10

11
12

13
14
15

16

17

18

19

20
21

Glacier topography and elevation changes derived fr om

Pléiades sub-meter stereo images

E. Berthier !, C. Vincent 2, E. Magnutsson 3, A. b. Gunnlaugsson °, P. Pitte, E. Le
Meur?, M. Masiokas *, L. Ruiz*, F. Palsson 3, J. M. C. Belart , P. Wagnon >*°

[1{LEGOS, CNRS, Université de Toulouse, 14 av.HEalin, 31400 Toulouse, France}

[2]{UJF - Grenoblel / CNRS, Laboratoire de Glacget Géophysique de I'Environnement
(LGGE) UMR 5183, Grenoble, F-38041, France}

[3){Institute of Earth Sciences, University of leald, Askja, Sturlugata 7, Reykjavik,

Iceland}

[4]{Instituto Argentino de Nivologia, Glaciologia@iencias Ambientales (IANIGLA), CCT-
CONICET Mendoza, C.C. 330, (5500) Mendoza, Argeajtin

[5{IRD/Univ. Grenoble Alpes/CNRS/INPG, Laboratoiral’étude des Transferts en
Hydrologie et Environnement (LTHE), UMR5564, Labiiee de Glaciologie et de
Géophysique de I'Environnement (LGGE), UMR5183, riatde 38041, France}

[6{ICIMOD, GPO Box 3226, Kathmandu, Nepal}

Correspondence to: E. Berthietiénne.berthier@Ilegos.obs-mip.fr



22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

42
43

Abstract

In response to climate change, most glaciers afaganass and hence contribute to sea-level
rise. Repeated and accurate mapping of their suttgmography is required to estimate their
mass balance and to extrapolate/calibrate spaete diaciological measurements. In this
study we evaluate the potential of sub-meter stémemgery from the recently launched
Pléiades satellites to derive digital elevation BiedDEMSs) of glaciers and their elevation
changes. Our five evaluation sites, where neantyukaneous field measurements were
collected, are located in Iceland, the Europears Alpe Central Andes, Nepal and Antarctica.
For Iceland, the Pléiades DEM is also compared ltadar DEM. The vertical biases of the
Pléiades DEMs are less than 1 m if ground contoottp (GCPs) are used, but reach up to 7
m without GCPs. Even without GCPs, vertical bias@ms be reduced to a few decimetres by
horizontal and vertical co-registration of the DERksreference altimetric data on ice-free
terrain. Around these biases, the vertical presisibthe Pléiades DEMs is 1 m and even
+0.5 m on the flat glacier tongues (1-sigma confatelevel). Similar precision levels are
obtained in the accumulation areas of glaciers iandntarctica. We also demonstrate the
high potential of Pléiades DEMs for measuring seakcannual and multi-annual elevation
changes with an accuracy of 1 m or better if cloeg-images are available. The negative
region-wide mass balances of glaciers in the Mdan8 area (-1.04+0.23 mawater
equivalent) are revealed by differencing SPOT5 Riéiades DEMs acquired in August 2003

and 2012, confirming the accelerated glacial wastaghe European Alps.
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1 Introduction

In a context of nearly global glacier wastage, newans to retrieve accurate and
comprehensive measurements of glacier topographly edevation changes are welcome.
Digital elevation models (DEMs) are needed to priyperthorectify satellite images and to
extrapolate point-wise glaciological mass balaneasarements to entire ice bodies (Kaab et
al., 2005; Zemp et al.,, 2013). The geodetic methmaked on the differencing of multi-
temporal DEMs, has been used for decades to retg&acier-wide and region-wide glacier
mass balances (e.g. Bamber and Rivera, 2007; Riwadtier, 1954). This method reveals the
spatial patterns of elevation changes over indadidjilaciers or entire regions. Geodetically-
derived mass balances are now included in glolsdsssnent of glacier mass loss (Cogley,
2009; Vaughan et al., 2013). Furthermore, the wiffees between multi-temporal DEMs
derived from aerial photos and airborne Lidar carubed to check and, if necessary, correct
cumulative mass balances measured using the fasddebglaciological method over periods
of typically 5-10 years (e.g. Abermann et al., 2016hannesson et al., 2013; Soruco et al.,
2009b; Zemp et al., 2013). However, airborne sensannot acquire data everywhere on
Earth because of the logistical difficulties invedivin flying an airplane over some remote
regions (e.g. high-mountain Asia, polar regionsjlaL data from the ICESat satellite mission
(and from the future ICESat-2) remain too sparsertivide a comprehensive coverage of
individual glaciers and hence mass balances caretoieved reliably only for sufficiently
large regions (Arendt et al., 2013; Gardner et 2013; Kaab et al., 2012). The geodetic
method has also been applied extensively to DENiseatkfrom spaceborne optical or radar
sensors such as the Shuttle Radar Topographic dvis6€6RTM) and Satellite pour
I'Observation de la Terre (SPOT) DEMs (e.g. Gaaleit al., 2013). However, the vertical
errors of these DEMs (5 to 10 m) and their resotu{d0 m to 90 m) limits the possibility of
retrieving accurate glacier-wide mass balancesndividual small to medium size glaciers
covering typically less than 10 km? for time pesaaf a few years. DEMs derived from sub-
meter stereo images have the potential to fill §ap between coarse spaceborne DEMs and

very high resolution DEMs from aerial surveys.

After the launch of the first non-military sub-metesolution satellite (Ikonos) in September
1999 and until recently, relatively little work waarried out on deriving DEMs from these
images over glaciers, probably due to the cost®firmages. However, over the last 2-3 years,

interest in these datasets has grown due to easiessibility by researchers (e.g. Haemmig et
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al., 2014; Matrti et al., in press; Sirguey and €uw)l2014). In the US, WorldView-1,-2 images
are distributed by the Polar Geospatial Center (P@®CUS-funded researchers (Noh and
Howat, 2014a, 2014b). Since the launch of the BéSialA and 1B satellites in December
2011 and 2012, their high resolution images haweine available for researchers from the
European Union, Iceland, Norway and Switzerlandulgh the ISIS program of the French
Space Agency, CNES (http://www.isis-cnes.fr/). histcontext, the goal of the present study
is to assess the accuracy of the DEMs retrieveud fPééiades stereo images and to test their
potential to estimate glacier elevation changeseatsonal, annual and multi-annual time

scales.

2 Datasets

2.1 Pléiades stereo images

Pléiades stereo pairs acquired in five differegiaes are used in this study (Fig. 1, Table 1).
The study sites were selected to represent a yarfajlacial settings ranging from the small
(1 km?) Agua Negra Glacier in the high (> 5000 ®lg, steep and arid Andes of Argentina
to the flat and 7-km wide Astrolabe Glacier, anletuglacier of the East Antarctic Ice Sheet
in Adélie Land. The main reason for selecting thglseiers was that they were all targets of
ongoing field programs (Bjornsson et al., 2013;aigtesson et al., 2013; Le Meur et al.,
2014; Vincent et al., 2009, 2014; Wagnon et al13)0so0 that accurate reference data were
available. A Pléiades image is shown for each ssidyin Fig. 2, with an enlargement of a

small area in the upper part of Astrolabe Glacier.

The Pléiades 1A and 1B twin satellites were laudcheé December 2011 and 2 December
2012, respectively. Images are delivered at a gramampling distance (pixel size) of 0.5 m
for the panchromatic channel (wavelength in the-880 nm range) and 2 m for the multi-
spectral blue, green, red and near infra-red cHan(tetp:/smsc.cnes.fr/PLEIADES/).
However, the actual resolution of the sensor ightly coarser (0.7 m and 2.8 m) and the
images are therefore oversampled by the ground eetgiiGleyzes et al., 2012). One
advantage of the Pléiades satellites (compared R®T3-5 and ASTER, Advanced
Spaceborne Thermal Emission and Reflection Radiemntdr glaciological studies is the fact
that the panchromatic band images are coded oritd 2digital numbers range =, 2vhere n

is the number of bits). Such a wide radiometriqgeagives much better image contrast over

4
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flat and textureless regions (such as snow-covacedmulation areas, Fig. 2) and the risk of
saturation is reduced. As a direct result of thébitZncoding, the percentage of our Pléiades
images with saturation, i.e. where digital nhumberpal 4095, is low (Table 1). The
maximum percentage is observed over the Mont-Blarages (5%) and is due to several
snowfalls during the days preceding the 20 Septer®®&3 acquisition. This date excluded,
the percentage is always lower than 1%. Howevev, Piéiades images acquired in northwest
Himalaya in August 2014 contained a higher perggnta saturated pixels, sometimes up to
10%. This is probably due to a high solar elevatimgle in August at this relatively low
latitude (~33°N). In such cases, specific acquisitparameters (i.e., lower number of TDI

stages) may help to reduce the saturated areas.

A positive consequence of this 12-bit encodindhet nearly all images from the archive are
now useful for the study of ice and snow surfasdsgreas with SPOT1-5 or ASTER stereo
imagers (8-bit encoding), special acquisition plasit a low gain had to be defined to avoid
saturation and to enhance image contrast over smoWce (Korona et al., 2009; Raup et al.,
2000).

The images of a Pléiades stereo pair are acquioad ahe orbit (along-track) within a few
tens of seconds due to the agility (pitch) of thefprm. Triplets of images (referred to as tri-
stereos) are available for two of our study sikeghe Andes and in the Alps. A tri-stereo is
made of three images (front, nadir and back imatipeg)can be combined in three stereo pairs
for multiple DEM generation: front/nadir, nadir/ka@nd front/back. The front/nadir and
nadir/back pairs are acquired from closer pointyieWw than the front/back pair and hence
exhibit less distortion, facilitating the recogoiti of identical features in the images by
automatic matching algorithms. However, the sensitto topography is reduced by a factor

of about two, so matching errors will lead to daabaltimetric errors (Toutin, 2008).

