annual surface mass balances quantification for 82 glaciers in the
tropical Andes over a 18-yr period from optical remote sensing data

the following equation :

ELAg =23 (ELA)+ 5 m
ng =

n : mumber of vears.
B : glacier wide mass balance on the whole period obtained with a difference of DEM or with
field measurements.
&bffz : Mass balance gradient through the equilibrium kne. It can strongly differ from one
glacier to another, depending on the climatic regime. It is very sensitive to accumulation, length
of the ablation season, exposition, slope... but Rabatel et al (2005) have shown that choose a
specific gradient for each glacier doesn't significantly improve the resulis. It is then preferable,
for practical concerns, to choose one gradient per period and per climatic region so the method
can easily be applied even to all the glaciers in one climatic region.
Once the FL Ay calculated it is possible to have the mass balance bit) with:

bt) = (ELA — ELA,}% (2)

When it is not possible to have one image per year because of cloud cover or early snowfalls,
missing values can be calculated with a Cumulative Positive Degree-Day model or a Lliboutry
approach (Lliboutry, 1974).

Comparisons between ELA obtained with remote sensing and the ones obtained with field mea-
surements or calculated with meteorological data show a good correlation, it is also true for the
mass balance, for the three glaciers studied (Rabatel et al., 2005).

2.2 Validation of the ELA method
2.2.1 In the Alps

To validate the method it has been applied to 30 glacers in the French Alps for a 25 years period
(1981 - 2005). Satellites images are downloaded and corrected E L4, are detected on the images
and ELAy, are calculated for each year and glacier with equation (1). When there is a gap in
the time series, the missing value of EL 4, is reconstructed with a Lliboutry linear model. B, the
glacier wide mass balance, is obtained from the subtraction of two DEM, which give the total
volume variation on the period. That volume variation is then divided by the area of the glacier
with the assumption that the bulk density of the ice is 0.9 g.m‘s. The results can be validated
with field or meteorological data [Rabatel et al. (2008)]

2.2.2 In tropical glaciers

Is the ELA method suitable to study tropical glaciers?

Indeed, in the tropics, there is no four seasons but an alternation between drv and wet periods,
with no significant temperature variation. Sequences of ablation and accumulation come one after
the other during all the hydrological year. The frequent changes in the snow cover lead to a more
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important mass balance pradient. We can consequently wonder, when, is the Snow Line Altitude
most representative of the Equilibrium Line Altitude.

To answer this question, a study has been led on two well field-monitored glaciers of the tropical
Andes: the Zongo in the Cordillera Real, Bolivia, and the Artesonraju in the Cordillera Blanea,
Peru (Rabatel et al, 2012). This study highlight that it is during the dry season (May to
September) that the SLA will be the highest and the most representative of the ELA. The
ablation period is shorter than the drv season but to find the SLA the most representative of
the ELA it is accurate choose the highest SLA between the beginning of May and the end of
September.

2.3 Automatic detection of the Snow Lines

To apply the ELA method to a large spatial distribution an automation is necessary. For this
purpose an algorithm has been developed to automatically detect the SLA on satellites images
(Davaze et al, in review). The aim of the algorithm is to detect the altitude where there is a
brutal change in the surface properties of a glacier. That change is considered as the transition
between ice and snow and therefore as the equilibrium line. Three types of data are necessary to
run the algorithm:

» Satellites images, one per year.
# One DEM per region studied.

# Glacier outlines and central flow lines.
There are seven processing stages :

s Clouds detection and removal : A cloud mask is generated for every images at the
glacier scale. That mask is constructed with the Normalized Difference Snow Index (NDSI)
:if a pixel have a NDSI value smaller than 0.25 it is considered as cloudy.

» Topographic correction : An important slope can influence the surface radiance om a
satellites image and then disrupt the detection of the SLA: radiance correction is applied
by caleulating what it would have been if the surface were flat with a DEM and a Cosine
Topographic Correction Model

# Band Ratio : Discrimination of ice and snow with the ratio NIR?/SWIR which gives the
highest contrast.

# Clipping and re-sampling : Images are resampled to the DEM resolution and only
pixels inside the glacier outlines are kept.

» Shadows detection : Shadows alzo can disrupt the SLA detection because thev create
an important contrast on the glacier surface. A preliminary algorithm takes in account the
sky obstruction to calculate the Emits of the shadows on the glacier
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# Visnal images checking : Manual sorting of the images to remove the ones where there
still are clouds or traces of fresh snowfall.

# Definition of the snowline detection zone : To aveid sides effects a buffer, beginning
100 m below the top of the glacier and ending 20 m above its terminus, is defined. Its width
om both sides of the snowline is computed with 0.4 « ﬁ

» Pixels classification : pixels are classified into three categories: their values is 1 if there
is ice on the pixel, 2 if there is snow and -99 if it is something else.

Onee this first processing steps performed, the detection of the SLA can be done. Glacier are
divided into 100 metres wide altitude strips. The algorithm is looking for the band where the
pixel values change from 2 to 1 since this change is meant to be the snowline. When the algorithm
have found he right strip it redo the same in this band but with 20 metres wide altitude strips.
Thus, the SLA is computed to the accuracy of 20 metres.

