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Abstract

The mass balance of a glacier is strongly connected to climate. At high latitudes, mass
balance is typically controlled by snow accumulation during the winter and the glacier
ablation during the summer. In Iceland, direct mass balance observations have been mostly
focused on the three largest ice caps (~600 to ~8000 km?), measured in situ for the last 25
years. There are, however, glaciers and ice caps distributed over all quarters of the country
that lack mass balance observations. Remote sensing data with the capability to retrieve the
glacier surface geometry through Digital Elevation Models (DEMs) are valuable tools to
measure mass balance using the geodetic method. For a typical Icelandic glacier (with an
area between 1 km® and hundreds of km?), this can be optimally achieved from optical
stereoscopic imagery, emplaced in airborne or spaceborne sensors, and from airborne lidar.
This thesis focuses on remote sensing techniques to accurately measure geodetic mass
balance from seasonal to decadal time spans and the relationship of mass balance to
climate.

As an example of seasonal mass balance, the winter mass balance of Drangajokull was
measured from satellite sub-meter stereo images at the beginning, middle and end of the
2014-2015 winter using data from the Pléiades and WorldView-2 satellites. The results
were complemented with in situ snow density measurements and validated with snow
thickness measurements. The study concludes that images from the sensors mentioned
above may often be used to monitor seasonal mass balance without tedious field logistics.

A vast archive of aerial photographs exists for Iceland extending back to 1945. Since then,
most glaciers were surveyed every 5 to 20 years. In addition, a wealth of modern satellite
stereo images is available since the early 2000s as well as airborne lidar data in 2008—
2013. This creates a unique dataset to construct a 70-year time series of geodetic mass
balances. Eyjafjallajokull (~70 km?) was used to develop semi-automated processing
chains based on open-source software. The result is a detailed record of glacier changes
resulting from climatic and volcanic forcing. Simple linear regression of the annual mass
balance of Eyjafjallajokull indicates that most mass balance variations can be related to
changes in summer temperature and winter precipitation. It also allows to infer the
sensitivities of mass balance to these two climatic variables.

The processing chain was then applied to 14 glaciers and ice caps spatially distributed in
all quarters of Iceland, resulting in a dense mass-balance record for the last 70 years. The
mean and standard deviation (£SD) of mass balances of the target glaciers were
—0.44£0.16 m w.e. a' in 1945-1960, 0.00:021 m we. a ' in 1960-1980,
0.11£025 m w.e. a' in 1980-1994, —1.01+0.50 m w.e. a' in 1994-2004,
~1.27£0.56 m w.e. a ' in 2004-2010 and —0.14£0.51 m w.e. a' in 2010-2015. The
glaciers located at the south and west coasts revealed the highest decadal variability, in
contrast to glaciers located in the north. This study improves the knowledge of Icelandic
glaciers prior to the warm 1990s. The obtained glacier DEMs reveals in some cases
elevation changes caused by irregularities in ice motion and opens for opportunities of
modelling the ice dynamics of some of these glaciers coupled with their mass balance.



Utdrattur

Afkoma jokla radst af vedurfari. Augljos eru tengslin vid snjosdfnun vetrar, en einnig
hitastig sumars sem visbending um orku til leysingar. Hefobundnar reglulegar
afkomumelingar med melingu pykktar vetrarsjos ad hausti og sumarleysingu ad hausti, 4
vOldum melistddvum, hofust 4 premur sterstu joklum Islands 4 niunda og tiunda &ratug
sioustu aldar og hefur verid haldid 0ti sidan. A 60rum joklum Islands eru beinar
afkomumelingar takmarkadar; 4 langflestum hafa engar slikar melingar verid gerdar.
Upplysingar um afkomu jokla ma einnig meta med pvi ad bera saman headarkort af
yfirbordi peirra & mismunandi timum. I pessu skyni eru fjarkdnnunargdgn eins og
loftmyndir, gervihnattaljosmyndir og leysih@darskonnun (lidar) sem nytast vid gerd
hadarkorta einkar gagnleg. Vidfangsefni ritgerdarinnar er urvinnsla slikra gagna og
hvernig ma nyta pau til ad fa sem nakvamasta melinga 4 afkomu jokla & timabilum sem
spanna allt fra arstid til aratuga, auk pess sem vensl afkomu og vedurfars eru greind.

Til ad kanna notagildi fjarkdnnunargagna vid rannsoknir & arstidabundinni afkomu jokla
voru yfirbordshadarkort af Drangajokli unnin eftir hdupplausnarljosmyndum fra Pléiades
og WorldView-2 gervitunglunum vid upphaf, miobik og lok vetursins 2014-2015.
Melingar 4 edlismassa vetrarsnjos ad vori voru nyttar til ad skorda betur vetrarafkomu
jOkulsins auk pess sem nidurstddurnar voru bornar saman vid melda snjopykkt i
afkomumelistooum. Nidurstodur rannsoknarinnar syna Otvirett ad oft er hagt ad nyta
myndir fra 4durnefndum gervitunglum vid malingu vetrarakomu jokla i stad pess ad leggja
i og erfida melileidangra.

Gridarmikid safn loftmynda er til af islenskum joklum allt aftur til arsins 1945. Sidan pa
hafa peir flestir verid myndadir & 5 til 20 ara fresti. Einnig hefur verulegu magni
gervihnattaljosmynda sem nytast til vinnslu hadarkorta af joklum verid aflad eftir 2000
auk headarkorta eftir leysimelingum ur flugvél af flestum joklum landsins fra 2008 til
2013. bessi yfirgripsmiklu gogn gera mogulega vinnslu 70 ara atkomusdgu margra jokla.
Med slika vinnslu ad markmidi var sett saman halfsjalfvirk Grvinnslulina (fledilina
urvinnslupatta) sem byggist 4 opnum hugbtinadarlausnum. Hin var préud fyrir og fyrst
beitt a 6ll tiltak gogn af Eyjafjallajokli (~70 km?). Urvinnslan skiladi itarlegri ségu um
hadarbreytingar, afkomu og umfang Eyjafjallajokuls sem badi vedurfar og eldgos hafa
stjornad. Utfra afkomurddinni var bestad linulegt fall sem lysir venslum arsafkomu vid
sumarhita og vetrarurkomu auk leidréttingarlids vegna breytilegs umfangs jokulsins. betta
fall synir ad stor pattur breytileika afkomu jokulsins ma skyra med breytileika i pessum
vedurfarspattum. bad gerir einnig kleift ad meta hversu nem afkoma jokulsins er fyrir
breytingum i peim.

Urvinnslulinan var sidan notud til ad setja saman afkomusogu 14 islenska jokla 4 um 70
dra timabili. Joklar 1 6llum landsfjordungum sem og 4 midhalendinu voru rannsakadir.
Medaltal og stadalfravik afkomu joklanna & hverju timabili fyrir sig var -0.44+0.16 m v.g.
ar’' (metrar vatnsigildis 4 ari) 1945-1960, 0.00£0.21 m v.g. ar' 1960—1980, 0.11+0.25 m
v.g. ar’ 1980-1994, -1.01£0.50 m v.g. ar”' 1994-2004, -1.27+0.56 m v.g. ar"' 20042010
og -0.14£0.51 m v.g. ar~' 2010-2015. Joklar vid sudur og vesturstrondina syna
breytilegasta afkomu fra einu timabili til annars, 6likt joklum i nordri par sem pessi
breytileiki er mun minni. Pessi rannsokn eykur mjog vid pekkingu okkar a islenskum
joklum adur en mikil hlynun vard & tiunda aratug sidustu aldar sem og hvernig afkomu
islenskra jokla breyttist i kjolfarid. Jokla-kortin sem pessi vinna hefur skilad syna vida
hadarbreytingar sem skyrast af timabreyti-leika eda oOreglu i isfledi fra afkomu- til
leysingasveedis joklanna. Pau nytast einnig sem prof fyrir framtidarrannsoknir med
samtengdum likonum isfledis og atkomu pessara jokla.



Résumeé

Le bilan de masse des glaciers est fortement lié au climat. Aux hautes latitudes,
I’accumulation de neige pendant I’hiver et la fonte de glace pendant 1’été sont les
principales composantes du bilan de masse. En Islande, le bilan de masse des trois plus
larges calottes glaciaires (~600-~8000 km?) a été suivi réguliérement depuis 25 ans
notamment grace a des mesures in situ. Mais les bilans de masse des autres glaciers et
calottes glaciaires islandaises ont été trés peu étudiés. Aujourd’hui, les données de
télédétection, notamment via la comparaison des modeles numériques du terrain (MNT),
permettent de mesurer le bilan de masse par la méthode géodésique. Pour ces glaciers et
calottes de plus petites tailles (de 1 km? et & quelques centaines de km?), les photographies
acriennes, ’imagerie satellitaire stéréoscopique sub-métriques, et le lidar aérien sont
parfaitement adaptées. Cette thése se focalise donc sur I’estimation des bilans de masse des
« petits » glaciers et calottes islandaises depuis le pas de temps saisonnier jusqu’a pluri-
décennal et leur relation avec les variations spatiales et temporelles du climat.

Le bilan de masse hivernal de la calotte du Drangajokull (NO-Islande) a été mesuré par des
images satellitaires stéréoscopiques sub-métriques (données Pléiades et WorldView-2)
acquises au début, milieu et a la fin de ’hiver 2014-2015. Les changements de volume ont
été convertis en bilan de masse grace a des mesures in situ de densité de neige, et validés
avec des mesures in situ de profondeur de neige. Ce travail permet d’envisager désormais
un suivi du bilan de masse saisonnier sans un laborieux travail de terrain.

Une importante archive de photographies aériennes est disponible en Islande depuis 1945.
Ces données offrent une revisite de 5 a 20 ans pour la majorité des glaciers. De plus,
depuis 2000, cette archive est complétée par les données des capteurs satellitaires
stéréoscopiques et de lidar aérien acquis entre 2008 et 2013. Cet ensemble de données est
exploité pour créer une série temporelle de 70 ans de bilan de masse en Islande. La calotte
d’Eyjafjallajokull (~70 km?) sert de zone test pour la création et 1’automatisation d’une
chaine de traitement, basée sur des logiciels libres. Le résultat est une série de 70 ans de
bilan de masse et changements glaciaires liés au climat et au volcanisme. Les variations
décennales du bilan de masse sont mises en relation avec les variations des températures
estivales et les précipitations hivernales. Cette relation, quasi linéaire, sert pour le calcul de
la sensibilité du bilan de masse au changement de température et précipitation.

La chaine de traitement est alors appliquée a 14 glaciers et calottes glaciaires distribuées
aux quatre coins de I’Islande. La moyenne et déviation standard (£DS) du bilan de masse
des glaciers sélectionnés est : —0.44+0.16 m w.e. a ' en 1945-1960, 0.00£0.21 m w.e. a '
en 19601980, 0.11+£0.25 m w.e. a ' en 1980-1994, —1.01+0.50 m w.e. a ' en 19942004,
~1.27£0.56 m w.e. a' en 20042010 et —0.14+0.51 m w.e. a' en 2010-2015. Les glaciers
maritimes situés prés des cotes sud et ouest montrent une plus forte variabilité décennale
que les glaciers plus continentaux situés dans le nord et nord-ouest. Notre étude améliore la
connaissance des évolutions des glaciers islandais et leur relation avec le climat, en
particulier avant les années 1990s et ’augmentation de température. Nos travaux montrent
aussi la complexité de la réponse géométrique des glaciers (en lien avec leur dynamique) et
offre des données uniques pour la calibration/validation des mod¢les des glaciers.






To two flightless phoenixes, pillars of my life. May they regenerate and fly again.






Preface

This dissertation was written in a collaboration between the Institute of Earth Sciences
(IES) of University of Iceland and the Laboratoire d'Etudes en Geophisique et
Oceanographie Spatiale (LEGOS, Toulouse).

Photogrammetric and remote sensing data and methods were applied to glacierized areas of
Iceland, aimed at measuring geodetic mass balances, from seasonal to decadal time scales.
The obtained mass balances were then correlated to climatic variables. The results of this
work are summarized in three scientific papers, published, in review and to be submitted in
peer-reviewed scientific journals, respectively:

IL.

I11.

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://doi.org/10.5194/tc-11-1501-2017, 2017.

Belart, J.M.C., Magntsson, E., Berthier, E., Palsson, F., Adalgeirsdottir, G.: The
geodetic mass balance of Eyjafjallajokull ice cap for 1945-2014: processing
guidelines and relation to climate. In review, Journal of Glaciology.

Belart, J.M.C., Magnusson, E., Berthier, E., Bjornsson, H., Palsson, F.,
Adalgeirsdottir, G.: Spatially distributed mass balance of selected Icelandic
glaciers, 1945-2015. Trends and link with climate. To be submitted to Frontiers
in Earth Sciences.



Alongside, other co-authored papers were written throughout the course of the doctoral
studies, with a significant contribution from photogrammetric and remote sensing methods,
DEM creation and subsequent analyses, based on similar datasets as used for this
dissertation. These publications are:

e Magnusson, E., Belart, J.M.C., Palsson, F., Agﬁstsson, H., and Crochet, P.:
Geodetic mass balance record with rigorous uncertainty estimates deduced from
aerial photographs and lidar data — Case study from Drangajokull ice cap, NW
Iceland, The Cryosphere, 10, 159-177, doi:10.5194/tc-10-159-2016, 2016.

e Gudmundsson, M.T. and 50 others: Gradual caldera collapse at Bardarbunga
volcano, Iceland, regulated by lateral magma outflow, Science, 353, I 6296. doi:
10.1126/science.aaf8988, 2016.

e Magnusson, E.,’ Belart, J.M.C., Palsson, F., An@erson, L.S., Gunnlaugsson., A.p.,
Berthier, E., Agutstsson, H and Geirsdottir, A. The subglacial topography of
Drangajokull ice cap, NW-Iceland, deduced from dense RES-profiling. Jokull, 66,
1-16, 2016.

e Pedersen, G.B.M., Belart, J.M.C., Magnusson, E., Vilmundaréttir, O.K., Kizel,
F.,Sigurmundsson, F.S., Gilasdottir, G., Benediktsson, J.A.: Hekla Volcano,
Iceland, in the 20th Century: Lava Volumes, Production Rates, and Effusion Rates.
Geophysical Research Letters, 45,1805-1813. doi: 10.1002/2017GL076887, 2018.
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1 Introduction

Glaciers and ice caps are indicators of climate; they gain mass during periods of cold
summers and/or winters of heavy snowfall and consequently start advancing, and they lose
mass during warm summers and/or dry winters and begin retreating. In stable climate they
approach a steady-state. These adjustments occur within human (decadal) timescales. In
the last 70 years, glaciers on Earth have experienced retreat due to warm temperatures
from the 1920s to the 1940s, advances or steady-state during the 1960s to the early 1990s,
and a rapid decline after the 1990s, due to rapid warming, linked to anthropogenic causes
(Marzeion et al., 2014). Glaciers are natural water reservoirs, used for irrigation and
electric power production (Kaser et al., 2010), and contributed significantly to sea level
rise in the late 20™ and early 21" centuries (Gardner et al., 2013; Bjornsson et al., 2013;
Zemp et al., 2015). Thus monitoring and measuring glacier changes is key to
understanding how the past, current and future climate have and will affect the glaciers and
serves as constraints for models that project the sea level rise in the near future.
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Fig. 1.1 A) Temperature records (Ts, average of June, July and August) at Stykkishélmur,
1935-2018. The solid line indicates 11-year triangular filter data. B) Cumulative volume
changes during 1945-2014 of Eyjafjallajokull (S-lceland), based on archives of aerial
photographs and recent satellite imagery. C) Area changes of Eyjafjallajokull during
1945-2014. Locations of the station and glacier are shownin Fig. 1.4.
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1.1 Mass balance

The mass balance is “the change of the mass of the glacier, or part of the glacier, over a
stated span of time” (Cogley et al., 2011). It encompasses glacier accumulation and
ablation processes, which makes it a robust proxy for climate change (Vaughan et al.,
2013; Bojinski et al., 2014). Mass balance observations are commonly done seasonally
(summer and winter), annually or multiannually (Fig. 1.2). The onset dates for the
accumulation and ablation seasons are variable, both between years and as a function of
elevation, which can lead to difficulties in interpreting seasonal mass balances. The fixed-
date mass balance method is used often used for convenience. In this dissertation the
defined start of the hydrological year is 1 October, the winter ends on 20 May and the
summer ends on 30 September. The sum of the winter balance (typically positive) and
consequent summer balance (typically negative) reveals the annual mass balance, and
when integrated over an entire glacier, ice cap or ice catchment, the mass balance is
glacier-wide (B) This is commonly measured in meters of water equivalent (m w.e.).
Further aspects of mass balance terms can be found in the glossary by Cogley et al.,
(2011).

=—=a B Winter == B Annual

== B Summer == B Multiannual

-4 | I ! L 1
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Fig. 1.2 Time series of glacier-wide mass balance for Vatnajtkull, 1992-2017, based on in
situ measurements. Records are presented in seasonal (red and blue lines), annual (green
line) and multiannual averages of mass balance (black lines). Data from Palsson et al.
(2016),expanded to 2017.
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In situ mass balance measurements (glaciological method, Fig. 1.2 and 1.3) provide
seasonal observations of mass balance. With adequate sampling, the glacier-wide accuracy
is typically 0.1-0.3 m w.e, (Fountain and Vecchia, 1999). Long time series of in situ
measurements are available for selected glaciers worldwide (WGMS, 2017) and provide
valuable trends of mass balance, which correlate well with changing temperature and
precipitation (e.g. Leclercq and Oerlemans, 2012; Marzeion et al., 2014; Zemp et al.,
2015).

The main limitations of the in situ method are: (1) it is a point-wise measurement (b),
therefore a careful location of the mass-balance points is needed in order to create an
accurate representation of the glacier-wide (B) mass balance (Fountain and Vecchia,
1999). The observations can be then skewed if a mass-balance point is emplaced at a
location with substantially different mass balance than its surroundings, for example due to
snow drift. (2) The fieldwork required for this type of observations can be logistically,
economically and time-wise expensive.

Fig. 1.3 Images from the winter mass balance measurements on Myrdalsokull in spring
2016, organized by the Icelandic Glaciological Society (Jorfi). Left: shallow snow core
drilling over one mass-balance point. Right: Example of a snow core.

Indirect methods for measuring mass balance rely mostly on remote sensing techniques. A
common approach, the so-called geodetic mass balance, consists of comparing the glacier
surface over two dates, typically by differencing DEMs (dDEMs), calculating a change in
volume, and converting into water equivalent with the knowledge or assumption of the
density properties of the glacier (e.g. Huss, 2013). This is a useful method to calibrate in
situ mass balance measurements (e.g. Zemp et al., 2013; Andreassen et al., 2016) because
it can greatly expand the time series of mass balance (WGMS, 2017). Also it is usually
provided as an annual rate, therefore if the calculations are derived from long time periods,
the uncertainties are reduced significantly. With adequate DEMs and care for other sources
of uncertainties, further described below, this method can provide multiannual, glacier-
wide mass balance with uncertainties in the order of 0.1 m w.e. a ' for ~10 year time steps
(e.g. Fischer et al., 2015; Magnusson et al., 2016).
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Another indirect satellite-based method to obtain mass balance is through gravimetry, with
campaigns like GRACE (2002-2017). This method is not utilized in the presented work
due to limitations in spatio-temporal resolution of these datasets, but its application for
mass balance measurements of large ice caps are acknowledged, particularly after
accounting for external signals affecting gravity changes, such as glacier isostatic
adjustment (GIA) and influence from the large neighboring ice mass of Greenland (e.g.
Serensen et al., 2017).

1.2 Study area
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Fig. 1.4 The areas of study, marked in yellow rectangles. V, L and H represent the three
largest ice caps, Vatnajokull, Langjokull and Hofgokull, respectively. The blue dot
indicates the location of the Stykkishélmur (&) weather station, data shownin the Fig. 1.1.

Iceland contains about 3.600 km® of ice spread over 11.000 km?, which if melted, would
contribute to a ~1 cm to sea-level rise (Bjornsson and Palsson, 2008). Rigorous field
monitoring of the three largest ice caps, Vatnajokull, Langjokull and Hofsjokull (Fig. 1.4)
started in the late 1980s and early 1990s. Further constraints for mass balance have been
estimated for selected ice caps and catchments with geodetic measurements
(Adalgeirsdottir et al., 2011; Palsson et al., 2012; Bjornsson et al., 2013; Johannesson et
al., 2013). From the 20™ century and up to the present, numerous glacier front
measurements have been conducted in Iceland (survey program of the Icelandic
Glaciological ~ Sosciety, started in the 1930s, e.g.  SigurOsson, 1998,
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http://spordakost.jorfi.is/), and geodetic mass balance has been extracted from DEM
differencing at other selected, smaller ice caps (Gudmundsson et al., 2011; Johannesson et
al., 2011; Gunnlaugsson, 2016; Magnusson et al., 2016).

The results from all combined efforts have constrained the glacier mass loss and sea-level
contribution since the 1990s for the three largest ice caps (Bjornsson et al., 2013). It has
also shown significant glacier fluctuations throughout the 20" century, suggesting that the
mass loss rates in the 1930s and 1940s were similar to the rates in the late 1990s and
2000s. However, during the period between the 1960s and early 1990s the Icelandic
glaciers and many glaciers elsewhere in the world were close to equilibrium and had in
some cases significant front advances.

Our study analyzes glacierized regions in Iceland outside the three main ice caps, i.e.
glaciers and ice caps smaller than 600 km?, as well as Orzfajokull (120 km?, S-Iceland),
attached to the main ice cap of Vatnajokull (Fig. 1.4). The criteria of definition to select the
target areas was: (1) broad spatial distribution of glaciers over the entire country, (2) lack
or sparse mass balance measurements up to date and (3) relatively small size in order to
apply remote sensing techniques without the tedious mosaicking necessary for large
glacierized areas.

1.3 Research objectives
This dissertation has three main objectives:

1) To develop and optimize remote sensing methods for measuring past and present
geodetic mass balance with state of the art, optical remote sensing and photogrammetric
techniques, retrieving accurate mass balance from seasonal to decadal time spans. This
includes use of information of various physical processes in glaciers, utilizing limited
amount of field observations to extract mass balance from DEM difference.

2) To constrain the mass balance of glaciers and ice caps distributed in all quarters of
Iceland during the last 70 years, based on numerous sources of elevation data available.

3) To define and assess a statistical correlation between mass balance and a climate model
based on summer temperature and winter precipitation and obtain sensitivities of mass
balance to changes in this climate model.
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2 Methods

2.1 Glacier Mapping

Glacier mapping is a practical way to observe, monitor and measure glacier changes. This
can be done with multiple approaches, from glacier length (e.g. Sapiano et al., 1998) or
area changes (e.g. Raup et al., 2007) to a topographic mapping of the glacier surface. The
length and area measurements are nevertheless not necessarily related to mass balance
changes, since they are affected by the response time of a glacier (e.g. Nye, 1960;
Johannesson et al., 1989). A full mapping of the 3D surface geometry of the glacier,
typically resulting in the production of a DEM, and its comparison with another DEM, is
the basis for calculation of volume changes, and subsequently the geodetic mass balance.
This section explains the different optimal methods used to create DEMs for the size of the
studied glaciers (area spanning few km? to hundreds of km?).

2.1.1 Optical stereo imagery

For decades, airborne optical frame stereo imagery have been the main data source to
retrieve the surface topography of terrain at medium-large scales (footprint typically ~8x8
km/image for flight altitude of 7000 m a.s.l., Table 1). This relies on the principles of
photogrammetry, where a passive sensor acquires two images with different perspectives
over a ground object, generally illuminated by the sun. The basis of photogrammetry are
well described in DeWitt and Wolf (2000) and Kraus (2011).

Airborne stereo images reach back to the 1900s, although the biggest improvements in
cameras occurred in 1930s (Livingston, 1963) and extended mapping surveys were carried
out worldwide after WWII (e.g. KC mapping cameras, Spriggs, 1966). The mapping
cameras were also emplaced in spy satellites in the early 1960s. They collected data until
1985, which were declassified up through the 1990s and 2000s (e.g. Bindschadler and
Vornberger, 1998; Surazakov and Aizen, 2010). Until the 1990s most of these data were
created analogically, i.e. on films. Nowadays mapping cameras are typically digital. There
are ongoing, ambitious programs worldwide to scan and preserve the historical analog data
on a digital format using highly accurate photogrammetric scanners.

Digital pushbroom sensors, commonly emplaced on satellites, can also have stereoscopic
capabilities (e.g. ASTER, SPOT series, Table 1). Due to the sensors’ linear geometry, the
strategy for stereoscopic imaging is different from frame cameras: either combining
acquisitions between adjacent tracks or from two different perspectives acquired along the
same track (e.g. front-nadir, nadir-back or front-back imaging, Fig. 2.1). The former was
used in early satellites (e.g. since SPOT1, launched in 1986), whereas the latter is adopted
in satellites since the early 2000s, like SPOT5 and ASTER, which acquire stereo images
with ~1-minute delay between front and nadir images or nadir and back images.
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Fig. 2.1 Sketch of three types of sensors (airborne or spaceborne) utilized for topographic
mapping of glaciers, modified from DeWitt and Wolf (2000). A) Frame camera collecting a
couple of stereo images. B) Pushbroom sensor collecting tri-stereo imagery, based on
backward, nadir and forward scans. These acquisitions do not necessarily occur
simultaneously, as some pushbroom sensors have rotational capabilities for changing
perspective. C) Lidar sensor scanning the terrain, explained in the following section.

The workflow for processing the stereo imagery requires a robust image orientation (e.g.
Schenk et al., 2014): knowledge of sensor geometry (e.g. focal length, lens distortion),
relative location of the sensor between all overlapping images and location of the block of
images relative to a coordinate reference system (CRS, e.g. PROJ contributors, 2018).
With the images oriented, terrain coordinates can be retrieved from any stereoscopically
measured point. Integrating this over an entire stereopair, and subsequently over an entire
block of images, results in a 3D pointcloud, which is interpolated into a gridded DEM.
Orthorectified images are generally obtained as a last step, based on the oriented images
and the DEM. Commercial photogrammetric software such as ERDAS Imagine (©
Hexagon Geospatial) and SOCET-SET (© Geospatial eXploitation) are commonly used, as
well as open source-based alternatives including the NASA Ames StereoPipeline (Shean et
al., 2016) and MicMac (IGN, France, Pierrot Deseilligny and Clery, 2011; Rupnik et al.,
2017).

The historical photographs do not contain a priori information about absolute image
orientation. The principle of collinearity can be used to solve the orientation (e.g. DeWitt
and Wolf, 2000). This relies on the conic geometry of the camera, shown in Fig. 2.2, and

establishes that the two vectors in the image (d) and ground (ff) space are collinear:
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Fig. 2.2 Sketch describing collinearity. The center of projection (C) of the camera is the
origin of both vectors d and A: thefirst oneis described in the image space (u,v), and has
an initial point in C (u¢, ve, f, being the focal length), and a terminal point at the image
coordinates of a feature (ugcp, Vgep,0). The second vector is defined in the CRS, and has
an initial point in C (X, Y¢, Z;) and a terminal point at the coordinates of the feature
(Xgcpr Yocpr Zocp)- Both vectors are collinear, assuming a scale factor (k) and a 3D
rotation R (defined by R,, R, R,) between them (Eq. 1).

A bundle block adjustment can be performed using Eq. 1, where the orientation of the
frame stereo images is solved by least squares in a system of multiple observations of: (1)
image and ground measurements of ground control points (GCPs) fixed to a CRS directly
(e.g. from GPS measurements) or indirectly (e.g. based on a high-resolution, high-accuracy
DEM fixed to a CRS), (2) image measurements of tie points connecting all adjacent
images and (3) intrinsic camera properties, such as focal length, lens distortion and
location of the center of projection relative to the image (e.g DeWitt and Wolf, 2000).

Photogrammetric and remote sensing data and methods have drastically improved in recent
years. Satellite stereo images include precise orbital information, solving the image
orientation either by a rigorous geometric model or via Rational Polynomial Coefficients
(RPCs), which statistically links the image and ground space. Recent satellite sensors, like
Pléiades (e.g. Berthier et al., 2014) and WorldView (e.g. Noh and Howat, 2015), collect
sub-meter stereo images in 12 bit radiometric resolution, resulting in excellent level of
details in areas previously challenging, for instance snow areas that could lead to image
saturation. A temporal revisit within 1-2 days ensures a high likelihood of cloud-free
acquisitions. Stereo images can be processed with automated workflows, retrieving relative
image orientation (e.g. Pierrot Deseilligny and Clery, 2011), and generating 3D
pointclouds with high resolution and accuracy based on digital image matching techniques
(e.g. Hirschmuller, 2008).
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2.1.2 Lidar

Lidar is an active sensor. It sends laser pulses at a high rate (typically >30 kHz), scanning
ground features. This can be done with different scan strategies based on the sensor. A
“sawtooth” line distribution (Fig. 2.1c) is commonly used in airborne mapping lidar. The
sensor records the return energy and distance to each feature from which a pulse was
reflected. With an accurate sensor position and orientation, dense 3D pointclouds are thus
retrieved. It is a precise (e.g. Bamber et al., 2005; Farrell et al., 2012) method to survey
small and medium-size glaciers areas (Table 2.1), and it works well in challenging areas
for optical-based sensors, such as snow and shadow covered-areas.

In Iceland, all the major glaciers and ice caps were surveyed with airborne lidar between
2008-2013 (Johannesson et al., 2013), which provided a benchmark to compare the
geometry of the Icelandic glaciers with both past and present glacier surfaces. These
surveys covered a significant area in the vicinity of the glaciers, also serving as an
excellent base for quality assessment and co-registration of other datasets (e.g. Nuth and
Kédb, 2011).

Lidar sensors emplaced in other platforms are not used in this work due to the size
constraint of the study areas. However, it is acknowledged that the satellite-based lidar
ICESat has yielded geodetic mass balance results over the four largest Icelandic icecaps
(Nilsson et al., 2015), and the recently launched ICESat-2 will overcome the coarse
resolution sampling and will have further capabilities for monitoring glaciers and ice caps
of the size of our study areas (Markus et al., 2017). On the other hand, terrestrial lidar is
challenged by the relatively small range of measurements, and is suitable for very small
mountain glaciers (e.g. area <0.5 km?, Fischer et al., 2016; Lopez-Moreno et al., 2016).

Table 2.1 Summary and main characteristics of sensors used in this dissertation.

Dataset Years Average footprint Ground
operative Sampling
Distance (GSD)
Aerial photographs 1945—present 8x8 km/image* I1x1 m
KH-9 Spy photographs 19771984 130%155 km/image 5X5m
ASTER 2000—present  60x60 km (stereo) 15%15m
SPOT-5 20002015 60%x60 km (stereo) 5x10m
SPOT-6/7 2012-present  60%300 km (stereo) 1.5%1.5m
Pléiades 2011-present  20x%100 km (stereo) 0.7%0.7 m
WorldView-1/2 2008—present  18%100 km (stereo) 0.5x0.5 m
Airborne lidar 20082013 400 km?*/day** ~0.33 ptm

*Based on a standard mapping camera of 23x23 cm, focal of 153 mm at a flight height of
7000 m above ground. **Maximum area covered in one-day survey, based on specific
characteristics of the sensor used, at 2500 m above ground (Johannesson et al., 2013).
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Fig. 2.3 DEM comparison of Torfajokull. A) A photogrammetric survey from October
1958. B) A lidar survey scanned Torfajokull in August 2011, producing a 3D pointcloud.
C) and D) DEMs were obtained from respective sources. E) A map of the elevation change
between 1958-2011 obtained by subtracting D from C. The black solid line represents the
ice cap extent in 1958 and the dashed line shows the extent in 2011.
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2.1.3 Other mapping methods

Traditional land survey methods based on triangulation and leveling were commonly used
to produce topographic maps in the early 20" century, and have served as a base for
geodetic mass balance studies, for example in the Alps and Pyrenees (Bauder et al., 2007;
Marti et al., 2015). In Iceland, extensive land survey mapping was carried out in the 1900s
and 1910s by the Danish Geodetic Institute, which was complemented in the 1930s with
oblique aerial photographs. This resulted in topographic maps, used for example to deduce
the geodetic mass balance of Langjokull between 1937-1945 (Palsson et al., 2012). Yet the
accuracy of the contours is expected to be substantially lower than obtained by
photogrammetric and remote sensing methods, especially since these surveys were carried
with a limited amount of points on the glacierized areas.