As for all optical sensors, the main drawback ef Btéiades constellation is the need for clear

sky conditions to obtain suitable cloud free images

2.2 SPOT5 DEMs
Two SPOT5 DEMSs were used in this study.

First, a DEM covering 30 km by 60 km and includitige entire Mont-Blanc area was
computed in a previous study from two SPOT5-HRGgesaacquired 19 and 23 August 2003
(Berthier et al., 2004). The ground sampling distanf a SPOT5-HRG image is 2.5 m and

5
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the DEM pixel size is 10 m. This DEM was subtractesm the Pléiades 19 August 2012

Pléiades DEM to measure the geodetic mass balantieef entire Mont-Blanc area.

Second, a DEM including the Astrolabe Glacier wasgaeted from the SPIRIT (SPOT 5
stereoscopic survey of Polar Ice: Reference ImapgelsTopographies) database (Korona et
al., 2009). The ground sampling distance of a SRBAIRS image is 10 m across track and 5
m along track (Berthier and Toutin, 2008; Bouillenal., 2006). This SPOT5 DEM has a
pixel size of 40 m and covers an area of 120 kr23/km.

For these two study sites (Mont-Blanc area andofatbe Glacier), the Pléiades and SPOT5
DEMs are also compared qualitatively to determhe ddded value of the Pléiades broader
radiometric range and higher resolution for DEM gation, in particular over the snow-

covered accumulation areas.

2.3 Validation data: GNSS and Lidar

Table 1 includes the type, date and precision efrdference data available to evaluate the
Pléiades DEMs. Most of the reference data arerdiftéal GNSS (global navigation satellite
system) measurements including the US GPS and &us§diONASS constellations. They
are processed relative to the closest available ktation. A decimetric precision can be
reached in the best cases (the Mont-Blanc aresgreas, in the worst case, the precision is
closer to £0.5 m in the Andes due to the fact thatbase station (TOLO) is located 100 km
away from Agua Negra Glacier. For Iceland, the &®lés DEM was also compared to an
airborne Lidar DEM with a 2 m pixel size. The LidAEM was acquired 7 and 8 August
2011, slightly more than 2 years before the actiorsof Pléiades images (JOhannesson et al.,
2013). The vertical accuracy of the Lidar DEM atslhorizontal positioning accuracy has
been estimated to be well within 0.5 m (Jéhannessah, 2011).

3 Methods

3.1 Pléiades DEM generation

All Pléiades DEMs presented in this paper wereuated using the Orthoengine module of
PCI Geomatica 2013. The original orientation ofleanage was read in the ancillary data

provided with the images in the form of rationalymomial coefficients. Without ground
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control points (GCPs), the horizontal location aaecy of the images was estimated at 8.5 m
(CE90, Circular Error at a confidence level of 90R#) Pléiades-1A and 4.5 m for Pléiades-
1B (Lebegue et al.,, 2013). This initial orientatiovas then refined using GCPs when
available. DEMs were generated with a pixel sizel oh, a compromise offering relatively
fast processing and sufficient resolution. In addito pixel size, two other main parameters
can be tuned during DEM generation with Orthoengihe level of detail of the DEM (from
"low" to "very high") and the type of relief in th&cene (from "plain” to "mountainous").
Unless otherwise mentioned, all DEMs evaluatedhengdresent paper were obtained with the
"low" and "mountainous” settings. The choice ofsthg@arameters is justified in section 3.1.
Data voids were generally not filled by interpadatiduring DEM generation because our aim
was not to obtain complete coverage but ratheeterthine where elevations were extracted
and what their quality was. Thus, the statisticsetgvation differences are only provided

outside of Pléiades DEM data voids, except whentioeed explicitly.

The use of a commercial software is one of thetéitiuns of our study. For example, it is not
possible to know the exact DEM extraction paranset@.g., correlation window size,
correlation threshold) hidden behind the PCI preices parameter settings. Future analyses
are planned to evaluate and inter-compare some-spgce software able to generate DEMs
from Pléiades stereo-images such as, among oBIEmRSM, Surface Extraction through TIN-
Based Minimization (Noh and Howat, 2014b), s2p, $lagellite Stereo Pipeline (De Franchis
et al., 2014) and ASP, the AMES Stereo Pipelineréltto et al., 2010).

3.2 Pléiades DEM evaluation

The metrics used to describe the quality of the BEve the percentage of data voids and
various statistics on the elevation differencesvben the Pléiades DEMs and the reference
(GNSS or Lidar) data: (i) their meap, and median to evaluate the vertical accuracyhef t
DEMs, (ii) their standard deviation, SD, and nonzed median absolute deviation, NMAD,
to characterize their vertical precision. The NMAda metric for the dispersion of the data
(also at the 1-sigma confidence level) that is astsensitive to outliers as the standard

deviation and is recommended to evaluate DEM pieetidiohle and Hohle, 2009).
NMAD = 1.48260median(|ah; - m,,|) (1)

whereAh; denotes the individual errors andys the median of the errors.
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All statistics were computed after horizontal cgistration of the DEMs to the reference
data. These horizontal shifts were obtained (i)rgimizing the standard deviation of the
elevation differences when two DEMs were compaRstthier et al., 2007; Rodriguez et al.,
2006); (ii) in other cases by estimating the shétween a Pléiades ortho-image and the
GNSS measurements acquired along certain trailsaaus clearly visible in the images (e.qg.
Wagnon et al., 2013). When GCPs were used to caminet DEMs, we always verified
visually that no horizontal shift of more than awetwo pixels (i.e., 0.5 to 1 m) remained
between the Pléiades ortho-images and the GNSS&straauired along roads and trails.
Thus, no planimetric correction was required. Fangnafellsjokull, the GCPs were derived
from a shaded relief image of the Lidar DEM andrek shift remained between the Pléiades
and the Lidar DEM (see section 3.2).

All elevation differences between the Pléiades DEVid the reference data (GNSS surveys
or Lidar DEM) are assumed to be due to errors éWRiéiades DEMs. In fact the total error

budget also includes (i) on glaciers only, real apdtially-varying elevation changes over the
time span of a few days or weeks separating thaisitiqn of the Pléiades images and the
reference data and (ii) everywhere, errors in #ierence data themselves. Error (i) can also
matter off-glacier if snow was present during tleguasition of the Pléiades images or of the
reference data. Therefore, the present study peevah upper limit for the errors of the

Pléiades DEMs. When the time between satellite iaitiun and field measurements exceeds
a few weeks (e.g. the Lidar DEM in Iceland), ordyerence data off glaciers are considered
for the evaluation of the DEM and data on glacems used only for the study of glacier

elevation changes.

3.3 Glacier outlines

Glaciers outlines are needed for the Mont-Blan@ amed the Icelandic study site to perform
separate statistics on/off glaciers and to complueglacier-wide mean elevation changes.
For Mont-Blanc, glacier outlines were drawn manpalh a SPOT5 2.5 m ortho-image
acquired 23 August 2003. Very little seasonal smemained when this image was acquired
due to the heatwave that baked Europe in early s1ug8003. For Tungnafellsjokull, the

margin of the ice cap was digitized manually frorehaded relief image of the August 2011
Lidar DEM. The surrounding snow patches were olthinthrough semi-automatic
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classification applied to the corresponding Lidatensity image. For others study sites,
GNSS data points were overlaid on the Pléiade®ontiages and visually classified as on/off

glaciers so that no glacier outline was necessary.

4  Accuracy and precision of the Pléiades DEMs

The stable terrain around the Tungnafellsjokull @agp (Iceland), which was snow-free on 7-
8 August 2011 when the Lidar DEM was acquired usgrimary site to evaluate the Pléiades
DEM because of the extensive coverage and highracgyrovided by the Lidar DEM. For

this site, we explore the influence of the différenocessing parameters in PClI Geomatica
(section 4.1), of the number of GCPs (section 42) check the occurrence of spatially
varying biases in the Pléiades DEM (section 4.8 Pléiades DEMs for the other study sites

were then evaluated (section 4.4).

4.1 Processing parameter settings

Our criteria for selecting processing parametetirggt for the DEM generation were (i) the
percentage of coverage with valid data (“coveregl’arcolumn in Table 2) and (ii) the
dispersion of the elevation differences around rtiean and median (quantified using the

standard deviation and NMAD, respectively).

With the parameters "Type of relief" set to "Mountas", "DEM detail" set to "Low" and
without filling data voids, the dispersion is judightly larger and the area covered is greatly
improved (nearly 99% versus less than 93%). All BEdkamined in the rest of this study
were generated using these parameter settingshvwd@ems to be the best compromise
between a low percentage of data voids and a Ilspedsion of the elevation differences. We
acknowledge that the differences obtained for cbffié processing parameter settings are not
very large and hence that other settings may be mgpropriate in some cases. For instance,
to map crevasses using a Pléiades DEM, a "high“erira high” level of detail would
probably be a better setting. Filling data voidgriigrpolation leads to much larger errors (the
standard deviation is multiplied by a factor ofety Table 2) and is not recommended except

if a complete DEM is really needed (e.g. for oreradification of an image).
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4.2 Influence of the numbers of GCPs and tie points

Our study sites are the target of glacier field saeaments, therefore GCPs are already
available from static GNSS measurements of pronifestures such as large boulders or
crossing roads or could be measured in the futureng dedicated campaigns. However,
GCPs are not available in all ice-covered regiam$ iais important to assess their influence
on DEM quality and determine whether useful DEMs& t& retrieved in remote regions
where no GCPs are available. At the time of DEMcpesing, no GCPs were available for the
Astrolabe (Antarctica) and Mera (Nepal) study sit€ke best GCP coverage was around
Tungnafellsjokull where 19 evenly-distributed GORare identified manually on a shaded
relief image (pixel size of 2 m) derived from thieldr DEM. Uncertainties in the latter GCPs
results from (i) errors in pointing manually iderati features in the Pléiades images and the
Lidar shaded relief image and (ii) the horizontald avertical errors in the Lidar data.

