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Results from experiments with a two-dimensional ice-flow model, applied along a west—east transect in western
Norway, provide new constraints on the thickness evolution of the Scandinavian Ice Sheet throughout the Late
Weichselian glaciation and deglaciation. Investigations took place along an E-W flowline of the former ice sheet
at ¢. 62°N, from the modern glacier Jostedalsbreen, through the Nordfjord, and across the continental shelf. A
paleoclimate record from Krakenes, which is located directly at the flowline, provides temperature and precip-
itation information for the time between 13 800 and 9200 cal. yr BP. LGM climate conditions for the study area
are estimated from various GCM studies. The GISP2 3'%0 record has been tuned to the local data in order to
provide a continuous temperature record as input for time-transgressive model runs. The results of all experi-
ments suggest that the ice did not cover the highest mountain peaks in this area, and that nunataks persisted
throughout the Late Weichselian glaciation. These findings are in contrast to results from many previous model
studies and other ice-sheet reconstructions, but agree well with minimum thickness estimates from cosmogenic
dating and with vertical ice limits inferred from lower block field boundaries and trimlines.
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The thickness of the Scandinavian Ice Sheet at the Last
Glacial Maximum (LGM) has long been disputed,
especially in the mountainous areas of southwestern
Norway, due to divergent geologic evidence (e.g.
Nesje et al. 1987; Follestad 1990; Larsen et al. 1995;
Brook et al. 1996). It is essential, however, to be able
to reconstruct ice thickness in addition to ice extent,
because the volume and height of the ice sheet strongly
influenced global sea level and ocean and atmospheric
circulation, and are therefore important boundary
conditions for paleoclimate modeling (e.g. Manabe &
Broccoli 1985; Peltier 1994; Kutzbach et al. 1998;
Clark et al. 1999; Lambeck et al. 2000). Landforms and
the sediment record provide good constraints on the
maximum lateral extent of the Scandinavian Ice Sheet
(e.g. Andersen 1981; Svendsen et al. 1999; Larsen et al.
1999; Sejrup et al. 2000), but its vertical extent and
surface profile are more difficult to establish. For
example, botanists postulated the existence of ice-free
regions in western and northern Norway at the LGM,
allowing the survival of endemic plant and animal
species (for review, see Nesje et al. 1988). This is
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supported by geomorphic evidence, including steep-
sided peaks (regarded as nunataks), cirque topography,
and summit block fields produced by in situ rock
weathering for a period of time longer than the Holo-
cene. The lower boundary of autochthonous block
fields gradually decreases in elevation from ¢. 2000 m
a.s.l. at the central mountain range of southern Norway
to 500-600 m a.s.l. at the coast (Nesje et al. 1988).
Nesje et al. (1987, 1988) and Nesje & Dahl (1990)
interpret this trimline as the upper limit of the Late
Weichselian ice sheet. This conclusion was strength-
ened by cosmogenic nuclide exposure ages of >55ka
for summit regions in western Norway (at Skala)
and 26-21ka below the trimline (Brook et al. 1996).
The ice sheet inferred from the above evidence by
Nesje et al. (1988) is relatively thin and controlled
by the regional topographical features in southern
Norway. Its ice divide during the maximum glaciation
was located close to the present-day main surface water
divide in southwestern Norway.

