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Abstract

The temperate outlet glaciers of SE-Vatnajokull are sensitive to climate
change, and provide important climatic and glaciologic information through
their recorded variations in mass balance and extent. They descend to the
coast from an elevation of 1500-2100 m a.s.l., are located in one of the
warmest and wettest area in Iceland and have among the highest mass
turnover rates worldwide. The area was settled in the 9" century, and people
have lived in close proximity to the glaciers, which has led to numerous
contemporary written documents, also provided by the travelers and
explorers of the 18" and 19" centuries. According to the unique local
historical records, the outlet glaciers advanced in the latter half of the 17"
century and extended far out on the lowlands in the mid-18" century. The
glaciers were at their LIA terminal moraines around 1880-1890 and soon
thereafter started retreating. The well-preserved glacial geomorphological
features (including lateral moraines, trimlines and erratics) outlining the LIA
maximum extent of the glaciers, have been mapped in this study. A
reconstruction of the LIA glacier surface geometry was made, based on the
geomorphological data, historical photographs, and information from the
oldest reliable topographic maps of 1904. A LiDAR (laser scanning) digital
elevation model (DEM) from 2010/2011 provided a reference topography for
the reconstruction. From the elevation of the uppermost LIA lateral moraines,
the equilibrium line altitude (ELA) was estimated to have been ~300 m lower
during the LIA than around 2010. Various datasets on glacier extent and
geometry since the end of the 19" century have been used to derive area and
volume changes for the period 1890-2010. DEMs have been created from
maps, aerial images, DGPS measurements and airborne surveys. In the period
1890-2010 the glacierized area shrunk by 164 km? the outlet glaciers
lowered by 150-270 m near the terminus and collectively lost 60+8 km® of
ice, equal to a global mean sea level rise of 0.15+0.02 mm. The bedrock
topography of SE-Vatnajokull has previously been surveyed with radio echo
sounding (RES) measurements, allowing relative volume change estimates,
indicating that they have lost 15-50% of their LIA maximum volume. The
geodetic mass balance has been estimated by subtracting the DEMs from
each other. The most negative balance was observed between 2002 and 2010,
when the glaciers lost on average —1.34+0.12 mw.e. a*, which is among the
highest rates of mass loss worldwide in the early 21% century. The variable
dynamic response of the glaciers to similar climate forcing is related to their



different hypsometry, bedrock topography, and the presence of proglacial
lakes. The time series of area and volume changes of the entire post-LIA
period created in this thesis provided an opportunity to evaluate the empirical
volume-area scaling relation, indicating that ice volume may be
underestimated by 50% if applying the commonly proposed constants of the
power law. A vertically integrated Shallow Ice Approximation ice-flow
model, coupled with a positive degree—day surface mass balance model, is
used to simulate the evolution of the three outlet glaciers descending from the
dome of Breidabunga, constrained with the observed history of volume
change. The degree—day model uses downscaled daily precipitation derived
from an orographic precipitation model, that simulates well the observed
pattern of winter mass balance variance. Simulations imply that the LIA
maximum ice volume is reached with 1°C lower temperatures than the
average of the 1980-2000 baseline period and a 20% decrease in annual
precipitation, which is in line with meteorological data from nearby lowland
stations. Applying a step change in temperature of +3°C, as predicted by
some future scenarios will be reached by 2100, the model simulations
indicate that the glaciers would loose 80-90% of their present volume.
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Utdrattur

Gogn um joklabreytingar & Islandi eru mikilvegar visbendingar um
hnattraenar loftslagsbreytingar. Skridjoklar i Austur-Skaftafellsyslu eru & einu
hlyjasta og Urkomumesta svadi landsins, bregdast hratt vid breytingum i
afkomu og velta i baskap er med pvi mesta sem gerist & jordinni. Stafreen kort
af yfirbordi og botni joklanna, afkomumalingar og vedurgdgn veita einstakt
teekifaeri til rannsokna & vidbrogdum jokla vid loftslagsbreytingum. Hvergi
hefur sambld manns og jokuls verid eins nain og saga joklabreytinga a fyrri
6ldum & pessu svaedi er vel skrad. Skrif ferdalanga og freedimanna sem 16gdu
leid sina um sveitirnar &4 17., 18. og 19. 6ld, asamt syslu- og séknalysingum,
veita innsyn i paer breytingar sem urdu & seinni hluta Litlu isaldar, er joklar
toku ad ganga fram nidur & laglendi. Samkvemt samtimaheimildum lagu
allflestir joklar fram & fremstu 6ldum & arunum 1880-1890 og téku ad horfa
upp fra pvi. Vel vardveittar jokulmenjar (p.m.t. jadarurdir, grettistok, roflinur
og strandlinur fyrrum jokulstifladra 16na) er vitna um mestu Utbreidslu peirra
a Litlu isold, hafa verid kortlagdar. Yfirbord skridjoklanna i hamarksstodu
hefur verido endurgert samkvemt haed pessara ummerkja, sdgulegum
[jdsmyndum, kortum fra 1904 asamt upplysingum ar skrifudum heimildum.
Haupplausnar LiDAR (leysigeisla) haedarlikan af yfirbordi joklanna og nesta
nagrenni peirra hefur notast sem grunnur fyrir endurgerdina. Jafnvegislina a
Litlu iso6ld hefur verid datlud um 300 m legri en ni & dogum Ut fra haed efstu
jadarurda. Stafreen hadarlikdn eru gerd at fra kortum, loftmyndum, GPS-
snidmelingum og fjarkénnunargégnum, svo sem LiDAR malingunum. Ut
fr4 peim eru flatarmals- og rammalsbreytingar astladar, asamt medalafkomu
joklanna & mismunandi timabilum frd ~1890 til 2010. Flatarmal joklanna
hefur minnkad um 164 km?, yfirbord peirra leekkad um 150-270 m nalagt
spordi og ryrnun allra samsvarar 60+8 km® af is, en pad jafngildir ~0,15+0,02
mm hakkun i heimshéfunum. Botn joklanna hefur &dur verid kortlagdur med
issjarmaelingum og pvi er hagt ad meta hlutfallslegt rammalstap joklanna, en
peir hafa ryrnad um 15-50% sidan ~1890. A arunum 2002-2010 var
afkoman neikveedust eda —1,34+0,12 m ad vatnsgildi & ari, sem er med pvi
mesta sem pekkist i heiminum i byrjun 21. aldar. Olik vidbrégd joklanna vid
svipudum breytingum i afkomu er had mismunandi flatarmalsdreifingu peirra
med had, botnldgun, og tilvist spordaléna sem auka leysingu. Lagt er mat &
reynslulégmal sem metur rammal Gt fra flatarmali jokla med peirri timardd
flatarmals- og rummalsbreytinga fra lokum Litlu isaldar sem buin var til.
Samanburdurinn gefur til kynna ad isrammal geti verid vanmetid um allt ad
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50% ef notadir eru hefdbundnir studlar reynsluldgmalsins. Saga pekktra
joklabreytinga er einnig notud til pess ad stilla af afkomu- og isfleedilikon
sem lysa vidbrogdum priggja skrigjokla Breidubungu vid breytingum i
vedurfari. Dreifd Grkoma er i fyrsta skipti notud til pess ad reikna afkomu
fyrir islenska jokla, en strjalar stikur a safnsveedi pessarra jokla hafa ekki lyst
breytileika vetrarafkomunar nzgilega vel, sem upphaflegt afkomulikan var
stillt af med. Til ad herma rimmal joklanna vid hdmark Litlu isaldar purfti ad
lekka hita um 1°C og drkomu um 20% midad vid vidmidunartimabilid
1980-2000. Framtidarspar um loftslagsbreytingar gera sumar hverjar rad
fyrir ad hitastig muni haekka um 3°C fyrir lok 21. aldar. Ef likanid er keyrt
med peirri hitastigsbreytingu myndi pad leida til pess ad joklarnir hyrfu
nanast alveg, eda tapa 80-90% af rammali sinu.
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Paper |

Hannesdottir, H., Bjornsson, H., Palsson, F., Adalgeirsdottir, G.,
Gudmundsson, Sn. (2014). Variations of southeast Vatnajokull ice cap
(Iceland) 1650-1900 and reconstruction of the glacier surface geometry at the
Little Ice Age maximum. Geografiska Annaler: Series A, Physical
Geography. doi:10.1111/geoa.12064.

Paper Il

Gudmundsson, Sn., Hannesdéttir, H., Bjérnsson, H. (2012). Post-Little Ice
Age (1891-2011 AD) volume loss of Kotarjokull glacier, SE-Iceland, as
established from historical photography. Jokull 62, 97-110.

Paper 111
Hannesdottir, H., Bjornsson, H., Palsson, F., Adalgeirsdottir, G., and
Gudmundsson, Sv. (2014). Area, volume and mass changes of SE-
Vatnajokull ice cap, Iceland, from the Little Ice Age maximum in the late
19th century to 2010. The Cryosphere Discussion 8, 1-55.doi:10.5194/tcd-8-
1-2014.

Paper IV

Hannesdottir, H., Adalgeirsdottir, G., Johannesson, T., Gudmundsson, Sv.,
Crochet, P., Agustsson, H., Palsson, F., Magnusson, E., Sigurdsson, S.p.,
Bjornsson, H. Mass balance modelling and simulation of the evolution of the
outlets of SE-Vatnajokull ice cap, Iceland, using downscaled orographic
precipitation. To be submitted.



Other related co-authored papers:

Adalgeirsdéttir, G., Gudmundsson, S., Bjornsson, H., Palsson, F.,
Johannesson, T., Hannesdottir, H., Sigurdsson, S.p., Berthier, E. (2011).
Modelling the 20th and 21st century evolution of Hoffellsjokull glacier, SE-
Vatnajokull, Iceland, The Cryosphere, 5, 961-975. doi: 10.5194/tc-5-961-
2011.

Agustsson, H., Hannesdottir, H., borsteinsson, b., Palsson, F., Oddsson, B.
(2013). Mass balance of Myrdalsjokull ice cap accumulation area and
comparison of observed winter balance with simulated precipitation. Jokull
63, 91-104.



Table of Contents

LIST OF FIQUIES ...ttt xii
ADDIEVIALIONS ...t Xiv
ACKNOWIEAGEMENTS. ... XV
I 1 oL 0T 1 o] o PSSP SOPSSRRN 1
1.1 Background and Previous WOIK ..........ccecvuveieeieeiie e sie e sne e 2
1.2 RESEAICH @IMS ...ttt 5
1.3 SHUAY A ...c.eieiiiiiieieee et 6
2 Data and MethOdS........cccoiieiiiieiiiee e 9
2.1 Historical data.........ccoeueveviiiiieiccicic e, 9
2.2 LIA glacial geomorphological features and reconstruction
of glacier surface geOMELIY........cocveieieiiere e 10
2.3 Bedrock topography .......ccceeiiiiiiiie s 11
2.4 Glacier outlines and surface DEMS .......ccccccvveviiiiieiecie e 12
2.5 Mass balanCe data.........ccoveveiriiiiiniiisie s 14
2.6 Meteorological data and modelled precipitation .............ccccoeviivienninns 14
2.7 GlaCier MOEIS ........coiiiieiiiiee s 15
3 SUMMANY OF PAPEIS...ceiiiieieiiee ettt nee s 17
3.1 PAPEE L e 17
3.2 PAPEE I i 19
3.3 PAPEE ..o 20
3 PAPEE IV e 23
4 General conclusions and OULIOOK ..o 26
=] (= =] (00T 31
PAPEE Lt nee s 39
=TT o I SR 73
PapPEr T ... 89
PAPET TV s 147

Xi



List of Figures

Figure 1. Iceland in the North Atlantic Ocean and modern ocean surface
circulation patterns (on the left); NAC=North Atlantic Current,
IC=Irminger Current, EGC=East Greenland Current, EIC=East
Icelandic Current, modified from Knudsen et al.(2012). The
bathymetric data is modified from the ETOPO1 data base of
NOAA (NGDC), copyright: IMO. MODIS image of Iceland from
the 9th of September 2009 (http://rapidfire.sci.gsfc.nasa. gov/
gallery/) showing the major ice caps in Iceland (on the right).................. 1

Figure 2. (a) Iceland and the largest ice caps in Iceland, Vatnajokull (V) on
the SE-coast and the dark coloured area is the county of East-
Skaftafellssysla. (b) Vatnajokull, the boxes show the outline of ¢
and d, Orafajokull (O), Breidabunga (B) and Godahnjukar (G).
(c) The outlet glaciers descending from Orefajokull ice cap and
Morséarjokull and (d) the eastern outlet glaciers. The surface
topography is from the 2010 LiDAR DEMs, with 100 m contour
lines, and ice divides are delineated in black. Note the different
scale of the two figures. Proglacial lakes and rivers are shown in
blue and the main road in bIacK. ..........cocviieieiiii e 6

Figure 3. SE-Iceland on the map of Abraham Ortelius from 1590 (on the
left) and Bjoérn Gunnlaugsson from 1844 (on the right), from
Nttp://iSIaNASKOIT.IS. . ..o 9

Figure 4. Moraine fragments with a dense vegetation cover found outside
the LIA terminal moraines of Skélafellsjokull (photo: Hrafnhildur
HANNESAGLLIN). ....veviiiieiieee e 11

Figure 5. LIA lateral moraines west of Skaftafellsjokull on the left (photo:

Hrafnhildur Hannesdottir). The forefield of Flaajokull on the right
(photo: Snaevarr GUAMUNASSON). ...c.eeiveerieiricierie e 18

Xii



Figure 6.

Figure 7.

Figure 8.

Figure 9.

Rétarfjallshnikur and the upper reaches of Kotarjokull by Howell
(on the left) and a 3-D image from the 2010 LiDAR DEM of the
same area (on the right). The crevassed areas (marked c1-c9)
were used to calculate surface elevation changes in the

ACCUMUIATION @IBA. ..eeeeeee ettt e e e e e eeeeee s

Surface lowering (in m) of the SE-outlet glaciers 1890-2010. Note

the different scale on the two figures.........cccccoe e,

Geodetic mass balance of the SE-outlet glaciers during different

TIME PEIIOUS. ..ottt

(a) Manually interpolated winter mass balance map showing the
average of the time period 1996-2009 (b) and in 2010-2013 when
the two stakes, Skf01 and FIO1, had been added to the mass
balance network. The measurements of individual years are
shown; 2010 (yellow), 2011 (turquoise), 2012 (white), 2013 (red).

Figure 10. Longitudinal profiles down the central flowline of

Skélafellsjokull showing the thickness and location of the
terminus at different times according to observations and at the
end of various simulations. The white horizontal line indicates the
elevation range of the ELA, derived from a set of MODIS images

2007-2011. ..o

Figure 11. (a) The simulated LIA glacier geometry obtained with a step

change in temperature equal to 1°C cooling and 20% decrease of
annual precipitation, relative to the climate of the baseline period
1980-2000. (b) The glacier geometry at the end of a simulation
forced with step change of +3°C and 10% increase in annual

precipitation compared to the baseline period. ..........ccccocvevvieiiiiiiecnnns

Xiii

.19

.22

.24

.25



Abbreviations

AAR
CES
CWE
DEM
DGPS
ELA
GPS
IES
IMO
LANDSAT
LIA
LiDAR
MBT
MODIS
PDD
RES
SIA
SPOT
SVALI
WRF

W.e.

Accumulation Area Ratio

Climate and Energy Systems

Climate, Water and Energy

Digital Elevation Model

Differential Global Positioning System
Equilibrium Line Altitude

Global Positioning System

Institute of Earth Sciences

Icelandic Meteorological Office

Land Remote Sensing Satellite

Little Ice Age

Light Detection and Ranging

Mass balance model for temperate glaciers
Moderate Resolution Imaging Spectroradiometer
Positive Degree-Day

Radio Echo Sounding

Shallow Ice Approximation

Systéme Pour I"Observation de la Terre
Stability and Variations of Arctic Land Ice
Weather Research and Forecasting

Water Equivalent

Xiv



Acknowledgements

Several people have provided invaluable support during my PhD studies. My
supervisor Helgi Bjornsson has been very supportive and patient, an excellent
(and quick!) manuscript reviewer at every stage, and his doors always open
for dicussions on glaciology as well as other important subjects. The strong
support and guidance of my other supervisor, Gudfinna (Tolly)
Adalgeirsdattir, has been important through the second half of this work,
including critically reading manuscripts, providing help with the model codes
and applying for extra funding. Both of them encouraged me and provided
several opportunities to participate in international conferences and meetings.
Two other members of the Glaciology Group of the University of Iceland
served as very important co-supervisors, namely Finnur Palsson and Sverrir
Gudmundsson, guiding me through the hidden corridors of Surfer and Matlab
and helping with several other problems. Eyjolfur Magnusson has also
answered countless questions regarding the two programs. Tomas
Johannesson at the Meteorological Office made the last part of the project
possible, modifying the mass balance model, gave good comments on
manuscripts, and assisted in several other ways. Stimulating discussions with
Alexander Jarosch in the last year of the studies were encouraging in the final
phase. This project would not have been possible without the comprehensive
dataset of the Glaciology Group at the Institute of Earth Sciences, that has
been gathered in the last few decades or the existing mass balance and ice
flow models that have been used to predict future response of Icelandic
glaciers to climate change. | acknowledge the help of Trausti Jonsson at the
Icelandic Meteorological Office with the meteorological data, and Philippe
Crochet and Halfdan Agustsson for downscaled precipitation data. | thank
Jon Eiriksson for being part of the doctoral committee.

The help of the numerous people who accompanied me during fieldwork is
highly appreciated, including Halfdan Agustsson, Sveinbjérn Steinporsson,
Rannveig Einarsdéttir, Johanna Katrin Pdérhallsdéttir, Eirikur Larusson,
Katrin Audunardottir, and Bergrdn Arna Oladéttir. | thank the Icelandic
Glaciological Society (JORFI), Vatnajokull National Park, Agust
Halfdansson, Bjorn Oddsson, Pdra Karlsdottir and Porsteinn Jonsson for
logistical support during fieldwork. | was privileged to get the opportunity to
visit and discuss with the brothers of Kvisker (Sigurdur, Helgi and Halfdan)
and explore their photo albums. Svavar Sigurjonsson is credited for access to

XV



his archives of scanned historical photographs from Austur-Skaftafellssysla.
Attending the summerschool in Karthaus and the Glaciology course at UNIS
in 2008 provided opportunities to expand the professional network, get
aquinted with students working on similar projects, including Jakob
Abermann, Samuel Nussbaumer, and Anne Chapius. Being an associated
graduate student of the SVALI Nordic Centre of Excellence has further
helped to connect with enthusiastic glaciologists and geoscientists. The open
online course Writing in the Sciences offered by Stanford University,
provided excellent tools for writing manuscript for scientific journals and for
construction of the thesis.

This work was funded by a doctoral grant of the Research Fund of the
University of Iceland, the Icelandic Road Administration, the Fund of the
Kvisker siblings, the University of Iceland’s Research Center in
Hornafjorour, SVALI Nordic Centre of Excellence, the University of Iceland
Research Fund and the Directorate of Labour. Working at the University of
Iceland’s Research Centre in Hornafjorour in 2006-2007, facilitated
organizing the fieldwork and | acknowledge the support of borvardur
Arnason, the director of the Centre. | was fortunate to receive a grant from
the European Science Foundation Student sponsorship to attend the 1GS
meeting in Chamonix in May 2014. The Institute of Earth Sciences is
thanked for the office space (which they are running out of) and other
facilities. This study has relied heavily on the recent LIDAR maps of the
glaciers in Iceland that were funded by the Icelandic Research Fund, the
Landsvirkjun (the National Power Company of Iceland) Research Fund, the
Icelandic Road Administration, the Reykjavik Energy Environmental and
Energy Research Fund, the Klima- og Luftgruppen (KoL) reseach fund of the
Nordic Council of Ministers, the Vatnajokull National Park, the organisation
Friends of Vatnajokull, the National Land Survey of Iceland and the
Icelandic Meteorological Office.

I was lucky to move to the office on the hallway, away from the kitchen and
toilet traffic on the north side in Askja, and join the excellent company of
Pérdis Hognadottir and Snaevarr Guomundsson (and the rest of the crew),
keeping up the good spirit, going out for lunch and ice cream whenever
needed. The company of fellow students and staff in Askja lightened up the
day during lunch and coffee breaks in the last few years, including Bjorn
Oddsson, Seedis, Amandine, Bergran Arna, Erik Sturkell, Séfus, Olga
Kolbran, Agust bor, Halldéra Bjork, Sigga, Asta Rut, Tobba, Jon Bjarni,
Gro, Sigurlaug Hjaltadéttir, Esther Ruth, Eydis Saléme, Joachin, béra
Arnadéttir ... and many more. Magnis Tumi Gudmundsson has been
supportive in various ways along the way.

XVi



I thank Gudfinna Ragnarsdottir for introducing me to the fascinating world of
Icelandic geology during my high-school studies. Participating in my first
spring expedition to Vatnajokull in 2004 probably gave me the glacier
sickness. It has been a life rewarding experience to get to know the people,
who make those trips inspiring, successful and enjoyable, and be exposed to
the vast nature of the ice cap and participate in the measurements and the
variable scientific work. Halfdan Agustsson has been ready to assist with
everything- always, including computer problems, providing meteorological
data, taking care of the household and the boys, and being field assistant
number 1. Thank you — thank you — THANK YOU. Although my two boys
have kept me occupied with other things than writing the thesis, they have
kept my mental health in good shape (most of the time...) — reminding me
that there is life after office hours, and before. | am indebted to my parents
for countless trips around the country, promoting the appreciation for
Icelandic nature, and for their unmeasurable support in every possible way.

XVii






1 Introduction

Greenland

Figure 1. Iceland in the North Atlantic Ocean and modern ocean surface
circulation patterns (on the left); NAC=North Atlantic Current, IC=Irminger
Current, EGC=East Greenland Current, EIC=East Icelandic Current,
modified from Knudsen et al.(2012). The bathymetric data is modified from
the ETOPO1 data base of NOAA (NGDC), copyright: IMO. MODIS image of
Iceland from the 9th of September 2009 (http://rapidfire.sci.gsfc.nasa.gov/
gallery/) showing the major ice caps in Iceland (on the right).

Iceland is located at major climatic boundaries in the North Atlantic Ocean,
influenced by changes in the atmospheric circulation and warm and cold
ocean surface currents (Fig. 1). The climate is relatively mild, with small
seasonal variations in temperature, close to 0°C in winter and 11°C during
summer in the lowlands (e.g. Einarsson, 1984; Olafsson, et al., 2007). The
temperate glaciers and ice caps cover ~11% of the country and have high
mass turnover rates in the range of 1.5-3.0 m w.e. (water equivalent) a'
(Bjornsson et al., 2013). The mass balance sensitivity of Icelandic glaciers is
among the highest worldwide (De Woul and Hock, 2005), and the glaciers
provide important climatic information through variations in mass balance
and extent. The highest rate of meltwater input to the North Atlantic Ocean,
apart from Greenland, comes from the Icelandic glaciers, contributing ~0.03
mm a* to global sea level rise since the mid-1990s (Bjérnsson et al., 2013).
The Little Ice Age (LIA) in Iceland was characterized by cold but variable
climate, evidenced in the historical documents (Ogilvie and Jénsson, 2001


http://rapidfire.sci.gsfc.nasa.gov/

and references therein), marine (Knudsen et al., 2012 and references therein)
and lacustrine sedimentary records (Geirsdottir et al., 2009 and references
therein) and widespread glacier advances (e.g. Sigurdsson, 2005). The high-
resolution terrestrial records have dated the transition into the LIA to around
1250-1300 (Striberger et al., 2010; Larsen et al., 2011; Geirsdéttir et al.,
2013), which is in accordance with the written sources (Porarinsson, 1960;
Ogilvie, 2005). The majority of glaciers in Iceland reached their Holocene
maximum extent either in the 18" or 19" century and some advanced during
both periods (e.g. Porarinsson, 1943; Gudmundsson, 1997; Evans, 1999;
Sigurdsson, 2005; Kirkbride and Dugmore, 2008; Bjornsson, 2009;
Geirsddttir et al.,2009; Larsen et al.,2011).

Vatnajokull (8100 km?) is the largest ice cap in Europe by volume (3100
km®), it rises 2100 m a.s.l. and the SE-outlet glaciers descend to sea level.
The historical record of glacier variations during the latter part of the LIA
and the detailed record of glacier changes, compiled in this study, is unique
for studying the response of the glaciers to climate change. Data on the
extent, and surface topography of the outlet glaciers of SE-Vatnajokull at
various times, bedrock and meteorological data, are used in this work to
study the relationship between glacier variations and climate forcing. Only a
few quantitative estimates exist on areal and volume changes of the entire
post-LIA time period for Icelandic glaciers (Adalgeirsdéttir et al., 2011,
Palsson et al., 2012; Gudmundsson, 2014). The glacier inventory created in
this thesis provides a basic dataset that is used to constrain a mass balance-ice
flow model that simulates the response of three of the SE-outlet glaciers to
climate.

1.1 Background and previous work

The outlet glaciers of SE-Vatnajokull flow down to the lowlands and have
influenced the livelihood of the inhabitants of Austur-Skaftafellssysla and
nowhere in Iceland have people lived in such proximity to glaciers (Fig. 2).
Due to the travels of the early explorers of the 18" and 19" centuries, the
official county and parish descriptions, and the writings of Icelandic
naturalists (Sveinn Palsson, Eggert Olafsson, Bjarni Palsson, Pborvaldur
Thoroddsen), considerable information on the oscillations of these glaciers
during the latter part of the LIA is available. The historical records on the
variations of the outlet glaciers of SE-Vatnajokull have been collected,
analyzed and interpreted by Sigurdur Poérarinsson (e.g. Pérarinsson 1939,
1943, 1964, 1974), by Gudomundur Bardarson before him (Bardarson, 1934),
and by Flosi Bjornsson the late farmer of Kvisker (Bjornsson, 1956, 1993,
1996, 1998) to name a few. The LIA terminal moraines in the forefield of the
SE-outlets of Vatnajokull have been mapped and dated to the 18™ or 19"



century by lichenometry and a few by tephrochronology (e.g. Gordon and
Sharp, 1983; Snorrason, 1984; Thompson and Jones, 1986; Thompson, 1988;
Gudmundsson 1998; Evans et al., 1999; Dabski, 2002; McKinzey et al.,
2004, 2005; Bradwell, 2004; Bradwell et al,. 2006; Chenet et al., 2010),
whereas Pdrarinsson (1943) used the historical documents to infer about the
maximum LIA stand of the glaciers.

The Swedish-Icelandic expedition on Hoffellsjokull and Heinabergsjékull in
1935-1938 carried out glaciological measurements, and was led by Hans
W:son Ahlmann and Jon Eypdrsson, accompanied by Sigurdur Pdrarinsson
and Carl Mannerfelt, who were students at Stockholm University at the time
(Ahlmann and boérarinsson, 1943). They measured ice flow, surface mass
balance and surveyed the glacier surface topography. The main work was
done on Hoffellsjokull, but for ablation measurements, the upper part of
Heinabergsjokull was more accessible and not as dangerous as Hoffellsjokull,
and gave comparable results. A relation between temperature measured at
nearby meteorological stations outside the glaciers and the ablation was
found. They observed fluctuations of the elevation of the firnline during the 3
year long survey period, ranging from 1000 m to 1200 m, and concluded that
the glacier morphology (hypsometry, area distribution with altitude) would
have the largest affect on the glacier regime. The lower mass balance values
on the plateau were related to decreased orographic precipitation with
elevation and snowdrift (Ahlmann and Pérarinsson, 1943). Their
measurements are in line with modern surface mass balance values; winter
balance in the accumulation area around 2 m water w.e. a*, and annual
balance of —12 to —10 m w.e. a* at the terminus and even melting in the
ablation area during winter (Ahlmann and bérarinsson, 1943; Adalgeirsdattir
etal., 2011).

The glacier margins of some of the outlets of this study have previously been
digitized from maps, as well as the contour lines of the glacier surface
topograhy, but without correcting for horizontal distortion or estimating the
vertical accuracy (Bjornsson and Eydal, 1998). Due to the errors in the old
trigonometric network for Iceland, the 1904 maps in particular, and the 1945
maps, are somewhat distorted horizontally. Initiated by Jon Eyporsson in the
early 1930s, regular monitoring of glacier frontal variations have been carried
out by volunteers of the Icelandic Glaciological Society, providing annual
records of advance and retreat (Eypdrsson, 1963; Sigurdsson et al., 2007,
http://spordakost.jorfi.is). Most glaciers retreated fast after the 1930s
following the warm temperatures between 1930 and 1940, but glacier
recession slowed down in the following decades, and some glaciers advanced
in the time period 1970-1995 (J6hannesson and Sigurdsson, 1998). After
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1995, the climate warmed again and glacier retreat accelerated (Sigurdsson,
2005; Bjornsson and Palsson, 2008; Bjornsson et al., 2013).

The scientific work carried out on Vatnajokull in the last few decades by the
Glaciology Group at the Institute of Earth Sciences, University of Iceland,
has provided the necessary framework for this thesis. The bedrock
topography of Vatnajokull has been constructed from Differential Global
Positioning System (DGPS) and radio echo sounding (RES) surveys in the
last three decades (Bjornsson, 1986, 1988, 2009; Bjérnsson and Palsson,
2008; Magnusson et al., 2012). Mass balance measurements have been
carried out on Vatnajokull since 1991, with positive net mass balance during
the first 3 years of measurements, and negative after 1995, showing
considerable variation of the mean specific mass balance, ranging from -2.1
to 0.3 m w.e. a* (Bjérnsson et al., 2013 and references therein). The
concentration of observation sites is highest on the northern and western
outlets of Vatnajokull, but a number of stakes are located on the southeastern
outlets. The mass balance at the plateau of Oraefajokull ice cap (1700-2000 m
a.s.l.) was measured in 1993-1998 (Gudmundsson, 2000). A number of
automatic weather stations have been operating on Vatnajokull since 1994
(Bjornsson et al., 2005) and the observed weather parameters have been used
to calculate the full energy balance (Gudmundsson et al., 2009Db).
Furthermore, physical budget calculations of energy have been compared
with empirical degree—day models describing melting (Gudmundsson et al.,
2009b). The average equilibrium line altitude (ELA) of SE-Vatnajokull has
been estimated to be around 1100-1200 m, with considerable interannual
variability, based on in situ mass balance measurements, satellite imagery
and model simulations, (Bjornsson, 1979; Adalgeirsdattir et al., 2005, 2006;
Bjornsson and Palsson, 2008; Adalgeirsdottir et al., 2011).