Tungnafellsjokull was thus the site chosen totiestinfluence of the number of GCPs.

For the Tungnafellsjokull site, the Pléiades DEMivkEd without any GCPs exhibits a
horizontal shift of about 3.3 m and is about 3 ma togh on the average (Table 3). The
addition of GCPs reduces the horizontal shift touwb2 m and the vertical shift nearly
vanishes. In fact, a single accurate GCP appeabs tsufficient to eliminate most of the
vertical bias. In contrast, the horizontal shifinesver entirely removed, even with 19 GCPs,
possibly because a systematic shift may arise f@@#® identification in the shaded relief
image of the Lidar DEM. The last column of tablec@responds to the mean elevation
difference between August 2011 and October 201herice cap after horizontal and vertical
co-registration (referred to as 3D co-registratimmeafter) of the Pléiades and Lidar DEMs.
The similarity of these values (within 0.03 m) dttates the effectiveness of 3D co-
registration. It implies that, if the subtracted d& include a sufficient proportion of stable
areas (i.e. ice-free terrain), accurate elevatioange measurements can be retrieved even
without GCPs.

In the case of the Icelandic study site, the cabacof tie points (TPs, i.e. homologous points
identified in both images of the stereo pair buthwinknown geographic coordinates) had no
clear influence on the quality of the DEM: the 1@t bias is increased by 0.5 m and the
dispersion is slightly lower. In section 4.4, wdl\whow that this conclusion does not hold for
the other study sites.

10
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4.3 Spatial pattern of the off-glacier elevation di  fferences

In the previous sections, we assessed the ovexalracy of the Pléiades DEM on the whole
ice-free terrain surrounding Tungnafellsjokull. Hower, past studies have highlighted the
occurrence of spatially-varying elevation errorsABTER and SPOT5 DEMs due notably to
unrecorded variations in satellite attitude (Besthet al., 2012; Nuth and K&ab, 2011). To
quantify these errors, we split the map of elevatiifferences between the Pléiades DEM
(computed using 5 GCPs) and the Lidar DEM into XXbiles (with X the number of tiles in
each direction, varying from 2 to 5) and computeelmedian elevation difference on the ice-
free terrain of each tile. The median was prefeheid because it is a metric of centrality less
affected by outliers (Hohle and Hohle, 2009). Tasults are shown in Fig. 3 for X=3. The
maximum absolute departure from 0O is observed lier northwest tile where the median
elevation difference between the Pléiades and Lid&Ms reaches -0.15 mu£-0.20;
SD=0.79; N=141754), followed by the southeast {iteedian = 0.10 mp=0.12; SD=0.37;
N=12246). These two tiles are also the ones with rtfost limited data coverage. This
maximum absolute median elevation difference i8 @0 0.26 m, and 0.24 m when X equals
2, 4, and 5, respectively. These statistics showy Vienited spatially-varying elevation
differences between the Pléiades and Lidar DEMglyimg that, within each quadrant,
elevation changes of a sufficiently large ice badwyld be retrieved with an uncertainty of

about £0.3 m or less.

4.4 Evaluation of the Pléiades DEMs from all study  sites

Table 4 summarizes the results of the evaluationthef Pléiades DEMs with GNSS
measurements for all study sites. In the Andes fandviont-Blanc, 5 to 13 GCPs were

available to compute the DEMs.

For Mera Glacier in Himalaya no accurate GCPsmeasured in the field using static GNSS
positioning, were available at the time of procegsinstead, a set of 22 GCPs was derived
from a coarser resolution SPOT5 dataset (2.5-noarttage and 40-m DEM). These SPOT5
data were previously co-registered to GNSS dataieaxt]along the trails of the Everest base
camp, outside of the Pléiades images (see Wagnah, €013, for a complete description).

Because of the coarse resolution of the SPOT5 DEMrigd as much as possible to select
GCPs over flat terrain. The horizontal precisioririse GCPs is limited by the SPOT5 pixel

11
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size (2.5 m) and their vertical precision is ab#hitm, the precision of the SPOT5 DEM. For
Astrolabe Glacier, no GCPs were available at time tf processing.

4.4.1 Precision of the DEMs

The vertical precision (quantified using the staddadeviation and the NMAD) is relatively
homogeneous for all sites and generally betweeh #Dand +1 m (NMAD values ranging
from 0.36 to 1.1 m and standard deviations fron1 @db1.26 m). These precision values are
consistent with a recent study for a small glaaiethe Pyrénées (Marti et al., in press) and
slightly better than those obtained using Pléiadeseo pairs in two other studies (Poli et al.,
2014; Stumpf et al., 2014). For the relatively ptead vegetated terrain around landslides in
the southern French Alps (Stumpf et al., 2014),prexision of the Pléiades DEM is around
+3 m. For the urban landscape around the city ehfrin Italy (Poli et al., 2014), it is £6 m
or more. These seemingly lower precision in otlediss are probably not due to differences
in the processing of the Pléiades images but nike/Idue to the influence of the landscape
on the DEM precision. A quasi linear relationshgsbeen found between DEM precision
and terrain slope (e.g. Toutin, 2002). It is alsolematic to extract precise DEMs in urban
areas (e.g. Poli et al., 2014). We would thereéxgect to obtain a better precision on smooth
glacier topography. This is confirmed by the res@itir the two study sites (Agua Negra and
Tungnafellsjokull) where GNSS data have been ctton and off glaciers (Table 4). The
precisions are always higher on glaciers. The imgmeent is particularly spectacular on the
Tungnafellsjokull study site where the standardiatgwn of the elevation difference is 0.53 m
on the ice cap and 1.33 m elsewhere. The decréabe standard deviation is not as strong
for the Agua Negra study site, possibly becausegtheer presented a rough topography (0.5
to 1 m high penitents) at the end of the ablatiessen when the Pléiades images and GNSS

measurements were acquired.

It is notoriously difficult to extract reliable elation measurements in the flat and textureless
accumulation areas of glaciers using stereo phatogretry. In our Pleiades DEMs, only a
limited percentage of data voids is present indleumulation areas which suggests a good
correlation between the images. This is confirmgdthe vertical precision of the DEMs
which reaches the same level as in the ablaticesafer example, in the Mont-Blanc area, 16
GNSS points were measured in 2012 above 4000 mia.¢he Col du Déme area (Fig. 2,
southernmost points on the Mont-Blanc Pléiades @jpagell above the regional equilibrium
line altitude of ~3100 m a.s.l. during the last yiars (Rabatel et al., 2013). For these 16
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points, the mean bias of the August 2012 Pléiadelsl B 0.19 m (median = 0.14 m) and the

standard deviation of the elevation difference.£0n.

These quantitative assessments are confirmed apigdity when examining elevation

contours and shaded relief images generated frenDEMs (Figs 4 and 5). The smoothness
of the elevation contour lines and of the shadddfranages reflects the smoothness of the
Pléiades DEMs for the upper accumulation basirhefMer de Glace (the so-called Glacier
du Géant) and the Astrolabe Glacier in Antarctithe noise level is much larger in the
SPOT5 DEMs of these areas. Together with the ladgeamic range (12 bits for Pléiades vs
8 bits for SPOT5), we suggest that the higher temsl of Pléiades allows capturing some

fine scale surface features that facilitate thechmag of the images.

4.4.2 Accuracy of the DEMs

When GCPs are available, the vertical bias (i.e mmean or median of the elevation
differences) is generally lower than 1 m. The GN88/eys on glaciers used to evaluate the
DEMs are not exactly temporally coincident with treguisition dates of the Pléiades images
(Table 1). Hence, part of these vertical biases beagxplained by real (but unknown) glacier
elevation changes during this time interval. Foaragle, in the case of the Mont-Blanc 2012
DEM, the ca. 1-m elevation difference could be lgasxplained by the thinning that likely
occurred between 19 August 2012 (Pléiades DEM)&:B8dSeptember 2012 (GNSS survey)
on the rapidly thinning tongues of Argentiere Gésicand Mer de Glace. Ablation field
measurements performed on stakes on ArgentiéreieBldetween 16 August and 5
September 2012 gave values of -0.98 m water eqntv@v.e.) at 2400 m a.s.l., -0.75 m w.e.
at 2550 m a.s.l.,, and -0.60 m w.e. at 2700 m & bdse ablation values, measured during a
similar time period, approach the 1-m elevatiorfedénce observed between the Pléiades
DEM and the GNSS survey but this agreement can lmalgonsidered as a general indication
because glacier elevation changes are the comiwnati surface mass balance and ice

dynamics processes.

Without GCPs, the vertical biases of the DEMs argdr: about 1 m for the Agua Negra
study site, 2 m for the Astrolabe Glacier (Antarajiand as much as 7 m for the August 2012
Mont-Blanc DEM. These results clearly demonstréte mecessity to vertically adjust the
Pléiades DEMs built without GCPs on stable terfafore using them to retrieve elevation
changes (Paul et al., 2014).
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For the Agua Negra study site, we obtained sinvitatical biases between the three different
versions of the Pléiades DEMs (front/nadir, nadicky front/back) computed without GCPs,
with mean vertical biases ranging from 0.99 m ®31m. Conversely, with our 5 GCPs, the
mean vertical biases range from -0.33 m to 1 mr&hee two possible explanations for this.
First, the coordinates of the GCPs were calculasitlg a GNSS base station located as far as
100 km away and are more uncertain than for ottuelyssites. Second, the identification on
the Pléiades images of the features (GCPs) measurdén field (e.g. large boulders) was

sometimes ambiguous.