The validation of the algorithm was done by comparison with the SLA manually mapped by

Rahate] et al. (2013), in the Alps. The relationship is significant but there are a few outliers.
To identify and remove them the SLA are compared to the regional median, considering that in
a single climatic region glaciers have a similar response to climate forcing In this way, glaciers
with a behavior too different from their neighbours, are excluded from the study.
It iz possible that for one glacier there are no SLA detected every years. To fill the gaps, missing
SLA wvalues are computed with a Lliboutry approach (taking into account the inter-annual and
spatial variability, Liiboutry (1974)). This filtering rectify wrong SLA and enhance noticeably
the results.

3 Application of the Method on the Inter-Tropical Andes
The algorithm has been developed, tested and validated on the Alps. The purpose of my internship
was to adapt it to the inter-tropical Andes.

3.1 Study Area

Two study areas were selected inside the inter-tropical Andes. This zones were chosen because
previous studies have been led on them so they are among the most well documented areas of the
region, which can give a source of validation for the resulis.
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Figure 2: Location of the two cordilleras studied: the Cordillera Blanca in Peru and the Cordillera Real in
Bolivia The red patches on the left figures are the glacier outlines, adapted from the Randolph Glacier Inventory
(Pfeffer et al., 2014).

3.1.1 Cordillera Blanca, Peru

The Cordillera Blanca is located in the Ancash region in Peru, about 250 km north of Lima and
close to the city of Huaraz. This mountain range extends for 200 km around a mean latitude
of -9.29° and mean longitude of -77.5°. It has several peaks above 6000 m asl including the
Huscaran, the highest peak of Peru, with 6768 m asl. The Cordillera Blanca provides a part of
North Peru’s water resources.

55 glaciers of the Cordillera Blanca were selected to be studied with the algorithm. ELA data are
already available for some of these glaciers because three of them have been field monitored (the
Artesonraju, the Shallap and the Uruashraju) and on about twenty of them the snowline have
been manually mapped on satellites images (Loarte et al., 2015).

3.1.2 Cordillera Real, Bolivia

The Cordillera Real is situated in Bolivia, close to La Paz, at around 16° South of the equator
and around -68° West. In this study we count the Cordillera Quimsa Cruz, at the South, as a
part of the Cordillera Real. Its highest peak is the Nevado Illimani (6438 m as.l.). Because of
its proximity with La Paz, the glaciers of the Cordillera Real provide the city in the water.

59 glaciers were selected. Some SLA have been manually identified on satellites data but essen-
tially on small glaciers that were not retained for this study (Soruco et al., 2009).
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3.2 Matériel

Satellites images used by the algorithm came from sensors Landsat 4 -5 -7 and 8, Sentinel 2 et
ASTER. The necessary bands for each sensor are listed in table 1.

Be careful, the name format of the Landsat and Sentinel images changed. [t is necessary to
rename all the Landsat images and Sentinel images taken after 2016 with the format of their
old ID and to shorten the name of all the Sentinel images to avoid problems with long names if
working under Windows.

The studied period expends here from the 1 May 2000 to the 30 September 2017. The images
taken during the dry seasons of this period were downloaded, that is images of May, June, July,
Aungust and September for every years.

Satellites (capteurs) Bandes
Landsat 4 - 5- 7 (TM, ETM+) | 2,4, 5
Landsat & (OLI) 3,56
Sentinel 2 (MSI) 3,811
ASTER 1, 3,4

Table 1: From How to MACHI, Davaze L.

The Digital Elevation Model (DEM):They have to cover all the area investigated to
compute the horons and the topographic corrections. In this study we use the ASTER DEM
(ASTGTM2) and we had to download three tiles per region to cover all the glaciers.

Glacier outlines : We downloaded the Randolph Glacier Inventory outlines and corrected
them if necessary to have more accurate contours. Glaciers with an area lower than 1.5 km® or
with an maximum altitude under 5000 m were not kept for the study.

Flow lines: Flow lines were manually drawn for every glacier using elevation contour lines.
They are not necessary perpendicular to the contour lines to avoid the crevasse area and to pass
through the zone where the snowline is the most obvious.

The horizons: Hormons were computed with an algorithm develop by P Sirguey (Sirguey,
2000).

Omee all he data are acquired thev have to be stored methodically in repertories so the
alporithm can work properly.
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3.3 Snow Line Altitude Acquisition
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Figure 3: Block disgram of the different scripis to
run to obtained the SLA, with the inputs and owtpats.

When the data are acoquired and correctly stored
under a precise repertory architecture the SLA
detection. There iz a series of scripts to run to
obtained the SLA (cf figure 3).
The first one iz DIRECC.py.
various corrections on the on the images, clip
them at the scale of the glaciers and caleulate
a band ratio to highlight the snowline. The
outputs are computed with a new resolution,
in thiz study we choose 30 metres, and a new
projection adapted to the region (EPSG 32718
for the Cordillera Blanca and 32719 for the
Cordillera Real). We can alo choose which
correction and which ratio we want to perform.
For the following of the study we used the
ratio NIR?/SWIR, which is the most suitable
to discriminate ice from snow, and we applied
topographic correction to all of the images. In
cutput the scripts gives products at both the
tiles and the glacier scale.