Positive degree—day (PDD) mass balance models have been developed that
describe the correlation between the balance and meteorological parameters
and the energy budget (J6hannesson, 1997; Johannesson et al., 1995, 2007;
Gudmundsson et al., 2006, 2009a). Numerical ice flow models simulating the
larger ice caps in Iceland have been developed in the last decade, modelling
their response to changes in mass balance (Adalgeirsdottir et al., 2003, 2005,
2006; Flowers et al., 2005; Marshall et al., 2005). Results of the spatially
distributed coupled models of ice dynamics and hydrology, indicate that the
SE-outlet glaciers are the most sensitive to future warming of all outlets of
Vatnajokull (Flowers et al., 2005). They are particularly vulnerable to
warming climate conditions, since their beds lie below the elevation of the
current terminus and they terminate in proglacial lakes (Bjornsson and
Palsson, 2008). Simulations with a coupled mass balance-ice flow model
reveal that southern Vatnajokull has a mass balance sensitivity in the range of



0.8-1.3 m w.e. a' °C™' (Adalgeirsdottir et al., 2006). The simulations
indicate that the southern part of Vatnajokull will disappear within the next
200 years according to future climate scenarios (Adalgeirsdottir et al., 2006;
Gudmundsson et al., 2006; Johannesson et al., 2007). The first simulation of
a single outlet (Hoffellsjokull, Fig. 2) was carried out on a finer resolution
than used in previous studies, for the whole post-LIA time period
(Aoalgeirsdéttir et al., 2011). The model successfully simulates the 20%
volume loss of the glacier ~1890-2010, and after calibrating the model with
past changes, the future response of the glacier 2000-2100 was modelled.

1.2 Research aims
The main objectives of this study were the following:

e To derive information on the variations of the outlet glaciers of SE-
Vatnajokull from historical documents during the 16™ to the 19"
century, and explore other historical data, including maps, paintings,
and photographs, that shed light on the ice extent of the outlets
during the LI1A and time the LIA maximum.

e To map the LIA maximum glacial geomorphological features along
the glacier margin, including lateral and terminal moraines, trimlines,
and glacier erratics, from measurements in the field and a selection of
airborne images, in order to deduce surface elevation changes since
the LIA maximum and reconstruct the glacier surface geometry at
that time.

e To delineate the glacier margin from maps, aerial and satellite
images, and create glacier surface DEMs, from contour lines of maps
and DGPS surveys from various years since the early 20" century.
To obtain area and volume change and the geodetic mass balance
from this multi-temporal glacier inventory for the whole post-LIA
period.

e To use the history of area and volume changes of three of the larger
outlet glaciers of Breidabunga to constrain a numerical mass balance-
ice flow model, simulating the evolution of the outlets.

e To assess the sensitivity of the three outlets to changes in temperature
and precipitation with the model, and simulate their response to
possible climate scenarios.



1.3 Study area
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Figure 2. (a) Iceland and the largest ice caps in Iceland, Vatnajokull (V) on
the SE-coast and the dark coloured area is the county of East-
Skaftafellssysla. (b) Vatnajokull, the boxes show the outline of ¢ and d,
Orafajokull (O), Breidabunga (B) and Godahnjikar (G). (c) The outlet
glaciers descending from Orafajokull ice cap and Morsarjokull and (d) the
eastern outlet glaciers. The surface topography is from the 2010 LiDAR
DEMs, with 100 m contour lines, and ice divides are delineated in black.
Note the different scale of the two figures. Proglacial lakes and rivers are
shown in blue and the main road in black.

The SE-outlet glaciers of Vatnajokull are located in one of the warmest and
wettest area of Iceland. Seasonal variations in temperature on the south coast
are small; the average winter temperature is around 0°C and average July
temperature close to 11°C (Einarsson, 1984; Olafsson et al., 2007). The
maritime climate is characterized by heavy winter precipitation in the range
of 1000-2000 mm at the lowland meteorological stations. The ice cap
receives high amounts of precipitation, due to the cyclonic westerlies
crossing the North Atlantic. The outlets of SE-Vatnajokull analyzed in this
study are non-surging glaciers, the distance between the westernmost and
easternmost outlet is less than 100 km and most of them reach down to 20—
100 m a.s.l. (Fig. 2). The glaciers vary in size from 10-200 km?, range in
thickness from 80 to 330 m, and have a variable area distribution with
altitude (hypsometry). Morsarjokull, the westernmost outlet, flows down
from an ice divide of 1350 m. Orafajokull (2100 m a.s.l.) feeds several outlet
glaciers: the eastern part of Skaftafellsjokull, Svinafellsjokull, Kotarjokull,
Kviarjokull, Hratarjokull and Fjallsjokull. East of Breidamerkurjokull, three



outlet glaciers descend from the 1500 m high plateau of the Breidabunga
dome, Skalafellsjokull, Heinabergsjokull, and Flaajokull. Further east is
Hoffellsjokull, and its accumulation area lies between Breidabunga and
Godahnukar (1500 m), which feeds Lambatungnajokull. The outlet glaciers
east of Breidamerkurjokull are referred to as the eastern outlet glaciers. The
measurements of the bedrock topography of the outlet glaciers reveal that the
outlets have carved into soft glacial and glaciofluvial sediments, forming
depressions that are or will be occupied by ice-marginal lakes as a result of
future warming (Bjornsson, 2009; Magnusson et al., 2012).






2 Data and Methods

2.1 Historical data

Figure 3. SE-Iceland on the map of Abraham Ortelius from 1590 (on the left)
and Bjorn Gunnlaugsson from 1844 (on the right), from http://islandskort.is.

The historical sources providing information on the extent and variations of
the outlet glaciers of SE-Vatnajokull used in this study include a) the official
county (or sheriffs” letters) and parish descriptions (1700-1900) and land
registers since the early 18" century, b) travel diaries of Icelandic naturalists,
c) descriptions of foreign travelers and, d) local accounts and oral tradition,
which are all listed and cited in paper I. Interviews with old farmers living in
the area were conducted in the summer of 2007, to collect local knowledge
on glacier changes and gather historical photographs. A number of
photographs are preserved from the last decade of the 19" century and the
first years of the 20th century. The photographs taken by Frederick Howell in
1891 of a number of Oraefajokull’s outlet glaciers (Fiske Icelandic collection,
Cornell University, http://cidc.library.cornell. edu/howell/; Ponzi, 2004) are
the oldest known set of photographs of Icelandic glaciers. A number of
photographs are preserved from the time of the surveys of the Danish General
Staff in 1902-1904 (archives of the National Land Survey of Iceland,
http://atlas.Imi.is/islandskort-dana/ljosmyndir.php). Historical maps as early
as from the 16™ century are preserved, but it is not until the 1830s and 1840s
with the the maps of Bjorn Gunnlaugsson, that reliable information on the
glacial extent can be extracted (Fig. 3). Mountains enclosed in ice by merging
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outlets can be observed on his maps, but terminus position and glacier
margins can only be determined with certainty from the Danish General Staff
maps of 1904.

2.2 LIA glacial geomorphological
features and reconstruction of
glacier surface geometry

Extensive field mapping of the well-preserved glacial geomorphological
features, including lateral and terminal moraines, trimlines, glacier erratics,
and shorelines of former ice-dammed lakes, which delineate the LIA
maximum extent of the outlet glaciers of SE-Vatnajokull, was carried out.
The field surveys were carried out in the summers of 2007 and 2008 during
several excursions, altogether approximately 50 days. A laser rangefinder
(Laser Technology TruPulse 200 Laser Rangefinders 7005030), with
accuracy of 0.3 m, was used to target lateral moraines and erratics in
unreachable areas. The fieldwork was confined to the ablation area of the
glaciers, since lateral moraines are only deposited below the ELA where
glaciers transport ice and rocks to the surface (e.g. Paterson, 1994). The field
sites were usually reached from the termini, however snowscooters were also
used to access some of the high-elevation sites of Lambatungnajékull and
Flaajokull. During traverses of the glaciers (on snowscooter and on foot), the
elevation was registered with a GPS instrument. The LIA terminal moraines
and highest lateral moraines are assumed to be contemporaneous due to the
lack of plausible dating methods, although lateral moraines may be formed
by repeated glacier advances.

Airborne imagery was also used to map the glacial geomorphological
features, including oblique aerial photographs taken from airplanes, aerial
photographs of the National Land Survey of Iceland, SPOT5 satellite images
and the high-resolution images of Loftmyndir ehf. The extent of the outlet
glaciers at the LIA maximum was also assessed from the historical
photographs and written documents. The reconstruction of the LIA maximum
glacier surface geometry was based on the glacial geomorphological features,
historical photographs, the elevation of trigonometrical points on maps from
1904, and 2010 LiDAR DEMs used as reference topography. Nunataks
depicted on the historical photographs from the turn of the 19" century were
compared with duplicate modern photographs to estimate changes of the
glacier surface in the accumulation areas, where geomorphological evidence
is sparse. The crests of the LIA lateral moraines were used to determine the
previous glacier surface level at their maximum extent. Convex contour lines
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were drawn by hand from the elevation of the geomorphological features.
The surface profiles and final ice volume of the reconstructed LIA glaciers
were compared to two different models; a simple glacier model by Benn and
Hulton (2010), which provides estimates of the surface profile of former
glaciers using a solution for ‘perfectly plastic’ ice, and the results from the
mass balance-ice flow model used in this study to simulate the three outlets
of Breidabunga.

Moraine remnants are found in a few locations, some tens of metres outside
the LIA limit of the glaciers. Stéralda moraine in front of Svinafellsjokull is
one of them, which has been dated to be approximately 2500 years old
(Porarinsson, 1964). Furthermore, tens of m outside the LIA moraines of
Fjallsjokull and Kviarjokull are older moraines with dense vegetation cover
(Bjornsson, 1998). During fieldwork, a moraine was found in front of
Skalafellsjokull’s LIA terminal moraines (Fig. 4). This illustrates that some
of the glaciers had reached similar positions previous to the LIA.

Figure 4. Moraine fragments with a dense vegetation cover found outside the
LIA terminal moraines of Skalafellsjokull (photo: Hrafnhildur Hannesdéttir).

2.3 Bedrock topography

The bedrock topography of the outlet glaciers has been derived from RES
measurements and DGPS in the last two decades (Bjornsson and Palsson,
2004; Magnusson et al., 2007; Bjornsson and Palsson, 2008; Bjornsson,
2009; Magnusson et al., 2012, data base of the Glaciology Group of the
Institute of Earth Sciences, University of Iceland). Point measurements have
been carried out in the ablation area, whereas continuous profiles surveyed in
the accumulation area. The vertical accuracy of the bedrock measurements is
5-20 m, depending on location. Some of the glaciers have eroded their bed
100-300 m below sea level. From the bedrock DEM, the relative ice volume
changes are estimated.
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2.4 Glacier outlines and surface DEMs

The areal extent and the surface topography of the outlet glaciers at different
times during the period 1890-2010, were derived from various datasets of
variable horizontal and vertical accuracy. The most accurate DEMs of SE-
Vatnajokull were produced with airborne LiDAR technology in late August—
September 2010 and 2011 (Johannesson et al., 2013; Icelandic
Meteorological Office and Institute of Earth Sciences, University of Iceland,
2013). The high-resolution DEMs are 5 m x 5 m in pixel size witha < 0.5 m
vertical and horizontal accuracy (Johannesson et al., 2013). The LiDAR
DEMs provide a reference topography, used for improving other glacier
surface DEMs, for example in areas where corrections of contour lines on old
paper maps have been necessary.

The glacier margins were digitized from maps and aerial and satellite images
at various times for different glaciers (Table 1), including maps from 1904,
1945 and 1989 (Danish General Staff, 1904; Army Map Service, 1950-1951;
Defense Mapping Agency, 1997), the aerial photographs of the National
Land Survey from 1945, 1946, 1960, 1982, 1989, Landsat satelite images of
2000, aerial images of Loftmyndir ehf from 2002, and shaded relief images
of the 2010 LiDAR DEMs. The glacier margin on the maps was revised by
analyzing the original aerial images (on which the maps are based), since
often snow-covered areas have been mis-interpreted as glacial ice, and
shadows on the glacier surface as bedrock. Glacier surface DEMs are created
from contour lines of the paper maps, which are corrected in the
accumulation area by analyzing the size of nunataks (method that has been
deployed elsewhere, e.g. Berthier et al., 2009). A 20 m x 20 m DEM of
Loftmyndir ehf. is available of parts of the outlets of Orefajokull, excluding
most of their accumulation areas. DGPS surface elevation measurements
have been carried out during repeated mass balance surveys and RES
profiling in spring during the time period 2000-2003, and are used for DEM
construction. Area and volume changes of Hoffellsjokull since the end of the
LIA have previously been determined (Bjornsson and Palsson, 2004).
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Table 1. Data used to obtain glacier outlines and to construct glacier surface
DEMs. NLS = National Land Survey of Iceland, IMO = Icelandic
Meteorological Office, IES = Institute of Earth Sciences.

airborne imagery

time period/details

reference/photographer

Aerial images 2002-2004 Loftmyndir ehf (www.loftmyndir.is)

Oblique photographs 2000-2012 Helgi Bjornss, Snavarr Gudmundss, Vidir Reyniss
Aerial photographs 1945, “60, "82, "89 NLS (www.Imi.is/loftmyndasafn)

SPOT5 2005 SPOTS5 (Spotlmage®©)

Landsat 2000 http://landsat.usgs.gov

MODIS 2007-2011 http://rapidfire.sci.gsfc.nasa.gov/gallery/

LiDAR 2010-2011 IMO and IES

maps

Danish General Staff-sheets: 1904 Danish General Staff, 1904

87 SA Orefajokull

87 SV Orefajokull

87 NV Orafajokull

96 NA Heinaberg

97 NA Kalfafellsstadur
97 NV Kalfafellsstadur

Orafajokull and the upper part of acc. area of Skaftafellsj. and Svinafellsj.
The lower ablatoin area of Morsarj., Skaftafellsj. and Svinafellsj.
Morsarjokull and part of the upper accumulation area of Skaftafellsjokull
Part of abl. area of Skalafellsj. and Heinabergsj., Flaaj., snout of Hoffellsj.
Sultartungnajokull, outlet of Skalafellsjokull

Part of the western rim of Skalafellsjokull

AMS (Series C762)-sheets: 1945 Army Map Service, 1950-1951
6018-1 Kvisker

6018-1vV Svinafell

6019-1 Vedurardalsfjoll
6019-I1 Breidamerkurjokull
6019-111 Orafajokull
6019-1V Esjufjoll

6020-1 Vatnajokull |
6020-11 Vatnajokull 11
6020-111 Vatnajokull 111
6119-1V Kalfafellsstadur
6120-1 Lambatungnajokull
6120-11 Hoffell

6120-111 Hoffellsjokull syori

DMA (Series C761)-sheets:

1989

Defense Mapping Agency, 1997

2213-1

Hornafjordur

2213-111 Hestgerdislon

2213-IvV Heinabergsjokull

2214-11 Kollumuli

2214-111 Eyjabakkajokull

DGPS surveys 2000-2005 IES data base
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2.5 Mass balance data

Mass balance measurements have been carried out on the studied glaciers and
their neighbouring outlets since 1991 (Bjornsson and Palsson, 2008). Stakes
are measured on a profile from the terminus up to the ice divide of
Breidamerkurjokull, three stakes on Hoffellsjokull, and a few survey sites are
located in the accumulation area of the studied glaciers. Two new stakes in
the accumulation area of Skélafellsjokull and Flaajokull were added to the
mass balance survey network in 2009, as deemed necessary by the
preliminary results of the model simulations from the current study. Cores are
drilled through the winter snow layer using an engine driven drill in spring
(April-May), and the density measured to calculate the water equivalent of
the layer. Visual inspection of the dust content as well as observations of the
coarseness of the snow grains is used to identify the previous year’s summer
surface, i.e. to determine the thickness of the winter layer. Stakes or wires are
left in the core holes or drilled into the ice in the ablation zone with a steam
drill. The summer balance is measured from the extension of the stakes or
wires in the spring and late autumn (September—October; Bjornsson et al.,
1998, 2002). Manually interpolated digital mass balance maps are generated
for every year since 1996, using the in situ mass balance measurements and
the observed mass balance gradient (see e.g. Bjornsson et al., 2002 for
details).

2.6 Meteorological data and modelled
precipitation

Temperature and precipitation records are available from two lowland
stations, Fagurholsmyri (16 m a.s.l., 8 km south of Orafajokull) and Hoélar in
Hornafjordur (16 m a.s.l., 15 km south of Hoffellsjokull). The temperature
record at Holar is available for the period 1884-1890 and since 1921,
whereas the precipitation measurements started in 1931. The temperature
record from Fagurhdlsmyri goes back to 1898, and precipitation has been
measured since 1921 until 2008. Precipitation data is available from two
different models, and used in the PDD mass balance modelling. Dynamically
downscaled precipitation in Iceland is available from the RAV dataset
(Rognvaldsson et al., 2011), from the non-hydrostatic mesoscale Weather
Research Forecasting (WRF) model (Skamarock et al., 2008), on a 3 km grid
since 1995 and 9 km resolution from 1958. A linear theory (LT) model of
orographic precipitation (Smith, 2003), which includes airflow dynamics,
condensed water advection, and downslope evaporation provides downscaled
precipitation on a 1 km grid for the time period 1959-2010 (Crochet et al.,
2007, 2013; Jéhannesson et al., 2007).
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2.7 Glacier models

The mass balance of Skalafellsjokull, Heinabergsjokull and Flaajokull is
simulated with a PDD model, that has been applied on Icelandic ice caps and
glaciers (Johannesson, 1997; J6hannesson et al., 1995, 2006) and also
coupled with an ice flow model in previous studies (Adalgeirsdéttir 2003;
Adalgeirsdottir et al., 2006, 2011; Gudmundsson et al., 2009a). Precipitation
on the glacier is assumed to fall as snow, if the temperature at the altitude in
question is below 1°C (J6hannesson, 1997). Melting of snow and ice is
computed from the number of PDD, and the degree—day factors determine
the amount of melting per PDD (Jéhannesson, 1997). Degree—day factors are
different for snow and ice, because snow and ice require different amounts of
energy to melt; ice is less reflective than snow, has a higher density, and so
melts more per PDD. The ice flow model is based on the Shallow Ice
Approximation (SIA) and vertically integrated continuity equation
(Aodalgeirsdottir et al., 2004, 2006). The finite element method with
triangular elements is used to solve the continuity equation (Adalgeirsdottir et
al., 2011). Different versions of the mass balance model are applied in this
study. Until this study, constant vertical and horizontal precipitation gradients
have been used in the mass balance model, but they do not take into account
the locally complex spatial structure of the precipitation field on these
glaciers. To account for that, downscaled orographic precipitation on a 1 km
x 1 km grid is used as input.
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3 Summary of papers
3.1 Paper |

Hannesdéttir, H., Bjornsson, H., Palsson, F., Adalgeirsdéttir, G., and
Gudmundsson, Sn. (2014). Variations of SE-Vatnajokull ice cap (Iceland)
1650-1900 and reconstruction of the glacier surface geometry at the Little
Ice Age maximum. Geografiska Annaler: Series A, Physical Geography.
doi:10.1111/geoa.12064.

In this paper the written accounts from the county of Austur-Skaftafellssysla,
that shed light on the variations of the outlet glaciers of SE-Vatnajokull ice
cap during the time period 1650-1900, are analyzed. According to these
sources, all glaciers advanced in the latter half of the 17" century and
extended far out on the lowlands in the mid-18" century. From the
contemporary documents it is clear that the outlet glaciers were at the
terminal LIA moraines around ~1880-1890 and soon after started receding,
marking the end of the LIA in Iceland. Descriptions from the 17" and 18"
century do not provide the same accurate and decisive data on the terminus
position as from the late 19" century, thus it can not be excluded that the
glaciers had reached a similar advanced position earlier. According to
lichenometric studies, the glaciers reached their LIA maximum in the late 18"
or 19" century (e.g. Evans et al.,1999; Dabski, 2002; Bradwell, 2004;
McKinzey et al., 2005; Chenet et al., 2010). However, due to diverse
bedrock minerology and the microclimate of each valley causing variable
growing conditions for the lichens, various calibration curves, different
statistical analysis and field techniques, intercomparison of lichenometric
dates of moraines is problematic. The importance of using the historical
documents to infer glacier fluctuations is emphasized in this paper. The
historical photographs of Frederick Howell in 1891 of a number of
Orafajokull’s outlet glaciers, and the photographs from the time of the
surveys of the Danish General Staff in 1902-1904 provide additional
evidence of the extent of the glaciers at the end of the 19th and beginning of
the 20th century. The mass balance of Icelandic glaciers is governed by
variations in the summer ablation (which is related to air temperature,
representing variations in the incoming radiation flux), rather than winter
accumulation (Bjornsson et al., 2013 and references therein). The long
continuous temperature record from Stykkishélmur starting in 1798 (Wood et
al., 2010), which correlatates well with local temperature records, shows that
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summer temperatures started to decline ~1850, and reached a minimum
around 1890. Assuming that the response time of the outlets of SE-
Vatnajokull is in the range of 20-40 years, as estimated by a function of the
glacier thickness and ablation at the terminus (Johannesson et al., 1989), a
late 19" century LIA maximum is more likely for the outlets, opposed to a
late 18™ century or early 19" century, as some lichenometric dates indicate.

Figure 5. LIA lateral moraines west of Skaftafellsjokull in Skaftafellsheidi on
the left (photo: Hrafnhildur Hannesdottir). Flaajokull and the moraines in
the forefield on the right (photo: Snaevarr Gudmundsson).

Glacial geomorphological features, including lateral and terminal moraines
(Fig. 5), trimlines, glacier erratics, and shorelines of former ice-dammed
lakes, outlining the LIA maximum extent of SE-Vatnajokull’s outlet glaciers
are well preserved and were mapped in this study. The historical (documents
and photographs) and glacial geomorphological data have been combined to
reconstruct the glacier surface geometry at the LIA maximum, along with
information from the first reliable maps from 1904 (Danish General Staff,
1904). The LIiDAR DEMs, served as a topographic reference, for example
providing accurate elevation of the suite of LIA glacial geomorphological
features. Quantitative estimates of the glacial extent and volume of the outlet
glaciers of SE-Vatnajokull at the LIA maximum were derived. These new
assessments of the ice volume and areal extent provide important information
for constraining mass balance ice-flow models and global sea level rise
estimates. A comparison between the altitude of the uppermost up-valley LIA
lateral moraines, and the average modern snowline elevation (derived from
MODIS images), both used as a proxy for the ELA, reveal an elevation
difference of ~340 m of the ELA. This is in line with the estimate of
Eypdrsson (1951) and boérarinsson (1974), that the snowline of southern
Vatnajokull was around 300 m lower during the LIA than during the warm
decades of the mid-20" century, with average summer temperature close to
the average of the period 2000-2010.
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I collected and analyzed the written documents, carried out the fieldwork,
and mapped the LIA glacial geomorphological features. Oblique aerial
photographs were provided by Helgi Bjornsson, Snavarr Gudmundsson and
Vidir Reynisson. The method of reconstructing the glacier surface geometry
was developed through discussions with Finnur Palsson and Snaevarr
Gudmundsson. | wrote the manuscript with input from the coauthors.

3.2 Paper 11

Gudmundsson, Sn., Hannesdottir, H., and Bjornsson, H. (2012). Post-Little
Ice Age volume loss of Kotarjokull glacier, SE-Iceland, derived from
historical photography. Jokull, 62, 97-110.

Figure 6. Rotarfjallshnikur and the upper reaches of Kotarjokull by Howell
(on the left) and a 3-D image from the 2011 LiDAR DEM of the same area
(on the right). The crevassed areas (marked c1-c9) were used to calculate
surface elevation changes in the accumulation area.

In this paper quantitative estimates of glacier mass change over the last 120
years of one of the smaller outlets of Orafajokull ice cap are presented. By
applying repeat photographical methods and trigonometric calculations, the
glacier surface elevation changes were estimated from the unique historical
oblique photographs of Kotarjokull from 1891 taken by Frederick Howell,
along with modern duplicates, with topographical information from the
LIDAR DEM (Fig. 6). The 11.5 km? outlet glacier descends from an
elevation of 1800 m a.s.l., with an average slope of 20°. Surface changes
1891-2011 above 1700 m were negligible, but the surface lowering gradually
increases and reaches a maximum of 180 m near the terminus in the gorge.
The observed minimal surface lowering at high altitudes is supported by a
comparison of the elevation of trigonometric survey points on Orafajokull’s
plateau from the Danish General Staff map of 1904 and the 2011 LiDAR
DEM. Nowhere else along the edge of SE-Vatnajokull, or in Iceland, are
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glacier surface elevation changes since the LIA maximum recorded
continuously downward from the ice divide to the terminus. This dataset
provides a reference for further studies of other outlet glaciers of Orafajokull
and SE-Vatnajokull.

Glacial geomorphological features delineating the maximum LIA glacier
extent were mapped in the field and from high-resolution aerial images and
oblique aerial photographs. The well-preserved lateral moraines are only
found below the ELA, hence little field evidence attests to the former high
stands of the glacier in the accumulation area at its maximum extent during
the LIA. The historical oblique photographs are the only archive for surface
changes in the accumulation area. A reconstruction of the glacier surface
geometry is based on the photographic pairs, the geomorphological evidence
and the LiDAR DEM. From the two glacier surface DEMs the ice volume
and mass loss in the post-LIA period was calculated. The glacier lost 2.7 km?,
and experienced a volume loss of 0.4 km® equal to a geodetic mass balance of
-0.22 m w.e. a*. The volume loss was however corrected to 0.5 km® in
Gudmundsson (2014), which equals a mass balance of —0.23 m w.e. a*, and
the relative mass loss since ~1890 is thus 36%.

This paper was a joint effort of Snaevarr Gudmundsson and myself. Snavarr
Gudmundsson made the duplicate photographs, by revisiting the two
photographic locations of Frederick Howell, west of Kotérjokull. 1
georeferenced the 1904 map of the Danish General Staff with the LIDAR
DEM to resolve possible glacier surface changes on the Orafajokull plateau.
We wrote the manuscript together, with input from Helgi Bjérnsson.

3.3 Paper 111

Hannesdottir, H., Bjornsson, H., Palsson, F., Adalgeirsdottir, G., and
Gudmundsson, Sv. (2014). Area, volume and mass changes of SE-Vatnajokull
ice cap, Iceland, from the Little Ice Age maximum in the late 19th century to
2010. The Cryosphere Discussion 8, 1-55.doi:10.5194/tcd-8-1-2014.

A series of glacier outlines and surface DEMs of the outlets of SE-
Vatnajokull from various sources for the time period ~1890-2010 was
compiled. The glacier outlines were delineated from maps, aerial and satellite
images, and the DEMs compiled from glacial geomorphological features and
historical photographs (from paper 1), old maps, aerial images, DGPS and a
LiDAR survey. From the multi-temporal glacier inventory, area and volume
changes are derived, as well as the mass balance history by geodetic methods.
From the known bedrock topography, the relative volume changes since the
end of the LIA ~1890 were estimated. The glaciated area decreased by 164
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km? in 1890-2010, and individual glaciers lost 10-30% of their ~1890 area.
The glaciers lowered by 150-270 m near the terminus (Fig. 7) and
collectively lost 60£8 km?® which is equivalent to 0.15+0.02 mm of mean
global sea level rise. The ice volume loss equals the estimated loss of
Langjokull and Breidamerkurjokull during the same time interval (Palsson et
al., 2012; Guomundsson, 2014). The volume loss of individual outlets of SE-
Vatnajokull was in the range of 15-50% during this time period,
corresponding to an average mass balance between —0.70 and —0.32 m w.e.
a’. The most negative mass balance is observed in 2002—2010, when the rate
of mass loss was in the range of —2.60+0.12 to —0.80+0.12 m w.e. a™ for
individual glaciers (Fig. 8), or on average —1.34+0.12 m w.e. a*, which is
among the most negative mass balance recorded worldwide in the early 21°
century (Vaughan et al., 2013). The geodetic mass balance 2002-2010 is in
line with the in situ measured mass balance on Breidamerkurjokull and
Hoffellsjokull.

Oraefajokull outlets 240 | | Eastern outlets

7 Fjallsjskull

Nsjokull.

Figure 7. Surface lowering (in m) of the SE-outlet glaciers 1890-2010. Note
the different scale on the two figures.

The variable dynamic response of the glaciers to the same climate forcing
(changes in mass balance) is related to their different hypsometry, bedrock
topography, and the presence of proglacial lakes. Their different response
underlines the importance of a large sample of glaciers when interpreting the
climate signal, and shows that frontal variations and aera changes only
provide limited information, as some glaciers experience considerable surface
lowering but little retreat.
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Figure 8. Geodetic mass balance of the SE-outlet glaciers during different
time periods.

The scaling parameters of a power-law relationship of volume-area are
evaluated from our glacier inventory, which spans the entire 120 year post-
LIA period. Comparison of the ice volume calculated according to the
commonly proposed constants of Bahr et al. (1997) and more recently
coefficients derived in a modelling study by Adhikari and Marshall (2012),
with our volume estimates, reveals an underestimate of the ice volume up to
50% when applying the power-law. The variable hypsometry, shape, size,
and thickness of the outlets of SE-Vatnajokull, indicate that the constants of
the power-law relating glacier volume and area need to be adjusted to the
different glaciological parameters.

| digitized the glacier margin from maps and aerial images, constructed
DEMs from the contour lines of the paper maps and the DGPS surveys. The
glacier margin and contour lines of the DMA 1989 maps had previously been
digitized by Finnur Palsson and Pérdis Hognadéttir, however, the glacier
surface geometry was reassessed in the accumulation area for those DEMs. |
wrote the manuscript with input from the coauthors.

