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Abstract. The Little Ice Age maximum extent of glaciersin 1 Introduction
Iceland was reached about 1890 AD and most glaciers in the
country have retreated during the 20th century. A model forlceland (103 000 k) lies in the North Atlantic Ocean, just
the surface mass balance and the flow of glaciers is used to réouth of the Arctic Circle. Due to the warm Irminger Cur-
construct the 20th century retreat history of Hoffellsjokull, a rent, the island enjoys a relatively mild and wet oceanic cli-
south-flowing outlet glacier of the ice cap Vatnajokull, which mate and a small seasonal variation in temperature. The av-
is located close to the southeastern coast of Iceland. Therage winter temperatures are arouri€thear the southern
bedrock topography was surveyed with radio-echo soundingsoast, where the average temperature of the warmest month
in 2001. A wealth of data are available to force and constrainis only 11°C and the mean annual temperature is abs@ 5
the model, e.g. surface elevation maps frerh890, 1936, (Einarsson, 1984). At present about 11 % of the country is
1946, 1989, 2001, 2008 and 2010, mass balance observgovered by glaciers (Bjornsson and Péalsson, 2008). The Ice-
tions conducted in 1936-1938 and after 2001, energy ballandic ice caps are temperate, characterized by high annual
ance measurements after 2001, and glacier surface velocityass turnover (1.5-3.0m water equivalent (w.e.)) and are
derived by kinematic and differential GPS surveys and cor-highly dynamic. They are sensitive to climate variations and
relation of SPOTS5 images. The approximately 20 % volumehave responded rapidly to changes in temperature and pre-
loss of this glacier in the period 1895-2010 is realistically cipitation during historical times (Bjérnsson, 1979; Bjorns-
simulated with the model. After calibration of the model with son et al., 2003; Bjérnsson and Pélsson, 2008; Gudmundsson
past observations, it is used to simulate the future response @it al., 2011). The recorded volume and area changes of these
the glacier during the 21st century. The mass balance modegdlaciers are therefore good indicators of climate change.
was forced with an ensemble of temperature and precipita- Historical records of the glacier extent reach back to the
tion scenarios derived from 10 global and 3 regional climatesettlement of Iceland in the late 9th century. During the set-
model simulations using the A1B emission scenario. If thetlement, glaciers were smaller than at present. They started
average climate of 2000—-2009 is maintained into the futurefo advance in the 13th century at the onset of the Little Ice
the volume of the glacier is projected to be reduced by 30 %Age that lasted until late 19th century when most glaciers in
with respect to the present at the end of this century. If thelceland reached their maximum extent. In the 20th century,
climate warms, as suggested by most of the climate changthe climate was significantly warmer than during the Little
scenarios, the model projects this glacier to almost disappedce Age, with higher temperatures in the period 1930-1945
by the end of the 21st century. Runoff from the glacier is and again at the end of the century. Icelandic glaciers have
predicted to increase for the next 30-40 yr and decrease afteetreated during most of the 20th century with the exception
that as a consequence of the diminishing ice-covered area. of a standstill or an advance in 1960-1990 (Sigurdsson and
Jéhannesson, 1995; Bjérnsson and Palsson, 2008).

In this study, a two-dimensional Shallow Ice Approxima-

Correspondence to: G. Adalgeirsdottir — tion (SIA) ice-flow model coupled with a positive degree-
m (gua@dmi.dk) day (PDD) mass-balance model (Adalgeirsdéttir et al., 2004,
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2006) is used to simulate the evolution of Hoffellsjokull out- ¢y
let glacier of the Vatnajokull ice cap. The model is run
from the Little lce Age maximum extent, at the end of the
19th century, throughout the 20th century and then used to
predict the future response of the glacier to an ensemble of
climate change scenarios. Temperature measurements fror
the meteorological station Holar in Hornafjérour (HH) and
precipitation measurements from the station Fagurhdlsmyri
(F), (15 and 85km away from Hoffellsjokull, respectively;
locations shown in Fig. 1a), are used to force the coupled ; ;
model. A sensitivity study of various model parameters and . ' 5 I ¢ 25 sim
model assumptions is carried out and an ensemble of climate

change scenarios (Jéhannesson et al., 2011) is used to ass@Rs 1. (A) Iceland and the largest ice caps, Vatnajokull (Va),

the relative importance of natural climate variability and a Hofsjskull (Ho) and Langjokull (La). Locations of the weather sta-

deterministic anthropogenic warming trend for the evolutiontions, used to reconstruct the temperature and precipitation records,

of the glacier during the 21st century. are shown with letters: Reykjavik (R), Fagurholmyri (F), Heell (H),
Stykkisholmur (S), Teigarhorn (T), Vestamannaeyjar (V), Akureyri
(A) and Hdlar in Hornafjordur (HH)(B) The surface topography of

2 Study area Vatnajokull ice cap. Dots show the sites of mass balance and veloc-
ity measurements, blue dots show the location of the mass balance

Hoffellsjokull is a south-flowing outlet glacier of Vatna- stakes at Breidamerkurjokull (Bre). The red box indicates the posi-

: : : _tion of the frame to the righ{C) Hoffellsjokull surface topography
Jr?] Elljglt,ic:r:]ezcl)ig(ie:tamilr(t:ipf) ;Eel(;igtr:e?n(ggét;r).ofzsg iigcclja in 2001. The ice divide and the model domain are indicated with the
p Red curve enclosing a glaciated area~a#12 kn? in 2001. Black

between t\No’mountaln ranges, the SUbgl_aC'al I?’re'(is""bungﬂ'iangles show the locations of automatic weather stations on the
and Godahnukar, at 1350-1450 m elevation. From the ac;

lacier. N is the location of the central nunatak Nyju Napar.
cumulation area, the ice flows in two branches, west andg
east of the central nunatak Nyju Nuapar. The branches meet
below the nunatak and the ice is funnelled through a 2kmyjon, the glacier mass balance has been measured since 1996
wide ice fall at 600-700m elevation where the elevation at four locations close to the ice divide of Hoffellsjokull to
drops by 300m over a 4km distance. Below the ice fall, the west and north. The mass balance of the nearby southern

the glacier spreads out forming two branches, west and eagjytiet, Breidamerkurjokull, has been measured since 1996
of a prominent ridge. Currently the eastern branch termi-(ig. 1p).

nates in a lagoon at40 ma.s.l. and the western branch in
a lagoon at~20 ma.s.l. (local names are Hoffellsjokull and
Svinafellsjokull for the eastern and western branch, respecg Qpservations
tively).

