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Abstract. We simulate the last glacial inception,  While extensive work addresses the extent and volume of
115000 years ago, with a three dimensional thermomecharice sheets at their maximum, the erosive effect of the ice
ical ice sheet model of the Northern Hemisphere, forced bymasses themselves removed most of the sediments holding
a comprehensive coupled climate model. High oceanic heainformation about glacial inception. Thus, little is known
transport into the Nordic Seas prevents large scale ice growtAbout advancing glaciers at the end of the last interglacial,
over Scandinavia. Glacial inception in the region starts onthe epoch when climate for the last time was similar to
the highest mountains in the south when sea surface tenpresent day. Geological data suggests that ice first grew over
peratures in the Nordic Seas are reduced by at le&St 3 the Canadian Arctic islands, Labrador, northern continental
Ice growth in Northern Scandinavia requires a cooling by atCanada, continental western Siberia and Eurasian Arctic is-
least #C. This is in good agreement with marine proxy data lands @ndrews and Barry1978 Mangerud and Svendsen
from the Nordic Seas and North Atlantic as well as available1992 Clark et al, 1993 Svendsen et al2004 Lambeck
terrestrial data. This study thus provides a physical underet al, 2006).
standing and revised timing of the first glacier advance over The last glacial maximum Fennoscandian ice sheet is
Scandinavia. thought to be the result of ice masses spreading west and
south from mountain nucleation sites in western Siberia, the
Eurasian Arctic islands, and probably on Svalbard. However,
an independent glaciation over Scandinavia started soon af-
1 Introduction ter the first global sea level decreaséafigerud et a).1987).

This first ice growth was apparently rapid and large because
During the past 800000 years, climate has been relativelythe glacio-isostatic depression in south-western Norway was
cold with ice sheets covering large parts of the Northernas fast as the global sea level decrease due to ice growth else-
Hemisphere continents most of the time. At the last glacialwhere Mangerud 1991). The ice front reached the fjord
maximum, 21000 years before present, an ice sheet exwithin a few kilometers from an excavation site at Fjgsanger,
isted over North America with a volume equivalent to the close to Bergen, allowing the deposition of ice-rafted detri-
present day Antarctic ice sheet, decreasing global sea leveus in marine sediments off the coaBalimann et a).1995
by 74 m Peltier 2004). Eurasia was covered with an ice vol- Risebrobakken et al2005 2007).
ume equal to 2.5 times the present Greenland ice sheet, or Despite these reconstructions, the history of early Scandi-
17 m sea level equivalent. Additional 25-30 m of sea levelnavian glaciation is inconclusivéfangerugd 2004. Coastal
equivalent accumulated on the Antarctic ice sheet and orice limits are known for only four localities in southern Nor-
smaller ice capsLambeck and ChappelR00) for a to- way, and the earliest limit is based on a single record. Dating
tal sea level decrease of 120 to 130m relative to presenis problematic because the time period of interest is beyond
(Waelbroeck et al20032). the applicability of radiocarbon dating. Even in younger
sediments only intervals between glacier advances contain
enough organic material to be used for this method. Instead,

Correspondence toA. Born the chronology is based on correlation with other regions that
m (born@climate.unibe.ch) can be dated by other means. Evidence for early glacier
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advances and retreats in Southwestern Scandinavia is comgiaciers in Scandinavia are mostly found in close proximity
trasted by speleothems from karst caves north of the Arcto fjords and not far from sea level even in present day cli-
tic circle that suggest ice-free conditions until approximately mate. This, together with the arguably rapid onset of the
95 ka (auritzen 1984 1986 Mangerud 1997). Scandinavian inceptionMangerud et a).1981), suggests