4.4.3 Necessity of tie points (TPs)

We already mentioned above that TPs had no infei@mcthe coverage and the precision of
the DEM of the Tungnafellsjokull Ice Cap (Table Bjowever, this does not hold for the

Mont-Blanc area and the Astrolabe Glacier, two othiees where DEMs were generated
without GCPs. In both cases, the automatic cotbactf about 20 TPs provided far better
coverage probably by improving the relative oriéintaof the two images of the stereo pairs.
The necessity of collecting TPs will depend on dleuracy of the navigation data (position
and attitude of the satellite) provided with theages. Given that the latter accuracy is not

known a priori, we recommend collecting TPs betwienimages.

4.4.4 Added value of a tri-stereo

There is a moderate added value of a tri-steret@adsof a simple stereo pair. In general,
among the 3 possible pair combinations of the tlmesges, the largest percentage of data
gaps is observed for the front/back pair, due &dtnonger distortion between these images.
This is especially true when the base-to-heigho riathigh (>0.5), for example in the case of
the Mont-Blanc 2013 tri-stereo where the data vaielsresent as much as 30% for the
nadir/back pair and only 15% for the front/nadidaradir/back pairs. For the latter two pairs,
we combined the two DEMs in a merged DEM as follo@sfor pixels where both DEMs
were available, the mean of the two values wasutaked; (i) for pixels where only one
DEM was available, this single value was retair{@ed;for pixels corresponding to data voids
in both DEMs, a data void was kept in the mergedMDe. no gap filling was used). The
percentage of data voids in the Mont-Blanc 2013ge&rDEM dropped from 15% to 6%,
showing that data voids were not at the same locat the front/nadir and nadir/back DEMs.

For Agua Negra Glacier (Andes), the same mergidgaed the percentage of data voids by

14



411
412

413

414

415

416
417
418
419
420
421
422
423
424
425
426
427
428
429
430

431

432
433
434
435
436
437
438
439
440

only 1% (but the initial coverage in the DEMs wagher, over 96%) with no significant

improvements in vertical precision.

5 Seasonal, annual and multi-annual glacier elevati  on changes

5.1 Seasonal elevation changes

A comprehensive GNSS survey of Tungnafellsjokuke I€ap was performed using a
snowmobile on 2 May 2013, 6 months before the aitipm of the Pléiades stereo pair. The
Pléiades DEM, first co-registered horizontally awmdrtically to the Lidar DEM, was
compared to GNSS elevations to reveal the surfeseaigon changes during the 2013 melt
season between May, 2 and October, 10. As expdtiedurface was lower in October due
to snow, and to a lesser extent, firn compactiah @unface melt during summer (Fig. 6). On
the average, the surface lowering between May artdb@r 2013 was 3.1 m (SD=0.89 m;
N=4800). Part of this lowering is also due to igmamics in the accumulation area, whereas
ice motion (i.e. emergent velocity) only partly oteracts the strong lowering due to melting
in the ablation zone in summer. A clear patternhwatevation is observed, with greater
thinning at lower elevations close to the margifghe ice cap (inset of Fig. 6). Precise
elevation changes are available at cross-over pdietween the extensive GNSS survey in
May 2013 and the more limited GNSS coverage in &eber 2013 (Figure 2). At those
locations, there is good agreement (within 0.4 etiveen the Pléiades-GNSS and repeated

GNSS elevation changes measurements.

5.2 Annual elevation changes

For the Mont-Blanc area, two Pléiades DEMs wereélavig with a time difference of slightly
more than a year (19 August 2012 and 20 Septentd8)2These two DEMs were first co-
registered by minimizing the standard deviatiorthair elevation differences on the ice-free
terrain (e.g. Berthier et al., 2007). The corredbedizontal shifts were 1 m in easting and
northing. The remaining vertical shift on the iced terrain after horizontal co-registration
was only 0.1 m (median of the elevation differep@e=l the dispersion (NMAD) was 1.79 m.
These very low horizontal and vertical shifts coh&lexpected given that the 2012 and 2013
DEMs were built using the same set of GCPs. Thigdigible median elevation difference off

glaciers tends to confirm that the 19 August 20E\VDis not biased and that the ca. 1-m
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average elevation difference between the 19 Augd$2 DEM and the 5-8 September 2012
GNSS measurements (Table 4) is due to real elevatimnges, not errors in the 2012
Pléiades DEM.

Once co-registered in 3D, the DEMs were differdatiao map the glacier elevation changes
that occurred over the 13 months between 19 AugsR and 20 September 2013 (Fig. 7).
Due to the difference in seasonality, the glacimalinterpretation of these changes and their
comparison to field measurements (performed ampuatbund 10 September) is not
straightforward. However, the map reveals a cleamning for all glacier tongues whereas
thickening is observed on most glaciers above 3004.s.l., with some localized elevation
gains of over 5 m, probably due to avalanches. Tigé elevation thickening cannot be
confirmed by field measurements but is in line vk slightly above-average accumulation
during 2012/13 (unpublished GLACIOCLIM-LGGE datslye did not attempt to compute a
glacier-wide or region-wide annual mass balancer sueh a short time span (13 months)
since it would likely be skewed by seasonal vaviagiand because of the high uncertainties
that would arise from the poorly-constrained dgnesftthe material gained or lost for such a
short period of time (Huss, 2013). Despite thesaas, this result highlights the very strong
potential of repeat Pléiades DEMs for accurate nmgppf glacier elevation changes, even

over short time periods.

5.3 Multi-annual elevation changes

To fully explore the potential of repeated highalesion satellite DEMs for measuring glacier
elevation changes and glacier-wide mass balankbes]l9 August 2012 Pléiades DEM was
next compared to a 10-m DEM derived from SPOT5 esaacquired 19 and 23 August 2003
over the Mont-Blanc area. The 19 August 2012 P&ESaBDEM was preferred to the 20
September 2013 DEM because it was acquired atatine $ime of year as the SPOT5 DEM
and contains less data voids. To entirely coverMuomt-Blanc area, a Pléiades DEM was
derived in its southern part from a second Pléiateseo-pair also acquired 19 August 2012
(Fig. 2). This southern DEM was computed using dmlg GCPs, shared with the northern
stereo-pair. The mean elevation difference betwbensouthern and the northern DEM off
glacier was 0.27 m (median=0.30, SD=0.98 m) anchtirezontal shift was 0.2 m. After 3D

co-registration off glacier, the mean elevationfetdénce on glacier between those two
synchronous DEMs is 0.07 m (median=0.06, SD=1.20Th} full 2012 Pléiades DEM is

used as reference DEM for 3D co-registration of tihe DEMs on the stable terrain. The
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2003 DEM exhibits a 4.6 m total horizontal shiftf2n in easting and 3.9 m in northing) and
is, on the average, 2.3 m lower than the 2012 DEMally, a plane is fitted to the map of
elevation differences in order to remove a spatiadrying bias between the DEMs, with
maximum values of -2 to 2 m. The latter correctiaa a negligible impact (less than 0.02 m
a’ w.e.) on the region-wide mass balance becaus#ltm-Blanc lies in the middle of the
area covered by the two DEMs. After 3D co-regigtrgtnine full years of elevation changes

in the Mont-Blanc area are depicted (Fig. 8).

These satellite-derived elevation changes are caedfa the mean elevation changes derived
from GNSS measurements performed every year arduhdGeptember by LGGE on 9
transverse profiles (5 on the Mer de Glace and therArgentiere Glacier, Fig. 8). Due to the
retreat of the front of the Mer de Glace, the lowesfile, Mottet, has been deglaciated since
2009 and could not be used in our comparison. TIA8-2012 elevation differences derived
from satellite data are, on the average, only 0.Bigher than those measured in the field
(SD=1.3 m; N=8). To evaluate how the two satet&Ms contribute to the dispersion of the
elevation differences (1.3 m), we directly extetthe DEM elevations at the location of the
GNSS transverse profiles for each DEM separatehg mean elevation difference between
the 2003 SPOT5 DEM and the 2003 field data is 0.8SmD=1.3 m, N=8), and the mean
elevation difference between the Pléiades DEM &ed2012 field measurements is 0.8 m
(SD=0.4 m, N=8). As expected from its higher reSohy the Pléiades DEM is more precise
than the SPOT5 DEM with a standard deviation thirees lower. The fact that both satellite
DEMs are higher than the GNSS profiles can be ax@ihby glacier thinning between the
DEM acquisition dates (around 20 August) and theeslaf the field surveys (around 10
September) in late summer when strong ablation {and thinning) is still ongoing in the

European Alps.

For each 50 m altitude interval, the histogram hed elevation changes is computed. The
distribution is approximated by a Gaussian curviictv permits the calculation of the mean
thickness change as the average of all the vaksss than 3 standard deviations from the
mode of the Gaussian curve (Berthier et al., 2@xrdner et al., 2012). Where no elevation
change is available for a pixel, we assign to & ¥ialue of the mean elevation change of the
50-m altitude interval it belongs to, in order &sass the mass balance over the whole glacier
area. Conservatively, the standard deviation oetaeation differences at the eight transverse

profiles (x1.3 m) is used as our error estimatetiier 2003-2012 satellite-derived elevation
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differences. For un-surveyed areas, this elevati@nge error is multiplied by a factor of 5,
resulting in an error of +8 m. The percentage dadeids equals 15% for the whole Mont-
Blanc area and range from 2% to 22% for individylatiers (Table 5). Elevation differences

are converted to annual mass balances using aylen850+60 kg it (Huss, 2013).

The resulting glacier-wide geodetic mass balanceifgentiére Glacier (-1.12 + 0.18 nt'a
w.e.) between August 2003 and August 2012 agredsinverror bars with a cumulative
glaciological mass balance of -1.46 + 0.40 fh wa.e., between September 2003 and
September 2012 (Table 5). Uncertainty for the glagical mass balance is from Thibert et
al. (2008) The glacier-wide mass balances for 1€csed glaciers are all negative (Table 5) as
the region-wide mass balance of -1.04+0.23 vae. A clear acceleration of the mass loss is
observed for all glaciers that were measured both979-2003 and 2003-2012 (Table 5).
These results reflect the strong mass loss thabbasred in the Mont-Blanc area over the
last decade, in agreement with recent studies als@nin the European Alps (Abermann et
al., 2009; Carturan et al., 2013; Gardent et @142 Huss, 2012; Krogék et al., 2014;
Rabatel et al., 2013).