The first glaciological expeditions to this area were con-3.1 Geometry
ducted in 1936-1938, when a group of Swedish and Ice-
landic glaciologists measured ice flow, surface mass balanckloffellsjokull was surveyed with a radio-echo sounder and
and surface topography. They also carried out a detailedifferential Global Positioning System (DGPS) equipment
analysis to understand the relative roles of accumulation an¢gh 2001. Continuous profiles, approximately 1 km apart,
melting in the total mass balance of the glacier and to estabwere measured in the accumulation zone and a dense net-
lish a relationship between the climate and the advance andiork of point measurements were carried out in the abla-
retreat of the glaciers. An up to 8 m thick winter snow layer tion zone. Digital Elevation Models (DEMSs) of the surface
was measured in the accumulation ared (nw.e.). Ice melt  and bedrock were created from these data (Fig. 2; Bjorns-
of up 10mw.e. was measured in the lowest part of the abson and Pélsson, 2004). The estimated errors are at most
lation zone in summer, and 2 mw.e. was melted during win-1-5 m (bias less than 1 m) for the surface map and depending
ter. Taking into account-2 m of annual rainfall, the runoff  on the location, 5-20 m for the bedrock map. Glacier extent
from this part of the glacier was estimatedas4 mw.e. per  and maps of the ice surface of Hoffellsjokull are available
year; a surprisingly high value (Ahlmann, 1939; Ahimann from the years 1904 (lowest parts, geodetic survey in sum-
and Thorarinsson, 1943; Thorarinsson, 1939, 1943). mer), 1936 (geodetic survey in summer), 1946 (aerial pho-

The glacier was revisited in 2001 when the surface andiographs in autumn), 1989 (aerial photographs in autumn),
bed topographies were mapped. In 2002, automatic weatheé2001 (DEM from DGPS survey in spring), 2008 (DEM from
stations were placed at 2 locations on the glacier and a stilBPOT5 HRS images in autumn, Korona et al., 2009) and
ongoing surface mass balance survey was initiated. In addi2010 (airborne LiDAR in autumn).

% - 1000
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Fig. 3. A topographic relief shading showing the August 2010 Li-
DAR DEM of the terminus and the lower part of Hoffellsjokull. The
LIA terminus moraines can be seen in front of the terminus as well
as the extensive break-up of the eastern branch of the terminus into
the lake in front of the glacier that occurred in 2010.

DEM to the HRS DEM. Available elevation values within the
accumulation area were used to calculate the offset and tilt-
ing between the 2008 and 2010 DEMs. After correcting the
HRS DEM with the LIiDAR DEM, we estimate the residual
vertical bias error of the HRS DEM to be0.5 m; as obtained

in a similar study by Gudmundsson et al. (2011).

The DEMs from before 2001 were created from digitized
contour lines of available older maps (Fig. 2). The ice surface
elevation of 1890 (Fig. 2b, Little Ice Age maximum, L{Ay)
was reconstructed from the more recent surface DEMs as-
suming that although the surface has lowered significantly,
the spacing of the elevation contours in the accumulation
Fig. 2. (A) Measured bedrock topography of Hoffellsjskull (2001). zone only changes slightly. The location of the ki ter-

Blue colours indicate elevation below sea ley@-E) Surface to- ~ minal moraines and the location and elevation of the side
pography at different times, showing retreat and thinning during themoraines on both sides of the glacier (Bjornsson and Pals-
20th century. The radio-echo sounding (RES) line network and sitesson, 2004; Jénsson, 2004) as measured by DGPS were used
of RES point survey is shown i(E). The red line is the 2001 ice in the reconstruction of the 1890 ice surface elevation of the
divide for Hoffellsjokull (212 kn¥). lower part of the glacier as well as the ice surface map from
1904 which was used as a constraint for the curvature of the

The most accurate glacier DEM is created from the air-€elevation contours. A conservative vertical error estimate for
borne LiDAR survey conducted in the autumn of 2010 the reconstructed 1890 DEM is 15-20m, 10-15m for the
(5 x 5m pixel resolution, with an accuracy e20cminel- 1936 DEM, 5-10 m for the 1946 DEM and 5 m for the 1989
evation and<0.5m in position, Fig. 3). It is used as a ref- DEM.
erence map for co-registering the SPOT5 HRS-DEM (pixel Additional information on glacier extent and glacier varia-
resolution of 40x 40 m), using the ice free areas surround- tions may be extracted from written historical descriptions of
ing Hoffellsjokull and the correlation method described by local farmers from the 18th and 19th century. They describe
Guomundsson et al. (2011). This comparison revealed a hoithe land use (i.e. grassing of cattle and sheep, use of the for-
izontal shift of the HRS-DEM by 15 m and 5 m towards east est growing in the valley etc.), the advance of the glacier dur-
and north, respectively, and a vertical offset of 2.3 m. Gapsng the LIA, and the frequency and size of jokulhlaups from
in the HRS DEM, due to low contrast of the SPOT5 stereoglacier dammed lakes. From these descriptions it is known
image pairs at some sections in the accumulation area afhat the glacier terminus advanced at least 5-7 km during the
Hoffellsjokull, were filled by smoothly adjusting the LIDAR  LIA (Jénsson, 2004).

www.the-cryosphere.net/5/961/2011/ The Cryosphere, 5, 961-975, 2011
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Much of the current ablation area of Hoffellsjokull lies from the extension of the stakes or wires in the spring and late
in an over deepened trench. Presently, the trench reachesitumn (September—October; Bjornsson et al., 1998, 2003).
down to~300m below sea level under the eastern branch The mass balance and climate conditions during the 1936—
of the glacier (Fig. 2). This trench is the upper part of a 1938 Swedish-Icelandic expedition were similar to the first
valley carved into the bedrock by glaciers during the pastdecade of the 21st century (Figs. 5 and 8). Furthermore,
glaciations and that extends towards the Iceland shelf marthe relationship between mass balance and elevation at
gin. Before the LIA advance, the trench was filled with Hoffellsjokull during the period 1936—-1938 is similar as ob-
loose sediments, similar to the sediment plains in large arserved at the nearby outlet glacier Breidamerkurjokull (see
eas of SE-Iceland. The historical documents describe thaFig. 1 for location) since 2001 (Fig. 5). Digital mass bal-
the glacier advanced during the 18th and 19th centuries oveance maps of Hoffelssjokull for each year after 2001-2002
a vegetated plain (at+40-80ma.s.l.), where now there is have been generated using the observed mass balance and
an 11 kn? trench excavated by the glacier. The radio-echothe observed elevation dependency of mass balance at stakes
sounding measurements show that the volume of the trencbn SE-Vatnajokull. The resulting mass balance maps are in-
is about 1.6 kr (Bjérnsson and Palsson, 2004). This vol- tegrated over the whole glacier area to calculate the mean
ume consisted of loose, fine grained sediments that are easigpecific mass balance given in Table 1.
transported by fluvial processes at the glacier sole. The ad- The mass balance measurements have been supplemented
vance of the glacier over sediment plains startd@0 yrago. by glacio-meteorological observations at both mass balance
Sediment removal rates similar to that described by Bjérnssites on the glacier; station Hof at1140ma.s.l., slightly
son (1996) at the nearby outlet Breidamerkurjokull would above the current ELA, and station HoSp~at0O0ma.s.l.
not be sufficient to remove all the sediments. Jokulhlaupswithin the ablation zone (Fig. 1). The weather parameters
however, are highly effective in removing and transporting observed on the glacier have been used to calculate the full
sediments. Jokulhlaups from the many marginal lakes ofenergy balance at the two AWSs with the methodology de-
Hoffellsjokull started~1840 (Bjérnsson, 1976; Hjulstrom, scribed by Gudmundsson et al. (2009a). Both the mass bal-
1954; Arnborg, 1955a, b), with increasing frequency andance and the energy balance data have been used to calibrate
larger volumes in the period 1920-1960 as the glacier low-and validate the PDD mass balance model applied here (see
ered and retreated. We suggest that most of the loose sedbect. 5).
ments were already removed by the mid 20th century. Lon-
gitudinal and cross sections in Fig. 4 show the thickness an@-3 Surface velocity

