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Abstract. Glaciers respond to mass balance changes by adt Introduction

justing their surface elevation and area. These properties

in their turn affect the local and area-averaged mass balGlacier volume projections are required to assess the rate of
ance. To incorporate this interdependence in the responsgea level rise expected from ice wastage in a warmer future
of glaciers to climate change, models should include an inclimate (e.g.IPCC 2007 Meier et al, 2007 Bahr et al,
teractive scheme coupling mass balance and ice dynamics. IA009. In order to obtain reliable estimates for a particu-
this study, a spatially distributed mass balance model, comlar climate scenario, observed differences in glacier response
prising surface energy balance calculations, was coupled t&r various glacier types and climatic regions first need to be
a vertically integrated ice-flow model based on the shallowunderstood.

ice approximation_ The Coup|ed model was app“ed to the In contrastto other regions in Scandinavia and the global
ice cap Hardangerjgkmen in southern Norway_ The ava”-trend, the maritime glaciers in mainland NOTW&y advanced in
able glacio-meteorological records, mass balance and glacidhe late 20th century, following a series of wet winters around
length change measurements were utilized for model calibral990 @ndreassen et al2009. Since the year 2000, all
tion and validation. Forced with meteorological data from monitored glaciers in Norway had a net mass deficit and re-
nearby synoptic weather stations, the coupled model realtreated Kjglimoen et al, 2008. On the maritime Norwegian
istica”y simulated the observed mass balance and g|acieg|aCierS, the interannual variability in the net mass balance
length changes during the 20th century. The mean climatds dominated by variations in the winter balance, while sum-
for the period 1961-1990, computed from local meteorolog-mer balance fluctuations are more important on the glaciers
ical data, was used as a basis to prescribe climate projedurther inland Andreassen et al2005. The high depen-
tions for the 21st century at Hardangerjgkulen. For a lineardence on winter precipitation suggests that the future of the
temperature increase of@ from 1961-1990 to 2071-2100, Maritime Norwegian glaciers is not only determined by the
the modelled net mass balance soon becomes negative at &¢gree of warming, but also by the accompanying change in
altitudes and Hardangerjgkulen disappears around the yedrecipitation.

2100. The projected changes in the other meteorological Regarding the spatial distribution of glaciers in southern

variables could at most partly compensate for the effect ofNorway, the large glaciers-25 kn¥) are all situated within
the projected warming. 150 km from the coast, in a maritime to transitional climate

regime. All these glaciers are ice caps, with a large and flat
upper part and a number of steeper outlet glaciers. Ice caps
are particularly sensitive to climate change, because a small
increase in the equilibrium-line altitude (ELA) can turn a
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A similar method has been applied to the ice caps Vatnajokull
and Hofjokull in Iceland Elowers et al. 2005 Adalgeirs-
dottir et al, 2006 and Glacier de Saint-Sorlin in the French
Alps (Le Meur et al, 2007. The mass balance of the Ice-
landic glaciers was computed with a degree-day model;
Meur et al.(2007) used sophisticated atmospheric and snow
models.

The main objective of this paper is to determine how
Hardangerjgkulen responds to a changing climate. Future
climate projections are implemented in a simplified way, to
be able to assess the effect of various changes in the meteo-
rological variables and the role of feedback processes. First,
we describe the model and the meteorological records used
as input to the model. We then compare the modelled and
measured energy and mass balance fluxes and demonstrate
Fig. 1. Map showing the location of Hardangerjgkulen (H) in south- that the model can reproduce the observed ice cap geome-
ern Norway and the locations of the synoptic weather stations fromtry through the 20th century. We discuss the ice cap vol-
which records are used in this study. ume change for different 21st century climate projections and

show the simulated ice cap geometry for the most probable
future climate in more detail. Furthermore, we investigate the

In this study, we determine the response of the ice cafimportance of feedback processes in the ice cap evolution.
Hardangerjgkulen in southern Norway to the observed cli-
mate in the 20th century and projected climate change for the
21st century. Hardangerjgkulen is situated in the transitionap Hardangerjgkulen
zone between the maritime glaciers near the western coast
and the more continental glaciers further inlaAtidreassen  The ice cap Hardangerjgkulen (60238, 7.43 E) is situated
et al, 2005 Giesen et a).2009. We employ a spatially dis-  in southern Norway, 150 km from the western coast (Ejg.
tributed surface mass balance model to account for horizonThe present-day ice cap covers 7%%amd ranges in altitude
tal precipitation gradients and topographic effects, especiallfrom 1020 to 1865ma.s.l. (Fig). The ice cap geometry
on solar irradiance. All individual energy and mass balancewas mapped in 1961 and 1995. For the present-day topogra-
fluxes are defined as functions of principal meteorologicalphy, we use the digital elevation model (DEM) for Hardan-
variables, which is essential to translate changes in climatgerjgkulen from 1995, created by the Norwegian Mapping
to a change in surface mass balance. Simple relations, for inauthority (Statens Kartverk) from aerial photographs.
stance between air temperature and ablation, may no longer
be valid in a climate that is much warmer than the climate2.1 Mass balance
used to calibrate the relationship. The surface mass balance
model is coupled to a two-dimensional (2-D) vertically inte- Annual winter, summer and net mass balances have been
grated ice-flow model, based on the shallow-ice approximameasured on the largest, westerly draining outlet glacier
tion. Compared to lower-dimensional models, 2-D ice-flow Rembesdalsskéka since 1963. The winter balance is usu-
models have no restrictions regarding the spatial distributiorally determined in May, the summer and net balance in
of ice; the glacier geometry keeps adapting to changes irearly October Andreassen et al2009. The mean annual
the mass balance. This is especially important for ice capsiet mass balance over the period 1963-2005 was slightly
like Hardangerjgkulen, with multiple drainage basins and icepositive (+0.13 mw.e.— water equivalent), with a mean win-
flow in all directions. ter balance of +2.11mw.e. and a mean summer balance

Most previous studies with sophisticated mass balancef —1.98 mw.e. Kjgllmoen et al, 2006. Based on the
models on glaciers did not consider changes in surface tomean net mass balance profile for Rembesdalsskaka over the
pography (e.g.Klok and Oerlemans2002 Gerbaux et aJ. 33 profiles measured between 1965 and 2005, 80% of the to-
2005 Arnold et al, 200§. On the other hand, only few tal area of Rembesdalsskaka is located above the mean ELA
studies investigating the dynamic response of glaciers to §1638 ma.s.l.).
changing climate explicitly calculated a spatially distributed
mass balance from meteorological variables. By coupling the2.2 Automatic weather stations
mass balance and ice-flow models annually, we compute the
response of Hardangerjgkulen to changes in meteorologicabince October 2000, an automatic weather station (AWS) has
variables and include feedback mechanisms associated witheen in operation in the ablation zone (at 1450 ma.s.l.) of
the interdependence of mass balance and geometry changeake north-easterly outlet glacier Midtdalsbreen. This AWS,
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referred to as AWS1, provides all meteorological quanti- (
6722 = -
>

ties needed to calculate the local surface energy balance
(Giesen et a).2008. This station was supplemented by a
second AWS (AWS2) on the summit of Hardangerjokulen
(1860 ma.s.l.), which was in operation during the summer of g5
2005.

6716

2.3 Glacier length change

6714 1200

Glacier length change has been measured at Rembes
dalsskaka during several intervals, the first measurement dat®”'2|
ing from 1917. At Midtdalsbreen, glacier length change
has been measured annually since 1982dfeassen et al. oo
2005. The length measurements were combined with maps,,,?
and dated moraines in the glacier forefields to reconstruct
glacier length records for the 20th century, used for vali- sl
dation of the coupled model (data provided by H. Elvehgay, A ‘ ‘
NVE' Oslo). 404 406 408 410 412 414 416 418 420
The last major advance of Hardangerjgkulen occurred_
around AD 1750, in the ‘Little Ice Age’ (LIA). Figure Fig. 2. Present-day surface topography (contours) and bedrock to-

] _pography (colouring) in the model domain, contours are drawn ev-
shows the LIA extent for the north-eastem and SOUth. ery 50 m. The thick solid lines indicate the present-day ice cap ex-

western Parts of Hardangerjﬂkulgn, determl'ned from term"tent, the thick dashed lines the reconstructed Little Ice Age mar-

nal moraines Andersen and Sollid1971 Nesje and DaQl iy (references in text) and the dotted lines the drainage basins of

1991 Nesje et al. 1994 Elvehgy et al. 1997). Since the = Rembesdalsskaka and Midtdalsbreen. The locations of the AWSs

LIA, Rembesdalsskéka has retreated almost two kilometreson Midtdalsbreen (AWS1) and the ice cap summit (AWS2) are

while Midtdalsbreen retreated approximately one kilometre. indicated by white dots and numbers. The reference system is
UTM zone 32 (EUREF89), the tick mark spacing is 2 km.
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2.4 Ice thickness

Detailed ice thickness measurements have been done witB Model description
ground-penetrating radar on Midtdalsbre@is{en 1998. In
other drainage basins of Hardangerjakulen, ice thickness was.1 Ice-flow model
determined along single tracks, and some parts of the ice caev . ]
were not covered at all. The thickest ice was found in the'Ve employ an ice-flow model that was previously used to
central part of Rembesdalsskéka, with a maximum thicknessimulate the Eurasian ice sheet through the last glacial cycle
around 380 m. (Van den Berg et al2008. The model is based on the verti-

By assuming perfect plasticity, ice thickness can be estj-cally inFegrgted continuity equation and.uses the shgllow—ice
mated from the local surface slope (e@erlemans2001, appro>§|mat|on (SIA; e.gHutte_r, 1983. Since we are inter-
p. 60). The vield stress needed for these calculations wagSted in the response of the ice cap to mass balance changes
derived from the detailed ice thickness measurements ofVer decadal time-scales and the surface and bedrock slopes
Midtdalsbreen, suggesting a value in the range 150-180 kP! Hardangerjgkulen are generally gentle, the SIA can be
(K. Melvold, personal communication, 2009). In addition, a €xPected to produce reasonably accurate resiégs(nger
flux balance approach similar ®arinotti et al.(2009 was  Vieli and Gudmundssqr2004. The vertical mean horizon-
applied, giving more or less the same ice thickness valuedal v_elocnyU is d|V|ded.|n'to co_ntrlbutlons by internal defor-
For the unmeasured areas, ice thickness was determined pjationUq and basal slidingJs in the following way Budd
matching the calculated ice thickness with the available meat al, 1979 Oerlemans2002):
surements. At ice divides and ice ridges where the surfac%H Y