RGEB MAKER.py takes the tiles and makes
RGE composites (with the ratio NIR#/SWIR)
zooming in on the glacier. There is one snapshot

It performs

per glacier and per image. An interface gener-
ated with the script RGB_ Preview.py allow
an easier sorting of the snapshots. We have to
exclude manually all those showing clouds that
have not vet been detected or fresh snowfalls.
Once  all the tiles sorted, the script
ELA TRACKER.py spots on all the
retained images the SLA and write them in a
text file for each glacier It gives the SLA with
an accuracy of 20 metres, the corresponding
date and other statistical parameters to test the
reliability of the data

The script ELA SLA FINDER.py use that text file to exclude all the SLA that do not
pass the statistical test and to find among the remaining SLA the highest for each year, which
will be representative of the ELA. Finally, the script ELA FILTERING.py filter again the
results by excluding the glaciers whose behaviour is too different from the regional trend and fill
the gap in the SLA time series if necessary with a Liiboutry approach.
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3.4 Mass Balance Computation
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Figure 4: Variation of elevation map for the North of the Cordillera Real on the period 2000 - 2018. The red
color indicate an elevation loss and the blue a gain. The black lines are the glacier outlines adapted for the calcul
of the mean mass balance, B. The map has been realized by 1. Dussaillant.

Once the SLA computed for every glaciers, we need the mean mass balances (B) on the period
2000 - 2017 to obtain the annual mass balances.
For each glaciers B is calculated with a script developed by F. Brun (Brun et al., 2017). To run
the script we need a map of the elevation change and the glacier outlines as illustrated in figure 4
and a DEM. The scripts gives in output one file per region with the mean mass balance per year
of every glaciers on the period studied.
the only missing term of equation 1 is the mass balance gradient through the equilibrium line (£2).
This gradient has been estimated with field measurements to be 0.0128 m/m for the Inter-tropical
Andes.
We can now use equation 1 to obtain the ELA at a steady state and then equation 2 to have the
mass balances per year for every glaciers. We can also calculate the cumulative mass balance.

11
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4 Results

Finally we were able to calculate the annual mass balances for 82 glaciers out of 114 at the be-
ginning. The 32 missing glaciers were excluded of the study by the script ELA _filtering.py. In
the Cordillera Blanca 11 glacier out of 55 were removed and in the Cordillera Real 23 out of 59.
To have more details on the behaviour of a particular glacier, there are in the appendices one
sheet per glacier with its location and its ELA | annual mass balance and cumulative mass balance
values.
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Figure 5. Cumulative mass balance for all the glaciers of the two cordilleras between 2000 and 2017. The black
line indicate the average value of the region.

Figure 5 shows the cumulative mass balances of all the glaciers for the two regions. Mass
balances are generally more negative in the Cordillera Real with a mean value of -11.7 m w.e,,
and extreme values of -1.9 m w.e. and -23.2 m w.e. for the 2000 - 2017 period whereas in the
Cordillera Blanca the mean is -5.9 m w.e. and the extreme +1.7 m w.e. and -19.4 m w.e. There
are more glaciers in the Cordillera Blanca that are close to have a balanced mass balance on the
period than in the Cordillera Real but in their great majority, for both cordilleras, the cumulative
mass balances are negative. There is only one glacier in the Cordillera Blanca (G282396E08859S)
that has significantly gain little mass on the period studied (+1.7 m w.e.). That happens essen-
tially thanks to positive mass balance in 2000 and 2001 (+ 1 m w.e. a-1), after that the annual
mass balance were close to the equilibrium.
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Figure 6: Boxplot diagram computed with the data of all the glaciers representing the dispersion and the median
value (red line) of the ELA and the mass balance for the Cordillers Blanca and the Cordillera Real. The Nifio 1+2
85T Index (NOAA data) is display under the boorplot. On the sbecissa axis of the Nifio Index, the years indicats
the month of January. 13
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We can also notice in figure 5 breaks in the regional trend indicated by the black line. They
are particularly visible for the Cordillera Blanca, for the years 2010 and 2016 and more slightly
for 2005. Those breaks, although less marked, can also be noticed for Cordillera Real
In figure 6 we can see that, when considering all the glaciers of a region, these years are the ones
with the highest ELA and thus the most negative mass balances. Again this is more visible for
the Cordillera Blanca than for the Cordillera Real. The vear 2016, which has the most extreme
values of ELA and annual mass balance, is associated to a strong El Nifio event. In contrast, year
2002 in Cordillera Real stands out for its positive mass halance, a behaviour that is not noticeable
at all in Cordillera Blanca where it is the vears 2000 and 2001 that show & positive mass balance.
Between 2000 and 2017 the La Nifia events (in blue) generally have a stronger absolute Nifio 35T
Index than the El Nifio events (except for 2016) but those La Nifia events are not associated with
positive mass balances. Further more the strongest La Nifia event in 2008 can not be spotted in
the ELA time series.