shape of the glacier at the different times. The maximum ] ] )
The ice surface velocity was measured during the 1936—

thickness of the glacier 6560 m is reached about 5 km up- ] ) v
1938 Swedish-Icelandic expedition at several stakes along

stream from the terminus. . L ;
A wid d break ¢ th q q the transverse profile DD’ shown in Fig. 4 (Thorarinsson,
widespread break-up of the over-deepened easterg,qy There s a large variability in the rate of movement

_branch .Of the tern_unus_ area happ_ene(_j n 201(_) as s ShOWﬂom one year to another (Fig. 6a). The horizontal ice veloc-
in the high re;olgtlon LIDAR DI.EM in Fig. 3..Th|s IS Ilke_ly ity has been observed since the glaciological year 2001/2002.
to be the beginning of a formation of a terminus lake with aThe positon of mass balance stakes is measured with kine-
calving glacier front, that will gradually grow as the glacier matic or differential GPS land survey instruments in all vis-
retreats. its to the sites. The summer and sometimes annual or winter
velocities are calculated from measured positions in spring,
3.2 Mass- and energy balance midsummer and autumn (Fig. 6b). Late summer and a sparse
annual velocity maps have been deduced from correlation of

The surface mass balance was measured at 10 locatiorfs® M resolution SPOTS HRG images (Fig. 7 and Table 2);
(fully covering the glacier) during the glaciological years with an accuracy pf about half the pixel size (Berthlgr et aI,.,
1935/1936-1937/1938 by the Swedish-Icelandic expeditior?002)- The magnitude of the SPOTS velocity in profile DD

(Fig. 5; Ahlmann and Thorarinsson, 1943), at two locations!S Similar o the observations made in the 1930s (Fig. 62). A
on the glacier (one close to the terminus and the other in th@©0d Spatial coverage was obtained by using two SPOT im-

central part of the accumulation zone) since the glaciologi-29€S from late summer 2002, but reliable signals were only
cal year 2001/2002, at two locations close to the western angPt@ined for limited areas when an attempt was made to de-
northern margins of the accumulation zone, and at a numtermine _the annual velocity fields from the two late summer
ber of sites on nearby outlet glaciers of SE-Vatnajokull sinceSPOT> images from 2002 and 2003.

1996 (location of sites shown in Fig. 1b, c). In spring (April—

May) cores are drilled through the winter snow layer and the

density is measured. Stakes or wires are left in the core holes

(in the ablation zone;v10 m long wires are drilled into the

ice with a steam drill). The summer balance is measured

The Cryosphere, 5, 961-975, 2011 www.the-cryosphere.net/5/961/2011/
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Fig. 4. Two longitudinal profiles and two cross sections showing the thickness and the location of the terminus at different times. The map
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(at the lowest stakes only annual balance was measured and therefore winter balance set to zero) are shown with black symbols. The red do
show the average and standard deviation of the mass balance measurements in the period 2001-2010 at the two stakes on Hoffellsjokull an
the two stakes close to the ice divide. The blue dots are similar measurements from Breidamerkurjokull that have been used to determine the
elevation dependency of mass balance when computing the mean specific mass balance in Table 1 (see Fig. 1 for location of the stakes).
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Table 1. Specific winter by ), summer §s) and net balancef) for
Hoffellsjokull in my e, a1, A conservative error estimate is on the
order of 15-20 % for bothy, andbs.

Glacier year by bs bn

1935-1936 2.0 -34 -14
1936-1937 24 -2.1 0.3
1937-1938 1.7 -2.4 -0.6

20002001 20 -21 -0.1
2001-2002 1.8 -2.3 -0.5
2002-2003 1.7 -2.7 -1.0
2003-2004 18 —-24 -0.6
2004-2005 11 -2.7 -16
2005-2006 1.6 —-2.8 -1.2
2006-2007 1.7 —-2.2 -0.5
2007-2008 19 -26 -0.7
2008-2009 2.2 -24 -0.2
2009-2010 1.7 -34 -16

Surface velocity (m a-")

Fig. 7. (A) Late summer ice surface velocity determined by cross-
correlation of 2.5m resolution SPOT5 HRG satellite images ac-
quired on 27 August and 22 September 2002. The numbers 1-3
point out locations where annual surface velocity signal could be
D deduced by correlating two SPOT5 HRG satellite images from late
September 2002 and 2003 (see Table @-C) Depth—averaged
modeled ice velocity corresponding to the simulated 2002 ice sur-
face geometry, using = 6.8 x 10~ 1551 kPa 3 implicitly includ-
ing the basal sliding (i), and using4 =4.6x 10~15s~1kpa3
andC=10x 107 ma1pa3 (in (C)). (D) The contribution of
the modeled basal sliding to the velocity showr{@).

D — 1937 summer
—— 1938 summer
—— 2002 autumn (SPOT5 HRG)
—— 2002-03 annual (model)

Surface velocity (m a™)
N
o
o

0 ' ' ' ' ' Table 2. Average annual (September 2002 to September 2003;
0 1000 2000 3000 accuracy~2ma 1) and late summer (27 August to 22 Septem-
Distance (m) ber 2002; accuracy-20ma 1) velocities deduced from cross-

= 80 - Circlesat  Hof (~1120masl) G—6—©GPS survey correlation of 2.5 m resolution SPOT5 HRG satellite images. Reli-
g “ 1 Triangles at HoSp (-0 m a.s.) %§:§f;z;g able annual velocity measurements were only obtained in the vicin-
;; . = Aoy ity of the locations 1-3 shown in Fig. 7a.
o ik
9401 T o o e oo Location 12 3
8 1 P e e e I - 1
8204 o—o Annual velocity [mr?l ] 360 110 120
3 g . Late summer velocity [mal] 550 140 150