22



3.4 Paper 1V

Hannesdéttir, H., Adalgeirsdattir, G., Jéhannesson, T., Gudmundsson, Sv.,
Crochet, P., Agustsson, H., Palsson, F., Magnusson, E., Sigurdsson, S.p.,
Bjornsson, H. Mass balance modelling and simulation of the evolution of the
outlets of SE-Vatnajokull ice cap, Iceland, using downscaled orographic
precipitation. To be submitted.

20| | )
Jn situ winter bal. 1996-2009 (m w.e. a’') E_gls_ in situ winter bal. 2010-2013 (m w.e. a')

Figure 9. (a) Manually interpolated winter mass balance map showing the
average of the time period 1996-2009 (b) and in 2010-2013 when the two
stakes, Skf01 and FI01, had been added to the mass balance network. The
measurements of individual years are shown; 2010 (yellow), 2011
(turquoise), 2012 (white), 2013 (red).

A PDD mass balance and SIA ice flow model is applied, that uses
downscaled orographic precipitation on a 1 km grid as input, to simulate the
evolution of Skalafellsjokull, Heinabergsjokull and Flaajokull. The history of
area and volume changes during ~1890-2010 of the three outlet glaciers of
SE-Vatnajokull from paper 111 was used to constrain the model. For the first
time downscaled precipitation is used in a mass balance modelling study of
Icelandic glaciers. Model runs indicate that the spatial variations of the winter
mass balance can not be realistically represented by a precipitation model
based on constant horizontal and vertical precipitation gradients, as have
previously been used. This was verified by adding two stakes (SkfOl and
FI01) to the mass balance network below the ice divide in 2009 (Fig. 9b) and
by analysing the downscaled precipitation from the the LT-model by Crochet
et al. (2007) and from the RAV dataset of Rognvaldsson et al. (2011). The
winter balance values were approximately 1 m w.e. higher (Fig. 9b) than
previously estimated by the manually interpolated mass balance maps in this

23



location (Fig. 9a), on the southern slopes of Breidabunga. 14 years of in situ
mass balance measurements were used to calibrate the mass balance model
using the downscaled precipitation data from the LT-model, indicating that
the model explains 87% of the variation of the winter balance and 92% of the
summer balance. Simulating the three outlets glaciers with a constant climate
forcing of the baseline period 19802000, using a rate factor of A=2.4x10""
s' kPa resulted in an ice volume close to the 2002 observed value and the
glacier surface profiles were reproduced by the model (Fig. 10).
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Figure 10. Longitudinal profiles down the central flowline of Skalafellsjékull
showing the thickness and location of the terminus at different times
according to observations (solids) and at the end of various simulations
(lines). The white horizontal line indicates the elevation range of the ELA,
derived from the MODIS images of 2007-2011.

Steady state experiments with step changes in temperature and precipitation
were carried out to analyze the sensitivity of the modelled glaciers. The
calculated sensitivity of the net mass balance to a warming of 1°C is -1.51 to
-0.97 m w.e. a*, whereas +0.16 to +0.65 m w.e. a* to a 10% increase in
annual precipitation, slightly varying between the outlets. Heinabergsjokull is
more sensitive to changes in temperature and precipitation than the other
outlets. A cooling of 1°C results in an increase in ice volume of 50%, but
only 30-35% for the other two neighbouring outlets. Heinabergsjokull
terminates in an overdeepened basin, where a large part of the bedrock is
below sea level, and the terminus is flat and long. Simulations imply that the
LIA maximum volume of the outlets is reached with temperatures 1°C lower
than the average of the 1980-2000 baseline period and a decrease in annual
precipitation of 20%, which is in line with data from nearby meteorological
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stations away from the glaciers (Figs. 10 and 11a). Future climate scenarios
indicate a 2-3°C warming and precipitation increase in the range of 0-10% in
Iceland by the end of the 21% century (Nawri and Bjornsson, 2010).
According to our model simulations, using step changes in temperature and
precipitation, a 2°C warming and a 10% increase in annual precipitation
would lead to a >50% ice volume loss, and 80-90% for a 3°C increase in
annual temperature and same change in precipitation (Fig. 11b).

The ice flow model was developed by Gudfinna Adalgeirsdéttir and Sven b.
Sigurdsson, and has been used in previous studies. The mass balance model
was written by Tomas Johannesson. | revised the mass balance maps with
precipitation data from the RAV dataset, which were provided by Halfdan
Agustsson, and | ran the model with the updated winter balance maps with
help from Sverrir Gudmundsson. The precipitation data from the LT model
was provided by Philippe Crochet. | calibrated the mass balance model using
the LT downscaled precipitation data, against in situ mass balance
measurements. The bedrock topography was measured by Finnur Palsson and
Eyjolfur Magnusson. | ran the simulations, interpreted the results, and wrote
the manuscript, with input from the coauthors.

N

Figure 11. (a) The simulated LIA glacier geometry obtained with a step
change in temperature equal to 1°C cooling and 20% decrease of annual
precipitation, relative to the baseline period 1980-2000. (b) The glacier
geometry at the end of a 200 year simulation forced with step change of
+3°C and 10% increase in annual precipitation relative to the baseline
period.
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4 General conclusions and
outlook

The fluctuations and timing of the LIA maximum of the SE-outlet glaciers of
Vatnajokull are determined by analyzing the history of the glacier
fluctuations in the 17", 18™ and 19" century as represented in historical
documents. Quantitative estimates of the glacial extent and ice volume, at this
advanced stage are based on LIA glacial geomorphological field evidence,
historical oblique photographs, and descriptions from the written sources.
The importance of using historical data is accentuated, not least considering
the conflicting results of previous lichenometric dates of terminal LIA
moraines in the forefield of the outlets of this study. Contemporary
documents detail how the glaciers were at the outermost LIA moraines
around 1880-1890, and some indicate that a few glaciers had reached similar
positions in the mid-18" century, however, the earlier descriptions are not
conclusive. The photographs from the end of 19" and early 20" century
confirm the timing of the maximum glacier extent, at least for the recorded
glaciers. The potential of using historical oblique photographs, by
comparison with modern duplicates, to determine glacier surface elevation
changes, has been demonstrated. In addition, the old photographs provide a
striking visual impression of glacier retreat in the post-LIA time period
(~1890-2010). With repeat photography important estimates of surface
elevation changes in the accumulation area have been made, where
geomorphological data is sparse or absent (since lateral moraines are only
deposited below the ELA).

The reconstructed glacier surface geometry of Skélafellsjokull,
Heinabergsjokull and Flaajokull at their advanced stage in the late 19"
century, has been successfully simulated with the mass balance-ice flow
model. The model was forced using constant temperatures, 1°C lower than
the average of the 1980-2000 baseline period, and 80% of the annual
precipitation, which is in consonance with the records from nearby lowland
meteorological stations. This resemblance of the simulated and reconstructed
volume gives confidence in both the method of reconstructing the glacier
surface geometry and in the mass balance-ice flow model.
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The record of volume and area changes of the 11 outlet glaciers of SE-
Vatnajokull during the post-LIA time period, compiled in this thesis,
provides an analogue for previous fluctuations of the outlets. The record
illustrates close to synchronous response of the glaciers to similar climate
forcing, which is inferred from the comparable temperature and precipitation
fluctuations of the records from the two lowland meteorological stations in
the vicinity. However, their rate of retreat and mass loss varies considerably.
For example, all glaciers, except Kviarjokull and Svinafellsjokull (which
both have overdeepened basins), retreated following the warm decades of the
1930s and advanced or showed stillstands in the 1970s and 1980s. Previous
mass balance measurements and modelling have demonstrated that the mass
balance of Icelandic glaciers is governed by summer ablation (which is
related to air temperature measured outside the glaciers), rather than winter
accumulation (Bjornsson et al., 2013 and references therein). The
temperature record of Stykkishélmur, which correlates well with the local
record of Hélar in Hornafjordur, shows a decline around 1850 and reaches a
minimum around 1890. Thereby, supporting a late 19" century glacier
maxima of the SE-outlet glaciers, assuming the response time of 20-40 years,
estimated as a function of the glacier thickness and ablation at the terminus
(see Johannesson et al., 1989).

This study has shed light on the area and volume changes of outlet glaciers of
SE-Vatnajokull during the post-LIA time period ~1890-2010 and provided
estimates of geodetic mass balance changes. The average mass balance has
been negative during every time interval, but the likely positive mass balance
period in the 1970s-1980s can not be resolved with the currently available
temporal resolution. The highest rate of mass loss is observed in the first
decade of the 21% century, with values ranging from -2.70 to -0.80 m
w.e. a' (-1.34+0.12 m w.e. a* on average), which ranks among the most
negative mass balance worldwide during this time period (Vaughan et al.,
2013). The difference in the magnitude of the response of the glaciers to
similar changes in mass balance, highlights the need of a large dataset for
interpreting the climate signal from glacier variations. It is also clear that
frontal variations and area changes only provide limited information on the
dynamic glacier response to climate perturbations, as some undergo
considerable surface lowering, but little retreat.

The database on area and volume changes of the SE-oulets was compared to
the commonly proposed power-law that relates glacier area and volume (Bahr
et al., 1997; Adhikari and Marshall, 2012). When applying the constants of
the power-law, the calculated ice volume is underestimated by up to 50%.
Accurate estimates of ice volume stored in glaciers are important for future
global sea level rise projections, as melting glaciers outside the polar areas
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are contributing at an accelerated rate (Vaughan et al., 2013). It is concluded
that the proposed power-law can only be used as a statistical method to infer
ice volume from measured glacier area for large datasets of glaciers and the
coefficients may need to be adjusted to variable glaciological parameters.

The multi-temporal glacier inventory created in this thesis serves as input for
glacial unloading studies in Iceland. Hitherto a linear rate of mass loss has
been assumed in modelling the uplift of the earth’s crust in response to the
retreating glaciers (Arnadottir et al., 2009; Auriac et al., 2013). The retreat
history of some of the SE-outlet glaciers has been used in a number of
biological studies, e.g. the development of freshwater systems in ponds
following glacier retreat (Olafsson, 2012), soil development (Vilmundardottir
et al., 2014, 2015), and vegetation succession in front of the retreating ice
front (Magnusdéttir et al., 2013).

Simulations with the mass balance-ice flow model of the three outlets of
Breidabunga revealed that downscaled orographic precipitation data is
necessary for the simulations in order to capture variance of the winter mass
balance. A precipitation model using constant precipitation gradients, based
on precipitation data from meteorological stations away from the glacier (as
used in previous modelling studies), could not realistically represent this
variability. The good fit between the modelled ELA and the snowline at the
end of the summer (a proxy for the ELA on temperate glaciers), derived from
MODIS images 2007-2010, provides additional validation of the calculations
of the mass balance model using the downscaled precipitation data. The
sensitivity of the annual balance to 1°C warming is calculated as -1.51 to —
0.97 m w.e. a*, which is similar to a 40% reduction in annual precipitation.
Simulations indicate, that a +3°C step change in temperature relative to the
baseline period 1980-2000 (which is in line with predictions of increased
temperature by the end of the 21st century), would lead to almost
disappearance of the glaciers.

The recently acquired LIDAR DEMs (2010-2011) have revolutionized the
work presented in this thesis. They have provided an accurate reference
topography, simplifying the georeferencing of old maps and aerial images.
Accurate elevation of the glacial geomorphological features outlining the
LIA glacier extent, are obtained from the DEMSs. They provide precise
location, elevation and configuration of nunataks in the accumulation areas,
which are used to infer glacier surface elevation changes from the original
aerial photographs from 1945 and 1989, relative to the 2010 glacier surface.

The importance of field observations and measurements are emphasized. For
example, the LIA glacial geomorphological features, including the lateral
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moraines and trimlines are not all detectable on the aerial or satellite images,
thus requiring field mapping to retrieve detailed outlines of the LIA
maximum extent of the outlets. The suite of LIA lateral moraines, were
recognized to be of very variable composition, offering an opportunity to
conduct thorough geomorphological studies of these glacial landforms, that
can shed light on the various depositional processes and transportation
mechanisms of these sediments. The value of the in situ mass balance
measurements is evident, providing data to validate geodetic mass balance
estimates and for comparison with downscaled precipitation data. The good
agreement with the calculated winter mass balance using the downscaled
precipitation data from the LT model, and the manually interpolated winter
mass balance maps (after the addition of the two stakes on Skalafellsjokull
and Flaajokull) underline this. The mass balance measurements at the new
stakes also manifest the importance of strategically selecting the location of
mass balance stakes.

This study provides guidelines for reconstructing the glacier surface
geometry at the LIA maximum for other glaciers and ice caps in Iceland. The
LIA extent of the majority of them has been mapped from a series of aerial
images (Sigurdsson et al., 2013; Gudmundsson, unpublished data), a number
of historical photographs of the glaciers are preserved from Frederick Howell
taken in the late 19™ century (Fiske Icelandic collection, Cornell University,
http://cidc.library.cornell.edu/howell/; Ponzi, 2004), and from the early 20"
century taken during the surveys of the Danish General Staff (archives of the
National Land Survey of Iceland, http://atlas.Imi.is/islandskort-
dana/ljosmyndir.php). The maps of the Danish General Staff from the early
20" century are available for some of the glaciers and ice caps in Iceland
(http:/iwww.Imi.is/kortasafn/). The lateral moraines in the glaciated valleys
of SE-Vatnajokull conspicuously delineate the glacier surface at the LIA
maximum. Their preservation potential is high, in valleys with not too steep
walls, where they have been left intact by glacial meltwater. The flat lobes of
western and northern Vatnajokull, for example, are not constrained by
mountains, and thus their LIA fingerprint is mostly confined to terminal
moraines.

The temporal resolution of the geodetic mass balance records in the time
period 1945-1989/2002 could be increased by using aerial images to
construct glacier surface DEMs, as has been sucessfully done on e.g.
Drangajokull (Munoz-Cobo Belart et al., 2014). A series of aerial images
from the National Land Survey of Iceland are available from the 1960s,
1970s and 1980s of the SE-outlet glaciers (www.Imi.is/loftmyndasafn-2),
however, few of the flight lines cover the glaciers all the way from the ice
divide down to the terminus. The possibly positive mass balance of the cold
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decades (after the mid-20" century) could be resolved, that can be inferred
from the small advances of some of the SE-outlet glaciers of Vatnajokull
during this time period.

Simulating the record of volume changes of the 3 outlets of Breidabunga
which is known for the whole post-LIA period (presented in paper 111) would
be worthwhile, given that a downscaled precipitation field for the period
~1890-1959 can be reconstructed. It may be possible to extrapolate back in
time the spatial structure of the precipitation field for certain periods for
which the precipitation is well reproduced during 1959-2010, based on
correlations with precipitation measurements from local lowland stations
since the late 19™ century. Other downscaled precipitation datasets than the
those of the LT and WRF models could also be used as input for the mass
balance model, including HIRHAM. Furthermore, the downscaled orographic
precipitation data should be applied in mass balance modelling on other ice
caps and glaciers in Iceland, and preferrably starting with those that have
previously been modelled, in order to compare the performance of the mass
balance model using either constant precipitation gradients or downscaled
precipitation data.

It would be interesting to carry out simulations with a higher-order or a full-
Stokes model, and compare the results with the SIA model simulations from
this study. Heinabergsjokull has a steeper bedrock slope than the other
neighbouring outlets, terminates in a proglacial lake, and today its tongue is
floating, making it more difficult to simulate than the other neighbouring
outlets. It is therefore a good candidate for such comparison. In this work, the
floating tongue was not accounted for in the SIA model, whereas the full-
Stokes model could resolve the grounded and floating part of the glacier.
Finally, the known history of area and volume changes of the Orafajokull
outlets, provides validation points for simulations. The question remains
wheter the mass balance-ice flow model used in this study is applicable for
these steeper outlets, which have very few mass balance stakes to calibrate
the mass balance model.
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ABSTRACT. We present an overview of glacier variations
of the outlet glaciers of southeast Vatnajokull ice cap,
Iceland, during the time period ~1650—-1900 as represented
in historical archives, by geomorphological field evidence
and assess the timing of the Little Ice Age (LIA) maximum.
According to written documents, all glaciers advanced in
the latter half of the seventeenth century and extended far
out on the lowlands in the mid-eighteenth century. Contem-
porary documents describe how all the studied glaciers
were at their LIA terminal moraines around ~1880-1890
(no descriptions found for Morsdarjokull) and soon after
started receding, marking the end of the LIA in Iceland.
Reconstruction of the LIA maximum glacier surface geom-
etry was based on glacial geomorphological features
(including lateral and terminal moraines, trimlines and
erratics), historical photographs, maps from 1904, and a
2010 LiDAR digital elevation model. The glaciers were at
their LIA maximum around 150-270 m thicker near the ter-
minus than in 2010, whereas negligible differences were
observed in the upper reaches of the accumulation area. By
combining the historical, glacial geomorphological and
high-resolution LiDAR data, we provide quantitative esti-
mates of the glacial extent and volume at the LIA
maximum. The highest up-valley lateral moraines provided
estimates of the equilibrium line altitude (ELA) during the
LIA, which was on average 340 m lower than the present
day ELA. Consistency was found in the spatial variability
of the ELA during both time periods, with higher values on
the westfacing outlets of Orafajokull ice cap (at the south-
ern end of Vatnajokull ice cap), than on the east flowing
glaciers, and a rise in the ELA from west to east on the
outlets east of Breidamerkurjokull.

Key words: Little Ice Age, southeast Iceland, glacier varia-
tions, historical data, lateral moraines, ELA, reconstructing
glacier geometry, glacier volume.
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Introduction

The Little Ice Age (LIA) was characterized by cold
but variable climate, and the timing and magnitude
of the cold periods varied regionally (Le Roy
Ladurie 1971; Jones and Briffa 2001; Ogilvie and
Jonsson 2001; Grove 2004; Brazdil et al. 2005;
Matthews and Briffa 2005; Mann et al. 2008;
Miller et al. 2010; Wanner et al. 2011). Glaciers
around the North Atlantic advanced during the LIA
(e.g. Grove 2001) and many of them reached their
Holocene maxima (Hagen and Liestgl 1990;
Geirsdottir et al. 2009; Nesje 2009; Miller et al.
2010). The cooler and fluctuating climate of the
LIA in Iceland is clearly evidenced in written
documents as early as in the thirteenth century
(Pérarinsson 1960; Ogilvie 1986, 2005), and in the
sea ice annals since the 1600 (Bergpdrsson 1969;
Ogilvie 1986, 2010; Ogilvie and Jonsson 2001). In
Konungs Skuggsjd or Kings Mirror from the
middle of the thirteenth century (Larusson 1955),
glaciers and glacial rivers are described, and their
existence explained by their geographical location
close to cold ice-covered Greenland. Pérarinsson
(1960) infers that this is most likely the oldest
climatological explanation of glaciers found in the
literature. Permanently frozen glaciers on high
mountains and sea ice filled northern harbors are
mentioned in Gudmundar Saga Biskups Arasonar,
written around 1350 (Kristjdnsson 2002). Descrip-
tions of advancing glaciers due to colder climate
are found in the treatise of bishop Oddur Einarsson
from 1590 (Einarsson 1971). But the written
accounts describing the deteriorating climate and
advancing glaciers in Iceland only become prolific
and detailed around 1700 (e.g. Pérarinsson 1943;
Ogilvie 1992, 2005). Several continuous high-
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resolution lake and marine sedimentary records
from around Iceland have shed light on the varying
climatic and environmental conditions during the
LIA and the transition into the LIA has been
defined to ~1250-1300 from the terrestrial records
(e.g. Geirsdéttir et al. 2009, 2013; Axford et al.
2011; Striberger et al. 2010, 2012; Larsen et al.
2011, 2013; Knudsen et al. 2012 and references
therein). Widespread glacier advances manifest the
LIA cooling in Iceland, and the majority of glaciers
reached their Holocene maximum extent either in
the eighteenth or nineteenth century and some
advanced during both periods (e.g. Pérarinsson
1943; Gudmundsson 1997; Evans etal. 1999;
Sigurdsson 2005; Kirkbride and Dugmore 2008;
Bjornsson 2009; Geirsdéttir et al. 2009; Larsen
et al. 2011). However, moraine remnants are found
tens of metres outside the LIA limit of some gla-
ciers. One of them is Stéralda moraine in front of
Svinafellsjokull (Fig. 1), which has been dated
approximately ~2500 years old (Pérarinsson
1964). Furthermore, 100 m outside the LIA
moraines of Fjallsjokull and Kviarjokull are older
moraines with dense vegetation cover (Bjornsson
1998a). This illustrates that some glaciers had been
larger in the Holocene than during the LIA. The
LIA terminal moraines in the forefield of the
outlets of southeast Vatnajokull have been dated to
the eighteenth or the nineteenth century by
lichenometry and a few by tephrochronology (e.g.
Gordon and Sharp 1983; Snorrason 1984;
Thompson and Jones 1986; Thompson 1988;
Gudmundsson 1998; Evans eral. 1999; Dabski
2002, 2007; McKinzey et al. 2004, 2005a, 2005b;
Bradwell 2004; Bradwell et al. 2006; Omarsdéttir
2007; Chenet et al. 2010).

Iceland is located at major climatic and oceano-
graphic boundaries in the North Atlantic, where the
warm Irminger current meets the cold East Green-
land current (Fig. 1) and is in the northern part
of the storm tracks (Olafsson ez al. 2007). Changes
in the atmospheric and ocean circulation influences
the mass balance of the temperate glaciers and ice
caps in Iceland. They cover about 11% of the land
area (Bjornsson and Pélsson 2008), and their mass
balance sensitivities to climate warming are among
the highest in the world (De Woul and Hock 2005)
ranging from -3.0 to —0.6 m w.e. °C™" (Bjérnsson
et al. 2013 and references therein). The highest rate
of glacier meltwater input to the North Atlantic
Ocean apart from Greenland comes from the Ice-
landic ice caps (Bjornsson etal. 2013). The
melting ice caps and glaciers outside the polar
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areas constitute more than half of the contribution
of continental ice to the global mean sea level rise
in the twentieth century (Church etal. 2013).
Information on the volume of ice stored in glaciers
at different times is essential to infer about their
contribution to sea level rise (e.g. Leclercq et al.
2011; Grinsted 2013). Only a few studies have
reconstructed the LIA glacier surface geometry
from glacial geomorphological and historical evi-
dence (e.g. Rabatel et al. 2006; Steiner et al. 2008;
Knoll et al. 2009; Glasser et al. 2011; Vallis 2013).

On the narrow strip of land south of Vatnajokull,
people have lived in close proximity to the glaciers
for centuries and explorers of the eighteenth and
nineteenth centuries had to cross the glaciers
and/or the glacial rivers when passing through the
lowlands, resulting in numerous contemporary
descriptions of the dynamic environment. We give
an overview of the fluctuations of the non-surging
glaciers of southeast Vatnajokull during the time
period 1650-1900, as evidenced in written histori-
cal sources, and the timing of the LIA maximum is
determined from those records. Well preserved
glacial geomorphological features, including
lateral and terminal moraines and trimlines, delin-
eate the LIA maximum extent of the outlet glaciers
of southeast Vatnajokull. This is the first time
extensive mapping of these up-valley glacial geo-
morphological landforms has been done to deter-
mine the LIA maximum glacier surface geometry
and to obtain quantitative estimates of the glacial
extent and volume during this advanced stage.
From the highest up-valley lateral moraines, we
assess the equilibrium line altitude (ELA) of the
LIA and compare it with the present day ELA
derived from satellite images.

Study area

The outlets of southeast Vatnajokull analyzed in
this study are non-surging glaciers, less than
100 km apart and most of them reach down to
20-100 m a.s.]. (Fig. 1). Of the outlet glaciers of
southeast Vatnajokull, only the eastern arm of
Breidamerkurjokull is recorded to have surged
(Bjornsson et al. 2003). The glaciers are located in
the warmest and wettest part of Iceland. Seasonal
variations in temperature on the south coast are
small, average winter temperature is around 0°C
and average July temperature close to 11°C
(Bjornsson et al. 2007). The climate is character-
ized by heavy winter precipitation in the range of
1000-2000 mm at the lowland meteorological sta-
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Fig. 1. (a) Iceland and modern ocean surface circulation patterns in the North Atlantic; NAC = North Atlantic Current, IC = Irminger
Current, EGC = East Greenland Current, EIC = East Icelandic Current, modified from Knudsen et al. (2012). (b) Iceland and its ice
caps, Vatnajokull (V), Langjokull (L), Hofsjokull (H), and Myrdalsjokull (M). Meteorological stations are indicated with letters: Hofn
in Hornafjordur (HH), Kvisker (K), Fagurhélsmyri (Fh), Skaftafell (S) and Stykkishélmur (St). Historical routes between northeast
and southeast Iceland are indicated with dotted lines (modified from Bjornsson 2009). Farms that were said to have traded before
Vatnajokull closed off the routes are marked with the following letters, Modrudalur (M), Fljétsdalur (F), Lén (L), Hoffell (Ho),
Halsatindur in Sudursveit (HS), Skaftafell (S). Other sites mentioned in the text: Hvitarvatn (Hv), Lagarfljét (Lf), Myfluguvatn (Mfv),
marine core MD99-2275, Tungnafellsjokull (Tj), Sidujokull (Sj), Brdarjokull (Bj), and Eyjabakkajokull (Ej). The insets frame the two
study areas. (c, d) The studied outlets of southeast Vatnajokull in 2010. Ice divides are delineated in black, derived from the 2010
LiDAR DEM (Icelandic Meteorological Office and Institute of Earth Sciences, University of Iceland 2013). Nunataks are marked in
gray, and 100 m contour lines of the LIDAR DEM are shown. Highway 1 is shown with a dark gray line, the glacial rivers in black,
and ice-marginal lakes in light gray. (c) Morsarjokull and glaciers draining Orzfajokull ice cap (O). Only labelled glaciers are included
in this study. Outlets mentioned later in the text: Virkisjokull (Vj), Falljokull (Fj), Stigarjokull (St), and Hélarjokull (Hj). (d) The outlet
glaciers east of Breidamerkurjokull (the eastern outlets), descending from the dome of Breidabunga (B) and mountainous area of
Godahnukar (G). Note the different scales of the two figures (c) and (d).

tions. The head of most of Orazfajokull’s outlet
glaciers is around 2000 m a.s.l., whereas the outlet
glaciers east of Breidamerkurjokull (hereafter
referred to as the eastern outlet glaciers) descend
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from an elevation of approximately 1500 m a.s.l.
(Fig. 1). The bedrock topography from the outlet
glaciers is known from radio echo sounding meas-
urements, and the outlets have carved into soft
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glacial and glaciofluvial sediments, forming
depressions that are or will be occupied by ice-
marginal lakes as a result of future warming
(Bjornsson 1996, 1998b, 2009; Magniisson et al.
2007, 2012; Schomacker 2010). It is unlikely that
the troughs were only formed during the LIA, con-
sidering the present rate of sediment transport in
the main glacial rivers of Orafajokull (Magndsson
et al. 2012).

Data
LIA geomorphological features
Glacial geomorphological features, including

lateral and terminal moraines, trimlines, glacier
erratics, and shorelines of former ice-dammed
lakes, outlining the LIA maximum extent of south-
east Vatnajokull’s outlet glaciers are well preserved
and have been mapped (Fig. 2). In many places,
lateral moraines are found on both sides of the
glaciers. Parts of the moraine systems in the fore-
field have been eroded by the glacial rivers and
jokulhlaups, however, at least part of LIA terminal
moraines are detectable in front of all the outlet
glaciers.

Historical documents and local knowledge

Information on glacier extent and variations of
southeast Vatnajokull has been retrieved from
numerous historical documents (e.g. Bardarson
1934; Poérarinsson 1939, 1943, 1956, 1964,
Snorrason 1984; Bjornsson 1998a, 2009; Grove
2004; McKinzey et al. 2005a; Sigurdsson 2005).
Pérarinsson gathered local knowledge of farmers,
who lived in the areas bordering the ice cap and
had experienced how the glaciers advanced and
had devastating impact on their livelihood. The
historical sources presented here include the offi-
cial county and parish reports (~1700-1900) and
land registers since the early eighteenth century;
travel diaries of Icelandic naturalists; descriptions
of foreign travelers; and local accounts and oral
tradition. A few accounts report on the complete
southeast stretch of Vatnajokull, providing contem-
poraneous descriptions of the outlet glaciers. The
proximity of the glaciers to farms and main travel
routes has influenced how well they are repre-
sented in the literature. Interviews with old farmers
living in the area were conducted in the summer of
2007 to collect local knowledge on glacier changes
and gather historical photographs. Many of them
recalled old people saying that the glaciers reached

4

their greatest extent in the last decade of the nine-
teenth century.

Historical maps and photographs

A number of historical maps are preserved from the
sixteenth century onwards portraying the Icelandic
glaciers and their names (National and University
Library of Iceland, http://islandskort.is/en/).
Abraham Ortelius’ Iceland map from 1590 shows
many of the glaciers in Iceland, however Vatna-
jokull is not drawn on the map. Eiriksson and
Schéning’s map, that was published in Olafsson
and Pdlsson’s travel book from the mid-eighteenth
century, shows Vatnajokull and its outlet glaciers
some of which are named correctly. In Sveinn Pals-
son’s treatise from 1794 a map of Vatnajokull is
presented, with a limited number of place names.
Bjorn Gunnlaugson’s Iceland maps of 1831-1843
show more detail than previous maps, for example
how glaciers coalesced and closed off mountains;
Breidamerkurjokull and Fjallsjokull evidently
merged in the forefield at that time.

A number of photographs are preserved from the
last decade of the nineteenth century, and the first
years of the twentieth century (Fig. 3 and Table 1).
The photographs taken by Frederick W. Howell in
1891 of a number of Orzfajokull’s outlet glaciers
(Fiske Icelandic collection, Cornell University,
http://cidc.library.cornell.edu/howell/), are the
oldest known set of photographs of Icelandic gla-
ciers. His photographs of Kotarjokull have pro-
vided information on elevation changes between
1890 and 2010 derived by repeat photography
(Gudmundsson et al. 2012). A number of photo-
graphs are preserved from the time of the surveys
of the Danish General Staff in 1902-1904 (archives
of the National Land Survey of Iceland, http://
atlas.Imi.is/islandskort-dana/ljosmyndir.php).