The last two decades brought only minor advances fromthat the occurrence of ice-rafted detritus gives a reasonable
new field observations. Numerical ice sheet modeling couldestimate for the a large-scale glacier advance in Scandinavia.
improve the understanding of this period but most studiesDating of terrestrial sediments involves uncertainties of sev-
focus on the primary inception regions over North America eral millennia and the better-dated marine sediment records
and western Siberiaarshall and Clarkel999 Zweck and  are ambiguous about the location of glacier advances. Fur-
Huybrechts2005 Calov et al, 2005a Kubatzki et al, 2006 thermore, neither of these records provide information on
Charbit et al. 2007 Peyaud et al.2007). This is probably  whether the presence of a warm ocean favored glaciation due
due to the lack of constraints on timing and extent of ice to enhanced moisture supply or if the relatively warm climate
from data, but also because the steep Scandinavian topogaused a delay in glacial inception.
raphy and variable climate are a challenge for the realistic In this study we suggest that a well documented tran-
representation of glaciers. The interaction of land based ica&ient strengthening of the Norwegian Atlantic Current de-
with floating ice shelves like in the Barents Sea remains arlayed large scale glacier advance over Scandinavia until after
issue Peyaud et al.2007). Moreover, recent studies reveal 115000 years ago (115ka), followed by a rapid accumula-
a major reorganization of ocean currents in the region durtion of ice. The climate and ice sheet models used are de-
ing glacial inceptionRisebrobakken et a2005 2007 Born scribed in Sect2. Section3 presents a simulation of land ice
et al, 2010gb), and ocean circulation is thought to have a at 115 ka and investigates the impact of ocean heat transport
crucial impact on glaciers in the maritime climate of Scandi- variability on ice growth. Sectio# quantifies the reduction
navia. The importance of ocean circulation changes has beeof sea surface temperature necessary to accumulate ice over
shown in the study byalov et al.(2005h, where an artifi-  Scandinavia. We discuss and conclude in Sécémd6.
cially weakened Atlantic meridional overturning circulation
facilitates ice sheet growth in southern Scandinavia due to
lower temperatures, while less ice grows further north as & Model description and experiments
consequence of reduced precipitation.

Prolonged interglacial warmth in the North Atlantic, de- The numerical ice sheet model used in this study is SICOPO-
spite decreasing high latitude insolation and decreasing sellS (Simulation COde for POLythermal Ice Sheets), a
levels indicating progressing ice growth on land, is reportedthree dimensional thermomechanical ice sheet m@gieve
from a number of marine sediment core®ufidiman and 1997. It simulates ice rheology and mass balance on a reg-
Mclintyre, 1975 McManus et al. 2002. Further north in  ular grid, using a stereographic projection centered on the
the Nordic Seas, recent studies show that the gradual cliNorth Pole. The horizontal resolution is set to 40km and
mate cooling due to decreasing insolation after the last interthere are 90 vertical layers: 80 equidistant layers in cold ice
glacial was interrupted by a period of transient warnRls¢-  and 10 representing a layer of ice at the pressure melting
brobakken et a].2007). As a direct result of weaker sum- point. The model employs the shallow ice approximation,
mer insolation, Arctic sea ice grows thicker and ice export inneglecting longitudinal stress gradients. As a consequence
the East Greenland Current intensifies. The freshwater tranf this simplification, floating ice shelves and ice streams
port by sea ice into the subpolar North Atlantic reduces deegannot be accurately simulated. This introduces only a neg-
convection in the northwest Atlantic and thereby effectively ligible error for the simulation of the Northern Hemispere
changes the density stucture of the region. This causes a noat a time of relatively low ice volume. Present day ice and
linear response of the subpolar gyre that amplifies fresheningpedrock topographies used for intialization of the model are
by sea ice. The weakening of the subpolar gyre results in daken from the ETOPO5 data s&lQAA, National Geophys-
higher fraction of subtropical waters in the Atlantic inflow ical Data Center1989. Results shown represent a quasi-
into the Nordic Seas and thus warming along the path of theequilibrium after 50 000 years simulation time.

Norwegian Atlantic CurrentBorn et al, 2010ab). Mass balance at the upper boundary of the model is com-

As a result, ocean heat transport into the Nordic Seagputed on the basis of monthly surface air temperature and
increased between 119 ka and 115 ka. The anomaloutotal precipitation. The snow fraction of monthly precipita-
warmth ends with rising summer insolation and an estimatedion is estimated as a linear function betweeh0 and 7C,
temperature decrease of aboutC3as inferred from plank-  with all precipitation falling as snow below that range and all
tic foraminiferal data. Ice-rafted detritus indicates that ice as rain above. Only solid precipitation contributes to accu-
growth over Scandinavia started at about the same timemulation. Rain runs off immediately. Calculation of melt is
Since ice-rafted detritus is only found when ice sheets reactbased on a positive degree day modd¢h 1991) with pa-
sea level and produce floating icebergs, a terrestrial exparrametersg; =3 mm K~1 for snow andg, = 12mm K1 for
sion of glaciers could have occurred even earlier. Howeverjce. The calculation of positive degree days from monthly
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average data employs the semi-analytical approacbdigv
and Greve(2009. A constant geothermal heat flux of
55mW nT2 is assumed at the lower boundary. Although
this value is known to vary widely in different regions, the |
relatively thin ice caps formed in glacial inception are not *
sensitive to this parameter.