On figure 7 we tested the correlation of the ELA and the annual mass balance with the Nifio

55T Index of the zone 1 + 2 (from 0 to 10°5 and 90°W to 80°W). For every year we caloulated
the mean of the Nifio Index values of the months of December, January and February because it
is the period of the year when the phenomenon is suppose to be the strongest. We find that there
is a strong dependency of the mass balance and the ELA to the Nifio Index for the Cordillera
Blanca (r* — 0.64) even if there iz only one strong El Nifio event in 2016 during our period of
study. That correlation is very similar to what have been observed by Vuille et al. (2008), during
a period with successive strong El Nifio event. This relationship also exists to much lesser extent
for the Cordillera Real with r* — 0.46 for the ELA and r® — 0.36 for the annual mass balance.
Finally we also tested the relationship between the mean altitude of the glacier and the mean
reodesic mass balance B (cf figure 8). The correlation is quite satisfactory for the Cordillera Real
and explain approximately 50% of the variability (r® = 0.54). It shows that the more a glacier is
low in altitude the less its mass balance is negative. But there is no such correlation between the
two variables for the Cordillera Blanca (r® — 0.07). It seems that a lot of noise is coming from
low glaciers, with a mean altitude under 5150 m asl., which have a high dispersion on the mass
balance axis.
A study conducted on relatively small and low glaciers of the Cordillera Real (Soruco et al. (2009))
highlight the existence of a relationship between the orientation of those glaciers and their mass
balances. We tested the relation on the glaciers we had selected in the Cordillera Real which were
mostly bigger and higher. We had only four glaciers in common with the study of Soruco et al.
We did not find any correlation between the exposition and the mass balances for our glaciers,
probably because of their higher mean altitude. Indeed we can suppose that the more a glacier
is low the more its mass balance is influenced by itz exposition because its accumulation zone is
smaller than high glaciers. On the basis of this study we tried to see if the important dispersion
in the Cordillera Blanca discussed above could be due to the orientation of the involved glaciers
because of their low mean altitude but there was no significant relationship between orientation
and mass balance, even when looking only for glaciers under 5150 m asl
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5 Discussion

To validate the algorithm for the inter-tropical Andes, we compared our results to the ELA that
hawve been manually derived in the Cordillera Real by Scruco et al. (2009) and in the Cordillera
Blanca byLoarte et al. (2015). We had three glaciers in common with Sorueo et al and twelve
with Loarte et al (of table 2). The correlation glacier per glacier is quite good with an average
2 of 0.59 (cf table 2 and the glaciers files in appendices, where all the individual figure of the
comparizon between the automatic and mannal ELA are available for the concerned glaciers). In
the cordillera Blanca some glacier have a very high correlation with 12 = 0.80 . In figure 9, which
shows the comparison between the antomatic ELA with the manual ELA for the twelve glaciers in
Cordillera Blanca, the correlation is not very obvious but we can distinguish two groups of points
: one group in the upper left part of the figure with a chactic behaviour and the others points
that seems to show a good correlation between the two types of ELA. In the chactic group the
antomatic ELA are systematically higher than the manual ELA showing that for some glaciers
there is an upward bias. The other group of points correspond to the glaciers that have a good
12, for them the algorithm detect the snowline at the correct altitude,

The comparison between the median of the ELA manually derived and the median of the ELA
antomatically derived (figure 10)confirm the upward bias but also shows that the regional trend
is accurately captured by the algorithm, especially for the median caleulated with all the glaciers
of the Cordillera Blanca. The bias, although quite important (approcimately 200 m upward),
should not have a strong influence on the mass balances. Indeed the mass balance is determined
by the difference between ELA,, and ELA, (cf equation 2).
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Glaciers 2
Artesonraju 0.86
Shallap 0.83

Uruashraju 011
Ashnoenana 0.91
Rajupaguinan 0.38

Huillca 0.85

Cordillera Blanca Linca 1 054
Pacliash 0.E3

4980049-39 0.89

Pucaranra 0.64

Huytapallana 0.41

Copap 0.39

(G201706E161065h | 0.63
Cordillera Real | G201715E180975 | 0.20
G21771E161755 | 0.36
Awverage on all the glaciers 0.59

Tahble 2: Coeficient of correlation (r?) for the comparison between the ELA mannally derived snd the ELA
automatbcally derived. The r? is computed with the ELA filtered and reconstructad with the Lliboutry approach
(cf section 3.3) and the ELA of Soruco et al (2009) or Loarte et al. (2015).
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As ELA,, is different for the manual ELA and for the automatic ELA that difference should
be the same for both type of ELA, even with a 200 m upward bias because the annual variability

is correctly reproduced by the algorithm.
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median of the ELA mamally derived from satellites images(Loarte et al. (2015)). Median ELA auto is the median
of the ELA calculated by the algorithm but only for the glaciers with which we have a manual equivalent. Median

ELA auto all is the median of the ELA for all the glacier of the Cordillers Blanca.