6 Summary and conclusions

So far, little work has been carried out based léiaBes images over glaciers. Our evaluation
over five different glacial environments demond&sathat Pléiades stereo images are a
promising tool for the monitoring of glacier topaghy and elevation changes. Overall the
precision of these DEMs (at the 1-sigma confiddaeel) is ca. £1 m, sometimes better (£0.5
m) for the flat glacier tongues, a result in agreatrwith a study on a small glacier in the
Pyrénées (Marti et al., in press). The coveragepaadsion of the accumulation areas is also
promising. The higher precision on glaciers comgpai@ the surrounding ice-free terrain
implies that an error estimate performed on thefriee terrain will be conservative. Vertical
biases are greater (as much as 7 m) if no GCPsw\aiéable but can be greatly reduced
through proper 3D co-registration of the Pléiad&M3 with a reference altimetry dataset on
ice-free terrain. One or two accurate GCPs seefficigut to reduce the vertical biases to a

few decimeters.

There is a slight improvement of the DEM coverademwthey are derived from a tri-stereo.
We have shown for the Mont-Blanc area that a singpl@mbination of the different DEMs
derived from the 3 images of a tri-stereo can redte percentage of data voids and slightly
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improve precision of the merged DEM. However, bseaglacier topography is often
relatively smooth, a standard stereo coverage witimited difference in incidence angles
(typically a base-to-height ratio of about 0.358).grovides a relatively comprehensive and

cost-effective coverage of the glacier surfaces.

One strong advantage of DEMs derived from Pléidded from other optical stereo sensors)
compared to DEMs derived from radar images (sucth@$SRTM and Tandem-X DEMS) is
the absence of penetration into snow and ice. Thllsmeasured elevation differences
correspond to real ice and snow elevation char@e®n their accuracy, DEMs derived from
Pléiades (or other similar optical sensor) couldubed in the future to check the magnitude
and spatial pattern of the penetration depth offdmedem-X radar signal into snow and ice, if
temporally concomitant acquisitions can be foundh@ image archives. As for all optical
sensors, the main drawback of the Pléiades coatstellis the need for clear sky conditions to

obtain suitable cloud free images.

Our results open some promising perspectives. énftiture, the differencing of Pléiades
DEMs acquired ~5 years apart could make it possiblaletermine glacier-wide mass
balances with an uncertainty of +0.1 to +0.2 Tae.. Such an error level is sufficiently low
to check the cumulative glaciological mass balameasured in the field (e.g. Zemp et al.,
2013) and explore the spatial variability of glaesede mass balances at the scale of a
glaciated massif (Abermann et al.,, 2009; Sorucalgt2009a). It is already possible to
differentiate recent Pléiades and older DEMs toviol® accurate glacier-wide and region-
wide mass balance. In our study, Pléiades and SRXERS differencing was used to measure
the strongly negative mass balance of the entiratNBtanc area. Pléiades DEMs acquired at
the beginning and end of the accumulation seasounkl grobably be used to map snow
thickness if the ice dynamics component can beneséid. If this is confirmed, Pléiades will
represent a good alternative to recently develdpelniques based on Lidar (Deems et al.,
2013; Helfricht et al., 2014) and stereo-photograatmyn(Buhler et al., 2014), especially for
remote areas where acquiring airborne data cahdl&enging. Still, the conversion of glacier
elevation changes measured over short time pefmus season or one year) to glacier-wide
mass balances will remain a complicated task dutheolack of knowledge of the actual

density of the material (ice-firn-snow) gained ostl

Apart from their cost and their sensitivity to ctbaoverage, the main limitation of Pléiades

images is their relatively limited footprint, typidy 20 km by 20 km for a single scene. No
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large scale stereo mapping has yet been plannegd tis¢se two satellites and the cost of
covering all glaciers on Earth (> 700 000 km?) webude very high. For mapping vast

glaciated areas, the recently launched SPOT6 al'3Ratellites may prove to be a good
compromise given their resolution (1.5 m) and widemth (60 km). Like Pléiades, they

benefit from a very broad radiometric range (13)hiavoiding saturation in most cases and
improving contrast on snow-covered areas. Howewer,accuracy of the DEMs that can be
derived from these stereo images has yet to be nlgnated over glaciers, ice caps and ice

sheets.

Acknowledgements

We thank I. Howat (editor), three anonymous referée Marti, S. Gascoin and B. Raup for
their constructive comments that led to an improweghuscript. We acknowledge all our
colleagues who helped collect the GNSS data irighet (including F. Couvreux, b. Jonsson.,
S. Steinpdérsson, C. Wild and M. Sacchettini) anguae the Pléiades images (C. Tinel, D.
Fontannaz, D. Giaccobo, M. Bernard and S. Hosfanthin the framework of the CNES
Pléiades thematic commissioning phase and the Aifbefence and Space "Pléiades User
Group". Images from Iceland and Antarctica werechpased at research price thanks to the
CNES ISIS program_(http://www.isis-cnes.fr/). GN&3erence data from the TOLO base
station (Chile) was provided by C. Vigny and theaboratoire International Associé

Montessus de Ballore". This study used the recéddAR mapping of the glaciers in Iceland
that was funded by the Icelandic Research Fund,Ldr&dsvirkjun Research Fund, the
Icelandic Road Administration, the Reykjavik Eneiggvironmental and Energy Research
Fund, the Klima- og Luftgruppen (KoL) research fusfidhe Nordic Council of Ministers, the
Vatnajokull National Park, the organisation Friendd/atnajokull, the National Land Survey
of Iceland and the Icelandic Meteorological Offidée field surveys on Tungnafellsjokull in
2013 were funded by Friends of Vatnajokull and Lsamdkjun assisted the logistics of these
surveys. Field measurements in the Mont-Blanc anebMera Glacier were performed in the
framework of the GLACIOCLIM (Les GLACiers comme Grgatoire du CLIMat) project.
We thank D. Six for extracting the 2012-13 wintecamulation in the Mont-Blanc area. For
Mera Glacier, field work was also supported byRnench National Research Agency (ANR)
through ANR-PAPRIKA and ANR-PRESHINE and has beepp®rted by a grant from
LabexOSUG@2020 (Investissements d’avenir — ANR1MBXB6). LTHE and LGGE are

20



601
602
603
604
605
606
607
608
609
610
611

part of LabExOSUG@2020. This study was carriedvathin the framework of the Ev-K2-
CNR project in collaboration with the Nepal Acadeafyscience and Technology as foreseen
by the Memorandum of Understanding between Nepall&ty, with contributions from the
Italian National Research Council, the Italian Miny of Education, University and Research
and the Italian Ministry of Foreign Affairs. Thisplication is contribution number 50 of the
Nordic Centre of Excellence SVALLI, 'Stability andasations of Arctic Land Ice’, funded by
the Nordic Top-level Initiative (TRI). SPOT5-HRS age and DEM of the Astrolabe Glacier
were provided by the International Polar Year SFIRtoject, funded by the French Space
Agency (CNES). EB acknowledges support from TOSCAES) and ANR-12-BS06-0018
(SUMER).

21



612

613
614
615

616
617
618

619
620
621

622
623
624

625
626
627

628
629
630

631
632
633
634

635
636
637

638
639
640

References

Abermann, J., Fischer, A., Lambrecht, A. and Gelst, On the potential of very high-
resolution repeat DEMs in glacial and periglacialieonments, The Cryosphere, 4(1), 53-65,
doi:10.5194/tc-4-53-2010, 2010.

Abermann, J., Lambrecht, A., Fischer, A. and Ku¥irt, Quantifying changes and trends in
glacier area and volume in the Austrian Otztal Alp869-1997-2006), The Cryosphere, 3(2),
205-215, doi:10.5194/tc-3-205-2009, 2009.

Arendt, A., Luthcke, S., Gardner, A., O'neel, Si|l,HD., Moholdt, G. and Abdalati, W.:
Analysis of a GRACE global mascon solution for Golf Alaska glaciers, Journal of
Glaciology, 59(217), 913-924, d0i:10.3189/2013Jo3 87, 2013.

Bamber, J. L. and Rivera, A.: A review of remotaseg methods for glacier mass balance
determination, Global and Planetary Change, 59(1-4) 138-148,
doi:10.1016/j.gloplacha.2006.11.031, 2007.

Berthier, E.: Dynamique et bilan de masse des @lacde montagne (Alpes, Islande,
Himalaya). Contribution de I'imagerie satellitairéJniversité Paul Sabatier, LEGOS,
Toulouse., 2005.

Berthier, E., Arnaud, Y., Baratoux, D., Vincent,ahd Remy, F.: Recent rapid thinning of the
"Mer de Glace” glacier derived from satellite agati images, Geophysical Research Letters,
31(17), L17401, doi:10.1029/2004GL020706, 2004.

Berthier, E., Arnaud, Y., Kumar, R., Ahmad, S., Wag, P. and Chevallier, P.: Remote
sensing estimates of glacier mass balances in thedhal Pradesh (Western Himalaya,
India), Remote Sensing of Environment, 108(3), &3B; do0i:10.1016/j.rse.2006.11.017,
2007.

Berthier, E., Scambos, T. A. and Shuman, C. A.: Mass of Larsen B tributary glaciers
(Antarctic Peninsula) unabated since 2002, GeophlysResearch Letters, 39(L13501),
doi:10.1029/2012GL051755, 2012.

Berthier, E. and Toutin, T.. SPOT5-HRS digital elgon models and the monitoring of
glacier elevation changes in North-West CanadaSmath-East Alaska, Remote Sensing of
Environment, 112(5), 2443-2454, 2008.