Climate data is provided by the Institut Pierre Simon
Laplace coupled model version 4 (IPSL CM4). This com-
prehensive climate model comprises ocean, sea ice, atmog
sphere and land surface componeMau(i et al, 2010. The
atmospheric model has a resolution of 3.75 zonally and 2.5
meridionally, thus approximately 250 km over Scandinavia, Fig. 1. Left: difference in annual average surface air tempera-
on 19 vertical levelsHourdin et al, 200§. Sea ice is sim-  ture, preindustrial control climate minus ERA-40 climatology, in
ulated on the 2 degree horizontal ocean grid to compute ice€ (colors). Contours show the annual average 50% sea ice edge
rheology and advection, featuring two poles over continentd®" the simulation (solid) and ERA-40 (dotted). Right: monthly av-
in the Northern Hemisphere for a better representation of th grage precipitation on land over Scar!dlnawa (red boxjigpr the
Arctic Ocean. Thermodynamical processes are representeélzziiﬂ;‘gl\g4 p;?gé()jusmal control experiment (black) and the ERA-40
in three vertical layers, the uppermost for sn®ichefet and % '
Maqueda 1999 1997. Dynamical effects of land ice are
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. : . ice topography is reflected in changing surface temperatures
_neglgcted in th_|s model. Surface elevation and albedo A hat are initially invariant in the climate model. The precipi-
invariant at preindustrial values. . . )
In order to estimate model biases, a 900 year control simtat'on data is not corrected for elevation changes.
. . ) ) . ' y . In addition to the coupled model experiments, we carried
ulation of preindustrial climate is compared to observational . oo . )
out a series of sensitivity experiments using only the atmo-

climatology Uppala et al.200§ Fig. 1). Simulated global sphere component of the model (LMDZ 3.3) with modified

surface air temperatures are 1°45 lower than observed, o .
sea surface conditions taken from the coupled model equi-

which can partly be atiributed to lower greenhouse gas COMiprium. In order to investigate the effect of weaker oceanic

centrations of 280 ppmv. Temperatures over Scandmavu?.'eat transport, sea surface temperatures in the Arctic Ocean,

o I -
are between 2 and“L lower than the present day clima Nordic Seas and North Atlantic were decreased by fixed val-
tology, the result of a weaker Atlantic ocean heat transport

(Marti et al, 2010. The Barents Sea inflow is very weak in ues of 1, 2, 3 and =C. Th|s area of |.mposed cooling 'S
. T . o . _bounded by land on all sides except in the North Atlantic
the preindustrial simulation, resulting in too large a sea ice

area in this region and hence too low temperatures. Wh”ewhere it extends to 5TN. In order not to create an artificially

this direct comparison of preindustrial control simulation and sharp sea surface temperature contrast in the open ocean, the

! , . anomaly has been smoothed meridionally over three atmo-
present day climatology has to be interpreted cautiously, the C : . .
pheric grid boxes. Sea ice area was adjusted accordingly,

ocean heat transport and temperature bias must partly be at- . .
: : . increasing coverage linerarly from 0 % at@© water tem-
tributed to model shortcomings. However, since the temper-

0 . : . :
ature bias is too cold, the delay in inception due to too highperature t0 100 % a+1.8°C. The simulations were run into

temperatures found in this study is unlikely to depend on thisqua3|—eqU|I|br|um for 20 years.

particular shortcoming. Seasonal precipitation over Scandi-

navia is realistically simulated in IPSL CM4 with most pre- 3 Glacial inception over Scandinavia and ocean heat

cipitation occurring in fall. The climate model has previously  transport

been used to simulate the last glacial inception and was val-

idated against the available proxy data to qualitatively simu-Forcing the ice sheet model with fixed 115ka boundary

late the transient warmth in the Nordic Seas at 11%8@{  conditions from the coupled climate model yields addi-

connot et al.2008 Born et al, 20103b). tional ice growth compared to a preindustrial control exper-
The climate model data is interpolated bilinearly from its iment (Fig.2). Ice grows on northern continental Canada,

original resolution of about 250 km over Scandinavia to the Labrador, the Canadian Archipelago and western Siberia. Ice