. . . . = Uqg + Us (1)

slope is small, ice thickness was overestimated and manua ) )
extrgpolatlon from the measureme_nts was applied. Close to (,Oiceg)3H3|:(8—ZS> + (8_zs> ]st<de2 + fs)»
the ice margins, manual extrapolation was also needed to ob- dx ay
tain a smooth decrease in ice thickness. o ) o ]

The resulting ice thickness map was combined with theWhere pice is ice density,g the gravitational acceleration,

1995 DEM to derive the bedrock topography (Fay. H ice .thickness ands('x,y,.t) sgrface elevation. The de-
formation parametery is primarily dependent on ice tem-

perature, the sliding parametgg depends on bed rough-
ness and material properties. We use constant values for
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Table 1. Parameter values used in this study. The valuelfor may form when the ice cap rgtreats. 3asa| melt is agsumed
listed here is used for extrapolation over the ice cap, for extrapo0 P& small compared to the high ablation rates at the ice cap
lation of air temperature data to the ice cap, different values aresurface.

used (Sect4.5). The surface mass balance model is based on a model
developed for Morteratschgletscher in Switzerlamdok

and Oerlemans2002. The annual surface mass balance

Parameter Symbol  Unit value B (mw.e.) at each location in the model domain is deter-
Ice deformation parameter fd N—3mbs1 7.6x10725 mined by three processes
Sliding parameter fs N—3m8s1 9.5x10-21
Ice density Pice kgm~3 900
Snow density Dshow kgm~3 400 B = [Psnow— M — S]dr, (2
Fresh snow albedo rsnow 0.69-0.90 year
Firn albedo Afirn 0.53 . . L .
Ice albedo o 035 where Psnow is the amount of solid precipitatior/ is the
Bare rock albedo @rock 0.15 mass removed by ablation at the surface &nibpresents
ﬁ:g:gg gg"i;:':le i ?na\yvse 02010-? mass exchange with the air by sublimation or rime. The sur-
Thickness subsurface layers 521 mo ‘01 face mass balancg is calculateql using a time_:-step of 60 min.
822 m 2.9 The energy available for melting (W m~2), is calculated
823 m 7.0 .
lce temperatures at AWS1 T vsr K 2718 from the surface energy balance:
Factor intasequation k 0.972
Factors intc equation ay 0.353 O — G = Sin + Sout + Lin + Lout + Hsen+ Hiat. (3)
an 0.124 . . o
Clear-sky albedo acs 0.064 Sin and Soyt are incoming and reflected solar radiatidn;
E'eir-ékyem'ss'\gtyOfdfya" Zgh N2 Ooﬁé and Loyt are incoming and outgoing longwave radiation,
actor inecs equation —m . .
Exponent inecs equation m 3 Hsen and Hyt are the sensible and latent heat fluxe§ q;‘nd
Overcast sky emissivity goc 0.990 is the subsurface heat flux. Heat supplied by rain is ne-
Cloud exponent in sky emissivity p . 1 glected, which is justified on glaciers with a considerable
Turbulent exchange coefficient  Kp, ms 0.0046-0.0110 t | 200 = ddi t
for the background flow mass turnover@erlemans200]). Fluxes adding energy 0
Threshold temperature for snow Tsnow K 274.55 the surface layer, both from above and below, are defined
\T,\?Tpefawre 'apslf;' rathe, o ; Km -~ O-gggg positive. When the sum of the fluxes on the right-hand-side
ater vapour scaling neig e m . oy . .
Air pressure scaling height H, m 8100 of Eq. (3) is positive, this energy is used to heat the surface

and underlying snow or ice layers. When the surface tem-
perature has reached the melting point, all excess energy is
used to melt snow or ice. The amount of méfit(mw.e.) is

both parameters (TabtB, optimized for Hardangerjgkulen calculated from the melting energy:
by means of a dynamic calibratio®érlemans1997) with 0

the observed length changes at Rembesdalsskaka and Midt!
dalsbreen. All calibration runs were started in the year 1600,
to include the LIA maximum. For computational efficiency, with L the latent heat of fusion (3.34L.0° Jkg™') and pw
the mass balance distribution used for the dynamic calibrathe density of water (1000 kgd). Sublimation §) is deter-
tion is only dependent on altitude, and was derived from themined from the latent heat flux

mean mass balance profile measured on Rembesdalsskéka. Hiat

For more details on the dynamic calibration procedure, se6d = — —— Pw- (5)
Giesen(2009, Ch. 6. All spatial derivatives are calculated
with central differencing, for the time integration an Alter- whereLs (2.83x10° Jkg™1) is the latent heat of sublimation.
nating Direction Implicit (ADI) method is used (e.gluy- The model only keeps track of changes in solid mass (snow
brechts 1992. We use a time-step of 0.01 year, which is or ice). When the surface is at the melting point, we assume

=7 @)

sufficiently small to exclude numerical instabilities. there is meltwater available for vaporization.
Below, we briefly describe the parameterizations used in
3.2 Surface mass balance model the energy and mass balance calculations. For details of

the used parameterizations, we refer to the cited publica-
The mass balance model only includes mass changes at thimns. Parameters in the parameterizations for the surface
surface of the ice cap, basal melting and calving at the glacieenergy fluxes have been calibrated with data from AWSL1.
front are not included. Currently, the largest outlet glaciersAir temperature, humidity, air pressure and cloud fraction
of Hardangerjgkulen do not terminate in water, but Rembesfrom AWS1 are used as input data for the parameterizations
dalsskaka did end in the lake Rembesdalsvatnet when the id® determine the parameter values giving the best match with
cap was larger (Fig2; Elvehgy et al. 1997 and new lakes measured,, surface albedo andli,, as well asHsert+Hiat
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calculated from the AWS dat&{esen et a).2008. A list of than 268.5 K,asnow=0.90. For T, higher than 274.6 K,
the model parameters and their calibrated values is providedsnonw=0.69. Linear interpolation between these two values
in Tablel. For details of the calibration procedure and the is used to describessnow for 7o between 268.5 and 274.6 K.
sensitivity of the surface mass balance to the model parameFhe snow albedo is also set to 0.69 when rain is falling on

ters, we refer t@siesen(2009, Ch. 5. a snow surface with a higher albedo. These modifications
result in a good match with measured snow albedo values
3.2.1 Incoming solar radiation and the timing of the ice reappearance at AWS1. Further-

more, the modelled albedo at AWS2 corresponds well to the
The seasonal and diurnal variation of incoming solar radia-observed albedo during the 2005 summer season.
tion at the top of the atmosphere are computed with astro- The spatial ice albedo distribution over Hardangerjgkulen
nomical relations fromgbal (1983. The transmissivity of  was examined using three Landsat satellite images taken at
the atmosphere for solar radiation is represented by a suite @ August 1988, 21 August 2002 and 15 September 2002
five transmission coefficients. For the transmission coeffi- (Giesen 2004, applying a retrieval method described by
cients after Rayleigh scattering (R), absorption by permanenKlok et al. (2003. The spatial ice albedo pattern is quite ho-
gases (g) and water vapour (w), and absorption and scatteringiogeneous, with values generally around 0.35 on the plateau
by aerosols (as), expressions frdneyers and Dal€1983 and lower values (0.30) on the glacier tongues. Values be-
are used, the cloud transmission coefficiegtwas deter- low 0.20 are only found in the ice marginal areas. How-
mined followingGreuell et al(1997. Comparison of mod-  ever, there is a large spreatd.10) between the ice albedos
elled incoming solar radiation and the irradiation measuredretrieved from the three images. Temporal changes in ice
at AWS1 revealed a seasonally varying indicating chang-  albedo are not included in the model, but appear to be larger
ing cloud characteristics. Similar ®reuell and Oerlemans than spatial differences. We here use a spatially and tempo-
(1986, we added a sinusoidally varying term depending onrally constant ice albedge of 0.35, which is the mean value
cloudiness. Shading by surrounding topography is computedor all ice pixels in the three images. Although the estimated
with algorithms byDozier and Frew(1990, where shaded uncertainty incjce is large @0.10), the model is not very
grid cells only receive diffuse solar radiation. The total solar sensitive to the ice albedo value used; a realistic evolution of
radiation impinging on a grid cell is finally multiplied by two the snow albedo and the timing of the ice exposure are much
factors to account for multiple scattering of the clear sky andmore important.
reflection of the surrounding slopes; these factors were deter- For non-glaciated grid cells, a bare rock albegigck
mined as described b@reuell et al(1997). Incoming solar  of 0.15 is prescribed from the moment the winter snowpack
radiation is computed twice every hour and averaged for arhas melted.
hourly value. On average, modell&g, is only 0.2 W n12
larger than the measurements on Midtdalsbreen, with a star3.2.3 Longwave radiation
dard deviation for daily means of 22.6 Wt Incoming so-
lar radiation measured at AWS2 was not included in the cal-lncoming and outgoing longwave radiation are computed
ibration, and is overestimated by the model by 5.4Wm  from the Stefan-Boltzmann equation.

with a standard deviation of 36.9 WTA. For incoming longwave radiation, we use the grid cell
air temperature and a sky emissivityy calculated after

3.2.2 Surface albedo Konzelmann et al(1994

Modelled incoming solar radiation is multiplied by the sur- £sky = &cs(1 = ") + goon”. (6)

face albedo to obtaip reflected solar rad_iation. For each griq-|ere,scs andeoc are the clear and overcast sky emissivities,
cell, surface albedo is calculated accordin@&rlemans and respectively and the cloud exponent. The clear sky emis-

