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Abstract
10

Be dating of prominent glacier advances (stadials) in the Alps supports the correlation of the Gschnitz stadial (N15.4 ka) with
the Heinrich 1 ice rafting event (Greenland Stadial 2a), the Egesen-maximum advance (∼ 12.3–12.4 ka) with the early Younger
Dryas (Greenland Stadial 1), the Kartell advance (∼ 10.8 ka) with the Preboreal Oscillation and the Kromer advance (∼ 8.4 ka) with
the Central European cold phase 3. The interpretation of the glacial record with glacier-climate models in terms of summer
temperature change (ΔTs) and precipitation change (ΔP) shows that climate during the Gschnitz stadial was ∼ 10 K colder than at
present and precipitation was reduced to ∼25% of modern annual sums with a possible tendency towards slightly more humid
conditions in the southeastern Alps. During the early Younger Dryas, ΔP depends on the estimated ΔTs. For a ΔTs of −3.5 K, ΔP
along the northern fringe of the Eastern Alps was about 0 to + 15%, in the central valleys ΔP was in the order of −20 to −30%. A
scenario with a ΔTs of −5 K leads to generally drier conditions (∼ −15% vs. ∼ −50% ΔP) but the spatial pattern of precipitation
change remains the same. The Kromer advance was possibly characterised by more humid conditions than today along the northern
fringe of the Eastern Alps. In the valleys of the Central Alps, precipitation seems to have been similar to modern values.
Methodologically, simple empirical relationships between summer temperature and precipitation at the equilibrium line altitude
yield similar results as an analytical glacial–meteorological model. However, the analytical model allows a more detailed analysis
of the climatic parameters influencing glacier behaviour. In the case of the Egesen-maximum and Kromer advances, the accuracy of
ΔP depends on the reliability of ΔTs, which is derived from timberline depression and on the dating control. In the case of the
Gschnitz stadial, the accuracy of ΔTs depends mainly on the glacier flow model, from which ΔP is derived. Since the model reacts
sensitively to assumptions about basal sliding, only scenarios can be calculated.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Past glaciers are important palaeoclimatic proxies.
As their mass balance is entirely determined by climate,
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past glacier extents delimited by moraines can be
interpreted in terms of accumulation and ablation
change. This in turn can give us information on changes
in precipitation and summer temperature for the timeslices of moraine formation. In the European Alps,
glacier based palaeoclimatic information is of particular
value, because it may provide quantitative information
for early periods of the ice recession after the LGM (Last
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Glacial Maximum) for which biological proxy data are
still scarce. While there exists a variety of methods to
retrieve temperature data from biological proxies,
quantitative precipitation-related data are difficult to
retrieve from biological proxy data. Palaeoglaciological
data may fill this gap in information. Spatial patterns of
precipitation in a mountain region are caused by the
interaction between the atmospheric circulation and the
mountain relief. Long-term shifts in the spatial distribution of precipitation indicate changes in the atmospheric circulation pattern in the wider surroundings of
the mountains and can be used to evaluate the results
from numerical modelling with Atmospheric General
Circulation Models. It is the purpose of this paper to
give a review of recent work in the Eastern Alps for
several periods of glacier readvance after the Last
Glacial Maximum (LGM) and to discuss the results on
the background of more recent field results. The
localities discussed can be found in Fig. 1.
2. Methods
The period under discussion in this paper is the
“Alpine Lateglacial” and the early Holocene. By
definition, the “Alpine Lateglacial” starts with the final
disintegration of the piedmont glaciers in the forelands of
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the Alps and lasts until the end of the Younger Dryas cold
phase (e.g. Penck and Brückner, 1901/09; van Husen,
2004). During this period, glaciers readvanced several
times to successively smaller extents (“stadials”) as a
reaction to climatic fluctuations, which were mainly
caused by changes in the North Atlantic Ocean
circulation and subsequent weakening of oceanic heat
transport to higher latitudes. Already a century ago, a
first stratigraphic system of stadials was proposed by
Penck and Brückner (1901/09), which was extended and
modified during the following decades (Mayr and
Heuberger, 1968; Maisch, 1982; Maisch, 1987; van
Husen, 1997). In the absence of absolute ages, moraines
are assigned to a stadial according to their relative
position in the field within the regional sequence, their
morphological characteristics and their ELA-depression
relative to the Little Ice Age (LIA) equilibrium line
altitude (ELA). The idea is that moraines in comparable
stratigraphic positions with similar morphologic characteristics and similar ELA depressions within a
homogeneous climatic region were deposited during
the same time period. (e.g. Penck and Brückner, 1901/
09; Heuberger, 1966; Gross et al., 1977; Maisch, 1981,
1982, 1987).
Dating of these glacier advances has always been a
problem, mainly due to the lack of organic material for