40 km resolution of the ice sheet model grid. While this hor- caps on Iceland and Baffin Island are larger than in the prein-

izontal downscaling is invariable and has to be done onlydustrial control. However, the Scandinavian peninsula re-

once, a vertical correction is carried out at each time stepmains ice-free. Present-day ice caps in Scandinavia are be-

The temperature data is corrected for the vertical differencdow model resolution and thus not simulated.

between the climate model elevation and the time-dependent Mass balance variability of extra-tropical glaciers is usu-

elevation of the ice sheet model using a fixed lapse rate oflly controlled by changes in ablation due to anomalous

—6.5°Ckm~L. This approach both corrects for an unrealis- summer temperatures. Ice melting is a highly non-linear

tical climate model topography and ensures that an evolvingunction of temperature and easily exceeds accumulation

www.clim-past.net/6/817/2010/ Clim. Past, 6, 8826, 2010
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0 Fig. 3. Upper: mass balance of the 115ka control experiment,

] ] ] ) forced by a 100 year average of the climate model, in Tryr
Fig. 2. Modelled ice thickness (in m) for present day (upper) and | ower: as above, but forced by an average of the 40 years of

115ka (lower). Preindustrial ice area and thickness are well reprogg|dest summers over Scandinavia in the same model experiment
duced. Besides the Greenland ice sheet, smaller ice caps are Vigisee Fig4).

ble in the Canadian Arctic, Spitsbergen, Iceland, Novaya Zemlya,

and south eastern Alaska. Most important differences with 115ka o ]
forcing is additinal ice growth in northern continental Canada, Although the temperature criterion was defined over land

Labrador, western Siberia and the Eurasian Arctic islands. (see red box in Fig4), the temperature difference between
the 40 years of warmest and coldest summers extends over
once a threshold in temperature is reached. Typical varithe ocean tracing the sea ice edge. This suggests that sea ice
ability in accumulation is smaller in all but the most marine and ocean heat transport into the Nordic Seas play an impor-
climates, as has been shown for glaciers in southern Nortant role for decadal variability over Scandinavia at 115 ka.
way (Nesje and Dahl2000. In order to investigate further Indeed, the correlation of air temperature over Scandinavia
the robustness of an ice-free Scandinavia in a relatively coldand ocean heat transport across the Greenland Scotland ridge
115ka climate, the ice sheet model is forced by a composités high and significant with a coefficient=0.81 (Fig. 5).
climate based on the 40 years (10%) with coldest summerghis maximum correlation is found for ocean heat trans-
(April to September) over Scandinavia of the last 400 yearsport leading by 1 year. The amplitude of surface air tem-
of the coupled model experiment. Mass balance in the mounperature variability over Scandinavia is about 1 K. A simi-
tains of Scandinavia is close to positive under these contar correlation f =0.77) is found in the preindustrial control
ditions (Fig.3). However, this is not sufficient to start ice experiment, but with no lag.
accumulation.

Clim. Past, 6, 817826, 2010 www.clim-past.net/6/817/2010/
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Fig. 5. Time series of ocean heat transport into the Nordic Seas
(black) and Scandinavian summer surface air temperature (red, see
A red box in Fig.4), both filtered with a 11 years running average.

Thin lines show unfiltered time series. Curves correlate with
Fig. 4. Difference in annual average surface air temperature, 400.81 and ocean heat transport leads by one year.
years of coldest minus 40 years of warmest summefg iftolors).
Contours show the annual average 50% sea ice edge for the years
of coldest (solid) and warmest (dotted) summers. Red box showdow the coupled model average for 115ka, ice grows over
region where summer surface air temperature over land is taken agorthern Norway. Ice caps grow also outside Scandinavia,
selection criterion. most notably on the islands in the Barents and Kara Seas and
in western and far-eastern continental Siberia.