Synthetic Aperture Radar (SAR) is also used to create DEMs of ice masses, and modern
satellites such as Tandem-X provide detailed and accurate DEMs with high (11 days)
revisit time (Krieger et al., 2007). Other SAR-based satellites, e.g. CryoSAT-2, has been
used to monitor larger ice masses like Greenland or Antarctica and has also been
successfully used for large ice caps in Iceland (Foresta et al., 2016; Gourmelen et al.,
2018). The main downside of SAR sensors is that, unlike optical or laser sensors, the radar
pulses penetrate below the snow, firn and ice surfaces, causing biases, in particular on dry
snow at high elevations (e.g. Dehecq et al., 2016). In Iceland, the SAR-based EMISAR
DEM acquired in 1998 has also been used in geodetic studies (Magnusson et al., 2005;
Guomundsson et al., 2011). Airborne altimetric radar profiles are also used for glacier
monitoring in Iceland, and have been proven especially useful to study elevation changes
of glaciers related to natural hazards (e.g. Gudmundsson et al., 2016).

2.2 Geodetic mass balance
The glacier-wide geodetic mass balance between two dates, t; and ty, is calculated as

t2
2 AVirc

S TZT:

2

Where dV}?is the volume change of a glacier, obtained by integrating the elevation
difference between two DEMs (dDEM{?) over the entire glacier (Fig. 2.3), AL is the
average area of the glacier over the time period, dt is the length of the period and c is the
conversion factor used to convert the obtained volume change into mass change. In this
section we analyze the terms dV%? and ¢ from Eq. 2, as they are the most relevant
contributors to uncertainties in the geodetic mass balance (e.g. Magnusson et al., 2016).

2.2.1 DEM uncertainties

The dDEMs (Fig. 2.3) need a careful assessment for likely uncertainties, in order to obtain
unbiased and precise volume changes with realistic error bars. Nuth and K&éb (2011) and
Paul et al. (2015) describe common biases of dDEMs, mostly associated with
misalignment between DEMs (horizontal and vertical shifts, and tilts in DEMs).
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DEM uncertainties, and subsequent dDEM uncertainties, are dependent on the sensor
sampling capabilities, topographic characteristics (slope) and image texture (e.g. low
contrast from shadows or homogeneous snow produce noisier DEMs), but also on the
absolute orientation of the respective sensor, i.e. sensor orientation (three-dimensional and
angular) within a CRS. Sensors with on-board GPS and inertial navigation systems are
fixed to a CRS and have an absolute sensor orientation a priori, with centimeter (airborne)
to meter- (spaceborne) level accuracy. Biases between two DEMs can be removed if GCPs
are used in the orientation process (e.g. James et al., 2006; Csatho et al., 2008) or by
refining the approximate DEM location by using co-registration techniques, using the
unchanged areas of the DEMs as reference (e.g. Berthier et al., 2007; Nuth and Kaib,
2011; Noh and Howat, 2014).

Uncertainties of a DEM are commonly assessed by descriptive statistics rather than
analytically (e.g.Nuth and Ké&éb, 2011; Noh and Howat, 2015; Shean et al., 2016). Since
the main purpose of the DEMs is to be compared to one another, the uncertainty estimates
are focused on precision (relative error) rather than on accuracy (absolute error).
Quantification of the dDEM precision is commonly given by comparing unchanged areas
between the two analyzed DEMs (e.g. Nuth and Kééb, 2011). Simple statistical descriptors
such as standard deviation, however, overestimate the uncertainty of volume change
integrated from a dDEM, as they do not account for spatial autocorrelation inherent in the
dDEMs (Rolstad et al., 2009 and references therein). Geostatistics, addressed in the
methods presented by Rolstad et al., (2009) and by Magntisson et al., (2016), are thus a key
to adequately assess the relative accuracy of the dDEMs.

2.2.2 Physical processes affecting geodetic mass balance
estimates

Geodetic mass balance estimates are limited by various unobserved physical processes and
properties that require consideration. Neglecting them can give misleading results.

The density of snow, firn and ice is crucial to convert between volume change and mass
change. The simplest approach is to assume that the volume lost or gained has some fixed
density, typically assumed to be ice, following Sorge’s law (Bader, 1954). Though in
recent years the term conversion factor (Huss, 2013) has been adopted rather than density.
This takes into account that a glacier changing in volume does not necessarily also change
in mass and vice versa, i.e. some mass change can happen without any volume change.
Both cases are due to the temporal variation of the density structure, thickness and area of
the firn and snow layer.

A conversion factor of 0.85+0.06 is typically used in long-term geodetic mass balance
(Table 2) with the following recommendations: (1) a time period longer than 5 years
between surveys, (2) a stable mass balance gradient, (3) the presence of a firn area and (4)
volume changes significantly larger than zero (Huss, 2013).

When extracting seasonal mass balance from volume changes, the mean density of the
snow accumulated (winter mass balance) or snow, firn and ice melted (summer mass
balance) need to be known. Corresponding densities from literature and field observations
of Icelandic glaciers are listed in Table 2.2 with generous error bars.
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Table 2.2 Typical values of snow, firn and ice densities as well as conversion factor, based
on literature.

(kg m™) Reference
Ice 917 Cuffey and Paterson, 2010
Firn 650+150 Bolch et al., 2013
Winter snow* 500+100 Thorsteinsson et al., 2002; Agﬁstsson etal., 2013
Fresh snow* 400100 Finnur Palsson, Personal Communication
Ice & firn 850+60 Huss, 2013

*Based on in situ measurements in Icelandic glaciers.

The uppermost layers of the accumulation area contain firn and snow. These layers are in
continuous densification due to gravitational processes (e.g. Ligtenberg et al., 2011; Sold et
al., 2013). Besides increasing the density with depth, this effect leads to a continuous
lowering of the surface at the accumulation area, which implies a volume change due to
densification, in particular during seasonal time spans.

The glaciers dynamics also needs to be taken into account to adequately interpret remotely-
sensed elevation changes. Glaciers can exhibit significant rates of displacement in the three
spatial dimensions, from sub-meter to meter-level of magnitude on a daily to weekly time
frames. Ice velocities are dependent on the bedrock and ice surface geometry and can be
modelled numerically by finite element (e.g. Jarosch, 2008; Otero et al., 2017). For a
glacier in equilibrium, meaning that its surface elevation does not change on an annual
basis, the annual lowering due to the ice dynamics at a given location equals its annual
mass balance, which is converted from water equivalent to meters of ice equivalent.

In glacier-wide studies of volume and mass changes, the ice dynamics can be ignored
because of the continuity equation (e.g. Cuffey and Paterson, 2010); mass is transported
from the accumulation to ablation area, but when integrated over the entire catchment, the
net volume change equals to zero. Ice dynamics still need to be considered, specifically
when studying local elevation changes in glaciers.

Due to the high mass turnover of Icelandic glaciers, the seasonal (daily to monthly) mass-
balance signal can have important effects over the longer time periods analyzed. The maps
of elevation changes obtained from differencing two DEMs require cautious interpretation
if the dates of each survey vary substantially throughout the season. Ideally, the surveys
should be fixed to similar dates and be as close as possible to the beginning of the
hydrological year (1 October). However, the surveys are weather dependent; the
photogrammetric campaigns during the 20™ century often started in mid-July and were
commonly done in August when the sun angle yields less shadows. This variability
therefore requires an additional volume correction.
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To correct seasonal signals and obtain a geodetic mass balance relative to a fixed date (1
October), the daily rates of melt can be estimated based on temperature records by degree-
day modelling (e.g. Braithwaite and Olesen, 1989; Johannesson et al., 1995). This uses the
basis that the melt is correlated with the sum of positive degree-days (T,) during the
analyzed time period with a degree-day factor (ddf).

On the other hand, accumulation is correlated with the precipitation falling during the time
analyzed, at temperatures below a threshold, typically 1°C (P(r<1:c), €.g. Johannesson et
al., 1995). Combining the melt and accumulation modelled as mentioned, and integrated
over an entire glacier, this results in

t2

Bi? = Z f{a ddffe; Ty + p ddfs T, — P(T<1DC)}(t, x,y)dA 3)
t1

Where a and £ are binary switches: @ = 1 and § = 0 if the surface analyzed is firn or ice,
and vice versa if the surface is snow (snow has fallen and not melted completely). Two
ddf are therefore used: one for melting firn and ice (ddffg;), and another for melting snow
(ddf;). The former is higher than the later, i.e. firn and ice absorb more radiation and melt
faster than snow, which reflects more radiation, due to the albedo characteristics of these
surfaces (e.g. Hock, 2003).

Degree-day models are obtained by deriving a link between the temperature and the
observed melt. It is considered a statistical model, as the ddf is obtained from empirical
data, linking measured temperature with observed melt rates. Eq. 3 parametrizes the
accumulation and ablation processes into three simple variables, temperature, ddf and
precipitation (Cogley et al., 2011), instead of describing the full system affecting ablation
and accumulation processes as a full, energy balance model (e.g. Klok and Oerlemans,
2002). Despite this large simplification, degree-day models and precipitation below a
temperature threshold have proven their efficiency to model mass balance (e.g. Braithwaite
and Zhang, 2000; De Woul and Hock, 2005). Their main advantage relies on the abundant
temperature and precipitation records available throughout the 20™ century, while the
observations needed for an energy balance model are only available from the last decades
(e.g. Dee et al., 2011; Nawri et al., 2017).

2.3 Mass balance and climate

Climate variability is in general the main cause for glacier mass balance changes. A full
climate model explaining mass balance changes can be given by, among others, the short
and long wave radiation, turbulent fluxes, precipitation and wind and moisture transport
(e.g. Hock and Holmgren, 2005). The snow accumulation is however strongly dependent
on the precipitation, and the energy needed for ablation is reflected in the air temperature.
Summer temperature (T's) and winter precipitation (Pw) are thus clear proxies in
formulations of glacier mass balance (e.g. Ohmura, 2001; Ohmura and Boettcher, 2018).

Mass balance sensitivities to this simplified climate model are commonly defined by the

change in mass balance by a 1°C increase in summer temperature, or 10% increase in
winter precipitation. In Iceland, estimated mass balance sensitivities to these variables are
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among the highest worldwide (De Woul and Hock, 2005). Thus it is advantageous to use
Icelandic glaciers as a study site to extract climatic signals from the mass balance, whereas
the climate signal can be significantly smaller in other glacierized areas controlled by a
continental climate, which exhibits lower mass balance sensitivities (De Woul and Hock,
2005; Hock et al., 2009).

The main climatic characteristics of Icelandic glaciers are well described in Bjornsson and
Palsson (2008) and Bjornsson et al. (2013). Surface temperatures are heavily regulated by
the oceanic currents, which have small annual oscillations. The two main ocean currents
have different regimes; the Irminger current, that flows along the south coast, brings warm
ocean temperatures and a maritime climate, whereas the Greenlandic current is a cold
stream passing near the northwest of Iceland. Precipitation in Iceland is relatively high,
reaching a maxima of >8000 mm of annual precipitation on Oraefajokull (S-Iceland,
Crochet et al., 2007). Precipitation is generally higher close to the coast and often
discharged at areas of steep rise from the coast like Myrdalsjokull and Orafajokull. This
causes rain shadow and dryer climate further inland.

Other forcing of mass balance, such as volcanoes, geothermal systems underneath glaciers
and debris cover on glaciers, have been assumed to lead only to minor contributions to the
mass balance, affecting at most one-year mass balance in case of a volcanic eruption
(Bjornsson, 2003; Bjornsson et al., 2013).

Changes in either Ts or Pw will have an immediate effect on mass balance (Huss et al.,
2012). A first order approximation of mass balance as a function of summer temperature
and winter precipitation (e.g. Oerlemans and Reichert, 2000) can be presented as

B = ¢Ts + wPw + k 4)

However, changes in mass balance result in changes in the geometry of the glacier, with a
time delay based on the response time of the glacier (Johannesson et al., 1989). This
delayed adjustment has a feedback effect on the mass balance (Elsberg et al., 2001; Huss et
al., 2012). A glacier, for instance, could continue to have a negative mass balance
sometime after the onset of a cooler climate, and would then reach equilibrium after
adjusting its geometry.

Eq. 4 is therefore only valid for a punctual span of time, or for mass balance studies shorter
than the response time of the glacier. Elsberg et al. (2001) and Harrison et al. (2001)
introduced the concept of reference-surface mass balance, which assumes a fixed
reference area to estimate the mass balance, thus avoiding geometry adjustment. They
introduced two correction terms for B to convert into reference-surface mass balance,
resulting in

B + byAV + b AA = ¢Ts + wPw + k Q)

Where b, is the mass balance gradient with elevation, b, is the specific mass balance at the
terminus and AV and AA are the differences in actual volume and area compared to the
reference volume and area, respectively. The relationship between volume and area is
typically assumed to be exponential (e.g. Radic et al., 2007); although their relative
changes, in decadal timescales, can be approximated as linear (e.g. Palsson et al., 2012),
thereby simplifying these two terms into yA4A:
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B = @Ts + wPw +yAA + k (6)

This allows a simple linear relationship between mass balance and climate, that can be
solved by least squares, with a minimum of four observations of geodetic mass balances
together with their respective records of summer temperature, winter precipitation and
glacier area.
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3 Paper I: Winter mass balance
derived from satellite sub-meter
stereo images

3.1 Summary

Seasonal mass balance has important applications for improving measurements of climate
variables. For example, measurement and modelling of winter precipitation is challenging,
due to effects of wind, snow drift and complex topographic effects. Measuring the total
snow deposited on glaciers at the end of the winter provides robust constraints on net
winter precipitation.

The compilation of winter mass balance measurements commonly require tedious field
logistics and needs adequate interpretation for interpolation from point-wise to glacier-
wide winter mass balance. This study demonstrates that the winter mass balance can be
measured with sub-meter satellite stereo images. This is particularly feasible when the
seasonal mass-balance (winter or summer) have a large magnitude, ca. 1 m w.e. or more.
This method could be applied to most Icelandic glaciers, which typically have winter mass-
balances of 1-2 m w.e (Fig. 1.2), and sometimes exceed 3 m w.e. over a single winter (i.e.
more than 10 meters of snow thickness, e.g. Agastsson et al., 2013), particularly the
maritime glaciers located along the south coast.

To demonstrate this, two DEMs from Pléiades, at the beginning and end of the 20142015
winter and an additional DEM from WorldView-2, at the middle of the same winter, were
utilized to measure volume changes by snow accumulation and subsequently the winter
mass balance. This calculation required knowledge of snow density and the effect of snow
and firn densification, retrieved in situ. This permitted analysis of the most relevant
variables and sources of uncertainty in the calculation. The field data also served as a tool
for validation, by comparing the satellite-based measurements of elevation changes and the
snow thickness measured in situ. Even so this comparison needs to be completed after
correcting the effects of densification, time difference between surveys and ice dynamics.
After applying these corrections, both in situ and remote sensing observations are in good
agreement.

3.2 Main results

e The glacier-wide, seasonal mass balance can be measured from optical satellite
data. The processing chain does not require external data such as GCPs, showing
applicability in remote areas.
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e The physical properties of the snow are essential parameters in order to infer
accurate mass balance estimates. A few snow density measurements at a close date
of the winter layer survey are ideal to improve the accuracy of the mass balance,
and firn densification causes a minor (8%) correction of the measured mass
balance. Snow density assumptions based on previous years’ measurements or even
from neighboring glaciers can be used with appropiate error bars.

e The elevation gain during the winter, as measured by satellite, was on average 22%
smaller than the snow thickness measured in situ, which was explained by ice
dynamics, firn and fresh snow densification and time difference between in situ and
remote sensing observations. Correcting the satellite-based measurements for these
phenomena decreased the discrepancy between remote sensing and in situ
observations to 5% — 8%, depending on the method used to correct for ice
dynamics.

e Our results for Drangajokull yielded 3.33+0.23 m w.e during the entire winter
(14 October 2014 — 22 May 2015), and 60% of this occurred during the first four
months (14 October 2014 — 15 February 2015). This ratio of accumulation agrees
well with the ratios of precipitation at the same two subperiods, as measured at a
nearby weather station.

22 May 2015
SR
; ;% 3

Fig. 3.1 Elevation differences over three time periods on Drangajokull during the
2014-2015 winter. A) and B) show two halves of the winter and C) the net elevation gain
due to snow accumulation.
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4 Paper II: The geodetic mass
balance of Eyjafjallajokull ice cap
for 1945-2014: processing
guidelines and relation to climate

4.1 Summary

Throughout the last 70 years, there has been a vast collection of data suitable for stereo-
photogrammetry in Iceland, including most glacierized areas. This is due to: (1) extensive
airborne photoreconnaissance campaigns from US military in 1945/1946, repeated later in
1959-1961, and further repeated from spaceborne spy stereo images in 1977-1980, (2)
Icelandic photogrammetric campaigns organized by the National Land Survey of Iceland
in 1950-2000, (3) major efforts of surveys with airborne lidar in 2008-2013, (4) modern,
satellite-based optical stereo images, from ASTER and SPOTS in early 2000s and more
recently with satellite sub-meter sterco images from Pléiades and WorldView. The
combination of these datasets with available records of temperature and precipitation
(Crochet et al., 2007; Crochet and Johannesson, 2011; Nawri et al., 2017) serves as the
base for a study of glacier changes in relation with climate.

The focus of this work is to create a robust methodology, highly automated and repeatable,
that could be applied to any glacierized area of Iceland and elsewhere, following these
steps: (1) DEM processing from stereo photogrammetry, (2) robust error assessment of
elevation differences based on geostatistics, (3) seasonal corrections and (4) link between
geodetic mass balance and climatic variables.

We used Eyjafjallajokull as the test area (Fig. 1.4) since it contains a large amount of
stereo images, is of a relatively small size for tests in processing routines and has an
interesting history of changes, controlled by climate changes and volcanism.

4.2 Main results

¢ A highly automated workflow was developed, utilizing open source software, in
order to process any source of stercoscopic optical imagery, airborne or
spaceborne, with rigorous, conic-type camera model or pushbroom model, for
creating DEMs and orthoimages. The main manual inputs required were (1)
digitization of fiducial marks and GCPs for the processing of frame stereo images,
(2) digitization of glacier outlines, (3) manual fit of semivariograms required for
bias-corrections and error assessments and (4) masking of clear outliers in the
dDEMs still remaining after automatic filtering.

37



The use of geostatistics as a tool for bias-correction of photogrammetric DEMs
proved to be more robust than other standard proxies commonly used in geodetic
studies. This was inferred from intercomparison of independent historical
photogrammetric datasets acquired at near dates of survey in 1960 (5 and 13
August respectively) and in 1980 (30 July and 22 August, respectively).

A mass balance model was developed to account for seasonal corrections of the
geodetic surveys, using a degree-day model to account for melt until the 1 October,
combined with precipitation records to estimate the snow falling before 1 October
at high elevation, run by bootstrapping in order to obtain reliable uncertainties.

The geodetic mass balance correlated well (R*=0.8) with the records of summer
temperature and winter precipitation in overlapping time periods between
1960-2009, with a simple linear relation, which includes a reference-surface
correction term (Eq. 6). This yielded static sensitivities of mass balance of
—2.140.4 m w.e. K" and 0.5+0.3 m w.e. (10%) ' to summer temperature and winter
precipitation, respectively.

The results from Eyjafjallajokull yielded an overall mass loss in 1945-1960 of
~0.36+0.11 m w.e.a ', mass gain in 1960-1994 of 0.38+0.03 m w.e.a ', and mass
loss in 1994-2014 of —0.86+0.06 m w.e.a . A mass loss of —3.39£0.43 m w.e. was
observed in 2009-2010, largely due to the April 2010 eruption.

| Frame images flPushbroom images |
(AMS, DMA, LMI ." ‘;' (SPOT5, ASTER
& KH-9) // & Pléiades)
\ \

[ lid | | Photogrammetric Photogrammetric | | lid |
| lidar Processing Processing | Idar /
e S 77“71";"\

N DEM, Ortho /

Rigorous bias correction
MicMac | | and uncertainty estimates

" 8GSim-co r;;;:iéa"""*\

ASP ‘\‘,_welevation changes -~
GSLib Filtering, gap ﬁllujg
& volume calculation
¢ B
\\.,
| Temperature | ]
| & Precipitation | Seasonal Corrections
==
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Fig. 4.1 The workflow used for DEM processing, uncertainty estimates of the dDEMSs,
mass balance calculations and seasonal corrections, using as input any optical stereo
imagery. Trapezoids show input data, rectangles processes and ellipses results. The three
colors indicate the open source tools used in the workflow.
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Fig. 4.2 Time series of elevation changes in Eyjafjallajokull, 1945-2014. Red colors
indicate lowering and blue thickening. The last row shows three long time periods.
1960-1994 is a period of positive mass balance, glacier front advances and thickening.
19942014 has substantial lowering, due to climate but also due to the opening of a melt
channel from the April 2010 Eyjafjallajokull eruption.
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5 Paper III: Spatially-distributed
mass balance of selected Icelandic
glaciers, 1945-2015

5.1 Summary

In this study, a selection of 14 glaciers and ice caps distributed around all quarters of
Iceland (two of them already with geodetic records: Drangajokull, Magnusson et al., 2016,
and Eyjafjallajokull, from Paper II), were analyzed, using analogous datasets and
methodology as described in the previous section (Paper II), obtaining geodetic mass
balances in decadal time spans, and vastly expanding the knowledge and estimates of the
mass balance of glaciers with previously unknown mass balance observations. Following
these methodologies, a simple linear fit was used to link the mass balance with summer
temperatures and winter precipitation, with a reference-surface correction (Eq. 6), which
enabled obtaining region-wide sensitivities of mass balance to temperature and
precipitation for the studied glaciers.

Results from the fit also allowed to estimate annual mass balances as a function of a simple
climate model, which was used to homogenize the geodetic mass balance to common time
intervals and perform a multitemporal mass balance comparison. The intercomparison of
mass balances agrees with previous studies and shows the maritime regime of most
glaciers located in the south and west coasts, which revealed high decadal mass balance
variability.

The simple statistical relationship (Eq. 6) between mass balance and climate fits well for
the analyzed glaciers (R*>0.75), except Myrdalsjokull; however the linear relationship
between change in volume and area was inconsistent in some cases, specifically during
1960-1990, when the glacier advanced, likely explained by events of increased
precipitation triggering increased ice flux towards the glacier margin. This encourages
further study of these events; a more complete climate model coupled with ice dynamics,
together with the obtained datasets, yields an ideal basis for this task.
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5.2 Main results

42

The mass balance of 14 glaciers and ice caps in Iceland (total >1000 km?®) was
calculated from 1945-2015. The mean and standard deviation (mean+SD) of mass
balances of the target glaciers were —0.44+0.16 m w.e. a' in 1945-1960,
0.00£0.21 m w.e. a' in 1960-1980, 0.11£0.25 m w.e. a' in 1980-1994,
~1.01£0.50 m w.e. a' in 1994-2004, —1.27+0.56 m w.e. a_ in 20042010 and
~0.14+0.51 m w.e. a ' in 20102015

The glaciers and ice caps located on the south and west coasts exhibit high decadal
mass balance variability, while glaciers located inland, north and northwest show
more stable changes in mass balance. Exceptions to this trend may be explained by
the elevation span of the glaciers. This may be explained by the influence of warm
oceanic currents in the south and west of Iceland, as opposed to drier climate
inland, and cold currents in the north of Iceland.

The fit between mass balance and simple climate was robust in some glaciers, but
the linear assumptions were contradicted, in particular when glaciers experienced
high mass transport, lowering the accumulation area and showing front advances.
This was attributed to an increase in ice flux towards the ablation area, and brings
new opportunities for modelling, based on the obtained datasets.
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Fig. 5.1 Region-wide mass balance in Iceland, over the 14 sites, for six selected time
periods, after temporal homogeneization of geodetic mass balance by shifting, typically
one to two years to a common date for intercomparison. The size of the dots indicates the
area changes relative to 1960. * Temporal homogeneization was no applied in Oradfajokull
in 2010-2015 dueto limited limate data to perform such correction.
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Fig. 5.2 A) The annual average rate of mass balance in 1945-2015. B) The cummulative
mass balance, centered in 1960 when DEMs were available at all locations. Squares
indicate glaciers located at the north and northwest of Iceland. Diamonds show glaciers
located inland, and circlesindicate glaciers located at the south and west coasts.
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6 Outlook

Optical-based, modern satellite stereo images, such as Pléiades and WorldView are
currently one of the best tools to monitor and measure glacier change and glacier mass
balance. The data availability is rapidly increasing and becoming accessible to all the
research community. This has direct implications for:

Computation of seasonal mass balance in areas with complex topography and
difficult access. This was proven successfully on Drangajokull (NW-Iceland). The
main requirements to apply this technique are (1) measurements or good
knowledge of snow density and (2) a sufficiently thick winter snow layer, which
relates to a large seasonal mass balance (at least 1 m.w.e) for a reasonably large
signal-to-noise ratio. This is particularly useful as a constrain for winter
precipitation in inaccessible regions and areas of complex accumulation.

Multiannual mass balance measurements. This data serves to update the state of
glaciers to the present. In Iceland, the lidar surveys were carried out up to ten years
ago. Even large size ice caps, such as Vatnajokull (~10,000 km?) can now be
surveyed within a few satellite acquisitions with sensors like SPOT6/7, which have
a good compromise between pixel size (1.5x1.5 m) and image footprint (60%300
km in stereo, Table 1).

Improving the understanding of numerous glacier processes in a detail previously
difficult to achieve. Fig. 6.1 shows an example of the complex systems affecting an
Icelandic ice cap, Orzfajokull, revealed by a comparison of lidar with Pléiades
data. These phenomena are mass balance-ice dynamics interaction, debris-coverage
from a landslide event, ice lowering from a landslide, calving and ceasing of
geothermal activity beneath an ice cauldron.

Monitoring of natural hazards. Pléiades and SPOT6 stereo images were an
important tool to monitor the subsidence of Bardarbunga (W-Vatnajokull) in 2014
during the Bardarbunga-Holuhraun volcanic eruption (Gudmundsson et al., 2016).
Pl¢iades and WorldView stereo images are also utilized to monitor changes in
geothermal systems beneath Myrdalsjokull, Orzfajokull and Western Vatnajokull,
which often cause glacier outbursts (jokulhaups). Additionally, these sensors have
the potential to be used to study glacier surges.
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Fig. 6.1 A) Oradajokull (SVatnajokull) in January 2018 from a monitoring flight. B)
Elevation changes on Oradajokull from August 2011 (lidar) to August 2017 (Pléades).
Red colors indicate lowering, and blue elevation gain. Note the front retreat in all the
catchments, while the ice cap has had positive mass balance, showing the time delay of the
glacier to adjust its geometry to a new climate. The thickening close to the margin
indicates that front advances should likely occur after the date of acquisition of the
Pléiades dataset.

Furthermore, strategies for DEM processing have significantly improved, revealing further
potential in exploiting historical stereo images, which can be compared to modern data
(lidar or satellite sub-meter stereo images) and yield maps of elevation changes with high
resolution and accuracy, observing formerly unseen glacier processes and glacier
evolution. The processing of historical photographs is still far from being fully automated,
but there are ongoing, major efforts to facilitate their exploitation. In this thesis about 1000
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images were used, less than 1% of the entire archive of aerial photographs in Iceland
between 1937-2000.

The methods used in this thesis are also applicable to the three largest ice caps of Iceland,
in particular due to available stereo images with a large footprint from spy satellites in
1980 and from high altitude photogrammetric surveys in 1960. Similarly, they are relevant
elsewhere outside of Iceland, due to the vast archives of historical stereo images (airborne
and spaceborne) available worldwide (e.g. data available from the U.S. Geological Survey
http://earthexplorer.usgs.gov/).

Other applications in geosciences have been carried out in parallel to the presented work.
The processing of historical aerial photographs of the last 70 years with similar methods as
described here greatly enriched the knowledge of the history of volcanic eruptions in Hekla
(S-Iceland). DEMs were created before and after each of the last five eruptions:
1947-1948, 1970, 1980-1981, 1991 and 2000, and were used to calculate accurate lava
volumes and maps of lava thickness (Pedersen et al., 2018). In addition, these datasets
revealed the development of a tephra-covered glacier emplaced on the western flank of
Hekla, which has been repeatedly affected by eruptions in Hekla.

This work opens up an immense database, yielding 70-years of changes to Icelandic
glaciers. It especially shows the behavior of the Icelandic glaciers prior to the warming in
the 1990s. This provides a necessary constraint for modelling the past, present and future
state of the glaciers in a varying climate and is useful for regional and global climate
models (Marzeion et al., 2012, 2014; Huss and Hock, 2015). The regional trends of mass
balance over six time periods during the last 70 years is an unique result, especially as
most regional mass balance studies are focused on a few decades of data (e.g. Fischer et
al., 2015; Brun et al., 2017), or over significantly smaller glacierized areas (Bauder et al.,
2007; Soruco et al., 2009)

In addition, the results have important implications for GIA studies, which use glacier
mass loss estimates from mass balance measurements as constraints in modelling. Ice caps
like Myrdalsjokull cause a significant GIA signal (Arnadottir et al., 2009), and the obtained
datasets deliver valuable data to improve the GIA modelling in Iceland. Moreover, a better
constrain on GIA has a feedback into better usability of gravimetric methods to retrieve
glacier mass balance (e.g. Serensen et al., 2017).

The glacier mass balance is, in some cases, well explained by a simple linear fit with
summer temperature and winter precipitation. However, the poor fits and unrealistic
sensitivities retrieved for the assumed linear relationships at some glaciers are motivating
for further research, as it is shown that the system affecting glacier changes can be far
more complex than a simple climate model based on temperature and precipitation.

Some keys for better understanding the observed processes are the study of the full energy
balance, including other climatic components, such as albedo and snow drift, the coupling
of mass balance with ice dynamics, and further study of additional processes, e.g. the effect
of volcanoes, debris, or dust events. The large dataset of mass balances and accurate maps
of elevation changes obtained creates possibilities of additional research in these
directions.
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Abstract. Sub-meter resolution, stereoscopic satellite im-
ages allow for the generation of accurate and high-resolution
digital elevation models (DEMs) over glaciers and ice caps.
Here, repeated stereo images of Drangajokull ice cap (NW
Iceland) from Pléiades and WorldView2 (WV2) are com-
bined with in situ estimates of snow density and densifica-
tion of firn and fresh snow to provide the first estimates of
the glacier-wide geodetic winter mass balance obtained from
satellite imagery. Statistics in snow- and ice-free areas reveal
similar vertical relative accuracy ( <0.5m) with and with-
out ground control points (GCPs), demonstrating the capa-
bility for measuring seasonal snow accumulation. The calcu-
lated winter (14 October 2014 to 22 May 2015) mass balance
of Drangajokull was 3.33 £ 0.23 m w.e. (meter water equiva-
lent), with ~ 60 % of the accumulation occurring by Febru-
ary, which is in good agreement with nearby ground observa-
tions. On average, the repeated DEMs yield 22 % less eleva-
tion change than the length of eight winter snow cores due to
(1) the time difference between in situ and satellite observa-
tions, (2) firn densification and (3) elevation changes due to
ice dynamics. The contributions of these three factors were
of similar magnitude. This study demonstrates that seasonal
geodetic mass balance can, in many areas, be estimated from
sub-meter resolution satellite stereo images.