A contrasting picture results from other methods of
ice-sheet reconstruction including numerical modeling,
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preconsolidation tests and information from till fabrics
and striation patterns. Many previously published
reconstructions predict a Scandinavian Ice Sheet that
continued to rise toward the east of the modern
watershed at the LGM (e.g. Oerlemans 1981; Hughes
et al. 1981; Boulton et al. 1985; Boulton & Payne
1994; Huybrechts & T’siobbel 1995; Boulton et al.
2001; Siegert et al. 2001). Follestad (1990) studied till
fabrics and striation patterns in the Nordmere region
of western Norway and deduced ice movement that
was independent of the local topography, suggesting an
ice surface above all mountain summits. Furthermore,
he found erratic blocks and till in some block fields,
indicating that the block fields could have been covered
by ice without being eroded. The lower boundary of
the block fields was attributed to a minor ice readvance
after the LGM. Another possible explanation for the
trimlines observed in the field, which are often inter-
preted as weathering boundaries, is that they represent
englacial thermal boundaries, marking the transition
from thinner, non-erosive, cold-based ice covering the
ridge tops to thicker, erosive, warm-based ice in the
valleys (e.g. Sollid & Serbel 1994). Basal thermal
zonation has been inferred for many areas of the
Scandinavian Ice Sheet (e.g. Kleman et al. 1999;
Kleman & Hittestrand 1999). Preconsolidation tests
performed on sediments overridden by LGM ice indi-
cated an ice surface at least ~400m above the upper
trimline in western Norway (Larsen et al. 1995),
suggesting a complete ice cover of the area. However,
new preconsolidation tests on samples from the same
site (Skorgedalen, western Norway, at c¢. 63°N), using
the constant strain rate method rather than incremental
loading, indicate substantially lower minimum ice
thickness close to the elevation of the trimline (Hildreth
2001). Based on roughness measurements at Skala, in
the Nordfjord area, which indicate the degree of rock
surface weathering, McCarroll & Nesje (1993) con-
cluded that the ice during the LGM either extended
over all summits, but was cold-based and therefore did
not erode the bedrock, or its maximum vertical limit
was even lower than previously suggested (at c. 1350 m
a.s.l.).

Using a time-dependent, numerical model with a
relatively high resolution (10-11km) for simulation of
the development of the Scandinavian Ice Sheet along a
flowline in southwestern Norway, we seek to contribute
new insights into this still unresolved problem.

Study area

We use a flowline of ¢. 311km length for our ice-flow
model experiments. It starts close to the present-day
water divide at Jostedalsbreen, a modern glacier, and
runs through Nordfjord, onto the shelf and beyond the
shelf edge (Fig. 1).
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Fig. 1. Study area in southwestern Norway. The flowline used for
the ice-flow model experiments is marked with white dots. It starts
at the present-day glacier of Jostedalsbreen, runs through the
Nordfjord and ends offshore at 603 m water depth. Skala, Hogefjell
and Vagsey are locations where cosmogenic dates exist that are used
for comparison with model results. Ice extents mentioned in the text
are marked: LGM=Last Glacial Maximum, BM = Bremanger
Moraine, YD = Younger Dryas.

The bedrock in the Nordfjord area consists mainly of
Precambrian gneisses and granites (Kildal 1970; Lutro
1997). Cambro-Silurian rocks, mainly phyllite and
mica schist, dominate in inner Nordfjord (Fareth 1987;
Nesje et al. 1988). Narrow valleys in western Norway
were first cut into the bedrock as a result of Tertiary
uplift (Donner 1995, and references therein). Extensive
erosion during several Quaternary glaciations (e.g.
Nesje et al. 1992) has led to the broadening and
deepening of the valleys, and hence to the excavation
of the fjord, fjord lakes, and valleys. Their orientation
mainly follows the east-west trend of the bedrock
structures in the Nordfjord area (Fareth 1987). The
proximal end of Nordfjord branches into several
valleys, some of which lead to outlet glaciers from
Jostedalsbreen. Apart from these valleys, the topog-
raphy in the Nordfjord region is dominated by smooth
mountain tops, bordered by steep cliffs, that represent
remnants of a planation surface developed close to sea
level during the Mesozoic and dissected following
uplift in the Cenozoic (e.g. Riis 1996). The summits
around Nordfjord descend from 1800-2000 m a.s.l. at
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Jostedalsbreen to 400-600 m a.s.l. at the coast (Nesje
et al. 1987). The sedimentary cover in the mountain
area is sparse. Most of the till derived from the
Weichselian glaciations has been deposited in ice-
marginal zones and below the marine limit in the main
valleys of the Nordfjord system.