Knap (1398. In their parqrr:e(zjterlzatlon, fsrr‘:)W agem?blsdre?_ sivity contains a term dependent on the water vapour pressure
resented as an exponentia ecrease o the snow albedo fOf and a contribution by greenhouse gases other than water
the fresh snow albed@fsnow to the firn albedaxsi, con-

vapour.

trolled by the time-scale.. When snow depth is small, the PoUregn

surface albedo is a function of both snow and ice albedo, ac- ea\

cording to the depth-scalé. Ecs=Egh+ b (—) (7)
a

Compared to surface albedos calculated from incoming
and reflected solar radiation at AWS1, the snow albedo comFor egh andm, we adopted the values provided Kpnzel-
puted with this parameterization remains too high in spring,mann et al(1994) (see Tabld), which are based on calcula-
retarding the melt of the snowpack. Modelled albedo im-tions with a numerical radiative band model. The value$for
proved considerably by makingssnow dependent on air andeoc were determined from the best fit with, measured
temperature during snowfall, which was incorporated in ourat AWS1 during clear-sky and overcast conditions, respec-
model in a simple way. When air temperaturgis lower tively. Finally, p was determined from measured all-gky.
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Measured and modelletd, for AWS1 are highly correlated Refreezing of rain and meltwater in the snowpack is not
because: used to calibratd i, were first derived fronLip, included in the model. Ice formation has been observed
although using a different metho@igsen et a).2008. For  in Hardangerjgkulen’s accumulation aréagmann 1972,
AWS2, modelledLi, is on average-9.3W nt 2 lower than  mainly in the form of ice lenses. Water that refreezes needs
the measurements, with a standard deviation for daily mean® be melted again, but on the other hand raises the snow-
of 13.4Wnr?2, pack temperature and lowers the albedo. The available mea-
Outgoing longwave radiation was calculated from the sur-surements are insufficient to determine the net effect of re-
face temperature, assuming that snow and ice emit as a blaclkreezing on the mass balance. Considering that substantial
body. The surface temperature is determined with a subsurablation occurs even at the highest altitudes (1-2 mwlk. a

face model, described in Se8t2.5 according to the mass balance measurements), the amount of
' energy needed to heat the snowpack to the melting tempera-
3.2.4 Sensible and latent heat flux ture is much smaller (5% at maximum) than the total energy

] ) available during the summer season. We therefore expect the
Following Klok and Oerleman§2002), we use a relation by gftect of refreezing on the mass balance to be small.
Oerlemans and Grisogorf2002 to determine the turbulent

fluxes from free-atmosphere variables: 3.2.6 Extrapolation over the model domain
Hsen= pacp(Kkat + Kb)(Ta — Ts) (8) To compute the surface energy fluxes at each grid cell,
Hiat = 0.622 paLs(Kkat + Kb)(ea — €s)/ pa, air temperature, deep-ice temperature, relative humidity, air

pressure and cloudiness at AWS1 need to be extrapolated
over the model domain. For air temperature and deep-ice
temperature, we use a constant lapse rate=.5 K km1.

The mean air temperature difference between AWS1 and

: AWS2 over the summer of 2005 gives a lapse rate of
ter vapour pressures ang the air pressure. The turbulent 7KkmrL: the value 6.5K km! was reported byGreen
exchange coefficients represent the combined influence of’ . - > report

. and Harding(1980 and is often used in studies by the Nor-
wind speed and surface roughness on the turbulent exchangge.

Kok a1 Oetemanga compuedcaeroremans e300
and Grisogond2002 and used a constant value f&p. By - APPYING P p

at AWS1, the difference between mean modelled and mea-

doing s, they assumed that wind speed increases Whensabred T, at AWS2 is smaller than 0.01K, with a standard

katabatic wind develops. On Midtdalsbreen, wind SpeGdsdeviation for daily means of 0.54 K. Relative humidity at the

induced by the large-scale flow are generally much IargerAWSl altitude is converted to water vapour pressure, for both

than katabatic winds. Furthermore, wind speeds are SignifiWater vapour and air pressure an exponential decrease with
cantly higher under overcast skigsiésen et a).2008. To b P P

include these characteristics in the model, we remaveg altitude is prescribed with scaling heights derived from the
) ! two AWS records (Tabld). We assume that the cloud frac-
and use a variabl&p dependent on cloudiness. Based on

the data from AWS1K}, is taken constant (0.0046 m for tion does not vary over the model domain. )
o o ) . . Compared to the mean summer mass balance profile com-
n=0, increasing linearly with cloudiness to values varying

puted from 33 profiles measured by NVE, modelled ablation
bftlwe\?v?tr? '83?4;;?”1(;;: )r/i)zgt?gno.311e1(s)1:?n§o$‘\]r?1?)léaerl}lggior was too low at altitudes above approximately 1650 ma.s.l.
';;d'HI s on aF\)/erage LawWn? ,Iarger than the measu?ed Because the correspondence between measured and mod-
a .

. L . elled incoming solar radiation, surface albedo and air tem-
flux values, with a standard deviation for daily mean values h L d I turbul f
of 16.3 W nr-2. perature at the summit is good, too small turbulent fluxes

at the plateau are a probable cause for this underestimation.
Measurements at AWS2 indicate higher wind speeds at the
summit than at AWS1 on Midtdalsbreen. To obtain a bet-

Similar to Klok and Oerlemang2002, we compute the ter match between modelled and measured ablation at the

subsurface heat flux and the surface temperature by detefce cap plateau, we let the turbulent exchange coefficient in-
mining the heat conduction in a Simp|e three_|ayer subsurLrease Iinearly by a factor of 1.2 per 100 m altitude interval
face model. For the upper, second and third layer of theabove 1650 ma.s.I.

subsurface model we used layer thicknesse&zg£0.1 m,

3z2=2.9 m andbz3=7.0 m, respectively. The lowest layer has

a constant temperature. At the AWSL1 altitude, we set the

temperature of this layer to the deep-ice temperature calcu-

lated from the AWS1 datal{, aws1=271.8 K;Giesen et aJ.

2008.

wherep, is air densityc, the specific heat of dry air ankicat
and K}, the turbulent exchange coefficients for katabatic flow
and the background flow, respectivelfy and 75 are the air
and surface temperatures, andes the air and surface wa-

3.2.5 Subsurface processes
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Table 2. NMI weather station information and overview of the data used as model input. Data from Voss Bg, Eidfjord Bu and Liset were
used to supplement the records from the principal stations Slird, Finse and Finsevatn, as described in the text. The distance given is the
approximate distance to the centre of Hardangerjgkulen. The meteorological variables are indi@at@rasmperature), RH (relative
humidity), pa (air pressure); (cloudiness) and (precipitation).

Station name WMO nr.  Altitude Distance Meteorological Period
(ma.s.l) (km) variables
Bergen 50560 41 120 Ta, P 1905-1984
Fredriksberg
Bergen 50540 12 120 Ta, P 1985-2005
Florida
Slird 25900 1300 9 Ta RH, pa,n, P 1958-1969
Finse 25840 1224 8 Ty, RH,n, P 1970-1993
\Voss Bg 51590 125 55 pa 1968-2002
Finsevatn 25830 1210 9 Ta, pa 1994-2005
Eidfjord Bu 49580 165 35 Ta, RH,n 1978-2005
Liset 49750 748 15 P 1974-2005
3.2.7 Precipitation 1900
e
Precipitation is assumed to fall as snow whgnis below 1800 -\
1.4°C. This value was reported from meteorological mea-
surements on Rembesdalsskaka in the summer of FB6f&( 1700 o
and Liesta| 1966. _ 4
As a result of the prevailing south-westerly winds and the ; 1600 A
mountain chain along the Norwegian west coast, annual pre—g /)
cipitation quickly decreases from the coast to the inland areas 1500 A
(e.g.,.dstrem et a].1988 Giesen et a.2009. This gradient S /
is also expected to be present over Hardangerjgkulen; annuaff 1400 fof
precipitation at meteorological stations south-west of the ice /
cap is significantly higher than at stations north and east of 1300 i
Hardangerjgkulen. However, measurements on and around [
the ice cap are too sparse to derive a sophisticated precipita- 1200 £ *—NVE profile
tion gradient. Based on the annual precipitation received at /] —e— modelled profile
two meteorological stations on opposite sides of the ice cap noo 0_5' - ] 15 5 2f5 é 35

(Liset and Finse, Sect.1and Table2), we impose a linear
south-west—north-east (SW-NE) precipitation gradient over

. S g
the ice cap. Precipitation decreases by 0.50 yskin both . Fig. 3. Altitudinal profiles of the mean measured and modelled

easterly and northerly directions, corresponding to a maxi- . o .
. . ’ . . winter mass balance for Rembesdalsskaka for 33 years in the pe-
mum gradient of 0.71% km' in the SW-NE direction. Y P

riod 1963-2005. The modelled profile is calculated with local me-
Superimposed on the horizontal gradient described aboveeorological data (Sect.1). The error bars represent one standard
we prescribe an altitudinal gradient in precipitation accord-deviation, computed from the 33 annual profiles.
ing to 33 measured winter balance profiles on Rembes-
dalsskaka. An altitude-dependent multiplication factor was
derived from the mean modelled and measured winter acelevations, the winter balance is underestimated by approx-
cumulation profiles. We use a second-order polynomialimately 0.2 mw.e. This larger difference could be due to a
for altitudes below 1700 ma.s.l. and multiply this polyno- larger uncertainty in the measurements. Above 1500 ma.s.l.,
mial with another second-order polynomial for higher alti- the observed winter balance is based on sounding profiles,
tudes, where precipitation increases more slowly or even dewhile often only one stake is used to determine the win-
creases with altitude (Fig). With this vertical gradient, the ter balance on the glacier tongue. Because less than 10%
mean modelled winter balance over the 33 years with win-of the total ice cap area is situated below 1500 ma.s.l., the
ter balance profiles available corresponds well to the meararger uncertainty in the precipitation at these elevations has
measured profile, especially above 1600 ma.s.l. At lowera minor effect on the area-averaged winter balance. On the