1 Introduction

Monitoring glacier changes improves understanding of the
close connection between glacier mass balance and climate
(Vaughan et al., 2013). Glacier monitoring is based on in
situ and remote sensing measurements and has confirmed the
strong sensitivity of glaciers to climate change. Monitoring
has provided evidence for the continuous retreat and mass
loss currently taking place in most glaciated regions on Earth
(Vaughan et al., 2013; Zemp et al., 2015).

Observations of mass balance provide a valuable short-
term overview of the glacier’s mass budget and its impli-
cations for water storage, runoff and regional climate (e.g.,
Huss et al., 2008; Radi¢ and Hock, 2014). In addition, these
observations can reveal trends and patterns in glacier mass
evolution and are commonly used in glacier modeling (e.g.,
Huss et al., 2008; Adalgeirsdéttir et al., 2011). Seasonal
records of glacier mass changes, however, are sparse, and
many glaciated areas in the world are not currently monitored
due to high cost and logistical challenges (Ohmura, 2011).

The most widely used method for measuring winter mass
balance is the glaciological method (i.e., snow probing,
snow pits and/or shallow cores). With adequate spatial sam-
pling, this method can be used to estimate glacier-wide
mass balance with errors of 0.1 to 0.3m water equiva-
lent (mw.e.; Fountain and Vecchia, 1999; Ohmura, 2011).
Remote-sensing-based methods, such as repeated airborne
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surveys (Machguth et al., 2006; Sold et al., 2013; Helfricht
et al., 2014) or unmanned aerial vehicles surveys (Biihler et
al., 2016; De Michele et al., 2016), are occasionally used
for measuring snow accumulation. These methods allow for
the creation of highly accurate and detailed digital elevation
models (DEMs) that are compared when measuring changes
in elevation and volume due to snow accumulation.

Satellite stereo images with sub-meter resolution (e.g.,
from WorldView or Pléiades with nearly global coverage)
are available for the creation of accurate and detailed DEMs.
The high spatial and radiometric resolutions of these im-
ages allow for the statistical correlation of features on low-
contrast surfaces, including ice, snow and shadowed terrain
(e.g., Berthier et al., 2014; Holzer et al., 2015; Willis et al.,
2015; Shean et al., 2016). The DEMs obtained from these
sensors have been tested and assessed in numerous studies,
reporting relative DEM accuracy ranging from 0.2 to 1 m
(Berthier et al., 2014; Lacroix et al., 2015; Noh and Howat,
2015; Willis et al., 2015; Shean et al., 2016). This accu-
racy indicates high potential for the usage of these sensors
in measuring changes over short time intervals for glaciers
with relatively high mass balance amplitude (half of the dif-
ference between winter and summer mass balance, Cogley et
al., 2011). For example, sequential Pléiades DEMs have re-
cently been successfully used for measuring snow thickness
in mountainous areas (Marti et al., 2016).

In this paper, we evaluate the capabilities of Pléiades
and WorldView2 (WV2) DEMs for measuring winter mass
balance over an Icelandic ice cap. A processing chain is
developed for constructing co-registered DEMs from sub-
meter resolution optical stereo images. Co-registration is per-
formed without external reference data, enabling application
to remote glaciated areas where such data is lacking. Calcu-
lation of geodetic winter mass balance is constrained with
in situ density measurements as well as simple firn and snow
densification models. Finally, we validate our remote sensing
results with in situ measurements of snow thickness.

2 Study site and data
2.1 Drangajokull ice cap

Approximately 11000 km? of Iceland is covered by glaciers
(Bjornsson and Palsson, 2008). Glaciological mass balance
studies have been conducted on the three largest ice caps:
Vatnajokull (since 1991, Bjornsson et al., 2013), Langjokull
(since 1997, Pélsson et al., 2012) and Hofsjokull (since 1988,
Johannesson et al., 2013) (Fig. 1). Field campaigns are car-
ried out twice per year to record the winter and summer
mass balance at selected survey sites (Bjornsson and Pals-
son, 2008; Bjornsson et al., 2013), and the measurements re-
veal typical mass balance amplitude of ~ 1.5-3 m w.e. (Adal-
geirsdottir et al., 2011; Pélsson et al., 2012; Bjornsson et al.,
2013) and even higher in some other glaciated areas such
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as Myrdalsjokull and Orzfajokull ice caps (south Iceland)
where limited mass balance surveys in the accumulation area
have shown winter accumulation of 5-7 m w.e. (Gudmunds-
son, 2000; Aglistsson etal., 2013). These measurements have
improved understanding of the impacts of climate change on
glacier mass balance in the North Atlantic and have provided
glacial runoff estimates, which are important for water re-
source management in Iceland.

The study area, Drangajokull ice cap, is located in NW
Iceland (Fig. 1) between ~60 and ~900ma.s.l. and has
a total area of 143km? (in 2014). Due to its distance
from the Irminger Current, its climate is substantially dif-
ferent from other Icelandic glaciers near the south coast
or in the central part of the island (J6hannesson et al.,
2013; Harning et al., 2016a, b). Geodetic observations
have revealed that the average glacier-wide mass balance
of Drangajokull during the period 1946-2011 was moder-
ately negative (—0.26+0.04m w.e.a~!; Magnisson et al.,
2016a). The same observations revealed a striking differ-
ence in the mass balance between the western and eastern
sides of the ice cap during this period, —0.16 £0.05 and
—0.41 £0.04 mw.e.a~!, respectively. The spatial distribu-
tion of the winter snow accumulation is a likely cause of this
difference.

Relatively recent records of in situ mass balance mea-
surements on this ice cap, together with the several meters
of expected amount of snow accumulation during the win-
ter, make Drangajokull an appropriate site for developing
the described remote sensing methods. Additionally, Dran-
gajokull’s relatively small area makes it suitable for testing
Pléiades and WV products (DEMs and orthoimages) because
the ice cap is covered entirely or nearly entirely within a
single stereo pair, eliminating the need for mosaicking and
alignment of multiple DEMs from different dates, which
would introduce additional complications and errors.

2.2 Satellite stereo images

Two pairs of Pléiades (French Space Agency, CNES) stereo
images were acquired over Drangajokull: the first on 14 Oc-
tober 2014 (beginning of the winter) and the second on
22 May 2015 (end of the winter; Table 1 and Fig. 2). An addi-
tional dataset of stereo images was acquired from WV2 (Dig-
italGlobe Inc via the US National Geospatial Intelligence
Agency) on 13 February 2015, covering ~ 92 % of the ice
cap (Table 1 and Fig. 2).

Pléiades and WV2 images have a spatial resolution of 0.7
and 0.5 m at nadir, respectively. The images are encoded in
12 bits (Pléiades) and 11 bits (WV2). The base to height
(B /H) ratio from the stereo pairs ranges between 0.4 and
0.5 (Table 1), providing excellent stereo geometry while min-
imizing occlusions due to steep topography.

The October 2014 Pléiades images were acquired 1 day
after the second significant snowfall of the winter (Fig. 2),
showing fresh snow covering most of the imaged area. Fine

www.the-cryosphere.net/11/1501/2017/
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Figure 1. Area of study and data collected. (Left) Mosaic of Iceland from Landsat 8 images, mosaicked by the National Land Survey of
Iceland. The blue rectangle locates the Drangajokull ice cap, and a blue dot indicates the location of the meteorological station “Litla Avik”
(LA).L, M, V and H represent the locations of Langjokull, Myrdalsjokull, Vatnajokull and Hofsjokull ice caps, respectively. (Right) A shaded
relief representation of a lidar DEM covering Drangajokull and vicinity in the summer 2011 (J6hannesson et al., 2013). Margins of the ice
cap are shown as a black polygon, and the equilibrium line altitude (ELA) obtained from the mass balance measurements over 2013-2014 is
shown with a green dashed line. Blue dots indicate location of the in situ measurements. Locations labeled V1-7 have been measured since
2005, whereas locations labeled J1-5 were only measured in 2014 except J2, which was also measured in 2015. Black rectangles show the
footprints of the Pléiades images, and a green rectangle shows the footprint of the WV2 DEM.

Table 1. Dates, type of data (split between remote sensing and in situ data), sampling and specifications of datasets used in this study.

Date Data type Spatial resolution Comments
Remote 20 Jul 2011 Lidar DEM 2 x 2m cell size
sensing 14 Oct 2014 Pléiades stereo 0.70 m pixel size B/H0.48
13 Feb 2015 WV2 SETSM DEM 2 x 2m cell size B/H0.45
& orthoimage
22 May 2015 Pléiades stereo 0.70 m pixel size B/H0.41
In situ Springs 2005-2015  Snow density 6 to 12 points Spring 2013 missing

due to bad weather

1 Jan 2014— Daily precipitation & Litla Avik

31 Dec 2015 temperature

30-31 Mar 2014 &  net mass balance 12 Spring 2014: shallow

20 Sep 2014 points + interpolated cores & GPR profiles.
net balance map Autumn 2014: ablation

stakes.
19 Jun 2015 Winter mass balance 8 points
details of the bare terrain, such as boulders (~2m across), 2.3 Lidar

can, however, be clearly recognized in the images.

Due to the low solar illumination angle, the October 2014
and February 2015 images contain large shadows north of
cliffs and nunataks, causing lack of contrast in these areas.
The images of May 2015 contain areas with clouds at the
southern border of Drangajokull, mostly located off-glacier
(Fig. 2), and a few thin clouds over the ice cap, though the
glacier surface remains visible. The February 2015 orthoim-
age reveals a similar off-glacier snow extent as the images of
May 2015 (Fig. 2).

www.the-cryosphere.net/11/1501/2017/

A lidar DEM was produced from an airborne survey in
July 2011 (Fig. 1) as part of larger effort to survey all Ice-
landic glaciers and ice caps from 2008-2012 (J6hannesson
et al., 2013). For Drangajokull, this survey covered an exten-
sive ice-free area outside of the ice cap, up to ~ 10km from
the ice margin at some locations. The survey was carried out
with an Optech ALTM 3100 lidar, with a typical point cloud
density of 0.33 ptsm~2. A DEM with 2 m posting was pro-
duced from the point cloud (Magnusson et al., 2016a). An

The Cryosphere, 11, 1501-1517, 2017
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Pléiades 22 May 2015

Figure 2. (a) Quickview (left image from each stereo pair) of the satellite images used. ©CNES 2014 and 2015, Airbus D&S,
all copyrights reserved (Pléiades), and ©DigitalGlobe (WV2). Quickviews downloadable at http://www.intelligence-airbusds.com/en/
4871-browse-and-order (Pléiades) and https://browse.digitalglobe.com (WV2). (b) The DEMs produced from each stereo pair, processed
using scheme B, represented as a color hillshade with 50 m contours overlaid (elevation in meters above ellipsoid WGS84). A red polygon

delineates the ice cap. Black colors indicate no data in the DEM.

uncertainty assessment performed on another lidar dataset
from the same sensor acquired in similar conditions revealed
an absolute vertical accuracy well within 0.5 m (Jéhannesson
etal., 2011).

2.4 In situ and meteorological measurements

In situ mass balance measurements have been carried out by
the Icelandic Meteorological Office (IMO) and the National
Energy Authority on Drangajokull annually since 2005, typi-
cally at the end of May (winter mass balance) and again at the
end of September (summer mass balance). Snow cores are
drilled at six to eight locations at the end of each winter, ex-
cept for the 2013 campaign (no measurements collected due
to bad weather) and the extensive 2014 campaign, where 12
survey sites were measured (Fig. 1). For winter mass balance,
the length, volume and weight of each segment of the core
drilled were measured, allowing retrieving bulk snow den-
sity, snow thickness and the winter mass balance at each loca-
tion (Fig. 1). Similar procedures for drilling are described in
many previous studies (e.g. Gudmundsson, 2000; Thorsteins-
son et al., 2002; Agﬁstsson et al., 2013). The position was
measured using a handheld GPS at each core location.

The Cryosphere, 11, 1501-1517, 2017

We used the in situ data collected at eight of these locations
in spring 2015 for data calibration and validation. These mea-
surements were carried on 19 June 2015, which is 1 month
later than usual due to an unusually cold spring. All available
in situ records of snow density from 2005-2014 were also
included in this study.

Additionally, a manually interpolated map of in situ net
mass balance for the glaciological year 2013-2014 was ob-
tained using measurements at the 12 mass balance survey
sites and a 110 km profile of snow depth from ground pen-
etrating radar (GPR) traversing through all the survey sites
(unpublished data, IMO and IES). The locations of survey
sites and the GPR profiles were chosen to represent the spa-
tial variation and elevation dependence of the snow cover.
The interpolation method is described for a similar dataset
by Palsson et al. (2012). A map of the Drangajokull bedrock
topography (Magnusson et al., 2016b) was also used in this
study, and daily precipitation and temperature measurements
for 20142015 from the meteorological station Litla Avik
(LA, station #293, 40km SE of Drangajokull, 15ma.s.L.,
Fig. 1) were obtained from IMO (public data, www.vedur.is).

www.the-cryosphere.net/11/1501/2017/
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Figure 3. Flowchart of the different schemes studied for obtaining unbiased DEMs. Rectangles indicate processing steps and parallelograms
indicate products. Orange squares indicate processing with ERDAS software, and green squares indicate processing with ASP software.

3 Methods

This section is organized as follows: in Sect. 3.1 we describe
the processing of remote sensing data to obtain co-registered
DEMs, in Sect. 3.2 we explain how we derive glacier-wide
geodetic winter mass balance from the remote sensing obser-
vations and in situ calibration data, and in Sect. 3.3 we eval-
uate the results obtained from remote sensing by comparing
them with in situ snow thickness measurements.

3.1 Processing of satellite data

Two different schemes (Fig. 3) were used to obtain the DEMs
and the difference of DEMs (ADEM), spatially co-registered
(e.g., Nuth and Kaiéb, 2011). Spatial calculations are done
in the conformal conic Lambert projection, ISN93 (details at
www.Imi.is). Scheme A involves lidar-derived ground con-
trol points (GCPs) as a reference, whereas scheme B involves
common snow- and ice-free areas in the datasets. From each
scheme, statistics of elevation difference in snow- and ice-
free areas were calculated to verify that the dDEM is unbi-
ased and to quantify its relative accuracy.

3.1.1 Scheme A: processing of Pléiades images using
lidar-derived GCPs

The shaded relief lidar DEM was used as a reference for ex-
tracting GCPs (Berthier et al., 2014). The GCPs were typ-
ically large boulders surrounding the ice cap and on two
of the nunataks exposed within the ice cap. These boulders
were chosen as GCPs because they are easily recognized in
both the lidar hillshade and the stereo images and because
they adequately spread horizontally and vertically through-
out the study area (e.g., Nuth and Kéib, 2011). Each pair of
Pléiades stereo images was processed separately using the
ERDAS Imagine (©lIntergraph) software as follows: 40 tie
points (TPs) were automatically measured on each stereo
pair, and an additional 10 GCPs were manually digitized, five
of which were common in the October 2014 and May 2015
Pléiades images. The original image’s rational polynomial
coefficients (RPCs) were thus refined by including the GCPs
and TPs in the bundle adjustment.

www.the-cryosphere.net/11/1501/2017/

After RPC refinement, a DEM was produced from each
stereo pair by pixel-based stereo-matching with the routine
enhanced automatic terrain extraction (eATE). Images were
resampled to twice the native pixel size (i.e., to ~1.4m),
which balances the speed of processing and DEM quality.
A triangulated irregular network (TIN) was produced from
the point cloud and used for sampling a DEM in regular grid
spacing of 4 x 4m. An orthoimage (0.5 x 0.5 m pixel size)
was also produced from the image closest to nadir of each
pair.

Lidar-derived GCPs from ice-free areas have often been
used in photogrammetric studies on glaciers (e.g., James et
al., 2006; Berthier et al., 2014; Magnisson et al., 2016a). In
the case of Pléiades and WorldView, a few GCPs are suffi-
cient to remove most of the horizontal and vertical biases in
the resulting DEMs (Berthier et al., 2014; Shean et al., 2016).

3.1.2 Scheme B: processing of Pléiades images with
DEM co-registration

In this approach, the DEMs were produced from the pair of
stereo images with the original RPCs. This work was car-
ried out with the open source software Ames Stereo Pipeline
(ASP, version 2.5.3) developed by NASA (Shean et al.,
2016). The processing chain uses the routine stereo, produc-
ing a point cloud from each pair of stereo images, followed
by the routine point2dem, which produces a gridded DEM
(4 x 4m grid size) and an orthoimage (0.5 x 0.5 m pixel size)
for each pair of stereo images.

Areas with thin semitransparent clouds covering the ice
cap in the May 2015 Pléiades images (Fig. 2) produced data
gaps in the DEM. These image fragments were processed
separately and then mosaicked and superimposed over the
initial May 2015 Pléiades DEM and orthoimage. The corre-
lation performed in these areas was based directly on the full-
resolution images, instead of a pyramidal correlation from
subsample images. This improved the correlation (Shean et
al., 2016), resulting in full coverage of these areas (Fig. 2).

The snow- and ice-free areas were delineated from the
May 2015 Pléiades orthoimage using a binary mask obtained
by setting up a cutoff value of <0.2 for the top of atmo-
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sphere absolute reflectance. These images show clear con-
trast between snow and bare ground (Fig. 2), making image
segmentation an efficient approach for the identification of
bare ground.

The DEMs were co-registered using the routine pc_align
in ASP software, based on the iterative closest point (ICP) al-
gorithm for co-registration of two point clouds (Shean et al.,
2016). The ICP was performed in two steps: (1) the snow-
and ice-free areas of the May 2015 Pléiades DEM were used
as a slave DEM, and the entire October 2014 Pléiades DEM
was used as a master DEM. A transformation matrix with six
parameters (three translations and three rotations) was calcu-
lated between the master and slave DEMs. (2) The transfor-
mation matrix was applied to the entire May 2015 Pléiades
DEM. The applied transformation is quantified by the vector
joining the centroids of the May 2015 Pléiades DEM before
and after co-registration; this vector has a north component
of 8.28 m, a west component of 7.57 m and a vertical compo-
nent of 12.85 m. A slight planar tilt of 0.002° was corrected
between the DEMs.

3.1.3 February 2015 WV2 DEM

The WV2 data was collected and processed as part of the on-
going US National Science Foundation ArcticDEM project.
A gridded DEM with 2 x 2m grid size was produced with
the Surface Extraction with TIN-based Search-space Mini-
mization (SETSM) software (Noh and Howat, 2015), using
the RPC sensor model and no GCPs. The 13 February 2015
orthoimage acquired from WV2 was also provided in 2m
pixel size. Since the raw WV2 images were not available in
this study, the February 2015 WV2 DEM was co-registered
to the October 2014 Pléiades DEM using the ICP algorithm
as described in the previous section (scheme B). First, the
WYV2 DEM, originally in polar stereographic projection, was
reprojected and bilinearly resampled to 4 x 4 m. Then, the
ICP algorithm was applied to the ice-free areas from the
May 2015 Pléiades orthoimage after manually aligning it to
the February 2015 WV2 orthoimage and verifying a similar
distribution of snow-free areas between the orthoimages of
February and May 2015. The vector joining the centroids of
the WV2 DEM before and after co-registration has compo-
nents 10.32 m to the north, 4.63 m to the east and an 8.81 m
shift in the vertical. A slight planar tilt of 0.002° was cor-
rected between the DEMs.

3.1.4 Statistics of elevation differences in snow- and
ice-free areas

Statistical indicators of bias and data dispersion were cal-
culated from the dDEM in snow- and ice-free areas using
the October 2014 Pléiades DEM as a reference. This in-
cluded number of cells, median, mean, standard deviation
(SD) and normalized median absolute deviation (NMAD,
Hohle and Hohle, 2009) over snow- and ice-free terrain. The

The Cryosphere, 11, 1501-1517, 2017

bare ground areas in the May 2015 images (Fig. 2) were se-
lected for the uncertainty analysis of the dDEM. In the Oc-
tober 2014 Pléiades images, off-glacier snow was on average
less than 20 cm thick and therefore negligible in the error
analysis (further described in Sect. 4.1).

Since the terrain of the ice cap is substantially different
(i.e., much smoother) than its ice-free surroundings, statis-
tics were also calculated after filtering snow- and ice-free ar-
eas based on (1) a high slope exclusion filter in which snow-
and ice-free areas with slopes > 20° were masked out, as per-
formed in previous similar studies (Magnusson et al., 2016a)
acknowledging that only 1% of the ice cap area exhibits
slopes larger than 20°; and (2) a shadow filter in which shad-
ows were masked out from analytical hillshading (Tarini et
al., 2006) using the sun position at the time of acquisition for
the respective images. Shadows of the October 2014 Pléiades
DEM and February 2015 WV2 DEM revealed much higher
levels of noise than sun-exposed areas, and were mostly lo-
calized on snow- and ice-free areas, covering <4 % of the
ice cap in the February 2015 WV2 DEM.

DEM uncertainty based on SD or NMAD conservatively
assumes totally correlated errors in the dDEM (Rolstad et
al., 2009). However, the spatial autocorrelation inherent in
the DEM may produce substantially lower uncertainty es-
timates than calculated by simple statistics (Rolstad et al.,
2009; Magnisson et al., 2016a). A sequential Gaussian sim-
ulation (SGSim) was performed over the masked snow- and
ice-free areas (Magnusson et al., 2016a) in order to calculate
a likely bias-corrected mean elevation difference on the ice
cap.

3.2 Computation of glacier-wide mass balance

Three dDEMs were produced from the different combina-
tions: dDEM'2, dDEM3 and dDEM/3, where #; = 14 Oc-
tober 2014, t, =13 February 2015 and 3 =22 May 2015
(Fig. 4). The glacier-wide geodetic winter mass balance was

calculated as

BW;( = PSnowi (thEM’f + C;tlf {hFim} + C:,f {ESnowtl }) s (1)

n

where 77 denotes the date of the last DEMs used and haDEM
is the average elevation change over the ice cap observed
from the remote sensing data (A(DEMs). The term psnowr 7
is the bulk snow density at the time of the latter DEM, and

C,t]f represents the spatially averaged densification of the
firn layer, hFjm, and the fresh snow, Esnow,] , existing on the
glacier surface at #. The density and firn densification terms
are quantified from field measurements (Sect. 3.2.2,3.2.3 and
3.2.4). The mass balance ng is calculated as the difference
between Bwﬁf and Bwﬁ?,

Alternatively, the glacier-wide geodetic winter mass bal-
ance can be obtained relative to the summer surface, covered
by fresh snow at #1, assuming that firn or ice does not reap-
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Figure 4. Elevation difference based on Pléiades and WV2 data. (a) Elevation difference from October 2014 Pléiades DEM to February 2015
WYV2DEM. (b) Elevation difference from February 2015 WV2 DEM to May 2015 Pléiades DEM. (c¢) Elevation difference from October 2014
Pléiades DEM to May 2015 Pléiades DEM. A black polygon indicates the glacier margin in October 2014. The yellow dashed line shows
the boundary between the eastern and western halves of the ice cap. Contours on the ice cap were smoothed with a Gaussian filter of 9 x 9
window size. (d) Longitudinal profile A—A’ with surface elevation (black line, in meters above ellipsoid, ma.e.) and snow thickness (blue)
over the glacier and ice-free areas. The red dashed lines indicate the location of the glacier margins.

pear on the glacier surface after ;. This approach results in

' pr -
BWS/ummer = PSnowt ¢ (thEM:'lf + Ctlf {hFim} + hSnowtl) . (2)
In this case the date of the summer surface is not fixed, and it
can vary over the ice cap (Cogley et al., 2011). This surface
is, however, typically used as the reference when obtaining
the winter balance from in situ mass balance measurements.

3.2.1 Average elevation change

The average elevation change over the ice cap, h4DEMS 1S €X-
tracted from the dDEMs. The extent of the ice cap was digi-
tized from the October 2014 Pléiades orthoimage, following
the criteria defined in previous studies (J6hannesson et al.,
2013; Magndsson et al., 2016a) for glacier digitation, which
excludes snowfields located at the western and southern sides

www.the-cryosphere.net/11/1501/2017/

of the ice cap. We assume that uncertainties in geodetic mass
balance caused by digitization of the ice cap outlines are neg-
ligible due to the high image resolution.

The data gaps in the dDEMs within the ice cap occur in
large shadows north of nunataks in October 2014 and Febru-
ary 2015 and in the south-easternmost part of the ice cap
in February 2015 (Fig. 2). These shadows led to < 1 % data
gaps for dDEM/] and ~ 8 % gaps for dDEM;? and dDEM’.
The gaps in dDEME were filled by interpolation of the av-
erage elevation difference at 1 pixel surrounding boundary.
h dDEMjf is virtually identical with and without gaps. The

thEMjf
cap assuming a linear relation between the average eleva-

tion change h dDEM:? and h dDEMZ in the overlapping areas

was extrapolated into 100 % coverage of the ice
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(~ 9} % of total area) and in the total ice cap extent, known
for h dDEMﬁ .
3.2.2 Bulk snow density

The average bulk snow density on Drangajokull at the
end of the winter 2014-2015 was psnowr; =554 kg m™3
(SD=14kgm™3), as deduced from eight snow cores at el-
evations ranging from 300 to 920 m a.s.l. This density value
is used for conversion of volume to water equivalent for
the geodetic winter mass balance calculations based on
dDEM;‘:‘ The estimated uncertainty in bulk snow density is
+27kg m~3, obtained from the SD from all available bulk
snow density measurements in Drangajokull since the first
field campaign in 2005. This error includes the uncertainty in
density caused by (1) errors in measurements and (2) likely
snow densification between the May 2015 Pléiades images
and the June 2015 field campaign.

The midwinter (i.e., 13 February) density of snow is ex-
pected to be lower than the bulk snow density measured at the
end of the winter. The value psnows, = 500 £ 50kg m—3 was
adopted for the mass balance calculations based on dDEMZ.
This lower value of the snow density was observed in a few
occasions on Drangajokull during early spring measurements
(i.e., 2014 field campaign at the end of March, Fig. 7), and its
uncertainty is accordingly large due to the lack of measure-
ments.

The bulk density of snow accumulated for the period 3—
14 October, psnow:,» is estimated as 400kg m~3, which is
typical for newly fallen snow on ice caps in Iceland (un-
published data, IES). The bulk density of snow fallen after
the May Pléiades images is psnowr;—1; = S15kg m~3, where
t4 = 19 June 2015 (date of the in situ measurements). This is
estimated as an average value of snow density in the upper-
most segment of each core measured in the field.

3.2.3 Firn densification

Densification of the firn layer leads to a continuous lower-
ing of the bottom of the annual snow pack and an underes-
timate of snow volume changes estimated from the dDEM
(Sold et al., 2013). The total area covered by firn at the end
of the 2014 ablation season was 91 km?, or about 64 % of
the ice cap, based on the extent of snow in a Landsat 8 im-
age acquired on 16 September 2014 (data available from the
US Geological Survey, http://earthexplorer.usgs.gov/). Simi-
lar spatial distribution of firn areas are inferred from the map
of net annual mass balance of the year 20132014, showing
58 % of the ice cap with positive mass balance at the end of
the summer.

The 2013-2014 net mass balance distribution was used to
correct for firn densification, assuming this was a typical year
of mass balance for Drangajokull. The net annual surface el-
evation change due to firn densification vertically integrated
over the entire firn column should correspond to the average
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annual accumulation layer transformed from end-of-the-year
snow density to ice (Sold et al., 2013), as

bn+ _ bn+ (3)

Cann {hFim} = s
PFirn

PFirn,

where b,y is the mass balance of 2013-2014 (in units of
kg m~2) over the accumulation area (positive, by definition),
and pFim, and PFim, are the upper and lower values of den-
sity of the firn profile, estimated as ppim, = 600 kg m~3 and
PFim; = 900kg m 3. These values of density in the firn layer
are consistent with the literature (Cuffey and Paterson, 2010)
and with a measured deep density profile obtained on Hof-
sjokull ice cap in central Iceland (Thorsteinsson et al., 2002).
For simplicity, the firn densification was distributed linearly
over the time span covered (0.603 year for tf and 0.334 year
for tlz), under the assumption that the firn densification does
not vary seasonally. Slight variations can occur in the firn
densification process through time, due to accumulation vari-
ability and rain — and meltwater percolation (Ligtenberg et
al., 2011). The mean values of the firn densification maps,
0.41 and 0.23 m for t13 and zl2 respectively, were scaled by the
firn area within the ice cap in order to calculate the glacier-
wide C,/ {hFim).

The above quantification of the firn densification is based
on the mass balance measured extensively during a single
year (2013-2014) and assumes equal net accumulation be-
tween years as well as a constant densification rate within
the glaciological year. An uncertainty of 50 % in the firn cor-
rection was used for the error budget of the mass balance (Ta-
ble 3), due to the assumptions and approximations involved
in this method.

3.2.4 Fresh snow densification in the reference DEM

The October 2014 Pléiades DEM, used as a reference for
the winter mass balance calculations, contains the first two
snowfalls of the winter (Fig. 2), starting on 3 October. This
thin snow layer densifies over time from settling, rainfall and
compression (e.g., Ligtenberg et al., 2011), causing a lower-
ing of the reference surface and leading to an underestima-
tion of the total winter snow. The snow densification correc-
tion was calculated as

S = W, W
Ctt]f {hSnowtl} =1 s €}
Pry Pc

where W;, is the average thickness of the fresh snow (in
mw.e.) at #; and p. is the bulk density of same snow layer
at time 7, assuming that the entire fresh snow layer at t;
is preserved during the period #; to f7. p is estimated as
600kgm—> for both Bw;> and Bw,}. The first term on the
right hand side of Eq. (4) corresponds to the ESHOW,] , which
is spatially averaged in Eq. (2). The value of W;, at a given
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Figure 5. Cumulative precipitation (clear blue) and tempera-
ture (red line) for the winter 2014-2015 (1 October 2014 to
19 June 2015) from the station Litla Avik. Blue dashed lines show
the time of acquisition of satellite stereo images.

location was estimated as

n

> (@ P @) - BTy (1)), ®

I=Ifirstsnow

th =

where P is daily precipitation (in m) and 7’y is average daily
temperature for days when it is above 0°C, but otherwise
T+ =0°C. « is a snow fall switch, taking the value 1 only
if average daily temperature is below 1°C, otherwise it is
0. B (r*) takes the value 1 if W;+_; is positive but is O oth-
erwise to avoid accumulation of negative new snow. ddf is
a simple degree-day melt factor for snow assumed to be
0.0055mw.e.°C~!, as obtained for snow on Langjokull ice
cap, central Iceland (Gudmundsson et al., 2009).

The daily precipitation values P were obtained by scaling
the daily precipitation values from LA for each in situ lo-
cation by comparison of the net precipitation at LA through
the entire winter (P 4 = 0.684 m, Fig. 5) and the measured
accumulation at each in situ location, resulting in a scaling
factor between ~ 2 (V1, bwagi4-2015 = 1.54 mw.e.) and ~7
(V6, bwag1a-2015 =4.93 mw.e.). This assumes that all pre-
cipitation that falls on the ice cap through the winter remains
in the snowpack, including rain, which is assumed to perco-
late into the cold snow pack where it refreezes as internal ice
layers. The daily temperature values, 7', were obtained for
each in situ location by projecting temperature records from
LA, using an elevation lapse rate of —0.006 °C m~!, as has
been measured for Langjokull ice cap (Gudmundsson et al.,
2009).