Model description
Model outline

We use a two-dimensional, time-dependent, thermo-
mechanically coupled finite-element ice-flow model,
which has already been applied successfully in several
studies of the Laurentide Ice Sheet (e.g. Cutler et al.
2000, 2001; Winguth et al. 2004). Horizontal ice-
flow velocity is composed of deformation and sliding
velocity, the latter occurring only if the temperature
at the ice base is at the pressure melting point at two
or more neighboring nodes. Glen’s flow law is used
for ice deformation; sliding parameterization follows
Payne (1995) and Greve & MacAyeal (1996). Sedi-
ment deformation is not treated separately. By applying
appropriate sliding parameters in the sliding law, ‘hard’
bedrock and ‘soft’ sediments influence basal motion
differently, with the latter facilitating fast ice flow
(Clark et al. 1999). Permafrost development and
isostatic adjustments through time are incorporated in
the model. A detailed description of these model
features is given in Cutler et al. (2000, 2001) and
Parizek (2000). The model includes flow divergence or
convergence and accounts for side-wall friction in the
fjords by application of a shape factor in the calculation
of horizontal velocity distribution, which varies along
the flowline, following the approach by, for example,
Paterson (1994) and Hooke (1998). Calving rate in the
model is dependent on water depth at the ice front,
using the relationship established by Pelto & Warren
(1991) from the analysis of 22 tidewater glaciers.

Model input

Model values along the flowline are calculated at 31
nodes (with a horizontal resolution of 10-11km) and
for 25 ice and 31 bedrock layers (down to a depth of
830m below the surface). The timestep of the runs
was set to 10 years. Digital topographic data as well
as sediment thickness information in the fjord was
provided by the Geological Survey of Norway. Sedi-
ment thicknesses for the offshore region are estimated
from a seismic study about 150km farther south by
Sejrup et al. (1991). Accurate data on former sediment
thickness and distribution is not available, so we use
the present-day sediment thickness along the flowline.
We assume that a similar sediment distribution existed
before the last ice advance and that this sediment was
partly removed and replaced by new sediment during
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and after deglaciation. Geothermal heat flux values,
applied at the base of the model domain, increase alon%
the flowline from approximately 45 to 60mWm™
(Kukkonen et al. 1998; see also references therein).
Local sea-level changes at the ice margin are calculated
by inferring global sea level changes from the SPEC-
MAP §'%0 record (Imbrie ef al. 1984) and taking into
account isostatic adjustments.

The most important parameters driving the model
are temperature and precipitation. Present-day climate
information for our study area has been provided by the
Norwegian Meteorological Institute (0. Nordli, pers.
comm. 2002). The recent mean annual temperature at
Krakenes is about 7°C, and mean annual precipitation
about 1500mm. The LGM range for southwestern
Norway is about —2 to —10°C for mean annual tem-
perature and 500 to 1200 mm for annual precipitation,
based on output from global and regional climate
model studies (Kutzbach et al. 1998; Ganopolski et al.
1998; Shin et al. 2003; R. Bryson, pers. comm. 2001).
A regional climate model nested into an AGCM yields
temperature and precipitation values over Europe for
the time of the Younger Dryas (Renssen et al. 2001). It
suggests winter temperatures about 20°C cooler than
today and summer about 5-10°C cooler than today.
Precipitation results from Renssen et al. (2001) were
¢. 3-5mm/day in winter and c. 2-3 mm/day in summer.