These results show that sea surface temperatures have a
strong impact on the mass balance in Scandinavia. However,
the fact that the mass balance is positive when sea surface
Despite low insolation levels at 115 ka and ice growth att€mperatures are low is not trivial. In addition to more favor-
similar latitudes over North America and Siberia, climate is @ble conditions due to generally colder climate and weaker
too warm over Scandinavia to support ice growth (Fy. ~ ablation, a cold sea surface also reduces moisture supply and
This result is robust and no ice grows even in years with colg@ccumulation (Fig lower). In the experiments presented
summers. Ocean heat transport, probably through its impadiere. the ablation effect dominates the mass balance change
on the sea ice edge, plays an important role for surface ait? mOst regions, especially over Southern Scandinavia and
temperature and land ice growth over Scandinavia @ig. ~ the Northern British Isles, where synoptic weather systems

A series of experiments with artificially lowered sea sur- €&y heat taken up from the Atlantic Ocean (F8y. How-
face temperatures in the North Atlantic, Nordic Seas and€Ver despite large changes, the mass balance remains nega-
Arctic Ocean was carried out with the atmosphere model of'V€ In most regions. _

IPSL CM4 only. Sea ice area was extended according to the 1he €ffect of the colder sea surface and larger sea ice area
modified temperatures (Figé.and 7 upper). Although the ©" accumulation is limited to coastal regions, most notgbly.
temperature perturbation only concerns the sea surface, thgPutheast Greenland and to some extent western Scandinavia
magnitude of change in Scandinavian surface air temperalFig- 8 lower). Changes in accumulation are about an order
tures is approximately the same as over the adjacent sea8f Magnitude weaker than changes in ablation and dominate
Larger air temperature changes are observed in regions witAXclusively in already glaciated areas of the unperturbed ex-
additional sea ice. The lower sea surface conditions decreaf2efiment (see Fig). In these regions, summer temperatures
evaporation and thus precipitation in the Arctic. The change®'® cold enough such that less snow melts in summer than
in Scandinavian winter precipitation is amplified by a change@ccumulates in winter. Consequently, lower accumulation
in atmospheric dynamics, consisting in a southward shifting!MPacts the annual mass balance. In regions where summer
of the Icelandic low and thus redirecting precipitation from Melting exceeds accumulation, a small change in accumula-
northern to western Europe (Figlower). tion is unlikely to result in a positive mass balance bgcause

At a reduction of 3C relative to the 115 ka coupled model melting rates are usually much larger than accumulation.
experiment, a permanent ice cap develops over southern Nor-
way, approximately at the location of present-day Jostedals-
breen glacier (Fig6). For sea surface temperature&be-

4 How much sea surface cooling is needed to start
Scandinavian glaciation?

www.clim-past.net/6/817/2010/ Clim. Past, 6, 8826, 2010
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Fig. 6. Ice thickness for experiments with sea surface temperatures

reduced by 3C (upper) and &C (lower) from the coupled model Fig. 7. Upper: differ.ence in.annual average surface air temperature
115ka average, in m. The 50% annual average sea ice extent getween the experiment with°® lower sea surface temperatures

shown for the respective experiment (thick contour) and the unper@d the unperturbed 115ka simulation (shadingQn Annual av-
turbed 115 ka experiment (thin contour). WitA@ colder sea sur- erage 50% sea ice extent is shown as contours for the unperturbed

face, ice starts to grow in the region of present-day Jostedalsbreen ih1® k& experiment (solid) and with reduced sea surface tempera-

southern Norway. Cooling the sea surface Byallows additional tures (dashed). Surface air temperature differences much larger
ice growth over northern Scandinavia than the 3C reduction of the sea surface are found along the sea

ice edge. Scandinavian temperature changes are similar to the sea
surface. Lower: total winter precipitation (DJF, shading, in mYyr
5 Discussion decreases throughout the Arctic as a result of lower sea surface tem-
peratures and a larger sea ice area. Precipitation over Scandinavia
Combining results from a comprehensive coupled climatealso decreases due to a change in atmospheric circulation seen as a
model and a three-dimensional land ice model, ice growthnegative anomaly in DJF sea level pressure (contour interval 2 hPa,
at the end of the last interglacial was investigated. Simulatediegative dashed). This results in a southward shift of the Atlantic
ice nucleation regions at 115 ka include the Canadian ArcticStorm track and more precipitation in the Bay of Biscay region.
Labrador and Siberian islands, in good agreement with re-
constructionsClark et al, 1993 Svendsen et gl2004. In
particular, glacier advances from Siberian islands were found No ice is found over Scandinavia with 115 ka climate forc-
to be important for the build-up of the Kara Sea ice sheeting. Even when forcing the ice model only with years of par-
(Moller et al, 2007). ticularly cold summers, ice did not accumulate. However,

Clim. Past, 6, 817826, 2010 www.clim-past.net/6/817/2010/
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ice accumulation was found sensitive to ocean heat transport
into the Nordic Seas (Fig). This implies a relation between
sea surface temperature and Scandinavian mass balance that |
can be used to help constrain the timing of the last glacial
inception with high-resolution marine proxy data. Avail-
able terrestrial data for Scandinavia has much lower tempo-
ral resolution. Sea surface temperatures of the Nordic Seas
need to cool by at least°® from the 115 ka average for in-
ception over southern Scandinavia. AG cooling induces

ice growth over northern Scandinavia. Cooling also has a
positive effect on other known nucleation sites like western
Siberia, the Siberian islands and Beringgxigham-Grette
2001, Brigham-Grette et al2001, Svendsen et gl2004).