Maps from 1904

The oldest reliable maps (1:50.000) of the outlet
glaciers were made by the Danish General Staff
(1904), based on trigonometrical geodetic surveys
conducted in the summers of 1902-1904 (Fig. 4
and Table 2). Considerable distortion was observed
in the horizontal field of the maps, due to errors in
the first trigonometric survey network for Iceland
established by the Danish Geodetic Institute
(Bodvarsson 1996; Palsson et al. 2012), but fewer
errors were discovered in the vertical component.
Comparison of the elevation of trigonometrical
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Fig. 2. Examples of lateral moraines outlining the LIA extent of southeast Vatnajokull’s outlet glaciers (photos: Hrafnhildur
Hannesdéttir). (a) Trimlines east of Skaftafellsjokull. (b) Lateral moraine west of Skaftafellsjokull. (c) Lateral moraine of Hratarjokull
in Arfjall. (d) Lateral moraine of Fjallsjokull in Arfjall. (e) Lateral moraine of Skdlafellsjokull in Hafrafell. (f) Lateral moraine on
the slopes of Vatnsdalur valley, representing the position of the glacier tongue damming the lake of Vatnsdalur at its maximum size.
(g) Lateral moraine of Skdlafellsjokull close to Sultartungnajokull. (h) Lateral moraine of Heinabergsjokull, at the col between
Vatnsdalur and Heinabergsdalur. (i) Lateral moraine of Skélafellsjokull in Skalafellshnita. (j) Lateral moraine above Lambatungna-
jokull, Skyndidalur valley in the background. For location of photos, see Figs 5 and 6.
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Fig. 3. Examples of historical photographs used in the reconstruction of the LIA glacier surface geometry. (a) Kvidrjokull by Frederick
Howell in 1891 (Thoroddsen 1925). (b) Kviarjokull in 2014 (photo: Hrafnhildur Hannesdéttir). (c) Svinafellsjokull in 1891 (photo:
Frederick Howell). (d) the Svinafell moraines in 2010 (photo: Jéhann Helgason). (e) Svinafellsjokull by Tretow-Loof in 1902-1904
(Bruun 1928). (f) Svinafellsjokull in 2012 (photo: Snorri Sevarsson). (g) Skdlafellsjokull in 1902 (photograph of the Danish General
Staff, published in Jonsson 2004). (h) Skélafellsjokull in 2014 (photo: Hrafnhildur Hannesdéttir). For the location of photographs, see
Figs 5 and 6.
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Table 1. List of historical photographs of the outlet glaciers of southeast Vatnajokull.

Glacier Photographer Year Reference

Kotarjokull Howell 1891 Cornell University Library website

Kviarjokull Howell 1891 Thoroddsen (1925)

Svinafellsjokull (from farm) Howell 1891 Cornell University Library website
Svinafellsjokull (from moraines) Tretow Loof 1902-1904 Bruun (1928) and Thoroddsen (1925)
Svinafellsjokull (from farm) Daniel Bruun 1902-1904 Hornafjordur cultural center

Skélafellsjokull (from the sandur) unknown 1902-1904 National Land Survey of Iceland, Jénsson (2004)
Flaajokull/Humarklé nunatak unknown 1902-1904 National Land Survey of Iceland

mesalas

5 dapruduu s

b

Fig. 4. Two maps from 1904. (a) Orzfajokull ice cap (Danish General Staff 1904, sheet 87-SA). (b) Skdlafellsjskull, Heinaberg-
sjokull, Flaajokull and the terminus of Hoffellsjokull (Danish General Staff 1904, sheet 96-NA).

points on the maps of definite landmarks (such as
conspicuous mountain peaks) with the LiDAR
digital elevation model (DEM) revealed an eleva-
tion difference of 10 m on average, the 1904
maps generally showed higher values (see also
Gudmundsson et al. 2012). Thus, the trigonometri-
cal points were considered to be reliable eleva-
tional signposts with an error of £10 m, but the
contour lines of the glaciers on the maps are inac-
curate estimates of the surface topography. Lamba-
tungnajokull was not surveyed at this time, and
only the very front of Hoffellsjokull (Fig. 4).

LiDAR DEMs

The most accurate DEM of southeast Vatnajokull
was produced with airborne laser surveys (LiDAR)
in late August-September 2010 and 2011
(J6hannesson et al. 2013; Icelandic Meteorological
Office and Institute of Earth Sciences, University
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Table 2. The Danish General maps of 1904, 1:50.000 (Danish
General Staff 1904).

Map sheet Coverage

87 SA Orzfajokull Orafajokull ice cap and the upper
part of the acc. area of
Skaftafellsjokull and
Svinafellsjokull

The lower ablation area of
Morsérjokull, Skaftafellsjokull
and Svinafellsjokull

Morsérjokull and part of the upper
accumulation area of
Skaftafellsjokull

Part of ablation area of Skalafells;.
and Heinabergsj., Fldaj. up to
1100 m a.s.l., the snout of

87 SV Orafajokull

87 NV Orzfajokull

96 NA Heinaberg

Hoffellsjokull

97 NA Kalfafellsstadur Sultartungnajokull, outlet of
Skdlafellsjokull

97 NV Kalfafellsstadur Part of the western rim of
Skalafellsjokull
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Table 3. The images/photos used in outlining the LIA glacier extent. The resolution of the images indicated in parenthesis in the first

column.

Airborne imagery Time period

References/photographer

Aerial images (<1 m) 2001, 2002, 2003

Oblique aerial photographs 2000-2012
Aerial photographs 1945, 1960, 1982, 1989
Satellite images (5 m) 2005

Loftmyndir ehf

Helgi Bjornsson, Snavarr Gudmundsson, Vidir Reynisson

National Land Survey of Iceland (http://www.Imi.is/loftmyndasafn-2/)
SPOTS5 (Spotlmage©)

of Iceland 2013). The vertical and horizontal accu-
racy of the survey is <0.5 m and DEMs with a
resolution of 5x5 m have been produced. The
DEMs serve as a topographical reference, covering
areas bordering the glaciers, thus providing accu-
rate elevation of the suite of geomorphological fea-
tures outlining the LIA maximum glacier extent.

Airborne imagery

Airborne imagery was used to map the geomorpho-
logical features marking the ice extent of the LIA
maximum (Table 3). They include oblique aerial
photographs taken from airplanes, aerial photo-
graphs of the National Land Survey of Iceland,
SPOTS5 satellite images and the high-resolution
images of Loftmyndir ehf. All images are from late
summer or early fall. The color images of Loft-
myndir ehf from 2001-2003 demonstrate most
clearly the geomorphic fingerprint of the outlets at
the LIA maximum. They cover land areas bordering
the outlets in the lower reaches, however upper parts
of the accumulation areas have not been surveyed.

Bedrock data

The bedrock topography of the outlet glaciers has
been derived from radio echo sounding measure-
ments in the last two decades (Bjornsson and
Pélsson 2004, 2008; Magntsson et al. 2007, 2012;
Bjornsson 2009; database of the Glaciology Group
of the Institute of Earth Science, University of
Iceland). Some of the glaciers have eroded their
bed 100-200 m below sea level. Using this dataset
combined with the reconstructed LIA glacier
surface topography we estimate the total ice
volume of the studied glaciers at the LIA
maximum.

Methods

Delineating the LIA maximum glacier extent
Detailed field surveys were carried out in the
summers of 2007 and 2008, mapping LIA glacial
geomorphological features (Fig.2) with a GPS.

The 2010 LiDAR DEM provides precise elevation
of the glacial geomorphological features and
glacier surface elevation around the nunataks in the
accumulation area. A laser rangefinder with accu-
racy of 0.3 m was used to map lateral moraines
and erratics in unreachable areas. The thin soil
cover (in some places non-existing, see Fig.2)
along the glacier margin does not allow the use of
tephrochronology for dating the lateral moraines.
The extent of the outlet glaciers at the LIA
maximum was also determined from the historical
photographs, written documents and airborne
images. The obvious distinction between the
younger vegetation on the glacier side of the lateral
moraines versus the thicker vegetation cover on the
other side is also used as an indicator of the LIA
glacial extent (see for example Matthews 1992).
The terminal LIA moraines are shown on the 1904
maps, typically 200-300 m in front of the glacier
termini. We assume that the LIA terminal moraines
and highest lateral moraines are contemporary,
although lateral moraines may be formed by
repeated glacier advances (e.g. Small 1983; Nye
1990; Kruger 1994; Evans and Twigg 2002; Iturri-
zaga 2008; Curry et al. 2009; Sigurdardéttir 2014).

Reconstructing the glacier surface geometry at
the LIA maximum

Surface elevation changes are determined from the
LIA glacial geomorphological features, historical
photographs and information from the 1904 maps.
The crest of the LIA lateral moraines was used for
determining the previous glacier surface level at
their maximum extent. Nunataks depicted on the
historical photographs from the turn of the nine-
teenth century were compared with duplicate
modern photographs to estimate changes of the
glacier surface (Fig. 3a, b, e-h and Table 1). The
photo pairs are overlain and from the size of
the nunataks the surface elevation changes were
assessed. It provides estimates in the upper reaches
of the glaciers where geomorphological data are
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sparse or absent. The elevation of the trigonometri-
cal points on the 1904 maps were used for refer-
ence in reconstructing the LIA glacier surface. The
presence or absence of present day (2010) nunataks
on the 1904 maps provided information on
minimum surface elevation changes in areas where
LIA geomorphological features are scarce. Trim-
lines and lateral moraines on nunataks were delin-
eated from the high-resolution aerial images of
Loftmyndir ehf. The images also allow identifica-
tion of glacially eroded bedrock and cliffs.

The 2010 glacier surface elevation of the
LiDAR DEM were plotted against all data points
used to reconstruct the LIA glacier surface geom-
etry, including elevation of lateral moraines,
trigonometrical points of the 1904 maps, and pho-
tographic evidence. Best-fit lines were drawn
through the dataset of each glacier, and used in
the reconstruction of the glacier surface. Convex
contour lines were drawn by hand from the eleva-
tion of the geomorphological features. Compari-
son of various DEMs of the twentieth century
reveals little or no change in the shape of contour
lines in the accumulation area of the southeast
outlet glaciers (Hannesdottir ef al. 2014b). The
LiDAR DEMs were thus used as topographic ref-
erence and the contour lines in the accumulation
area raised according to the surface elevation
change data. A conservative vertical error estimate
for the reconstructed LIA maximum glacier
surface is +15 m. The surface elevation recon-
struction in the accumulation area of Orafa-
jokull’s outlet glaciers (Fig. 1c) was based on
more control points than the upper reaches of the
eastern outlet glaciers (Fig. 1d). By assuming
similar surface elevation changes in the upper
reaches for the same altitude interval for all gla-
ciers, estimates of the LIA glacier surface eleva-
tion on Orafajokull were extrapolated to the
eastern outlet glaciers. Similar downwasting in
the accumulation area of all the outlet glaciers
during various time periods of the twentieth
century has been observed (Hannesdéttir et al.
2014b), supporting this approximation. Ice
divides in 1890 were assumed to be the same as
in 2010, which were obtained from the LiDAR
DEMs. Central ice divides of the surge-type gla-
ciers of Vatnajokull are known to have moved fol-
lowing surges (Bjornsson et al. 2003). Due to
lack of better data we are left with this assump-
tion, and the area possibly affected by surges is
small compared with the total area of the outlets.
The surges of Skeidarjokull 1991 and Dyngju-
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jokull 1999 caused ice divides to shift on the
order of a few hundred meters.

Estimating the ELA at the LIA maximum

Lateral moraines are only deposited below the ELA,
where ice flow is emerging and the glacier trans-
ports ice and debris to the surface (e.g. Paterson
1994; Benn and Evans 2010). The maximum eleva-
tion of lateral moraines has been used to estimate
the paleo-ELAs of former glaciers, assuming they
correspond with the ELA at time of deposition (e.g.
Hawkins 1985; Nesje 1992; Dahl et al. 2003; Benn
et al. 2005). This method determines the minimum
elevation of former glaciers’ ELAs, especially in
basins where moraines are well preserved and
where the accumulation area ratio is poorly con-
strained (Richards et al. 2000; Benn ef al. 2005).
The elevation of the highest up-valley lateral
moraines along the margin of the outlet glaciers of
southeast Vatnajokull was used to estimate the ELA
during the LIA maximum.

Results
Variations of the outlet glaciers of southeast
Vatnajokull 1650-1900

In the following section historical data on the fluc-
tuations of the outlet glaciers of southeast Vatna-
jokull are presented. Descriptions of advancing
glaciers are more frequent than details on their
retreat. The migrating glacial rivers, which made
traverses more difficult and destroyed farmland,
are frequently mentioned, as well as details on
when historical routes and pastures became inac-
cessible due to advancing glaciers, and when farms
were abandoned. Historical routes between farms
in southeast and northeast Iceland were no longer
used in the late sixteenth and early seventeenth
centuries due to advancing glaciers (Porkelsson
1918-1920; Jonsson 1945; Palsson 1945, 2004,
Bjornsson 1979; Témasson 1980; Jonsson 2004).
Farmers living in northeast Iceland had until that
time come to the southeast coast to fish, and cut
birch in the forests of Skaftafell, whereas farmers
in the southeast came to the northeast to harvest
hay and collect moss (Fig.1; Porkelsson
1918-1920; Palsson 1945). The caldera of
Grimsvotn in central Vatnajokull (1400 m a.s.l.)
was already named before 1600, thus it must have
been visited before that time, and the volcanic area
was in all likelihood covered with ice then
(Pérarinsson 1960). Vatnajokull has in some

9
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Fig. 5. The LIA maximum extent of the studied Orzfajokull outlet glaciers and Morsarjokull shown in orange. The LIA extent of other
outlets (red line) is determined from the aerial images of Loftmyndir ehf (Gudmundsson unpubl.). The different archives used to
determine the glacial extent and to reconstruct the LIA glacier surface are shown with different colored marks (see legend). The
mapped glacial geomorphological features (in black) and that are also traceable on aerial images (in yellow) coincide in a number of
sites. The 2010 surface map is derived from the LIDAR DEMs (shown here with 100 m contour lines). Location of abandoned farms
is indicated with x. Remains of the historical route from Skaftafell have been observed in Birkidalur (Bd) and Midfell. The location
of photographs from Fig.2 are shown with corresponding white letters. Ice-dammed lakes (in light blue): Sv = Svinavatn,

My = Miilavatn and one in Zrfjall, the names are only suggested by the authors.

accounts since the eighteenth century been named
Klofajokull (Olavius 1964-1965; Olafsson and
Pélsson 1981; Pélsson 2004). According to local
residents the name comes from the many branches
(outlets) that descended into the valleys (Palsson
2004), but in Olafsson and Pilsson’s treatise
(1981), the ice cap is said to take its name from two
large glaciated areas separated by a mountain pass.
The predecessors of farmers living at the foothills
south of Orzfajokull around 1750 had not
observed such advanced position of the nearest
outlet glacier (most likely Stigarjokull, Fig. 5) as of
that time (Olafsson and Palsson 1981).

10

Morsdrjokull The historical route between
Modrudalur and Skaftafell (Fig. 1) was used as
late as in the latter half of the sixteenth century
(Thoroddsen 1958), but according to the land reg-
ister from 1708 (Porkelsson 1918-1920) it was no
longer in use around 1700 due to the advancing
glaciers. The farm Jokulfell in Morsardalur
had been abandoned sometime before 1708
(Porkelsson  1918-1920). In 1756 Olafsson
and Pdlsson travelled through the districts south
of Vatnajokull and describe in their treatise
(1981) how the glacial river had wiped away
the vegetation of the valley. Thoroddsen (1911)

© 2014 Swedish Society for Anthropology and Geography
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mentioned a double series of moraines in front
of the glacier in 1894, hence at that time the
glacier was not at the LIA terminal moraines
(dated to the late nineteenth century by Chenet
et al. 2010), but had a similar terminus position,
as in 1904.

Skaftafellsjokull and Svinafellsjokull Mt Haf-
rafell (Fig. 5) was used for sheep grazing, and the
accessibility depended on the extent of Skaf-
tafellsjokull and Svinafellsjokull. Around 1700 the
two glaciers had merged, and the mountain was
trapped in ice (Magnisson 1953; Porkelsson
1918-1920). Birch wood, washed out from
beneath Svinafellsjokull, and dated to 1690 £ 60
cal. yr Bp, provides additional evidence of lesser
glacial extent prior to 1700 (Ives 2007). Descrip-
tions of the damage of pastures and hayfields
caused by the glacial rivers and advancing glaciers,
along with difficult access to Hafrafell, are promi-
nent in accounts of the eighteenth century
(Gudnason 1957; Palsson 2004). The two outlet
glaciers were advancing and terminated close to
the two farms in 1794 (Palsson 2004). In the early
nineteenth century most outlet glaciers of Orazfa-
jokull were advancing (Sigmundsson 1997). The
Skaftafell farm was moved up to the hills of Skaf-
tafellsheidi due to frequent jokulhlaups from
Skeidararjokull in the first decades of the nine-
teenth century (Henderson 1957; Témasson 1980).
According to a local narrative, Svinafellsjokull
retreated somewhat in the early nineteenth century
(Ives 2007), and then advanced in the 1830s
(Sigmundsson 1997), and again in the 1860s and
1870s (Paijkull 1866; Gadde 1983). Around 1870
blocks of ice broke off the glacier and rolled down
the slope of the LIA terminal moraine ridge
(Pérarinsson 1964). Skaftafellsjokull had been
receding since about 1880 according to local
knowledge (Pérarinsson 1943).

Kotdrjokull Around 1702 the river Kotd had
destroyed hayfields of farms south of Kotérjokull
(Magnusson 1953). Thoroddsen (1896) describes
how the western and eastern glacier tongues of
Kotérjokull surrounded Rétarfjall and merged in
the valley in the 1890s.

Kvidrjokull Kviarjokull advanced in the seven-
teenth century and the river migrated and cut
through the eastern moraine (Fig.5; Bjornsson
1956). The glacier probably reached the crest of
the 100 m high frontal moraines in the 1750s
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(Bjornsson 1979), and in 1794 (Palsson 2004).
According to Bjornsson (1956), the glacier likely
advanced until the end of the nineteenth century,
when it reached its maximum extent. The moraines
are formed during repeated advances according
to geomorphological studies (Iturrizaga 2008;
Sigurdardéttir 2014). In the time period 1870-
1890, the glacier reached the moraine crests and
blocks of ice rolled down the outer slopes of the
moraines (Bjornsson 1998a), in accordance with
the photograph taken by Howell in 1891 (Fig. 3a).

Hritdrjokull and Fjallsjokull The farm Fjall (cul-
tivated since 900), at the foothills of Breidamerkur-
fjall (Fig. 5), had to be abandoned sometime before
1709 because Fjallsjokull and Breidamerkurjokull
were advancing, closing off Breidamerkurfjall
and Zrfjall (Fig.5; cf. Porkelsson 1918-1920;
Bjornsson 1979). Fjallsjokull was advancing in
1794 and merged (again) with Breidamerkurjokull,
which was pushed ‘out of the way’ (Palsson 2004).
Fjallsjokull must thus have retreated from its posi-
tion around 1700. Most outlet glaciers of Orzfa-
jokull were advancing in the early nineteenth
century  (Sigmundsson  1997).  Hrutérjokull
advanced between 1870 and 1877 and blocked the
river of Mulagljifur (Fig. 5; Bjornsson 1958), and
Fjallsjokull reached the LIA terminal moraines at
Heidi and Hratartorfur (Fig. 5), which according to
local knowledge are from the mid-nineteenth
century (Pérarinsson 1943; Bjornsson 1998a). The
recession from 1880 was interrupted by an advance
in 1893-1894, when both glaciers were at the LIA
terminal moraines (Thoroddsen 1911; Pérarinsson
1943; Bjornsson 1998a). Ice-dammed lakes in
Miilagljafur and Zrfjall were formed as Hrutar-
jokull advanced (Fig. 5; Bjornsson 1998a).

Skdlafellsjokull and Heinabergsjokull The moun-
tain route between Hélsatindur in Sudursveit and
Moorudalur (Fig. 1) was no longer used after 1575
(Sigmundsson 1997). The grassy pastures of Haf-
rafell were ~1750 enclosed in ice and Heinaberg-
sjokull reached the fields of the farm Heinaberg
(Fig. 6; Gudnason 1957; Olafsson and Pélsson
1981). Sultartungnajokull, a small glacier tongue
of Skalafellsjokull (Fig. 6), reached its maximum
extent around 1750 (Pérarinsson 1943; Olafsson
and Palsson 1981), and again in the late nineteenth
century (Thoroddsen 1911). Rivers, that had since
settlement followed the same course (Snorrason
1984), migrated and jokulhlaups from ice-dammed
lakes spoilt farms in the forefield of the outlets, and
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~— LIA maximum extent
— lce divides

~— 2010 (lidar) 100 m contour lines
Ice-dammed lakes

Historical photographs

Historical data

Nunataks and fri. points on 1904 map
Mapped geomorphological features
Aerial images & oblique photographs
Loftmyndir ehf aerial images

}oob*q

Godahnuikar
W ~\ _ ‘*?x"_ -
Lambkatun najokull

Fig. 6. The LIA maximum extent (in orange) of Skalafellsjokull, Heinabergsjokull, Fldajokull, Hoffellsjokull and Lambatungnajokull.
The LIA extent of other outlets (red line) is determined from the aerial images of Loftmyndir ehf (Gudmundsson unpubl.). The
different archives used to determine the glacial extent and reconstruct the LIA glacier surface geometry are shown with different
colored marks (see legend). The surface map is derived from the LIDAR DEM (shown here with 100 m contour lines). The outlet
glaciers dammed several lakes during their maximum extent (shown in light blue): Vv = Vatnsdalsvatn, Dv = Dalvatn, Gv = Gjdvatn,
Efv = Efstafellsvatn, Mv = Milavatn, Ndv = Nedridalsvatn, Atv = Austurtungnavatn (Ndv and Atv named by the authors). Ruins of
abandoned farms/houses shown with x. x(B) is a small shephards cottage (B6lstadur). Historical descriptions are not conclusive on
the maximum extent of Fldajokull and Heinabergsjokull at the end of the nineteenth century (indicated with a question mark). Letters

indicate the location of corresponding photographs in Fig. 2.

destroyed many of them in the 1830s
(Sigmundsson 1997). In the parish descriptions
from 1839 (Sigmundsson 1997) the glaciers are
said to be slowly creeping forward. In 1887 the
glaciers were at the LIA terminal moraines
(Pérarinsson 1939), and 7 years later when
Thoroddsen (1911) visited the area, the glaciers
had started retreating.

Historical documents are not conclusive on
whether Heinabergsjokull and Flaajokull merged

12

during the LIA maximum, and their LIA terminal
moraines have partly been eroded. A number of
accounts describe how the two glaciers almost met
at the farm Heinar in the 1860s and 1870s and were
very close to the outermost moraines on the sandur
(Torell 1857; Paijkull 1866; Thoroddsen 1892;
Pérarinsson 1943; Fig. 6). We found the Orafa-
jokull 1362 tephra layer in a soil section on the
slopes of Grastakkur (for location see Fig. 6) cor-
related with the tephra stratigraphy of Steinadalur

© 2014 Swedish Society for Anthropology and Geography
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(Oladéttir ez al. 2011). Close by, ruins of a small
outhouse (belonging to the previous farm of
Heinar) at 100 m a.s.l. are found. We found no
glacial geomorphological features, confirming that
Flaajokull and Heinabergsjokull had coalesced.
However, Eiriksson (1932) was told by farmers
that the two glaciers had met in front of Geitakinn
around 1870, and flowed south of Heinar. Evans
et al. (1999) reached the conclusion that the gla-
ciers merged in the late nineteenth century based
on tills and moraines in the forefield dated to the
LIA.

Vatnsdalsvatn and Dalvatn Lakes Vatnsdalsvatn
and Dalvatn (Fig. 6) were formed as Heinaberg-
sjokull advanced and thickened in the seventeenth
century (Pérarinsson 1939). Vatnsdalur was full of
water up to the col in the 1860s and 1870s, and
always had been as long as the oldest inhabitants
could remember and drained regularly
(Pérarinsson 1939). During the time period 1750-
1890 Vatnsdalsvatn probably had a steady overflow
to Heinabergsdalur (Fig. 6; Pérarinsson 1939;
Snorrason 1984); the glacier was probably too
thick to allow jokulhlaups to escape along the
glacier bed. In 1898 Vatnsdalsvatn was emptied by
a sudden catastrophic jokulhlaup. The lake was
then emptied almost every year, but subsequent
jokulhlaups were less violent (Gislason 1954).
Jokulhlaups from Dalvatn decreased in size from
1887 following the glacial retreat, and stopped in
the 1920s when Heinabergsjokull no longer
blocked the valley (Pérarinsson 1939). Pérarinsson
(1939) and Snorrason (1984) suggested that the
outlet glaciers of southeast Vatnajokull remained in
their advanced stage from the middle of the eight-
eenth century until the end of the nineteenth
century; their interpretation partly based on the
record of jokulhlaups from Vatnsdalur, that did not
occur until after the glacier started retreating and
thinned in the late 1890s.

Fldajokull The farm Haukafell (Fig. 6) had to be
abandoned around 1720 (Gudnason 1957), and
the forest in the neighboring Vidbordsdalur to the
east (Fig. 6) was damaged around 1700 due the
advancing glacier (Porkelsson 1918-1920). The
glacier was growing in the 1830s, and jokulhlaups
were released from  ice-dammed  lakes
(Sigmundsson 1997). Fldajokull was slightly
more advanced around 1880 than about 1850
(Jonsson 1945). Around 1880 the farm Haukafell
was moved farther east to escape from the
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advancing glacier, which almost closed off Kol-
grafardalur (Benediktsson 1972). Flaajokull over-
rode thick vegetated soil around 1880, indicating
that it had not recently advanced that far
(Benediktsson 1972). From 1882 to 1894 the
glacier advanced and receded three times (the
glacier likely advancing in late winter, and
retreating during the summer months), and was at
the LIA terminal moraines in 1894 (Thoroddsen
1958).

Hoffellsjokull Mountain routes between Hor-
nafjordur and Fljétsdalur (Fig. 1) became impass-
able around 1640 due to advancing glaciers
(Magntsson 1953). Around 1750 Hoffellsjokull
had advanced to Svinafell (Fig.6) (Gudnason
1957). However, the glacier presumably did not fill
up the valley, since accounts describe how shep-
herds reached pastures further in the valley on flat
sandy terrain (Fig. 6) in the late eighteenth century
(Bjornsson and Pélsson 2004). Descriptions from
the late 1830s indicate that the glacier was advanc-
ing, and jokulhlaups originating from ice-dammed
lakes prevented river crossings on the sandur
(Sigmundsson 1997; Jénsson 2004). At that time
the western arm of the glacier was close to the hill
of Jokulfell (Pérarinsson 1943; Sigmundsson
1997). Svinafellsjokull reached the plains east of
Svinafell in 1873 (Sigmundsson 1997). Farmers
stated that the glacier was advancing slightly in the
1880s, reaching its maximum ~1890 or soon there-
after, and then started receding (Porarinsson 1943;
Jonsson 1945, 2004).

Lambatungnajokull Mountain routes between
Hoffellsdalur and Md6drudalur (Fig. 1) closed off
around 1650 due to advancing glaciers in Skyn-
didalur and Hoffellsdalur (Thoroddsen 1911;
Jonsson 1945; Magnusson 1953). The river of Hof-
fellsdalur was in 1746 not influenced by glacial
meltwater (Gudnason 1957). Descriptions from the
parish letters (Sigmundsson 1997) of the nine-
teenth century (1841 and 1871) indicate that the
glacier reached down into Hoffellsdalur, and the
river was colored by the glacial meltwater. Glacial
recession since the 1850s was interrupted by a
number of re-advances (around 1870 and 1890),
when the glacier was again close to the 1850
moraines (Pdrarinsson 1943). In 1894 the outlet in
Hoffellsdalur was at the LIA terminal moraines
(Thoroddsen 1911; Jonsson 1945), and at the same
time the main arm of Lambatungnajokull dammed
the river from Austurtungnajokull (ice-dammed
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lake called Atv shown in Fig. 6) (Pérarinsson
1943).

The ~1890 glacier surface maps and volume

We rely on the historical accounts for dating the
maximum LIA extent of the outlet glaciers of south-
east Vatnajokull. From the documents it is clear that
the outlets reached advanced positions in the eight-
eenth century, and some of them may have been as
extensive then as in 1890, but the descriptions are
not conclusive. Most glaciers were at their LIA
terminal moraines c. 18801890, and a uniform date
of ~1890 is assigned for the LIA glacier reconstruc-
tion for reference in the remainder of the text. All
outlet glaciers of this study possess well defined
LIA glacial geomorphological features along their
margin in the ablation area, which are observed
below 530-920m a.s.l.,, depending on glacier
(Figs 5 and 6). Below 400-500 m a.s.l. the LIA
lateral moraines and trimlines are found above the
glacier margin of the 1904 maps (but coincide above
that elevation), indicating that downwasting in the
time period ~1890-1904 was mainly confined to the
glacier terminus.