The values of W;, and consequently hsnow;, Were obtained
at each in situ site and averaged to obtain the glacier-wide

C,II/ESHOW,] and ESHOW,] for Egs. (1) and (2) respectively. The
in situ locations are fairly evenly distributed over the eleva-
tion range of the ice cap and are therefore considered to be
representative of the glacier-wide calculations. Based on the
observed temporal and spatial variability, we conservatively

. .. - tr+
estimate the uncertainties of Asnow;, and C ,lf hsnowr, to be 50
and 75 %, respectively.
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3.2.5 Error propagation

Assuming that the variables in Eq. (1) are not correlated to
one another, the error in the mass balance calculation is ob-
tained by

o e N B ) 3 '
Dosow e WCahg 3Chsaomn,

where Apspow is the uncertainty in bulk snow density,
Ahgpgem is the uncertainty in average elevation change ob-
tained from dDEM, AC {hFim} is the uncertainty in firn cor-
rection and AC {ﬁSnowtl} is the uncertainty in snow correc-
tion for the reference DEM. Table 2 summarizes the values
and uncertainties of each variable affecting the calculation of
the geodetic winter mass balance. The uncertainty of ng is

AT {snou, ))2 3 (6)

calculated as the quadratic sum of uncertainties of Bw;f and
Bwﬁ. The error equation for Eq. (2) is analogous to Eq. (5),
replacing the term AC {Es,ww,l} by AESnowtl .

3.3 Comparison of Pléiades-based elevation changes
and in situ measurements

For validation of results, the elevation difference at the in
situ locations was extracted using bilinear interpolation from
dDEM;f from scheme A, since this scheme is fixed to the
same reference frame as the in situ GPS coordinates (lidar

frame, Fig. 3). The resulting elevation difference, & dDEMﬁ?

was compared with the snow thickness, /snow in situ, mea-
sured at the in situ locations in the 2015 campaign.

Three main factors cause differences in results between
the remote sensing and the glaciological method (Sold et al.,
2013): (1) the time difference between the DEMs and in situ
surveys, (2) firn densification and (3) surface emergence or
submergence due to ice dynamics. The corrected satellite-
based elevation difference cdDEM;? for comparison to in situ
data is

cdDEM =/

IdDEMh + C {hEim} + hsnowr, + snowrs—t4 + dhdyn. @)

where C {hgim} is the correction due to firn densification
(Sect. 3.2.3) and hspow,, is the correction due to snow ac-
cumulated before 71 (Sect. 3.2.4). hsnows; —1, 1S the correction
for snow accumulation and ablation between f3 (the 22 May
Pléiades DEM) and the in situ snow thickness measurements,
calculated in the same way as Aisnows, » USING Psnowr;—z, and
allowing for net negative values (i.e., the switch 8 in Eq. 5 is
omitted). dhqy, is the surface emergence and submergence
due to ice dynamics (Sect. 3.3.1). The magnitude/sign of
these corrections differ between the accumulation and abla-
tion areas (Fig. 6).
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Table 2. Statistical analysis of the dDEMs in snow- and ice-free areas, and mean elevation difference on the ice cap, gpgm. N repre-
sents number of data points. The three bottom rows indicate the statistics after masking slopes > 20° and shadows. Bias-corrected SGSim
represents the mean elevation bias from 1000 simulations and the standard deviation of the simulations (details in Magnisson et al., 2016a).

Scheme N Gapsicecap Mean Median SD NMAD  hgpem Bias-corrected
(x 109 @ () m  (m) (m) (m)  hgpEmSGSim (m)
Raw A —lidar GCPs 22 39% —0.16 —0.10 1.12 0.48 5.40 -
snow—ice- (Oct 2014 Pléiades minus
free May 2015 Pléiades DEM)
B -ICP 2.6 08% —0.06 —-0.02 1.27 0.33 5.58 -
(Oct 2014 Pléiades minus
May 2015 Pléiades DEM)
WV2ICP 2.4 8.2% 0.14 005 1.17 0.47 3.84 -
(Oct 2014 Pléiades minus
Feb 2015 WV2 DEM)
Slopes & A - lidar GCPs 1.4 62% —0.08 —0.05 049 0.35 5.36 5.61+0.09
shadows (Oct 2014 Pléiades minus
mask May 2015 Pléiades DEM)
B -ICP 1.6 24% —0.07 —-0.02 0.66 0.23 5.59 5.71+0.10
(Oct 2014 Pléiades minus
May 2015 Pléiades DEM)
WV2ICP 1.0 10.4 % 0.08 0.01 0.54 0.35 3.84 -
(Oct 2014 Pléiades minus
Feb 2015 WV2 DEM)
3.3.1 Ice dynamics 4 Results

We compare two methods for estimating the effect of ice dy-
namics on local surface elevation change, dhgyn, during the
study period (e.g., Jarosch, 2008; Sold et al., 2013):

The emergence and submergence velocities digyn icetools
were calculated using a full-Stokes ice flow model with the
icetools library (Jarosch, 2008) and the finite element pack-
age, Fenics. The model calculates a 3-D velocity field re-
sulting from the ice deformation, given the glacier geometry.
The bedrock DEM (Magniisson et al., 2016b) and the Octo-
ber 2014 Pléiades DEM were used as inputs. The 2-D hori-
zontal velocities measured with GPS in the 2013-2014 field
campaigns were used to calibrate the ice flow rate factor, A.
The annual emergence and submergence velocities across the
ice cap were computed on a 200 m regular grid and scaled by
0.603, a factor to represent the time span #; — 3 (14 October
to 22 May), assuming constant velocities through the glacio-
logical year.

Assuming that the glacier is in a steady state, the long-
term average surface net balance (divided by the density of
ice) equals in magnitude to the emergence and submergence
velocities across the glacier (Sold et al., 2013). Acknowledg-
ing that there is significant year-to-year variability in surface
net mass balance, the net mass balance measurements from
the year 2013-2014, scaled by the water (1000 kgm™) to
ice (900 kg m~3) conversion factor, were assumed to be rep-
resentative of local annual emergence and submergence ve-
locities. The obtained values at the in situ locations were then
scaled to represent d/qyn bn2013-2014 Over the time span ¢ —13.
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4.1 Uncertainty on elevation difference derived from
satellite data

The statistics obtained from the dDEMs in snow- and ice-
free areas (Table 2) allow for a quantitative comparison of
the different methods and datasets used in the study. The
statistics show smaller SDs and NMADs outside of the ar-
eas of high slopes and shadows due to the dependency of the
DEM accuracy on the steepness of the terrain (Toutin, 2002;
Miiller et al., 2014; Lacroix, 2016; Shean et al., 2016) and
the presence of shadows (Shean et al., 2016; Table 2). The
vertical bias obtained after DEM co-registration ranges from
0 to 0.1 m based on the median, and the NMAD reveals ran-
dom errors < 0.5m in both schemes A and B as well as in
the co-registered WV2 DEM. Both schemes yield a similar
result for elevation difference, hgpgm, on the ice cap. Details
on the distribution of errors in the snow- and ice-free areas,
as well as histograms of the distribution, are presented in the
Supplement.

The thin layer of snow in the October 2014 Pléiades im-
ages (Fig. 2) could slightly skew the statistics. The snow
thickness is expected to be less than 20 cm outside the ice
cap based on snowfall observations on 13 October at loca-
tions V1, V2 and V5 (the closest in situ locations to the ice-
free areas, Fig. 1), ranging from 0.13m at V1 (291 ma.s.l.)
to 0.27m at V2 (668 ma.s.l.). The snow line was observed
at an elevation of ~ 50 ma.s.l. in the October 2014 Pléiades
images, and the majority (> 60 %) of the cells used for the
statistics are at a lower elevation than V1.

www.the-cryosphere.net/11/1501/2017/
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Figure 6. Sketch of the different factors, marked in red and indi-
cated with red arrows, affecting the comparison between the glacio-
logical (3 October 2014—19 June 2015) and geodetic (14 Octo-
ber 2014-22 May 2015) methods. Light blue represents snow fallen
in winter, and dark blue represents preexisting ice and firn.

The results obtained from SGSim provide an uncertainty
estimate of 95 % for the dDEM on the ice cap. The SGSim
results from both schemes agree well and are within the un-
certainty obtained from NMAD in the snow- and ice-free ar-
eas, which further supports the robustness of the two methods
of DEM processing. All proxies used show almost no bias in
the dDEMs (Table 2). The NMAD was kept as a conserva-
tive metric for dDEM uncertainty, since the presence of snow
in the October 2014 Pléiades images may have affected the
results from the SGSim in presumed snow- and ice-free ar-
eas, especially in close vicinity of the ice cap, leading to an
erroneous bias estimate on the ice cap.

4.2 Maps of elevation differences and glacier-wide
mass balance

Schemes A and B lead to similar elevation differences and

uncertainty based on statistical analyses (Table 2). Since it
contains fewer data gaps, scheme B was preferred for pro-
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ducing elevation difference maps (Fig. 4) and for the study
of volume changes and the geodetic mass balance. The firn
and fresh snow densification lead to a minor addition (~ 8 %)
to the elevation difference, hgprm (Table 3). Hence, the
maps of dDEMs themselves reveal useful and realistic in-
formation about the pattern of snow accumulated in Dran-
gajokull and surroundings (Fig. 4). The western half of the
ice cap received more snow than the eastern half, with an
average elevation difference hapeM = 5.91 m between Oc-
tober 2014 and May 2015, in comparison with the eastern
half, igpem = 5.03 m, during the same period, as suggested
in Magnusson et al. (2016a). Significant snow accumulation
was also observed in several snowfields outside the ice cap
between October 2014 and May 2015.

The glacier-wide geodetic winter mass balance is
Bw =3.33£0.23mw.e. for the period 14 October 2014—
22 May 2015, calculated from Egs. (1) and (5). The mass
balances obtained for the two periods of the same winter
are Bw =2.08 £ 0.28 m w.e. (14 October 2014 to 13 Febru-
ary 2015) and Bw=1.26+£0.37mw.e. (13 February to
22 May 2015). The glacier-wide geodetic winter mass bal-
ances from the start of the glaciological year, obtained from
Egs. (2) and (5), are Bw = 3.55 +0.27 m w.e. for the period
3 October 2014-22 May 2015, and Bw =2.27+0.31 mw.e.
was calculated from 3 October 2014 to 13 February 2015.
We quantify the error of each calculated mass balance and
determine the weight of each variable from Eq. (5) in the to-
tal error budget (Table 3).

4.3 Pléiades vs. in situ data

As expected, the in situ measurements of snow thickness
yield substantially higher values than the uncorrected differ-
ence in elevation measured from dDEMﬁ (May 2015 Pléi-
ades DEM minus October 2014 Pléiades DEM) in the accu-
mulation area (Fig. 6), with an average difference of 2.56 m
for points V3, V6, V7 and J2. Conversely, at Point V1 in the
ablation area, the in situ measurements of snow thickness are
lower (difference of —0.98 m) than the difference in elevation
from dDEM;f. The areas closer to the ELA (points V2, V4
and V5, Fig. 1) show better agreement between glaciologi-
cal and remote sensing methods before applying corrections
(Table 4).

The estimated corrections applied for calculating
AdDEM;T are summarized in Table 4. Each correction has
a different impact on the overall comparison, depending
on the location of the in situ measurement. The highest
corrections were estimated from ice dynamics deduced from
the records of mass balance, dhdyn bn, reaching up to 1.69 m
of emergence at location V1 in the lower part of the ablation
area. Corrections typically span from 0 to 1 m (Table 4).

The estimated correction for the snowfall and ablation in
the time difference between the beginning of winter (3 Octo-
ber) and the first satellite acquisition (14 October), hsnowr, »
assumes the start of winter with the first snowfall, on 3 Oc-
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Table 3. Glacier-wide geodetic winter mass balance and associated error, calculated from Eq. (1). The elevation difference, hgpgm, is
observed from remote sensing data, while the bulk snow density (psnow) and densification of firn (C{Ag;m}) and fresh snow (f{ﬁsnow,] b
are inferred values from field measurements. For each variable its value and the associated error are shown, and in the row below its
conversion into mass balance is shown. ABw g shows the contribution of the bulk snow density into the uncertainty in the mass balance.
The total uncertainty of Bw is computed as the quadratic sum of the uncertainty (in m w.e.) of the elevation difference, firn and fresh snow

densification, and bulk snow density.

Time period PSnow hdDEM C{hFim} Clhsnow I } ABW,OS,“,W Bw

(kg m’3) (mw.e.) (mw.e.)

t? (14 Oct 2014-22 May 2015) 554 +27 5.58+£0.23m 0.24+£0.12m 0.20£0.15m 0.16 3.33+£0.23
3.09+£0.13mwe.  0.13+£0.07mwe. 0.11+0.08mw.e.

tl2 (14 Oct 2014-13 Feb 2015) 500 £ 50 3.82+0.35m 0.13£0.07m 0.20£0.15m 0.21 2.08+0.28
191+£0.18mwe. 0.07+£0.03mwe. 0.10+£0.07mw.e.

tober 2014. However, imagery from Landsat and MODIS re-
veal ice on the low glacier areas in the days before the snow-
fall on 13 October 2014. At this location it was therefore as-
sumed that the later snowfall marked the beginning of the
winter (Table 4).

The mean difference between the in situ measurements
and the difference in elevation from dDEM; is 1.34m
(SD=1.43, N =8). The mean difference and its standard
deviation are significantly reduced after applying the cor-
rections, obtaining a mean difference of 0.52m (SD =0.46)
when calculating AdDEMﬁ using d/dyn icetools and a mean
of 0.34m (SD=0.64) when calculating AdDEMﬁ using
dhdyn bn2013-2014-

5 Discussion

5.1 Pléiades and WorldView DEMs for measuring
snow accumulation

We measure the glacier-wide geodetic mass balance dur-
ing the winter of 2014-2015, as well as two sub-periods of
the same winter, by differencing DEMs obtained from satel-
lite data. In our calculations, we incorporate corrections for
snow density and densification of firn and fresh snow, based
on in situ measurements. This technique can be applied in
small and medium size glaciers (typically ~ 1000 km? can
be stereoscopically covered at once based on the capabilities
of Pléiades and WorldView), with sufficiently high mass bal-
ance amplitude (~ 0.5-1 m w.e. or higher). The main advan-
tages of using stereoscopic satellite images are repeatability
and coverage of remote glaciated areas. The use of external
reference data for bundle adjustment prior to stereo correla-
tion, such as lidar-based or GPS-based GCPs, does not im-
prove the relative accuracy of the Pléiades and WorldView
DEMs used here (Table 2).

Combining data from Pléiades and WorldView allows
for high spatial resolution within a short (3—4 month)
interval. The availability of these data and the pre-
sented processing strategy allow, to our knowledge, for
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the first optical satellite-based measurement of winter ac-
cumulation on a glacier. Both sensors result in a sim-
ilar level of accuracy (Table 2) and their combination
enables more detailed studies of glacier changes. The
ArcticDEM project (data available at http://arcticdemapp.
s3-website-us-west-2.amazonaws.com/explorer/) freely of-
fers multi-temporal DEMs of the Arctic region collected
since ~2010 with dense temporal repetition (more than
30 DEMs during the last 6 years in certain regions of Green-
land, e.g., Willis et al., 2015), therefore providing a high po-
tential for similar studies of geodetic mass balance on sea-
sonal timescales.

The two DEM processing schemes have advantages and
disadvantages. Scheme A provides DEMs, orthoimages and
dDEMs in an absolute reference system, based on a geodetic
network where the lidar DEM is fixed (or similar if GPS-
based GCPs are used). This scheme is appropriate when lim-
ited unchanged areas are available or if there are identifiable
features for extraction of GCPs. This approach, however, re-
quires external spatial information and tedious manual GCP
selection. Scheme B uses a highly automated workflow and
is independent of spatial information other than the satellite
images and camera model information. Co-registration based
on scheme B, while ideally requiring well-distributed static
control surface, can be applied with an adequate distribution
of slope and aspect over limited control surfaces (Shean et
al., 2016). The three different processing software (ERDAS
Imagine, ASP and SETSM) provided satisfactory results for
obtained dDEMs.

5.2 Correction of physical glacier phenomena for
calculating geodetic winter mass balance

In addition to the remote sensing data, the in situ mea-
surements of the bulk snow density and the densification
of the firn layer and fresh snow are needed to retrieve the
glacier-wide geodetic winter mass balance (Egs. 1 and 2).
Ice dynamics do not affect the glacier-wide geodetic winter
mass balance due to mass conservation (Cuffey and Paterson,
2010).

www.the-cryosphere.net/11/1501/2017/
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Table 4. Comparison of values of snow thickness, /gnow insitus measured in the field, and elevation difference obtained from Pléiades DEMs,

h ADEM® The table lists all corrections applied pointwise to the Pléiades elevation differences dDEMﬁ to make them comparable to the
1

in situ measurements (see text for details). The table also compares two approaches carried out for correction of surface emergence and
submergence velocities: (1) dhdyn icetools Using a glacier ice flow model (Jarosch, 2008) and (2) dhdyn bn2013-2014 using records of mass

balance (Sold et al., 2013). ¢ dDEMi‘? and cngEM;‘? show the corrected dDEM[?, using the two different approaches, and Res; and Res,

are the residuals between the glaciological and geodetic methods after applying the corrections.

hspow  h aDEMS CihFim} hsnow hsnow  dhggn c1dDEM7  Resy dhgyn  c2dDEM;  Resp
in situ (m) (m) t] t3—1t4 icetools (m) (m) bn2013-2014 (m) (m)
(m) (m) (m) (m) (m)

V1 2.90 3.88 0.00 0.13 —-0.95 —0.51 2.55 0.35 —1.69 1.37 1.53

V2 5.63 5.34 000 028 -025 —0.50 487 076 —0.88 449 114

V3 8.38 5.86 0.58 0.84 0.21 0.10 7.58 0.80 1.16 8.64 —0.26

V4 4.95 4.18 0.13 0.62 0.13 0.21 526 031 0.25 531 —0.36

\Al 5.68 532 0.00 035 —0.08 —0.09 5.50 0.18 —0.07 5.52 0.16

V6 8.60 5.67 050 080 024 0.02 723 137 1.00 820 040

\%/ 8.09 521 044 091 0.9 0.70 755 054 0.88 773 036

12 7.60 5.67 0.41 0.77 0.17 0.12 7.14 0.46 0.81 783 —0.23

Abs mean 0.26 0.59 0.29 0.28 0.84

The sensitivity of the mass balance calculation was tested 825 T2
with different snow densities measured during the 2005— 54
2014 field campaigns in Drangajokull (Fig. 7). The glacier- £00 o b
wide geodetic winter mass balance is reduced by 1 % when o ®
the average of all previous density records is used instead 578 + O o o * o 1
of the mean 2015 bulk snow density. The minimum aver- ~ ® o ¢ e o] g
age bulk snow density recorded (511kgm™3 in 2011) re- Eﬁﬁ" 8 o o] e g ] © 50

. . £ o] @

sults in 8 % lower mass balance, and the maximum average > el P o Q
bulk snow density recorded (583 kg m~3 in 2008) results in §525 * o o 8 525
a 5 % higher mass balance. We obtained similar discrepan- (@ Avg Drangaial 4? g g
cies by using snow density records from other Icelandic ice 5001 4 avg Langiokul | + = o
caps. Bulk snow density measured on Myrdalsjokull ice cap % Avg Myrdalsokull
in 2010 (Agustsson et al., 2013) and on Langjokull ice cap e o r " a7s
in 2015 produced a 3 and 10 % overestimation and underes- 832 Q¥ oa .

timation of mass balance, respectively.

Bulk snow density can vary substantially between differ-
ent glaciers or between different years in the same area. In-
dividual years, however, show relatively low scatter of bulk
snow density distribution over the different in situ locations
on Drangajokull (Fig. 7). The low scatter indicates that bulk
snow density measurements taken at one or many points on
a date close to that of the satellite acquisitions, if adequately
selected for the whole ice cap, should give reasonable results
for glacier-wide geodetic winter mass balance calculations.

The firn densification model assumes a temporally con-
stant annual mass balance in the accumulation area, which is
a significant source of uncertainty due to high inter-annual
climate variability. Other methods can be used for a more
accurate correction for firn densification, such as deep core
drilling (Thorsteinsson et al., 2002), or robust firn layer ob-
servations and modeling (e.g., Sold et al., 2015). For large
areas, such as catchments of the Greenland Ice Sheet, a firn
densification model such as IMAU-FDM (Ligtenberg et al.,
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Figure 7. The density values obtained at each in situ location for
field campaigns 2005-2015. Each circle represents the average den-
sity of the shallow core at each in situ location. Blue filled circles
show the average density measurements. Black “+4” shows the av-
eraged density measured on Langjokull, and black “x” shows the
averaged density measured on Myrdalsjokull ice cap in year 2010
(Agiistsson et al., 2013). The 2013 campaign was not carried out
due to bad weather conditions.

2011), forced by a surface mass balance model such as the
RACMO2.3 (Noél et al., 2015) can also be applied. How-
ever, the resolution (typically 11 km) of these models may be
too coarse to resolve a relatively small Icelandic ice cap such
as Drangajokull.

The densification caused by fresh snow potentially present
at the time of acquisitions of the reference (initial) DEM
needs to be studied differently for each case and will depend
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on the amount of snow falling between the beginning of the
glaciological winter and the satellite acquisition. If satellite
images are acquired prior to the start of the winter, this effect
disappears, and a correction due to surface melt should be as-
sessed (e.g., by using a degree-day model as in Eq. 5). Den-
sification of fresh snow corrected by Eq. (1) leads to smaller
uncertainty than shifting the mass balance to the beginning
of the season using Eq. (2), and the uncertainty associated
with Eq. (2) will increase with the length of the time period
from the start of the winter to #;.

Firn and fresh snow densification have little effect on the
geodetic winter mass balance, increasing it by 8 % (Table 3),
indicating that even if these variables remain unknown (i.e.,
in remote areas), adequate calculations of geodetic mass bal-
ance can be performed with moderately increased uncertain-
ties, ranging between 5 and 10 % for glaciers with mass bal-
ance amplitude similar to Drangajokull. The error in geode-
tic mass balance is primary controlled by our knowledge of
physical glacier phenomena (bulk snow density and densifi-
cation of firn and fresh snow) and, to a lesser degree, by the
accuracy of the derived maps of elevation differences from
the satellite data (Table 3).

5.3 Validation of results: remote sensing vs. in situ

The glacier-wide geodetic mass balances suggest that ~ 60 %
of the winter accumulation occurred during the first 4 months
of the winter (14 October 201413 February 2015, Table 3).
Precipitation records at a weather station ~40km from the
ice cap indicate the same ratio of accumulation for the two
time periods: 342mm (62 % of total) between 14 Octo-
ber 2014 and 13 February 2015 and 218 mm (38 % of total)
between 13 February and 22 May 2015 (Fig. 5). The con-
sistency of the ratio of accumulation in the two sub-periods
observed at the weather station and calculated from the satel-
lite images is encouraging and also supports the applicability
of the corrections applied due to differences in time between
in situ and geodetic mass balance observations.

The temporal offset between the glaciological and the
geodetic measurements results in some ambiguity in the def-
inition of the beginning and end of the mass balance season.
Glaciological measurements generally use the previous sum-
mer layer as reference, which ensures a well-defined start-
ing point of the mass balance year, despite the fact that the
date chosen for the spring campaign (i.e., the winter balance
end date) is not objectively defined. For example, two snow
events occurred in late May and early June, which can ei-
ther be considered part of the winter or summer balance sea-
sons. The timing of remote sensing surveys are further de-
pendent on sensor tasking and favorable weather (cloud-free)
conditions, and, as a consequence, a temporal offset between
glaciological and geodetic observations is likely to occur.

The points V1-V4 are located at Leirufjardarjokull
(Fig. 1), a surge-type glacier (Bjornsson et al., 2003; Bryn-
jOlfsson et al., 2016). The dynamics of this glacier outlet are,
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by nature, not in balance with the rate of accumulation or
ablation, and thus the calculation of emergence and submer-
gence velocities from the net annual mass balance is inap-
propriate at these locations. On the other hand, an underesti-
mation of submergence velocities is observed over the south-
ern areas using the full-Stokes ice flow model, possibly ex-
plained by the lack of basal sliding in the ice flow model.
Only minor elevation changes were detected in this part of
the glacier in the past decades (Magniisson et al., 2016a), and
it is not known to surge; hence, the net annual mass balance
approach may be more suitable in this area.

6 Conclusions

This study shows the capabilities of sub-meter satellite stereo
images for measuring winter mass balance. The DEMs cre-
ated from Pléiades and WV2 satellite stereo images reveal
relative accuracy of 0.2-0.3 m (for slopes < 20°), which al-
lows measuring the evolution of snow accumulation in two
periods of the winter on Drangajokull ice cap. Two method-
ologies used for the processing of DEMs yield similar accu-
racy and elevation changes with and without using GCPs,
showing that the processing of modern sub-meter satellite
stereo images for measuring glacier elevation change can be
performed without external reference data, such as lidar or
GPS data, as long as areas of stable (snow- and ice-free) ter-
rain are present in the imagery to serve as relative control.

The glacier-wide geodetic winter mass balance was 3.33+
0.23 mw.e. for 14 October 2014-22 May 2015, with ~ 60 %
of the accumulation occurring between 14 October 2014 and
13 February 2015. Besides the remote sensing observations,
the glacier-wide geodetic winter mass balance calculation re-
quires knowledge of the bulk snow density for volume to wa-
ter equivalent conversion and a correction for firn and fresh
snow densification, which are estimated in this study from in
situ measurements. The uncertainty in the bulk snow density
is the largest contributor to the uncertainty in glacier-wide
geodetic winter mass balance and is significantly larger than
the uncertainty in the average elevation change and the firn
and fresh snow densification.

Densification of firn and fresh snow produces a system-
atic but minor (8 %) increase to the mass balance obtained
from the geodetic method. This contribution may vary for in-
dividual cases depending on the climatic conditions and the
timing of snowfall events relative to reference (i.e., start of
winter) image acquisition. Uncertainties in geodetic winter
mass balance can be minimized with records of bulk snow
density and previous years’ mass balance. Extrapolation of
snow density from other glaciers with different characteris-
tics can, however, lead to slightly larger errors (up to 10 %).

The satellite-derived map of elevation change and eight in
situ measurements of snow thickness are in agreement af-
ter correcting for three phenomena of sub-meter to meter-
level elevation change: (1) the difference in time between
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in situ campaigns and satellite acquisitions, (2) the effect of
firn densification in the accumulation area and (3) the verti-
cal component of the ice flow motion. While glacier winter
mass balance measurements have been sparse due to the dif-
ficulty in obtaining field measurements and the low contrast
of snow-covered terrain preventing photogrammetric survey-
ing, we demonstrate that sub-meter satellite imagery may of-
fer a powerful new tool for glacier mass balance monitor-
ing on sub-annual timescale. The potential for this approach
is enhanced by the rapid increase and availability of optical
satellites collecting stereo images in glaciated regions with
dense temporal resolution. Due to the relative accuracy of the
DEMs and uncertainties in snow density and firn and fresh
snow densification, repeated DEMs are capable of obtaining
useful estimates of the glacier-wide seasonal mass balance in
areas where expected mean thickness of winter snow exceeds
I m. The accuracy is improved significantly when satellite
data and in situ information are combined.

Data availability. The WV2 DEM is available at http:
/larcticdemapp.s3-website-us-west-2.amazonaws.com/explorer/
(Noh and Howat., 2015). The lidar data are available upon request
to the authors (Jéhannesson et al., 2013), and the meteorological
data are available upon request at www.vedur.is. The Pléiades data
and in situ measurements have data access restrictions.
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at https://doi.org/10.5194/tc-11-1501-2017-supplement.
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Suplementary information: Winter mass balance of Drangaj okull ice cap (NW | celand)
derived from satellite sub-meter stereo images
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Elevation differences on the snow- and ice-free areas, statistics and histograms (continuation)
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ABSTRACT. Mass balance measurements of Icelandic glaciers are sparse through the 20th century.
However, the large archive of stereo images available allows estimates of glacier-wide mass balance
(B) in decadal time steps since 1945. Combined with climate records, they provide further insight
into glacier-climate relationship. This study presents a workflow to process aerial photographs
(1945-1995), spy satellite imagery (1977-1980) and modern satellite stereo images (since 2000)
using photogrammetric techniques and robust statistics in a highly automated, open-source pipeline
to retrieve seasonally corrected, decadal glacier-wide geodetic mass balances. In our test area,
Eyjafjallajokull (S-Iceland, ~70 km?), we obtain a mass balance of BZ31¢ = —0.27 £ 0.03 m w.e. a,
with maximum and minimum of Bi§8? = 0.77+0.19 m w.e. a' and Bigss = —1.94 + 0.34
m w.e. 3 respectively, attributed to climatic forcing, and B3339 = —3.39 + 0.43 m w.e. a}, mostly
caused by the April 2010 eruption. The reference-surface mass balances correlate with summer
temperature and winter precipitation, and a linear model replicates 80% of the mass balance
variability, yielding a static sensitivity of mass balance to summer temperature and winter
precipitation of —2.1+ 0.4 m w.e. a* K" and 0.5 + 0.3 m w.e. a* (10%)", respectively. This study
serves as a template that can be used to estimate of mass-balance changes and glaciers’ response to
climate.

Keywords: remote sensing, geodetic mass balance, glacier—climate relationship

1 Introduction

Most glacierized regions in the world have experienced glaciers’ recession since the end of the Little
Ice Age due to warming climate (Vaughan and others, 2013; Zemp and others, 2015), among them all
Icelandic glaciers (Bjérnsson and others, 2013). These changes have, however, been far from
uniform. Glaciers have shown retreats and advances in decadal time spans (e.g. Huss and others,
2010; Bjornsson and others, 2013). Measuring and monitoring these changes has enabled better
understanding of the relation between glaciers and climate (e.g. Adalgeirsdéttir and others, 2011;
Ohmura, 2011). This is useful in three ways: (1) for understanding how glaciers respond to changes in
climate, such as increasing temperature or precipitation (De Woul and Hock, 2005; Marzeion and
others, 2014; Sakai and Fujita, 2017), (2) for improving climate records inferred from observed glacier
changes (e.g. Leclercq and Oerlemans, 2012) and (3) for improving projection of glacier change (e.g.
Huss and Hock, 2018).
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For a broad range of ice masses there are abundant archives of stereo photographs, often extending
further back in time and covering larger areas than the field mass balance measurements. These are
to a large extent the result of the exhaustive work of US photogrammetric campaigns, which started
worldwide after World War Il (Spriggs, 1966) and continued with spaceborne cameras with the first
optical spy satellites in 1960 (e.g. Bindschadler and Vornberger, 1998).

In Iceland, two direct methods have commonly been used in recent decades (>20 year records) to
observe glacier mass changes: (1) in situ measurements of accumulation and ablation on the main ice
caps (Bjornsson and others, 1998; Palsson and others, 2012; Bjornsson and others, 2013;
Jéhannesson and others, 2013) and (2) comparison of digital elevation models (DEMs) from different
time periods obtained from multiple sources including contour maps, stereo imagery or airborne
radar (e.g. Gudmundsson and others, 2011; Magnusson and others, 2016). While the in situ
measurements of mass balance only span the last ~25 years (Bjornsson and others, 2013), geodetic
records span ~70 years (e.g. Magnusson and others, 2016) and up to ~80 years (e.g. Palsson and
others, 2012). Combined with long records of climatic data, these have provided estimates of glacier
mass balance sensitivity to changes in temperature (Gudmundsson and others, 2011; Palsson and
others, 2012).