0 T T T T T T T

2002 2004 2006 2008 2010

Year

3.4 Temperature and precipitation records from

Fig. 6. (A) Surface velocity along the profile DD’ shown in Fig. 4. meteorological stations

Velocity was measured at several stakes in summers 1937 and 1938

(Thorarinsson, 1943), extracted from the SPOT5 HRG satellite im-m the present study, the mass balance of Hoffellsjokull

ages (Fig. 7) and the annual velocity computed by the ice flow. ) .
model at glaciological year 2002—200@) Measured surface ve- is calculated by a degree-day model that uses daily mean

locity at the mass balance stakes Hefll20ma.s..) and HoSp tempera}ture,a_\t H(?Iar in Hornafjorour and pr_ecipitation at
(~100ma.s.l). Spring, mid-summer and autumn measurement&@gurhlsmyri as input parameters (the location of the sta-
give 2-3 observations every year since 2002. For comparison, thiONns is shown in Fig. 1). For this study, monthly mean
SPOT5 HRG velocity at Hof and the annual modelled velocity at data were available or estimated for the study period. To
sites Hof and HoSp 2002—-2003 are shown. obtain daily records, a representative one-year data set of
daily mean temperature and daily accumulated precipitation
was constructed with random sampling of each day of the
year from the period 1981-2000 which has daily data series

The Cryosphere, 5, 961-975, 2011 www.the-cryosphere.net/5/961/2011/
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available. This was done to maintain the statistical relation- 6
ship between the daily temperature and precipitation, which
is important for realistic mass balance modeling. Daily tem- ©4
perature and precipitation time series were then constructec
by adding the difference between the observed monthly mear
value and the corresponding monthly mean for the period
1981-2000 to the data set of representative daily values. o
The monthly records at the stations Hdlar in Hornafjordur ¢
and Fagurhdlsmyri are, however, not available for the whole é o hn
study period and therefore it is necessary to use records fromr WA i ‘ ‘ i i
other stations to fill in the data gaps and extend the available ~ 1850 1950 1900 1920 1940 1960 1980 2000
series. Historical temperature and precipitation records from
a number of stations around Iceland are available (Fig. 1: ingjg g Mean annual temperature (upper panel) at Hélar in
Reykjavik since 1871, Fagurhélsmyri since 1898, Heell sinceqormafijoraur and precipitation (lower panel) at Fagurhélsmyri. The
1880, Stykkisholmur since 1830, Teigarhorn since 1873,gray areas indicate the periods when the time-series were recon-
Vestmannaeyjar since 1877, Akureyri in 1846—-1854 and af-structed. The horizontal lines indicate the average climate for the
ter 1881 and Hdlar in Hornafjérour in 1884—1890 and af- two baseline periods 1860-1890 and 1981-2000. The dots show
ter 1921). An iterative expectation-maximization (EM) algo- the temperature and precipitation in 1895, the first year of the model
rithm (Dempster et al., 1977) was used to construct a continSimulations.
uous temperature record for Holar in Hornafjérdur extend-
ing back to 1860 using the temperature records from these
stations. Precipitation measurements at Fagurhdlsmyri wer&CMs were chosen from a larger IPCC data set of 22 GCMs
started in 1924. To create a record that goes back to 1860 tBased on their surface air temperature (SAT) performance
match the temperature record, we used a linear regressiogPmpared with the ERA-40 reanalysis in the period 1958—
between the monthly values (separate regression for each998 in an area in the N-Atlantic encompassing Iceland and
month) of the temperature at Hélar in Hornafjordur and pre-the surrounding ocean (Nawri and Bjérnsson, 2010). The
cipitation at Fagurhdlsmyri, tuned with available precipita- témperature and precipitation simulated by the models was
tion observations (Fig. 8). The correlation between precipi_averaged over Iceland to provide single time-series intended
tation and temperature in the period 19312009 is 0.52 whe#© represent the climate development for the whole country.
all data are used and 0.5 when every second year is used f&ased on the downscaled RCM model output the tempera-
reconstruction and the others for testing. During summeriure change of the GCM-based scenarios was increased over
months (May—August) there is almost no correlation with all seasons and the entire period by 25 % in the interior of Ice-
temperature. The winter balance is however not expected ténd, where the large ice caps are located (Nawri and Bjérns-
be correlated with the precipitation of the summer months.Son, 2010).
Testing the method with data from the winter months only  Before year 2010, the glacier model is forced with daily
gives a higher correlation of 0.58 (using different data for op-mean records constructed from the monthly mean observed
timization and testing). This regression method reconstructéemperature and precipitation as previously explained. Pos-
the long term variability in the precipitation, but the resulting sible natural variations in the climate are important for near-
annual variability is smaller than the observed. future projections as the magnitude of the expected anthro-
pogenic change has then not exceeded the random variability
of the climate. Therefore, many different climate scenarios
4 Future climate scenarios were derived for the CES project (J6hannesson et al., 2011).
Expected values of temperature and precipitation in 2010
In total 13 future climate scenarios from the Nordic Project were estimated by statistical autoregressive (AR) modelling
Climate and Energy Systems (CES) were used to force thef the past records, thereby taking into account the warming
ice sheet model into the future. These scenarios are basdtiat has been observed in recent years as well as the inertia
on three dynamical downscalings of global Atmosphere-of the climate system so that the very high temperatures of
Ocean General Circulation Model (AOGCM) climate change the last few years have only a moderate effect on the derived
simulations using the A1B emission scenario (Nakicen-expected values. These expected values are intended to be
ovic et al., 2000) performed with Regional Climate Models representative for the deterministic part of the recent varia-
(RCMs) (ECHAM5-r3/DMI-HIRHAM5, HadCM3/MetNo-  tion in the climate when short-term climate variations have
HIRHAM and ECHAMS5-r3/SMHI-RCAQ) and a data set of been removed by the statistical analysis. Scenarios of the
10 global AOGCM simulations, also based on the A1B emis-monthly mean temperature and precipitation were calculated
sion scenario, submitted by various institutions to the IPCCfrom year 2010 to the end of the 21st century by fitting a
for its fourth assessment report (IPCC, 2007). These lQeast squares line to monthly values simulated by the RCM