Numerous photographs, from the time of
maximum glacier extent show nunataks in the
accumulation area (Fig. 3a, e, g). The prominent
nunataks in the accumulation area of Kvidrjokull
(Hnapparnir at around 1650 m a.s.l.; Fig. 5) and
Svinafellsjokull (Fjallkirkja at around 1700 m
a.s.l.), detectable on the old and new photographs
(Fig. 2a, c), support the results of Gudmundsson
et al. (2012) of negligible surface lowering in the
upper reaches of the accumulation area in the
post-LIA time period. The lower nunataks of
Kviarjokull (around 1150 m a.s.l.) were smaller in
1891 than today (approximately 10-15 m surface
elevation difference). From the photograph of the
terminus of Svinafellsjokull, taken by Howell in
the same year (Fig. 3c), the glacier surface is cal-
culated to be around 170 m a.s.l. Skélafellsjokull
is viewed from a distance in Fig. 3(g), and the
glacier margin in Skalafellshnita (around an
elevation of 350 m; Fig. 6) was in 1902-1904 at
a similar altitude as the mapped LIA Ilateral
moraines. Nunataks around 1200 m a.s.l. are
visible in the background, evidently more covered
in glacier ice than today; we roughly estimate a
15-20 m difference of the glacier surface eleva-
tion. This photograph is taken in the autumn, as
indicated by the clear boundary between the dirty
ice and white snow above; the snowline clearly
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lower than at present. None of these photographs
have the potential for accurate calculation of
glacier surface changes as was done for Kotar-
jokull (Gudmundsson et al. 2012). They are taken
further away and lack the details to georeference
the images with modern photographs. Poor reso-
lution of the old images also hampers the use of
accurate repeat photographical methods.

The 2010 glacier surface relative to the average
glacier surface elevation difference between
~1890 and 2010 of every 20 m altitudinal interval
is shown in Fig.7. The scatter of the data,
showing the different altitude of the geomorpho-
logical features on each side of individual gla-
ciers, is related to the variable topography of the
surrounding landscape. Also, the lateral moraines
and trimlines may be formed at different times.
The elevation difference in the accumulation area
of Oraefajékull is ~30-50 m at 1000 m a.s.l., ~10—
25 m around 1200 m a.s.l., diminishing linearly to
negligible amounts above 1700 m a.s.1. (Fig. 7),
determined from the cumulative dataset of histori-
cal photographs, the trigonometrical points, and
presence and size of nunataks on the 1904 maps,
Due to lack of data for the upper accumulation
area on the eastern outlet glaciers, we estimate a
surface change of 5-10 m on their ice divides
(around 1500 m a.s.l.), based on surface elevation
change for the same altitudinal range of the
outlets of Orzfajokull.

The reconstructed surface maps of the LIA gla-
ciers of southeast Vatnajokull are shown in Fig. 8.
The margins of Fldajokull and Heinabergsjokull
are drawn according to descriptions indicating a
more limited extent, without the two adjacent gla-
ciers merging. The area of the outlet glaciers in
~1890 is presented in Table 4. The ~1890 volume
of each outlet glacier has been estimated by sub-
tracting the bedrock DEM from the reconstructed
~1890 glacier surface DEM (Table 4). The average
thickness of each glacier is also presented in the
same table. The estimates of the ~1890 volume
of Kotarjokull (Gudmundsson et al. 2012) and
Hoffellsjokull (Bjornsson and Palsson 2004;
Adalgeirsdottir ef al. 2011), which are not included
in this study, are shown in Table 4 and the LIA
surface reconstruction in Fig. 8.

The maximum elevation of lateral moraines of
every glacier ranges from 530 to 920 m used to
infer the ELA of the LIA (Table 5 and Fig. 9). For
comparison, the present day ELA, derived from the
average snowline elevation during the time period
2007-2011 on MODIS images is shown in Fig. 9,
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Table 4. The ~1890 area, volume and average thickness of the
outlet glaciers of southeast Vatnajokull.

Outlet glacier Area Volume Ave.
thickness

(km?) (km?) (m)
Morsarjokull 353+0.7 7.6+£0.4 215
Skaftafellsjokull 97.8+1.3 248+1.0 254
Svinafellsjokull 39.5+0.9 52%04 132
Kotarjokull 14504 22+0.1 152
Kvidrjokull 27.9+0.7 52£03 187
Hritarjokull 17.1£0.5 1.9+0.1 111
Fjallsjokull 57.7+0.8 10.7£0.6 185
Skalafellsjokull 1179+ 1.6 39.1+1.2 332
Heinabergsjokull 1203+1.3 37.0+1.2 308
Flaajokull 205.6+19  643x2.1 313
Hoffellsjokull* 2340+19  71.0£23 303
Lambatungnajokull 46.1+1.9 6.2+0.5 135

* Adalgeirsdottir ef al. (2011)

as well as estimates of the snowline in 1894 from
Thoroddsen (1931-1935).

Discussion

Glacial variations and timing of the
LIA maximum

Historical sources provide a means of assessing the
timing of LIA glacier advances, and accurate age
determination is possible where annually to dec-
adally resolved records are available, as for
example in the Alps (e.g. Holzhauser ef al. 2005;
Steiner et al. 2008; Zumbiihl et al. 2008) and
Norway (e.g. Grove 2004; Nussbaumer et al.
2011). The historical accounts describing the vari-
ations of the outlet glaciers of southeast Vatna-

jokull do not possess the same temporal resolution,
and the glaciers’ representation in the literature
varies. Advancing glaciers in the 1830s and 1870s,
are perhaps more apparent than earlier advances
due to the detailed descriptions of the sheriffs and
reverands of that time (Sigmundsson 1997).
Bjornsson (1998a) concluded that the outlets of
Orzfajokull were less extensive in the eighteenth
century than the nineteenth based on the descrip-
tions of Olafsson and Palsson (1981) and Palsson
(2004) from the mid to late eighteenth century.
Contemporary documents describe how the outlet
glaciers advanced in the late eighteenth century
and were at their LIA terminal moraines in the
1880s—1890s (Thoroddsen 1911; Podrarinsson
1943; Jénsson 1945; Bjornsson 1998a). The older
documents do not provide the same detailed con-
clusive information on glacier terminus position as
descriptions from the late nineteenth century, and
we cannot exclude that the outlets had reached as
far earlier.

The historical photographs from the end of the
nineteenth century and first years of the twentieth
century provide additional evidence of the LIA
maximum extent of the outlet glaciers. The photo-
graphs from Howell of Kotarjokull taken in 1891
demonstrate that the highest lateral moraines
represent the LIA maximum glacier extent
(Gudmundsson et al. 2012). His photograph of
Kviarjokull from the same year (Fig. 3a) shows
that the glacier almost reached the crest of the
moraines, in accordance with descriptions of
ice-blocks rolling down the moraine wall in the
1870s to 1890s (Bjornsson 1998a). Although the
photograph of Skdlafellsjokull (Fig. 3g) is from

Table 5. The altitude of the highest up-valley LIA lateral moraines, the average value of the average ELA elevation derived from
MODIS images of 2007-2011 (Hannesdottir et al. 2014b), the elevation difference between the two, and the snowline elevation as

reported by Thoroddsen (1931-1935) in 1894.

Outlet glacier max. elev. lat. mor. median-ELAxo7-2011 elev. diff. Pb. Thoroddsen
(m a.s.l.) (m a.s.l.) (m) (m a.s.l.)

Morsdrjokull 720 1070 350

Skaftafellsjokull 740 1080 340

Svinafellsjokull 680 1060 380

Kotdrjokull 720 1070 350

Kvidrjokull 710 1070 360 1020
Hrutérjokull 530 890 360

Fjallsjokull 570 910 340 690
Skalafellsjokull 730 960 230

Heinabergsjokull 620 1040 420 880
Flaajokull 660 1090 430

Hoffellsjokull 640 1090 450 750
Lambatungnajokull 920 1160 240 940
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Fig. 9. The maximum elevation of the lateral moraines of the southeast outlet glaciers of Vatnajokull (black), the median value of the
average ELA elevation span (gray), derived from MODIS images 2007-2011 (Hannesdéttir ef al. 2014b) and the elevation of the
snowline according to Thoroddsen in 1894 (1931-1935) with open black circles. The elevation where contour lines on the 1904 map
change from being convex in the ablation area to concave in the accumulation area are shown with +.

1902 (at which time the glacier had probably
been retreating for 10-15 years), it suggests that
the highest lateral moraines on the southern side
of the glacier in Skalafellshnita (Fig. 6) are from
the end of the nineteenth century. Other outlet
glaciers of Orzfajokull (Stigarjokull, Holdrjokull,
Falljokull and Virkisjokull) retreated from their
LIA terminal moraines ~1880-1890 (Pérarinsson
1943). The large surging glaciers of Vatnajokull
(Skeidararjokull,  Tungnaarjokull,  Sidujokull,
Bruarjokull, Eyjabakkajokull, and Breidamerkur-
jokull) also retreated from their LIA moraines
~1890 (Thoroddsen 1931-1935; Pérarinsson 1964;
Toémasson and Vilmundardéttir 1967; J6hannesson
1985; Bjornsson 1998b).

According to lichenometric studies, the glaciers
reached their LIA maximum in the late eighteenth
or nineteenth century (Table 6). Different licheno-
metric dates are explained by various lichen
calibration curves, different statistical analysis
and field techniques, and asynchronous glacier
advances (McKinzey etal. 2004; Orwin et al.
2008; Bradwell 2009; Dabski 2010; Jomelli et al.
2010; Chenet et al. 2011; Dabski and Tittenbrun
2013). Due to diverse bedrock minerology and
different microclimate of each valley, causing dif-
ferent growing conditions for the lichens, inter-
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comparison of lichenometric dates of the LIA
moraines is difficult (e.g. Bradwell 2009 and ref-
erences therein). Several authors have pointed out
the problems of using lichenometry to date
moraines in Iceland (Maizels and Dugmore 1985;
Thompson and Jones 1986; Gudmundsson 1998;
Kirkbride and Dugmore 2001; Kirkbride and
Winkler 2012). It is beyond the scope of this paper
to review the different measurement techniques
and statistical methods or list the numerous bio-
logical and environmental uncertainties, and the
readers are referred to the papers cited. Different
lichenometric results have been reported from the
exact same moraines, and some of the dates con-
tradict information found in the detailed contem-
porary written sources. Different ages have been
reported for the moraines of Kviarjokull and Flda-
jokull (a difference of 80 years and 70 years
respectively, Table 6); the older dates are inconsist-
ent with written accounts, which explicitly state
that the glaciers were at their LIA terminal
moraines ~1890. The importance of using the his-
torical documents to infer glacier fluctuations is
emphasized. We rely on the historical data for
timing the maximum LIA glacier extent because of
the complications of using lichenometry to date
moraines and the conflicting results.
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Table 6. Lichenometric dates of terminal LIA moraines of the outlet glaciers of southeast Vatnajokull.

Glacier LIA max Error Reference

(cal. yr. AD) (—/+) yr
Morsérjokull 1888 9/15 Chenet et al. (2010)
Skaftafellsjokull 1878 12/14 Chenet et al. (2010)
Skaftafellsjokull 1870 n/a Thompson and Jones (1986)
Skaftafellsjokull 1870 10/10 Omarsdéttir (2007)
Svinafellsjokull 1765 14/21 Chenet er al. (2010)
Svinafellsjokull 1870 n/a Thompson and Jones (1986)
Kotérjokull 1893 n/a Thompson and Jones (1986)
Kotdrjokull 1819 10/9 Chenet er al. (2010)
Kvidrjokull 1810 6/13 Chenet et al. (2010)
Kvidrjokull 1891 4/4 Evans et al. (1999)
Hritérjokull 1812 16/14 Chenet er al. (2010)
Fjallsjokull 1812 9/11 Chenet et al. (2010)
Fjallsjokull 1784 n/a Bradwell (2004)
Skdlafellsjokull 1865 14/11 Chenet et al. (2010)
Skalafellsjokull 1820 n/a McKinzey et al. (2005b)
Skalafellsjokull 1890 n/a Evans et al. (1999)
Skalafellsjokull 1887 n/a Snorrason (1984)
Heinabergsjokull 1851 16/11 Chenet et al. (2010)
Heinabergsjokull 1850 n/a McKinzey et al. (2005b)
Heinabergsjokull 1890 n/a Evans et al. (1999)
Heinabergsjokull 1887 n/a Snorrason (1984)
Fldajokull 1821 14/10 Chenet et al. (2010)
Flaajokull 1894 n/a Dabski (2002)
Flaajokull 1882 12/12 Evans et al. (1999)
Flaajokull 1894 n/a Snorrason (1984)
Hoffellsjokull 1888 15/15 Chenet et al. (2010)
Lambatungnajokull in Skyndidalur 1835 10/10 Bradwell et al. (2006)
Lambatungnajokull in Hoffellsdalur 1796 12/12 Bradwell et al. (2006)

Various recently acquired high-resolution proxy
records shed light on the climate and environmen-
tal conditions during the LIA in Iceland. Some of
these datasets are shown in Fig. 10 (and site loca-
tions in Fig. 1) for comparison with the variations
of the outlet glaciers of southeast Vatnajokull as
evidenced in the historical documents (Fig. 10a).

The lichenometric dates of the moraines of the
southeast outlets are shown in Fig. 10a (references
also in Table 6). All these climate data series
suggest that cold but fluctuating conditions pre-
vailed in the time period 1650-1900. Sea ice data
(Fig. 10b) from historical records (Ogilvie 2010
and unpubl.) and marine sediments (Masse et al.

»
Fig. 10. Comparison of climate-proxy records, instrumental data and glacier archives in Iceland. (a) The outlet glaciers of southeast
Vatnajokull from west (bottom) to east (top), right pointing filled triangles indicate when glaciers are first noted in historical
accounts to be advancing, left pointing filled triangles indicate when glaciers are known to start their recession from the LIA
terminal moraines. Open triangles symbolize reported advances of the glaciers. Black dots represent dated LIA terminal moraines
by lichenometry (references in Table 6). (b) Sea ice around the coasts of Iceland 1601-2012 from Astrid Ogilvie (2010 and
unpubl.), and relative abundances of IP25 (biomarker produced by sea ice algae) found in marine core MD99-2275 north of Iceland
(Masse et al. 2008). (c) The average number of ice-rafted-debris (IRD) in Hvitdrvatn from several sedimentary cores (Larsen et al.
2013), and chironomid inferred summer temperatures from lake Myfluguvatn in northwest Iceland (black line, Langdon et al.
2011) with reversed y-axis. (d) Winter precipitation dervied from the varved sedimentary record from lake Lagarfljot east Iceland
(Striberger et al. 2010), and the elevation of the snowline for southern Vatnajokull from Pérarinsson (1974). The average elevation
of the snowline during the time period 2007-2011 (MSL = MODIS snowline, Hannesdottir ef al. 2014b) and average elevation of
highest LIA lateral moraine (LLM) and corresponding standard deviation. (e) Summer (JJA) temperature from the composite
Stykkishélmur record in gray, and the 7-year running average in black (Wood et al. 2010) and the 7-year running average tem-
perature at Hélar in Hornafjordur (Icelandic Meteorological Office, Adalgeirsddttir er al. 2011) and reconstructed northern hemi-
sphere (NH) temperatures (dark gray) calculated by combining low-resolution proxies with tree-ring data (Moberg et al. 2005), and
a temperature reconstruction from Greenland (light gray), based on an average of uplift corrected 80 data from Agassiz and
Renland (Vinther et al. 2009).
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2008) indicate cold but variable climate since the
seventeenth century and until the end of the nine-
teenth century. The detailed continuous sedimen-
tary record of Hvitarvatn (Larsen etal. 2013)
reveals two discrete phases of expansion of
Langjokull ice cap during the LIA, occurring
1400-1550 and the latter more extensive one c.
1680-1890 Ap (Fig. 10c). Peaks in ice-rafted
debris around 1840 and 1890 represent the outlet
glaciers’ maximum extent, similar to results of
numerical ice-sheet modelling of the ice cap
(Flowers et al. 2007). Temperature reconstruction
from northwest Iceland (Fig. 10c), based on counts
of chironomid head capsules in a sediment core
from lake Myfluguvatn, compare well with instru-
mental data of Stykkishélmur and sea surface tem-
perature records (Langdon eral. 2011). Cold
phases are recorded in the core in the late seven-
teenth and eighteenth centuries and the coldest
interval between 1890 and 1917. From the varved
sediments of Lagarfljot it is suggested that higher
and more variable precipitation occurred between
1600 and the late 1800s, than prior to the 1600s and
during the twentieth century (Fig. 10d), which may
have influenced the expansion of the ice cap in the
latter part of the LIA (Striberger et al. 2010). A
northern hemisphere temperature reconstruction
based on a combination of proxies (Fig. 10e;
Moberg et al. 2005), and the ice core 8'*0O tempera-
ture reconstruction from Greenland (Vinther ef al.
2009) are inclined towards a LIA maximum around
1700. However, these two curves deviate from the
Icelandic temperature records of Stykkishélmur
(measured since 1798; Wood et al. 2010) and
Hélar in Hornafjordur (Adalgeirsdottir ef al. 2011)
during most of the nineteenth century, with a closer
correlation in the twentieth century (Fig. 10e).
The meteorological records from the lowland
stations Hoélar in Hornafjordur and Fagurh6lsmyri
indicate similar temperature and precipitation fluc-
tuations at both stations during the majority of the
twentieth century (data from the Icelandic Mete-
orological Office). The response of southeast Vat-
najokull’s outlets to climate perturbations in this
time period provides an analogue for their LIA
fluctuations; they have responded concomitantly to
similar climatic forcing during the last 120 years
(Hannesdottir et al. 2014b). In situ mass balance
measurements of glaciers in Iceland and degree-
day mass balance models of selected glaciers indi-
cate that the mass balance is governed by variations
of the summer ablation (strongly correlated
with temperature), rather than winter accumulation
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(Bjornsson and Pélsson 2008; Gudmundsson et al.
2009, 2011; Palsson et al. 2012; Bjornsson et al.
2013). The rate of glacier retreat in the twentieth
century is also correlated with high summer melt,
and no long-term changes in precipitation meas-
ured at lowland stations have been observed in
this period (Jéhannesson and Sigurdsson 1998;
Bjornsson and Palsson 2008). Summer tempera-
tures recorded at Stykkishélmur started declining
c. 1850, and reached a minimum around 1890.
Given that the response time of the outlets of south-
east Vatnajokull is in the range of 20-40 years,
estimated as a function of the glacier thickness and
ablation at the terminus (Jéhannesson et al. 1989),
a late nineteenth century LIA maximum is more
likely for the outlets, opposed to a late eighteenth
century/early nineteenth century, as some licheno-
metric ages of LIA moraines indicate.

The LIA maximum glacier extent and volume

We have combined historical information with the
glacial geomorphological data to derive quantita-
tive estimates of the glacial extent and volume of
the outlet glaciers of southeast Vatnajokull at the
LIA maximum. This is the first time extensive
fieldwork has been carried out along the glacier
margin up the valleys of southeast Vatnajokull to
map the LIA extent and retrieve surface elevation
changes. The bedrock topography of the outlets is
known, allowing the total ice volume at the LIA
maximum to be computed. These new estimates
of the glacier surface geometry at the LIA
maximum, the ice volume and areal extent provide
important information, for constraining coupled
mass balance ice-flow models, as well as provid-
ing input for glacial unloading studies and sea
level rise estimates.

To assess the reconstructed LIA glacier surface
topography we compared it with the results of two
different models. A simple glacier model by Benn
and Hulton (2010) provides estimates of the
surface profile of former glaciers using a solution
for ‘perfectly plastic’ ice. Negligible differences in
the surface profile along a center flowline of
selected glaciers were observed. Similarly the
reconstructed ~1890 topography and volume of the
outlets of Breidabunga was compared with results
of a coupled ice flow-positive degree day model
(Hannesdéttir et al. 2014a), and only slight differ-
ences were observed. We are therefore confident in
the quality of the surface reconstruction of the LIA
glaciers, although aware of some of the limitations
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of the method; for example, their variable slope, ice
thickness, or lateral drag, which influence the
glacier surface topography, and are not accounted
for especially. It should be noted that lateral
moraines may be subject to erosion following
glacier retreat (e.g. Schiefer and Gilbert 2007),
which could lead to a slight underestimation of
the glacier surface elevation. Assuming synchro-
nous deposition of lateral moraines is perhaps a
simplistic approach, but dating options are limited.

Lateral moraines indicative of the LIA ELA

Consistency is observed in the spatial variability of
the LIA proxy-dervied ELA and the ELA deduced
from the snowline on MODIS images from 2007 to
2011 (Fig. 9). During both time periods, the ELA of
the east-facing outlet glaciers of Orafajokull is
lower than on the west-facing glaciers, and an
increase in ELA is observed from Skalafellsjokull
to Lambatungnajokull further east (Fig.9 and
Table 5). Thoroddsen (1931-1935) also observed a
geographical variation of the snowline elevation of
southeast Vatnajokull during his travels in 1894
(Table 5, Fig. 9). Westerly to southeasterly winds
bring the precipitation towards south Iceland
(Jénsdéttir and Uvo 2009), and the frequent passage
of atmospheric lows and fronts cause orographi-
cally enhanced precipitation on mountains facing
south and east on the southeast coast (Rognvaldsson
et al. 2004; Crochet et al. 2007). In comparison to
Skalafellsjokull, which faces the prevailing precipi-
tation direction and receives high precipitation,
Lambatungnajokull is sheltered by mountains and
is further away from the coast. The spatial variabil-
ity of the snowline elevation of southeast Vatna-
jokull is most likely related to this variable
precipitation distribution. The elevation of the
snowline on Vatnajokull is dependent on weather
conditions from year to year as evidenced on the
MODIS images from 2007 to 2011. According to
mass balance measurements, the ELA fluctuated
200-300 m during the time period 1992-2007
(Bjornsson and Palsson 2008). In the autumn of
1973 the snowline on southern Vatnajokull was
below 1000 m a.s.l., reaching down to 700 m a.s.1.
on Skalafellsjokull (Williams 1987), close to the
elevation of the uppermost lateral moraines of that
glacier. That year average summer temperature
measured at Holar in Hornafjordur was ~8.9°C,
close to the average of the late nineteenth century
(see below). Mass balance measurements on Vatna-
jokull show that 100 m change in ELA affects the
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net mass balance of Vatnajokull by ~0.7 m a
(Bjornsson and Palsson 2008), and modelling
studies reveal similar results (Adalgeirsdottir et al.
2005). According to mass balance measurements,
the average ELA of Hoffellsjokull during the time
period 2001-2010 was around 1100 m a.s.l. and of
Breidamerkurjokull during the time period 1996—
2010 around 1200 m a.s.l. (Adalgeirsdottir et al.
2011).

The difference between the altitude of the upper-
most up-valley LIA lateral moraines and the average
snowline elevation of 2007-2011 for each outlet
glacier reveal an elevation difference of 340 m
(Table 5). The average summer temperature during
the time period 1860—1890 at Hélar in Hornafjordur
(partly reconstructed from other temperature
records; Adalgeirsdéttir et al. 2011) was 8.5°C
compared with an average of 10.5°C during the time
period 2000-2010. Assuming a temperature lapse
rate of 0.0065°C m™', the ELA at the time of forma-
tion of the uppermost lateral moraines would have
been approximately 310 m lower on average than
today. Ice-sheet modelling of the evolution of
Langjokull ice cap through the Holocene indicates
that the LIA maximum glacier size is reached with
temperatures approximately 1.5°C lower than the
1961-1990 reference temperature (Flowers et al.
2008). From the chironomid-based temperature
reconstruction from northwest Iceland, a 1.5-2.0°C
drop in summer temperature, relative to the average
of 1961-90, is observed during the coldest time
periods of the LIA (Langdon et al. 2011).

Furthermore, the altitudinal range of the esti-
mated ELA of the LIA is in accordance with
Eyporsson’s (1951) and Pérarinsson’s (1974) sug-
gestion that the elevation of the snowline of south-
ern Vatnajokull was approximately 300 m lower
during the LIA than in the mid-twentieth century
and in the first centuries after settlement (Fig. 10d).
The method of approximating the ELA from the
highest up-valley lateral moraines has some uncer-
tainties, which should be kept in mind. The forma-
tion and preservation of the lateral moraines
depends on the availability of sediments, which
varies across the area, due to different bedrock type
and steepness of the valley walls. An underestima-
tion of the LIA ELA may occur where moraines are
deposited on unstable slopes, or where moraines are
reworked by subsequent processes (e.g. Hawkins
1985; Benn and Evans 2010). Furthermore, lateral
moraines may not be deposited exactly at the ELA
but further down the glacier, resulting in too low
estimates (Nesje et al. 2000). The rise of the ELA
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since the LIA has been estimated with the same
method for some glaciers in Europe and North
America to be around 100-250 m (Nesje and Dahl
1993; Maisch 2000; Jiskoot et al. 2009; Knoll et al.
2009; Zasadni and Klapyta 2009).

Conclusion

Historical information and glacial geomorphologi-
cal data are used to derive quantitative estimates of
the glacial extent and ice volume of the outlets of
southeast Vatnajokull at the LIA maximum. A
reconstruction of the ~1890 glacier surface geom-
etry of the outlets is based on geomorphological
features (including lateral and terminal moraines),
historical photographs, aerial images, maps from
1904, and by using the LiDAR DEMs as topo-
graphical reference. The near termini surface
elevation lowering 1890-2010 is in the range
of 150-270 m, and negligible downwasting is
observed in the upper accumulation area. Historical
records detail how the outlet glaciers advanced in
the late seventeenth century and closed off grazing
grounds in the mountains bordering the ice cap, and
reached far out on the lowlands in the mid eight-
eenth century. The outlets were at the LIA terminal
moraines around 1880-1890 and soon thereafter
started receding according to contemporary docu-
ments. Some of them may have been as extensive in
the eighteenth century as in 1890, but the descrip-
tions are not conclusive. This complies with results
of the pioneering work of Poérarinsson (1939,
1943), indicating that the outlets oscillated around
an advanced stage from the middle of the eight-
eenth century until the end of the nineteenth
century. A late nineteenth century maxima is sup-
ported by the temperature records from Hdlar in
Hornafjordur and Stykkishélmur (since 1798),
referring to studies showing that the mass balance
of Icelandic ice caps and glaciers is governed by
summer ablation, which is strongly correlated with
temperature. According to the elevation of the
highest up-valley LIA lateral moraines, the ELA of
southeast Vatnajokull during the LIA was approxi-
mately 340 m lower than the modern ELA (2007-
2011). This supports previous estimates of the LIA
ELA of southern Vatnajokull of Eypdrsson (1951)
and Pérarinsson (1974). Comparable spatial vari-
ability of the modern and LIA ELA is observed, and
an elevation difference of up to 200 m is recognized
between glaciers. This study provides a baseline for
reconstructing glacier surface geometry at the LIA
maximum and estimating ice volume for other gla-

22

ciers. Knowing the ice volume of the outlet glaciers
is vital for constraining glacier models, estimating
the contribution to sea level rise, and for glacial
unloading studies.
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Abstract — Kotdrjokull is one of several outlet glaciers draining the ice-covered central volcano Orefajokull
in SE-Iceland. We estimate the average annual specific mass loss of the glacier, to be 0.22 m (water equivalent)
over the post Little Ice Age period 1891-2011. The glacial recession corresponds to an areal decrease of
2.7 km? (20%) and a volume loss of 0.4 km® (30%). A surface lowering of 180 m is observed near the snout
decreasing to negligible amounts above 1700 m elevation. This minimal surface lowering at high altitudes is
supported by a comparison of the elevation of trigonometrical points on Oreefajokull’s plateau from the Danish
General Staff map of 1904 and a recent LiDAR-based digital elevation model. Our estimates are derived from a)
three pairs of photographs from 1891 and 2011, b) geomorphological field evidence delineating the maximum
glacier extent at the end of the Little Ice Age, and c) the high-resolution digital elevation model from 2010—
2011. The historical photographs of Frederick W.W. Howell from 1891 were taken at the end of the Little Ice

Age in Iceland, thus providing a reference of the maximum glacier extent.

INTRODUCTION

The first descriptions of the Little Ice Age (LIA)
glacier margins in Iceland were collected in the prox-
imity of inhabitated regions south of Vatnajokull ice
cap. Occasional reports descend from travellers pass-
ing through rural districts in the 18" and 19" centuries
(e.g. Pérarinsson, 1943; Bjornsson, 2009). Less atten-
tion was paid to the smaller outlet glaciers, although
sparse observations were made during traverses on
the glaciers. A number of photographs of Icelandic
glaciers from the late 19" and early 20" century
are preserved (Ponzi, 2004; Archives of the National
Land Survey of Iceland; Reykjavik Museum of Pho-
tography; National Museum of Iceland). They pro-
vide valuable information on glacier extent, and can
be analyzed by repeat photography to deduce glacier
changes. This approach has been used world-wide,
and first practiced to document glacier variations in
the European Alps in the late 1880s (see e.g. Harrison,
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1960; Luckman et al., 1999; Molnia, 2010; Webb et
al., 2010; Fagre, 2011).