22



641
642
643
644

645
646
647

648
649
650

651
652
653
654

655
656

657
658

659
660

661
662
663

664
665
666

667
668
669

Bjornsson, H., Pélsson, F., Gudmundsson, S., Magpmjs E., Adalgeirsdottir, G.,
Johannesson, T., Berthier, E., Sigurdsson, O. dmmisteinsson, T.: Contribution of Icelandic
ice caps to sea level rise: trends and varialslitge the Little Ice Age, Geophysical Research
Letters, 40, 1-5, doi:10.1002/grl.50278, 2013.

Bouillon, A., Bernard, M., Gigord, P., Orsoni, &Rudowski, V. and Baudoin, A.: SPOT 5
HRS geometric performances: Using block adjustnasné key issue to improve quality of
DEM generation, ISPRS J Photogramm, 60(3), 134-2d@6.

Bahler, Y., Marty, M., Egli, L., Veitinger, J., Jag, T., Thee, P. and Ginzler, C.: Spatially
continuous mapping of snow depth in high alpinelwaients using digital photogrammetry,
The Cryosphere Discuss., 8(3), 3297-3333, doi: BilAdd-8-3297-2014, 2014.

Carturan, L., Baroni, C., Becker, M., Bellin, A.a@elli, O., Carton, A., Casarotto, C., Dalla
Fontana, G., Godio, A., Martinelli, T., Salvatoh, C. and Seppi, R.: Decay of a long-term
monitored glacier: Careser Glacier (Ortles-Cevedailgopean Alps), The Cryosphere, 7(6),
1819-1838, doi:10.5194/tc-7-1819-2013, 2013.

Cogley, J. G.: Geodetic and direct mass-balancesunements: comparison and joint
analysis, Annals of Glaciology, 50(50), 96—100, 200

Deems, J. S., Painter, T. H. and Finnegan, D. idarLmeasurement of snow depth: a review,
Journal of Glaciology, 59(215), 467-479, doi:1092813J0G12J154, 2013.

Finsterwalder, R.: Photogrammetry and glacier nefeavith special reference to glacier
retreat in the eastern Alps, Journal of Glaciold@)y306—315, 1954.

De Franchis, C., Meinhardt-Llopis, E., Michel, Morel, J.-M. and Facciolo, G.: An
automatic and modular stereo pipeline for pushbraoorages, ISPRS Ann. Photogramm.
Remote Sens. Spatial Inf. Sci., II-3, 49-56, dab104/isprsannals-11-3-49-2014, 2014.

Gardelle, J., Berthier, E., Arnaud, Y. and Kaah, Region-wide glacier mass balances over
the Pamir-Karakoram-Himalaya during 1999-2011, T@eyosphere, 7, 1263-1286,
doi:10.5194/tc-7-1263-2013, 2013.

Gardent, M., Rabatel, A., Dedieu, J.-P. and Delihe Multitemporal glacier inventory of the
French Alps from the late 1960s to the late 20@ebal and Planetary Change, 120(0), 24—
37, doi:10.1016/j.gloplacha.2014.05.004, 2014.

23



670
671
672

673
674
675
676
677

678
679
680
681
682

683
684
685
686

687
688
689

690
691
692

693
694

695
696

697
698
699

Gardner, A. S., Moholdt, G., Arendt, A. A. and Wenst B.: Accelerated contributions of
Canada’s Baffin and Bylot Island glaciers to sezll@ise over the past half century, The
Cryosphere, 6(5), 1103-1125, doi:10.5194/tc-6-12082, 2012.

Gardner, A. S., Moholdt, G., Cogley, J. G., Wout&s Arendt, A. A., Wabhr, J., Berthier, E.,
Hock, R., Pfeffer, W. T., Kaser, G., Ligtenberg,R5.M., Bolch, T., Sharp, M. J., Hagen, J.
O., Van den Broeke, M. R. and Paul, F.: A RecodcHstimate of Glacier Contributions to
Sea Level Rise: 2003 to 2009, Science, 340(61FD-87, doi:10.1126/science.1234532,
2013.

Gleyzes, A., Perret, L. and Kubik, P.: Pleiadegesysarchitecture and main performances, in
International Archives of the Photogrammetry, Rem&ensing and Spatial Information
Science, vol. XXXIX-B1, pp. 537-542, IRPRS, Melboer [online] Available from:
http://www.int-arch-photogramm-remote-sens-spatifisci.net/XXXIX-
B1/537/2012/isprsarchives-XXXIX-B1-537-2012.pdf,120

Haemmig, C., Huss, M., Keusen, H., Hess, J., Welgmil., Ao, Z. and Kulubayi, W.:
Hazard assessment of glacial lake outburst flooasn f Kyagar glacier, Karakoram
mountains, China, Annals of Glaciology, 55(66), 84~ doi:10.3189/2014A0G66A001,
2014.

Helfricht, K., Kuhn, M., Keuschnig, M. and Heilig\.: Lidar snow cover studies on glaciers
in the Otztal Alps (Austria): comparison with snodepths calculated from GPR
measurements, The Cryosphere, 8(1), 41-57, dol20/&-8-41-2014, 2014.

Hohle, J. and Hohle, M.: Accuracy assessment afadliglevation models by means of robust
statistical methods, ISPRS Journal of Photogramyneetd Remote Sensing, 64(4), 398-406,
doi:10.1016/j.isprsjprs.2009.02.003, 2009.

Huss, M.: Extrapolating glacier mass balance tatloentain-range scale: the European Alps
1900-2100, The Cryosphere, 6(4), 713727, doi:11A&-6-713-2012, 2012.

Huss, M.: Density assumptions for converting geiedgtacier volume change to mass
change, The Cryosphere, 7(3), 877-887, doi:10.54-94877-2013, 2013.

Johannesson, T., Bjérnsson, H., Magnusson, E., @odsson, S., Palsson, F., Sigurdsson,
0., Thorsteinsson, T. and Berthier, E.: Ice-volurhanges, bias estimation of mass-balance

measurements and changes in subglacial lakes depydidar mapping of the surface of

24



700
701

702
703

704
705
706

707
708
709
710

711
712
713
714

715
716
717

718
719
720

721
722
723
724

725
726
127
728
729
730

Icelandic glaciers, Annals of Glaciology, 54(63)3-84, doi:10.3189/2013A0G63A422,
2013.

Johannesson, T., Bjornsson, H., Palsson, F., Sigamy O. and Porsteinsson, b.: LIDAR

mapping of the Snaefellsjokull ice cap, westerndod| Jokull, 61, 19-32, 2011.

Kaab, A., Berthier, E., Nuth, C., Gardelle, J. aémaud, Y.: Contrasting patterns of early
21st century glacier mass change in the Himalayatuld, 488(7412), 495-498,
doi:10.1038/nature11324, 2012.

Kaab, A., Huggel, C., Fischer, L., Guex, S., P&u),Roer, I., Salzmann, N., Schlaefli, S.,
Schmutz, K., Schneider, D., Strozzi, T. and Weidmari: Remote sensing of glacier- and
permafrost-related hazards in high mountains: agrveew, Nat. Hazards Earth Syst. Sci.,
5(4), 527-554, 2005.

Korona, J., Berthier, E., Bernard, M., Remy, F. afbuvenot, E.. SPIRIT. SPOT 5
stereoscopic survey of Polar Ice: Reference Imaayes Topographies during the fourth
International Polar Year (2007-2009), ISPRS JouroBlPhotogrammetry and Remote
Sensing, 64, 204-212, doi:10.1016/j.isprsjprs.200805, 2009.

Krop&ek, J., Neckel, N. and Bauder, A.: Estimation ofsMlaBalance of the Grosser
Aletschgletscher, Swiss Alps, from ICESat Laserimdtiry Data and Digital Elevation
Models, Remote Sensing, 6, 5614-5632, doi:10.386065614, 2014.

Lebegue, L., Greslou, D., Blanchet, G., De Lussy,Hourest, S., Martin, V., Latry, C.,
Kubik, P., Delvit, J.-M., Dechoz, C. and Amberg,: VLEIADES satellites image quality
commissioning, vol. 8866, p. 88660Z-88660Z-12.,301

Marti, R., Gascoin, S., Houet, T., Laffly, D. anéri®, P.: Evaluation du modeéle numérique
d’élévation d’'une petit glacier de montagne gérépartir d'images stéréoscopiques Pléiades.
cas du glacier d’'Ossoue, Pyrénées francaises, Rerargaise de Photogrammétrie et de

Télédétection, in press.

Le Meur, E., Sacchettini, M., Garambois, S., BetthE., Drouet, A. S., Durand, G., Young,
D., Greenbaum, J. S., Holt, J. W., Blankenship,DQ. Rignot, E., Mouginot, J., Gim, Y.,

Kirchner, D., De Fleurian, B., Gagliardini, O. agillet-Chaulet, F.: Two independent
methods for mapping the grounding line of an owlatier — an example from the Astrolabe
Glacier, Terre Adélie, Antarctica, The Cryosphad@l), 1331-1346, doi:10.5194/tc-8-1331-
2014, 2014.

25



731
732
733

734
735
736
737

738
739
740

741
742
743

744
745
746
747
748
749

750
751
752
753

754
755
756
757

758
759
760

Moratto, Z. M., Broxton, M. J., Beyer, R. A., Lundiyl. and Husmann, K.: Ames Stereo
Pipeline, NASA’s Open Source Automated Stereogratryn8oftware, 41st Lunar and
Planetary Science Conference, 1533(2364), 2010.

Noh, M.-J. and Howat, I. M.: Automated Coregistatiof Repeat Digital Elevation Models
for Surface Elevation Change Measurement Using @#aerConstraints, IEEE Transactions
on Geoscience and Remote Sensing, 52(4), 2247-260,0.1109/TGRS.2013.2258928,
2014a.