A paleoclimate record from fossil plants and animals
in lake sediments at Krakenes, which is located on
Vagsey Island just north of our flowline, yields local
temperature and precipitation information for the time
of 13 800 to 9200 cal. yr BP (Birks et al. 2000). We use
the GISP2 '%0 record (Grootes & Stuiver 1997) in
conjunction with this information to provide us with a
longer time series of temperature. Back to 40 ka BP, the
GISP2 ages rely on layer counting and are regarded as
fairly reliable (Cuffey & Clow 1997). The GISP2
record was adjusted to the local paleotemperature
record at Krakenes by modifying the amplitude and
adding a constant. The converted record was then used
directly as paleotemperature input. A similar approach
has successfully been used for a deglaciation modeling
study of the southern Laurentide Ice Sheet (Winguth
et al. 2004). The input temperature varies along the
flowline using an elevation lapse rate of 0.0059°C/m,
based on the present-day temperature gradient in the
area. Dahl & Nesje (1992) used a similar value in their
calculations of former ELA in the Nordfjord area. The
baseline precipitation (at sea level) is adjusted for
earlier times using a ‘precipitation factor’ and also
varies along the flowline based on the modern trend,
with precipitation increasing from the coast to a
maximum in the coastal mountains (up to about
4000 mm/year; @. Nordli, pers. comm. 2002).

Many studies support our approach of using a
Greenland 8'®0 record as a proxy of paleotemperature
for the area of western Norway. For example, Bond
et al. (1993) inferred from sediment cores in the North
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Table 1. List of experiments. Experiment 15 represents the ‘standard’ experiment. Sliding is parameterized after Clark et al. (1999) and
calving is set up using the relationship established by Pelto & Warren (1991). For explanation of other parameters, see text.

Temperature
Experiment parameterization Precipitation factor Other parameters
06 f=12 1.0—0.765 (21 ka BP)—1.0 see Experiment 15
c=46
08 f=13 1.0—0.765 (21 ka BP)—1.0 see Experiment 15
c=494
10 f=14 1.0—-0.765 (21 ka BP)—1.0 see Experiment 15
c=53.5
12 f=13 1.0—0.6 (21 ka BP)—1.0 see Experiment 15
c=494
13 =13 1.0-0.5 (21 ka BP)—1.0 see Experiment 15
c=494
14 =13 1.0-0.4 (21 ka BP)—1.0 see Experiment 15
c=494
15 ‘Standard’ f=13 1.0—-0.6 (21 ka BP)— Factor in calving
c=494 0.85 (12ka BP)—1.0 equation: 8.33
Slidin% parameter: 2.0 *
107 myr ' Pa™!
Ice extent at beginning:
1/20 of flowline
16 =13 1.0—-0.6 (21 ka BP)— Slidin% parameter: 5.0 *
c=494 0.85 (12ka BP)—1.0 107 myr " Pa™!,
otherwise like
Experiment 15
17 =13 1.0—0.6 (21 ka BP)— No ice extent at
=494 0.85 (12ka BP)—1.0 beginning, otherwise
like Experiment 15
18 f=13 1.0—-0.6 (21 ka BP)— Factor in calving
c=494 0.85 (12ka BP)—1.0 equation: 18, otherwise
like Experiment 15
19 =13 1.0—0.6 (21 ka BP)— Flowline extended to
c=494 0.85 (12 ka BP)—1.0 east by 57 km (with

adjusted precipitation
elevation gradient),
otherwise like
Experiment 15

Atlantic that shifts in sea surface temperatures must
have been in phase with air temperature changes above
Greenland, and that rates of change in ocean
temperatures must have been nearly the same as in
the ice cores. A sediment core from the Norwegian
Sea also reveals climate changes in phase with air
temperature changes over Greenland (Fronval et al.
1995). A high-resolution record of planktonic fauna
from the Norwegian Channel covering the past 16ka
shows that timing and rate of change fit in detail the
isotope record of the GRIP core, suggesting that the
Greenland ice core data reflect northwest European
climate in great detail (Haflidason et al. 1995). And,
finally, high-resolution pollen stratigraphy from
southern Finland demonstrates many similarities with
the Greenland 'O records (Heikkild & Seppi 2003).