In this paper we present unique historical oblique
photographs of Kotarjokull outlet glacier (Figures 1
and 2) from the first ascent of Hvannadalshntkur (the
highest peak in Iceland) in Orzfajokull in 1891 (Gud-
mundsson, 1999). They were taken by an English
traveller, Frederick W. W. Howell (1857-1901), who
together with two companions from the farm Svina-
fell (Pall Jonsson and Porldkur Porldksson) reached
the summit on 17" of August. The photographs
are among the first prints of glaciers in Iceland, and
were taken during the 1890 LIA maximum stage (e.g.
Pérarinsson, 1943). His photographs are used to de-
rive the geometry of the LIA maximum glacier, by
trigonometric calculations, and by including informa-
tion from present-day photographs, geomorpholog-
ical evidence and a detailed digital elevation model
(DEM). Our findings allow quantitative estimates of
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Figure 1. Kotérjokull glacier flows southwest from Orzfajokull ice cap. The eastern branch of the glacier is
named Rétarfjallsjokull. The white area delineates the glacier’s extent in 2011, whereas the middle-gray area
indicates the glacier outline at the LIA maximum. Crevasse areas (black triangles) are used to calculate glacier
surface changes between 1891 and 2011. Black dots represent lateral moraines used to reconstruct the maxi-
mum glacial extent in the gorge, and white circles and boxes indicate sites where surface changes are estimated
from geomorphological and photographic evidence. Line B-B’ is a longitudinal profile for later discussion. —
Kotdrjokull skridur sudvestur tir Oreefajokulsoskjunni en eystri armurinn er nefndur Rétarfjallsjokull. Hvitt
sveedi synir dtlinur jokulsins drio 2011 en milli-grdtt markar hdmarksiitbreidslu d litlu isold. Isaskil liggja
innan vid dskjubrinina { um 1800 m heed. Yfirbordslekkun milli 1891 og 2011 var metin it frd gomlum ljos-
myndum af sprungukollum (svartir prihyrningar). Svartar punktradir syna jadarurdir og hvitir hringir dsamt
hvitum kossum syna stadi sem voru notadir til pykktaritreikninga i Kotdrgili it frd ljosmyndum Howells og
rofmorkum. Linan B-B’ synir hvar langskurdarsnio af joklinum liggur. Howellssteinn og Howellsndf eru ekki
ornefni heldur heiti d kennileitum d Sandfelli.

glacier mass change over the last 120 years. We also RESEARCH AREA

compare the 1904 map of the Danish General Staff ) ) o

(Herforingjardid, 1905) of Orafajokull’s plateau, at Orafajokull is a 2000 m high ice-covered central vol-

an altitudinal range of 1700-2100 m, with a recent €200 The. ice-ﬁl'led caldera is 5 km wide.and 500

DEM, to get an estimate of glacier surface changes ™M deep, with an ice volume of 4.6 km?* (Bjornsson,

during this time period. 1988; Magntisson et al., 2012). Ice flows over the
caldera rim and forms several outlet glaciers. The ice
thickness of Kotdrjokull is on average 90 m, approx-
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Figure 2. Oblique arieal photograph of Orzfajokull and Kotarjokull. The maximum LIA glacier extent is
marked with a dotted line. Traces of the terminus in Kotargil are obscure, especially east of Slaga, hence two
possible extensions are presented. Photo. SG 17™ of August 2006. — Flugmynd af Kotdrjikli og Rétarfialls-
Jokli, tekin 17. dgiist 2006 (SG). Punktalinur marka titbreidslu jokulsins vid hdmark litlu isaldar. Ummerki um
sto0u spordsins eru oljos nedst i Kotdrgili og pvi eru tveir moguleikar syndir.

imated from the surface slope of the glacier (Magn-
usson et al., 2012). The glacier plateau receives the
highest amounts of annual precipitation in Iceland,
5700-7800 mm w.e., almost entirely falling as snow
(Bjornsson et al., 1998; Gudmundsson, 2000). Com-
parison with observed precipitation from the nearest
lowland meteorological station Kvisker (Figure 1),
implies that the precipitation on the ice cap, is twice
as high as on the lowlands to the southeast of Orzfa-
jokull (Gudmundsson, 2000).

Kotérjokull covers at present about 11.5 km?, with
an average slope of 20°, and the equilibrium line lies
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around 1100-1200 m. Heading from an elevation of
1800 m, inside the caldera, the glacier is split into two
branches by Rétarfjall mountain (946 m): the main
branch terminating in 300-400 m wide gorge (Fig-
ures 1 and 2), and the eastern branch, Rétarfjallsjok-
ull. These glaciers surrounded Rétarfjall, and merged
together in Kotdrgil, at the end of the 19" century
(Thoroddsen, 1896). Parts of the terminal moraine
northwest of Slaga mountain are obscure and may be
remnants of an older stage. No dead ice is observed
in the glacier’s marginal area.
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DATA

The photographs of Frederick W.W. Howell were
taken from two locations on Sandfell mountain (Fig-
ures 1 and 2): a) one shot towards east to Rétar-
fjall from Howellssteinn (N63.9497°, W16.7587°,
elevation 573 m a.s.l.) and b) two shots from
Howellsnof (N63.9624°, W16.7286°, elevation 1020
m), Unortheast towards Rétarfjallshntikur (1833 m)
across the upper slopes of the Kotarjokull, and ?)east
towards Roétarfjall. Howellssteinn and Howellsnof are
not geographical place names, but used as landmarks
by the authors. The photographs confirm, that the
highest lateral moraines, trimlines and glacial errat-
ics in the narrow gorges of Kotdrgil and Berjagil are
from the 1890 LIA maximum (Figure 2) . In Novem-
ber 2011 the two locations were revisited, the pho-
tos reframed, and the acquired duplicates (Figures 3a-
b, 4a-b and 5a-b) used to calculate the recession of
the glacier between 1891 and 2011. Howell’s pho-
tographs are available in the Fiske Icelandic Collec-
tion, at the Cornell University Library website.

High-resolution aerial images of Loftmyndir ehf©
(2003) were used to outline the LIA maximum glacier.
In situ and oblique aerial photographs of 2006 and
2010, helped derive the glacial extent.

A recent DEM, produced from airborne LiDAR
measurements in August 2010 and September 2011
(data from the Icelandic Meteorological Office and
the Institute of Earth Sciences, University of Iceland,
2011; Jéhannesson et al., 2012); provides accurate
position and elevation (Table 1). The DEM has a
horizontal resolution of 5x5 m and vertical accuracy
within 0.5 m. It provides precise elevation of the lat-
eral moraines and trimlines.

METHODS

The extent of Kotdrjokull at the LIA maximum, was
based on photographic and geomorphological evi-
dence, and the LiDAR DEM providing basic topo-
graphical data. The glacier margin in the ablation
area, is delineated from the highest lateral moraines,
glacial erratics, and trimlines. Data on elevation
changes above the equilibrium line are restricted to
the old photographs. The idea of obtaining quanti-
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tative estimates of glacier changes from the photo-
graphic duplicates, originates from methods used in
astrometry. The movements of distant objects are
measured over time from separate images, taken hours
to decades apart.

Repeat photography

The three photographic pairs of Kotdrjokull were col-
limated in GIS ArcMap (Figures 3a-b, 4a-b, 5a-b). A
3D-image, a duplication of Figure 3b, was produced
from the DEM in ArcScene, to improve the accuracy
of our measurements. The southeastern flank of Rét-
arfjallshnikur has apparently undergone some land-
form changes since 1891, perhaps a landslide. The
photos in Figures 3a-b were collimated, using the
northern (I) and southern (II) peaks of Rétarfjalls-
hnukur for reference, the top of Sandfell (III), and a
crevasse area (IV) on the horizon to the west of Rot-
arfjallshnikur (Figure 6). The photographs in Figures
4a-b were referenced with four points, and in Figures
5a-b, with 10 points. The ease of collimating the du-
plicate photos, indicates minimal errors related to the
older camera’s focal length.

Nine crevasse areas in the accumulation area (Fig-
ures 3a-b), were used for surface elevation calcula-
tions. The lowering was measured in pixel units and
converted to metres. A total of 7 measurements evenly
distributed over each crevasse bulge, from center to-
wards left (1; _3) and right (r;_3), were used to obtain
a mean pixel value for the surface lowering (Figure 6
and Table 1). Two independent routines to calculate
the glacier surface changes in metres were used.

Routine 1

The vertical glacier surface change (Ah) at any dis-
tance (d) from the site of photography was estimated
by scaling in metres the pixel unit size (6,= H/n,,)
based on a known vertical height of a mountain cliff
(H spanning n,, pixels) at a known distance (D,,), in
this case Roétarfjallshnikur (Figure 6). If the measured
surface lowering of a crevasse area in pixel units is n,
the corresponding glacier surface change in metres is:
Ah =0, x (d/D,) X n,
The northern face of Rétarfjallshnikur is 60 m high
(H7y) and n,,; = 30 pixels, hence 6,,; = 2.0 m/pixel;
the distance to the face from Howellsnof is D= 3.650
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Figure 3. Kotdrjokull and Rétarfjallshnikur, view from Howellsnof on Sandfell. — a) Kotdrjokull og Rotar-
fjallshniikur, ttsyni fra Howellsndf. Photos./Myndir. Howell and SG.

i A Y & fre v yi = _.I{n ey T

Figure 4. Kotdrjokull (near) and Rétarfjallsjokull divided by Rétarfjall, view from Howellsnof on Sandfell.
Stedji ridge appears against the skyline. — Kotdrjokull og Rotarfjallsjokull, iitsyni fra Howellsndf d Sandfelli.
Stedja ber vid himinn. Photos./Myndir. Howell and SG.

Figure 5. Kotarjokull and Rétarfjallsjokull in Kotargil, view from Howellssteinn. — Kotdrjokull og Rotarfjalls-
Jjokull, fylltu Kotdrgil 1891. Horft til austur frd Howellssteini. Photos./Myndir. Howell and SG.
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Table 1. Dimensions of the crevasse areas, and surface elevation change measurements in pixel units. — Tafla
1. Grunnupplysingar um sprungukollana (c1—c9) sem notadar voru til pess ad reikna yfirbordslekkun. Medal-

hedarbreyting (i myndeiningum) it frd 7 meelingum d hverjum sprungukolli.

measurements (pixels)

area  latitude  longitude  altit. (m) d(m) bearing® Iy 1o I3 center ri r2 I3 A
cl 63.9683 16.7031 1166 1405 60.2 1436 1492 1340 132 1325 1283 10.02 13.14
c2 63.9716 16.6939 1319 1977 56.7 5.73 5.73 6.33 5.29 4.62 473 3.85 5.18
c3 63.9722 16.6865 1398 2328 59.9 5.76 5.19 4.05 5.76 5.99 5.85 5.99 5.51
c4 63.9713 16.6778 1429 2673 66.2 2.86 2.36 2.29 2.86 2.86 2.86 2.92 2.72
c5 63.9779 16.6703 1677 3335 56.60 2.36 2.29 2.36 1.81 1.81 1.81 1.81 2.04
c6 63.9680 16.6872 1283 2113 70.80 4.62 4.01 3.49 5.29 5.19 6.41 8.05 5.29
c7 63.9697 16.6790 1367 2723 70.00 1.72 1.72 1.72 1.72 1.72 2.29 1.72 1.80
c8 63.9682 16.6757 1403 2666 73.90 2.92 3.63 3.49 2.92 2.92 3.49 2.06 3.06
c9 63.9650 16.7077 1083 1058 72.50 13.78 13.88 11.70 155 1559 16.60 16.07 14.73

mt. Rétarfjallshnikur

1
60 rm = 30 units_Juue
4_-—/_'_#

(c1-c9) shown as a dotted line. Surface lowering of each area derived from 7 points, as illustrated for crevasse
area cl. Collimation points are indicated in Roman numerals (I-IV). — Sprungukollar (c1-c9) d safnsveedi
Kotdrjokuls voru notadir i iitreikninga d haedarbreytingu milli 1891— 2011. A sprungukolli cI er synt hvernig
gerdar eru 7 meelingar d pykktarbreytingu milli dranna 1891 (punktalina) og 2011 (heil lina), til pess ad fd
fram medalbreytingu. Hamrarnir sudvestanmegin i Rotarfjallshniik voru notadir sem viomio til pess ad deetla
bykktarbreytingar i adferd 1. Ljosmyndirnar tveer voru stilltar af med fjorum punktum merktum I-1V.

m (Figure 6). The southern face is Hr; = 120 m and
N = 52 pixels, hence 6,7 = 2.3 m/pixel and the
distance from Howellsnof Dy = 3.320 m. To test the
quality of 6, as a satisfactorily accurate value, we cal-
culated the size of 0,7 at distance Dy;
Ourr X Dp) Dy = 0yr1/pr = 2.5 m/pixel

and then obtained an average value for 6, of 2.25
m/pixel (6,) at distance D;, which was used in all
calculations. Glacier surface changes were also calcu-
lated for crevasse area r (Figures 1 and 4a-b), using
routine 1.
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Routine 2

The pixel unit size, which is used as a reference for
surface elevation changes, was determined from the
photographs by calculating a lateral scaling distance
(a = d tan «) perpendicular to the line of sight from
Howellsndf to each distinct crevasse area. The dis-
tance from the site of photography is d, and « the
angle between two crevasse areas, as seen from How-
ellsnof (Figure 7). The length of the opposite side
is used to find the size of the pixel unit at distance
d. Since the measured surface lowering in pixel units
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Sandfell o
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Howellsnof
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Rétarfjallshnikur
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Kotarjokull outlet glacier

s

Figure 7. A schematic aerial view explaining routine 2. See text for clarification. — Yfirlitsmynd fyrir adferd
2. Ef fjarleegd fra Howellsndf i hvern stakan sprungukoll (d) og hornid (o) d milli peirra eru pekkt, feest lengd
motlegrar hlidar (a) samkvemt tan a=a/d og hversu stort hornbilid er { metrum i pekktri fjarlegd. Pann-
ig finnum vid sterd myndeiningarinnar { somu fjarlegd. Yfirbordslekkun jokulsins (Ah) er hlutfall af lengd
motlegu skammhlidarinnar. Punktalinur gefa til kynna hvernig adlaga md hlidar prihyrninga samkvemt pvi i

hvada punkt er meelt.

(A0) is a certain ratio of the opposite side, we can
calculate the change in metres at a distance d from the
site of photography:

Ah = A6 (d tana)/n

where n is the number of pixels of the corresponding
angle «. This is possible since horizontal and vertical
scales of the pixels are the same. We can extend the
triangle’s hypotenuse, depending on the point we aim
at (illustrated by the dotted line in Figure 7).

The LIA glacier and volume calculations

We assume unchanged glacier geometry in the accu-
mulation area, as seen from the photos in Figures 3a-
b. Calculated elevation changes were used to raise
the contour lines of the LiDAR DEM to an 1891
level. The reconstructed cross-valley profiles of the
two branches, below the equilibrium line, are convex,
with a maximum height of 20 m at the glacier cen-
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ter line. This assumption is based on the photographs
in Figures 4a-b and 5a-b. Our estimate for the un-
certainty limits of the reconstructed 1891 surface is
+2 m. A gradual thickness changes along the longi-
tudinal profile of Kotarjokull is assumed (Figure 1),
and interpolated between data thickness points using
a least-square fit to a log-linear equation. The volume
loss of Kotarjokull was calculated by subtracting the
glacier surface of 2011 from the reconstructed surface
of 1891.

Elevation changes on Orzfajokull’s plateau

The 1904 map of Orzfajokull of the Danish Gen-
eral Staff was georeferenced with the LiDAR DEM,
and the elevation of selected trigonometrical points
from the older map compared with the DEM, to re-
solve possible glacier surface changes. Nine geode-
tic points on mountain peaks or nunataks and eleven
on the glacier surface were selected for this purpose,
spanning an altitudinal range of 1700-2100 m.
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RESULTS
Surface elevation changes

Crevasse areas were used to calculate elevation
changes in the accumulation zone (Tables 1, 2 and 3).
Routines 1 and 2 give similar results, showing an aver-
age difference of 1.1 m, with routine 1 always giving
higher values (Table 4). Surface changes above 1700
m were negligible, and 4-11 m from there down to
the equilibrium line. The lowering gradually increas-
ing, 20-30 m north of Rétarfjall (Figures 4a-b and Ta-
ble 5), and reaching a maximum of 180 m in Kotargil
(Figures 8, 9 and Table 5).

Table 2. Surface elevation changes measured by rou-
tine 1. — Tafla 2. Yfirbordslekkun d safnsveedi Kotdr-
Jokuls samkvemt reikniadferd 1.

area  Af(pzr) m/px Ah(m)
cl 13.14 0091 114
c2 5.18 1.28 6.3
c3 5.51 1.50 7.9
c4 272 1.73 4.5
c5 204 215 4.2
c6 529 136 6.9
c7 1.80 1.76 3.0
c8 3.06 1.72 5.0
c9 1473 0.68 9.6

Area and volume changes

Glacial retreat and the volume loss of Kotarjokull is
based on the inner margin in Kotérgil. The terminus of
Kotarjokull has retreated 1.3 km, since the LIA maxi-
mum, from an elevation of 175 m to 350 m (Figure 9).
Rotarfjallsjokull has retreated ca. 2 km, and the ter-
minus is currently at an elevation of 660 m. The east-
ern branch, with a small part of the accumulation area
extending up to the ice cap plateau, has on average
retreated 17 m/yr, whereas the main branch shows a
mean recession of 11 m/yr. Rétarfjallsjokull receives
less ice from the caldera and has a smaller accumula-
tion area. The whole glacier area has decreased from
14.5 to 11.5 km? (20%), and the volume loss has been
approximately 0.4 £0.02 km?, relative to the more
limited glacier margin in Kotargil (Figure 1). Given
the average glacier thickness of 90 m (Magnuisson et
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al., 2012), Kotarjokull has lost approximate 30% of its
volume. Evenly spread over the mean glacier area, the
recession corresponds to a loss of about 0.22 £0.01 m
w.e./yr.

Table 3. Surface elevation changes measured by rou-
tine 2. Three calculations for each crevasse area, and
the lowering presented in the last two columns with
the relevant area in parenthesis. — Tafla 3. Yfirbords-
leekkun d efra svaoi Kotdrjokuls samkvemt reikni-
adferd 2. brjdr meelingar gerdar fyrir hvert sprungu-

sveedi. | sviga i sidasta ddlki er tilgreint hvada
sprungusveedi lekkunin d vid.

crev. area a  a(px) Ah(m)  Ah (m)
cl—c9 12.3 394 10.2(cl) 8.6(c9)
cl—c8 13.7 429  10.5(cl) 3.7(c8)
cl—cb 10.6 329 10.5(cl) 6.4 (c6)
c2—cb 14.1 441 5.8(c2)  6.4(c6)
c2—c8 17.2 534 59(c2) 4.7(c8)
c2 —cd 9.5 293 5.8(c2) 4.1(c4)
c3—c2 32 101 7.1(c3) 5.7(c2)
c3—c7 10.1 312 7.3(c3) 2.8(c7)
c3—c4 6.3 194 7.3(c3)  4.1(c4)
cd4—c7 3.8 118 4.1(c4) 2.7(c7)
c4—cb6 4.6 152 3.8(c4) 59(c6)
c7—c8 39 125 2.7(c7)  4.4(c8)
c9—c3 12.6 429 8.1(c9) 6.7(c3)
c9—c2 15.8 519 85(c9) 5.6(c2)
cd—c5 9.6 308 4.0(cd) 3.7(c5)
c3—c5 33 120 6.2(c3) 3.3(cH)
cl—c5 3.6 187 6.2(cl) 2.3(c5)

Table 4. Comparing the surface elevation changes of
Kotdrjokull above 1100 m elevation, calculated by
the two routines. Routine 2 based on average values
from Table 3. — Tafla 4. Nidurstodur og samanburdur
reikniadferoa d pykktarbreytingum Kotdrjokuls ofan
1100 m heoar. Gildi fyrir adferd 2 eru medaltol iir
Toflu 3.

crevasse Ah Ah Ah
area (routine 1)  (routine 2)  difference

cl (1166 m) 11.4m 94 m 2.0m
c2 (1319 m) 6.3 m 5.8m 0.5m
¢3 (1398 m) 7.9 m 6.9 m 1.0m
c4 (1429 m) 4.5m 4.0m 0.5m
¢5 (1677 m) 4.2m 3.1m 0.9 m
¢6 (1283 m) 6.9 m 6.2 m 0.7 m
c7 (1367 m) 3.0m 3.1m 0.1 m
c8 (1403 m) 5.0m 43 m 0.7 m
c9 (1083 m) 9.6 m 8.4 m 1.2m
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Figure 8. Surface elevation changes of Kotarjok-
ull along profile B’B derived from photographic
evidence, lateral moraines and trimlines along the
edge of the glacier. Symbols in accordance to Fig-
ure 1, triangles represent the averaged thickness
change by routine 1 and 2. Few lateral moraines
could be used to estimate glacier thickness change
in the lower parts of Kotérgil gorge due to the un-
even valley floor. — Yfirbordsbreyting Kotdrjokuls,
reiknud it frd samanburdi ljosmynda, uroum og
rofmorkum i fjallshlioum vid jadra jokulsins. Tdkn
eru { samreemi vio 1. mynd og prihyrningar med-
o alpykktarbreyting samkvemt adferd 1 og 2. Fdir
stadir nytast til pess ad deetla pykktarbreytingar
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Figure 9. Profile BB’ (Figure 1 for location) of Kotdrjokull showing the 2011 surface and in 1891. The ice
thickness on the caldera rim is known from radio-echo sounding measurements, to be approximately 150 m
(Magntsson et al., 2012). The glacier bed (dotted gray line) is sketched elsewhere, based on a correlation
between ice thickness and surface slope (Magnisson et al., 2012). — Langskurdarmynd BB’ (sjd 1. mynd)
synir yfirbord Kotdrjokuls 2011 (samkvemt LiDAR-gognum) og 1891 samkveemt iitreikningum okkar d hedar-
breytingum (c1—cg 0g r1), jadarurdum i hlioum Rotarfjalls (rfs og rfy) og i Kotdrgili (my—my). Pykkt jokulsins
d oskjurimanum er 150 m samkveemt issjarmeelingum, en medalpykkt jokulsins ndlegt 90 m (sjd ndnar grein

Eyjolfs Magniissonar o.fl. 2012).
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Table 5. Surface elevation change in the ablation area deduced from Figures 4a-b, 5a-b and lateral moraines and
other geomorphological features in Kotargil. — Tafla 5. Meelipunktar fyrir yfirbordsbreytingar d leysingarsveedi
samkvemt myndum 4a-b, 5a-b og jadaruroum i Kotdrgili.

data points description latitude  longitude alt. 2011 (m) alt. 1891 (m)
rl crevasse area 63.9536  16.7007 950 982
rfl peak of Rotarfjall 63.9547  16.7091 946 -
f2 N tip of Rétarfjall ~ 63.9540  16.7118 936 -
rf3 W side of Rétarfjall  63.9554  16.7110 881 911
rf4 W side of Rétarfjall  63.9544  16.7126 840 872
stedjil ridge 63.9420  16.6801 970 -
stedji2 ridge 63.9412  16.6810 960 -
m4 lateral moraine 63.9571  16.7341 650 720
m3 lateral moraine 63.9553  16.7400 570 660
m2 lateral moraine 63.9520  16.7466 400 510
ml lateral moraine 63.9492  16.7507 340 520
Surface lowering on the glacier plateau? DISCUSSION

To resolve possible elevation changes of the ice
plateau of Orzfajokull, the 1904 map and the 2011
DEM were collimated (Figures 10a-b). Minor dis-
tortion was observed on the plateau, compared to the
level of deviation in the lower rugged terrain of the
mountain massif. The difference in elevation regi-
stered on the trigonometrical points above 1700 m is
shown in Table 6. The elevation of the glacier points
is on average 12.3 m higher on the 1904 map than
the LIDAR DEM, and 11.9 m higher on the peaks or
nunataks. This dissimilarity also applies to the ice-
covered Hvannadalshnikur. The peak was measured
in 1904 at an altitude of 2119 m. The summit is 2110
m high according to the new DEM, which confirms
recent measurements by the Glaciological Society of
Iceland (1993 and 2004) and the National Land Sur-
vey of Iceland in 2005 (Gudmundsson, 2004; Morg-
unbladid, 7™ of August 2005). The surveying of the
Orzfajokull ice cap by the Danish General Staff, was
based on optical triangulation in several steps over
long distances from the lowland through peaks in Or-
®fajokull and Skaftafellsfjoll (Figure 1, Koch, 1905).
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Surface elevation changes of Kotarjokull are negligi-
ble at high elevations, increasing to maximum thin-
ning of 180 m, of the former terminus in the gorge.
Nowhere else along the southeastern edge of Vatna-
jokull, are glacier surface elevation changes since
the LIA maximum recorded continuously downward
from the ice divide to the terminus. The surface low-
ering at the glacier snout is similar to what has been
observed on other outlet glaciers of Vatnajokull to
the west and east of Kotarjokull (Hannesdéttir et al.,
2012). Comparable total volume loss over the 20
century is reported for Hoffellsjokull and its neigh-
bouring southeastern outlet glaciers, on the order of
20-30% (Adalgeirsdottir et al., 2011; Hannesdottir
et al., 2012). The well-preserved lateral moraines
are only found below the equilibrium line, hence lit-
tle field evidence attests to the former high stands of
the glacier in the accumulation area at its maximum
extent during the LIA. The historical oblique pho-
tographs are the only archive for surface changes in
the accumulation area.
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Figure 10. Elevation difference of selected trigonometrical points on the high plateau of Orzfajokull ice cap,
between a) the LIDAR DEM (2011) and b) the 1904 map of the Danish General staff. Squares indicate points
on the glacier, and filled circles represent points on nunataks. Each location is marked with a letter correspond-
ing to Table 6. — Hedarmunur d véldum melipunktum d Orefajokli milli a) LiDAR-heedargrunns og b) korts
danska herforingjarddsins fra 1904 er syndur. Hver punktur er tdknadur med bokstaf (sjd toflu 6). Kassar
takna meelistadi d jokli en fylltir hringir syna meelipunkta d tindum eda jokulskerjum.

No elevation change of the 5 km wide glacier
plateau covering the caldera is remarkable. The ice
cap has limited possibilities to expand, since any sur-
plus in mass balance will flow straight over the caldera
rim to lower elevations. The thickness change with
altitude observed between the end of the 19" century
and 2011 on Kotdrjokull, provides a reference for fur-
ther studies of other outlet glaciers of Orzfajokull and
the southern edge of Vatnajokull.
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The observed elevation anomaly of the trigono-
metrical points, along with calculated surface changes
in the accumulation area, raises the question whether
the geodetic survey of the plateau of Orzfajokull may
have been inaccurate by about 10 m (see Table 6).
We speculate whether this is due to errors, i.e. caused
by light refraction, across a surface with variable re-
flectance and changing temperature conditions (as de-
scribed in Bodvarsson, 1996). We therefore doubt,
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Table 6. Selected trigonometrical points on the glacier plateau (g) and peaks (p) of Orzfajokull ice cap, used
to compare their elevation (see Figure 10a-b) from the LiDAR DEM and the 1904 map. Locations from the
LiDAR DEM. — Tafla 6. Samanburdur d hed nokkurra meelipunkta innan Orcefajokulsoskjunnar milli korts
danska herforingjarddsins frd 1904 og LiDAR-heedargrunns. Prihyrningsmcelipunktar d tindum (p) og d jokli

(g) sem syndir eru d 1904 kortinu (sjd mynd 10).

Location X (m) y (m) z2ripAR (M) Z1904map (M) A z (m)
a Sveinstindur (p) 64.0095 16.6181 2033 2044 11
b) Eystri Hnappar (p) 63.9799  16.6243 1753 1758 5
c) Vestari Hnappar (p) 63.9755 16.6382 1838 1851 13
d) Roétarfjallshntikur (p) 63.9769 16.6613 1833 1848 15
e) Dyrhamar (p) 64.0074 16.7014 1902 1911 9
f) Hvannadalshryggur (p) 64.0068  16.7070 1830 1841 11
g) west face of Hvannadalshnikur (p) 64.0120 16.6924 1870 1879 9
h) Tindaborg (p) 64.0240  16.6993 1727 1747 20
i) buridartindur (p) 64.0817 16.6382 1727 1741 14
j) Hvannadalshnikur (g) 64.0142  16.6771 2110 2119 9
k) center of caldera (g) 64.0048  16.6392 1843 1845 2
1) ice divide of Hritérjokulll (g) 64.0012  16.6098 1912 1927 15
m) ice divide of Hritdrjokull2 (g) 63.9982  16.5932 1827 1840 13
n) Tjaldskard (g) 64.0421  16.6617 1824 1844 20
0) Snzbreid (g) 64.0256  16.6457 2028 2041 13
p) Jokulbak (g) 64.0531 16.6752 1911 1922 11
q) peak NE of Sveinstindur (g) 64.0144 16.6102 1951 1962 11
r) SW rim of caldera (g) 63.9904 16.6801 1815 1846 31
s) acc. area of Fjallsjokulll (g) 64.0576  16.6451 1710 1716 6
t) acc. area of Fjallsjokull2(g) 64.0496  16.6550 1807 1808 1

that Hvannadalshntikur has lowered by 9 m during
the last 100 years, due to glacial melting, as a simple
comparison of the 1904 map and recent measurements
may indicate (Morgunbladid, 2005).