Mass balance (m w.e.)
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glacier tongue, the multiplication factor is constant and thedata records spanning the entire period of interest (1957—
winter balance only increases with altitude due to decreasin@005), we had to use a combination of records from different
air temperature. This constant multiplication factor is alsostations. This combined dataset is referred to as “local” data
used at altitudes lower than the minimum altitude of Rembesin the following. The meteorological records from stations
dalsskaka. Using a simple parameterization based on the aln the vicinity of the ice cap have not been thoroughly tested
titudinal profiles from Rembesdalsskaka alone will certainly for innomogeneities and biases, but were inspected for out-
result in errors in the spatial precipitation distribution on the liers and compared to records from other stations to identify
other outlet glaciers and on Rembesdalsskéka itself. Howregional differences in meteorological conditions.

ever, the precipitation per altitude interval will be reasonable Whenever possible, we use records from the nearest sta-
for Rembesdalsskéka, which is the largest outlet glacier andion, located north of Hardangerjekulen. This station was re-

covers 32% of the area above 1700 ma.s.l. located and renamed two times during the period considered,
subsequently being called Slird (1957-1969), Finse (1970-
3.3 The coupled model 1993) and Finsevatn (1994-2005). Slird and Finse were

manned stations, Finsevatn is an automatic weather station.
Al calculations are performed on a ¥88kn? model do- At Slir&, all input meteorological variables were measured.
main with a horizontal resolution of 100 m. Model years are Air pressure was not measured at Finse, for which we use
shifted with respect to calendar years and run from 1 Octo-data from Voss Bg. From Finsevatn we only use air temper-
ber in the previous year to 30 September in the correspondature and air pressure measurements, the relative humidity
ing calendar year. In this way, a model year approximatesand precipitation records contain large gaps and are unreli-
one mass balance year, consisting of an accumulation seable. Cloudiness was not measured at Finsevatn. Precipi-
son and the following ablation season. Since we use constanation was taken from measurements at Liset, which despite
deformation and sliding parameters in the ice-flow model,its location on almost the opposite side of Hardangerjakulen,
seasonal variations in the ice flow cannot be modelled. Thishas a very similar interannual variability in winter precipita-
is not a problem, because we are only interested in the longtion as Slir& and Finse. For the overlap period 1974-1993,
term evolution of Hardangerjgkulen. For the same reasonthe correlation coefficient of annual November-March pre-
it is not necessary to couple the models at sub-annual timegipitation at Finse and Liset is 0.97. From 1994 onwards, we
scales, as long as the time-scale is much shorter than the rese relative humidity and cloud fraction observations from
sponse time of the ice cap. We therefore compute the annua@idfjord Bu. Compared to Slird and Finse, Eidfjord Bu is
surface mass balance on a fixed grid and supply the resultingpcated far from Hardangerjakulen. Still, for the overlapping
mass balance field to the ice-flow model to compute the iceperiod (1978-1994), the cloud fractions measured at Eidfjord
thickness changes induced by the annual mass balance. TiBu and Finse have a linear correlation coefficierd.75, the
updated surface topography and ice cap extent are returnedequency distribution is similar and the mean cloud fraction
to the mass balance model to start the calculations for thés equal. Air temperature measured at Eidfjord Bu is used to
next year. At the beginning of each mass balance year, newonvert the relative humidity measurements to water vapour
surface slope, aspect and horizon angles are computed frofyressure. At Liset, precipitation is measured once a day at
the updated surface topography and used in the radiation caB6:00 UTC, at Slir& and Finse measurements were made at
culations. We assume that the typical shape of the altitudinap6:00 and 18:00 UTC. The other variables were measured
precipitation profile is primarily resulting from the plateau at 06:00, 12:00 and 18:00 UTC, sometimes measurements
geometry and less from its absolute elevation. We thereforgnade at 00:00 or 09:00 UTC were reported. Hourly data are
let the maximum in the precipitation profile change along available for Finsevatn.
with variations in the summit elevation. In the same way, the
altitude above which we prescribe an increase in the turbu4.2 Bergen (1904—-2005)
lent exchange coefficient (1650 ma.s.l. for the present-day
geometry) is adjusted to keep its vertical distance from theBefore 1957, the nearest synoptic station with available data
summit constant. is the NMI station in Bergen (Figl and Table2), lo-

cated approximately 120 km west of Hardangerjgkulen. We

use records from 1904 onwards, when measurements were

4 Meteorological input data started at Bergen Fredriksberg, measurements from Bergen
Florida are used from 1985 onwards. The meteorological
4.1 Local stations (1957-2005) records from Bergen have been homogenized and bias cor-

rected by the NMI. For the period 1904-1949, only mea-
From 1957 onwards, digitized data from weather stationssurements of air temperature, relative humidity and precip-
in the vicinity of Hardangerjgkulen 60 km distance) itation are available. After 1950, additional meteorological
are available from the Norwegian Meteorological Institute variables are available for Bergen, but we only use air tem-
(NMI; see Fig.1 and Table?). Since none of the stations have perature, relative humidity and precipitation for the entire
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period until 2005. In this way, the performance of the conditions, the effect of cloud changes on solar radiation is
model with the limited data set from Bergen can be com-approximately compensated by a change in longwave radia-
pared to results with the more extensive input data set frontion of the opposite sign. In a warmer climate, the balance
the local weather stations. Air temperature and relative hu-between incoming longwave and solar radiation may change
midity were measured at 06:00, 12:00 and 18:00 UTC. Forand the effect of cloud fraction changes may be different.
Bergen Florida measurements at 00:00 UTC are also availWe therefore investigate the effect of a 5% increase in the
able, the frequency increasing to 3-hourly data in 1996 andtloud fraction in combination with a temperature increase.
hourly data in 1998. Precipitation was measured twice a daylrhe projected wind speed change is withif%, but the ef-

(06:00 and 18:00 UTC). fect of such a change cannot be easily determined because
wind speeds are incorporated in the turbulent exchange coef-
4.3 Control climate (1961-1990) ficient. By increasing the turbulent exchange coefficient by

10% along with a temperature increase, we use the model to
The climate over the period 1961-1990 was determined fronobtain a rough estimate of the wind speed dependence of the
the local meteorological data to serve as a basis for futuresurface mass balance.
climate projections. The climatological annual cycle was
simply defined as the 30 year average for each daily o4.5 Implementation in the model
hourly interval as used in the model. Compared to the local
meteorological records for the AWS1 period (2001-2005),4.5.1 Observational records
the mean summer temperature (June—August) for 1961-1990
was about 2C lower, while winter precipitation (November— Since we use mass balance years instead of calendar years,

March) was approximately 15% lower. the first model year starts at 1 October of the first year with
available meteorological data. Hence, model runs are per-
4.4 The RegClim projections (2071-2100) formed for the mass balance years 1958-2005 and 1905-

2005 with the local and Bergen input data sets, respectively.
To compute future mass balances, we apply climate projec- When air temperature measurements were available for
tions for southern Norway from the RegClim projehttp:// three-hourly intervals, measurements were linearly interpo-
regclim.met.nd These projections are based on downscaledated to obtain hourly input data. For data sets with three
results from the atmosphere-ocean general circulation moder four measurements per day, the daily cycle was approx-
els ECHAM4/OPYC3 Roeckner et a).1999 and HadCM3  imated by a sine function fitted through the available mea-
(Gordon et al.2000, using the SRES A2 and B2 scenarios surements. Seasonally varying lapse rates for temperature
(Nakicenovic et al.2000. The projected changes in meteo- are necessary to correct for differences in the boundary-layer
rological variables depend on the choice of the emission scestructure at the meteorological station and the glacier surface
nario, the climate model and the downscaling method. We(Giesen et a).2009. To calculate the air temperature at the
therefore use a number of projections as input to the modelAWS1 altitude, separate lapse rates are applied for the local
to determine the variability in the ice cap response to differ-and Bergen data, determined from the difference in monthly
ent climate changes. The climate projections give the changeiean values between the input data and the AWS1 measure-
in air temperature, precipitation, cloudiness, air pressure andnents for the period 2001-2005. In the winter months, lapse
wind speed from the normal period 1961-1990 to 2071-rates derived from local data show a large spread and we set
2100. For the area around Hardangerjgkulen, the RegClinthe lapse rate to 6.5 K k. Values up to 9.7 K km! were
results indicate an increase in the annual mean temperatuiabtained for local data in summer, caused by the cooling ef-
(AT) of approximately 3C from 1961-1990 to 2071-2100, fect of the glacier surface and enhanced heating at the val-
with the largest changes in autumn and winter. Annual predey station. As the local stations are situated within the al-
cipitation will probably increase by approximately 10%, al- titude range of the ice cap, erroneous lapse rates introduce
though an increase af P=70% was projected by one of the a relatively small error. Monthly lapse rates derived from
models Raisanen et g12004). The projected increase in au- the Bergen data have a much smaller spread and range be-
tumn and winter precipitation is larger than 10%, while sum-tween 6.4 and 7.5 K kmt. Modelled and measured daily air
mer precipitation may decrease. Since the net mass balandemperatures at AWS1 for the period 2001-2005 are highly
on Hardangerjgkulen is probably more sensitive to temperacorrelatedy=0.94 and-=0.93 with data from Finsevatn and
ture changes in summer and precipitation changes in winterBergen, respectively. Relative humidity measurements were
we investigate the effect of a seasonal cycle in the climatdinearly interpolated between measurement times to create
projections compared to annual changes. The projected a@n hourly input data set. Air pressure input data were not
pressure change is smaller th&® hPa, which is too small interpolated to obtain hourly values, we only calculate the
to have a notable effect on the calculated mass balance arair pressure field at the measurement times. For the model
is therefore not further examined. Cloudiness is projectedruns with data from Bergen, we prescribe a seasonally vary-
to change by less than 5% in all seasons. For present-dayg air pressure at the AWS1 altitude with a sine function,
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based on the AWS1 measurements. The cloud fraction inpub Results

data were linearly interpolated between measurement times

to create an hourly input data set. For runs with the Bergerdn order to simulate the ice cap response to future climate
data set, we prescribe the cloud fraction with a seasonallyprojections, the model should simulate the present-day sur-
varying sinusoidal function derived from the AWS1 measure-face energy and mass balance properly. Therefore, we first
ments. The daily precipitation sum from the input data is compare the modelled surface energy and mass balances
distributed evenly over the day in the model. As the mea-With the AWS1 measurements and the mass balance mea-
surement period at the NMI stations does not coincide withSurements on Rembesdalsskéka. Ice dynamical effects are
a calendar day, we prescribe the precipitation sum measure@Xxcluded in these model runs by keeping the surface topog-
until 06:00 UTC the following day on the first day, hence the raphy fixed at the 1995 DEM. Subsequently, ice dynamics
record is shifted 6 h backward. For each precipitation dataare included and we show the modelled response of Hardan-
set (Slird, Finse, Liset and Bergen), we determined a mul-gerjgkulen to the observed climate of the 20th century and
tiplication constant to relate measured precipitation to accuvarious climate scenarios for the 21st century.

mulation at the ice cap by fitting modelled to measured an-

nual winter balance on Rembesdalssk&ka for all overlapping-1 ~Surface energy balance at AWS1

years. In Fh's way, the total amour_wt of winter accumglanon The seasonal cycle of the surface energy balance at AWS1
is constrained to the measured winter balance, but interan-

nual variations are preserved. Precipitation from Slir& and> well captured by the model (Figa). Of course, the pa-

Finse is multiplied by 0.5 whenever the station ternperaturerameterlzanns for the surface energy fluxes were calibrated

. with the AWS1 measurements, but this calibration was per-
is above the threshold temperature for snow (Tahléo cor- ; . X
: . . formed with the meteorological records from AWS1, while

rect for overestimated values in summer resulting from snow, Y .