The same upward bias is also observed in the Alps, even though less important, around 30 m
(Davaze et al, in review). The different zones on which the mannal and automatic ELA are
detected can give an insight to understand the presence of such a bias. The manual ELA are
mapped on the whole width of the glacier, whereas the antomatic ELA are computed on a buffer
centred on the central flow lines and whose width depends on the size of the glaciers. Thanks to

this buffer we avoid sides effect like avalanches that tends to lower the SLA but we also focus on

the area of the glaciers that is, generally, the most exposed to the melt due to solar radiation
That can explain why the manual ELA are often lower than the automatic ELA. The difference in

the bias scope between the Alps and the intertropical Andes can be due to the different climatic
Tegime.
Finally when looking at the annual mass balances glacier per glacier (of appendices) we can
notice that for some glaciers, the algorithm often compute the same mass balance for different

18
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vears. That is because it detects the ELA at the same place for those years, probably because
when the surface of the glacier is too disrupted or too steep, it can detects something else than
the snow line, like a crevassed break of slope.

6 Conclusion

To conclude the alporithm gives consistent mass balances for most of the glaciers we studied.
Even if it sometimes detecis the snowline too high, the bias is automatically corrected when we
calculate the mass balances. The annual regional variability, however, is very well reproduced by
the algorithm. We can see that the mass balances in the two cordilleras do not systematically
follow the same trend depending on the years. In the Cordillera Blanea the mass balances seems
very influenced by the Nifio events, this correlation is less important for the Cordillera Real but
the mean altitude plays an important role which do not appears at all for the Cordillera Blanca.
Finally the algorithm gives satisfactory results and the advantage of this method is that we can
studied more glaciers than with the manual method or the field measurements. We only need one
field measurement per region under the same climatic regime to have the mass balance gradient
and we can applied the method o the rest of the glaciers.
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ANNEXE 2 : ENSEIGNEMENTS REALISES 2016/2019

Académiques

Licence 3, UGA - Glaciologie, co-construction et enseignement des TD,
stages de terrain, 36h ETD (2018).

Licence 2, UGA - Mathématiques et statistiques appliquées, Co-
construction et enseignement des TD. Elaboration d’un examen terminal,
24h ETD (2017/2018).

Encadrement de stage

Stage césure M1-M2 (5 mois) de Léna Gurriaran. « Quantification du
bilan de masse de surface a partir d'images satellites optiques
application aux Andes Tropicales. »

Co-encadrement avec Antoine Rabatel a 50% (2018/2019).

Diffusion scientifigue
4éme  Collége d’Abondance - Glaciers et climat. Pourquoi vérifier ses
sources ? L'exemple du climat - découverte de la glaciologie. Cours,
expériences et sortie a la Mer de Glace, 14h ETD (2018/2019).

5eéme - College de Giéres - Glaciers et climat. Pourquoi vérifier ses
sources ? L'exemple du climat - découverte de la glaciologie. Cours,
expériences et sorties a la Bérarde, 19h ETD 2017-2019.

UIAD (Université Inter-Age du Dauphiné) - Grenoble - Cycle climat et
géologie. Stage glaciologique et introduction aux cycles glaciaires-
interglaciaires en collaboration avec le Centre de Géologie de I'Oisans.
Chamonix et Col du Lautaret, 17h ETD (2018).

FFCAM (Fédération Frangaise des Clubs Alpins de Montagne) Glaciations
et variabilité climatique. Intervention lors de I|'éco-traversée de
Belledonne, 9h ETD (2018).

UCPA (Union Nationale des Centres sportifs de Plein Air) - Argentiére -
Glaciologie et Climat. Découverte de la glaciologie pour jeunes alpinistes
(cours, expériences, stage de terrain). Conférences grand public sur le
réchauffement climatique et son impact a Chamonix, 22h ETD (2017).

Divers - Diffusion scientifique pour le laboratoire IGE. Rencontre
montagne et sciences, Tribulations Savantes, accueil de stagiaires de
3¢me 8h ETD (2016-2018).
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ANNEXE 3 : "PATAUGE PEDAGOGIQUE> "

Cette annexe constitue mon portfolio, créer dans le cadre d’un label Recherche
et Enseignement Supérieur (RES). Ce portfolio est aussi disponible sur ma
page personnelle a cette adresse : https.//davazel.jimdo.com/portfolio/

Bienvenue sur mon portfolio. Cette page regroupe mon cheminement
pédagogique depuis mes premieres heures d'enseignement en 2017 jusqu'a
aujourd'hui (février 2019). C'est aussi I'occasion de faire le point sur les
compétences acquises, et celles a acquérir ou a perfectionner.

Dans le cadre du label RES que j'ai rejoint début 2017, je suis intervenu dans
deux cadres différents :
e Enseignement en TD et stages de terrain a l'université (60 éq/TD)

e Diffusion des savoirs aupres du grand public (360h, ~90h éq/TD)

Je développerai ainsi les compétences obtenues dans les deux cas de figure.
Méme si les disciplines enseignées étaient semblables (Climat / Glaciologie /
Physique), la préparation des interventions ainsi que les outils pédagogiques
mis en place ont été assez différents.