Noh, M.-J. and Howat, I. M.: Automated stereo-plgodmnmetric DEM generation at high
latitudes: Surface Extraction from TIN-Based Sedvthimization (SETSM) validation and
demonstration, Remote Sensing of Environment, stibdhi2014b.

Nuth, C. and K&ab, A.: Co-registration and biagexions of satellite elevation data sets for
quantifying glacier thickness change, The Cryosph&(1l), 271-290, doi:10.5194/tcd-4-
2013-2010, 2011.

Paul, F., Bolch, T., Kaab, A., Nagler, T., Nuth, Scharrer, K., Shepherd, A., Strozzi, T.,
Ticconi, F., Bhambri, R., Berthier, E., Bevan, Ggurmelen, N., Heid, T., Jeong, S., Kunz,
M., Laucknes, T., Luckman, A., Merryman, J., Mohpl@., Muir, A., Neelmeijer, J., Rankl,
M., VanLooy, J. A. and Van Niel, T.: The Glacierén@ate Change Initiative: Algorithms for
creating glacier area, elevation change and velogitoducts, Remote Sensing of
Environment, in press, doi:10.1016/j.rse.2013.03,.@014.

Poli, D., Remondino, F., Angiuli, E. and Agugiaf®,. Radiometric and geometric evaluation
of GeoEye-1, WorldView-2 and Pléiades-1A stereogasafor 3D information extraction,
ISPRS Journal of Photogrammetry and Remote  Sensingy  press,
doi:10.1016/j.isprsjprs.2014.04.007, 2014.

Rabatel, A., Letréguilly, A., Dedieu, J.-P. and &ctkN.: Changes in glacier equilibrium-line

altitude in the western Alps from 1984 to 2010:leation by remote sensing and modeling of
the morpho-topographic and climate controls, Theyo€phere, 7(5), 1455-1471,

doi:10.5194/tc-7-1455-2013, 2013.

Raup, B. H., Kieffer, H. H., Hare, T. M. and Kargédl S.: Generation of data acquisition
requests for the ASTER satellite instrument for itaymg a globally distributed target:
Glaciers, IEEE Transactions on Geoscience and Re8wsing, 38(2), 1105-1112, 2000.

26



761
762

763
764

765
766
767

768
769
770
771

772
773
774

775
776
777

778
779
780

781
782

783
784
785
786
787
788
789

Rodriguez, E., Morris, C. S. and Belz, J. E.: Abglbassessment of the SRTM performance,
Photogrammetric Engineering and Remote Sensing),7249—-260, 2006.

Sirguey, P. and Cullen, N.: A very high resolutibBM of Kilimanjaro via photogrammetry
of GeoEye-1 images (KILISOSDEM2012), Survey Quéyte803, 19-25, 2014.

Soruco, A., Vincent, C., Francou, B. and Gonzale#.: Glacier decline between 1963 and
2006 in the Cordillera Real, Bolivia, Geophysicalesearch Letters, 36(L03502),
doi:10.1029/2008GL036238, 2009a.

Soruco, A., Vincent, C., Francou, B., Ribstein, Berger, T., Sicart, J. E., Wagnon, P.,
Arnaud, Y., Favier, V. and Lejeune, Y.. Mass batamnd Glaciar Zongo, Bolivia, between
1956 and 2006, using glaciological, hydrologicald ageodetic methods, Annals of
Glaciology, 50(50), 1-8, 2009b.

Stumpf, A., Malet, J.-P., Allemand, P. and Ulri¢h; Surface reconstruction and landslide
displacement measurements with Pléiades satetiages, ISPRS Journal of Photogrammetry
and Remote Sensing, 95(0), 1-12, doi:10.1016/gjpp8.2014.05.008, 2014.

Thibert, E., Blanc, R., Vincent, C. and Eckert, Qlaciological and volumetric mass-balance
measurements: error analysis over 51 years fori€élde Sarennes, French Alps, Journal of
Glaciology, 54(186), 522-532, 2008.

Toutin, T.: Three-dimensional topographic mappindhwASTER stereo data in rugged
topography, IEEE Transactions on Geoscience andoRer8ensing, 40(10), 2241-2247,
doi:10.1109/TGRS.2002.802878, 2002.

Toutin, T.: ASTER DEMSs for geomatic and geoscieat#pplications: a review, International
Journal of Remote Sensing, 29(7), 1855 — 187516di080/01431160701408477, 2008.

Vaughan, D. G., Comiso, J. C. and I. Allison, Jrr&@sco, G. Kaser, R. Kwok, P. Mote, T.
Murray, F. Paul, J. Ren, E. Rignot, O. Solomina,3effen and T. Zhang: Observations:
Cryosphere, in Climate Change 2013: The Physicenge Basis. Contribution of Working

Group | to the Fifth Assessment Report of the bgernmental Panel on Climate Change,
edited by Stocker T.F., D. Qin, G.-K. Plattner, Mgnor, S.K. Allen, J. Boschung, A. Nauels,
Y. Xia, V. Bex and P.M. Midgley, pp. 317-382, Caidge University Press, Cambridge,

United Kingdom and New York, NY, USA., 2013.

27



790
791
792

793
794
795

796
797
798
799

800
801
802
803

804
805

Vincent, C., Harter, M., Gilbert, A., Berthier, &xd Six, D.: Future fluctuations of the Mer de
Glace (French Alps) assessed using a parametenwet®l calibrated with past thickness
changes, Annals of Glaciology, 55(66), 15-24, dbB189/2014A0G66A050, 2014.

Vincent, C., Soruco, A., Six, D. and Le Meur, Ela@er thickening and decay analysis from
50 years of glaciological observations performedGdacier d’Argentiére, Mont Blanc area,
France, Annals of Glaciology, 50(50), 73—-79, dai31®9/172756409787769500, 2009.

Wagnon, P., Vincent, C., Arnaud, Y., Berthier, ¥ujllermoz, E., Gruber, S., Ménégoz, M.,
Gilbert, A., Dumont, M., Shea, J. M., Stumm, D. dnakhrel, B. K.: Seasonal and annual
mass balances of Mera and Pokalde glaciers (Nejpadlblya) since 2007, The Cryosphere,
7(6), 1769-1786, doi:10.5194/tc-7-1769-2013, 2013.

Zemp, M., Thibert, E., Huss, M., Stumm, D., Rolsenby, C., Nuth, C., Nussbaumer, S.
U., Moholdt, G., Mercer, A., Mayer, C., Joerg, P, Tansson, P., Hynek, B., Fischer, A.,
Escher-Vetter, H., Elvehgy, H. and Andreassen, L. Rkanalysing glacier mass balance
measurement series, The Cryosphere, 7(4), 1227-ti2450.5194/tc-7-1227-2013, 2013.

28



806 Table 1. Characteristics of the study sites anth&és images. For each site, the approximate
807 geographic coordinates and maximum altitudg.¢Zm a.s.l.) are indicated. All images were
808 acquired by Pléiades-1A, except a Pléiades-1Bateae over Tungnafellsjokull. The base-
809 to-height ratio (B/H), the ratio of the distancavaeen two successive positions of the satellite
810 to its height above ground, is an indicator of sle@sitivity to topography. A single B/H is
811 indicated for stereo pairs whereas three valuesh®ifront/nadir, nadir/back and front/back
812 pairs are provided for tri-stereos. The percentaigsaturation in the image is given for the
813 front / back images for stereo pairs and front dina back for tri-stereos. The reference
814 (noted Ref.) altimetric data used to evaluate th&aBes DEMs are kinematic GNSS
815 measurements (KGNSS), Stop and Go GNSS measureamehtior the Tungnafellsjokull Ice
816 Cap only, a LIDAR DEM. IDs of the Pléiades images ot listed for the sake of concision.

Study site Pléiades B/H Saturation (%) Ref. data Date Ref. data  Uncesinty

Lon/Lat/Z date Ref. data (m)

Andes 4 Apr 2013 0.22;0.17;0.39 0.01;0.01;0.01 KGNSS 20 Apr 2013 +0.5

Agua Negra

69.8°W/30.2°S/5200

European Alps 19 Aug 2012 0.33 0.02; 0.01 Stop&Go 5-8 Sep 2012, £0.2
GNSS 26 Oct 2012

Mont-Blanc

6.9°E/45.9°N/4800 20 Sep 2013  0.31;0.35;0.66 3.23;4.29;5.22 SGP& 13-14 Sep 2013
GNSS

Iceland 9 Oct 2013 0.37 0 kKGNSS 2 May 2013 +0.2

Tungnafellsjokull 18 Sep 2013

17.9°W/64.7°N/1500 Lidar 7-8 Aug 2011  +0.5
DEM

Himalaya 25 Nov 2012 0.47 0.46; 0.91 Stop&Go 20-27 Nov 2012 0.2
GNSS

Mera

86.9°W/27.7°N/6400

Antarctica 6 Fev 2013 0.45 0.12; 0.04 Stop&Go 18 Jan 2013 +0.3
GNSS

Astrolabe

140°E/66.7°S/800

817
818
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Table 2. Influence of different processing paramséttings on the coverage and accuracy of
the Pléiades DEMs. Statistics for the elevatioried#inces between the Pléiades and Lidar
DEMs are computed for ~3,000,000 data points on itefree terrain around the
Tungnafellsjokull Ice Cap (Iceland). The parametettings tested are: Type of terrain =
Mountainous (Mtn) or Flat, DEM detail = Low or HigBata gaps = filled or not filled. All
Pléiades DEMs are computed using 5 GCPs and withah pixel size of 4 m. The table
provides the horizontal shifts of the Pléiades DEMSd, after horizontal co-registration (i.e.
correction of the mean horizontal shift betweenRf&ades and the Lidar DEMs on the ice-
free terrain), statistics (mean, median, standasdiation and NMAD) of the elevation

differences (dh, Zeiages— Zidar) OUtSide the ice cap (OFF ice).