S the energy fluxes shown in Figa were calculated with lo-
undercatch in winter. . .
cal meteorological data. The model generally overestimates
Snet, While Lpetis too negative, which may indicate that cloud

conditions at the local station are slightly different from the

All investigated future climate projections are incorporated AWSL1 site.

in the same way in the model. Since the projections are For the period 1961-1990, all modelled energy fluxes are
defined as the change from the normal period 1961-199@maller than for the warm 2001-2005 period (Fb). Us-

to 2071-2100, we assume a linear increase/decrease of tﬁ@g the control climate instead of the local meteorological
considered meteorological variable by the projected amountecords results in higher net solar radiation in several months;
from the middle of the first period (1976) to the middle of the for the other fluxes the differences are small.

second period (2086). As meteorological measurements are All surface energy fluxes increase or become less nega-
available until 2005, the climatological data are used fromtive when the air temperature is raised byC3 except for
2006 onwards. Hence, at the beginning of the 21st centurys, Which remains close to zero (Figc). Because the win-
simulation (2006), a 30/110th fraction of the imposed climateter snowpack with a high albedo disappears earlier in spring,
change is supposed to have already occurred. We determiri@e maximum inSpet occurs earlier in the season and the
the effect of various changes in annual temperature, as welprgest increase in melt energy is simulated for June. The
as the combination of the most probable temperature increag@crease inQ in the other summer months is mainly a result
(3°C) with different increases in precipitation_ The |argest of Iarger turbulent fluxes and a small pOSitiVG contribution
increase in both temperature and precipitation is projected®y Lnet Besides the increase in melt energy, the melt sea-
for autumn and winter, but the timing of the maximum and Son also becomes slightly longer. Almost no change in the
minimum varies for the different climate models and scenar-surface energy fluxes is modelled in winter, because the sur-
ios. We therefore examine the effect of a sinusoidal variationface temperature increases along with the air temperature, as
with the maximum in mid-autumn (15 October) and the min- 10ng as it is lower than the melting point temperature. Again,
imum in mid-spring, as well as a sinusoidal variation with there are only minor differences between the seasonal cycles
the maximum in mid-winter (15 January) and the minimum modelled with the local data and the control climate.

in mid-summer. The amplitude of the oscillation was esti- ~This simulation shows how the surface energy fluxes at
mated from the RegClim results; air temperature is varied byAWS1 are affected by an instantaneous temperature increase.

+0.6°C from a mean change of +3.@ and precipitation is  For the future projection of Hardangerjgkulen, the air tem-
varied by+15% from a mean change of +10%. perature is assumed to increase linearly in time and the ice

cap surface will have lowered with respect to the 1995 DEM
by the time the temperature has risen BYC3 The dynamic
response will thereby further amplify the effect of the warm-
ing on the surface energy balance.

4.5.2 Climate projections
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© 250 —— local precipitation(b) preC|p|t§tt|on record from the correspo_ndlng
// N 1961-1990 dgta set, ant_ljc) the control climate (Ctrl) and the control climate
000 7 1\ AT =+3] Wlt_h a _3°C higher temperature. In (b) and (c) the measured surface
/, height is also shown.
e 150 e
= i/ \ \ 5.2 Accumulation and ablation at AWS1
3 100 /’ )
% / VY In this section, we compare accumulation and ablation mod-
g 50 / — a elled with AWS1 data, local input data, Bergen data and the
w L 4"/// ﬁ B control climate to the measurements at AWS1. Differences
0 .~ — N between the precipitation records, and hence winter accumu-
IR \‘\‘_\‘ lation, complicate the comparison of ablation computed with
50 T the different data sets. We therefore distinguish between the
1 2 3 4 5 6 7 8 9 10 11 12 effect of precipitation records and the effect of the other me-
Month teorological records (air temperature, relative humidity, air

. pressure and cloudiness) from different sources on the mod-
Fig. 4. Seasonal cycle of the surface energy fluxes at AWS1,e|led mass balance. This is done by first using the same (lo-
modelled with the local meteorological records (solid lines) for cal) precipitation record in all runs and only changing the set

(a) 2001-2005(b) 1961-1990 an(t) 1961-1990 witAT=+3°C. ith the remainina four m rological variabl imilar
The dashed lines in (a) show the mean seasonal cycle of the AWSX” the rema . 9 (?u eteorological variables. Simila
results are obtained in the three runs (FHg), hence mod-

measurements for the same period, in (b) and (c) they show the re- . A
sults of simulations with the control climate for 1961-1990. elled ablation at AWS1 does not deteriorate when meteoro-

logical observations from locations outside the ice cap are
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Table 3. Linear correlation coefficient and the mean annual dif- net balance (Tabl8), the mterannuql .var|ab|I|t.y in the S‘,Jm'
ference between modelled and measured winter, summer and n&R€r balance appears to be more difficult to simulate with the
mass balance\ B (mw.e.) for Rembesdalsskaka over the period model. The best correlation is obtained by using local input

1963—2005. data; with Bergen input data, the winter balance is underesti-
mated in the four wettest years. This could imply that the pre-
winter summer net cipitation anomaly in the surroundings of Hardangerjgkulen
r AB r AB r AB is larger than in Bergen. The mean annual summer balance
Local, zs DEM 092 -0.06 0.75 +0.05 0.88 —0.01 modelled with Bergen input data is 0.19 mw.e. greater than
Local,zsmodel 091 -0.05 0.75 +0.04 0.88 —0.01 the measured value, resulting in a higher than observed net

BergencsDEM 082 —0.04  0.74 +0.19 085 +0.15  phalance in most of the years. Considering that cloud ob-
Bergenzsmodel 081 —001 075 +019 085 +0.18 servations were not used in the simulations with data from
Bergen, the model results are remarkably close to the mea-
sured values. There is little difference between the mass bal-
) ] _ance values modelled with either a constant or a respond-
used; provided that the differences between these Iocatlonﬁlg surface topography, suggesting that the modelled surface
and AWS1 are accounted for by a careful calibration. topography does not deviate much from the 1995 DEM. A
The variability between the mass balance calculated withcomparison of two DEMs from 1961 and 1995 indicates that
different data sets increases when the precipitation recordglevation changes over Rembesdalssk&ka generally ranged
are varied along with the other records (FE@) The differ- between-2 and +15 mAndreassen and E|V8h@00])
ence with measured snow depth is large in three of the five For all 33 years with an altitudinal mass balance pro-
years, leading to the largest deviations from measured net alijie available from NVE measurements, we compared the
lation in these years. In 2003 and 2004, modelled snow deptineasured and modelled ELA. The mean modelled ELA,
iS Sim”ar to the Observed snow depth and measured net atUerived from the mean net mass balance profile for Rem-
lation is better reproduced. The modelled start of the melthesdalsskéka, is 19m higher than the measured value
season and the changes in ablation rate through the sSuUmmef638 ma.s.1.), mainly due to slightly different shapes of the
season agree well with the observations, again confirmingnodelled and measured profiles. At altitudes below the ELA,
that the modelled energy fluxes are realistic and the differyhe measured profile is based on a limited number of stakes
ences W|th Observations primarily Originate from diﬂ:erences (On|y two in recent years) and the uncertainty in the interpo_
in precipitation. Although the differences between model re-|ated profile is larger. In the period 1963-2005, there were
sults and measurements are large in individual years, the obsix years with a reported ELA above the ice cap summit.
served net ablation after five years is exactly reproduced withyjodelled mass balances are negative for the entire ice cap in
the local meteorological data, while it is underestimated bygeyen years, of which four years match with observed ELAs
8% with the Bergen data. above the ice cap summit. For all years with both observed
When the surface topography is not allowed to change, thesnd modelled ELAs below the ice cap summit, the modelled
accumulation and ablation modelled with the control climate ELA is on average 23 m higher, with a standard deviation of
are by definition the same for all years. The comparison withgQ m.
measured surface height changes illustrates that the modelled \we already showed that simulations with the control cli-

start and end of the ablation season correspond well to thenate can reproduce the seasonal Cyc|e inthe energy and mass
measurements (Figc). For a 3C higher air temperature, balance as measured at AWS1. The control climate precipi-
the largest change occurs in the ablation season; the wintegtion data were multiplied by a factor of 0.96 to match the
accumulation commences about 15 days later than with thenodelled winter balance with the mean value from the NVE
control climate, but the temperature in the winter months re-measurements over the period 1963-1990. The modelled
mains below the threshold temperature for snow. Compare@ummer and net mass balance were not scaled in any way

to the control climate, ice melt increases by almost3.5m an(hnd Correspond well to the mean NVE values, the difference
closely resembles the measured ablation in the warm summegsg |ess thant0.01 mw.e.

of 2002 Giesen et a).2008.