w N
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or GCM from 2010 onwards and shifting the simulated time-  Another model calibration of the degree-day factors for
series so that the 2010 value of the least squares line matchddioffellsjokull was done in this study, using the two mass
the expected 2010 value based on the AR modelling of thebalance measurements on the outlet glacier itself and the
past climate. stake at 1260 m a.s.l. near the ice divide of Hoffellsjokull that
The trend analysis of the future climate eliminates the di-have observations since 2001. The modelled melt was also
rect use of a past baseline period in the derivation of the scecompared to the water equivalent of the daily melting en-
narios and provides a consistent match with the recent cliergy calculated at the two AWSs on the glacier (locations in
mate development. Furthermore, the statistical matching ofig. 1c) for validation of the degree-day model. By assum-
the past climate observations with the trend lines of the fu-ing the same temperature gradient as in the first calibration,
ture climate provides an implicit bias correction (J6hannes-this second calibration determines the degree day factors
son et al., 2011). Figure 9 shows the simulated annual meato be 4.0+-0.5mnf, ,C"*d~*and 5.3+ 0.7mn§, ,C1d!
temperature and precipitation averaged over Iceland for théor snow and ice, respectively (the given errors are one stan-
13 scenarios used in this study, compared with the averagdard deviation) of the degree-day factors optimized sepa-
2000-2009 climate. All the scenarios indicate a slight in-rately for each year). These two model calibrations indicate
crease in the precipitation during this centurylQ %) and  that the degree day factors are robustly determined and the
a warming of 1.1-1.8C near the middle of the 21st century observed surface mass balance is well reproduced.
and~2-3°C by the end of the century, relative to the 2000—
2009 average. When compared to the reference period 19815.2 Ice flow model
2000, when the net balance of most of the Icelandic ice caps
was close to zero (Gudmundsson et al., 2011; AdalgeirsdotThe dynamic ice flow model is similar to that used by Adal-
tir et al., 2006; Gudmundsson et al., 2009b), the temperaturgeirsdattir et al. (2006) for Hofsjokull and S-Vatnajokull and
increase is 2.0—22C near the middle of the 21st century and Gudmundsson et al. (2009b) for Hofsjékull and Langjékull,
~3-4°C at the end of the century. except that the numerical implementation in the model ap-
plied here uses a staggered finite element method on a trian-
gular grid rather than a finite difference method to solve the
5 Models continuity equation (Sigurdsson, 1992), allowing for variable
grid size in the model domain. This model is based on the
vertically integrated continuity equation and the shallow ice
approximation (SIA), neglecting longitudinal stress gradients

The mass-balance of Hoffellsjokull is simulated with a pos- . . : :
itive degree-day model (PDD), that has been applied ornd surge dynamics, and excludes bed isostatic adjustments

several Icelandic glaciers, both independently (Jéhannessoﬁ,nd segsoqal_variations in sliding (e.g. A6algeirsdéttir3“2003;
1997; Jéhannesson et al., 1995, 2006) and coupled with aﬁ;&algewsdottw (_at al., 2006). The g_eometry of Hoffellsjokull
ice flow model for Langjokull, Hofsjokull and S-Vatnajékull with a mean thickness of approximately 300m and length

ice caps (Adalgeirsdottir et al., 2006; Gudmundsson et aI.,Of 20km (Fig. 4) jUStiﬁ?S the application Of a S"_A‘ ice flow
2009b; see locations of the ice caps in Fig. 1). Constant “n_model. Although longitudinal stress gradients ignored by

ear vertical and horizontal precipitation gradients (0.5 perSIA models affect the flow of glaciers _in areas of compli-
100m in vertical, 0.005 ane-0.008 per 1000m in hori- cated or steep bed geometry such as in the area around the

zontal east and north direction, respectively) are used ir{'ce fall near the centre of the glacier, a comparative study has
the model to take into account observed precipitation vari-Shown that ice volume variations and the retreat and advance
ations, assuming a constant snow/rain threshold°@.1n rates of a SlA-based model are approximately the same as

a previous study for Vatnajokull ice cap (Adalgeirsdottir those computed with a full system model (Leysinger-Vieli

et al., 2006) the model parameters; temperature lapse rat%nd Gudmundsson, 2004). Since the focus of this study is

and the separate degree-day scaling factors for snow)(ddf not to model the ice flow in the area of the ice fall, but rather
and ice (ddf) were calibrated until the modeled mass bal- to study ice volume variations, large-scale geometry changes

ance matches the available mass balance observations on tﬁ@d the a'dvance f"md retrea't of I'-|O'f'fe||ijJku||' In response to
whole S-Vatnajokull (up to 23 stakes, Fig. 1) from the massChanges in the climate forcing, it is appropriate to apply a

balance years 1991/1992 to 2004/2005, using temperaturl%IA model.. ) o ]
Basal sliding was not explicitly included in the model

at Holar in Hornafjordur and precipitation at Fagurhélsmyri Jres b
as an input. With a temperature gradient of 0.66per used by Adalgeirsdottir et al. (2006) and Guomundsson et

100 m and the degree-day factorsgtd#t.45 mnj, . C1d-1 al. (2009b), but implicitly included in the calibration of the
and ddf=5.30 mnj, . C-1d~, the model explaiﬁs 92% and Power-law constitutive relationship (Glen’s flow law, Glen,
. e ,

95 % of the variance of the winter and summer balance at S3995; Cuffey and Paterson, 2010), which relates strain rate

Vatnajokull, respectively (J6hannesson et al., 2007). to deviatoric stresses. Adalgeirsdattir e_t al. (2006) and
Gudmundsson et al. (2009b) used a series of model runs

with varying flow parameters to select the parameterization

5.1 Mass balance model
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Fig. 9. Simulated mean annual temperature (upper panel) and precipitation (lower panel) development averaged over whole of Iceland;
scenarios from the Nordic CES Project. The average climate of 2000—2009 is plotted for comparison (dashed line). The DMI HIRHAM
ECHAMS climate scenario is shown in bold because the results from this run are shown in bold in Fig. 11 and the modelled surface mass
balance and glacier extent from this run are shown in Fig. 12.

that best simulated the measured glacier geometry. Theraphic ice divide is assumed (consistent with the SIA for-
rate factor 4) calibrated in this manner is on the order of mulation of the ice flow model) and fixed boundaries of the

6 x 10~ 1°s71kPa 3; a value that has been recommended for main ice flow basins may be assumed to be reasonable since
temperate ice (Paterson, 1994), but characterizes softer idde location of the ice divide is to a large degree controlled
than the average of a series of model calibrations that is novby the basal topography. However, the assumption of fixed
recommended (Cuffey and Paterson, 2010). Here, two apice divides may be expected to become increasingly inaccu-
proaches are tested: Method | (MI) that uses the same flowate when simulated changes in the geometry of the glacier
law parameterA, as in the two studies discussed above, im-become relatively large compared with the original size of
plicitly including basal sliding, and Method Il (Mll) that in- the glacier.