Processing Covered Shift Shift Mean dh Median dh  Std dev NMAD

parameters area Easting Northing OFF ice* OFF ice* OFF OFF ice*
(%) (m) (m) (m) (m) ice*(m)  (m)

Mtn, Low, 99.0 1.94 -0.56 0.02 0.03 0.88 0.74

not filled

Mtn, Low, 100 1.89 -0.66 0.08 0.00 2.19 0.92

filled

Mtn, 92.9 1.91 -0.58 0.02 0.02 0.60 0.71

High, not

filled

Flat, Low, 93.6 1.94 -0.44 0.04 0.04 0.51 0.70

not filled

* after horizontal co-registration
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Table 3. Influence of the collection of GCPs and DR the accuracy of the Pléiades DEMs.

Statistics are computed for the elevation diffeesnédh) between the Pléiades and Lidar

DEMs around and on the Tungnafellsjokull Ice Cagpeldnd). The Pléiades DEMs are

computed using different numbers of ground corahts (GCPs) and Tie Point (TPs). The

parameter settings used to generate all the DEBtsD¥M detail = Low, Type of terrain =

Mountainous, pixel size = 4 m, Data gaps = noedill The number of pixels used in these
statistics is over 3,000,000.

Nb of GCPs| Shift Shift Mean dh| Median dh| Std dev | NMAD Mean dh
| TPs : : OFF ice*| OFF ice*| OFF ice* | OFF ice*| ON ice**
Eastin Northin
a Y ) m m | m
0 GCPs / 0 3.16 -1.13 3.07 3.08 0.93 0.84 -1.60
TPs
0 GCPs /20 3.22 -1.33 3.60 3.62 0.92 0.76 -1.57
TPs
1 GCP / 0 2.18 -0.56 0.08 0.09 0.90 0.76 -1.60
TPs
5 GCPs / 01.94 -0.56 0.02 0.03 0.88 0.74 -1.59
TPs
19 GCPs/(Q 1.86 -0.50 -0.05 -0.04 0.89 0.74 -1.59
TPs

* after horizontal co-registration
** after horizontal and vertical co-registration, cerrection of the mean horizontal and

vertical shifts between the Pléiades and Lidar DEStEmated on the ice-free terrain
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Table 4. Statistics on the elevation differencesvben the Pléiades DEMs and the GNSS

measurements for all study sites. When a tri-stera® available, the statistics for the three

different image combinations and for a merged DEM given. For Agua Negra and

Tungnafellsjokull, the statistics are also givepagately on and off glaciers. The last column,

N, indicates the number of points for which elevatdifferences are computed.

Image Covered
. Number of| combination ON/OFF Mean | Median | Std dev | NMAD
Site . area )
GCPs (Tri-stereos glacier (m) (m) (m) (m)
only) (%)
Front / Nadir 96.7 ON & OFF 1.00 1.04 1.06 0.84 240
Nadir / Back 96.3 ON & OFF -0.33 -0.15 1.26 1.10 423
c Front / Back 93.4 ON & OFF 0.55 0.62 1.02 0.86 23p4
ON & OFF 0.37 0.47 1.04 0.83 2403
Front / Nadir &
) 97.7 ON 0.53 0.64 0.81 0.63 932
Andes — Nadir / Back
Agua Negra OFF 0.27 0.35 1.16 1.03 1471
Front / Nadir 96.7 ON & OFF 1.33 1.38 1.16 1.00 238
Nadir / Back 96.5 ON & OFF 0.99 1.05 1.13 0.85 232¢
0 Front / Back 93.5 ON & OFF 1.22 1.30 1.10 0.83 230¢
Front / Nadir &
97.8 ON & OFF 1.17 1.23 1.08 0.84 2388
Nadir / Back
Alps — 13 93.1 ON 0.97 0.99 0.69 0.62 491
Mont Blanc
0 90.2 ON 6.84 6.84 0.98 0.78 493
2012
Front / Nadir 85.5 ON 0.08 0.09 0.55 0.44 46(
Alps — Nadir / Back 85.4 ON 0.03 0.07 0.56 0.46 474
Mont Blanc 11 Front / Back 70.9 ON 0.11 0.11 0.56 0.36 479
2013 Front / Nadir &
) 94.2 ON 0.03 0.04 0.51 0.41 479
Nadir / Back
Iceland — ON & OFF -0.09 | -0.08 0.84 0.37 3856
Tungnafellsjok | 5 99.0 ON -0.07 | -0.06 0.53 0.37 2764
ull '
OFF -0.15| -0.12 1.33 0.40 1092
Himalaya — 22 (from
82.0 ON -0.94 | -0.93 1.02 0.92 445
Mera SPOT5)
Antarctica —
0 98.5 ON 1.86 1.84 0.72 0.55 170
Astrolabe
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850 Table 5. Geodetic mass balances for the entire Mtaric area and its 10 largest glaciers,
851 sorted by size. Where available, the 2003-2012 gggmanass balances calculated in this
852 study are compared to the 1979-2003 geodetic masasndes (Berthier, 2005). The
853 (glaciological mass balance is provided for Argeneti&lacier.
854
Glacier Total Data Geodetic mass Glaciological Geodetic mass
area voids | balance mass balance | balance
2003 (%) 2003-2012 2003-2012 1979-2003
(km?2) (ma'w.e) (ma’w.e.) (ma’w.e.)
Mer de Glace | 22.7 8.6 -1.22 £ 0.20 -0.40
Argentiere 13.5 5.7 -1.12 +0.18 -1.46 £ 0.40 -0.31
Miage 10.8 16.8 -0.84 +0.22
Bossons 10.5 14.9 -0.32 £ 0.20 -0.10
Taléfre 7.6 3.6 -1.28 + 0.18 -0.38
Tre-la-téte 7.5 10.3 -1.34 +0.22
Tour 7.3 4.0 -0.77 £0.16 -0.24
Saleina 6.1 2.1 -1.20+0.17
Trient 5.9 7.1 -0.66 £ 0.17
Brenva 5.8 22.5 -0.83 £ 0.25
Mont-Blanc 161.6 15.6 -1.04 £ 0.23
855
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Agua Negra g

Astrolabe

857
858 Figure 1.Study sites where Pléiades stereo pairs and teegewere acquired. The

859 background image is a MODIS mosaic from the Bluel#aNext Generation project.
860
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Figure 2. Pléiades ortho-images for the 5 diffesgntly sites. Yellow dots locate the GNSS
measurements used to evaluate the DEMs. For Tueitgjékull, the blue polygon marks the
limits of the Lidar DEM. For the Mont-Blanc arehgetred rectangles separate two stereo pairs
acquired the same day who are combined to coveentiee glacier complex. For Astrolabe
Glacier, an enlargement of a 750 m by 600 m arélagrupper part of the glacier (elevation of

>700 m above ellipsoid) is shown.
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Figure 3Map of the elevation differences between the LOBM (7-8 August 2011) and the
Pléiades DEM (9 October 2013) of the Tungnafellg|blce Cap. The margin of the ice cap
is shown by a thick black line and snow patchesoatkned with a thinner black line. On the
ice cap, the elevation contour lines are drawrhasdashed lines every 100 m (from 1000 m
to 1500 m). The study area has been divided inby 3 tiles in which the median of the
elevation differences on the ice-free terrain aslyeported (in meters). Background: Pléiades
iImage (© CNES 2013, Distribution Airbus D&S).
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878
879 Figure 4: Comparison of the 21 August 2003 SPOTh EhAugust 2012 Pléiades DEMs of
880 the accumulation basin of the Mer de Glace. Theeuppnels show the SPOT5 data and the
881 lower panels the Pléiades data. From left to rithe, panels show successively the satellite
882 images, the DEMs with the 50-m elevation contonedi and the shaded relief images derived
883 from the DEMs. Note the higher percentage of datds/and artefacts in the SPOT5 DEM.
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886

887 Figure 5: Comparison of the 14 December 2007 SP&th6 February 2013 Pléiades DEMs
888 of Astrolabe Glacier. The left panel (a) shows Béiades image. The two right panels show
889 shaded relief images derived from the Pléiades OBMand the SPOT5-HRS DEM (c) with
890 the 100-m elevation contour lines overlaid
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Figure 6.Elevation differences between the kinematic GNS& 2 May 2013) and the
Pléiades DEM (9 October 2013) on the Tungnafelldjolce Cap. Black circles indicate the
locations where elevation differences have beensuored using repeated GNSS surveys (2
May 2013 and 18 September 2013). Yellow crossew she location of most of the 19 GCPs
used to generate the DEM (two are masked by thet iasd the color scale). Inset:
Distribution of these elevation differences withitatle, with repeat GNSS surveys shown as
larger dots. Background: Shaded relief image ddrfvem the Pléiades DEM.
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Figure 7.Elevation differences between the Pléiades DEMsl®fAugust 2012 and 20
September 2013 over the Mont-Blanc area. The @agtlof glaciers in August 2003 are shown
as black lines. Yellow crosses show the locatio®6Ps. The southernmost triangle locates
the summit of Mont Blanc (4810 m a.s.l.) and thetmernmost triangle the summit of
Aiguille Verte (4122 m a.s.l.). The grey backgrousPOT5 image (© CNES 2003,

Distribution Spot Image) appears where no elevatltange value is available.
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Figure 8.Elevation differences between the SPOT5 DEM froma239August 2003 and
Pléiades DEM from 19 August 2012 over the Mont-Blarea. In yellow, the location of the
transverse profiles where elevations are measwed gzear using differential GNSS. The
field (noted GNSS) and satellite (SAT) 2003-201&vation differences averaged along these
profiles are indicated. Inset: Satellite-derived\ TS small symbols) and field (GNSS, large
symbols) elevation changes as a function of akitém the Mer de Glace (blue) and the

Argentiere (grey) glaciers. Large symbols corresptonthe field measurements.
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