5.4 Spatial distribution of the surface mass balance
5.3 Comparison with mass balance measurements

Figure 7 illustrates the spatial pattern of the modelled net
Modelled winter, summer and net mass balance for Rembesnass balance for the present-day topography (1995 DEM),
dalsskaka are compared with NVE measurements (343t.  together with the mass balance deviation from the altitudi-
for all 43 individual years (Fig6). For the input data from nal mean. These deviations reveal spatial patterns arising
both local stations and Bergen, the overall agreement befrom other processes than altitudinal gradients in meteoro-
tween model results and measurements is good. The higHegical variables, e.g. topographic shading and the horizon-
est correlation coefficients are obtained for the winter andtal precipitation gradient. We here show the mean annual
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Fig. 6. Basin-averaged measured (NVE) and modelled winter, summer and net mass balance for Rembesdalsskaka for all 43 years in the
period 1963-2005, using the input data from local stations and Bergen. Mass balances were calculated for a fixed topogEdhaitd
the modelled topography from the 20th century rggirodel).
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Fig. 7. (a)Mean andb) altitudinal deviation of the net mass balance distribution for the period 1961-1990, modelled with local meteorolog-
ical data. For each grid cell, the altitudinal deviation gives the mass balance deviation from the mean net mass balance for the correspondinc
5 m altitude interval.

values modelled with local meteorological data over the pe-precipitation Cp) are often computed as a measure of a
riod 1961-1990; the mass balance patterns are similar foglacier’s sensitivity to climate change. These static mass bal-
other periods or input data, only the absolute values of theance sensitivitie€7 andCp do not include ice dynamic ef-
mass balance differ slightly. fects and are defined a®érlemans2001):
The highest net mass balances are simulated for the upper dBy  Bn(Ta+ 1) — Bn(Ta— 1)
ice cap with values around +1 mw.e. (Fitp). Mass bal- Cr = ar. A Tt - (Ta- D
ance values are slightly lower near the summit, a result of the a a o o
prescribed decrease in precipitation at the highest altitudesc, — dBn A~ Bn(P +10% — Bn(P — 10%
There is little spatial variation in the accumulation area com- dp (P +10% — (P — 10%)
pared to the outlet glaciers, where the slopes are larger. Thgye calculatedCr andCp for the present-day ice cap, using
altitudinal deviations of the net mass balance show that topotqca input data for the period 1961-1990. Especially our
graphic effects generate considerable spatial variability in the 5 ye forC; is higher than found in other studies for Rem-
annual net mass balance of the outlet glaciers (. The  pesdalsskaka (Tabl). The larger sensitivity found in this
imposed horizontal precipitation gradient affects the annuak, gy possibly results from differences in model types. While

9)

net mass balance by less tha.1 mw.e. we used a distributed energy balance appro&asmussen
o and Conway(2005 regressed measured mass balance with
5.5 Mass balance sensitivity upper-air meteorological conditions abe Woul and Hock

(2005 applied a degree-day model to nearby weather station
Changes in the surface mass balance corresponding to @data. The climate sensitivity calculated with the control cli-
1K change in air temperatur€{) and a 10% change in mate is slightly lower than the values determined with local
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Table 4. Static mass balance sensitivities to a 1K change in air

Dec
temperature C7, in mw.e. K-1) and a 10% change in precipita-
Nov tion (Cp, in mw.e. (10%) 1), determined from local meteorolog-
Oct ical data and the control climate for the period 1961-1990. For
comparison, results from two earlier studies are also included.
Sep
Aug Reference Cr Cp
Jul Hardangerjgkulen
This study (local input data) —-0.94 +0.30
Jun This study (control climate) -0.85 +0.29
May Rembesdalsskéka
This study (local input data) -0.92 +0.31
Apr A This study (control climate) ~ —0.80  +0.29
Mar - C Rasmussen and Conw3005 —0.64 +0.22
T De Woul and HocK2005 —-0.66 +0.28
Feb
| C,
Jan : : :
-0.2 -0.15 -0.1 -0.05 0 0.05

4 4 5.6 Hardangerjgkulen in the 20th century
CT(m w.e. K ), CP (mw.e. (10%) )

We now use the coupled model to simulate the ice cap evolu-

Fig. 8. Seasonal sensitivity characteristic of Hardangerjgkulen,tion from 1905 to 2005. With the coupled model, the surface
showing the mass balance sensitivity to monthly perturbations inmass balance not only varies due to changes in climate, but
The monthly values were normalized to a period of 30 days. extent induced by ice cap’s response to the mass balance his-

tory. When the coupled model is able to reproduce the length

change records of Rembesdalsskaka and Midtdalsbreen and

data. These values suggest that at least a 30% increase t'He observed surface topoaraphy and ice cap extent. we can
precipitation is needed to compensate the effect of a 1 K tems pograpny P !

. be confident that the model is able to simulate a realistic ice
perature increase. cap evolution for a given future climate scenario
The mass balance sensitivity for individual months is b 9 '

given by the seasonal sensitivity characteristic (SS€r- Metleorollogical inlput_ d?ctja from Ber(gj;?n are used un'iijl
lemans and Reicher2000, where temperature or precipita- ~2°/-10cal meteorological data are used from 1958 onwards.

tion are only perturbed during one month at a time. We Com_Begause there are no maps or outlines _of Hardangerjgkulen
puted the SSC for Hardangerjskulen, again using local inpufVailable for the early 20th century, the ice cap geometry at
data for the period 1961-1990 (Fig). A 1K temperature _the beglnnlng of 1905 was taken as the 1904 ice cap modelled
change in the summer months has the largest effect on thi the dynamic calibration. As described shortly in Séct

net mass balance. These are the months with the largest sygnd more detailed iGiesen(2009, Ch. 6, the calibration is

face energy fluxes and the transition from snow to ice albe-?@s€d on the period 1600-2005, using a simpler mass bal-

dos at the lower (June) to higher (August) altitudes and aré?N¢€ model thanin this study. _
therefore very sensitive to changes in the air temperature. In N 1905, the modelled margin of Hardangerjgkulen was lo-
May and October, air temperatures are close to the thresholgated at an intermediate position between its maximum Little
temperature for snow. A small shift in temperature then di-C€ Age extent and the present-day geometry (Bjg.The
rectly enhances or reduces snow accumulation, significantlyce cap decreased in volume until 1917, followed by a num-
affecting the winter balance. The mass balance sensitivit;;fer of positive mass balance years that let the ice cap vol-
to precipitation perturbations is largest in winter, when massUMe increase almost back to its 1905 volume (E.and
balance changes are dictated by the amount of solid precipd€ometry (Fig9). Rembesdalsskaka is known to have ad-
itation. The lower mass balance sensitivity to precipitation vanced about 50 m between 1919 and the late 1920s, build-
changes in February compared to the surrounding months i§19 & distinct moraine before retreating agd#ae(ri 1936.
not resulting from the shorter length of this month; the sen-This advance is smaller than the model resolution (100 m)
sitivities in Fig.8 have been normalized to 30-day months. @nd is therefore not captured in the modelled length change
For the period 1961-1990, the precipitation in February isrecord. The modelled frontal position of Rembesdalsskaka in
clearly smaller than for the other winter months. 1928 corresponds well to the 1928 extent reportedibgtal
(1956. Midtdalsbreen is too large compared to the 1930
moraines identified byAndersen and Solliq1971). After
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Fig. 9. Modelled ice thickness for 1905, 1928, 1961 and 1995. Contour lines are drawn for 50 m intervals. The lower two panels show the
difference between the surface elevation modelled for 1961 and 1995 and the DEMs for these two years, with 20 m intervals. In all panels,
the thick line represents the present-day ice cap margin. The dashed line in the panel for 1905 represents the LIA extent, also siwn in Fig.
For 1928 and 1961, the contemporary ice margin is indicated by a grey line. For 1928, this is the 1928 margin around Rembesdalsskéka anc
the 1934 margin around Midtdalsbreen. References are given in the text.

this small advance in the 1920s, a period with highly negativeoutline of Hardangerjgkulen (Fi®). The modelled ice cap
annual mass balances led to fast volume decrease of Hardaextent in 1961 corresponds quite well to the mapped glacier
gerjgkulen until 1950 and an accelerated retreat of the outlebutline for the south-western part of the ice cap; in the north-
glaciers (Fig.10). The net mass balance was less negativeern part the modelled ice cap is too large. The period be-
from 1949 onwards, reducing the speed of volume loss, whildween 1961 and 1995 is characterized by steadily increasing
the outlet glaciers continued their retreat. Between 1928 andhet mass balances, culminating in the anomalously positive
1961, the ice thickness substantially decreased over the entiraass balance years in the late 1980s and early 1990s. An
ice cap and the ice cap margin retreated everywhere along th@dvance in the late 1990s is modelled for Midtdalsbreen, but
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2 A comparison of the modelled surface topography for
CR A | ) 1961 and 1995 with the DEMs for the same years, shows
Z A M M A A N \A VV\ I good correspondence in the ice cap interior and the south-
< O "V‘ 7 | | AL I western outlet glaciers, while ice thickness is generally over-
§ w \{I\ l\/\ , W‘ ’V\f v estimated in the northern and eastern part of the ice cap
z V "l I IVU | LY. (Fig. 9, lowest panels). The mean difference between mod-
8 o | elled and measured surface elevations for glaciated grid cells
= V is +28.7 m for 1961 and +33.3 m for 1995, with standard de-

-3 : : viations of 42.6 and 45.9 m, respectively.

15 N\ Hardangerjokulen-- Overall, we find that the coupled model is well able
< \ to reproduce the observed variations of Hardangerjgkulen
=z 14 N through the 20th century, measured surface elevations and
g \ the present-day ice cap margin. The model performance is
§ 18 somewhat less for the northern part of the ice cap, probably
8 5 AN\ a result of the initial ice thickness or the precipitation distri-

o~ bution, which is more uncertain for this area.