cludes a Weertman type sliding law (Paterson, 1994) where

the sliding velocity is assumed to be proportional to a power
of the basal shear stresg, (Vsia=C - 7p'); C is the slid-

ing parameter and the exponent=3 in our calculations.
When including explicit basal sliding in the model, a flow

parameter that characterizes stiffer ice is required (e.g. Adalsteady state experiments (model runs with constant input pa-
geirsdottir, 2000). The available data do not allow the de-rameters) were carried out to (i) test the performance of the
termination of the relative contributions of deformation and yogel, (ji) investigate the stability of the ice geometry and
sliding velocities for the glacier. Many combinations &f iy derive an appropriate initial Llfyax geometry used to
gndC will produce a satlsfact_ory fit to obser_vaﬂons. A se- quantify the sensitivity of Hoffellsjokull to changes in indi-
ries of model runs were carried out to obtain the flow andy;ijqyal climatic as well as physical parameters. The forcing
s!iding parameters for Hoffellsjokull that resulted.in a good 5ng response of the glacier are in reality always varying and
simulation of the observed 20th century evolution of the g steady state does not exist in nature but it is nevertheless
glacier geometry. The obtained values for the rate factorysefyl to model steady states to understand the sensitivity of
and the sliding parameter ae=4.6x 10 1°s ' kPa>and  the model. Applying the observed ice surface geometry as
C=10x 10 malPa?, respectively. initial state for transient runs may yield unrealistic ice geom-
The ice divide is kept at a fixed location in the model com- etry changes due to model approximations and deficiencies.
putations presented here and no flow is allowed across that The LIAnmax volume of Hoffellsjokull was simulated by
boundary. This is not an entirely realistic boundary condi- running a spin-up of the coupled mass balance — ice flow
tion as some ice flow may in fact occur across topographicmodel (Table 3) assuming the average climate of the coldest
ice divides and it can be expected that the ice divides of theecorded period in Iceland from 1860-1890 to remain con-
eastern outlets of the Vatnajokull ice cap can shift as a constant (baseline period 1 in Fig. 8). The average temperature
sequence of the response of the ice cap to mass balance vaat Holar in Hornafjoréur and precipitation at Fagurholsmyri
ations. As a first approximation, no ice flow across the topo-was reconstructed to be about 1® and 0.37me a !

6 Results

6.1 Steady state experiments
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Table 3. VWolume (V) and area A) of Hoffellsjokull. Vo, and Ao are observed,Vs MI is simulated with method Ml

(A=6.8x 10715571 kpPa3) implicitly including basal sliding,Vs Ml is simulated with method MIl 4=4.6x 10 1°s 1kPa 3 and

C=10x 100 ma1pa3). All volumes correspond to autumn, where the 2001 volume, measured in the spring, has been corrected
with the summer balance in Table 1. Here, the error of the corrected 2001 map is estimated to be within 2m. The errors shown are from the
surface maps, calculated using the standard error formula (this error is independent between each observed year). In addition to this error
there is an uncertainty 6£3 km® (same for all years), due to errors in the bedrock map. Those two volume errors need to be displayed and
interpreted independently due to their different nature.

Year ~1895 1936 1946 1989 2001 2008 2010
Vo [km3] 71+4 6543 63+2 585+10 57.0004 54.80£0.15 54.30:0.05
Ao [km?] 234+4 228+4 224+3 21642  212+1 209+0.5 206+ 0.5
Vs MI [km3] 71.3 66.8 63.8 57.7 56.8 55.0 54.4
Vs MIl [km 3] 71.3 64.7 63.7 57.9 57.1 55.3 54.7

Table 4. Mean annual temperatur&) at Holar in Hornafjordur and
precipitation ) at Fagurholsmyri, averaged over the years frgm
torp. Vo is the volume at the yeas, from Table 3.Vs is the volume i

; ; ; ; E 60 ar=tees 1 [
of a stable spin-up glacier corresponding to the average climate ovel 2 |-\ N -S43 5 -

70 AT=0°C &

AP=0m/a

Q
the years—to. E 5ol 11 e L | ]
G T4 96 § = =
2 ialed, ddfy=4.0 & ddf;=5.3
1o (years) T[°C] P[ma 1] Vo[km3] Vs[km3] ora B 1 [Q =458 ddfi=5.3 ]
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
1860-1890 ~3.52 ~1.43 71+ 4 70.6 Spinup year Spinup year Spinup year

1981-2000 4.53 1.80 57€0.4 52.9

Fig. 10. (A) Steady state volume of the model glacier cor-
responding to the 1860-1890 baseline climate7(=0°C &
lower, respectively, during the period 1860-1890 than inA P=0mal; Table 4 and Fig. 6) and sensitivity of the model
1981-2000 (baseline period 2 in Fig. 8, Table 4) when theto step changes i and P (the 1981-2000 baseline climate
surface balance of most of the Icelandic ice caps was neagorresponds toA7=1°C & A P=037mal). The dashed
zero, as mentioned earlier. The model was then forced frongtraight line shows the 2001 measured volume (gﬂ.@)kn(B)
the simulated LIAnax configuration with a step change in Sensitvity to the rate factort (in 10°s™kPa™) and the
temperature and precipitation corresponding to the diﬁerenc?"d'ng parameterC (in 10=ma “Pa~). (C) Os‘iqs't_“ﬁty
between the periods 1860-1890 and 1981-2000 towardsé: shift by oneo of ddis and ddf (in mmwe°C d ):
) (A) and (C) A=6.8x10" s 1kPa3 =0 (no sliding,
new stgady state. The steady state volume corresponding {Qethod MI); in (A) and (B) ddfs=4.0mnye°C-1d~1 and
the period 1981-2000 was found to 540 % smaller than g4t =5 3mmy.e°C1d~1; in (B) and (C) the reference climate
the observed volume in 2001 (Table 3 and the red line inof 1981-2000 is kept fixed. Note: in all the model runs, the initial
Fig. 10a). This result indicates that in 2001 the glacier wasice surface is the steady spin-up state corresponding tghtAnd
still responding to the colder and/or wetter climate beforethe red curve is the same (8), (B) and(C) (same model run).
1981-2000 and is adjusting to the previous changes in the
climate forcing. o ) . .
Model runs with the trench under the terminus area fiIIedmOdeI.reSEJIt. indicates an |m-port§1nce of precipitation forcing
(horizontal dotted line in Fig. 4) resulted in the same steadyfor maintaining the glaciers in this area.
state LIAnax volume, indicating that the size of the trench ~ The sensitivity test for the model parameters (Fig. 10b)
does not have a large impact on the model simulations. Alishows that tuning the deformation and sliding parameters,
the model runs were therefore done with the measured 200&ndC, does not have a unique solution as mentioned above.
shape of the trench. Many combinations ofA andC give approximately the same
The three steady state runs in Fig. 10a show that the glaciefté@dy state volume and model behavior. The two selected
model responds to both temperature and precipitation variacombinations, methods MI and Mll, indicate that implicitly
tions. Assuming a warming oA 7 =1°C and no precipi- taking basal sliding into account and assuming softer ice (red
tation change & P =0mye a 1) when shifting the climate line) gives a similar result as stiffer ice with explicit basal
forcing from baseline period 1 to 2 results in a 25 % smallersliding (green line).
ice volume compared with a simulation when precipitation  Figure 10c shows the sensitivity of the steady state ice vol-
is also increased (red and green lines in Fig. 10a). Thisume to the adopted values of the degree-day coefficients for
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snow and ice, ddfand ddf. The figure shows that a change  The runoff anomalies relative to the 1895 runoff reference,
in ddfs has a greater effect than a change in ddhe likely corresponding to the same model runs are shown in Fig. 11b.
reason for this larger effect could be that the degree-day coThe runoff from the LlAnax ice-covered area is projected
efficient for snow affects larger area of the glacier, the ac-to increase for the next 30-40yr and be similar or slightly
cumulation area, and increasing the melt of snow raises théarger than the runoff during the warm years between 1925
equilibrium line altitude and lowers the albedo, a positive and 1960 when the ice-covered area was considerably larger.