Premiers enseignements, premiers guestionnements

Ma premiére intervention en tant qu'enseignant a eu lieu a I'UCPA d'Argentiére
(74) le 4 juillet 2017. Je suis intervenu dans un groupe de 8 jeunes (~14 ans)
participant a une semaine de découverte de l'alpinisme, pour leur introduire
des notions, en salle et sur le terrain, de glaciologie et climatologie. Lors de
cette premiere intervention, j'ai présenté tout d'abord une expérience que
j'avais déja cotoyée lors des Tribulations Savantes et que j'avais fait évoluer
(écoulement d'un glacier) et j'ai construit une nouvelle expérience sur la
capacité d'une surface a réfléchir le rayonnement solaire incident (albédo) et
son impact sur la fonte des glaciers.

® Expression emprunté a Gwladys Mathieu du réseau Educ'Alpes
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Au vu de l'effectif restreint et de
leur intérét pour l'environnement
de montagne, c'était presque
gagné. Et pourtant, les éléves ont
été assez dubitatifs, et je l'avoue
peu intéressés. Les deux
expériences étaient introduites par
des feuilles type TD, l'une assez
scolaire sur la fonte de la neige, et
une autre sous la forme d'une
chasse au trésor sur un glacier.
Selon moi, cela n'a pas fonctionné
car :

e Le théeme sur I'écoulement

glaciers (exemple d’une confluence
glaciaire), malgré les efforts de mise
en place, ne me semble pas
fondamentale mais plutot
anecdotique a leur niveau.

A la maniere avec laquelle elle était
présentée, les étudiants n'ont pas
identifié la notion essentielle que je

souhaitais introduire.

Lors de ce méme déplacement, je suis aussi
intervenu sur une conférence grand public
d'1h30 sur le réchauffement climatique et
son impact sur les glaciers. Une 60aine d'adultes étaient présents. Cette
conférence s'est bien déroulée (auditoire attentif, questions et discussions
apres la présentation). Assez satisfait, ce n'est que quelques semaines/mois
plus tard que je me posais les questions suivantes :
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e Qu'ont-ils appris ? Une intervention attractive est-elle une intervention

ou l'apprenant a appris ?

Stage : "Introduction a la fonction d'enseignant-chercheur”

J'ai eu la chance de participer du 13 au 15 décembre 2017 au "stage d'Autrans"
proposé dans le cadre du label RES. Cela a été un moment trés important dans
ma carriere d'enseignant. J'ai découvert que I"'on ne naissait ni bon enseignant,
ni bon pédagogue, et que des gens avaient théorisé et expérimenté des
concepts pédagogiques ainsi que des pratiques d'enseignement alternatives.
Ayant uniquement suivi un cursus scientifique, les notions fondamentales de
science de I'humain me manque cruellement !

Ce stage a été trés enrichissant de par les échanges avec les autres doctorants,
notamment en partageant nos pires et meilleurs souvenirs d'apprenant. Les
interventions ont aussi été trés formatrices. J'ai notamment été marqué par le
débat scientifique et la notion d'obstacle épistémologique et de sens profond.
J'ai ainsi décidé de I'expérimenter sur les expériences que j'avais initiées avec
des éleves.

Réflexion sur le sens profond et la préparation de mes enseignements

Le sens profond caractérise le fait d'avoir compris dans toute sa complexité un
concept, un théoréme ou une conjecture. Si I'on a compris le sens profond
d'une loi en physique par exemple, on ne peut plus I'oublier, ou se tromper
dans les termes de cette loi. J'ai découvert que je n'avais pas le sens profond
de certains concepts que j'enseignais, notamment en physique, alors que j'ai
eu, au long de ma scolarité des résultats en physique honorables. Je trouve la
notion de sens profond étroitement liée avec celle d'obstacle épistémologique,
décrivant quelque chose de complexe a comprendre pour l'apprenant en
mobilisant uniquement les concepts qu'il maitrise déja et dont il a acquis le
sens profond. Je me suis donc questionné sur ces obstacles épistémologiques.
Ou sont-ils ? Quel concept est difficile a appréhender pour mon auditoire ? Je
me suis rendu compte, notamment en discutant avec le directeur de l'unité
d’enseignement dans laquelle j'ai enseigné ma premiere année de doctorat, et
profitant de son expérience, que certains concepts étaient "difficiles". A savoir,

e Les éleves butent sur sa compréhension chaque année
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e Les éleves ont |'air de le comprendre, mais parviennent rarement a

réutiliser et s'approprier cette notion par la suite

Lors de la préparation du cours, j'ai ressenti deux facons d'identifier ces
concepts difficiles/obstacles épistémologiques. La premiere est que je me suis
rendu compte parfois de ne pas avoir réellement compris ce que j'enseignais,
ce que j'ai vécu comme une pure trahison envers les éleves, lorsque je m'en
rendais compte (e.g. "Prenez cela comme acquis" ou je vais présenter cela
rapidement pour ne pas avoir de questions qui me piégeraient). La deuxieme
est que j'avais au début une démarche ou je me basais sur mes propres
expériences d'apprenant dans mes préparations de cours. Si un concept
m'avait paru clair et limpide lorsque j'étais éléve, alors je ne prévoyais pas de
temps pour l'expliquer en détail. En revanche, je concentrais mon
enseignement sur des points qui m'avait paru difficiles.