SUMMARY

By combination of several photographic archives, a
recent DEM and field inspection, we delineate the
area and volume loss of Kotdrjokull glacier since the
LIA maximum in the late 19" century. The thinning
is negligable above 1700 m and gradually increases
downglacier to 180 m near the terminus. The glacier
has lost a volume of 0.4 km? (30%) and decreased
in area by 2.7 km® (20%). We estimate an average
specific mass loss of 0.22 m w.e./yr.
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Comparison of the Danish map from 1904 with
the LiDAR DEM, indicates that little or no eleva-
tion changes took place during the 20" century on
the Orzfajokull plateau. This also applies to the sum-
mit Hvannadalshnikur, and we conclude whether this
may be explained by surveying errors rather than sur-
face lowering, due to reduced glacier mass balance.
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Ryrnun Kotarjokuls, i sudvestanverdum Orzfajokli,
var metin fyrir tifmabilid 1891-2011 med a) horna-
fallareikningum ut frd premur ljésmyndapdrum, b)
kortlagningu 4 jokulmenjum sem vitna um hamarks-
utbreidslu 1 lok litlu fsaldar, og c) LIDAR h&darlikani
frd 2010-2011. Sogulegar ljésmyndir sem Frederick
W. W. Howell ték arid 1891, { fyrstu gongu 4 Hvanna-
dalshnik, gerdu kleift ad meta yfirbordsbreytingar 4
pessu timabili. Fylgdarmenn voru Pall J6nsson og
borldkur Porldksson fra Svinafelli og 14 1eid peirra upp
4 Sandfell og 6skjubarm Orzfajokuls. Faar [jésmynd-
ir eru til fra hamarki litlu {saldar um 1890 sem syna
safnsvaedi jokuls jafnskyrt og pessar myndir. Heildar-
ryrnun jokulsins yfir timabilid nemur 0,4 km3 (30%)
ad fsrimmali og nélzgt 2,7 km? (20%) ad flatarmali,
sem samsvarar medaltalsleysingu um 0,22 m ad vatns-
gildi 4 4ri. Yfirbord Kotérjokuls hefur lekkad litid
sem ekkert ofan vid 1700 m, en eykst nidur jokulinn
og nemur um 180 m vid ndverandi spord. Saman-
burdur 4 hd einstakra malipunkta 4 Orefajokli, af
korti danska herforingjarddsins fra 1904 vid hzdar-
likan frd 2011, auk ljésmynda Howells, syna ad litlar
yfirbordsbreytingar hafa ordid efst & safnsvadi hans.
Leida ma ad pvi likur ad Hvannadalshnikur hafi ekki
lekkad fra upphafi 20. aldar vegna ryrnunar, heldur
mun hed tindsins dvallt hafa verid narri 2110 m eins
og melingar { upphafi 21. aldar og nylegt LiDAR-
hadarlikan syna. Hedarmuninn mé hugsanlega rekja
til dndkvaemni { melingum.
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ABSTRACT

Simulations of the evolution of three outlet glaciers of SE-Vatnajokull, Skalafellsjékull,
Heinabergsjokull and Flaajokull, are presented. A coupled Shallow-Ice-Approximation ice
flow and degree—day mass balance model is applied, that uses downscaled orographic
precipitation on a 1 km grid as input. For the first time downscaled precipitationis used in
mass balance modelling of Icelandic glaciers. It is necessary to use high-resolution
precipitation fields for the simulations, in order to capture the spatial variations of the winter
mass balance, which can not be realistically represented by a precipitation model based on
constant horizontal and vertical precipitation gradients. 14 years of in-situ mass balance
measurements are used to calibrate the mass balance model, which explains 87% of the
variance of the winter balance and 92% of the summer balance. The modelled equilibrium
line altitude compares well with the observed snowline at the end of the summer, derived
from MODIS images 2007-2010. The sensitivity of each glacier’s annual balance to 1°C
warming is —1.51 to —0.97 m w.e. a* and +0.16 to +0.65 m w.e. a” for a 10% increase in
precipitation, relative to the baseline climate period 1980-2000. Known area and volume
changes since the end of the Little Ice Age (LIA) ~1890 to 2010 is used to constrain the
model. The observed ice volume at the end of the LIA (15-30% larger than in 2000) is
simulated with a 1°C cooling and 20% reduction in the annual precipitation, compared with
the baseline period, which is in line with temperature records from the end of the 19th century
at nearby lowland stations and estimates of precipitation at that time. Applying a step increase
in temperature of 2°C, and precipitation increase of 10%, results in >50% decrease in ice
volume and terminus retreat up to 10 km according to our model runs. A warming of 3°C and
same precipitation increase would lead to a volume loss of 80-90% or almost disappearance
of the outlets.

INTRODUCTION

The climate in Iceland is influenced by the atmospheric circulation of the North Atlantic and
the oceanic boundaries defined by the warm Irminger current and the cold East Greenland
current (e.g. Einarsson, 1984; Olafsson and others, 2007). Iceland is located in the northern
part of the North Atlantic stormtrack and high amounts of precipitation are delivered to the
temperate glaciers in Iceland, which have mass turnover rates on the order of 1.5-3.0 m w.e.



a® (Bjornsson and others, 2013). The mass balance sensitivity of the glaciers and ice caps is
in the range of —3.0 to —0.6 m w.e. °C™* (Gudmundsson and others, 2011; Pélsson and others,
2012; Jéhannesson and others, 2013), which is among the highest in the world (De Woul and
Hock, 2005). Due to the high spatial variability of the precipitation and relative sparseness
and low realiability of precipitation observations, which are mostly confined to lowland areas,
numerical atmospheric models, rather than statistical methods, have been used to simulate the
spatial and temporal structure of the precipitation fields (R6gnvaldsson and others, 2004,
2007; Crochet and others, 2007 Johannesson and others, 2007 and references therein).
Undercatch of rain gauges is a known problem, especially during winter (e.g. Sigurdsson,
1990; Crochet, 2007). Thus, estimates of precipitation by observations of snow accumulation
and runoff available in the vicinity of the area of interest may be more suitable for estimates
on precipitation at high elevation and in complex terrain, than conventional precipitation
measurements (e.g. Régnvaldsson and others, 2004). Precipitation observations from lowland
stations can not be reliably extrapolated in complex topography and may not be representative
for glaciers and can cause errors in mass balance modelling (e.g. Stahl and others, 2006; Huss
and others, 2008). However, it is common practice to extrapolate precipitation from
meteorological stations outside the glaciers in most mass balance models (e.g. Andreassen
and Oerlemans, 2009; Adalgeirsdottir and others, 2011). Mass balance models are of varying
complexity, ranging from simple temperature-index models or positive degree-day (PDD)
models (e.g. Laumann and Reeh, 1993; J6hannesson and others, 1995; Braithwaite and
Zhang, 2000) to surface energy-balance models (e.g. Hock 2005 and references therein). A
number of studies have used data from distant weather stations to produce precipitation grids
for the glaciers (e.g. Auer and others, 2007; Huss and others, 2012; Marzeion and others,
2012; Engelhardt and others, 2013; Radic and others, 2014) or use data from atmospheric
models providing input for mass balance modelling (e.g. Rasmussen, 2007; Machguth and
others, 2009; Paul and Kotlarski, 2010; Andreassen and others, 2012; Jarosch and others,
2012; van Pelt and others, 2012).

Ice dynamical models are based on Stokes equations or approximations; from zeroth
order Shallow Ice Approximation (SIA) to higher order models where the flow equations are
fully considered, including the longitudinal stress gradients (e.g. Hindmarsh, 2004; LeMeur
and others, 2004). A number of comparative studies indicate that numerical models of
reduced complexity and full system models, give similar length and volume changes for
valley glaciers (Leysinger-Vieli and Gudmundsson, 2004; Oerlemans, 2008; Lithi, 2009).
Numerical ice-flow models simulating the larger ice caps in Iceland and their response to
changes in mass balance have been developed in recent years (Adalgeirsddttir and others,
2004; Flowers and others, 2005; Marshall and others, 2005). A vertically integrated SIA ice-
flow model coupled with a PDD surface mass balance model (J6hannesson, 1997;
Jéhannesson and others, 1995) has been used to simulate the evolution of ice caps in Iceland
(Adalgeirsdottir and others 2004, 2006; Johannesson and others, 2007; Gudmundsson and
others, 2009a). Air temperature measured outside the glaciers represents variations in the
incoming radiation flux (better than the dampened temperature of the boundary layer above
the melting glacier surface), and thus can the ablation of the glaciers be described with PDD
models (e.g., Gudmundsson and others, 2009b). Furthermore, simulations for the period
1600-2300 indicate that air temperature is the dominant control on the volume and area
evolution of Vatnajokull (Marshall and others, 2005). The variations of the outlet glacier
Hoffellsjokull (Fig. 1) during whole post-Little Ice Age (LIA) period ~1890-2010 were
simulated with the same coupled model (except that it used the finite element method for
solving the equations, rather than finite difference) allowing variable spatial resolution
(Adalgeirsdottir and others, 2011). The coupled model successfully reproduced the timing and
magnitude of ice volume changes in this period.



In this paper we use the PDD mass balance model coupled with the vertically
integrated SIA ice flow model, solved with the finite element method, to simulate the
evolution of three outlet glaciers of SE-Vatnajokull and their sensitivity to climate change.
The first part of the paper describes how three different datasets were used to simulate the
mass balance in the coupled model runs as input for the PDD model; (1) precipitation model
based on constant vertical and horizontal precipitation gradients, using data from
meteorological stations outside the glacier (as has been used in previous modelling studies on
Icelandic glaciers), (2) constant winter mass balance grid (manually interpolated from in situ
balance measurements) revised with downscaled precipitation data from a numerical
atmospheric model (Skamarock and others, 2008), (3) downscaled orographic precipitation
from a linear model which simulates physical precipitation processes (Crochet and others,
2007). In the second part of the paper a series of model simulations, using the downscaled
precipitation data from the linear model, with step changes in precipitation and temperature,
are described. The simulations were carried out to assess the sensitivity of the modelled
glaciers to perturbations in the climate. Observations of area and volume changes since the
LIA maximum around 1890 until 2010 are available for the outlet glaciers of SE-Vatnajokull
(Hannesdéttir and others, 2014a), and provide validation data for the model simulations. We
simulate the LIA maximum glacier geometry and the evolution of the glaciers during time
period when distributed precipitation data are available (1959-2010).

STUDY AREA

The three outlet glaciers of SE-Vatnajokull are located in one of the warmest and wettest area
of Iceland (e.g. Olafsson and others, 2007). These non-surging outlets are 300 m thick on
average, descend from the 1500 m high plateau of the Breidabunga dome towards the
lowlands, and their termini are at an elevation of 30-60 m a.s.l. (Fig. 1 and Table 1). The
outlet glaciers are 23-25 km long and have an average slope of 3-4°. They range in area from
100 to 170 km? and have a volume of 30-55 km? (Table 1). The ice divides are derived from
LiDAR DEMs surveyed in 2010 and 2011 (Icelandic Meteorological Office and Institute of
Earth Sciences, 2013). The snowline at the end of summer, which is used as a proxy for the
equilibrium line altitude (ELA), has been derived from a series of MODIS images during the
period 2007-2011 (Hannesdoéttir and others, 2014a), and is in the range of 900-11000 m on
the three outlets. (Table 1). The present day accumulation area ratio (AAR) of the glaciers is
determined from the MODIS derived snowline and the 2010 area (Table 1). Proglacial lakes
formed in front of the outlet glaciers around the middle of the 20th century (detected on aerial
images from the database of the National Land Survey of Iceland, www.Imi.is/loftmyndasafn-
2). Skalafellsjokull has a long and narrow accumulation area, and funnels down an ice fall,
where the elevation drops by 200 m over a distance of 1 km. A small proglacial lake was
formed in the 1960s and has remained of similar size throughout the period. Heinabergsjokull
is divided into three branches by two mountains, Snjofjall and Litla-Fell (Fig. 1), and has a
long and flat ablation area. The glacier terminates in a proglacial lake, that was formed in the
1940s and has increased in size since then. The glacier tongue broke up in the autumn of 2013
and the terminus shortened by 1 km (Sigurdsson, 2014). Flaajokull has a wide accumulation
area and a gently sloping 4 km wide tongue that terminates in a lake that formed during or
prior to the 1940s.



DATA

Bedrock topography

The three outlet glaciers were surveyed with a radio echo sounder (RES) and Differential
Global Positioning System (DGPS) equipment in the period 2000-2005 (for details of the
method see e.g. Magnusson and others, 2012). Point measurements were carried out in the
ablation area, whereas continuous profiles were surveyed in the accumulation area (Fig. 2a).
The vertical accuracy of the bedrock measurements is 5-20 m, depending on the location. The
glaciers have excavated deep troughs that reach below sea level into glacial and glacio-fluvial
sediments. A small depression below the terminus of Skalafellsjokull reaches 100 m below
sea level. Heinabergsjokull has excavated a 10 km long trench, which underlies the majority
of its ablation area, reaching maximum depths of 220 m below sea level. The bedrock of
Flaajokull is 200 m below sea level in the ablation area (Fig. 2a). In some areas the RES lines
are spaced some km apart (Fig. 2a), and the bedrock topography may be inaccurately
estimated, which may affect the accuracy of the ice flow model. Previous model simulations
on the neighbouring Hoffellsjokull show that, using a filled trench or the current bedrock
topography, had negligible effects on the simulations (Adalgeirsdéttir and others, 2011). We
thus use the measured bedrock DEM (unfilled trench) in all model runs.

Glacier area and volume changes 1890-2010

The evolution of area and volume of the three outlet glaciers 1890-2010 (Fig. 2b and Table 2)
has been derived from a multi-temporal glacier inventory. DEMs of 1890 were created from
glacial geomorphological features and historical data from the time of the LIA maximum
(Hannesdottir and others, 2014b), whereas DEMs from 1904, 1945, 1989, 2002 and 2010,
were generated from maps, aerial images, DGPS-surveys, and a LiDAR survey (Hannesdottir
and others, 2014a). The most accurate DEMs were produced with airborne LIiDAR
technology in late August-September of 2010 and 2011 (Icelandic Meteorological Office and
the Institute of Earth Sciences, 2013), with a 5 m x 5 m horizontal resolution and a vertical
and horizontal accuracy of <0.5 m (J6éhannesson and others, 2013). The glaciers started
retreating from their terminal LIA moraines after 1890, and retreated during most of the 20th
century. The retreat accelerated in the 1930s and slowed down after the 1940s following
cooler summers. The glaciers halted or advanced slightly in the 1960s to 1980s due to colder
temperatures, but the retreat accelerated again after ~2000. During the first decade of the 21st
century, the glaciers experienced the highest rate of mass loss in the post-LIA period
(Hannesdottir and others, 2014a).

Mass balance observations

Mass balance measurements have been carried out on Vatnajokull since 1991, and today the
network consists of ~60 stakes (Bjérnsson and Palsson, 2008). The net annual balance has
been negative after 1995, and the ice cap has lost on average 1 m w.e. a' since then
(Bjornsson and others, 2013). The majority of the stakes are located on the northern and
western part of the ice cap, but six stakes are on a profile from the terminus up to the ice
divide on Breidamerkurjokull and a few survey sites are located in the accumulation area of
the studied glaciers (Fig. 1, Bjornsson and Palsson, 2008). Three stakes are measured on
Hoffellsjokull, at the ice divide, around the ELA and in the ablation area (Adalgeirsdottir and
others, 2011). The elevation dependency of mass balance of SE-Vatnajokull is shown in Fig.
3a. Ablation of up to 9 m w.e. a* is observed during summers on Breidamerkurjokull and
Hoffellsjokull, and negative winter balances at the terminus (Bjornsson and Palsson, 2008).
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Two new stakes were added to the mass balance survey network in 2009 in the accumulation
area of Skalafellsjokull and Flaajokull. Digital mass balance maps, for every year since 1996,
have been manually interpolated (for method details see e.g. Bjérnsson and others, 2002),
using the in situ mass balance measurements and the observed mass balance gradient on SE-
Vatnajokull (Fig. 3a). The resulting maps are integrated over the whole glacier area to
calculate the mean specific mass balance shown in Fig. 3b for the three outlets of this study.

Temperature and precipitation data from meteorological stations

Long temperature and precipitation records are available from two lowland meteorological
stations south of Vatnajokull (Fig. 1), at Fagurhdlsmyri (16 m as.l, 8 km south of
Orafajokull) and Holar in Hornafjérdur (16 m a.s.l., 15 km south of Hoffellsjokull). The
temperature record at Holar is available for the period 1884-1890 and since 1921 (Fig. 4),
whereas precipitation measurements started in 1931. The temperature record from
Fagurholsmyri goes back to 1898, and precipitation has been measured since 1921 and until
2008 (Fig. 4). Temperature records from other stations around the country were used to
extend the local records back to 1860 and fill in gaps by an iterative expectation maximization
algorithm (described in Adalgeirsdottir and others, 2011). To extend the precipitation record
of Fagurhélsmyri back to 1860, Adalgeirsdottir and others (2011) applied a linear regression
between the monthly values of temperature (Hdlar) and precipitation (Fagurhélsmyri) and
tuned with the available precipitation record. The mean summer temperature during the time
period 1980-2000 was 9.6 °C, when the mass balance of most glaciers in Iceland was close to
zero (Sigurdsson, 2005; Adalgeirsdéttir and others, 2006; Gudmundsson and others, 2009a,
2011) compared to 8.5°C in 1884-1890 (Table 3). The average climate of the period 1980—
2000 is used as a reference climate for the model simulations in this study.

DOWNSCALED PRECIPITATION DATA

Two different downscaled precipitation datasets are available for Iceland and used in this
study. Based on data from the RAV project (Rognvaldsson and others, 2011), dynamically
downscaled precipitation in Iceland is available on a 3 km grid since 1995 and 9 km
resolution from 1958, and with a 3 hour temporal resolution. The atmospheric data was
produced with the state-of-the-art non-hydrostatic atmospheric model WRF (Weather
Research Forecasting, Skamarock and others, 2008). The model takes full account of
atmospheric physics and dynamics, with atmospheric moisture and precipitation proceesses
parameterized with the scheme of Thompson and others (2004). The high-resolution is needed
to adequately simulate the flow in the complex topography of Iceland. The model is forced by
atmospheric analyses from the European Centre for Medium Range Weather Forecasts
(ECMWF). The model has been extensively used for atmospheric research in Iceland, and the
performance in simulating the precipitation on the Myrdalsjokull ice cap in S-Iceland is good
(Agustsson and others, 2013).

A linear theory (LT) model of orographic precipitation (Smith, 2003), which includes
airflow dynamics, condensed water advection, and downslope evaporation was used to create
1 km resolution precipitation dataset for Iceland for the time period 1958-2006 (Crochet and
others, 2007). The model was revised during the Climate and Energy Systems project
(Jéhannesson and others, 2007). The model is similarly driven by coarse-resolution 40 year
reanalysis data from ECMWF until 2001 and from 2002, using available ECMWF analysis.
The simulated precipitation is in good agreement with precipitation observations accumulated
over various time scales (from wind-loss corrected rain gauge data and glacier mass balance
measurements), both in terms of magnitude and distribution. The results suggest that the



model captures the main physical processes governing orographic generation of precipitation
in the mountains of Iceland (Crochet and others, 2007). The model allows simulations of the
distribution of snow accumulation on glaciers in more detail than has been possible in
previous glacier mass balance studies in Iceland (Crochet and others, 2007). A new daily
precipitation dataset for the time period 2007-2010 was made by combining rain gauge data
and monthly climatic precipitation maps derived from the LT-model (Crochet and others,
2007; Jéhannesson and others, 2007) through anomaly interpolation (Crochet, 2013). The rain
gauge network used in the construction of the daily precipitation maps is composed of manual
and automatic stations. The data have been quality controlled and corrected to account for
measurement errors such as due to wind-loss, wetting and evaporation. For the sake of
simplicity, this dataset will also be referred to as the downscaled orographic precipitation
from the LT model (LT-DP).

MODELS

The mass balance model

The mass balance model used in this study is a PDD (temperature index) model that has been
developed for temperate glaciers (called MBT-model) in Iceland and the Nordic countries
(Jéhannesson and others, 1995; J6hannesson 1997) and has previously been used in several
glaciological studies in Iceland (Adalgeirsdéttir and others, 2006, 2011; Jéhannesson and
others, 2007; Gudmundsson and others, 2009a). Glacier accumulation and ablation are
computed from daily precipitation and temperature values from meteorological stations
outside the glacier or distributed fields of daily temperature and precipitation. Melting of
snow and ice is computed from the number of PDD, using different degree—day factors
(amount of melting per PDD) for snow and ice and a constant snow/rain threshold (1°C) is
applied (J6hannesson, 1997). Previously, constant horizontal and vertical precipitation
gradients have been used to represent spatial precipitation variations when forced with data
from meteorological stations away from the glaciers.

The in situ mass balance data from SE-Vatnajokull were used to calibrate the mass
balance model using the LT-DP (Fig. 5). The precipitation model extends to 2010, and mass
balance measurements started in 1996, resulting in a 14 year long calibration period. The new
mass balance stakes on the southern slopes of Breidabunga (SkfO1 and FIO1, Fig. 1) were not
used in the calibration of the mass balance model, since the data from the LT model is only
available until 2010. The mass balance model calculates the mass balance for each day, but
the model output is defined for summer (May 1-September 30), winter (October 1-April 30)
and annual balance for every balance year.

The modelled winter mass balance is overestimated at BBO on average by 0.8 m
(compared to in situ measurements), whereas the winter mass balance on other stakes in the
accumulation area is better represented by the model, on average 0.1-0.4 m higher (Fig. 5).
This may be due to snowdrift at the highest survey points, which is not taken into account in
the mass balance model. The model generally underestimates the winter balance at stakes in
the ablation area, on average by 1.5 m at Hosp for example. This difference would be even
greater if the LT-model would account for surface lowering that has occurred during the 14
year long calibration period, which is as high as 70 m for stakes at the lowest elevation. The
degree—day scaling factors for snow (ddfs) and ice (ddf;), are determined by minimizing the
root mean square (RMS) between measured and modelled mass balance. The ddf; is derived
from 7 points in the accumulation area, whereas the ddf; from 6 points in the ablation area
(Fig. 1). The best fit (lowest RMS value) was found when using ddfs =3.7 mm w.e. °C > d %,
and ddf; =5.5 mm w.e. °C™* d"* (Table 4). This is in the range of previously estimated degree—
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day factors from studies on Langjékull and Vatnajokull (Gudmundsson and others, 2003;
Flowers and others, 2007; Jéhannesson and others, 2007; Adalgeirsdottir and others, 2011).
The mass balance model explains 87% of the variance of the winter balance and 92% of the
variance of the summer balance in the period 1996-2010 (Fig. 6).

The ice flow model

The ice flow model used in this study is based on the SIA and vertically integrated continuity
equation, neglecting longitudinal stress gradients, bed isostatic adjustments and seasonal
variations in sliding (e.g. Adalgeirsdottir, 2003; Adalgeirsdottir and others, 2006). Glen’s
flow law with an exponent n=3 is assumed as a constitutive equation for ice (Cuffey and
Paterson, 2010). In terms of numerical implementation, this version of the model uses the
finite element method with triangular elements, and has previously been applied to simulate
the evolution of Hoffellsjokull (Adalgeirsdéttir and others, 2011). Comparison of the
modelled velocity and SPOT derived surface velocity on Hoffellsjokull, indicated that the
model captures the large-scale flow pattern (Adalgeirsdéttir and others, 2011). The average
slope of the studied outlet glaciers is in the range of 3-4° and the aspect ratio (typical
thickness to characteristic length for the ice body) is on the order of 107, which is acceptable
for application of the SIA method (e.g. Adalgeirsdottir and others, 2000; LeMeur and others,
2004).

Several values for the rate factor (A) are applied to select one that best simulates the
observed glacier geometry. In previous studies (Adalgeirsdéttir and others, 2006;
Gudmundsson and others, 2009a) the rate factor was 6.8x10*° s kPa®, and in the more
recent study of Adalgeirsdéttir and others (2011), the rate factor A=4.6x10** s™* kPa® was
determined from a series of model runs for Hoffellsjokull to best fit the observed velocity
field. Based on the results of several ice flow model studies, the recommendation of the rate
factor for temperate ice is A=2.4x10 " 5! kPa ® (Cuffey and Paterson, 2010). Model runs
that include explicit basal sliding were made, applying a Weertman type sliding law
(Paterson, 1994); where the sliding velocity (Vs) is assumed to be proportional to the basal
shear stress, m, to a power of m (Vs=Cxz,"). C is the sliding parameter and the exponent m is
assumed equal to 3 in our model runs. We do not have data to determine the relative
contributions of deformation and sliding velocities to the glacier flow. The horizontal
resolution of the input files (bedrock and surface topography, mass balance data) is 200 m ,
and similarly the size of the triangular elements of the model mesh is ~200 m. The ice divides
are kept at a fixed location in the model and no flow occurs across them, and thus we ignore
that ice divides can shift due to mass balance changes. The ice flow model is run both coupled
and uncoupled with the mass balance model using LT-DP in the time-dependent simulations.
When coupled, the changing glacier surface elevation is updated each year, which affects the
calculated mass balance, whereas in uncoupled runs the mass balance is computed on the
same topography throughout.

L. SIMULATIONS WITH VARIABLE MASS BALANCE

In this section we describe the different model results emerging from using constant
precipitation gradients in the mass balance model, an average winter mass balance grid based
on in situ measurements revised with precipitation from the WRF-model, and using LT-DP as
input for the mass balance model. In all the simulations constant temperature and precipitation
forcing is applied, using the averages of the baseline period 1980-2000. The model simulation
all start with a smoothed measured 2000 glacier surface DEM (obtained by running the model
for 2 years), and use a rate factor of A=4.6x10 ° s kPa >,



Constant precipitation gradients and new stake data

A simulation with the mass balance-ice flow model was carried out using constant horizontal
and vertical precipitation gradients; 0.5 per 100 m in vertical, 0.0005 and -0.0008 per 100 m
in horizontal east and north direction, respectively. Temperature at Holar in Hornafjérdur and
precipitation at Fagurhélsmyri was used to force the mass balance model, with the same
degree—day factors for snow and ice as in previous studies on S-Vatnajokull (Adalgeirsdottir
and others, 2006). These simulations revealed a surface lowering in the accumulation area of
>90 m and a volume reduction of 20-30% between the start and end of the simulation (Fig. 7a
and Table 5). The results indicate that the mass balance is underestimated in the accumulation
area of the glaciers.

Experience from fieldwork led us to suspect that winter accumulation on the southern
slopes of Breioabunga is higher than on the ice divide as measured at BBO and B19 (Fig. 8a).
Two new stakes (SkO1 and FI01, Fig. 8b), were therefore added to the mass balance network
in the fall of 2009 located south of the ice divide, which confirmed this. Measurements from 4
years at the new stakes show that higher winter balance values are found south of the ice
divide, than at BBO and B19, and the values are around 1 m higher than previously estimated
with the manual interpolation of the in-situ mass balance data at this location (Fig. 8b). It is
clear that the 2 stakes on the ice divides (BB0 and B19) do not adequately represent the winter
mass balance variance of the studied outlets (Fig. 8a).

Winter mass balance map from in situ measurements revised with downscaled
precipitation from the WRF-model

In order to explore the possible deficit of the winter mass balance in the accumulation area of
the three glaciers, as found when using the constant precipitation gradient in the mass balance
model, two independent modelled precipitation datasets were analyzed; the downscaled
winter precipitation fields dervied from the WRF-model and from the the LT-model (Figs. 8c
and d). Both datasets indicate that the winter precipitation distribution is more complex in this
area than can be accounted for by constant precipitation gradients. The greatest snow
accumulation is to the south of the Breidabunga plateau according to both model results;
maximum values are approximately 5.0 m in the WRF modelled winter precipitation (Fig. 8c)
and around 3.5 m according in the LT modelled winter precipitation (Fig. 8d).

The manually interpolated winter mass balance maps of the time period 1996-2006
were revised with downscaled precipitation data from the WRF-model, by overlaying the two
grids. Summer melting was deduced from the degree—day model, using the average
temperature from Holar in Hornafjérdur in the time period 1980-2000. Forcing the model
with the interpolated mass balance maps lead to an improvement of the simulated glacier
geometry. Less surface lowering occurred in the accumulation area and the glaciers reached
equilibrium without loosing the same ice volume as forcing it with the constant precipitation
gradients (Figs. 7a and b, Table 5). The outlets advanced beyond the 2000 margin (Fig. 7b),
resulting in a 5-14% increase in area (Table 5).

LT-DP and tuning of the rate factor

To create mass balance grids to force the ice flow model with, we first ran the mass balance
model with the LT-DP for every year, which produced 1x1 km mass balance grids and
averaged over the 20 year baseline period. They were interpolated on to a grid size of 200 m
resolution, to match the resolution of the flow model. In Figure 7c the elevation difference
between the start and end of the simulation is shown. The surface lowering in the
accumulation area is similar as when using the revised mass balance maps with WRF data,



but thickening in the ablation area is less (Figs. 7b and c). The volume loss is on the order of
2-12%, and the simulated areal extent is slightly larger than the observed area (Fig. 7c and
Table 5). In view of the good agreement between observed and simulated glacier geometry a
series of simulations with various rate factors and adding explicit sliding were carried out (see
Table 5). The best fit is obtained with a rate factor of A=2.4x10*° s* kPa 2, representing
stiffer ice (Fig. 7d). The glaciers undergo less surface lowering in the accumulation area than
in earlier simulations (Figs. 7a—c), and the modelled volume and area are closer to the
observations, the difference being within 3% (Table 5). Adding sliding (C=10x10*° ma*
Pa ®) gives the same results as having softer ice (A=4.6x10 *° s * kPa ®) (Table 5).

Summary of simulations using various precipitation data for the mass balance model

A further comparison of the simulations described above is shown in Figure 9, where
longitudinal surface profiles from the ice divide to the terminus are shown, and compared
with a number of observed surface profiles. The substantial lowering of the glacier surface
using constant precipitation gradients in the mass balance model is evident on the modelled
surface profiles on all three outlets. The simulations using the revised winter mass balance
map with precipitation from the WRF-model indicate an overestimation of the winter mass
balance, as all three outlets advance ~1 km beyond the observed margin, and thickenin the
ablation zone by up to 100 m Fig. 7b). Simulations using the LT-DP show a good fit with the
observed surface profiles (Fig. 9). An average thickening of 100 m in the accumulation area
of Flaajokull occurs in all simulations (see Figs. 7a—d). As the RES survey lines in the eastern
accumulation area of Flaajokull are further apart than in other areas, the lack of details in the
bedrock topography may be the cause for this arbitrary thickening in the simulations (Figs.
Ta—d).

In Figures 10a and b, the modelled winter mass balance and the manually interpolated
winter mass balance map, based on the in situ measurements (including the new stakes), are
shown, respectively. There is good agreement between the two maps, both showing the
highest winter mass balance values south of the ice divide in the upper parts of the
accumulation area of Skalafellsjokull. The modelled and measured specific winter balance is
given for each outlet on the figures, showing comparable values. The mass balance model was
not able to reproduce the abnormally low summer balance of 2010 (see Fig. 3b), which was
affected by the tephra from the Eyjafjallajokull eruption deposited on the ice cap
(Gudmundsson and others, 2012) and caused increased radiative forcing and glacier melt (see
e.g. Bjornsson and others, 2013). For further validation of the mass balance model using the
LT-DP, the end of the summer snowline, which is used as a proxy for the ELA, derived from
a set of MODIS images from 2007 to 2010 (from Hannesdottir and others, 2014a), is plotted
on the modelled net mass balance maps in Figures 10 c—f. The location of the MODIS
snowline agrees well the modelled ELA in all four years, providing further validation of the
results of the mass balance model using the LT-DP.