feedback which increases the melt. The runoff is simulated to start decreasing after year 2050 as
a consequence of the reduction in the ice-covered area and
6.2 Reconstruction of the 20th century evolution approach a level near the end of this century that is similar

to the runoff during cooler periods of the 20th century when

The observed 1890 glacier geometry was used as an initiatf1e glacier surface mass balance was close to zero. .
configuration for a simulation through the 20th century. The The mode!led surface mass balancg and.the glacier ex-
year 1895 was chosen as the starting year of the coupled maggnt_at 50yr intervals throughout the S|mulat|orj are shown
balance — ice flow model run, as it marks the beginning of" Fig. 12 (the DMI-HIRHAM ECHAMS scenario is used

warming after the coldest part of the LIA (see temperature;:te;_ 2?1]0)” mﬁ a;:iutmula:lon ar%at;,hrlr:ks_ to ;fro d“(rj"?g
time-series in Fig. 8). The-20% volume reduction of the € first hall ot the 215t century and the glacier thins and Is

ice cap from 1895 to 2010 was successfully simulated by thenearly vanished at the end of the simulation. The average

coupled model (Fig. 11a) and the model simulates the meaMass balance — elevation relationship for 10 yr periods at the

sured volume changes during the 20th century well (Table 3):same S0yrintervals is shown in panel F in Fig. 12. Compar-

Only a small difference in the volume evolution is found Ison with observed mass balances '(Fig. 5) indicates that the
when using methods Ml and MIl and a reasonable agreeme qegree-dgy mass balance mo_del simulates the current mass
is obtained between the observed and modeled surface Velor}?_alance distribution of the glacier reasonably well.

ity field in both cases (Fig. 7b and c). The modeled velocity _ ) )

in the year 2002 compares well with the spatial pattern of the/  Discussion and conclusion

SPOT derived summer surface velocity (Table 2 and com- .

parison on profile DD’ in Fig. 6a), indicating that the model The volume change of the Hoffellsjokull outlet glacier dur-

captures the large-scale flow pattern of the glacier ing the last decade can be estimated from observations using

. . . two independent methods, (i) integrating the surface mass

The 20th century glacier runoff anomalies, relative toaref-balance (SMB) in Table 1 over the surface area in Table 3
erence runoff computed at the start of the model SimUIationS(assuming density of ice 900kgT to get ice equivalent

from the area that was ice-covered at kifx (234 kirf) was volume change), and (ii) integrating the elevation difference

c_omputed from the mass palance and precipit_ation field; 4Between the DEMSs over the glaciated area (ADEMs). Vol-
simulated by the model (Fig. 11b). The negative values iN-Ume changes from these two methods for two time periods

dicate less runoff from the area than the reference value i%re shown in Table 5. During these periods, volume loss
1895. The fastest retreat rates and highest runoff rates Were..rs not only by Sljrface melt. but also by' melting and

obtained for the warm years between 1925-1960 and 2000—_;,: . : ;
. calving into the frontal lake. Annual volume loss in the
2005 (Figs. 8 and 11b). ¢

lake can be roughly estimated (e.g. Bjornsson et al., 2001)
from the incoming radiation o100 W n12 (the average
6.3 Simulation of future response to an ensemble of sort wave radiation measured at the lower automatic weather
climate scenarios station on Hoffellsjokull) and a lake area evolving from neg-
ligible size in 2001 to~2 kn? in 2010, to be 0.005 kéa*
The coupled mass balance — ice flow model, which has beefice equivalent volume) during the first years, increasing to
calibrated with available observations, was used to simulat®.02kn? a1 in 2010. This estimated volume loss in the
the future response of the glacier during the 21st centurylake is added to the integrated SMB shown in Table 5. The
using the temperature and precipitation scenarios shown isimulated volume changes with methods Ml and MIl are
Fig. 9. For comparison, a model simulation with constant—1.8kn? for the period 2001-2008 and2.4 kn? for the
climate corresponding to the last decade (2000-2009) waperiod 2001-2010. Both the simulated and the integrated
also carried out{2°C and~1°C warmer than during the SMB volume change estimates are lower than the estimates
baseline periods 1 and 2, respectively). According to thisderived from the DEMs but the estimates are not inconsis-
constant climate model run (red dashed curve in Fig. 11a)tent when uncertainties are taken into account. The simula-
the ice volume will be reduced by 30 % with respect to the tions do not take into account the volume loss due to calving
2010 volume (Table 3) at the end of the 21st century. If theinto the frontal lake. The simulated volume changes would
climate warms as suggested by most of the climate changehange slightly with a flow model that includes volume loss
scenarios, the glacier will have almost disappeared at the enffom calving, but an inclusion of a calving model is beyond
of the 21st century. the scope of this study.
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Fig. 11. (A) Simulated evolution of Hoffellsjokull ice volume during the 20th and 21st centuries, initiated with the observggkldiacier
geometry. The green dots are volume estimates from DEMs. The volume change 1895-2010 is simulated by Tisind theecords in

Fig. 6 and the two methods MI (blue curve) and MII (red curve) for implicit and Weertman type sliding, respectively. The future evolution
is computed with MI by using the climate scenarios in Fig. 8 and by maintaining the average climate of 2000—2009 (dashed ré8)curve).
Simulated specific runoff anomalies (precipitation and glacier melt) relative to the specific runoff at the start of the simulatiom tars m a
1895) from the area covered by the LhAx glacier (~234 kn?). Negative values indicate smaller runoff than at the start of the simulation.

Table 5. Ice equivalent volume changes for two periods (2001— Ie:?\ds to a Steady_state with abOHlO% larger ice volume
2008 and 2001-2010) estimated from observed surface mass ba{f19- 9b). The tuning of the deformation and sliding param-
ance and volume loss in the frontal lake, from the difference in €t€rs,A andC, is non-unique and without better constraints
the measured DEMs and simulated with the coupled surface masfor the viscosity of the ice and basal condition it is not pos-
balance-ice flow model. sible to determine the relative contributions of internal de-
formation and basal sliding to the observed surface velocity
(Fig. 7; Table 2) and select unique values for the flow and

Volume changes  2001-2008 [Rjn 2001-2010 [krA]

sliding parameters.