Au cours de nombreuses discussions avec d'autres doctorants/enseignants, il
est commun de préparer les cours de cette facon (e.g. je ne comprends pas
que les éleves ne comprennent pas les fonctions (en informatique) alors que
pour moi cela a été trés simple). Apreés quelques réflexions, je suis convaincu
gu'en tant qu'enseignant nous ne sommes pas comme tous les éleves. En
adoptant une démarche basée sur nos expériences, notre discours ne sera
adapté qu'a nos "semblables" et sera donc exclusif, indépendamment du
niveau de nos éléves. De plus, le systeme scolaire actuel est parfois plus basé
sur la capacité d'un éléeve a répéter qu'a comprendre le sens profond d'un
concept. Etant donné la grande compétitivité pour atteindre le doctorat
(essentiellement sur les résultats académiques), nous avons en quelque sorte
été "victorieux" du systéme actuel. En adoptant une démarche basée sur
I'expérience, ou I'on souhaite se placer a la place de I'éleve, nous nous placons
en réalité a la place d'une toute petite partie des éleves.

Le débat scientifigue

Découvert lors du stage d'Autrans, j'ai décidé d'intégrer le débat scientifique
a mes interventions, notamment de diffusion des savoirs auprés d'un jeune
public (collégiens). Je suis donc reparti de I'expérience sur I'albédo en rapport
avec la glaciologie. J'ai donc décidé d'introduire cette notion a des éleves de
5éme par ce probleme :
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Vous étes dans votre jardin qui est recouvert de neige, et pif (votre chien) a
soif. Malheureusement, l'eau ne coule plus car tout est gelé. Le soleil
commence a éclairer fortement le sol et vous décidez de prendre un bol pour
faire fondre de la neige et de la glace pour abreuver votre fidéele compagnon.

A votre avis, lequel de la glace ou de la neige va commencer a fondre en
premier ?

A- La glace

B- La neige

C- Les deux
D- Autre

En suivant les regles du débat scientifique (réflexion et discussion en petit
comité, vote a main levée, puis argumentation tour a tour en respectant la
parole des autres, suivi d'une institutionnalisation), le débat a souvent "pris"
et les éleves ont été de maniére assez surprenante tres intéressés par le
probléme lors de ma dizaine d'essais.

Pour l'institutionnalisation, j'ai décidé de leur montrer I'expérience ou sont
disposés dans 3 bacs de la neige propre, de la glace bleue (pour représenter
la glace de glacier, glace colorée donc), ainsi que de la neige mélangée avec
de la suie pour renforcer I'importance de I'albédo. Aprés une dizaine de minute
(temps pendant lequel je définie un glacier et montre différentes traces qu!'il
laisse dans le paysage), la neige salie ainsi que la glace se mettent a fondre.
Cette expérience est intéressante car c'est souvent la neige qui ressort dans
le débat, notamment a cause de I'expérience personnelle des éleves (la neige
fond plus vite dans les mains, elle est moins dense et I'air contenu dedans
aidera la neige a fondre). Sur un glacier, la neige fond environ deux fois moins
rapidement que la glace, principalement a cause de I'albédo de celle-ci (surface
tres réfléchissante, peu d'absorption). Cette caractéristique est extrémement
importante car elle explique pourquoi d'importantes précipitations solides en
hiver protegent de la fonte et retardent le moment ou la glace sera exposée
et fondra, plus rapidement que la neige. Ce phénoméne est exploité par
certaines stations de ski dont le domaine s'étant sur un glacier (Tignes, Vallée
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de Chamonix), utilisant des baches de protections blanches au cours de |'été,
ou en utilisant dés que possible des canons a neige pour retarder la fonte de
la glace).

Cette notion d'albédo est aussi importante car elle représente une des
rétroactions les plus efficaces pour accélérer le réchauffement climatique,
notamment par la fonte de glaciers, de la banquise ou la réduction de la
couverture neigeuse, menant a une plus grande absorption d'énergie par la
Terre.

Remarqgues d'éleves :

Lors de la présentation de I'expérience, certains éleves se sont "plaints" que
la glace qu'ils trouvaient dans leur jardin n'était pas bleue. Afin de pallier cette
remarque, j'ai décidé de changer I'énoncé pour qu'il soit plus en adéquation
avec |'expérience.

Apreés une nuit en tente, vous vous réveillez sur un glacier, au milieu de /'été.
Malheureusement, vous n'avez pas fait de réserve d'eau et pif, votre chien, a
terriblement soif. Par chance le soleil se leve. Vous vous trouvez a un endroit
du glacier ou il y a de la glace du glacier, de la neige, mais aussi de la neige
"sale”,

A quel endroit conseillez-vous a votre chien d'aller pour boire le plus
rapidement ?

e —

A. Sur la glace
B. Sur la neige
C. Sur la neige "sale”

D. Autres
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Le fait de changer I'énoncé n'a pas forcément détourné les éleves de ce
probléme de glace "bleue". En réalité ceci n'est pas forcément un probléme
car cela me permet d'introduire les couleurs, méme si cela intervient un peu
tot pour des éléves de 5éme/4éme. Lors de mes cing essais avec ce nouvel
énoncé, le débat a été plus orienté sur des problématiques glaciologiques que
des problemes de chien et de jardin, ce dont je me réjouis. En revanche,
beaucoup d'éléves se préoccupent plus du probleme la qualité de |'eau
destinée au chien (e.g. proposition de faire fondre de la neige ou de la neige
sale en fonction des saletés qui peuvent altérer la potabilité de I'eau...).