There is a large archive of stereo photographs acquired in Iceland between 1945 and 1995 with a
temporal frequency of 5 to 20 years, containing valuable glaciological information (Magnusson and
others, 2016). Satellite stereo imagery from the last two decades extends the records up to the
present (Gudmundsson and others, 2011; Berthier and others, 2014). This opens the possibility of
creating unique time series of elevation changes of the Icelandic glaciers, thereby expanding
knowledge of the last century of glacier variations and allowing further studies of glacier response to
climate forcing.

The processing of optical stereo imagery has improved during recent years due to advances in
computer vision and image processing. New tools and algorithms are available to solve for the image
orientation, such as structure from motion (SfM, e.g. Pierrot Deseilligny and Clery, 2011). Image
correlation can be performed with high precision and detail using semi-global matching
(Hirschmuller, 2008). These tools are accessible to the community with open-source software such as
MicMac (IGN, France; Pierrot Deseilligny and Clery, 2011; Rupnik and others, 2017) and the NASA
Ames Stereo Pipeline (ASP) (Shean and others, 2016).

Moreover, publicly accessible archives of high-resolution DEMs with sub-meter uncertainties have
become available in recent years. The main glacierized regions in Iceland were surveyed with
airborne lidar between 2008 and 2012, an initiative during the 2008 International Polar Year (IPY)
(J6hannesson and others, 2013). In addition, the current state of the glaciers and ice caps is being
monitored by satellite sub-meter stereo imagery, such as Pléiades and WorldView (Berthier and
others, 2014; Noh and Howat, 2015; Willis and others, 2015; Shean and others, 2016; Belart and
others, 2017). The high-resolution DEMs are not only useful for updating the glacier’s topography,
but also provide valuable data to generate improved DEMs from the archives of stereo imagery. This
is achieved by using co-registration techniques in overlapping off-glacier areas between the historical
datasets and the modern DEMs (Barrand and others, 2009; Papasodoro and others, 2015, Fieber and
others, 2018). Finally, different techniques of bias corrections are now commonly applied (Nuth and
Kaab, 2011), uncertainty assessment is carried out with geostatistics (Rolstad and others, 2009;
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Magnusson and others, 2016) and seasonal signals are modeled to interpret the glaciological results
properly (e.g. Magnusson and others, 2016).

The goal of this study is to take advantage of these recent developments in data availability and
processing in order to unlock the archive of stereo images available in Iceland. Here, we present a
pipeline, based on open-source software, to exploit the archive and infer glacier-wide mass balances
(B) for multiple time periods since 1945. The obtained records of B are corrected from seasonal
effects using records of temperature and precipitation. The seasonally corrected record of B is
compared with the climate data in order to infer static mass-balance sensitivity to temperature and
precipitation (Oerlemans and Reichert, 2000; De Woul and Hock, 2005; Cogley and others, 2011).
Eyjafjallajokull is selected as a test area because of the large amount of data available and its highly
dynamic landscape, with rapid changes due to glacier—climate (Gudmundsson and others, 2011) and
ice—volcano interactions (Sigmundsson and others, 2010), making this study area both challenging
and interesting. The aim is also to develop sufficiently automated methods to facilitate their
application to other glacierized areas in Iceland and elsewhere.

2 Study area

Eyjafjallajokull (Fig. 1) is located ~10 km from the south coast of Iceland, with a climate mainly
controlled by the Irminger Current (Bjornsson and others, 2013). Gudmundsson and others (2011)
calculated the geodetic mass balance for 1984-2004 based on contour maps and remote sensing
data, and estimated a higher sensitivity of mass balance to temperature than for other glaciers
located further inland (e.g. De Woul and Hock, 2005; Palsson and others, 2012). This is likely
explained by the proximity of the ice cap to the coast, with more precipitation and mass turnover.
The April 2010 eruption in Eyjafjallajokull opened a >100 m deep melt channel (Fig. 1), draining
northwards and extending close to the glacier margin of the Gigjokull outlet glacier. The estimated
ice melt by the eruption was 10-13-10" m® (Oddsson and others, 2016).

Fig. 1: Location map. Left: Mosaic of Landsat 8 images of Iceland. The dashed rectangle shows the
footprints of the 1980 KH-9 images. The thin black dotted polygon shows the extent of the 1998
EMISAR DEM (Magnusson, 2003; Dall, 2003), and the thick yellow rectangle shows the location of
Eyjafjallajokull. Right: Colored shaded relief from a lidar DEM surveyed in August 2010. The black line
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shows the glacier extent in 2010. The lidar survey took place ~4 months after the 2010 eruption,
revealing an open channel of melted ice at the eruption site and along the paths of lava flows
extending to the north from the main crater.

3 Data

The data used in this study are organized into two categories: (1) DEM sources and (2) climate data.
Point (1) encompasses three sub-categories: (1) frame stereo imagery, consisting of scanned analog
imagery obtained from a camera, (2) pushbroom stereo imagery, i.e. imagery obtained from a
pushbroom optical sensor and (3) non-stereo-based DEMs. The last group comprises the lidar DEM
from 2010 (J6hannesson and others, 2013) and an airborne Synthetic Aperture Radar DEM from
1998 (EMISAR; Dall, 2003; Magnusson, 2003), which are further described in Supplement S1.

3.1 DEM Sources
3.1.1 Frame stereo imagery
The frame imagery was subdivided into four groups:

(1) 1945-1946 - American Mapping Service (AMS): These surveys, part of the US
photoreconnaissance program, consist of a full survey of Iceland in the summers of 1945 and 1946.
This series consists on copies of the original films, stored at the National Land Survey of Iceland
(Landmaelingar islands, LMi). The cameras had a format of 23x23 cm and a focal length of 153 mm.
The images from this series typically have a scale of 1:40000 (flight altitude of 6700 m a.s.l.).

(2) 1960-1961 — Defense Mapping Agency (DMA): As a continuation of the US photoreconnaissance
missions, about 70% of Iceland was resurveyed in the summers of 1960 and 1961, except for the
eastern part of the country. The data are also a copy of the original films, stored at LMi. The cameras
used in this survey (format 23x23 ¢cm) have basic calibration certificates, including focal length (153
mm) and radial distortion (Spriggs, 1966).

(3) 19505s-1990s — LMi: Photogrammetric campaigns organized by local institutions began to cover
selected areas of Iceland in the 1950s, turning into systematic and country-wide surveys in the 1970s.
The first campaigns were carried out with small-format images (18x18 cm, focal length 115 mm) and
were replaced by standard aerial mapping cameras from the 1970s onwards (23x23 c¢cm, focal length
153 mm). Original films are available at LMI.

(4) 1977-1980 - Hexagon KH-9 Mapping Camera images (KH-9): The declassified satellite
photoreconnaissance missions consist of a total of nine satellite missions, spanning 1959-1984, for
which most of the data became publicly available between 1992 and 2011 (e.g. Bindschadler and
Vornberger, 1998; Surazakov and Aizen, 2010). In this study, we use six images from the Hexagon KH-
9 mission # 1216, acquired in 1980, crossing Iceland from north to south, including, among other
glacierized areas, a complete coverage of (from south to north) the Eyjafjallajokull, Myrdalsjokull and
Hofsjokull as well as the cluster of Trollaskagi glaciers. The images have a format of 23x46 cm and a
focal length of 305 mm (Surazakov and Aizen, 2010).
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The AMS, DMA and LMIi series were obtained from the National Land Survey of Iceland
(http://www.Imi.is), which stores negatives and prints of the aerial surveys carried out from the
1930s to the 1990s. All the data are publicly available upon request, and scanning of the negative
films was carried out with a photogrammetric scanner (further details in Supplement S2).The KH-9
satellite frame imagery was obtained from the United States Geological Survey (USGS,
https://www.usgs.gov/).

3.1.2 Pushbroom stereo imagery
The pushbroom imagery used can be categorized into three groups:

(1) 2000—present — ASTER: The ASTER satellite has been in operation since 2000 with numerous
acquisitions on glaciers thanks to the GLIMS program (Raup and others, 2007), and the data collected
are publicly available at https://search.earthdata.nasa.gov/. A stereopair from ASTER, acquired in
late summer 2009, was processed to analyze the glacier changes prior to the Eyjafjallajokull 2010
eruption.

(2) 2002—-2015 — SPOT5 (©OCNES & Airbus D&S): This satellite has been successfully used in numerous
surveys of ice masses (e.g. Korona and others, 2009). We obtained a stereopair from SPOT5 acquired
in October 2004 (Gudmundsson and others, 2011).

(3) 2011—-present — Pléiades (OCNES & Airbus D&S): Pléiades stereo images offer the capabilities of
creating highly accurate and detailed DEMs in glacierized areas thanks to their geometric and
radiometric resolution (Berthier and others, 2014; Belart and others, 2017). We use a Pléiades
stereopair acquired on 11 August 2014, with an almost complete coverage of the Eyjafjallajokull.
Some clouds covered a small portion of the southwest margin of the ice cap.

Table 1. Dates, sources and basic information of the datasets. GSD: Ground Sampling Distance (m),
approximated for the frame stereo imagery based on the sensor elevation above ground, focal length
and scanning resolution.

Date Series GSD GSD  Number

Ortho DEM of
images

29 Sept 1945 AMS 1 5 12

5 Aug 1960 DMA 0.5 5 36

5 & 13 Aug 1960 Lmi 0.5 5 39

28 Jul 1980 LM 1 5 16

22 Aug 1980 KH-9 5 20 6

4 Sept 1984 LM 0.5 5 22

31 Jul 1989 i 0.5 5 18

6 Aug 1994 i 0.5 5 29

12 Aug 1998 EMISAR N/A 5 N/A

5 Oct 2004 SPOT5 5 20 2

7 Oct 2009 ASTER 15 30 2

10-11 Aug, 16 Sept 2010 Lidar 1* 1 N/A

11 Aug 2014 Pléiades 0.5 4 2
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*An intensity map was produced from the lidar pulses, providing an additional mode of visualization
of the lidar data for mapping purposes.

3.2 Climate data

The gridded daily temperature of Iceland, produced by Crochet and Jéhannesson (2011), was used in
this study. This dataset consists of 1x1 km gridded daily air temperature at 2 m above ground,
spanning 1949-2016, deduced by interpolation of weather station observations reduced to sea level
with a constant vertical temperature lapse rate of 6.5 °C km™, and adjusted back to the topography
with a 1x1 km DEM and the same constant vertical lapse rate.

Gridded daily precipitation of Iceland was obtained from two sources: (1) the linear theory model of
orographic precipitation (LT-Model, Crochet and others, 2007), available for the period 1958-2007 in
1x1 km resolution, and the HARMONIE numerical model (HM-Model, Bengtsson and others, 2017;
Nawri and others, 2017), spanning 1980-2016 with 2.5x2.5 km resolution.

4 Methods

The methods section can be divided into three successive steps: (1) creating maps of elevation
difference, (2) calculation of seasonally corrected mass balances and (3) joint analysis of mass
balance and climatic data.

Frame images | / | Pushbroom images
(AMS, DMA, LMI || (SPOTS5, ASTER
& KH-9) 1 & Pléiades)
\ o \

i lid | | Photogrammetric Photogrammetric | | lid ]
| liaar Processing Processing | ftaar |
# AT R ~
ke DEM, Ortho /w

Rigorous bias correction
MicMac |  and uncertainty estimates

" SGSim-co rre;:;:é_cfl'"“\\.

ASP '\L_r_relevation changesﬁ_r_/_,..f"
GSLib Filtering, gap filling
& volume calculation
¢ B )
R i
| Temperature | .
| & Precipitation | Seasonal Corrections
i— ' —
& Beos )

Fig. 2: Diagram of generic workflow followed. Trapezoids show input data, rectangles indicate
processes and ovals indicate outputs. Bg,s is the glacier-wide mass balance at the end of summer.
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4.1 Creating maps of elevation difference

4.1.1 Frame stereo imagery (MicMac)

The frame stereo imagery was processed using the open-source software, MicMac (© National
Institute of Geographic and Forestry Information, IGN, France; Pierrot Deseilligny and Clery, 2011;
Rupnik and others, 2017) to obtain DEMs and orthophoto.. The general workflow is explained in
Rupnik and others (2017), and the routines utilized are further described in Supplement S2.

Our pipeline started with the scanned frame imagery as input, cropped by the fiducial marks, and
11-20 Ground Control Points (GCPs) manually digitized, extracted from the lidar DEM viewed as a
hillshade (e.g. James and others, 2006; Barrand and others, 2009), with an adequate distribution
horizontally and vertically outside the ice cap and at nunataks. We measured 65 GCPs for the KH-9
photographs distributed over their overlapping areas with the available lidar data.

The image orientation was solved in two steps: (1) calculating relative orientation from automatic
measurement of tie points and SfM, and (2) solving for absolute orientation by robust bundle
adjustment using GCPs, in which the camera parameters were also refined. Once the images were
oriented, a point cloud was created using semi-global matching and linearly interpolated onto a
regular 5x5 m grid. A mosaic of orthoimages was also generated (Fig. 2).

By using well-distributed GCPs, the likelihood of significant biases in the DEMs relative to the
reference DEM was minimized (Magnusson and others, 2016). Yet, remaining residual errors in
orientation need to be acknowledged, especially in areas far away from GCPs. These errors are
spatially-variable, and due to the sensor’s geometry, the residual errors can have a significant vertical
component. Localized errors in horizontal position can also be expected, particularly in the oldest
datasets. We do not attempt to correct horizontal errors, but we acknowledge that relative errors in
horizontal positions can affect the obtained vertical errors, studied in the uncertainty analysis
(section 4.1.3).

4.1.2 Pushbroom stereo imagery (ASP)

ASP is a robust, open-source and automated photogrammetric package commonly used for
processing pushbroom satellite stereo images (NASA; Shean and others, 2016). The pipeline used the
orbital information from the imagery, generally presented as Rational Polynomial Coefficients (RPCs),
and no GCPs were used.

The processing of ASTER and SPOT5 DEMs was performed with an ASP setup slightly modified
(Supplement S3) from that of Brun and others (2017), and inspired by Lacroix (2016). Pléiades
imagery was processed as described in Belart and others (2017).

SPOTS5, ASTER and Pléiades DEMs were co-registered to the lidar using the Iterative Closest Point
(ICP) algorithm in ASP (Shean and others, 2016; Belart and others, 2017). The 3D transformation
served to refine the orbital information and produce a co-registered orthoimage. Additional details
of the processing are described in Supplement S3.
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4.1.3 Correction and uncertainty assessment of the obtained mean elevation change

The difference of DEMs (dDEM) can be affected by spatially-variable errors due to residual errors in
the sensor orientation (interior and exterior). This effect can be particularly enhanced in the oldest
datasets, e.g. 1945 and 1960, where the camera geometry is not fully constrained (e.g. Magnusson
and others, 2016).

To correct the spatially-variable errors in the dDEM, we used a modified version of the Sequential
Gaussian Simulation (SGSim) described by Magnusson and others (2016). In this study, it is included
in an automate pipeline using the command-line interface for the open-source software GSLib
(Deutsch, 1998). The SGSim calculates 1000 realizations of simulated maps (2D grids) of spatially-
variable errors for each dDEM within the ice cap, using as input the off-glacier areas of the dDEM and
a modeled semivariogram, also constrained by the off-glacier areas of the dDEM.

Each realization simulates the error of the elevation change on each grid node within the ice cap.
Averaged over the glacierized area, this results on the simulated error of the glacier-wide the mean
elevation change (Table 2). From a probability distribution based on the histogram of the 1000
realization, we approximated the 95% confidence interval of the glacier-wide mean elevation change.

Unlike Magnusson and others (2016), in this study the dDEM are not bias corrected based on a single
mean of the probability distribution. Instead, we subtracted the derived mean of the 1000
realizations for each individual grid node within the ice cap. This approach results in the same
correction for the mean elevation change (Table 2) but also results in more realistic localized
corrections for the obtained dDEMs for visualization (Fig. 4). Details of the SGSim methodology are
described in Supplement S4.

This method takes into account the spatial autocorrelation of the dDEMs, producing a spatially-
variable error correction. This results in significantly lower uncertainties in glacier-wide mean
elevation change and volume change than proxies based on descriptive statistics (Rolstad and others,
2009, Magnusson and others, 2016), such as standard deviation or Normalized Median Absolute
Deviation (NMAD, Hohle and Hohle, 2009) (Table 2). To verify the robustness of the SGSim, we used
the two independent datasets at similar dates in 1960 and 1980, respectively (1960 DMA, 1960 LM,
1980 LMi and 1980 KH-9; Table 1), for which we calculated the glacier-wide mean elevation changes
compared to the 2010 lidar DEM (considered as a ground truth). We could thus confirm that the
glacier-wide mean elevation difference during 1960-2010 and 1980-2010 corrected using SGSim
agreed well within the uncertainty estimates using the different datasets and that the agreement is
better than with other, more simple, bias-correction models. The results of these tests are further
described in the Supplement (Table S1).

4.2 Calculation of seasonally corrected mass balance

The volume changes dV; 2 for the selected time intervals were calculated from SGSim-corrected
maps of elevation change. Since they contained some data gaps (up to 15% of the ice cap area, in the
worst case of the 1989 series), a gap interpolation and outlier filtering were also performed, as
described in Supplement S5. The glacier-wide geodetic mass balance B was calculated with the
following equation (Fischer and others, 2015; Magnusson and others, 2016):
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BE == (1)
2
A dt
where Ag is the average area for the two dates, dt is the time difference, in absolute years, and c is

the conversion factor of volume to water equivalent, here chosen as 0.85 + 0.06 (Huss, 2013). This
value is recommended over time periods longer than 5 years (Huss, 2013), hence we assume twice as
large uncertainty (+0.12) for the conversion factor in time periods of 4 and 5 years (1980-1984;
1984-1989; 1989-1994; 1994-1998; 2004-2009; 2010-2014). For the period 2009-2010, a
conversion factor of 0.90 + 0.10 is chosen, assuming the elevation change is mostly due to ice
melted by the April 2010 eruption.

The glacier-wide geodetic mass balance was then temporally adjusted to the end of the summer,
Bros, to facilitate comparison with traditional mass-balance measurements and climate fluctuations,
thus avoiding the effect of seasonal signals that are particularly strong in a relative sense for short
time periods. A volume correction was calculated between the date of each DEM dataset t1 and t2),
and 1 October of the same year (Magnusson and others, 2016). For simplicity, the DEMs of 1945,
2004 and 2009 were not shifted seasonally as they were acquired at most 1 week apart from 1
October (Table 1). Bgos Was computed as

o2 dVE — dVi Ot + dvi0
Bgos;y, = A_ti ar ¢
t

()

where dVZ0¢t

is the volume of the seasonal correction calculated between t1 and 1 October of the
same year, and analogously for dV3°¢¢. Eq.2 neglects the correction of area to 1 October. The
seasonal correction integrated over the ice cap was calculated from the climate model of

temperature (T) and precipitation (P) as

1 oct 9lacier
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where ddffg; is a degree-day factor of firn and ice of 6.5+ 0.5 mm w.e. °C! (Gudmundsson and
others, 2009; Magnusson and others, 2016), ddf; is a degree-day factor of snow of 5.5+ 0.5 mm
w.e. °C! (Gudmundsson and others, 2009; Belart and others, 2017), Crgi is the conversion factor of
firn and ice to water of 0.75 + 0.1 and c; is the conversion factor of snow to water of 0.5 + 0.1.
and B are binary switches; «a =1 and B = 0, meaning that the glacier surface at the location
analyzed contains firn or ice, until Pir<1o¢y < 0, when they switch to @ = 0 and § = 1, meaning that
new snow is present at the location, changing the ddf and conversion factor. If the new snow is
completely melted, the switches turn back to @ = 0 and § = 1 as firn and ice reappear on the glacier
surface (Fig. 3). The gridded temperature from Crochet and Jéhannesson (2011) was used to
calculate the positive degree-days, T,, and to set the 1°C threshold between rain and snow in
precipitation (Johannesson and others, 1995). The HM-Model was utilized to infer P for the period
1980-2014 since the numerical model shows a realistic fit to precipitation records (Nawri and others,
2017a). The seasonal corrections of the 1960 datasets were computed with the LT-Model from
Crochet and others (2007) after scaling it towards the HM model by linearly fitting summer
precipitation in the overlapping time period (1980-2006). The gridded climate data were bilinearly
resampled to 20 m grid to adequately crop the coarse model results to the glacier outline.
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This methodology ignores changes in ice surface elevation caused by vertical ice motion, which is on
the same order as the seasonal mass balance. This does not matter for glacier-wide calculations as
the integral of the vertical ice surface velocity is zero over whole ice flow basins by continuity (e.g.
Belart and others, 2017).

The seasonal correction from Eqn (3) was calculated by bootstrapping, performing 1000 realizations
of the correction and adding random Gaussian errors on each iteration to the variables ddfg;, ddfs,
Crgis Cs, Tand P. A summary of parameters and uncertainties is described in the Supplement S6. The
errors added to T and P were applied as offsets, up to +0.5 °C (T) and 50 mm (P) to the entire
climatic data on Eyjafjallajokull, as random errors at individual grid points would cancel each other
out in the bootstrapping method and spatially widespread offsets are more likely to occur (Nawri and
others, 2017a). From the histogram of the 1000 realizations we extracted the median value of
thlD%ICWt with 95% confidence interval for each date of survey (Fig. 3). Results of this correction are
summarized in Table S3.
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Fig. 3. (A, B) One iteration of calculated cumulative seasonal correction, at two grid locations (1) and
(2), between 27 July 1980 and 1 October 1980 (the longest seasonal correction). (C) Total seasonal
correction for the same iteration (cumulative melt minus cumulative snow accumulation). Green
crosses indicate location of the profiles in (A) and (B). (D) A histogram of 1000 realizations of the
seasonal correction (averaged over the whole ice cap) from bootstrapping.
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The uncertainties of B and Bros were calculated by the addition in quadrature of the partial
derivative of each variable multiplied by its uncertainty, assuming that the variables of Eqns (1) and
(2) were uncorrelated and had uncertainties following normal distributions (Fischer and others, 2015;
Magnusson and others, 2016). The glacierized areas were always digitized by the same operator and
using the same criteria of definition of the ice cap boundaries. Uncertainties in the area were
neglected: given the size of Eyjafjallajokull, the maximum area uncertainty was assumed of 5%, as
digitized from the coarsest resolution (ASTER) dataset (Raup and others, 2014). This would only lead
to0 <0.01 m w.e.a ! increase of the uncertainty of the geodetic mass balance.

4.3 Joint analysis of mass balance and climatic records

The calculated Byps overlaps in time with the climatic records for the period 1960-2014. With this
data we constrained a statistical model relating mass balance and climate forcing, which also allowed
retrieving the static mass-balance sensitivity to changes in climatic variables (De Woul and Hock,
2005; Ohmura, 2011; Sakai and Fujita, 2017). The time span of our observations is long enough to be
affected by dynamic adjustments of glacier geometry (Huss and others, 2012). We thus assume that
the annual, reference-surface mass balance (Elsberg and others, 2001; Harrison and others, 2001)
can be described linearly as a function of the summer temperature, Ts, and winter precipitation, Pw
(e.g. Oerlemans and Reichert, 2000; De Woul and Hock, 2005; Schuler and others, 2005)

Bros + byAV + byAA = @Ts + wPw + k ()

where b, and b, are the effective balance-rate gradient and balance rate at the terminus,
respectively (Harrison and others, 2001), and AV and 4A are the changes in volume and area
between a reference date and the intermediate date of each time period, respectively.

The static sensitivity of mass balance to 1°C warming in summer temperature, dB/dTs, is
represented by ¢, and analogously, dB/dPw = w, which yields the sensitivity of mass balance to
changes in winter precipitation. The parameter k represents a residual term due to any nonlinear
effect of the above variables as well as contribution of other variables affecting the mass balance not
accounted for (Oerlemans and Reichert, 2000); here we assume that the variability of this term is
small and therefore set as constant. This is further considered in the Discussion.

With the gridded climatic records we calculated summer temperature and winter precipitation for
each year at the Equilibrium Line Altitude (ELA, De Woul and Hock, 2005) of Eyjafjallajokull, and
defining the glaciological year from 1 October to 30 September, with the beginning of summer on 20
May (Magnusson and others, 2016; Belart and others, 2017). The results were averaged to match the
time periods of the geodetic mass balance from 1960 to 2014. We excluded the intervals 2009-2010
and 2010-2014 in the analysis, since they were strongly affected by the April 2010 volcanic eruption.
The winter precipitation 1960-1980 was calculated from the LT Model after linearly adjusting it to
the HM Model using winter precipitation in the overlapping years (1980-2006). For the periods
1960-1980 and 1980-1984 we selected the geodetic results extracted from the KH-9 DEM, as the
required seasonal correction was smaller.

The precipitation was normalized (Oerlemans and Reichert, 2000), dividing it by the average winter
precipitation during 1960-2014: 5220 mm. This value is similar to rates of winter accumulation
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measured on the neighboring Myrdalsjokull ice cap (Agustsson and others, 2013). Sensitivity to a 10%
winter precipitation increase was therefore calculated as 10% of w (e.g. Oerlemans and Reichert,
2000; Schuler and others, 2005).

Altogether we obtained seven independent equations that were solved by weighted least-squares fit.
We performed the adjustment based on two scenarios: (1) fixing b; = 0.01 atand b, =—-5m atas
a first estimate based on literature (Harrison and others, 2001) and from the geodetic records of
Eyjafjallajokull and solving for three unknowns (@, w, k); (2) considering that AV and 4A are linearly
dependent for the analyzed time periods (R?=0.97, N=7), Eqn (4) can be simplified to

Bros = ©Ts + wPw + yAA + k (5)

where y includes both terms b, and b, and allows solving the least-square fit with four unknowns
(@, w,y,k). Both scenarios yielded highly similar results. We did not attempt to solve the terms by
and b, as additional unknowns in the least-square fit since the system may become unstable, due to
limited amount of observations and high correlation between terms.

Finally, using Eqn (5) with the solved parameters we computed the annual mass balance from 1958
to 2014 using the annual winter precipitation, summer temperature and glacier area, assumed to
change at the same annual rate between each two datasets.

5 Results

5.1 Elevation changes and uncertainties

The SGSim-correction yielded uncertainties of sub-meter to a meter (Table 2) in the glacier-wide
elevation difference. Uncertainties are larger and biases are significantly different when using
descriptive statistics off-glacier (Table 2 and Table S3), as observed by Magnusson and others (2016)
and Rolstad and others (2009). Using the SGSim-correction for two datasets with close dates of
survey, 1960 DMA and 1960 LM series (Table 1), the glacier-wide mean elevation change during
1960-2010 is —13.83 + 0.31 m and —13.38 + 0.41 m respectively. The remaining difference is
largely explained by —0.36 + 0.14 m of melting between datasets, calculated from the seasonal
correction described in Section 4.2. Similarly, the glacier-wide mean elevation change during 1980—
2010 is —20.13 + 0.41 m (LMI dataset) and —19.35 + 0.99 m (KH-9 dataset). In this case, the
seasonal effect is larger, —1.43 + 0.44 m, also explaining most of the observed difference. Larger
mismatch of glacier-wide mean elevation difference were found when the correction was based only
on off-glacier areas, up to 3.4 m difference (both series of 1960-2010) and up to 3.5 m difference
(both series 1980-2010), which further diverge when applying seasonal correction.

The time series of elevation changes reveal strong fluctuations in the volume of the ice cap through
recent decades, showing overall mass loss in 1945-1960 and 1994-2014, and mass gain in 1960—
1994 (Figs 4 and 5). The rates of elevation change in 1960-1994 (mass gain) and 1994-2014 (mass
loss) show a mirrored pattern in the rate of elevation change as a function of altitude (Fig. 5). Glacier-
wide mean cumulative elevation change is 14 m for 1960-1994 and —27 m for 1994-2014. The
glacier catchments on the north side (Gigjokull and Steinsholtsjokull, Fig. 1) contain the fastest-
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changing outlets, thickening up to 130 m in 1960-1994 and thinning up to 200 m in 1994-2014 near
their respective termini.

The changes in the most recent periods, 2009-2010 and 2010-2014, are affected by the April 2010
Eyjafjallajokull eruption. A maximum thinning of 180 m is observed in 2009-2010, due to the
subglacial melting along the lava paths of the 2010 eruption, and filling of the opened channel is
observed in 2010-2014 as an effect of ice dynamics (Adalgeirsdéttir and others, 2000), leading to
maximum thickening of 100 m in 2010-2014 (Fig. 4).

The DEM and orthoimage created from the declassified KH-9 imagery cover approximately one-third
of Iceland and about one-third of the glacierized areas (~3400 km?) of the country (Fig. 6). From the
comparison with the 2010 lidar, the SGSim-corrected glacier-wide elevation change has an
uncertainty of 1 m at 95% confidence level (Table S1). The KH-9 DEM and EMISAR DEMs have a large
overlap, allowing the comparison of the datasets and analysis of large-scale elevation changes.
Results show a good fit between the KH-9 DEM and EMISAR, with a median elevation difference of
2.08 m and NMAD of 5.73 min all unchanged areas, including areas far away (>50 km) from the GCPs
(Fig. 6). These statistics are partially affected by the errors of the EMISAR DEM, which has a relative
accuracy of 1-2 m (Magnusson, 2003; Gudmundsson and others, 2011) as well as errors related to
the different resolution of the grids compared. This comparison also reveals clear signals of glacier
changes during 1980-1998, specifically mass loss of Eyjafjallajokull and Myrdalsjokull, and advance of
the several surging outlet glaciers in west Vatnajokull (Bjéornsson and others, 2003).

Table 2. Statistics off- and on-glacier from the multiple dDEM combinations. Statistics (median *
NMAD elevation difference) off-glacier were calculated after excluding slope >30°

dDEM off-glacier dDEM on-glacier
Glacier-wide mean .
SGSim-corrected

Median £ NMAD of SGSim-correction

Series . glacier-wide mean
(m) + 95% uncertainty .
elevation change (m)
(m)
1945 AMS-1960 DMA 2.61+5.54 -3.31+1.96 -6.07 +1.81
1960 DMA-1980 LM -1.81+3.73 2.22+0.38 8.56 + 0.40
1960 DMA-1980 KH-9 —-5.43 +6.82 2.24+1.19 7.49+1.16
1980 LMi-1984 LM 0.46 +2.43 -0.52+0.49 -0.99 +0.48
1980 KH-9-1984 LM 6.02 +4.61 -0.87+1.21 0.47 +1.12
1984 LMi-1989 LM -0.67 +2.03 3.00+0.48 4.55+0.46
1989 LMi-1994 LMI{ 0.93+1.68 -2.19+0.50 2.55+0.48
1994 LMi-1998 EMISAR 0.13+1.30 -0.41+0.29 -8.66 +0.29
1998 EMISAR-2004 SPOTS 0.02+2.56 0.12+0.18 -11.94 +0.18
2004 SPOT5-2009 ASTER -1.48 £5.21 -1.74 £0.24 -2.22+0.24
2009 ASTER-2010 lidar 0.38%3.25 0.72+0.23 -3.56 +0.23
2010 lidar-2014 Pléiades -0.02+0.32 -0.35+0.08 -1.59 +0.08
1960 DMA-1994 LM -1.74+2.82 1.98 +0.30 13.90 +0.29
1994 LMi-2014 Pléiades -0.24+0.75 0.29+0.22 -26.84+0.21
1945 AMS-2014 Pléiades -0.34 +4.69 -1.11+2.24 —-19.54 +2.24

97



1945-1960 1960-1980 1980-1984 1984-1989

Fig. 4. Time series of elevation changes of Eyjafjallajokull. The dDEMs were plotted after applying the
SGSim and seasonal correction, hence all dates are relative to 1 October. Red and yellow color
indicates lowering, and cyan and blue indicate thickening. A continuous black polygon and a dashed
black polygon indicate the ice cap extent and nunataks at the start and end of the analyzed time
period, respectively. The three bottom images show the total elevation changes during multi-decadal
time periods, 1960-1994 (mass gain), 1994—-2014 (mass loss) and 1945-2014 (longest time interval).
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Fig. 5: Mean rate of elevation change extracted for 50 m elevation bands (solid lines) and the
corresponding standard deviation (filled areas) for the two time periods with most extreme changes:
1960-94 (blue) and 1994-2014 (red).
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Fig. 6: Results from 1980 KH-9 processing. (a) KH-9 DEM from 22 August 1980 in a color hillshade,
overlaid with the difference of elevation between the KH-9 DEM and the EMISAR DEM (1998). Red
color indicates lowering, and blue color indicates increase in elevation. Triangles show the GCPs used
for the processing of the KH-9 DEM, located where lidar data were available. The outlines of
glacierized areas are shown with black lines, extracted from the GLIMS glacier database (Raup and
others, 2007). Note thickening at the margin of the southwest outlets from Vatnajokull ice cap, which
surged between 1992 and 1994 (Bjornsson and others, 2003). (b) Difference in elevation between
the KH-9 DEM (1980) and the lidar DEM (2010), together with elevation differences within a 2 km
buffer from the glacier outline. The greatest lowering is due to the April 2010 Eyjafjallajokull eruption
and the melting of Steinsholtsjokull (northwest). Dashed lines indicate the neighbor ice cap,
Myrdalsjokull.
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5.2 Geodetic mass balance

2014

_ -1
1945 = —0.27 £ 0.03 m w.e. a~ for the

The geodetic records yield a negative mass balance of Bgog

. . . . . 1989
entire study period, reaching a maximum of Bgog,gq, =

35051232=—1-94i0-34 m w.e. a'. During the period 2009-2010, which includes the

Eyjafjallajokull eruption, the mass loss was BZJ3d = —3.39 + 0.43 m w.e. a* (without seasonal

0.77 £ 0.19 m w.e. a* and a minimum of

correction, further described in the Discussion). Detailed results of the mass balance for each time
interval are provided in Table 3.