1

10.4 J B 5.7 Hardangerjgkulen in the 21st century
Rembesdalsskaka
10.2 fromr e

10 " _\._\.* The effect of different climate scenarios on the modelled ice
= ‘—\_‘ cap mass balance and volume and the length of Rembes-
< 98 \_\_\ dalsskaka and Midtdalsbreen is shown in TahleBy our
5 96 oy definition of the climate projection, the projected change in
3 04 climate for 2071-2100 occurs in 2086. All absolute and

' .\_\ relative changes are therefore given for the year 2086 with

9.2 . LAY respect to a reference run with the unchanged control cli-

9 b % mate. The modelled volume and length evolution through

5.6 i : the 21st century are shown in Figjl for a selection of the
oa —\ Midtdalsbreen investigated climate §cenarios. B_ecause V\_/e arle. intergsted in
P . ‘——\_ the response of thg ice cap _to q!ﬁerent (simplified) chmat_e
E 52 i "L \_\ scenarios and not in the variability induced by random cli-
P A - mate fluctuations within individual scenarios, we did not add
% us I + observed A _\ error bars.
- modelled Y When the climate is unchanged, i.e. when the control cli-
46 | = T o Iadeled. aller cTE . mate is prescribed, the net mass balance is slightly positive
44 i I e and Hardangerjgkulen retains its present-day geometry. For
1900 1920 1940 1960 1980 2000

increasingly positive temperature anomalies, the ice volume
Fig. 10. Modelled net mass balance and ice volume for the entiredecreases and Rembesdalsskaka and Mldtda!Sbreen retreat.
ice cap and observed and simulated frontal variations at Rembed-0" @ témperature change of %G over the period 1976—
dalsskéka and Midtdalsbreen for the period 1905-2005. For Midt-2086, distributed uniformly over the year, Hardangerjgkulen

dalsbreen, an additional simulation starting from a smaller initial has almost completely disappeared by the year 2100. It
ice thickness is shown. should be noted that the large jumps in the lengths of Rem-

besdalsskaka and Midtdalsbreen prior to their disappearance

. occur because the ice disappearing last from the basins is not
not for Rembesdalsskaka, where the measured advance WaRyated at the beginning of the flowline. The glacier length
significantly larger (Fig10). The length change measure- ig nevertheless defined as the distance from the beginning of
ments are however conducted at a different location than thene flowline to the lowest point with ice.
end of the flowline we used to determine the glacier length  ~jimate warming mainly affects the summer mass bal-
of Rembesdalsskaka. The model underestimates the length, e byt the winter balance also significantly decreases. A
change of Midtdalsbreen through the entire 20th century.j oo, precipitation increase along with thé@ temperature
When we choose a smaller initial ice cap geometry o SimU-jpcreage has only a small effect on the projected volume and
late thg 20th century evolution of Midtdalsbreen, the 'engthlength changes. For a 50% precipitation increase, the ice
record is better reproduced. Hence, even for a century—lon%ap disappears more slowly, but the effect of the tempera-
simulation, the initial conditions are important for the final .o increase is not compensated. Even for a doubling of
result. the precipitation £ P=+100%), which could compensate a
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3°C warming according to the computed static mass balance 14 . 2086
sensitivities (Secb.5), a significant reduction of Hardanger- Hardangerjekulen
jekulen’s ice volume is projected for 2100. Apparently, non- 18 N T
linear effects associated with the larger temperature change~ S
than the C used to compute the mass balance sensitivi- £ S X -
ties and the transient nature of the climate projections lead to 2 8 NLY R
more negative surface mass balances. 2 & NI e
Adding a seasonal cycle to the linearly changing air tem- § X~ \ -
perature and precipitation does not lead to a notably different = * N S
response of the ice cap when the maximum change occurs 2 NS
in autumn (15 October) (Tabl). However, when the max- =
imum change occurs in winter (15 January), the winter bal- 12 T —
ance remains more positive and the summer and net balance Rembesdalsskaka; ‘
less negative compared to a constant annual change, resulting . B e N R
in a slower decrease in ice volume and retreat of the out- \x¥\—k5\£“‘\ )
let glaciers. Hence, the timing of the maximum change in € sl AT—0 AP0 =3y
temperature and precipitation does affect the mass balancez AT=+1,AP=0 S g
and consequently the response of the ice cap. The mass balg JL| T AT=rR AP0 \‘l
ance on Hardangerjgkulen is most sensitive to temperature™ i;:f{: Vo \
changes in mid-summer and precipitation changes in late- o || = —-AT=43,4P=410
autumn and early winter (Sed.5. When the maximum TIATERs AR \
temperature change occurs in winter, modelled temperatures 0 ; —
are still far too low to affect the snow accumulation or induce 6 [ Midtdalsbreen
melt (Fig.4). On the other hand, the smaller temperaturein- _ |+
crease from late spring to early autumn with respecttoacon-& S N
. . .« s
stant annual change, leads to a higher winter balance and lesg, =V SN
summer ablation. Additional precipitation in winter further § 2 \“‘\L\g““ N
enhances this effect. For a maximum change in autumn, the \ ‘W
mass balance is similar to the projection without a seasonal 0
2020 2040 2060 2080 2100

cycle because opposite changes occur in spring and autumn,

Y"’h?” _the sensitivity to temperature and precipitation Change]"}ig_ 11. Ice cap volume and length change for Rembesdalsskaka

1S S'm'_lar‘ . . . o and Midtdalsbreen from 1905 to 2100 for different climate scenar-
An increase in the wind speed, simulated by a 10% in-jos applied from 2006 onwards. The imposed temperatti i

crease in the turbulent exchange coefficient together wittec) and precipitation4 P in %) changes are constant through the
the 3°C temperature increase, only slightly alters the re-year.

sults from the projection witltA T=+3°C (Table5). A sim-

ilar result is obtained for a cloud fraction increase of +0.05,

both experiments also follow trajectories very close to thechange exceeding T already positions the ELA above

AT=+3°C trajectory. Apparently, the effect of the temper- the ice cap; in this simulation this occurs around the year

ature increase on the incoming longwave radiation and the2015. The largest mass balance changes are simulated at the

turbulent fluxes is much larger than changes induced by arigher altitudes, where the albedo changes most. In 2040,

increase in cloudiness or wind speed. the outlet glaciers have retreated from the present-day mar-
For one of the most probable scenarios according to thegin and the ice thickness in the interior has approximately

RegClim results AT=+3°C and A P=+10%), we discuss decreased by 50m. A significant retreat occurs between

the modelled future changes in more detail. In the very nea2040 and 2070, the ice cap plateau splits up into separate

future, by 2010, the equilibrium-line altitude (ELA) is ex- outlet glaciers and the ice thickness decreases considerably

pected to be situated around 1740 ma.s.l. and only 35% ofFig. 13). Because the present-day ice is relatively thin at

the total ice cap is located above the ELA (Fig). How- the high bedrock ridges<(100 m, Fig.9), it has completely

ever, the 2010 ice cap (Fig3) is very similar to the ice cap melted away by 2070, while ice still remains at the lower al-

modelled for 1995 (Fig9) and 2005, because the ice vol- titudes where the ice is thicker. By 2100, almost all ice has

ume only just started to decrease after reaching a maximurdisappeared, thin ice only remains in the basins where the

in the year 2000 (Figl0). Between 2010 and 2040, the net present-day ice is thickest.

mass balance becomes negative at all altitudes {2&), im-

plying that the entire ice cap is destined to disappear, even

without further increased future warming. A temperature
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Table 5. Effect of different changes in air temperatureX() and precipitation4 P) on the modelled winterRy,), summer Bs) and net Bp)

surface mass balance and ice voluhigd) of Hardangerjgkulen and the length of Rembesdalsskfkafy and MidtdalsbreenI{y;iq:)

in the year 2086. The climate projections are prescribed as an annual and as a seasonally varying change, with the maximum on eithe
15 October or 15 January. Results from climate projections with a higher wind sgged. (1) and increased cloudiness+-0.05) are also

included. All changes/) are given with respect to the reference run with the control climate for 1961-1990. The surface mass balance is
the total surface mass balance over the modelled ice cap.

AT AP Bw Bs Bn Vice LRemb Lmidt
(°C) (%) (mwe) (mwe) (mwe) (kA (km) (km)
Reference 0 0 +2.03 -1.95 +0.08 12.1 9.1 4.9
ABy ABs ABn  AViee ALRemb ALwmidt
(mwe) (mwe.) (mw.e.) (%) (%) (%)
Annual +1 0 -0.12 -0.83 -0.96 -31 -5 -14
Annual +2 0 -0.45 —-2.30 —2.75 —64 —-22 -37
Annual +3 0 -0.96 -3.53 —-4.50 -88 27 -51
Annual +4 0 -152 —-4.76 —6.28 -97 —42 -100
Annual +3 +10 -0.71 -3.39 —-4.10 -84 -25 —-49
Annual +3 +50 +0.32 -2.93 —-2.61 —-60 -21 -23
Annual +3 +100 +1.60 —2.36 —-0.76 -14 -2 —-12
Seasonal, max. 15 Oct +3 0-0.98 —3.56 —4.54 —89 —27 —-55
Seasonal, max. 15 Oct +3 +10-0.68 -3.41 —4.08 -84 -25 -49
Seasonal, max. 15 Jan +3 0-0.79 -3.02 -3.81 -81 —-25 —47
Seasonal, max. 15 Jan +3 +10-0.33 —-2.79 -3.12 -70 -23 -39
Annual,Kpx 1.1 +3 0 -1.03 -3.82 —-4.85 -91 -38 -63
Annual,n+0.05 +3 0 -1.01 —-4.18 -5.20 -89 -28 -55
(a) (b)
1800 ) 1800 \\FF =
; I [P = Pl ——
—_ / / — > e
- . /,/ A - ‘/f:'/’/ -
g 1600 i g 1600 :
E S E ,
2 1400 ! 8 1400057
g s / "2 i
= Cor ——control = ——2005
< / ~ < .
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Mass balance (m w.e.) Area (kmz)

Fig. 12. Modelled (a) net mass balance profile alio) area distribution for 2010, 2040, 2070 and 2100, for the climate projection with
AT=+3°C andA P=+10%. The mass balance profile for the control climate and the area distribution at the end of 2005 are shown for
reference.