Experiments

Experiments with time-transgressive climate input have
been carried out for the time of 40 ka BP to today, with

the first 8 ka being regarded as model spin-up time. The
sensitivity of the model to a possible range of paleo-
climate variability, to initial ice coverage, to variations
in calving and in sliding parameterization as well as to
an assumed ice divide location farther east (at Jotun-
heimen) has been explored. Known ice extent along the
flowline through time is used for model validation. The
experiment that yielded the best results in terms of ice
extent through time (Experiment 15) will be referred to
as the ‘standard’ experiment. Various experiments and
their input parameters are listed in Table 1.

Paleotemperature input has been varied using a
range of factors f and constants ¢ in the following
equation that converts GISP28'®0 data into tempera-
ture ¢ at Krékenes:

t=f*880gisp+c [°C]

Figure 2A illustrates the mean annual temperature at
Krakenes generated by using the adjusted GISP2 §'%0
record in our standard model run together with the
Krakenes record that has been used for modification of



180 Cornelia Winguth et al.

A

Mean annual temperature at Krakenes

tamperatura {"C)
Y

LS Iy A,
P LAV PW oAl

L
"lJ ——Krikonos du.a'_
12 Expanmant] s
T T T L T T
a0 25 20 15 10
age (ka BF)

Baseline precipitation

1600

1400

1200

\v

precipitation {mmfyaar)
2
=]

600 +————————
30 25

20 15 10
age (ka BP)
Fig. 2. A. Modeled input temperature through time at the location of
Krakenes as derived from the GISP2 8'®0 record in comparison
with paleotemperature data from Krakenes (Birks ef al. 2000). B.
Baseline precipitation input as used in the standard experiment.

the GISP2 curve. The resulting temperature of ¢. —12°C
during maximum ice extent and ¢. —10°C around 24 ka
BP lies at the lower end of the range suggested by
GCM model studies.

Precipitation input was varied by using a precipita-
tion factor of 0.4 to 0.765 for the time of 21ka BP
(corresponding to the LGM) and assuming present-day
precipitation conditions with a precipitation factor of
1.0 at the beginning (at 40ka BP) and at the end of
the model runs. The precipitation factor decreases or
increases linearly over time between the different
values, yielding a range of 0.66 to 0.87 for the time of
12ka BP (corresponding to the Younger Dryas). This
corresponds well with the approximate mean precipi-
tation range of 60% to 97% of today’s precipitation
simulated for the Younger Dryas by Renssen et al.
(2001). For some of the experiments, including the
standard experiment 15, the precipitation factor at 12ka
BP was set to 0.85. In this case, precipitation factors
through time were interpolated between the values at
the beginning, at 21ka BP, at 12ka and at the end of
the run (see precipitation factor in Table 1). Figure 2B
shows the baseline precipitation input through time
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for the standard model run. In the case of a flowline
extension to the east (Experiment 19), the precipitation
elevation gradient of 0.00125/m used in the other runs
has been adjusted to 0.001/m in order to distribute the
precipitation along the longer flowline and not to
exceed the maximum of 4000 mm/year.

Discussion of model results
Lateral ice extents through time

The extent of deglaciation during the last interstadial
(the Alesund interstadial) is uncertain (Larsen et al.
1995). Subsequent ice build-up to the Late Weichselian
glacial maximum happened very quickly (probably
within 3000-4000 years; Larsen et al. 1987), and the
maximum Weichselian glaciation occurred between
29.4 and 22 '*C ka BP (Sejrup et al. 1994). At this
time, the ice margin was located at the continental shelf
edge (e.g. Andersen 1981; Sejrup et al. 2000; Boulton
et al. 2001; Nygard et al. 2004). A retreat at least to
within the present coastline during the Hamnsund
interstadial was followed by the Tampen readvance
onto the shelf around 19 '*C ka BP (Sejrup et al. 1994,
2000; Valen et al. 1996). Nygard et al. (2004) identi-
fied the Bremanger event in our study area, with an age
between 15 and 13.3 '*C ka BP, which corresponds to
the later part of the Tampen readvance. During the
Davik stadial (at c. 13 '*C ka BP), the ice margin was
probably situated in the outer fjord areas, and by 12 '*C
ka BP it had retreated to the head of the fjord. The Nor
stadial (correspondin% to the latter half of the Younger
Dryas, around 10.5 'C ka BP) is a prominent glacial
phase represented by a moraine in the mid-Nordfjord
area (Fareth 1987). Glacier retreat following the Nor
stadial probably occurred very rapidly, because no ice-
marginal deposits younger than the Nor moraines are
found in the main fjord.