I1. SIMULATIONS WITH LT-DP

Step changes in temperature and precipitation

Steady state experiments were performed to analyze the sensitivity of the model to step
changes in temperature and precipitation. In reality, glaciers are constantly responding to
climate variations and are never in a steady state, but such simulations provide insight to the
sensitivity of glaciers to climate changes. All simulations start with a geometry that has been
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run into a steady state. A series of simulations with step changes in temperature and/or
precipitation relative to the baseline period 1980-2000 were carried out (Table 6). Each
model simulation is forced with constant mass balance grids, that were produced by the mass
balance model, interpolated to a 200 m horizontal resolution and the average of the 20 years
calculated. The applied step changes in temperature are in the range of the observed
temperature difference since the late 19th century until 2010 observed at Hdlar in
Hornafjorour (Table 3), and possible future climate scenarios. Figure 11 shows that the
modelled glaciers respond to step changes in precipitation and temperature by increasing or
decreasing their volume and extent. The mass balance sensitivity to a 1°C temperature
decrease is in line with a 40% increase in annual precipitation (Table 6). The mass balance
sensitivity to +1°C is -1.51 to -0.97 m w.e. al, similar to a 40% decrease in annual
precipitation or in the range of —1.29 to —0.86 m w.e. a * (Table 6), and this forcing leads to a
volume loss of up to 40% (Fig. 11).

Simulations were made to assess the sensitivity of the glaciers to possible future
temperature and precipitation changes, according to climate change predictions for the 21st
century in Iceland (e.g. Jéhannesson and others, 2007; Nawri and Bjornsson, 2010). Climate
scenarios for Iceland indicate less seasonal temperature variations, and the future warming is
projected to be concentrated in the spring and autumn (Jéhannesson and others, 2007).
Temperature is predicted to increase at a rate close to 0.3°C per decade until 2050, and 0.2°C
per decade until 2100, with superimposed decadal variations determined by natural climate
variability (Nawri and Bjoérnsson, 2010). Changes in precipitation are projected to be
moderate, increase in annual precipitation from 1961-1990 to 2071-2100 is likely to be in the
range of 0—10% in most regions (J6hannesson and others, 2007; Nawri and Bjoérnsson, 2010).
A 2°C warming and a 10% increase in annual precipitation would lead to > 50% volume loss
and 8-10 km termini retreat and up to 35% area loss (Fig 12b and Table 6). A temperature
increase of 3°C and 10% increase in annual precipitation, could lead to 80-90% volume loss
(Table 6 and Fig. 12d). The glaciers undergo similar volume loss if the annual precipitation is
unchanged, i.e. kept the same as in 1980-2000 (Table 6).

Simulating the LIA maximum volume

We ran simulations to reproduce the reconstructed LIA maximum glacier geometry and
volume of the three outlets (as described in Hannesdéttir and others, 2014b). Temperature
measurements, from the late 19th century are available from Hélar in Hornafjorour (Table 3),
indicate a 1°C cooling relative to the baseline period. We tried three different precipitation
variants (90%, 85%, 80% of the average annual precipitation of 1980-2000) accompanied
with the 1°C lower temperature (Fig. 11). The simulation that best resembles the
reconstructed LIA glacier geometry was obtained using 20% reduction of annual
precipitation, which is in accordance with the precipitation estimates for the time period
1860-1890 (from Adalgeirsddttir and others, 2011, see Table 3). A simulation with 1°C
decrease and unchanged annual precipitation, relative to the baseline period, resulted in an ice
volume that is 20-30% larger than the observed LIA volume (Table 6).

The simulated LIA maximum volume is within the error estimates of the observed
volume (Table 2). The simulated LIA areal extent is slightly smaller than the observed, except
for Flaajokull. The disagreement between its observed and simulated area can be explained by
the small tongues on the west side of Flaajokull, reaching beyond the mapped 1890 glacier
margin in the simulations, (Fig. 12a). However the main terminus of Flaajokull is fairly well
represented in the simulations (Fig. 12a). The ELA of the simulated LIA glaciers is around
800 m on Skalafellsjokull, 750 m on Heinabergsjokull and 800 m on Flaajokull, which is in
good agreement with the estimated LIA ELA, which is based on the elevation of the
uppermost lateral moraines (Hannesdoéttir and others, 2014b). This is a known method, where
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lateral moraines are used as a proxy for the ELA, since moraines are only deposited below the
ELA, where glacier flow is emerging (e.g. Benn and Evans, 2010).

Simulating the 1959-2010 evolution

The time-dependent simulations for the time period 1959-2010 were initialized with a steady
state glacier geometry, and run both with coupled and uncoupled mass balance ice flow
models (Fig. 13). The model simulates the observed volume changes well (Fig. 13). The
simulations show a slight mass gain in the 1990s, which has also been observed as slight
advances of the termini and gain in the glacier surface elevation in the accumulation area
(Hannesdottir and others, 2014a). The observed volume decrease from 2002 to 2010 is not
entirely captured by the model, and this is especially noticeable for Heinabergsjokull. The
difference between the observed and simulated volume in 2010 is 2.3 km® (or 9% of the
observed 2010 volume). This is a larger difference than the 1.5% and 3.2%, for
Skalafellsjokull and Flaajokull, respectively. There is a 1-2% difference in volume between
the coupled and uncoupled simulations in these model runs; all glaciers experience greater
volume loss in the coupled runs when the mass balance is computed on a lowering surface
(Fig. 13 and Table 2). This emphasizes the importance of using coupled models for future
simulations, when the glaciers will undergo increased surface lowering and retreat, as a result
of a warmer climate.

DISCUSSION

The importance of using downscaled precipitation in the simulations

Skalafellsjokull, Heinabergsjokull and Flaajokull face the prevailing precipitation direction on
the SE-coast and receive high amounts of precipitation, associated with the frequent passage
of atmospheric fronts and lows. From model simulations it is evident that the precipitation is
not adequately described by constant horizontal and vertical precipitation gradients.
Orographically enhanced precipitation and snowdrift complicates the pattern of snow
distribution in the accumulation area of the three outlet glaciers. For comparison, the variance
of the winter mass balance of Langjokull was neither captured with constant precipitation
gradients in mass balance simulations (Gudmundsson and others, 2009b). Gudmundsson and
others (2009a) found discrepancies between modelled and observed winter balance at
Langjokull and Hofsjokull (Fig. 1 for location), which they attributed to snowdrift.

The two new mass balance stakes (Skf01 and FIO1) confirm the modelled winter mass
balance pattern of the LT-DP and WRF simulations. The good agreement between the
modelled and measured winter balance during the one overlapping year (2010) on the three
outlets (Figs. 10a and b) and between the MODIS derived and modelled ELA (Figs. 10c—f),
indicates that the 1 km model resolution is adequate to simulate the precipitation distribution
in the complex topography. The LT-DP has previously been found to be in good agreement
with glacier mass balance measurements on Langjokull, Hofsjokull and Vatnajokull (Crochet
and others, 2007). Downscaled precipitation from the RAV dataset has previously been
successfully used to estimate the measured winter mass balance of 2007-2012 in the
accumulation area of Myrdalsjokul ice cap (AguUstsson and others, 2013). The horizontal
resolution of 3 km is sufficient to adequately simulate the atmospheric flow and the spatial
structure of the precipitation field on the relatively flat ice cap. This may not be the case for
the outlet glaciers of SE-Vatnajokull as they are in more complex terrain than the
accumulation area of Myrdalsjokull. The LT model of Crochet and others (2007) has a higher
horizontal resolution than the RAV data and may therefore perform better in those locations.
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The higher resolution of the LT-model, may counterbalance its simplified parameterization of
airflow and moisture physics compared to the more complex parameterizations employed in
the lower resolution RAV data.

The constant precipitation gradients may work better when simulating one outlet
glacier, as Hoffellsjokull (with well constrained mass balance model), than modelling a group
of outlets, separated by steep mountains, which influences the orographically enhanced
precipitation. Also a wealth of data are available for Hoffellsjokull, which are not applicable
for the outlet glaciers of this study. These include a denser network of mass balance
measurements, glacier velocity fields from GPS surveys and satellite data, and energy balance
measurements from automatic weather stations, which were used in the calibration of the
mass balance model (Adalgeirsdéttir and others, 2011).

Sensitivity of the outlet glaciers to climate perturbations

The importance of precipitation variations for the growth and presence of these outlet glaciers
is clear when comparing the results of simulations forced with and without a change in the
precipitation. For example a 1°C cooling versus a 1°C cooling and 20% less annual
precipitation, relative to the baseline period 1980-2000, results in a 30-50% increase in ice
volume versus a 10-18% increase, respectively (Table 6). To counterbalance a volume
increase due to a 1°C cooling, the precipitation would need to decrease by ~40% (Table 6).
This is similar to previous results of mass balance modelling studies where increases in
precipitation of 20-50% and 30-40% respectively, were required to balance increased
ablation due to temeprature rise in a variety of climate regimes (Oerlemans and others, 1998;
Braithwaite and Raper, 2002). The average temperature at Holar in Hornafjorour in the period
2000-2010 was 10.5°C, versus 9.6°C during the baseline period 1980-2000 (Table 3). A
+1°C step change, relative to the period 1980-2000, results in a volume loss of 23-34%,
whereas adding 10% of the annual precipitation to that warming, the glaciers would lose 7—
8% less of their ice volume. However, simulations using the average temperature and
precipitation of the period 2000-2010 results in volume loss of 7-12% (Table 6), less than
the volume loss due to a 1°C warming relative to the baseline period. This implies that
considerably more precipitation fell in the mountains and on the outlet glaciers of SE-
Vatnajokull, even though a similar change is not seen at the lowland meteorological stations.
However, recent experiments with numerical weather models indicate that changes in
precipitation in the mountains are not necessarily correlated with changes in precipitation at
the lowlands, implying that care must be taken when observed precipitation is extrapolated
into complex topography (AgUstsson, 2014). Unfortunantly, as the mass balance
measurements started in 1996, they have limited use in a further analysis of the baseline
period.

The three outlets respond differently to warming and cooling scenarios (Fig. 11 and
Table 6). Considerable deviations are observed between the modelled and observed surface
profiles for Heinabergsjokull in most simulations (Fig. 9), whereas there is better agreement
between modelled and observed surface profiles for the two other outlets. Heinabergsjokull is
more sensitive to changes in temperature and precipitation; a cooling of 1°C results in a 50%
increase in ice volume but only 30-35% for the other two neighbouring outlets. In general
Heinabergsjokull’s increase or decrease in volume in response to changes in precipitation
and/or temperature is nearly twofold that of Skalafellsjokull for example (Table 6). The
hypsometry (area distribution with elevation) and bedrock topography of these outlets differs.
Heinabergsjokull terminates in an overdeepened basin, where a large part of the bedrock is
below sea level (Fig. 2a) and its terminus is at low elevation. The AAR of Skalafellsjokull is
0.68 (Table 1), which is close to 10% higher than the AAR of the other two outlets, and
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usually has a more positive winter balance (Figs. 3b and 10b). The proglacial lake of
Heinabergsjokull probably affects the mass balance and enhances the ablation by melting and
calving, as has been observed and calculated for Hoffellsjokull (see Adalgeirsdéttir and
others, 2011). This additional mass loss is not taken into account in the flow model, as no
calving mechanism is included. The lake area has been estimated from an aerial image from
2002 (www.loftmyndir.is) and a LiDAR shaded relief from 2010, and has not increased in
size during the 8 year long period. However, the surface topography of the terminus has
changed in this time period, indicating that the tongue is now floating.

Future simulations

Our results from the steady state model simulations assuming a warming of 2°C together with
a 10% increase in precipitation (relative to 1980-2000), indicate a >50% volume loss loss. A
warming of 3°C would cause almost disappearance of the outlets, which is in line with
previous studies (Adalgeirsdottir and others, 2006 and 2011). Very little difference is found
between forcing the model with only higher temperatures or adding 10% to the annual
precipitation, as the precipitation will fall as rain at higher temperatures. Previous glacier
modelling studies project that downwasting of S-Vatnajokull will intensify during the coming
decades, leading to its almost complete disappearance within the next 150-200 years
(Adalgeirsdottir and others, 2006; 2011).

Small or negligible trends in the precipitation in Iceland have been observed on
lowland meteorological stations since beginning of measurements (e.g. Hanna and others,
2004; Jéhannesson and others, 2007), but that may not neccessarily apply to the mountainous
areas. Although trends or temporal variability in temperature can be reasonably extrapolated
from lowland stations to other locations within the same region, including complex orography
and to higher altitudes, the same is not true for precipitation. Results of model simulations of
precipitation emphasize the limitation of precipitation observations in the lowlands as a proxy
for precipitation in the mountains (Rognvaldsson and others, 2007). In recent numerical
simulations of a large orographic precipitation event in SE-Iceland, a change in air
temperature of 2°C introduced dramatic changes in the spatial distribution of precipitation and
in maximum precipitation amounts, compared to a control run (Agustsson, 2014). These
changes were most pronounced on the glaciers and the mountains, and only to a small degree,
or even not at all seen, at many lowland locations, including where some of the meteorlogical
stations in the region are found. Downscaled precipitation fields will be necessary for future
simulations. Indeed, the WRF model has been used to scale down simulations of future
climate in Iceland until 2050 (Thorsteinsson and Bjérnsson, 2012; Régnvaldsson, 2013), that
result should be considered for future simulations of the three studied oulets.

It would be worthwhile to simulate the known history of volume changes of the 3
outlets since the LIA maximum in the late 19th century to 1959, given that a distributed
precipitation field for the period can be produced. It may be possible to extrapolate back in
time the spatial structure of the precipitation field for certain periods for which the
precipitation is well reproduced (1959-2010), based on correlations with precipitation
observations from lowland meteorological stations since the late 19th century.

CONCLUSION

A numerical mass balance-ice flow model has been used to simulate the evolution of three
outlet glaciers of SE-Vatnajokull. The history of area and volume changes 1890-2010 of the
three outlet glaciers of SE-Vatnajokull (Hannesdottir and others, 2014a) was used to constrain
the model. For the first time downscaled precipitation is used in mass balance modelling of
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Icelandic glaciers, obtained from an orographic precipitation model. The results indicate that
the 1 km resolution of the LT model is adequate to simulate the precipitation fields on the
glaciers, and demonstrate that downscaled precipitation data is necessary for mass balance
modeling of glaciers in complex mountain topography. When forcing the mass balance model
with constant horizontal and vertical precipitation gradients as has been done previously, the
mass balance model does not successfully represent the winter mass balance variance in this
area. Two new mass balance stakes were added to the survey network of Vatnajokull on
Skalafellsjokull and Flaajokull, which show higher winter accumulation on the slopes south of
the ice divide, than on the plateau, close to modelled winter precipitation maximum.
Simulations of the three SE-outlets imply that their LIA maximum volume is reached with
temperatures 1°C lower than the average of the 1980-2000 baseline period and a decrease in
annual precipitation of 20%, which is in line with data from nearby meteorological stations
outside the glaciers. Calculated sensitivity of annual balance to 1°C warming is on the order
of —1.51 t0 —0.97 m w.e. a™* (similar to results of Adalgeirsdéttir and others, 2006) and +0.16
to +0.65 m w.e. a* for a 10% increase in precipitation. The calculated sensitivity to 1°C
cooling is similar to a 40% increase in annual precipitation in the range of 1.06-1.47 m w.e. a’
! Climate scenarios for Iceland predict a 2-3°C warming by 2100, and precipitation increase
in the range of 0-10%. The model indicates that these changes will result in >50-80%
decrease in ice volume, relative to the baseline period 1980-2000.
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Figure 1. (a) Iceland in the North Atlantic Ocean and major ocean surface currents; East
Greenland Current (EGC), East Iceland Current (EIC), Irminger Current (IC) and North
Atlantic Current (NAC). (b) Iceland and the larger ice caps; Vatnajokull (V), Langjokull (L),
Hofsjokull (H), Myrdalsjokull (M). Oreafajokull (O), the plateau of Breidabunga (BB) and the
locations of the meteorological stations at Fagurholsmyri (F) and Hélar in Hornafjérour (HH).
The box outlines (c) eastern Breidamerkurjokull, Skalafellsjokull, Heinabergsjokull,
Flaajokull, and Hoffellsjokull. The surface topography is from the 2010 LiDAR DEM with
100 m contour lines shown in gray, and ice divides in black. The locations of mass balance
stakes are indicated by black dots, stakes that are not used for the calibration of the mass
balance model are in parenthesis. Nunataks are shown in light gray, including Snjofjall (S)
and Litlafell (L) in Heinabergsjokull. Proglacial lakes are shown in blue and the road
delineated in black.
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Figure 2. (a) The bedrock topography derived from radio echo sounding measurements
(shown with white lines and dots) of Skalafellsjokull, Heinabergsjokull and Flaajokull.
Glacier margin in 2000 is shown. Proglacial lakes are shown with light blue colour and
nunataks with white. (b) The surface topography from the 2010 LiDAR DEM shown with 100
m contour lines and glacier outlines at different times from Hannesdéttir and others (2014a).
The location of the MODIS derived snowline in the period 2007-2011 is shown with light
blue colour.
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Figure 3. (@) The annual mass balance (b,) measured at stakes on Breidamerkurjokull
(circles), Skalafellsjokull and Flaajokull (crosses) and Hoffellsjokull (triangles) in the period
1996-2012. (b) Specific winter (by, blue), summer (b, red) and net balance (b, black) for
Skalafellsjokull (triangles), Heinabergsjokull (circles) and Flaajokull (crosses) for the period
1996-2013. New mass balance stakes were added to the network in 2009 (the timing is shown
with a vertical line).
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Figure 4. (@) Mean summer
(June—August) and annual
temperature (gray lines) at Holar
in Hornafjorour and 5 year
running average (black lines). (b)
Annual precipitation at
Fagurholsmyri.  Gray  boxes
indicate the time period of
reconstructed temperature and
precipitation (for details see
Adalgeirsdottir and others, 2011).
The baseline period 1980-2000
used for reference in the
computations is shown with
orange lines.
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Figure 5. Comparison of measured (solid lines) and modelled (using LT-DP and best fitting
ddf, ddfi= 5.5 mm w.e. C* d™ and ddf,=3.7 mm w.e. C* d, dotted line) winter mass balance
(bw, left column), summer mass balance (bs, middle column), and annual mass balance (bp,
right column) in m w.e. for the period 1996-2010 for individual stakes (location is shown in
Fig 1). The legend shows the elevation of each stake in 2010, or in the year of the last
measurement.
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Figure 6. Measured vs. modelled (using LT-DP and ddfi= 5.5 mm w.e. C* d* and ddf;=3.7
mm w.e. C* d') winter, summer and annual net balance of SE-Vatnajokull in the period
1996-2010. The linear relationship is shown and the R* value indicates the linear regression
coefficient.
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Figure 7. The elevation difference between the initial measured and the final simulated glacier
surface using constant temperature and precipitation forcing of the baseline period 1980—
2000. (a) The mass balance model using a constant precipitation gradient (CPG). (b)
Interpolated mean winter mass balance grid for the period 1996-2006 revised with the
downscaled winter precipitation from the WRF model (c) and (d) mass balance model using
downscaled precipitation from the LT model (LT-DP). In the simulations in figures (a) — (c) a
rate factor of A=4.6 x10* s kPa® is used in the flow model and the simulation shown in
(d) arate factor A=2.4 x10 * s* kPa™* is applied.
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10km WRF av.wP 1996-2006 (m a*')

LT av.wP 1996-2004 (m a™)

Figure 8. (a) Manually interpolated average winter balance (by,) maps for the period 1996—
2009, based on in situ measurements, (b) for the period 2010-2013, when stakes Skf01 and
FI01 have been added to the mass balance network. The measurements of the individual years
are shown by each stake; 2010 (yellow), 2011 (turquoise), 2012 (white), 2013 (red). (c)
Average winter precipitation (av.wP) in the period 1996-2006 simulated with the WRF-
model. (d) Average winter precipitation in the period 1996-2004 simulated with the LT-

model.
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Figure 9. Longitudinal profiles (locations shown in Fig. 2b) showing the glacier thickness
and extent af different times according to observations (solids, from Hannesdottir and others,
2014a) and the various simulations (lines) using constant temperature and precipitation
forcing (average of the baseline period 1980-2000), except the dark blue surface profile (-
1°C and —20% precipitation). Two different rate factors applied (A=4.6x10""° s™* kPa® and
A=2.4x10""° s kPa ®). Three different precipitation distributions are applied; CPG=constant
precipitation gradient, winter mass balance (b,) map revised with downscaled precipitation
from the WRF-model, and LT-DP. The white shaded horizontal bands indicate the elevation
range of the snowline, derived from the MODIS images.
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Figure 10. The winter mass balance (by) in 2010 () modelled using LT-DP and (b) manually
interpolated by, (based on in situ measurements) in m w.e. a *. The specific winter balance is
shown for each glacier, Skalafellsjokull (S), Heinabergsjokull (H), Flaajokull (F) in (a) and
(b). (c—f) Modelled net balance (b,) in m w.e. a* in 2007, 2008, 2009, 2010, and the ELA
(b,=0) drawn in pink. The MODIS end of summer snowline (a proxy for the ELA), is shown
with black dots (from Hannesdéttir and others, 2014a).
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Figure 11. Volume evolution due to step changes in temperature (filled circles) and
precipitation (triangles) and temperature+precipitation (crosses) changes relative to the
baseline period of 1980 2000, starting with the simulated steady state surface aquired using
A=2.4 x 10 s™* kPa® and average temperature and precipitation of the period 1980-2000
(see also Table 6).
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Figure 12. (a) The simulated LIA glacier geometry obtained with a constant 1°C cooling and
20% decrease in annual precipitation, relative to the baseline period 1980-2000, and the
reconstructed LIA extent in dark blue (Hannesd6ttir and others, 2014b). (b) — (d) The glacier
geometry at the end of simulations forced with 10% step increase in annual precipitation and
step increase in temperature (b) 1°C (c) 2°C (d) 3°C, relative to the baseline period. The red
glacier margin is the result of simulations without any change in annual precipitation, only
increase in the temperature, and the LiDAR margin of 2010 is shown with blue colour.
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Figure 13. The volume evolution of the time-dependent simulations, from coupled (dotted
lines) and uncoupled (solid lines) runs using the temperature from Hoélar in Hornafjérour and
LT-DP during the time period 1959-2010. The observed volumes of 1890, 1904, 1945, 1989,
2002 and 2010 are shown with open circles (from Hannesddttir and others, 2014a). The
simulated volume of 1890 is shown with X, assuming that temperatures were 1°C colder than
during the baseline period 1980-2000 and the annual precipitation 20% less (see Fig. 12a for
glacier extent).
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Table 1. Characteristics of the three outlet glaciers in year 2010, and Hoffellsjokull for

comparison.
ice mean snowline  gjacier glacier
divide volume area thickness AAR,y, range 2007— length slope
glacier (masl) km® (km®) (m) (%) 2011 (m) km)
Skalafellsjokull 1490 33.3 100.6 331 0.68 9101020 24.4 31
Heinabergsjokull 1490 26.7 99.7 268 0.61 990—1100 22.7 3.7
Flaajokull 1480 539 169.8 317 0.59 1060—1120 25.1 31
Hoffellsjokull* 1280 543 206.0 264 0.63 1050—1120 23.6 34

* from (Adalgeirsdottir and others, 2011)

Table 2. Observed area (A, in km?) and volume (V, in km® (from Hannesdéttir and others,
2014a) and simulated (using temperature from Holar and LT-DP). Uncoupled/coupled
simulated area and volume in 1989, 2002 and 2010 is presented (see Fig. 13).

Observed A Ao Asgos Asoss Aiogo Asonz A0
Skalafellsjokull 117.9+1.6 116.4+1.2 106.6+0.7 104.0+0.7 102.8+0.3 100.6+0.1
Heinabergsjokull 120.3+1.3 118.2+1.0 109.0+0.6 102.5+0.6 101.8+0.3 99.740.1
Flaajokull 205.6+1.9 202.1+1.4 184.1+1.0 181.940.9 177.4+0.5 169.8+0.2
Observed V V1890 Vigos Vigas V1989 Vo002 Vo010
Skalafellsjokull 39.1+1.8 38.7£1.2 36.3+0.8 35.2+0.5 34.9+0.2 33.3+0.05
Heinabergsjokull 37.0£1.8 36.6+1.2 34.7+0.8 29.7£0.5 29.3+0.2 26.7+0.05
Flaajokull 64.4+3.1 63.5£2.0 57.1+1.3 57.4+0.9 56.5+£0.4 53.9+£0.09
Simulated A Aqgoo (1°C —10%P)  Aqggo (—1°C —15%P)  Aqggp (—1°C —20%P) Aiogo Asooz Agoio
Skalafellsjokull 122.7 1195 115.6 104.6/104.7 104.6/104.5 104.6/104.2
Heinabergsjokull 123.0 120.2 116.2 101.8/101.7 101.9/101.6 101.1/100.7
Flaajokull 223.2 2175 210.5 181.5/181.8 181.2/180.9 180.7/180.0
Simulated V Vigoo (1°C —10%P)  Viggp (—1°C —15%P) V90 (—1°C —20%P) V1989 Voo Vo010
Skalafellsjokull 414 40.0 38.4 34.9/34.7 34.9/34.6 34.0/33.8
Heinabergsjokull 40.9 38.8 35.3 30.0/29.9 30.0/29.8 29.3/29.0
Flaajokull 71.3 68.5 65.7 57.3/57.0 57.4/56.8 56.3/55.6

Table 3. Mean summer (JJA) temperature (T) at Holar in Hornafjérdur and annual
precipitation (P) at Fagurholsmyri averaged over the respective time periods. The
precipitation and temperature during the time priod 1860-1890 is estimated by Adalgeirsdottir

and others (2011).

period summer T annual T P (annual)
1860-1890 ~8.5°C 3.5°C ~1.43m
1884-1890 8.5°C 3.3°C

1926-1936 10.3°C 5.0°C 2.00m
1980-2000 9.6°C 45°C 1.79m
2000-2010 10.5°C 5.3°C 1.90 m
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Table 4. Degree—day factors for snow and ice used in mass balance modelling studies on
Vatnajokull, determined by minimizing RMS between observed and modelled mass balance

glaciers ddf, (mmw.e.C'd™") ddfi(mmw.e. C'd") reference
S-Vatnajokull 45 5.3 Adalgeirsdottir and others, 2006
Hoffellsjokull 4.0 5.3 Adalgeirsdottir and others, 2011
Breidabunga outlets 3.7 5.5 this study

Table 5. The % difference between the volume and area at the start and end of simulations
using the mass balance model with constant precipitation gradient (CPG), the winter mass
balance (by) revised with downscaled precipitation data from the WRF-model and the mass
balance model using LT-DP, with rate factors between A=4.6x10 " s* kPa® and

A=2.4x10" s kPa and including basal sliding (C=10x10*® ma

1 p~).Constant

temperature and precipitation forcing applied, the average of the baseline period 1980-2000,
and starting with the smoothed 2000 glacier surface DEM. See also Figs. 7 and 9.

Glacier/mass balance model Volume Area
Flaajokull CPG (A=4.6) —22% 0%
Flaajokull b,, w/WRF (A=4.6) —7% 5%
Flaajokull LT-DP (A=4.6) —11% 3%
Flaajokull LT-DP (A=3.5) —7% 3%
Flaajokull LT-DP (A=3.0) —4% 3%
Flaajokull LT-DP (A=2.4) 1% 3%
Flaajokull LT-DP (A=2.4 and C=10) —12% 4%
Skalafellsjokull CPG (A=4.6) —23% -5%
Skalafellsjokull b,, wW/WRF (A=4.6) —2% 9%
Skalafellsjokull LT-DP (A=4.6) —11% 3%
Skalafellsjokull LT-DP (A=3.5) —T1% 2%
Skalafellsjokull LT-DP (A=3.0) —4% 2%
Skalafellsjokull LT-DP (A=2.4) 0% 2%
Skalafellsjokull LT-DP (A=2.4 and C=10) —12% 2%
Heinabergsjokull CPG (A=4.6) —29% -10%
Heinabergsjokull b,, wW/WRF (A=4.6) 10% 14%
Heinabergsjokull LT-DP (A=4.6) —12% 1%
Heinabergsjokull LT-DP (A=3.5) —7% 2%
Heinabergsjokull LT-DP (A=3.0) —3% 2%
Heinabergsjokull LT-DP (A=2.4) 2% 3%
Heinabergsjokull LT-DP (A=2.4 and C=10) —11% 2%
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Table 6. The mass balance sensitivity of the three outlet glaciers to given deviations from the
climate of the baseline period 1980-2000 (first 3 columns). The % difference between the
volume (middle columns) and area (last 3 columns) at the start and end of steady state
simulations, using step changes in temperature and precipitation, relative to the average of the
baseline period. The last line shows the results of using the average precipitation and
temperature of the period 2000-2010.

b, sensitivity (m w.e. a*) AVolume (%) AArea (%)
forcing Skala Heina Flaa Skala Heina Flaa Skala Heina Flaa
-1°C 1.47 1.04 1.10 29 49 35 25 25 30
-0.5°C 0.95 0.46 0.55 14 28 19 10 15 17
+0.5°C -0.30 -0.80 -0.61 -9 -16 -12 -5 -9 -9
+1°C -0.97 -1.51 -1.29 —23 -34 —29 -12 21 -18
+2°C -2.59 -3.07 -2.82 -59 -59 62 -34 -39 -36
+3°C —4.34 —4.79 —4.54 -92 -85 -92 -60 61 -59
P +40% 1.45 0.98 1.06 26 46 28 19 22 24
P +10% 0.65 0.16 0.27 9 18 12 6 8 10
P -10% 0.01 -0.45 -0.27 -4 7 -5 -2 4 -2
P -40% -0.86 -1.29 -1.07 -28 -38 -32 -12 -22 -18
+0.5°C P+10%  -0.01 -0.50 -0.33 -3 -6 —4 -2 —4 -3
+1°C P+10% -0.70 -1.23 -1.01 -16 —26 -21 -9 -16 -14
+2°C P+10% -2.27 -2.78 -2.50 -51 -53 -55 -29 -35 -31
+3°C P+10% —4.05 —4.52 —4.29 -88 -80 -88 -52 -56 -55
—1°C P-10% 117 0.71 0.78 19 36 25 17 20 23
—1°C P-15% 0.98 0.54 0.63 15 29 20 14 17 21
—1°C P-20% 0.81 0.35 0.47 10 18 15 10 13 16
b, 2000-2010 —0.26 —0.68 -0.49 -8 -12 —7 -5 —7 -6
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