5.8 Feedback processes of the summit. We therefore allowed the maximum in the

vertical precipitation profile to change along with the ice
The role of feedback processes in the response of Hardarcap summit elevation. The altitude above which the tur-
gerjgkulen was investigated by performing additional modelpulent exchange coefficient is prescribed to increase, also
simulations forAT=+3°C and AP=+10% and excluding depends on the summit elevation. To determine the effect
one process at a time. of these assumptions on the 21st century ice cap projec-

As explained in Sect3.3 we anticipated the observed tions, the model simulations fak7=+3°C andA P=+10%

maximum in the vertical winter balance profile to be deter- were repeated without adapting these two prescribed profiles.
mined by the plateau shape and less by the absolute elevation
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Fig. 13. Modelled ice thickness for 2010, 2040, 2070 and 2100, for the climate projectiomith+3°C andA P=+10%. Contour lines
are drawn every 50 m. The thick line indicates the present-day ice cap margin.

Figure14 shows that the the modelled ice cap response isare so large that Hardangerjgkulen still rapidly disappears
only marginally affected. when these processes are not included.

To determine the effect of the mass balance-altitude feed-
back, the mass balance distribution was computed on the
2005 topography for all years. In the first years, the ice vol-6 Conclusions and discussion
ume decrease is only slightly smaller when the mass balance-
altitude feedback is excluded (Fit4), because the surface A spatially distributed mass balance model was coupled to a
topography is still similar. By the year 2100, the ice volume vertically-integrated ice-flow model based on the shallow-ice
difference has increased to almost 2kon 15% of the initial ~ approximation, to simulate the response of Hardangerjgkulen
ice volume (2006). to projected climate change in the 21st century. By using a

Subsequently, we completely turned off ice flow to assesanass balance model including physical parameterizations of
to what extent volume changes are determined by the locathe surface energy fluxes, projected changes in the meteoro-
surface mass balance. Because the ice is no longer tranfgical variables could directly be incorporated in the model.
ported from high to low mass balance areas, thinning in-The interactive coupling of the mass balance with an two-
creases at the lower altitudes, while the change in ice thickdimensional ice-flow model ensured that feedback processes
ness is reduced at the upper altitudes. As a result, the icevere included. The model was first validated with a simula-
volume decreases more slowly than in the original simula-tion through the 20th century and was found to reproduce the
tion and attains almost exactly the same value in 2100 as irevolution of Hardangerjgkulen as observed from changes in
the simulation without mass balance-altitude feedback. outlet glacier lengths and the surface topography.

These experiments show that including ice flow and the For the projected 3C warming, the model simulation in-
mass balance-altitude feedback in a realistic way signifi-dicated that Hardangerjgkulen will almost entirely disappear
cantly speeds up the ice volume decrease. Nevertheless, efore the end of the 21st century. The probable 10% in-
this case the mass balance changes projected for the futurease in precipitation only slightly changed the modelled
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ice cap topography. A high-resolution atmospheric model
. and a sophisticated snowpack model are needed to improve
N the model in this respect, which is outside the scope of this
10 \\ study. Finally, increased meltwater production at the sur-

face may enhance basal sliding and change the ice dynam-
ics of Hardangerjgkulen. We however expect that the warm,

m_g 8 present-day ice cap already has an efficient drainage system
° and that this effect will therefore be small.
E & Another source of uncertainty is associated with the
g boundary conditions, in particular the bedrock topography.
& For considerable parts of the ice cap, the bedrock topography
4 ——AT=43,AP=+10 was derived from sparse ice thickness measurements and the
idem, no shift P profile uncertainty may be as large as 50 m. Since the mismatch be-
5L idem, no shift Kb profile tween the modelled and observed surface topography in 1995
idem, no altitude feedback could result from an incorrect bedrock topography, we ad-
idem, no ice flow justed the bedrock topography by subtracting half of the dif-
gooo 2020 2040 2060 2080 2100 ference between the modelled surface topography for 1995

and the 1995 DEM, as shown in Fig. To avoid large jumps
Fig. 14. Modelled ice cap volume from 2006 to 2100 for the cli- @nd inconsistencies at the ice cap margin, the bedrock to-
mate projection withAT=+3°C and A P=+10%, shown together Pography for grid cells not solely surrounded by glaciated
with simulations without shifting the vertical precipitation akg cells was not adapted and for all other glaciated grid cells,
profiles, without the mass balance-altitude feedback and without iceve used the mean value over nine grid cells with the evalu-
flow. ated grid cell in the center. Elevation differences between the

new and the original bedrock topography range betweg®

and +23 m, well representing the estimated uncertainty in the
response; even a 100% precipitation increase could not fullbedrock topography. An additional simulation from 1905
compensate the effect of the temperature change. When the 2100 was performed with this new bedrock topography,
largest changes in temperature and precipitation were preusing the same initial surface topography as before and the
scribed in winter, similar to the projections, the ice cap dis- AT=+3°C and A P=+10% future scenario. The initial vol-
appeared slower. However, none of the probable changes iome is almost 1 kihlarger because the new bedrock topogra-
the other meteorological variables had such a large effect aphy is generally lower than the original. The ice volume dif-
a 3°C warming. ference reduces during the 20th century, becomes negative in

Although we used a physically based model, there are still1986 and by the year 2100, the ice volume modelled with the

many factors adding uncertainty to the results. First of all,new bed topography is 0.4 khsmaller than in the original
the future climate was modelled in a simple way to allow simulation. The evolution of the ice cap geometry during the
for an elementary comparison of the ice cap response ove?0th and 21st century, modelled with the new bedrock topog-
a range of future climates. The interannual variability in the raphy, is also hardly discernible from the original results. As
present-day climate of southern Norway is large, but we prethe ice volume difference does not exceetlkm?® during the
scribed the same annual cycle for every year. Moreover, thentire simulation and geometry changes are small, this exper-
projected climate change was assumed to be constant or sei@ent confirms that uncertainties in the bedrock topography
sonally varying, while changes will most likely not be the do not substantially affect our results.
same for different weather types. Secondly, the mass bal- By using a coupled model where the terms in the surface
ance model contains several parameterizations which magnergy and mass balance are computed individually, the ef-
be different for the future climate and ice cap. One exam-fect of climate change on the mass balance and geometry of
ple is the ice albedo, which was assumed to be constantardangerjgkulen was included in a realistic way. We have
in space and time. In a warmer climate with less snowfalldemonstrated that the largest uncertainties in the model re-
and a larger ablation area, more dust may accumulate osults can be ascribed to the large range in climate scenar-
the ice surface, decreasing the albedo. A systematic lowios and not to the model design or the boundary conditions.
ering of the ice albedo has already been observed on Morteie can conclude that, provided that a@warming indeed
atschgletscher in Switzerlan@érlemans et g12009. Still, occurs in the 21st century and the precipitation increase is
lowering the ice albedo from 0.35 to 0.20 in the model sim- modest, Hardangerjgkulen is bound to disappear within the
ulation with AT=+3°C andA P=+10%, only leads to a 5% next 100 years.
larger volume decrease. The precipitation distribution and The other maritime glaciers and ice caps in southern Nor-
the snowpack structure were also simulated in a simple wayvay have similar characteristics as Hardangerjgkulen and
and may not be correct for a warmer climate and a differentwill probably also rapidly lose volume in the 21st century.
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A fast disappearance in a warmer climate has been proBahr, D. B., Dyurgerov, M., and Meier, M. F.: Sea-level rise from
jected for Nigardsbreen, an outlet glacier from the ice cap glaciers and ice caps: A lower bound, Geophys. Res. Lett., 36,
Jostedalsbreen, 130 km north of Hardangerjgkul@arie- L03501, doi:10.1029/2008GL036309, 2009.

mans 1997). Although he uses a simple mass balance repreBiune, A. E., Bakke, J., Nesje, A., and Birks, H. J. B.: Holocene
sentation and a flowline model, the results are similar. Only Mean July temperature and winter precipitation in western Nor-
a small warming rate is needed for a significant decrease in V& inferred from palynological and glaciological lake-sediment
ice volume, a simultaneous increase in precipitation only de-, proxies, The Holocene, 15, 177-189, 2005.

| he glaci h . | alaci furth Budd, W. F., Keage, P. L., and Blundy, N. A.: Empirical studies of
ays the glacier retreat. The more continental glaciers further ice sliding, J. Glaciol., 23, 157-170, 1979.

inland have a more regular hypsometry and are situated abe woul, M. and Hock, R.: Static mass-balance sensitivity of Arctic

higher altitudes. These glaciers are less sensitive to climate glaciers and ice caps using a degree-day approach, Ann. Glaciol.,

change and have a better chance to survive the 21st century, 42, 217-224, 2005.

although largely reduced in size. Still, reconstructions of Dozier, J. and Frew, J.: Rapid calculation of terrain parameters for

the Holocene glacier extent in southern Norway suggest that radiation modeling from digital elevation data, IEEE T. Geosci.

glaciers were absent in all glacierized regions during one or Remote, 28, 963-969, 1990.

more periods in the early-/mid-Holoceré¢dsje et al.2008), Elvehgy, H., Kohler, J., Engeset, R., and Andreasser_x L. M.: Jgkul-

while air temperatures were probably lower than the temper- 2up fra Demmevatn, NVE Report No 17, Norwegian Water Re-

atures projected for the end of the 21st cent@iyiie et al, sources and Energy Directorate, Oslo, 36 pp., 1997.

2005. Applying the coupled model to a number of well- Feegri, K.: Forandringer ve_d norske breer 1934-35, Bergen Muse-

; 79 . . . ums Arbok 1935, Naturvidenskapelig rekke Nr. 6, Bergen, Nor-

studied glaciers in different regions could give a more defini- way, 10 pp., 1936.

tive answer on the future of the glaciers in southern Norway.garinotti. D., Huss, M., Bauder, A., Funk, M., and Truffer, M.: A
method to estimate the ice volume and ice-thickness distribution
of alpine glaciers, J. Glaciol., 55, 422—-430, 2009.
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mate warming over the next 2 centuries, J. Geophys. Res., 110,
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