Ainsi, au terme de mes interventions en diffusion des savoirs pour |'année
2018/2019, I'énoncé trouvé pour ce débat semble assez satisfaisant et les
éléves parviennent dans leur majorité a prendre part au débat et a étre
intéressé par la problématique. En revanche, la problématique du chien (utile
a mon sens pour qu'ils se projettent dans la situation) peut aussi avoir un
double effet et les emmener sur une réflexion non scientifique.

Critiques extérieures

Ces interventions ont majoritairement eu lieu dans des cours de SVT ou de
Physique-Chimie. J'ai eu la chance d'avoir des retours de la part des
professeurs qui m'ont fait parvenir leurs critiques et conseils, en connaissance
des programmes scolaires et des compétences théoriquement acquises par les
éleves. Je retranscris ces remarques telles qu'elles m'ont été formulées et en
italique, mes réflexions/réponses correspondantes :

e Attention aux abus de langages (kilométre par heure et non kilomeétre-

heure)

En effet, j'ai par la suite fait attention a employer des termes plus "scolaire”
et plus rigoureux.

244



Annexe 3 : "Patauge pédagogique "

e Tu ne les reprends pas lorsqu'ils débattent ou posent des questions,
notamment sur les termes utilisés (e.g. "le noir attire la chaleur"). En
réalité ceci n'est pas forcement mal car cela favorise la discussion entre
les éleves et la prise de parole. De plus tu ne réutilises pas ou tu corriges
ces termes lors de ton institutionnalisation.

C'est quelque chose que je me force a faire méme si parfois j'utilise a tort ce
genre de tournure, pour me faire comprendre par les éleves. Je travaille la-

dessus pour avoir un discours le plus rigoureux possible avec un minimum de
jargon, ou en l'ayant défini auparavant.

e Il manque un bac dans I'expérience. Tu compares neige et neige sale en
faisant varier la quantité de "saleté". Mais quand tu compares ces deux
avec la glace bleue, tu fais varier deux parameétres, la glace et la couleur.
Peut-étre rajouter un bac avec de la glace non colorée ?

C'est une tres bonne remarque. Je vais essayer par la suite d'inclure un

nouveau bac et de tester cela. Si cela fonctionne, la démonstration sera
d'autant plus parlante/rigoureuse.

e Il serait intéressant d'enregistrer la température de surface de la neige

pour souligner cet impact de I'albédo.

Par manqgue de moyen financier je n'ai pas eu acces a des thermometres
infrarouges mais cela serait pertinent.

Tu devrais laisser une trace aux éleves qu'ils puissent revenir plus tard sur ton
intervention et ton débat. Par exemple, un texte a trou, ou un petit jeu qui
leur permet, s'ils le souhaitent de remobiliser leurs connaissances par la suite.
e C('est vrai que je ne leur laisse qu'une feuille avec des photos de
différentes parties du glacier mais rien ne reprenant mon intervention.

C'est une excellente remarque complétement adaptée a un public
scolaire. Cela a aussi participé a ma réflexion sur le fait qu'une
intervention attrayante n'est pas forcément une intervention ou l'on aura

245



appris guelgue chose, en tout cas de maniére durable. Je vais travailler
la-dessus pour essayer de préparer une feuille a laisser aux éleves.

Conclusion et perspectives de perfectionnement

Cette "patauge pédagogique" ainsi que mes interventions et réflexions autour
du débat scientifique ont été tres intéressantes. Cela a grandement participé
a mon souhait de poursuivre a plein temps une activité autour de la diffusion
des savoirs, en salle et en montagne. De par le temps impartit et mon activité
de recherche, je n'ai pas pu passer autant de temps que je l'aurais souhaité
sur le développant d'interventions et la mise en place de ces débats. Je
souhaiterais ainsi perfectionner mes interventions grand public et les focaliser
sur un ou deux processus a décrire pour que les gens en aient compris le sens
profond, ou a défaut, aient identifié I'obstacle épistémologique et l'intérét du
processus. J'ai fait d'autres essais de débat non discutés dans ce portfolio
(écoulement du glacier, importance de la couverture détritique, inversion de
température en météorologie) car j'ai moins préparé ces débats et/ou je les ai
réalisés peu de fois. Je souhaite donc développer d'autres débats, toujours en
lien avec le theme "Climat et Glaciers".

Lors des interventions ou le débat a vraiment "pris", j'ai été fasciné par
I'émulation et la volonté commune de trouver une solution au probléme posé,
en utilisant au maximum toutes les compétences que les éléves ont réellement
acquises (sens profond). Je trouve cette méthode d'une efficacité redoutable
lorsque le débat est bien posé, sur un théoreme/conjecture/loi dont la
compréhension est difficile a appréhender (obstacle épistémologique), et qu'il
est primordial de le comprendre pour la discipline enseignée.
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