There are differences up to 0.4 m w.e. a* between uncorrected and seasonally corrected geodetic
mass balances for periods as short as 4—6 years, but the difference becomes negligible for long
periods (220 years, Table 3). The seasonal correction is particularly high in geodetic calculations
involving the LMI datasets from the 1980s due to seasonal variations in acquisition dates (Table 1).
The largest seasonal correction was —1.98 + 0.69 m (glacier-wide lowering) for the LM{ DEM of 28
July 1980, since it was acquired 2 months before the end of the summer, whereas —0.56 + 0.40 m
was estimated between 22 August 1980 (KH-9) and 30 September 1980. The seasonal corrections for
each date of survey are listed in Supplement S6 (Table S2).

Table 3. Glacier-wide geodetic mass balance of Eyjafjallajokull with and without seasonal correction

Time period B Bgos
(mw.e.a™) (mw.e.a™
1945-60 -0.36+0.11 —-0.4510.12
1960-80 LMI 0.36+0.03 0.35+0.05
1960-80 KH-9 0.33+£0.06 0.38 £ 0.07
1980 LMi-1984 -0.23+0.11 0.20+£0.21
1980 KH-9-1984 0.13+£0.26 0.25+£0.29
1984-89 0.91+£0.10 0.77 £0.19
1989-94 0.44 £0.09 0.37+0.21
1994-98 -1.95+0.28 -1.94+0.34
1998-2004 -1.78 £0.13 -1.60+0.14
2004-09 -0.39 £ 0.05 -0.39+£0.05
2009-10 -3.43+0.43 —5.12 £ 0.90%*
—3.39+0.43**
2010-14 -0.41+£0.06 -0.24 £ 0.22%*
-0.64 +0.17**
Cold 1960-94 0.38£0.03 0.39+0.04
Warm 1994-2014 -0.86 £ 0.06 -0.86 £ 0.07
Total 1945-2014 -0.26 £ 0.03 -0.27 £0.03

* BEOS obtained after applying seasonal correction on the 2010 dataset (the insulation effect from
the tephra is not taken into account).

** Bros calculated excluding the seasonal correction of the 2010 dataset (assuming the tephra layer
insulated the ice cap during summer 2010).
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5.3 Correlation between climatic variables and geodetic mass balance

The time series of summer temperature at the ELA (1200-1300 m a.s.l.) and its average over the time
periods of the geodetic mass balance reveal a clear cooling during the early 1980s, reaching a
minimum of Tsidt = 1.9°C, averaged. Temperatures gradually increased to Ts2%9% = 3.3°C, and
remained high with little change until 2014 (Fig. 7).

On the other hand, the winter precipitation shows an increase reaching its maximum of
Pwissa /ref = 1.15. This is followed by a drop and minimum of Pw]s8 /ref = 0.85. The last three time

periods are close to average and have a high annual variability (Fig. 7).

Results from the linear fit of seasonally corrected, reference-surface geodetic mass balance and
climate records yield a static mass-balance sensitivity to 1°C warming in summer temperature and
10% increase in winter precipitation of —2.08 + 0.45 m w.e. a* K™ and 0.51 + 0.25 m w.e. a ™
(10%)™, respectively. The observed versus modeled mass balance yields a coefficient of
determination

R? = 0.81 (N=7). The mean absolute residual is 0.28 m w.e. a, with highest residual of
1.30 m w.e. a * for the period 1980-84 (Fig. 7), thus indicating a rather poor fit in the least-squares
adjustment for this specific time period. The modeled annual mass balance yields an interannual
variability of (SD=1.57 m w.e. a ", N=56).
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Fig. 7: (A) Inferred summer temperature at the ELA during 1948-2015 (dashed lines) and averages
over the time periods of the geodetic mass balance (solid lines). (B) Normalized winter precipitation
at ELA (winter precipitation divided by 1960-2014 average), both annual (dashed line) and averaged
over the geodetic mass balance periods (solid lines). The period 1958-1979 was calculated from the
scaled LT-Model (section 4.3), and the period 1980-2015 was extracted from the HM-Model. (C)
Black points indicate area measured at each year of survey. (D) Comparison of observed B’EOS (cyan
lines) and modeled mass balance from Egn (5) (black lines). The plotted mass balance and area
involving the 1980 dataset is calculated using the KH-9 series because it is closer to the end of the
summer. All dates are fixed to the glaciological year starting on 1 October.
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6 Discussion

6.1 Remote sensing and open-source alternatives: MicMac, ASP and GSLib

The pipeline of processing stereoscopic data (aerial, spaceborne, frame and pushbroom) and
assessing uncertainties was carried out in a semi-automated workflow. Manual steps in the workflow
are: (1) measurement of fiducial marks in the frame imagery, (2) measurements of GCPs, (3)
digitization of glacier outlines, (4) manual mask of unfiltered artifacts and (5) fitting of a
semivariogram model.

Many studies have used photogrammetry and SfM for DEM generation for glaciers with historical
aerial photographs generally using commercial software (e.g. Barrand and others, 2009; Molg and
Bolch, 2017; Fieber and others, 2018). Here the entire processing was carried out using only open-
source software (MicMac). The obtained uncertainties of elevation changes are similar to previous
studies using commercial software, such as ERDAS Imagine for frame stereo imagery processing (e.g.
Magnusson and others, 2016) or PCI Geomatica for pushbroom stereo imagery processing (Berthier
and others, 2014). The use of semi-global matching in point cloud generation produces an excellent
level of detail and limited gaps in DEMs, even in snow areas with low contrast. This illustrates that
robust scientific research can be carried out using open-source alternatives. In addition, most input
data for our study are open access (see Data availability section below). The semi-automated
pipelines and open data provide important tools that can be used in future work, given the amount
of historical aerial photographs available in Iceland and elsewhere.

This study further supports the need for robust geostatistics to assess uncertainties of volume
changes deduced from DEM difference, as previously shown by Rolstad and others (2009) and
Magnusson and others (2016). The tests using two surveys conducted close in time both in 1960 and
1980 (Table S1) show excellent agreement of glacier-wide mean elevation changes between each
dataset and the 2010 lidar DEM using the SGSim-correction. The difference between glacier-wide
elevation changes when utilizing different datasets is <1 m and <2 m for 1960-2010 and 1980-2010,
respectively, which is to a large degree explained by the seasonal elevation change between the
respective surveys.

The other methods tested for glacier-wide bias correction and uncertainty estimates, median and
NMAD of the off-glacier areas, and median and NMAD of the off-glacier areas at 1 km buffer from
the ice cap boundary, led to significantly higher discrepancies in the comparisons of the glacier-wide
elevation change 1960-2010 using the twin datasets of 1960, and analogously for the twin
comparisons of 1980-2010. While the three methods applied to obtain corrected the glacier-wide
mean elevation change agreed within their error bars, the error bars of the SGSim were substantially
smaller. This further supports that higher level of information can be extracted from geodetic records
when applying SGSim (Magnusson and others, 2016).

Our work exploits Hexagon KH-9 Mapping Camera stereo imagery, generating a DEM of about one-
third of Iceland and covering ~3400 km? of the following ice masses: Myrdalsjékull, Hofsjokull, east
Langjokull, west Vatnajokull, Kerlingafjoll, Tungnafellsjokull, Tindfjallajokull, Torfajokull and the
Trollaskagi cluster of glaciers. The comparison with lidar in ice- and snow-free areas yields
NMAD = 4.07 m (proxy for DEM precision) on slopes <30°, and its uncertainty derived from the
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SGSim-corrected glacier-wide elevation change compared with lidar was 1 m (95% confidence level,
Table S1). This strengthens the potential of these datasets in geodetic mass balance studies.

A comparison with an independent DEM from the source of GCPs (EMISAR DEM) shows limited
distortion of the DEM (NMAD=5.73 m), including areas far away from GCPs. It also reveals the
changes in Eyjafjallakokull, Tindfjallajokull, Torfajokull and the western side of Vatnajokull between
1980 and 1998 (Fig. 6), in particular the advances of some outlets of west Vatnajoékull due to their
surges in the early 1990s (Bjornsson and others, 2003). We did not run SGSim between KH-9 and
EMISAR DEMs, since no further analysis of a particular area of interest was carried out based on this
comparison. The KH-9 spy satellites imaged the entire country in 1977-1980, and previous spy
satellite missions imaged large areas of the country since the 1960s (data not scanned, USGS,
https://www.usgs.gov/), making these dataset useful for expanding knowledge of the state of
Icelandic glaciers in a varying climate with lower temperatures and higher precipitation than at
present (Fig. 7).

The time series of elevation differences were completed using spaceborne, pushbroom-based stereo
imagery from the last two decades. ASTER offers high potential for producing a series of elevation
differences from 2000-present (Nuimura and others, 2012; Willis and others, 2012; Berthier and
others, 2016; Brun and others, 2017) and enabled constraining the signal of ice—volcano interaction
to the period 2009-2010. SPOT5 provided a DEM observation in 2004, resulting on larger temporal
resolution for 2000-2010. Both ASTER and SPOT5 DEMs were processed with open-source software,
and the uncertainty obtained was comparable to or better than other studies using similar datasets
(e.g. Korona and others, 2009; Berthier and others, 2016).

Our methodology relies on an accurate and high-resolution DEM as a source of GCPs for the frame
imagery and for co-registration for the pushbroom imagery. Alternatively to the lidar DEM used here,
other data sources could be used, such as a Pléiades-based data (Papasodoro and others, 2015) or
WorldView-based data (Fieber and others, 2018). The relative precision of Pléiades- and WorldView-
based DEMs is <0.5 m (Slopes <10°) and overall <1 m (e.g. Berthier and others, 2014; Shean and
others, 2016; Belart and others, 2017), often close to the precision of lidar (e.g. J6hannesson and
others, 2011). The absolute accuracy of these DEMs is affected by uniform horizontal and vertical
biases on the order of meters or a few meters and to some degree tilts leading to vertical biases on
the same order, but these cancel out in the calculation of elevation changes if GCPs are based on the
same Pléiades- and WorldView-based DEMs. Both data sources are of relatively easy access to the
research community; for example WorldView data are freely available for latitudes >60°N via
ArcticDEM (Porter and others, 2018).

6.2 Area, elevation and mass balance changes in Eyjafjallajokull

The ice cap retreated and thinned in 1945-1960, advanced and thickened in 1960-1994 and
retreated and thinned again in 1994-2014. In situ observations of front variations from the Icelandic
Glaciological Society (http://spordakost.jorfi.is/) indicate that the outlet Gigjokull started to advance
between 1971 and 1979 (Sigurdsson, 1998). The northern outlets show much more rapid front
changes than the southern outlets, suggesting higher ice motion in the northern ice catchments
versus the southern catchments. This also explains why during 1960-1980 the northern outlets were
advancing and thickening while the southeast and southwest margins were still retreating (Fig. 4).
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There is a lag between the maximum geodetic mass balance in 1984-1989 and the area maximum,
reached in 1994 (Fig. 7), which is due to the delayed response of the glacier to the climatic forcing
(e.g. Bahr and others, 1998).

Our study underlines the importance of seasonal corrections in the interpretation of records of
geodetic mass balance, in particular for glaciers with a maritime regime and high mass turnover (e.g.
Magnusson and others, 2016; Belart and others, 2017). Without seasonal corrections, the geodetic
mass balances can be misleading over short time periods, for instance in the 1980s when the surveys
were conducted during various times in the season (Table 1). However, the seasonal corrections are
negligible in long (220 years) time periods. Our approach to correct seasonal volume changes refined
the degree-day model of Magnusson and others (2016) by accounting for snowfall and snow melt at
high elevation, and used bootstrapping to infer the uncertainty, which is generally 30-50% of the
correction (Fig. 3). The uncertainty increases with snow correction (generally in late summer) due to
the uncertainty in the snow parameters, i.e. the temperature threshold between rain & snow, ddf
and snow density.

The seasonal correction applied to the 2010 dataset was, however, significantly affected by the 2010
volcanic eruption. The ddf does not take into consideration the tephra deposited on the surface of
the ice cap. The maps of tephra thickness indicate >2 cm of tephra around Eyjafjallajokull and up to 1
m at locations close to the crater (Gudmundsson and others, 2012). This likely enhanced the melt
locally at the lowest elevations, but insulated the majority of the ice cap during summer 2010
(Dragosics and others, 2016). The seasonal correction presented for August—October 2010 would be
likely too negative and an overestimation of the melting in this time period.

We do not account for elevation change and subsequent volume change of the summer snowfall due
to firn and fresh snow densification in the seasonal corrections as this can only lead to a minor
volume correction. If we assume similar rates of firn and fresh snow densification as calculated for
Drangajokull ice cap, northwest Iceland (Belart and others, 2017), this would lead to a glacier-wide
correction of ~0.07 m, or 3% of the calculated seasonal correction for the 1980 dataset (the largest
seasonal correction), well within the uncertainty estimates.
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Fig. 8: Geodetic mass balance of Eyjafjallajokull and Drangajokull (Magnusson and others 2016) at
selected time intervals. Averages over multiple geodetic mass balance periods are weighted with the
number of years of each period.
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The obtained geodetic mass balances agree within the error bars with the results from Gudmundsson
and others (2011) for Eyjafjallajokull. In comparison to Drangajokull ice cap (northwest Iceland), the
geodetic mass balance 1945-2014 is similar to that calculated for 1946-2011 by Magnusson and
others (2016). Both ice caps present an overall trend of negative—positive—negative mass balance
(Fig. 8), although for Drangajokull the decline was larger in the early years of the geodetic records.
During 1960-1994, the mass balances of Eyjafjallajokull were significantly higher than for
Drangajokull, and after 1994 Drangajokull shows less negative mass balance than Eyjafjallajokull. The
larger mass turnover and higher mass balance variation of Eyjafjallajokull is consistent with its
proximity to the persistent paths of the North Atlantic low pressure system, with high precipitation
rates, and the warm seas surface temperatures from the Irminger ocean current that largely controls
the temperatures over the ice cap, whereas Drangajokull is affected by the cold East Greenland
current (Bjornsson and others, 2013).

6.3 Relation between glacier and climate

The geodetic mass balance, summer temperature and winter precipitation are well correlated; mass
balance increases with lower temperatures and higher precipitation, and vice versa (Fig. 7). Previous
studies have analyzed mass balance sensitivity in relation to temperature (Gudmundsson and others,
2011; Palsson and others, 2012), by using geodetic mass balance and records from nearby weather
stations. These studies, however, show a high variability in the results depending on which weather
station was used, use few time periods and do not include sensitivity to precipitation. The long-term
records of gridded climate data (Crochet and others, 2007; Crochet and J6hannesson, 2011; Nawri
and others, 2017b) and geodetic mass balance allow more in-depth study of the ice cap’s response to
climate variations.

The link between climate and mass balance needs to account for glacier adjustment to different
climates, especially if the mass-balance records span long time periods in comparison to the
relatively short response time of the glacier. This is accounted for by calculating reference-surface
mass balance (Elsberg and others, 2001; Harrison and others, 2001), which allows comparison of
long-term mass balance and climatic variables (Huss and others, 2012). The shift to reference-surface
is also needed due to the static definition of the sensitivities calculated in this study (De Woul and
Hock, 2005). Other tests (not shown) yielded worse least-square fit if the reference-surface mass
balance was not accounted for.

We observe that a simple linear equation relating reference-surface mass balance with summer
temperature and winter precipitation can explain 80% of the observed mass balance, but yields a
rather poor fit in one particular period. The misfit for 1980-1984 can be explained by a poorly
constrained conversion of volume to water equivalent, due to the short time interval (4 years) in a
near-balance time period (Huss, 2013), or by an oversimplified relation between mass balance and
climate. The latter has nonlinear components (Oerlemans and Reichert, 2000), and additional
variables not considered may cause significant variations in the mass balance. For example, strong
albedo changes can take place as a consequence of summer snowfalls or from dust events.
Alternative equations to estimate mass balance from climatic variables were tested but did not yield
a better fit than the equation using summer temperature and winter precipitation: (1) using annual
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temperature and precipitation (Gudmundsson and others, 2011; Palsson and others, 2012) and (2)
using the number of positive degree-days instead of temperature.

The obtained sensitivities for Eyjafjallajokull (<2.1 m w.e.a™ K™ and 0.5 m w.e. a* (10%)™") are higher
than the sensitivities at selected catchments of Hofsjékull and Vatnajokull (0.8 to =2 m w.e.a™ K™
and 0.1to 0.3 m w.e. a* (10%)™), or other maritime glaciers in the world such as Wolverine, Alaska
(-0.8 mw.e.a* K and 0.2 m w.e. a* (10%)™) (De Woul and Hock 2005). In particular the sensitivity
to precipitation in Eyjafjallajokull is high due to the vast amount of precipitation in the area (the
average winter precipitation 1960-2014 is 5220 mm), more than three times the amount of snow
accumulation measured in situ at the Icelandic catchments analyzed by De Woul and Hock (2005).
Climatic conditions and sensitivities of Eyjafjallajokull agree and are more similar to those of the
maritime glacier Alfotbreen, Norway (-1.7 m w.e.a™ K* and 0.5 m w.e. a* (10%)™), obtained by
Engelhardt and others (2015).

Although cautious interpretation is needed in the modeled annual mass balance due to outliers in
the least-square method (Fig. 7), it shows larger interannual variability (SD=1.57 m w.e. a™*, N=56)
than other Icelandic glacierized areas such as Langjokull (SD=0.82 m w.e. a™*, N=14 (Pélsson and
others, 2012)), Vatnajokull (SD=0.83 m w.e. a*, N=19 (Bjérnsson and others, 2013)) or Hofsjokull
(SD=0.88 m w.e. a %, N=23 (J6hannesson and others, 2013)). The high sensitivity to precipitation and
high interannual variability can be explained by the more maritime regime of Eyjafjallajokull.

In a regional context, this simple approach to infer annual mass balance as function of climate
variables presents a useful tool for a temporal homogenization of mass balances (Lambrecht and
Kuhn, 2007; Fischer and others, 2015), as the regional surveys of ice masses often take place within a
few years (e.g. Jéhannesson and others, 2013), which causes difficulties in mass balance
intercomparisons.

7 Conclusions

This study has described a workflow to extract decadal geodetic mass balance for the last ~70 years
based on records of airborne and satellite stereo images from frame and pushbroom sensors, thus
producing a series of DEMs, orthoimages and dDEMs with robust uncertainty estimates. Seasonal
differences between dates of survey were corrected using a simple degree-day model that considers
possible snowfall in summer. All the processes were carried out with open-source software (e.g.
MicMac, ASP and GSLib). Among the datasets, we processed six frames from the declassified
Hexagon KH-9 Mapping Camera and obtained a DEM covering ~1/3 of Iceland from 1980, including
~3400 km? of ice masses. These tools are useful for in-depth regional studies of geodetic mass
balance and glacier—climate relationship in Iceland and can be applied elsewhere.

Applied to our test area, Eyjafjallajokull, our pipeline provides a detailed time series of elevation
changes and mass balance. The ~70 year average mass balance is BZJ1¢ = —0.27 + 0.03 m w.e. a™,
and we observe high variability on decadal timescales, reaching a maximum of B158; = 0.77 + 0.19

m w.e. a’, and minimums of Bigs =—1.94+034 m w.e. a’ for climatic forcing and

B2%39 = —3.39+0.49 m w.e. a* mostly due to the subglacial melting during the April 2010

eruption.
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Variations in the reference-surface mass balance correlate with changes in summer temperature and
winter precipitation, and a simple linear model can explain most of the observed mass balance
variations, except for the period 1980-84. The static sensitivity to 1°C warming and 10% precipitation
increase is —2.08 + 0.45 m w.e. a* K* and 0.51+ 0.25 m w.e. a* (10%)™", respectively. The
sensitivity to precipitation is substantially higher than estimates at other locations in Iceland,
probably due to the strong maritime regime of Eyjafjallajokull.

This study serves as a template, of particular relevance and applicability in a regional context, for
extraction of long records of geodetic mass balances and the study of the glaciers’ response to
climate and other possible forcing.

Data availability

All the frame imagery used in the study is open access, upon request to Landmaelingar islands
(www.Imi.is), or downloadable from the US Geological Survey (www.earthexplorer.usgs.gov). The
pushbroom images from SPOT5 and Pléiades, as well as the EMISAR DEM, have data access
restriction. All the maps of elevation difference are available upon request. ASTER imagery can be
downloaded at https://search.earthdata.nasa.gov/. The lidar data are available upon request to the
authors (J6hannesson and others, 2013). All meteorological data (daily temperature and
precipitation, both LT-Model and HM-Model) are available upon request from www.vedur.is.
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Supplement on methods
S1. Preprocessing of lidar and EMISAR DEMs

The lidar surveys of the Icelandic glaciers carried out between 2008 and 2012 were used in this study,
described in detail in J6hannesson and others (2013). Eyjafjallajokull was surveyed with lidar on 10—
11 August 2010 and additional proglacier areas on 16 September 2010. We also included lidar data
from Myrdalsjokull, Hofsjokull, west Vatnajokull, Tungnafellsjokull, Kerlingafjoll, Trollaskagi and
Langjokull, which overlap with the extent of the KH-9 images and are useful for Ground Control Point
(GCP) extraction. The lidar survey of Langjokull was acquired by the Scott Polar Research Institute
(SPRI), Cambridge, UK, in 2007 (Pope and others, 2013). The relative vertical accuracy of the lidar
data is >0.3 m (J6hannesson and others, 2011).

We linearly interpolated the first return of the lidar point cloud, creating gridded DEMs. For
digitation of GCPs from the aerial photographs of Eyjafjallajokull, the DEMs were created in 1x1 m,
similar to the Ground Sampling Distance (GSD) of the aerial photographs. All the lidar data were also
interpolated in 5x5 m grid posting to match the GSD of the KH-9 images and to derive the maps of
elevation changes. This was done with the routine point2dem in ASP software (© NASA). All the
calculations were performed in ISN93 Lambert coordinates and datum (details at www.Imi.is).

A DEM was produced from airborne Synthetic Aperture Radar (SAR) in summer 1998, carried out by
the Electromagnetic Institute of the Technical University of Denmark (Dall, 2003). This DEM was
corrected based on comparison with an extensive set of GPS profiles by Magnusson (2003) and has
been used in many studies of landscape changes in Iceland (e.g. Magnusson and others, 2005;
Gudmundsson and others, 2011; Pedersen and others, 2018). The effects of snow penetration in
snow areas are negligible due to the wavelength of the system and the presence of wet snow at the
date of survey (Rott and Davis, 1993; Gudmundsson and others, 2011). The EMISAR DEM was co-
registered to the lidar by applying the Iterative Closest Point (ICP) method using unchanged areas
and applying the calculated transformation to the original EMISAR DEM using the routine pc_align in
ASP software (Shean and others, 2016; Belart and others, 2017).

S2. Photogrammetric processes of frame imagery

The airborne frame stereo imagery was scanned with a photogrammetric scanner Vexcel Ultrascan
5000 at the National Land Survey of Iceland, at a resolution of 15 um (images from 1980s and 1990s)
and 20 um (images older than 1980s). The KH-9 stereo imagery was scanned at 7 um by the United
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States Geological Survey. Information about the focal length was compiled from calibration
certificates, handwritten information on the frames and from Surazakov and Aizen (2010).

The frame images contained either fiducial marks (the series of images from 1960 onwards, four
marks in all the series with the exception of 1994, with eight marks), pseudofiducial marks
(systematic marks existing at the same location over all the series of images, series of 1945) or a
Réseau plate with systematic crosses over the entire image, e.g. 1058 crosses for the KH-9 imagery
(Surazakov and Aizen, 2010). These marks served to establish a common frame where the camera
lens distortions and the position of the principal point of autocollimation (PPA, e.g. DeWitt and Wolf,
2000) are systematically controlling the interior orientation together with the focal length. Fiducial
coordinates were extracted from calibration certificates (LMI Series), were assumed with a 1x1 cm
spacing in the Réseau plate (Surazakov and Aizen, 2010) and were measured and averaged over 5
images in the 1945 and 1960 series.

The frames were cropped based on the fiducials, using bilinear interpolation. This also served to crop
the metadata at the border of the images that often cause difficulties in image correlation
techniques, and recreating the scenario of a digital frame imagery. The transformation method for
the airborne frame imagery was a 2D affine transformation and thin spline transformation for the
KH-9 imagery.

The MicMac routine tapioca computed tie points between overlapping images, using the Scale-
Invariant Feature Transform (SIFT) algorithm (Lowe, 2004). With the tie points and an initial camera
geometry, MicMac solved the relative image orientation and improved the camera geometry with
the routine tapas. Then, with the image and geographic coordinates of the GCPs as input, the routine
campari performed a robust bundle block adjustment with compensation for heterogeneous
observations and refinement of camera parameters. The uncertainties set to the GCPs were +1 m
(XYZ). The bundle adjustment was implemented in a Euclidean 3D system since MicMac does not
support the bundle adjustment in spatial reference systems projected over an ellipsoid (Fig. S1).

With the images oriented in a ground spatial reference system, the routine Malt performed semi-
global matching (Hirschmuller, 2008) to produce disparity maps, which were converted to point
clouds with nuage2ply. The point cloud was transformed into ISN93 Lambert coordinates and linearly
interpolated into a regular grid using point2dem in the ASP software. The routine Tawny enabled the
creation of a continuous orthomosaic from the frame imagery, which was also resampled and
projected onto the ISN93 spatial reference system (Fig. S1).
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1945 (AMS)

Fig. S1. Flight line (solid lines) and GCP distribution (red triangles) on each photogrammetric survey
between 1945-1994. The lidar DEM of 2010 is displayed as reference, as a shaded relief.
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S3. Processing of pushbroom images

The processing of pushbroom sensors in ASP used as input the pushbroom imagery with the Rational
Polynomial Coefficients (RPC). The SPOT5-HRS imagery had a rigorous physical model of the
pushbroom sensor, which was converted into RPC with the routine add_spot_rpc.

The ASTER dataset was processed in two runs: (1) a coarse-resolution DEM was produced with the
routines stereo and point2dem and entered as input to create an orthoimage from each image of the
stereopair, using the routine mapproject, and (2) the orthorectified stereopair, along with the coarse-
resolution DEM, was used as input in a second run of the routines stereo and point2dem. The latter
process has shown improvements in detail and accuracy of the resulting DEM (Lacroix, 2016; Brun
and others, 2017).

The SPOTS5 stereopair was first prepared with the routine bundle_adjust, which calculates
homologous tie points between the stereopair and refines the RPC. Then, the routines stereo and
point2dem were utilized to produce the DEM and orthoimage.

The processing of the Pléiades DEM and orthoimage was carried out with the routines stereo and
point2dem (Marti and others, 2016; Belart and others, 2017). These routines were called twice, with
slightly different setups of thresholds for matching, merging of the resulting DEMs and orthoimages
from each run, and reducing the data gaps of the results (Belart and others, 2017).

The resulting DEMs from Pléiades, SPOT5 and ASTER were co-registered with the lidar using the
routine pc_align, and solving for six transformation parameters: three translations and three
rotations. The orthoimages were co-registered by applying translations to them based on the shifts
previously calculated by the DEM co-registration.

Scanned Frame Images
" (AMS, DMA, LMI & Hexagon)
I I I | I

Image crop:

Pushbroom images

Fiducials Affine 2D (AMS, DMA, LMI) ASTER SPOTS Pléiades
Thin Plane Spline (Hexagon KH-9)
I ‘ I I I
Cropped frame Dense Matching SIFT & Orientation Dense Matching
MicMac images (stereo) {bundle_adjust) (stereo)
1 [ 3 [ b [
ASP SIFT DEM interpolation Dense Matching DEM interpolation
d (Tapioca) (point2dem) (stereo) (point2dem)
Others ] [ [ : 1
(GDAL, Imagemagick) Relative Orientation Coarse DEM interpolation
(Tapas) DEM (point2dem)
[ |
Lidar-based | | 3D Tr. nd Absolute Orientation Reprojection
GCPs ISN93 -> Local (GCPBascule & Campari) (mapproject)
| - |
Dense Matching Dense Matching
(Malt) (stereo)
I ; |
PC Creation Orthomosaic Creation DEM interpolation
(nuage2ply) (Tawny) (point2dem)
1 ' :
PointCloud Orthomosaic Ortiilrmtge
— ‘ : ! I
3D Tr. Lid N Coregistration
Local -> ISN93 Idar (pc_align)

T
e — | ———

DEM interpolation
(point2dem)
i ¥ ¥
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Fig. S2: Pipeline followed to process scanned frame images (left) and pushbroom images (right).
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S4. Sequential Gaussian Simulation: pipeline and validation

The uncertainty estimates of the difference of DEMs (dDEM) were based on the work by Magnusson
and others (2016). The main difference was the script-based, open-source workflow followed, with
data preparation based on GDAL/OGR (GDAL/OGR contributors, 2018) and geostatistical analyses
based on GSLib (Deutsch, 1998) (Fig. S2).

The data preparation consisted of producing a grid of the off-glacier areas from each dDEM. This only
included areas where no elevation changes were expected during the time period analyzed, and
served as a proxy to evaluate the dDEMSs’ uncertainties. These uncertainties were mostly due to
residuals in the image orientation (both interior and exterior) of the two datasets used for the
creation of a given dDEM (Fig. S3).