SMB +volume -1.5+05 —2.0+£05 ) _ _

loss in lake Model studies of the recovery of depressions formed in the
dDEM —2.2404 -2.7+0.4 surface of Vatnajékull during a subglacial eruption and sub-
Model -1.8 -2.4 sequent outburst flood in 1996 have been carried out to infer

the possible range of the flow parametér(Adalgeirsdottir
et al., 2000; Jarosch and Gudmundsson, 2007). The results
indicate that about 1/3 lower value fdrthan has been rec-
ommended for temperate ice by Paterson (1994) gives the
For a given constant reference climate the samebest fit to the surface velocity measurements. These results
glacier volume can be reconstructed by using bothare inline with other model studies and are reflected in an up-
method MI (rate factorA=6.8x 10 s 1kPa3, im-  date for the recommended flow parameter presented by Cuf-
plicitly including the basal sliding) and MIl (rate fac- fey and Paterson (2010). Information about the relative im-
tor, A=4.6x 10 °s1kPa3, together with a Weert- portance of basal sliding may be inferred from seasonal vari-
man type sliding law with a constant sliding parameter, ations in the ice surface velocity. The SPOT velocity maps
C=10x 10 ma1Pa?) (Fig. 10b). The same is true for show 30-50% faster flow within the ablation zone during
a simulation of the time evolution from 1895 to 2010 (blue late summer than the annual average (Figs. 6, 7, Table 2).
and red solid curves in Fig. 11a; Table 3). Using the flow pa-The velocity measurements at stake Hefl(20ma.s.l.)
rameter corresponding to stiff ice without adding the sliding shown in Fig. 6b show that the early summer velocity is
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vanced energy balance model have been carried out on both
Langjokull (Gudmundsson et al., 2009a) and Vatnajokull ice
cap (Gudmundsson et al., 2003). They found the degree-day
parameters to be relatively constant with time within the ab-
lation season and with elevation, varying mainly with the sur-
face conditions, that is whether the melting surface is snow
orice. This was found in spite of the fact that the relative im-
portance of the different energy balance components varies
substantially during the ablation season. The energy balance
at the glacier surface may be altered in a warmer climate (e.qg.
Bjornsson et al., 2005; Gudmundsson et al., 2009a), e.g. due
to increased long-wave radiation, stronger glacier winds, ear-
lier start of melting so that the highest incident radiation will
fall on a surface with an already reduced albedo, and abla-
tion extending into the autumn resulting in melt driven by
_ = 7 periods of high temperatures and strong winds. The results
= 1200 —1900-1909 of Gudmundsson et al. (2009a) indicate, however, that given
800 e no extreme changes in surface albedo values, the degree-day
400 —gggggggg quel.may provide reaso.nable predictions of mcreaseq ap—
e lation in response to regional temperature changes within
o R R +3°C from a given reference period for which the degree-
Specific balance (m,, ;) day parameters are optimized. In our study the temperature
changes are within this range and therefore it is concluded
Fig. 12. (A—E) The modeled surface mass balance at 50 yr intervalsthat the optimized degree-day parameters are appropriate for
computed with method Ml and the DMI HIRHAM ECHAMS cli-  the simulations with the coupled surface mass balance — ice
mate scenario (shown with bold line in Fig. 9). The average mod-flow model that are presented here.
eled surface mass balance for 10yr periods corresponding to the Runoff from the area covered by the L}Ax glacier for
first decade of each 50yr interval is plotted as a function of eleva-the whole modeled period 1895-2100 is shown in Fig. 11b.
tion in (F) (location of the profile is shown i(A). The runoff accounts for both melting of snow and ice and the
precipitation in the form of rain in the area. The results show
large interannual variability as well as an increase in runoff
larger than late summer, with the exception of summer 2008yyith temperature in the first half of the 21st century while
and the winter velocity measurements for 2005-2006 showshe volume of the glacier is declining. It should be noted that
a considerably lower velocity in the winter months. This this model output cannot be validated against observations as
indicates a velocity increase due to increased melt watepg river discharge measurements are available from this area.
production and enhanced basal water pressure during springowards the end of the simulation, the runoff is reduced be-
melt and a lower VeIOCity towards the end of the summer. De-Cause the g|acier has near'y disappeared_ Even though there
tailed studies of seasonal velocity variations and the spatigjs g large spread in the simulated results depending on the
distribution of basal Slldlng would allow better determination app“ed scenario, the genera| trend of an initial increase, fol-
of the model parameters. lowed by a decrease in runoff during the second half of the
The sensitivity of the model results to the applied degree-21st century is similar for most of the scenarios. It is found
day factors was tested by varying the values in the steadyhat until ~2030, the large interannual variations in the cli-
state experiments (Fig. 10c). The degree-day factors demate lead to interannual runoff variations of a similar magni-
termined by using mass balance data from the two stakesude as the average runoff increase with respect to the period
on Hoffellsjokull and data from the two automatic weather 1981-2000. Around the middle of the century, most of the
stations are similar to the degree-day factors determined bglimate change scenarios indicate that the simulated runoff
optimization of 23 mass balance stakes on S-Vatnajokull.changes due to the warming of the long-term climate have
The sensitivity tests show that varying the degree-day fachecome larger than the magnitude of the interannual varia-
tors by the standard deviation obtained from an optimizationtjons.
for each year separately does not have a major impact onthe The simulated volume and runoff changes of the
steady state volume (Fig. 10c). Hoffellsjokull outlet glacier are similar to the results for the
The advantage of the degree-day melt model is that it usetarger Hofsjokull and Langjokull ice caps that have been
only temperature and precipitation away from the glacier asforced with the same climate scenarios (J6hannesson et al.,
an input (the only available long term observation). Detailed2011). The future of the Icelandic glaciers and ice caps is
comparison of the degree-day melt model and a more adedependent on their elevation range (e.g. Gudmundsson et al.,

Specific mass balance (m,, ¢ )

Elevation (m a.s
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2009b) and the future climate. If the current climate will Arnborg, L.: Hydrology of the glacial river Austurfliot, Geogr.
persist into the future the glaciers are predicted to lose about Ann., 37, No.3/4, 185-201, 1955a.

20-30 % of their volume, depending on their elevation range Arnborg, L. Ice-marginal lakes at Hoffellsjokull, Geogr. Ann., 37,
In response to the predicted climatic changes, with a sub- N0-3/4, 202-228, 1955b.

stantial increase in average temperatures, most of the glacieRerthier. E., Vadon, H., Baratoux, D., Armaud, Y., Vincent, C.,
will almost vanish in 100—200 yr. Feigl, K. L., Rémy, F., and Legrésy, B.: Surface motion of moun-

tain glaciers derived from satellite optical imagery, Remote Sens.
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