Figure 3 displays the ice extent along the flowline
through time created by the standard model run
(Experiment 15, see Table 1). Ice extents that have been
identified in the field are shown for comII)arison and
are used for model validation. Calibrated '*C ages of
events discussed above are used here for easier
comparison with model output (Table 2). The combi-
nation of climate input parameters used in this
experiment, which all fall within the probable range of
temperature and precipitation given by GCM output
and local data, yields the ice extent that best fits the
field record. The maximum ice extent is reached
between 31 and 29 model ka BP; then the ice retreats
almost to the coastline, corresponding to the Hamnsund
interstadial. A minor subsequent readvance reaches
approximately the Tampen ice extent (between 24 and
23 model ka BP). During the time corresponding to
Nygard et al.’s (2004) Bremanger event, the modeled
ice margin has already retreated close to the coastline
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again. Subsequent deglaciation in the model starts at
¢. 15 model ka BP and occurs very rapidly. The model
produces a minor readvance at 12.6 model ka BP, to a
location a little farther seaward than the Younger Dryas
extent identified in the Nordfjord.

Only a combination of relatively low LGM tempera-
ture, relatively low LGM precipitation and relatively
high Younger Dryas precipitation with respect to
paleoclimate output from GCMs yields reasonable ice
extents for the last 32000 years. Decreasing the
amplitude of the input temperature curve (by changing
a combination of fand c, e.g. Experiment 06) produces
no ice readvance around 12ka BP, even when using a
high precipitation factor. Increasing the amplitude of
the input temperature curve (e.g. Experiment 10) yields
a complete melting of the ice between 27 and 26 model
ka BP and an ice extent about 50 km too far along the
flowline for the extent corresponding to the Tampen
readvance. Comparison of different precipitation
factors for the LGM (Experiments 12—14) shows that
maximum ice extent is best represented when using
relatively low LGM precipitation (60%, as in Experi-
ment 12). Going down to 40% (Experiment 14),
however, results in complete ice melting by 26.7 model
ka BP and no further ice development. In order to

Table 2. "*C ages of glacial events recorded in the geologic record and
2001).

achieve an ice readvance representing the Younger
Dryas extent, it is necessary to increase precipitation at
that time to more than 80% of today’s precipitation, as
has been done in Experiments 15, in contrast to
Experiment 12. This result is in good agreement with
findings by Larsen & Stalsberg (2004), who concluded
that relatively high accumulation during the Younger
Dryas period was necessary to form and maintain the
cirque moraine that existed close to Krakenes at this
time. Changing the sliding parameter (Experiment 16,
see Table 1) to a higher value within the reasonable
range explored by Cutler et al. (2000) has no important
impact on ice extent. The same is true for completely
removing the ice coverage along the flowline (since the
extent of deglaciation at the last interglacial is not
exactly known) at the beginning of the run (Experiment
17). Significantly increasing calving rate (based on the
fact that polar as well as temperate glaciers were used
by Pelto & Warren (1991) in order to establish the
relationship, which might underestimate calving of the
latter) leads to complete ice retreat by 27 model ka BP.
Extending the flowline to the east (Experiment 19)
leads to a significant ice retreat between c. 28 and 26
model ka, but otherwise produces an ice extent pattern
very similar to the standard run.

their corresponding calibrated ages (Stuiver ef al. 1998; Beck et al.