As shown by proxy data and models, strong ocean heat
transport into the Nordic Seas between 119ka and 115ka
was important for climate evolution of the last glacial incep-
tion (Risebrobakken et aR007 Born et al, 20108. The cli-
mate model used in this study was validated against the avail-
able proxy data to simulate this featuBogn et al, 20103.

Layers of ice-rafted detritus, particles too big to be trans-
ported other than by icebergs detached from ice sheets, are
found in marine sediments of the Nordic Seas following a
period of relatively warm conditions and immediately after a
3°C drop in sea surface temperatures off the central Norwe-
gian coast at 115 kaBaumann et a).1995 Risebrobakken
et al, 2005 2007, in good agreement with simulations pre-
sented here. Other sources of ice-rafted detritus besides
Scandinavia cannot be excluded but are highly unlikely. Cli-
mate was still relatively warm so that icebergs from Green-
land or even the young Laurentide ice sheet would not have
reached the eastern Nordic Seas. Rapid ice growth on Scan-
dinavia is also supported by terrestrial data from southwest-
ern ScandinaviaMangerud et a).1981, Mangerug 1991,
2004). However, the ice sheet model suggests that a larger
temperature decrease is necessary to induce ice growth in
northern Scandinavia. This is consistent with reconstructions
from speleothems in this region that suggest significant ice
growth only after 95 kal(auritzen 1984 1986.

Numerous studies of the last glacial cycle show that the
large ice sheets of the glacial maximum nucleated over North
America and western SiberisdMérshall and Clarke1999
Siegert et al. 2001, Zweck and Huybrech{2005 Calov
et al, 2005a Kubatzki et al, 2006 Charbit et al. 2007,
Peyaud et al.2007. Glacier advance over Scandinavia
early during the last glacial cycle is regarded as of sec-
ondary importance to the continental-scale glaciation. How-

A (I I T T [ T 17T 1T T T <G T 11 1 11 11T >
I
©
N

over Scandinavia at 115ka, is consistent with this previ-

ous work. Decreasing heat transport into the Nordic Seagg g. Mass balance difference (my}) between atmosphere only
at 115ka might also influence the primary nucleation Sit€Sexperiment with 3C lower sea surface temperatures and the con-
around the Barents and Kara Seas and thereby the evolutioffol run (upper), decomposed into melt (middle) and precipitation

of the Eurasian ice sheet later during the glacial. differences (lower). Lower sea surface temperatures strongly facili-
While the climate model simulations have been discussedate ice growth in most regions by decreasing melting. The negative
extensively in earlier publication®taconnot et a).2008 effect of weaker moisture supply is limited and dominates over melt

Born et aly Zoloab)' Several aspects of the |Ce Sheet model Only in areas that are a|l’eady glaciated in the Unperturbed 115ka ex-
periment. Note the different scale in the lower panel.
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824 A. Born et al.: Warm Nordic Seas delayed glacial inception in Scandinavia

need clarification here. Relatively large glaciers are present(c) The positive effect of strong oceanic heat transport on
in Scandinavia today, but are not shown in the control ablation dominates the positive effect of enhanced evap-
experiment (Fig2). This is because the model resolution oration from the warm ocean surface.

of 40km is too coarse to resolve these glaciers. Resolution

can become critical for the representation of ice masses in(d) Atinception, ice first started growing in the high moun-
areas of steep topography, because glacier nucleation often tains of Southern Scandinavia rather than in northern
occurs on the highest peaks and propagates to lower eleva- ~Scandinavia.

tions. It has been proposed to parameterize this effect by

calculating the mass balance at the highest present day ehcknowledgementsiVe kindly acknowledge Pascale Braconnot
evation within each grid cell if it is higher than the simu- for access to IPSL CM4 model output as well as Jan Mangerud and
lated ice sheetZweck and Huybrecht2005. While this John-Inge Svendsen for insightful discussions. We also appreciate
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