The preparation of the grid of the off-glacier areas was carried out in a semi-automatic workflow: (1)
A slope mask excluding >30° slopes was applied over the dDEM, considered representative for the
slopes on the ice cap. (2) A snow mask was applied to the result, obtained from setting a threshold
on the orthomosaic containing the most snow between the two datasets. (3) The glaciated areas
were masked out, as well as the areas with clear changes during the covered time period. This
included landslides (Steinsholtsjokull; Kjartansson, 1967), erosion from jokuhlaups (e.g. Jokulsa river
draining from Gigjokull; Oddsson and others, 2016) and newly emplaced lavas (Fimmvorduhdls;
Edwards and others, 2012). (4) Gross errors higher than 4 standard deviations of the deduced
elevation difference in areas presumed unchanged were masked out. (5) An automatic outlier
removal was applied, comparing the dDEM versus a filtered dDEM with a windows size of 500 m, and
excluding the cells for which the difference between filtered and unfiltered exceeded 1 standard
deviation. (6) A random pick of 100 points every 500x500 m was selected, to speed up computation
of the geostatistical method, after verifying that the impact of the subsampling was negligible. Steps
(3) to (5) were iterated once, after visual inspection of the results, adding an extra mask of unfiltered
but clear outliers.

The grids of the off-glacier areas were piped into the GSLib routines in the same steps as described
by Magnusson and others (2016): (1) The nscore function was used to transform the grid of the off-
glacier areas into a dataset fitting a normal distribution. (2) A semivariogram was calculated with the
routine gamv, and the result was manually fitted into a modeled semivariogram, either spherical or
Gaussian, following the shape of the semivariogram. (3) 1000 realizations of simulated errors
propagated onto the ice cap were computed, using as input the normalized data and the modeled
semivariogram. From the result, the mean of the 1000 realizations at each pixel was calculated. The
mean map (Fig. S3 and S4) revealed the simulated propagation of the maps of errors onto the ice
cap. From the simulation we obtained the mean of the 1000 realizations of glacier-wide bias of the
dDEM analyzed along with a 95% interval confidence based on the histogram on the simulations.

The texture of snow might produce different effects in the correlation compared to bare ground. This
was studied in Magnusson and others (2016) showing similar semivariograms of the dDEMs on- and
off-glacier over short distances. The high-frequency errors produced in low contrast in snow
therefore had low impact in the SGSim, while the main errors that needed to be modeled were the
low-frequency, spatially-variable errors produced by the residuals in image orientation.
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Fig. S3: Pipeline used for uncertainty analysis, inspired by Magnusson and others (2016) but using
here script-based, open-source routines.

The archives of stereo images included two datasets at relatively close dates of survey for the years
1960 and 1980. On 5 August 1960 a full survey of the ice cap was carried out by AMS, and on the
same day ~20% of the ice cap was surveyed by LMIi. The LM survey of Eyjafjallajokull was completed
on 13 August 1960 (1 week later). The 1980 datasets were taken approximately 1 month apart, on 28
July 1980 by LMi and on 22 August 1980 by the KH-9 declassified satellite.

These datasets provided a comparison of independently acquired elevation data and served as
validation of the concept, showing the reliability of SGSim in relationship with other proxies
commonly used to correct glacier-wide elevation changes and associated uncertainty.

The four datasets (1960 LMi, 1960 DMA, 1980 LM{ and 1980 KH-9) were compared with the 2010
lidar DEM, and two values of glacier-wide mean elevation difference were obtained for 1960-2010
and 1980-2010 (Table S1). The calculations excluded the areas where either of the datasets of each
pair contained data gaps, e.g. the 1960 LM{ dataset contains gaps due to poor overlap between flight
lines, which could skew the glacier-wide mean elevation difference. The three following possibilities
were tested for bias correction and precision of the dDEM: (1) median (dDEM bias) and NMAD
(dDEM precision) of the off-glacier areas, Fig. S3), (2) median and NMAD of the off-glacier areas over
a 1 km buffer around the ice cap, and (3) SGSim.
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Fig. S4: Maps of off-glacier (snow- and ice-free) areas and SGSim-simulated spatially-variable errors
inside the ice cap (solid black lines) of each DEM of 1960 and 1980 compared to the 2010 lidar DEM.
Red colors indicate negative errors, and blue, positive errors. Buffer areas used for statistics are
marked in dashed black lines.
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Table S1. Comparison of three methods for bias correcting the glacier-wide mean elevation change,
using the off-glacier error map, along with different proxies of uncertainty of the corrected glacier-
wide mean elevation change (4h_ice). The approaches are: 1) Bias correction and uncertainty
estimate using respectively the median and NMAD of the off-glacier areas. 2) The same proxies
derived from the off-glacier areas extending 1 km buffer from the glacier margin 3) bias correction
and uncertainty assessment (95% confidence level) extracted from SGSim.

Descriptive statistics SGSim (Geostatistics)
dDEM Median Glacier-wide
+ NMAD Median mean + 95%
off- A(}rlri;e NMAD buffer A(}rlri”)e Unc. (m) of A(’rlrlse
glacier off-glacier (m) simulated

(m) errors
5Aug 1960 (DMA)-2010 -1.3+2.5 -10.1+2.5 -0.6+1.8 -10.8+1.8 2.42+0.31 —13.83+0.31
13 Aug 1960 (LMf)—ZOlO 0.812.6 -13.5+2.6 0.611.7 -13.3+1.7 0.6710.41 -13.3810.41
28 Jul 1980 (LMII)—2010 0.5+2.1 -20.7+2.1 -0.5+1.4 -19.7+1.4 -0.0410.41 -20.1310.41
22 Aug 1980 (KH-9)- 4.7+4.1 -24.2+4.1 3.0+4.2 —22.5%4.2 -0.14+0.99  -19.35+0.99

2010

The results from Table S1 for the two series of 1960 reveal a similar glacier-wide mean elevation
change when the SGSim correction is applied. We calculated a seasonal correction over 80% of the
ice cap between 5 August and 13 August 1960, yielding -0.36 + 0.14 m of elevation change due to
melt. This melt explained the discrepancy in SGSim-based glacier-wide mean elevation changes and
provided an excellent fit of results. The bias-corrected elevation difference on-glacier based on the
two other proxies (median off-glacier and median over 1 km buffer off-glacier) yielded a higher
disparity in the results (>3 m), although it still fitted within their respective error bars (NMAD values
of the respective input).

Analogously, the two series of 1980 indicated that the best agreement is when bias-correcting using
SGSim. The seasonal correction between 28 July and 22 August 1980 was —1.43 £+ 0.44 m, which
again explained why the mean elevation change of the ice cap using the dataset in late July was
higher than the one in late August. It also yielded a fit with a few decimeters of difference, well
within the error bars. On the other hand, the two other proxies gave a much higher (>4 m) disparity
of results that could not be justified by seasonal differences but by erroneous bias correction.

S5. Finalizing the dDEMs: Filtering and interpolation of gaps inside the ice cap

To calculate the volume change, the bias-corrected dDEMs were masked using the maximum
overlapping extent of the ice cap between the dates of survey. The result was filtered using the same
median filter applied for the preparation of the maps of errors, but excluding areas at the glacier
margins (500 m in-glacier from margin) and the 2010 eruption site; in these areas the filter would
reject good data due to high variability in the elevation changes. An additional manual mask was
applied for any remaining clear artifacts due to lack of image texture.

Gaps in the dDEMs (Fig. 4 of the main text) had multiple causes, insufficient stereo overlap, cloud
coverage and, to a lesser extent, matching errors. In order to fill in the gaps for accurate volume
calculations we combined three different approaches:

1) Most of the gaps were small (<5% of the ice cap) and fairly evenly distributed, which allowed
simple linear interpolation from the edges of the gap area.

2) The dDEMs involving the 2014 Pléiades DEM contained gaps in the SW margin due to clouds at the
time of acquisition. These gaps were filled based on 50 m elevation bands. Each of these bands
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contained the mean elevation difference of the respective dDEM at each analyzed elevation range,
after excluding values larger than 3*NMAD of the analyzed elevation range (Brun and others, 2017).

3) The largest gaps amounted to a maximum of 15% of the ice cap in the southern area (Si9s9) Of the
1989 series (Fig. 4 of main text). We fitted a linear function of the volume changes of Sigg as a
function of the volume changes on the rest (85%) of the ice cap in ten time periods without gaps in
this area (e.g. Magnusson and others, 2016). The result yielded a clear linear fit (R? = 0.98), which
permitted obtaining the volume changes at Sjgg9 in the periods 1984-1989 and 1989-1994. This
was used to complete the volume changes dVi5¢; and dvi?,gg.

$6. Seasonal corrections of the geodetic mass balance

Table S2: Summary of parameters and 95% uncertainties utilized for modelling summer melt and
summer snowfall until 1 October

Abbreviation Parameter Value
T Daily temperature at 2m above
ground
T, Positive degree-day
p Daily precipitation
) . o1
ddfre; Degree-day factor of firn and ice 6.5+ 0.5 mmw.e.°C
Degree-day factor of snow 5.5+ 0.5 mmw.e. °C™
ddfs
C ion factor of fi dicet
o onversion fac orq irn and ice to 0.75 + 0.1
f&i water equivalent
Conversion factor of snow to water 0.5+ 0.1

Cs equivalent

Binary switches between snow and
a, B firn or ice

Threshold between rain and snow
Pr<1ocy precipitation
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Table S3. Seasonal corrections applied to each series of DEMs

Area-average elevation

Pate of DEM difference (m)
29 Sept 1945 N/A
5 Aug 1960 -1.79+0.69
13 Aug 1960 -1.36 £0.56
28 Jul 1980 -1.98£0.80
22 Aug 1980 -0.56 +0.51
4 Sept 1984 +0.04 +0.34
31Jul 1989 —0.79+0.90
6 Aug 1994 -1.14 £0.65
12 Aug 1998 -1.21+0.57
5 Oct 2004 N/A
7 Oct 2009 N/A
10 Aug 2010 -1.83+0.72
11 Aug 2014 -1.13£0.70
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Fig. S5: Map of off-glacier errors for each dDEM and maps of the spatially-variable errors within
Eyjafjallajokull, obtained from SGSim.Outlines are shown with a black solid line.
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Spatially distributed mass balance of selected Icelandic glaciers, 1945-2015.
Trends and link with climate

Joaquin M.C. Belart, Eyjélfur Magnusson, Etienne Berthier, Agust b. Gunnlaugsson, Finnur Pélsson,
Gudfinna Adalgeirsdottir, Helgi Bjornsson

ABSTRACT:

Excluding the three largest ice caps, Icelandic glaciers have received until recently limited attention in
terms of mass balance observations over the last century. In this study, estimates of glacier-wide
geodetic mass balance from 1945 to 2015 are presented, in decadal time spans, for 14 glaciers (total
area >1000 km?) spatially distributed in all quarters of Iceland and subject to different climatic
forcing. The estimates are derived from numerous sources of elevation data: historical aerial
photographs, declassified spy satellite images, modern satellite stereo imagery and airborne lidar.
The obtained mass balances are correlated with precipitation and air temperature by a first order
equation including a reference-surface correction term. This permits statistical modelling of annual
mass balances and to temporally homogenize the mass balances for a region-wide, multitemporal
mass balance study. The mean and standard deviation (meanSD) of mass balances of the target
glaciers were —0.4410.16 m w.e. atin 1945-1960, 0.00£0.21 m w.e. atin 1960-1980, 0.11£0.25 m
w.e. a ' in 1980-1994, —1.01+0.50 m w.e. a " in 1994-2004, —-1.27+0.56 m w.e. a - in 2004—2010 and
—0.14+0.51 m w.e. a* in 2010-2015. High decadal mass-balance variability is found on glaciers
located at the south and west coasts, in contrast to the glaciers located inland, north and northwest.
The fit between mass balance and climate substantially improves by applying a reference-surface
correction. Yet this fit reveals in some cases an unrealistic mass balance sensitivity to temperature
and precipitation changes, and for Myrdalsjokull the fit is poor (R>=0.69). This could be attributed to:
(1) inaccuracies in the estimates of summer temperature and winter precipitation obtained from the
climate model, (2) an oversimplified model relating mass balance and climate. Moreover, the
reference-surface correction is applied under assumption of a linear relationship between area and
volume changes. This failed at specific time periods due to substantial lowering in the accumulation
area while the glacier fronts were advancing. This is likely related to changes in the ice flux towards
the ablation area, possibly linked to periods of high precipitation. This study provides unique data for
studies of coupled mass balance to ice dynamics, especially aiming at reproducing an increased ice
flux forced by precipitation changes.

Keywords: Region-wide mass balance, glacier—climate relationship, remote sensing.

Keypoints:

A ~70-year record of mass balances was extracted over 14 glaciers located around Iceland, improving
the estimates of mass loss and allowing a region-wide mass balance intercomparison. Glaciers in the
south and west coasts show higher mass balance fluctuations than the inland or northern glaciers.

These observations were linearly fitted with records of temperature and precipitation using
statistical relations. This led to some misfits, which may be explained by an incomplete climate model
and the linearity assumptions utilized.
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The long records of mass balances and DEMs add constraints to the discussion of mass balance
changes in relation with climate. Observed patterns of elevation change between 1960s and 1990s
indicate significant variations in ice dynamics, likely controlled mainly by fluctuations in precipitation,
that may call for new challenges in glacier modelling.

INTRODUCTION

Glacier mass balance is an ideal proxy to describe climate variability (Ahlmann, 1940; Ohmura, 2011;
Vaughan et al., 2013; Bojinski et al., 2014). Mass balance is related to winter precipitation (winter
snow) and summer temperature (a proxy for available energy to melt snow and ice). Mountain
glaciers and small ice caps have a relatively rapid response, in decadal timescales, to adjust their
geometry to a new climate (Nye, 1960; J6hannesson et al., 1989 Bahr et al., 1998; Adalgeirsdottir et
al., 2006). Glaciers therefore act as low pass filters to climatic variables with a time delay (e.g. Elsberg
et al., 2001; Marzeion et al., 2012).

Mass balance observations from in situ measurements are sparse and costly; they are only available
for about 450 glaciers around the world (Zemp et al., 2015, updated in WGMS, 2017), whereas mass
balance inferred from remote sensing observations, e.g. geodetic mass balance (Cogley et al., 2011)
is achievable for most glacierized regions without demanding field logistics. The remote sensing era
started as early as the 1900s, and the mapping cameras rapidly developed in the 1930s, giving way to
numerous airborne and spaceborne photogrammetric and photoreconnaissance surveys worldwide
(Livingston, 1963; Spriggs, 1966; Bindschadler and Vornberger, 1998), providing valuable sources to
create Digital Elevation Models (DEMs) with the potential for geodetic mass balance measurements
(e.g. Bolch and others, 2011; Magnusson and others, 2016; Fieber and others, 2018).

Despite the vast amount of historical archives of stereo images, the geodetic records of the first half
of the 20" century are scarce and based on contour maps (e.g. Bauder et al., 2007). Observations
become fairly common after the 1980s (e.g. Fischer et al., 2015) and have been very frequent since
the 2000s (WGMS, 2017) due to the rapid development and availability of sensors with capabilities to
retrieve the glacier surface geometry (e.g. optical stereoscopic imagery, radar, lidar).

Geodetic mass balances are especially useful if they are spatially distributed, as they are the basis for
region-wide mass balance studies. These studies have been carried out in several glacierized regions,
such as the Alps (Bauder et al., 2007; Fischer et al., 2015; Berthier et al., 2016), Andes, (Soruco et al.,
2009), Greenland (Bolch et al., 2013), or High Mountain Asia, (Kaab et al., 2012; Gardelle et al., 2013;
Brun et al., 2017). These studies advance the understanding the relation between glacier and
climate, improve regional and global climate models and constrain the regional glacier mass loss and
sea-level rise (e.g. Marzeion et al., 2014; Huss and Hock, 2015).

In Iceland, mass balance observations have mostly focused on the three largest ice caps: Vatnajokull
(~8000 km?), Langjokull (~900 km?) and Hofsjokull (~890 km?), with a 25-year record of in situ
measurements (Bjornsson and Paélsson, 2008; Palsson et al.,, 2012; Bjornsson et al., 2013;
Jéhannesson et al., 2013). These account for about 90% of the total glacierized area, and their mass
balance records have been used to estimate the glacier mass loss and sea-level rise contribution of
the entirety of Icelandic glaciers (Bjornsson et al., 2013). Other glaciers are less significant for the
total Icelandic mass loss, but they are spatially distributed in all quarters of Iceland and have the
potential to provide insights into regional climate variations.

The aim of this study is to produce a catalogue of maps of elevation difference and a 70-year record
of geodetic mass balance of spatially distributed glaciers in Iceland. These mass balances are
statistically correlated to records of temperature and precipitation to infer their static sensitivity to
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climate fluctuations, and the mass balances are homogenized for a region-wide multitemporal mass
balance study. Results are discussed in a context of climate-driven changes in the analyzed glaciers.

STUDY AREAS

For the current study, 14 glaciers and ice caps were selected, distributed in all quarters of Iceland,
with different regional climatic regimes (Bjornsson et al., 2013). They are shown in Fig. 1. Geodetic
mass balance estimates have been recently obtained for three of the target glaciers: Drangajokull,
Eyjafjallajokull and Tungnafellsjokull (Gunnlaugsson, 2016; Magnusson et al., 2016a; Belart et al., in
review). In situ mass balance observations have been carried out at a few locations on Myrdalsjokull
since 2001 (Agustsson et al., 2013), and on Drangajokull during 2005-2015 (e.g. Belart et al., 2017;
Anderson et al., 2018). Previous studies have also calculated geodetic mass balance over 1-2 decades
on Snefellsjokull (J6hannesson et al.,, 2011), Eyjafjallajokull, Tindfjallajokull and Torfajokull
(Gudmundsson et al., 2011). The rest of the targets have very limited or completely lack previous
mass-balance observations.

The size of the target glaciers varies from ~3.5 km? for Hofsjokull Eystri to ~560 km? for Myrdalsjokull,
and sum up to a total of >1000 km? (year 2010). Their elevation range is from ~200 m at Hofsjokull
Eystri, to ~2000 m at Oraefajokull. The ice thickness is known for five of the glaciers, being on average
~100 m for Drangajokull (Magnusson et al., 2016b), ~230 m for Myrdalsjokull (Bjérnsson et al., 2000),
~120 m for Oraefajokull (Magnusson et al., 2012b), ~50 m for Snaefellsjdkull (Bjérnsson, 2017) and
~60 m for Tungnafellsjokull (Gunnlaugsson, 2016).

The three largest ice caps, Vatnajokull (V), Langjokull (L) and Hofsjokull (H) (Fig. 1), were excluded
from this study with the exception of Oraefajokull, which is a part of Vatnajokull. This was due to the
complexity of the processing scheme: the relatively small footprint of the historical aerial
photographs in comparison with the glacierized area would limit the bare ground areas used as
reference (i.e. vicinity of the ice cap and nunataks) over large amounts of aerial photographs, causing
large distortions in the resulting DEMs. The surveys of these ice caps were also carried out over
multiple dates (months to years), complicating the mosaicking and interpretation of the results.
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Fig 1: Target glaciers of this study, surrounded by a yellow box: Drangajokull (Dra), Snaefellsjékull
(Snj), Eyjafjallajokull (Eyj), Tindfjallajékull (Tin), Torfajokull (Tor), Myrdalsjékull (Myr), Oraefajékull
(Oree), brandarjokull (Prd), Hofsjokull Eystri (Hof), Snaefell (Snae), Tungnafellsjokull (Tun), Hrutfell
(Hru), Eiriksjokull (Eir) and Barkardals- and Tungnahryggsjokull, considered as one glacier unit on
Trollaskagi (Tro). Blue dots show the six weather stations with long time series: Stykkisholmur (St),
Vik (Vi), Fagurholsmyri (Fa), Hélar i Hornafirdi (HS), Akureyri (Ak) and Zdey (£9).

DATA AND METHODS:

The data used in this study is described in Belart et al. (in review), and consists on the dense
catalogue of stereoscopic imagery available in Iceland from 1945 to 2015, from airborne and
spaceborne, frame (pinhole) camera and pushbroom sensors, together with airborne lidar data
(Johannesson et al., 2013). Fig. 2 gives an overview of the datasets used, and further information on
individual datasets is given in the supplement S1. In addition, daily gridded climatic records were
used: linearly modelled precipitation from 1958-2007 (LT, 1x1 km, Crochet et al., 2007), numerically
modelled precipitation from 1980-2016 (HARMONIE, 2.5x2.5 km, Nawri et al., 2017) and
interpolated temperature from 1948—present (1x1 km, Crochet and Jéhannesson, 2011) as well as
records from selected weather stations with long time series (>50 year) (Fig. 1, data available at
www.vedur.is).

For each target glacier, the methods described by Belart et al. (in review) were followed, consisting
on: (1) DEM and ortho creation using photogrammetric processing in a semi-automated workflow.
(2) Bias correction and uncertainty estimates using Sequential Gaussian Simulation (SGSim,
Magnusson et al., 2016). (3) Filtering, gap filling and volume calculation (4) Seasonal corrections
between the date of each survey and 1 October of the respective year. (5) Glacier-wide geodetic
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mass balance (B) using the conversion factor 0.85+0.06 Huss (2013). This resulted in two values of
(B), one relative to the survey dates and one fixed to the start of the hydrological year (1 October).

Gaps in the DEMs on the glacier surface occurred because of incomplete glacier surveys, cloud
presence and lack texture in the images. An interpolation of the elevation difference on the gap
areas was done as a function of elevation bands (e.g. Brun et al., 2017), and the uncertainty of these
areas was enlarged based on the amount of datapoints and variations in elevation the difference
retrieved for each elevation band (Supplement S2).

The seasonally-corrected mass balance was then correlated with the mean summer temperature (T's,
defined from 21 May to 30 Sep) and winter precipitation (Pw, defined form 1 Oct to 20 May)
averaged over the same years as the geodetic mass balance. This required a correction to reference-
surface mass balance (Elsberg et al., 2001; Harrison et al., 2001) for correlation of mass-balance with
climate (Cogley et al., 2011; Huss et al., 2012), simplified by approximating the changes in area (4A4)
and volume as a linear function for the analyzed time period, as previously observed in Pélsson et al.
(2012) and Belart et al. (in review). This resulted in a first order equation that can be solved by
weighted least-squares (Belart et al., in review)

B’=<st+wa+yAA+k (1)

Solving Eq.1 yielded static sensitivities of mass balance to summer temperature (@, m w.e. at K?)
and winter precipitation (w, m w.e. a~* (10%)"). The model was used to calculate annual mass
balances as a function of summer temperature, winter precipitation and area changes. The model
was not applied to Snaefell due to limited geodetic observations (Fig. 2).

For a decadal, region-wide comparison, we selected the years 1945, 1960, 1980, 1994, 2005, 2010
and 2015, as a median of the most common survey years (Fig.2). The geodetic mass balance of each
glacier was temporally homogenized (e.g. Lambrecht and Kuhn, 2007; Fischer et al., 2015) to these
years when needed, by using the annual mass balance modelled using temperature and precipitation
records (Eg. 1). The annual correction was not applied to datasets acquired in 1946 and 2017 due to
lack of climate data.

Further remarks for processing individual target glaciers, are described in the supplement S2.
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Fig. 2: Temporal distribution of the datasets for each target glacier. Vertical lines are emplaced at the
most repeated survey times, based on airborne (1945, 1960, 1994) and spaceborne (1980) stereo
images. 2004 contained abundant measurements from SPOTS5 (SPIRIT, Korona et al., 2009) and ASTER
(GLIMS, Raup et al., 2007). The airborne lidar surveys are spread over 5 years and adjusted to year
2010 (J6éhannesson et al., 2013). Recent satellite sub-meter stereo images from Pléiades, and
WorldView DEMs (ArcticDEM, Noh and Howat, 2015, data available at http://arcticdemapp.s3-
website-us-west-2.amazonaws.com/explorer/) were acquired during 2014-2017 and adjusted to
2015.
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RESULTS

Spatial pattern of elevation changes

Over 100 DEMs were utilized in this study, 70 of which were processed using photogrammetric
techniques. The area gaps on the glacierized areas were on average 15% of the total area, and seven
dDEMs contained gaps > 30% of the glacierized area, with a maximum of 40% for gaps in
Snafellsjokull between 1945-1959.

A chronological time series of dDEMs for each target glacier is shown in the supplement (S3). This
supplement also includes remarks on the evolution of the debris-covered glacier of Klofajokull (N-
Eiriksjokull) between 1960-2008, and a landslide occurred in the pro-glacier areas of Tindfjallajokull.

Overview of geodetic mass balances

We computed the geodetic mass balances for 70 time periods in total (85 including the results from
Belart et al. (in review) and Magnusson et al. (2016a)), i.e. on average six time periods for each of the
14 target glaciers, nine of them starting from 1945 (Fig.3). Uncertainties were typically <0.1 m w.e. a~
! (95% confidence level) for periods longer than 10 years, but increased for the shorter time periods
(e.g. Huss, 2013) or if the DEMs contained significant gaps. The maximum and minimum values were,
respectively, 0.8420.21 m w.e. a* on Snafellsjokull in 1985-1991 and —2.55+0.48 m w.e. a_* on
Torfajokull in 2004—2009. The seasonal correction was generally small (<0.1 m w.e. a*) over ~10
years periods, but increased significantly for the shorter time periods (e.g. Belart et al., in review).
Details on each glacier analyzed, including geodetic mass balance fixed to the survey dates and
seasonally corrected, are given in supplements S3 and S4.
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Fig. 3. Geodetic mass balance of 12 of the analyzed glaciers. The dates are fixed to 1 October, based
on seasonal corrections. Grey bands indicate uncertainty at 95% confidence level. Note the extended
Y axis in the lowermost panels. Dashed vertical lines show the years selected for region-wide
intercomparisons. The numbers in parenthesis indicate the area in 2010 and the range of elevation of
each glacier.
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Mass balance and climate records: correlation and sensitivities

The least-square fit between reference-surface mass balance and climatic variables (Eqg. 1) yielded a
robust fit with R? > 0.90 on eight of the targets, and R? > 0.80 on 10 targets (Table 1). The fit however
was not as strong for Myrdalsjokull (R*= 0.69) or Tungnafellsjokull (R*= 0.74).

The calculated mass-balance sensitivity to summer temperature ranges from -0.21+0.10
(prandarjokull) to —3.85+1.05 m w.e.a K™ (Snafellsjokull). The highest sensitivity to winter
precipitation was found on Myrdalsjokull with 0.5620.92 m w.e.a™ (10%). The validity of these
extreme sensitivities is addressed in the discussion section.

dmwealKT1 3 2 -1 0 Imweal(10%)!

Fig. 4: Mass-balance sensitivities to summer temperature (left) and winter precipitation (right).

In five of the analyzed glaciers, we found that the variations in winter precipitation yielded negative
sensitivity (0.1 to 0 m w.e. a* (10%)™") to mass balance (Table 2) (further addressed in the following
discussion). In these cases we considered w = 0, when solving Eqg.1 by least squares, assuming that
its contribution was insignificant to mass balance changes (e.g. Leclercq and Oerlemans, 2012).

Table 1: Mass balance sensitivities of the analyzed glaciers to a 1°C rise in temperature and to a 10%
increase in precipitation. Uncertainties (10) were extracted from the variance matrix by the least
squares adjustment. No uncertainties (N/A) were computed for Barkéardals- and Tungnahryggsjokull
as the mass-balance measurements were minimum (four observations) to solve the least square
adjustment. *Target glaciers for which the sensitivity to precipitation was set to zero (w = 0).

0B/dTs dB/0Pw R? R’
(mw.e.a K™Y | (mw.e.a? (10%)™) (y =0)
Barkardals- and Tungnahryggsjokull —0.81+N/A 0.26xN/A N/A N/A
Drangajokull* —-0.8410.32 0 0.81 0.70
Eiriksjokull* -0.32+0.11 0 0.98 0.85
Eyjafjallajokull (Belart et al., in review) —2.08+0.45 0.51+0.25 0.81 0.81
Hofsjokull Eystri* —-0.5210.01 0 0.99 0.44
Hratfell —0.83+0.04 0.05+0.05 0.99 0.99
Myrdalsjokull —2.05+1.06 0.56+0.92 0.69 0.65
Oraefajokull —-1.02+0.46 0.38+0.16 0.95 0.95
Snzefellsjokull* —3.85+1.05 0 0.91 0.63
brandarjokull* -0.21+0.10 0 0.99 0.38
Tindfjallajokull -1.38+0.48 0.03+0.14 0.96 0.76
Torfajokull —2.69+0.99 0.46+0.38 0.95 0.93
Tungnafellsjokull —2.1040.72 0.3210.26 0.74 0.68
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Region-wide mass balance at the selected time periods

A)1945-1960 B)1960-1980

C)1980-1994 D)1994-2004

F)2010-2015

O o

Al960 50%A1960 S a5 44 =05 0 05 I1mweal

Fig. 5: Glacier-wide geodetic mass balance for six time periods between 1945 and 2015. Red and blue
colors indicate negative and positive mass balance, respectively. The size of each circle shows the
ratio of area changes relative to 1960. *The temporal homogenization was not applied to Oraefajokull
between 2010-2017, due to the lack of gridded climate data after 2016.

For the six time periods temporally homogenized, the maximum mass loss was found on Torfajokull,
—-2.5 m w.e. a in the period 2004—-2010. The maximum mass gain occurred on Snzefellsjokull in
1980-1994, accumulating at a rate of 0.7 m w.e. a™". Without area-weighting, the mean and standard
deviation (mean+SD) of mass balances of the target glaciers were —0.44+0.16 m w.e. a * in 1945—
1960, 0.00+£0.21 m w.e. atin 1960-1980, 0.11+0.25 m w.e. atin 1980-1994, —1.01+0.50 m w.e. at
in
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1994-2004, —1.27+0.56 m w.e. atin 2004-2010 and —0.14+0.51 m w.e. a* in 2010-2015. The range
of obtained mass balance therefore becomes more disperse in the last two time periods (Fig. 6).

0.5 _ —]

30 oo Dra e+ Hu ¢ ¢ Tor e—e Myr
==u Tro ¢ Tun e Snj e—e Ore °-.
—40}| ¢ Eir ¢—¢ Tin o—e Fyj e—o Hof o
1945 1855 1965 1975 1985 1995 2005 2015

Fig. 6: A) Average mass balance after temporal homogenization at the six time periods analyzed. B)
Cumulative absolute mass balance centered in 1960 (common year for the selected glaciers). Squares
indicate glaciers located at the north, diamonds glaciers inland and circles represent glaciers at the

south and west coast.

Average 19602010

1 075 05 —095 Omwend §505 Tmwesl

Fig. 7: Glacier-wide mass balance average during 1960-2010. The size of the grey circles shows the
temporal variability, estimated for each glacier as the standard deviation of the temporally
homogenized glacier-wide mass balance, using a weight based on each time period.
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Total mass changes and contribution to sea-level rise

We divided the target glaciers into four subgroups >100 km? to estimate total glacier mass change:
Drangajokull, Myrdalsjokull, Oraefajokull and the group of other glaciers and ice caps (<100 km?)
(Table 1). Most of the mass loss occurred in 1994-2010: 23.75+1.61 Gt (1.48+0.1 Gt a), or
0.066+0.004 mm Sea Level Equivalent (SLE). Myrdalsjokull contributed about 70% to the total mass
loss (Bisa?), even though its area is about half of the total of studied glaciers. The group of glaciers
<100 km? contributed to the mass loss significantly more than some larger (>100 km?) ice caps such
as Oraefajokull, and more than twice as much as Drangajokull (Table 1).

Table 2: Area, area-weighted mass balance (m w.e. a™*) and mass loss (Gt) for the analyzed areas in
1945-1960, 1960-1994 and 1994-2010. *Values used for Myrdalsjokull, Eiriksjokull and
Tungnafellsjokull reach only back to 1960. **brandarjokull and Snaefell are excluded in this analysis,
due to limited data coverage.