Event 14C ka BP

cal. ka BP

Last Glacial Maximum
Hamnsund Interstadial
Tampen Readvance
Bremanger Event
Davik Stadial

Nor Stadial

Around 13
Around 10.5

Between 29.4 and ~22
Between ~22 and ~19
Between ~19 and ~14
Between ~15 and ~13.3

Between ~34.5 and ~27
Between ~27 and ~24
Between ~24 and ~17.5
Between ~18.5 and ~16.5
Around 16

Around 12.5
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Overall, the model reproduces the known ice
margins through time reasonably well in the standard
experiment. The fact that the model fails to generate
the Bremanger readvance might indicate that precipi-
tation is underestimated in the model for this time.
Another possible explanation is that not only climate
deterioration, but also glacier surging (which is not
incorporated in the current model) played an important
role at this time.

Ice thickness

Ice thickness profiles generated by our standard
model run (Experiment 15) are shown in Fig. 4 for two
time slices: 29.85 model ka BP (corresponding to the
maximum extent during the last glaciation) and 12.6
model ka BP (corresponding to the last readvance
during the Younger Dryas). The close-by locations of
Skala, Hegefjell and Vagsey, where results from field
studies are available for comparison to our standard
model results, are projected onto the flowline, and the
known trimlines are marked.

Brook et al. (1996 and in prep.) determined '’Be
ages of bedrock from vertical transects at several
locations in the Nordfjord area, among them Vagsgy
and Skala. At Skala (summit elevation 1880m), a
sequence of samples has ages that decrease from c. 26—
31ka BP at ~1500-1700m a.s.l. to c¢. 11-13ka BP at
1000-1200m a.s.l., covering the main part of the
deglaciation of this area. The data agree well with our
maximum surface elevation values of 1612 m a.s.l. at
Skala for 29.85 model ka BP (Fig. 4). For the times of,
for example, 21, 15 and 12.6 model ka BP, we obtain
surface elevation values of 1271, 1232 and 997m a.s.l.,
respectively, showing a similar trend as Brook et al.’s
data. The highest trimline identified in the area, which
borders the summit block field, has an elevation of
c. 1560m a.s.l.; another trimline is evident at
1350m a.s.l., and the lowest trimline, which has been
interpreted as the Younger Dryas ice limit, is posi-
tioned at ¢. 1100m a.s.l. (Nesje er al. 1988; McCarroll
& Nesje 1993). While a thin, cold-based ice sheet
covering mountain peaks in the area and protecting
the highest elevations from erosion cannot be ruled
out by cosmogenic results alone (Brook et al. 1996),
comparison with our model results indicates that the
highest trimline most likely represents the maximum
ice thickness during the last glaciation. This is also in
agreement with Nesje & Dahl’s (1990) argument
against the regionally consistent weathering boundary
being of thermal origin, since englacial isotherms are
commonly not parallel to the ice sheet surface over
wide areas. The trimline at 1350 m a.s.l. is close to the
modeled vertical ice limit that has been correlated with
the Tampen readvance. The modeled ice surface
elevation for the readvance at 12.6 ka BP (that has been
correlated with the Younger Dryas event) is about
100m lower than the lowest trimline.
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New cosmogenic data from Hegefjell (mid-
Nordfjord) atelevations of c. 1000 ma.s.l. yield exposure
ages of ~15-24ka BP (H. Linge, pers. comm. 2004).
Our results are in relatively good agreement with
these data, showing a maximum ice surface elevation of
1349 m a.s.l. for this location, and ice retreat to
992 m a.s.l. by 24ka BP and 856 m a.s.l. by 15ka BP.

At Vagsey, a coastal site, bedrock exposure ages for
altitudes between c. 450 and 200 m a.s.l. decrease from
c. 17-18ka BP to c¢. 12-15ka BP (Brook et al. in
prep.). Our corresponding thickness values for this site
are somewhat higher, with 590 m a.s.l. at 17ka BP,
decreasing to 537 m a.s.l. at 15ka BP. After that, rapid
deglaciation takes place in the model, leaving the
coastal area ice-free by 14.5ka BP. No surging
mechanism is included in the model at the present
stage, but probably a water film at the ice bottom
developed (Moeller 2004.) that could have led to very
fast ice movement. This would have impacted the ice
surface profile, especially near its outer edge, and
might explain the discrepancies between the results
from cosmogenic dating and from our ice-flow model
experiments.

Ice-sheet thickness is one of the most important
unresolved issues necessary for modeling the Last
Glacial Maximum climate. Ice sheets are large topo-
graphic features that create anomalies in albedo and
radiation balance, and represent important freshwater
reservoirs. Therefore, ice sheets have an important
influence on climate, either directly by displacing the
winter jet stream, by cooling the air over and down-
wind of the ice sheets, and by reorganizing storm
tracks, or indirectly by influencing the ocean circula-
tion through freshwater releases and by changing the
sea level (Clark et al. 1999). Our inferred ice
sheet along the flowline is thinner than the one
predicted by most previous reconstructions, including
for example the ICE-4G model by Peltier (1994), and
the model results for the Eurasian Ice Sheet at the LGM
by Siegert et al. (2001) and Siegert & Dowdeswell
(2004). Our modeled ice surface elevation is in good
agreement with the regional ice model results of
Néslund et al. (2003), who studied ice-flow directions
and erosion of the Fennoscandian Ice Sheet through
time and obtained LGM surface elevations of ¢. 1750 to
250 m a.s.l. for our study area.

The relatively thin ice sheet that is predicted by our
model also has important implications for determining
the circumstances of sea level history during the last
glacial-interglacial cycle. An imbalance exists between
the global estimates of ice volumes inferred, for
example, from coral records (e.g. Fairbanks 1989; Bard
et al. 1990) and the sum of the individual ice-sheet
volumes inferred from glacial rebound history
(Lambeck et al. 2000). Our results, admittedly based on
a single flowline, contradict Lambeck et al.’s hypoth-
esis that a very thick Scandinavian Ice Sheet may have
been responsible for a greater part of sea level rise after
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Fig. 4. Ice-sheet profiles along flowline from the standard experiment for the times corresponding to the maximum ice extent (A) and to the
Younger Dryas readvance (B). The locations of Skala, Hogefjell and Vagsey are indicated for comparison of cosmogenic data with model
results. Trimlines at Skéla identified in the field (Nesje et al. 1988) are marked with horizontal lines.

the last glaciation. The timing of the start of rapid
deglaciation in our model results coincides well with
the onset of major deglaciation at 14.2ka BP inferred
from an isochron map of the European ice sheet by
Boulton et al. (2001) which is based on satellite images
in combination with field observations.

Conclusions

Our numerical experiments with a time-dependent ice-
flow model investigate the growth and shrinkage of
glacier ice along a flowline of the southwestern
Scandinavian Ice Sheet during the Late Weichselian.
Paleoclimate input was varied within a reasonable
range (based on GCM results and local proxy data).
Based on comparison of our modeled ice extents along
the flowline with field evidence, using the GISP2 §'%0
record as a paleotemperature proxy seems to be a

reasonable approach. All experiments yield ice thick-
nesses during the maximum glaciation that are lower
than the highest mountain peaks in the area. If a water
film developed beneath the ice, which seems likely
according to ongoing studies using a groundwater flow
model, it may have triggered fast ice flow, and ice
profile gradients may have been even lower than
modeled. Our model results therefore strongly support
the theory of a relatively thin ice sheet that did not
cover all the mountain peaks in western Norway at its
last maximum extent.
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