Area2010 BI%0 (mw.e.a') Bl (mwe.a') BXHL (mw.e.a’)

(km?) [Gt]* [Gt] [Gt]
—-0.66+0.17 .060. —0.61+0.04
Drangajokull 143.6 0.66£0 0.0620.05 0.6120.0
[-1.46+0.37] [0.30+0.25] [-1.42+0.10]
— + - +
Myrdalsjokull* 624 N/A 0.07+0.07 1.82+0.17
N/A [-1.53+1.50] [-16.97+1.55]
. —-0.31+0.23 0.09+0.10 -0.71%0.15
Oraefajokull 160.2
[-0.82+0.57] [0.52+0.63] [-1.94+0.39]
—| + + — +
Others** 1879 0.42+0.07 0.16+0.04 1.01#0.05
[-1.03%0.17] [1.23+0.28] [-3.4240.17]
N/A .01+0.04 —1.34%0.
Total 1054.1 / 0.0120.0 3420.09
N/A [0.52+1.67] [-23.75+1.61)

DISCUSSION

Spatio-temporal mass balance and climate distribution

The temperature record from Stykkishélmur indicates a maximum in the 1930s followed by gradual
cooling until the 1960s (Fig. 8). During 1945-1960, all the analyzed glaciers show mass loss (Fig. 3 and
5a). During 19601980 most glaciers were on average in equilibrium, with the exception of slightly
negative values for Torfajokull and Myrdalsjokull. Most glaciers were gaining mass or close to
equilibrium in 1980-1994, with the highest mass gain on Snaefellsjokull (W) and Eyjafjallajokull (S)
(Fig. 3 and 5b,c). These results agree with the regional mass balance trends described prior to the
1990s based on reduced previous observations (Bjornsson et al., 2013).
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Fig. 8: A) Long time series of average summer temperatures (June, July, August) at Stykkishdlmur and
Akureyri. B) Summer temperatures at the six stations selected around Iceland. C) Winter
precipitation (October-April). The solid lines are obtained by applying 11-year wide triangular filters
(e.g. Pélsson et al., 2012; Bjornsson et al., 2013). The location of each station is shown in Fig. 1.

In 1994-2010, a significant mass loss is observed in all the analyzed glaciers (Fig. 5d,e). The highest
mass loss is found at coastal glaciers in the south and west and glaciers located at lower elevations
(ca <1200 m a.s.l., Fig. 2). The area-weighted mass balance of the studied glaciers was
B2930 =-1.34£0.09m w.e. a* (Table 2), similar to the mass balance measured in situ at Hofsjokull
and Langjokull (-1.4 m w.e. a™), but more negative than for Vatnajokull (<0.8 m w.e. a™) (Palsson et

al., 2012; Bjornsson et al., 2013; Jéhannesson et al., 2013).

After 2010, glacier mass balance has been less negative than the previous two decades, and
Oraefajokull has been gaining mass, showing 0.44+0.08 m w.e. a *in 2010-2017. It covers the largest
elevation range (0-2100 m a.s.l.), collects the highest amount of precipitation in Iceland (Crochet et
al., 2007) with likely summer snowfalls and has steep outlets leading to rapid mass transport. The
modelled precipitation used in our study (Nawri et al., 2017) indicates increased winter precipitation
in recent years on Oraefajokull.

The decadal variability of mass balances is strongly related to the proximity of the glaciers to the
coasts (Fig. 6,7). Glaciers located at the south and west coasts are classified as maritime (e.g. De
Woul and Hock, 2005) and show high mass balance variations during the study period. Orzefajékull is
an exception, which can possibly be explained by its aforementioned topographic characteristics and
large precipitation rates. The inland glaciers have a more continental regime (e.g. Hock et al., 2009).
They are subject to rain shadows and have a more stable precipitation. Their differences in mass
balance may be explained by differences in elevation, which can explain the larger decadal variability
of Torfajokull and Tindfjallajokull, being these more sensitive to temperature changes than other
glaciers inland (Fig. 4). Glaciers further north, like Drangajokull and the glaciers on Tréllaskagi, have
significantly lower decadal variations, probably explained by colder oceanic currents affecting their
climate (Bjornsson et al., 2013).

We observed high intraregional variability of mass balances, particularly clear for Tindfjallajokull,
Torfajokull, Eyjafjallajokull and Myrdalsjokull (S-Iceland, maximum 40 km away from each other).
Analogously, different catchments of some of the analyzed glaciers can exhibit substantial mass
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balance differences: (1) Drangajokull shows a strong E-W trend of mass balance, probably associated
with effects of precipitation and snow drift (Magnusson et al., 2016a; Belart et al., 2017). (2) In
Myrdalsjokull the northern (inland) outlets show a homogeneous lowering trend, as opposed to the
southern (coastal) outlets, which reveal high decadal variability in elevation (Fig. S3.5). This pattern is
observed on Vatnajokull (Bjornsson et al., 2013) and can be explained by the maritime regime of the
southern outlets, with most precipitation falling at these locations, while the northern outlets are
located in a rain shadow (Crochet et al., 2007; Agustsson et al., 2013). (3) Two of the outlets of
Oraefajokull are calving at their terminus (Magnusson et al., 2012), also resulting in a more negative
mass balance than the rest of the ice cap (Fig. S3.6).

The intraregional variability can additionally explain why Myrdalsjokull contributes 70% of the mass
loss of the study areas in 1994-2010, despite it covering only about 50% of their total area (Table 2).
This shows that the interpolation of mass balance from a few glaciers to the entire region (e.g.
Bjornsson et al., 2013) can lead to erroneous estimates of mass loss from small glaciers. In this
context, Myrdalsjokull and the southern small glaciers contribute more than the northern glaciers,
like Drangajokull or the cluster of glaciers in Trollaskagi. Nevertheless, the small glaciers only cover
10% of the total glacierized area of Iceland, and their mass loss is close to one order of magnitude
smaller than for the entire country (9.5 Gta™ vs 1.5 Gt a™).

In comparison to long-term (>50 year) mass balance observations in other glaciarized regions, the
evolution of Icelandic glaciers during the last 70 years follows similar trends as observed in the Alps
(Huss et al., 2010), Pyrénees (Marti et al., 2015) or in tropical glaciers as in Cordillera Real (Soruco et
al., 2009). The intraregional variability observed in Iceland during 1994-2004 (SD= 0.56 m w.e. a )
and 2004-2010 (SD=0.51 m w.e. a™), indicate a similar variability compared to the Himalayas in
2000-2016 (Brun et al., 2017). Other glacierized regions, however, have experienced more
homogeneous decay during the last decades, such as the Alps (Berthier et al., 2016; Fischer et al.,
2015) or Svalbard (Moholdt et al., 2010).

Statistical estimation of mass balance from precipitation and temperature records

The mass balance correlates well with climatic variables using a reference-surface correction (Cogley
et al., 2011; Huss et al., 2012). This correction improves the fit (R%, Table 1), typically by 10% and up
to 50% for glaciers exhibiting large area changes (Fig. 5). A first order equation (Eg.1) can be used to
estimate the annual mass balance as a function of summer temperature, winter precipitation and
area, permitting a practical temporal homogenization of geodetic mass balance (e.g. Lambrecht and
Kuhn, 2007; Fischer et al., 2015).

Torfajokull, with DEMs acquired in 1979 and 1980, and Tindfjallajokull, with DEMs acquired in 1978
and 1980, served as a test to contrast the temporal homogenization. In both cases, using a DEM 1-2
years apart from 1980, with temporal homogenization based on annually modelled mass balance, led
to similar results when using the 1980 DEM, with differences between 0.02 and 0.14 m w.e. a™, that
are within the uncertainties of the geodetic estimates (Supplement S2). On the other hand, it was
observed that the temporal homogenization applied for Tungnafellsjokull when shifting from 2011-
2016 to 2010-2015 (Fig. 6f) caused a substantial increase in the homogenized mass balance, as result
of a very positive mass balance in 2010-2011 in combination with a very negative mass balance in
2015-2016 from the simple model (Eq. 1). This result should be considered with caution.

In some cases, the obtained mass-balance sensitivities indicate unrealistic estimates of the glaciers’
responses to climate, in particular the extreme sensitivity to summer temperature estimated in
Snzefellsjokull and a slightly negative correlation between winter precipitation and mass balance for
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some glaciers, which was subsequently assumed as zero sensitivity to winter precipitation when the
homogenization was carried out. In other cases the fit was poor, as for Myrdalsjokull. Both cases are
further described below. The parameters dB,/dPw and dB/dTs (Fig. 4 and Table 1) should therefore
be considered as statistically-derived correlators rather than actual sensitivities. Two questions arise
from this method: is the climate model incomplete, or is the linear fit an over-simplification?

Measuring and modelling of winter precipitation is challenging (e.g. Jarosch et al., 2012); the
modelled precipitation used was found to be overestimated in coastal areas like Oraefajokull,
resulting in unrealistically high modelled-derived winter mass balance (Schmidt et al., 2017).
Moreover, the mass balance is controlled by other variables neglected in our simple climate model.
Full energy balance models can better reproduce glaciers’ response to climate, (e.g. Arnold et al.,
1996; Hock and Holmgren, 2005) accounting, for example, for albedo changes, which can accelerate
the melt if dust (e.g. Arnalds et al., 2016; Wittmann et al., 2017) or thin tephra (e.g. Moller et al.,
2014; Gascoin et al., 2017) are emplaced on the glacier, or can decrease the melt if snow events
occur during the summer.

The energy balance models, however, do not account for some mass balance forcing, for example:
(1) Wind-drifted snow can significantly contribute to winter accumulation in individual catchments,
as demonstrated for Drangajokull (Magnusson et al., 2016a; Belart et al., 2017) and also glacier-wide,
for small glaciers surrounded by mountains (e.g. Dadic et al., 2010). (2) Debris (either rock or tephra),
present in Icelandic glaciers like Eiriksjokull (Fig. S3.1), enhances or reduces the melt rate depending
on the thickness (e.g. Ostrem, 1959). (3) Volcanic forcing can affect the mass balance observations,
typically at most to one hydrological year (Bjornsson et al., 2013). (4) Local changes in thermal power
underneath the glacier, as observed on Myrdalsjokull (Gudmundsson et al., 2007), can locally also
affect the mass balance (Bjornsson, 2003).

The reference-surface correction term in the mass balance model (Eq. 1) was generalized by (Elsberg
et al., 2001; Harrison et al., 2001), and further in Belart et al. (in review) by assuming a linear
relationship between the volume changes and area changes of the glacier. This linearity is generally
observed in this study's glaciers, with a typical fit R»>0.8 between volume changes and area changes
(e.g. Palsson et al., 2012; Belart et al., in review), but is questioned for Myrdalsjékull (R*=0.3) and
Oraefajokull (R*=0.5).

A non-linear relationship between area and volume changes can be observed occasionally by the
obtained maps of elevation changes: the period 1960s to 1990s reveal abnormal elevation changes
with significant lowering of the accumulation area, while the margins are advancing. This led to a
rapid area increase, while the volume remained close to zero. This effect is particularly visible in
observed at five of the target glaciers during the 1960s to 1990s: Snaefellsjokull (W), Eyjafjallajokull
(Belart et al., in review) and Myrdalsjékull (S), Oraefajokull (SSE) and Eiriksjékull (inland). This scenario
therefore disagrees with the described linear assumption, and it helps explaining the misfit found in
Eyjafjallajokull during 1980-1984, where the statistical model overestimated the mass balance
(Belart et al., in review), possibly related to significant area increase with limited volume increase.

Some of these events correlate well with periods of increased winter precipitation observed at
nearby stations (Fig 9). For example in 1945-1960 Oraefajdkull (SSE) experienced elevation gain at
high elevation, and two southern outlets had slight advances (Fig. 9 and S3.6). This coincides with
increased precipitation at Fagurhdlsmyri before and around 1960 (Fig. 8 and 9). The following period
analyzed (1960/61-1982) reveals a substantial lowering in the accumulation area. Higher subsidence
of the accumulation can be observed in Myrdalsjokull in 1980-1984, which could be associated with
increased precipitation in the early 1970s (Fig. 9)
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This suggests that the ice motion was accelerated from the increased mass input after periods of high
winter precipitation. After a series of winters of increased precipitation, the deficit of input
compared to previous years, together with high submergence rates, could lead to the significant
lowering of the accumulation area. During 1960-1990 the temperature was relatively stable (Fig. 8),
which suggests that these changes in geometry were substantially forced by precipitation changes.
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Fig 9. A) Maps of elevation changes of Oraefajokull (23 August 1960 (West side) mosaicked with 07
July 1961 (East side) — 20 August 1982), B) Myrdalsjokull (23 August 1980 — 09 September 1984). C)
Winter precipitation, as extracted from the gridded models (cyan) at the Equilibrium Line Altitued
(ELA) of Oraefajokull in 1957-1994. In blue, the winter precipitation is obtained from Fagurhélsmyri,
~1 km away from the ice cap. D) Analogous data for Myrdalsjokull at the ELA, from the gridded
models (cyan) and in blue from a weather station nearby (Vik, ~20km away from Myrdalsjokull).

These observations indicate that coupling mass balance with ice dynamics is a key for fully describing
the mass balance — climate relationship (e.g. J6hannesson, 1997; Adalgeirsdoéttir et al., 2006). The
presented series of DEMs, volume changes and geodetic mass balance, in combination with available
bedrock maps, like that of Myrdalsjokull and Oraefajokull (Bjérnsson et al., 2000; Magnusson et al.,
2012), stimulate the development and further improvement of models capable to reproduce the
observed behaviour of glaciers in 1960-1990, a period with limited observation, yet interesting as it
presents a climate substantially different than the climate after the 1990s. This will also help
understand the future evolution of glaciers as Oraefajokull, which has started a new period of
increased accumulation and probably an increase in the ice dynamics.
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CONCLUSIONS

This study presents a 70-year extensive dataset of elevation changes and geodetic mass balances of
glaciers distributed in all quarters of Iceland, most of them previously lacking mass balance
measurements. The mean and standard deviation (mean+SD) of mass balances of the target glaciers
were —0.44+0.16 m w.e. a*in 1945-1960, 0.00+£0.21 m w.e. atin 1960-1980, 0.11+0.25 m w.e. atin
1980-1994, —1.01+0.50 m w.e. atin 1994-2004, —1.27+0.56 m w.e. at in 2004-2010 and —
0.14+0.51 m w.e. a* in 2010-2015. The period 1994-2010, the most negative mass balance period,
yielded a mass loss of 23.75+1.61 Gt (1.48+0.1 Gt a™*), or 0.066+0.004 mm SLE.

The region-wide, multitemporal intercomparison of mass balances revealed spatial trends over
Iceland: glaciers located close to the south and west coast experience higher decadal oscillations in
mass balance than the internal and northern glaciers. This trend can probably be explained by
different local climate, related to oceanic currents surrounding Iceland, rain shadows and elevation
of the glaciers. Due to a large intraregional variability, particular care should be taken when
extrapolating mass balance from one glacier to another, even at close distances.

The correction for reference-surface improved substantially the fit between mass balance and the
climate model. Yet, in some of the studied glaciers, a simple linear model could not explain the mass
balance as function of summer temperatures and winter precipitations; this model required the
assumption of linearity between area and volume changes, which was contradicted at specific time
periods when observing substantial lowering in the accumulation area while the glacier fronts were
advancing. This was attributed to changes in ice flux towards the ablation area, possibly explained by
high precipitation events. This study provides unique data for studies of coupled mass balance to ice
dynamics, especially aiming at reproducing an increased ice flux forced by precipitation changes.
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Supplement for Spatially distributed mass balance of selected Icelandic glaciers, 1945-2015. Trends
and link with climate.

This supplement includes:

S1-Supplementary information on the datasets

S2-Supplementary information on the data processing

S3-Time series of elevation changes and mass balance of target glaciers
S4-Geodetic mass balances fixed to the survey dates and seasonally corrected

S5-Mass balance over large (>50 year) time period

S1-Supplementary information on the datasets

The historical datasets used in this study consist on series of aerial photographs acquired in Iceland
since 1945 and stored at Landmaelingar islands (www.Imi.is). For a typical area in Iceland, this
includes aerial photographs taken in 1945/46 (American Mapping Service, AMS), 1960/61 (Defense
Mapping Agency, DMA), and 1950s to 1990s (Landmaelingar islands, LMI). The data is available online
(https://www.Imi.is/landupplysingar/loftmyndasafn-2-2/) or scanned upon request (Magnusson et
al., 2016; Pedersen et al., 2018; Belart et al., in review). The DMA surveys in 1960/61 did not reach
the east of Iceland and hence did not cover Snaefell, prandarjokull nor Hofsjokull Eystri. An additional
dataset was obtained from Loftmyndir efh. from Myrdalsjokull and Torfajékull in 1999.

The Hexagon KH9 imagery acquired in August 1980 covered 8 of the target areas, (from south to
north) Eyjafjallajokull, Mpyrdalsjokull, Tindfjallajokull, Torfajokull, Hrutfell, Tungnafellsjokull,
Barkadals- and Tungnahryggsjokull.

In the years 2000-2010 numerous acquisitions took place in glacierized areas, in Iceland and
elsewhere with SPOT5, through the SPIRIT project (Korona et al., 2009), This provided datapoints
through the 2000s in Eyjafjallajokull, Myrdalsjokull, Tindfjallajokull, Eiriksjokull, Hruatfell,
Tungnafellsjokull and Oraefajékull. The last mentioned includes two acquisitions, in 2003 and 2010.
ASTER, with modified gain setup especially for surveying glaciers through the GLMIS project (Raup et
al., 2007), provided datapoints in 2004 for Barkardals- and Tungnahryggsjokull, Torfajokull,
prandarjokull and Hofsjékull Eystri, and in 2013 for Hrutfell.

The lidar datasets were collected between 2008 and 2012, being the earliest one in Snaefellsjokull
and Eiriksjokull, the latest ones in Snaefell and brandarjokull (Johannesson et al., 2013). They covered
the glacierized areas and their vicinities (up to 10 km in some cases). At particular locations they had
gaps due to low energy of the pulse return, in particular in wet areas covered by tephra, as
Kotlujokull (SW-Myrdalsjokull).

The Pléiades data was scheduled and acquired over the summers 2014 (Eyjafjallajokull, Myrdalsjokull
and Drangajokull, the last one described in Belart et al. (2017)), 2016 (Tungnahryggsjokull and
Barkardalsjokull) and 2017 (Oraefajékull). Myrdalsjékull and Oraefajokull are relatively large ice caps,
>150 km? and >20 km width, larger than the satellite swath, hence they were covered in two
acquisitions over the course of two weeks. Analogously, Barkardals- and Tungnahryggsjokull were
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surveyed among a larger cluster of glaciers in Trollaskagi peninsula, hence they were acquired in two
separate scenes over the course of two weeks.

WorldView data was used via ArcticDEM (Noh and Howat, 2015), http://arcticdemapp.s3-website-us-
west-2.amazonaws.com/explorer/), in Hrutfell as reference for processing other datasets, and in
Snafellsjokull to update the lidar survey. Both datasets were collected in October 2014, and
processed into 2x2 m DEMs (Noh and Howat, 2015). The Hrutfell DEM contained significant gaps on
the glacier surface, and the Snafellsjokull DEM included some clear artifacts that were manually
masked out.

A dataset was acquired from SPOT7, covering Tungnafellsjokull in 2016. Despite the availability of
Pléiades data in 2013 (Berthier et al., 2014; Gunnlaugsson, 2016), the more recent dataset was used
in this study since the density assumptions in the geodetic estimates become more robust over
longer time periods (Huss, 2013).

The majority of the surveys (55%) were carried out in August, very few in July (5%) and the rest of the
surveys were collected between September and October. Most of the surveys from 1945/46 were
done in late September or early October.

S2-Supplementary information on the data processing

The photogrammetric processing of the datasets in order to obtain DEMs and orthoimages uses the
workflow described in Belart et al., (in review). For each target area, we defined a reference dataset
to co-register the rest of the datasets. We used the lidar data in all cases where it was available. In
Barkardals- and Tungnahryggsjokull, we defined the Pléiades dataset as reference (Papasodoro et al.,
2015). In Hratfell we defined a WV DEM as reference.

The stereo images with pinhole camera model were processed using MicMac (Pierrot Deseilligny and
Clery, 2011; Rupnik et al., 2017), using Ground Control Points (GCPs) extracted from common areas
with the reference dataset. The pushbroom stereo images, from Pléiades, ASTER, SPOT5/7 and WV
were processed and co-registered to the reference dataset using the ASP software (Shean et al.,
2016). We re-processed the datasets from Tungafellsjokull (Gunnlaugsson, 2016) for consistency with
the methodology carried out in the rest of datasets.

The workflow required delineation of the glacier outlines for the glacier-wide calculations. The glacier
margins were initially extracted from the GLIMS inventory (Raup et al., 2007) and other previous
studies of Icelandic glaciers (Gudmundsson et al., 2011; Magnusson et al., 2012) and subsequently
modified to fit the outlines at the selected time period, using thus a systematic definition of the areas
to be included or excluded (e.g. debri-covered ice or snowfields). We modified the definition of
margins for N-Eiriksjokull, where we included the debri-covered ice at the low areas, in order to
visualize the processes affecting debris-covered glaciers (Fig. S3.2).

The delineation of margins by a single operator also minimized errors in area definition. When gaps
were present at particular locations of the margins, due to clouds or bad stereo coverage, the outline
was filled using the archives of Landsat or ASTER images relative to the analyzed year, or up to two
years apart from the analyzed year if there were no images suitable. In the case of the oldest
datasets, margins with gaps were digitized from the closest time available. Margins of Eiriksjokull
were also obtained relative to 2010 based on Landsat7, for calculation of annually modelled mass
balance for the period 2008-2010.

At specific locations and times, mosaics out of two surveys were needed due to incomplete coverage
from a single survey. This was the case for: Tindfjallajokull Sep 1945 (70%) & Sep 1946 (30%),
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Oraefajokull Aug 1960 (60%) & July 1961 (40%), Eiriksjokull Aug 1978 (80%) and Aug 1979 (20%) and
Oreefajokull Aug 1992 (50%) & Aug 1994 (30%). In these cases, mosaics of each two bias-corrected
dDEMs was done, after shifting the underlaying dDEM with the mean difference at the overlapping
areas of the mosaic, in order to correct the elevation difference caused by the time difference.

Remaining gaps on the maps of elevation difference were filled using mean elevation difference at
each 100 m elevation bands, after excluding values larger than three times the Normalized Median
Absolute Deviation of each analyzed band. (e.g. Brun et al.,, 2017). These gaps, in some cases,
accounted for a significant percentage of the total ice cap analyzed (up to 40% in the dDEMs in
Snaefellsjokull, Figs. S3.7). We established three categories of errors based on the area coverage of
each band each elevation band for filling the entirety of the band: we assigned tINMAD of the
analyzed band if this contained for 60%—80% of grid points, 2NMADSD for 40%—60% of grid points
and 3NMAD for elevation bands with less than 40% of grid points. These uncertainties were applied
to the gaps at each band, which was added in quadrature with an area-weight to the total
uncertainty of the dDEM analyzed.
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Figure S1. Percentage of grid nodes of the dDEM on-glacier, at the four target areas with the largest
data gaps, plotted versus the normalized elevation from lidar. Normalized elevation was calculated
as (z-2,5)/(z975-22.5), where z is elevation and the sub-indexes indicate percentiles of the entire range
of elevation (Brun et al., 2017).

. .t2 . .
We calculated mass balance Bf? and seasonally corrected Bgos,, (Belart et al., in review) for each
chronologically consecutive DEM, using the conversion factor c=0.850.6 (Huss, 2013) in all cases.

For correlation of mass balance with climatic parameters (Belart et al., in review), we extracted mean
summer temperature (MST) and mean winter precipitation (MWP) annually and averaged over the
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time periods defined by the DEMs, from the gridded climatic records, extracted at the equilibrium
line altitude (ELA) on each target glacier. The ELA was extracted using the snow line as proxy, in one
dataset acquired close to the end of summer, with a clearly defined ablation and accumulation zone.
Summer was defined from 21 May to 30 Sep and winter from 1 Oct to 20 May.

To verify the robustness of the temporal homogenization, we calculated independent geodetic mass
balances for Torfajokull and Tindfjallajokull using DEMs acquired 1-2 years apart from 1980, allowing
to contrast the results of the temporal homogenization for shifting geodetic mass balances to an
origin or an end in 1980 (Table S1).

Table 1: Geodetic mass balances of Torfajokull measured using DEMs acquired in 1970,1979,1980
and 1990. Using the annually modelled mass balance from 1979-1980 we calculated the
homogenized mass balance without the 1980 DEM. This was done analogously for Tindfjallajokull
using the DEMs of 1960,1978,1980 and 1990, contrasted with the annually modelled mass balance
from 1978-1980.

Torfajokull Tindfjallajokull
Period Measured Homogenized | Period Geodetic Homogenized
mw.e.a' mw.e.a' mw.e.a' mwe.a'
Bi378  0.14%0.18 BI3Z8  0.09+0.04
B1§89  -0.03+0.15  -0.05:0.18 Bi$8Y  0.14+0.06 0.12+0.04
Big29  -0.03%0.11 Bi32%  0.29%0.10
Bissd  0.00£0.14 0.14+0.11 Bised  0.12%0.12 0.14+0.10
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S3-Elevation changes and mass balance of individual target glaciers

In this section we show the elevation changes obtained for each target glacier analyzed. Similar maps
can be found for Drangajokull in (Magnusson et al., 2016), and Eyjafjallajokull (Belart et al., in
review).

$3.1 Barkardals- and Tungnahryggsjokull
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$3.2 Eiriksjokull
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Low left: Orthorectified aerial photograph from 1960, showing the debris-covered margin at the
northern glacier snout in Eiriksjokull. Low right: Elevation difference between 1960 and 2008.
Stagnant ice at the boundaries of the glacier slowly melted at the analyzed time period, while new
ice has flown to lower elevation and remained insulated due to the debris coverage

162



$3.3 Hofsjokull Eystri
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$3.5 Myrdalsjokull
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§3.7 Snaefellsjokull
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$3.9 brandarjokull
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§3.10 Tindfjallajokull
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{

Ice-filled
morraine

Low left: Orthorectified aerial photograph from SE-Tindfjallajokull in 1960. The glacier margin is
heavily affected by tephra from the Hekla 1947 eruption. Glaciers outlines are marked in red lines.
Low right: Elevation difference 1960-2011. Besides the lowering of the glacier tongue, stagnant ice
on the southern side has melted, and a landslide occurred at the northern side of the glacier margin.
Glacier outlines are marked in black lines.
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$3.11 Torfajokull
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S4-Table of geodetic mass balances, relative to the survey dates and fixed to 1 October

# ot B Bros ot ot B Bros

Eir 1960 1978 -0.02 + 0.10 0.01 + 0.10 Snj 1945 1959 0.05 + 0.24 -0.07 + 0.24
Eir 1986 1995 -0.01 + 0.17 -0.03 + 0.18 Snj 1959 1979 0.02 + 0.05 0.01 *+ 0.07
Eir 1995 2004 -0.55 + 0.17 -0.55 + 0.18 Snj 1979 1985 0.69 * 0.15 0.84 * 0.21
Eir 1978 1986 0.13 + 0.19 0.12 + 020 Snj 1985 1991 0.13 + 0.05 -0.15 * 0.17
Eir 2004 2008 -0.95 + 0.19 -0.88 + 0.22 Snj 1991 2008 -1.02 + 0.08 -0.88 * 0.09
Hof 1946 1967 -0.49 + 0.08 -0.51 + 0.08 Snj 2008 2014 -0.64 + 0.07 -0.52 * 0.09
Hof 1967 1976 -0.34 + 0.12 -0.35 + 0.13 Tin 1945 1960 -0.36 + 0.12 -0.47 * 0.13
Hof 1976 1983 0.11 + 0.04 -0.06 + 0.12 Tin 1960 1978 0.01 + 0.01 0.09 * 0.04
Hof 1983 1990 -0.31 + 0.05 -0.26 + 0.14 Tin 1960 1980 0.09 + 0.06 0.14 + 0.07
Hof 1990 2004 -0.78 + 0.08 -0.66 + 0.09 Tin 1980 1990 0.06 + 0.15 0.12 * 0.16
Hof 2004 2012 -1.49 + 0.15 -1.60 + 0.17 Tin 1978 1990 0.27 + 0.07 0.29 + 0.07
Hrd 1946 1960 -0.27 + 0.11 -0.36 + 0.11 Tin 1990 1994 0.54 + 0.15 0.31 * 0.19
Hré 1960 1980 0.01 + 0.08 0.04 = 0.09 Tin 1994 2004 -1.09 * 0.14 -1.00 * 0.15
Hrd 1980 1987 0.09 + 0.15 0.02 + 0.19 Tin 2004 2011 -1.45 + 0.19 -1.63 + 0.21
Hrd 1987 1995 -0.10 + 0.22 -0.06 * 0.24 Tor 1945 1960 -0.54 + 0.13 -0.63 * 0.14
Hrd 1995 2004 -1.02 + 0.10 -1.01 = 0.11 Tor 1960 1970 -0.95 * 0.25 -0.83 * 0.26
Hrd 2004 2013 -0.78 + 0.11 -0.76 + 0.13 Tor 1970 1979 0.21 + 0.19 0.14 + 0.19
Myr 1960 1980 -0.29 + 0.02 -0.24 + 0.04 Tor 1970 1980 0.01 + 0.18 -0.03 * 0.18
Myr 1980 1984 -0.57 + 0.36 -0.40 + 0.39 Tor 1979 1990 -0.10 + 0.09 -0.03 * 0.10
Myr 1984 1999 -0.10 + 0.10 -0.19 # 0.11 Tor 1980 1990 -0.05 + 0.12 0.00 * 0.13
Myr 1999 2004 -2.64 + 0.21 -2.40 + 0.25 Tor 1990 1999 -0.43 * 0.15 -0.42 * 0.19
Myr 2004 2010 -1.42 + 0.10 -1.74 + 0.17 Tor 1999 2004 -2.56 + 0.43 -2.55 + 0.48
Myr 2010 2014 -0.98 + 0.07 -0.82 + 0.22 Tor 2004 2011 -2.07 + 0.20 -2.27 * 0.23
Ore 1945 1960 -0.25 + 0.22 -0.31 + 0.23 Tré 1946 1960 -0.16 + 0.10 -0.20 + 0.10
Ore 1960 1982 0.10 + 0.10 0.16 + 0.10 Tré 1960 1980 -0.02 + 0.05 -0.01 + 0.05
Ore 1982 1988 -0.12 + 0.27 -0.30 + 029 Tré 1980 1994 0.19 + 0.05 0.14 + 0.06
Ore 1988 1992 -0.04 + 0.32 -0.02 + 0.42 Tré 1994 2004 -0.44 + 0.08 -0.45 + 0.10
Ore 1992 2003 -0.16 + 0.17 -0.21 + 0.20 Tré 2004 2016 -0.59 + 0.07 -0.49 + 0.08
Ore 2003 2010 -1.28 + 0.16 -1.10 + 0.19 Tun 1960 1980 0.13 + 0.25 0.14 + 0.25
Ore 2010 2017 0.44 + 0.07 0.44 + 0.08 Tun 1980 1986 -0.20 + 0.64 -0.18 + 0.64
Sna 1984 1993 0.09 + 0.16 0.06 + 0.16 Tun 1986 1995 0.24 + 0.15 023 + 0.16
Sna 1993 2012 -0.22 + 0.02 -0.29 + 0.04 Tun 1995 2004 -0.86 + 0.09 -0.89 + 0.11
bra 1976 1982 0.02 + 0.08 0.04 + 0.14 Tun 2004 2011 -0.82 + 0.07 -0.83 * 0.11
Pré 1982 1990 -0.16 + 0.23 -0.26 = 0.25 Tun 2011 2016 -0.32 * 0.04 -0.22 * 0.11
bra 1990 2004 -0.71 + 0.20 -0.61 * 0.20

bra 2004 2012 -1.24 + 0.12 -1.31 * 0.14
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