Fig. 1. Index map of the localities mentioned in the text. LM in the upper Etsch catchment represents Laas and Martell valleys. Dashed line marks the
approximate southern limit of the “northern fringe” of the Austrian Alps.
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radiocarbon dating and has been usually limited to
minimum ages for glacier recession. In the recent past,
surface exposure dating of moraines with terrestrial
cosmogenic radionuclides (10Be, 26Al, 36Cl) brought
about a decisive step forward (Gosse and Phillips,
2001). As it is used in our work (Ivy-Ochs et al., 2006b),
it gives mostly close minimum ages for the final withdrawal of a glacier from its end moraines or from rock
surfaces. This makes the correlation of the discontinuous moraine record with other proxy data from the same
period somewhat easier than before, when only minimum radiocarbon dates were available. Clast supported
boulders from locations above timberline seem to give
the best results, because exhumation, subsequent movement of boulders and spallation due to tree growth can
be excluded under these circumstances (Ivy-Ochs et al.,
2006b).
The most useful glaciological parameter for palaeoclimatic studies is the equilibrium line altitude. It can be
determined reliably from the glacier surface topography
with the accumulation area ratio (AAR) method. For
past glacier extents, it always refers to steady state
conditions. In the Alps, an AAR of 0.67 gives the most
consistent results in most cases (Gross et al., 1977;
Maisch et al., 1999). If not stated otherwise, ELAs and
ELA depressions are based on an AAR of 0.67. ELA
depressions always refer to the ELA of the 1850 glacier
maximum (Little Ice Age, LIA), because it can be easily
and reliably determined throughout the Alps (Gross
et al., 1977). Past glacier topographies are drawn with
the help of the moraines and the topography of the
glacier bed. More recently, GIS-based methods provide
a useful tool for the reconstruction of glacier extents and
surface contour lines (Sailer et al., 1999).
The equilibrium line is characterised by a net mass
balance of zero with accumulation (c) exactly balancing
ablation (a). Substituting the energy balance for
ablation, we can write
c¼

s
s
½Gð1−rÞ þ A þ S  þ LH
Lm
Ls

ð1Þ

with G as global radiation, r as the albedo on the glacier
surface, A the longwave radiation balance, S the sensible
heat flux towards the glacier surface and LH the latent
heat flux. τ is the duration of the ablation season, Lm
and Ls are the latent heat of fusion and sublimation,
respectively. Any change in a parameter of (1) will lead
to an imbalance and to a vertical shift of the equilibrium
line. It clearly shows that vertical displacements of the
ELA cannot solely be explained by temperature
changes. A further parameterisation and a perturbation
analysis of (1) with respect to a vertical shift of the ELA

leads to an equation (2) with ∂/∂z as the vertical
gradients of the respective variables. All changes, which
are not included in equation (2) are assumed as zero. It
can be solved for changes of any of the input variables
(glacial–meteorological model: Kuhn, 1981, 1989;
Kaser, 2001; Kaser and Osmaston, 2002).
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A less comprehensive approach, which goes back to
Ahlmann (1924), is offered by empirical glacier-climate
models (P,T-models). These models require fewer
assumptions about climatic variables and hence lend
themselves better for palaeoclimatic studies. They relate
a parameter for ablation (usually summer temperature:
Ts) with a parameter for accumulation (winter precipitation sums, annual precipitation sums: P). The curves
obtained are usually not linear. As regression techniques
are used for their calculation, the equations are only
valid within the boundary conditions of the underlying
sample. Despite their simplicity, these models work
quite well, because summer temperature is a good
parameter for all heat fluxes towards the glacier surface
(Ohmura, 2001). If the input data are carefully calibrated
to the standards used by the original authors (Kerschner,
2005), the results of the different models show a high
degree of similarity (Fig. 2). Under Alpine conditions,
the only exception seems to be the Liestøl-equation,
which is based on data from Norway (Liestøl, 1967;
Dahl and Nesje, 1996). Similar to the equation by
Ahlmann (1924), it produces unrealistically high winter
precipitation sums in the Alps, particularly in areas with
high summer temperatures at the ELA. This may be
caused by the regional climatic setting of the glaciers in
south-western Norway with its highly maritime climate
(cf. Ahlmann, 1924). An extensive treatment of the
application of the Liestøl-equation has been given by
Lie et al. (2003a,b).
The statistical (P,T)-models allow the calculation of
one parameter, if the other is known from other proxy
data. In this paper, we use the relation by Ohmura
et al. (1992; OKF-model), because it is based on a
world-wide sample including glaciers from high
latitudes. The results of the OKF-model agree
surprisingly well with those from the glacial–meteorological model and with most other (P,T)-models
(Kerschner, 2005).
If reference is made to “modern” conditions, we
always use the climatic normal period 1931–1960 as a
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Fig. 2. Relation between ΔP as calculated from the glacial–meteorological model (Kuhn, 1981) and from the empirical relations by Ohmura et al. (1992),
Kotlyakov and Krenke (1982) and the Liestøl-equation (Dahl and Nesje, 1996) for the Egesen stadial maximum advance. For sample, see text p. XX.

standard, because it is well documented in the Eastern
Alps by the seminal work of Fliri (1974, 1975).
3. Examples
3.1. The Gschnitz stadial (Greenland stadial 2a)
In higher parts of the Alps, the Gschnitz stadial is
represented by moraines of valley glaciers, which
occupied large areas in the principal tributary valleys
and in the upper reaches of the main valleys. Since
Penck and Brückner (1901/09), the prominent terminal
moraine at the village of Trins (Tyrol, Austria) is used as
the type locality. There, the glacier was about 18 km
long and covered an area of 51 km2 (Fig. 3), extending
from 1200 m at the snout to an altitude of 3230 m. The
glacier tongue is documented by 3.5 km of continuous
lateral moraines. Moraine fragments can be traced to a
position 6.5 km upvalley from the end moraine. From
the morphology of the tongue region it can be concluded
that the lower part of the glacier was debris covered over
a distance of more than 1 km. The calculated ELA of the
glacier was at an altitude of about 1930 m, 700 m lower
than the LIA ELA in the catchment (Kerschner et al.,
1999).
Surface exposure dating (10Be) of boulders from the
end moraine and right-hand lateral moraine shows that
the moraine was stabilised at or before 15.4 ± 1.4 ka. The
oldest boulder age is 16.13 ± 1.04 ka (Ivy-Ochs et al.,

2006a). From the size and morphology of the moraine it
can be concluded that the glacier remained at the
moraine position for at least several decades. Due to its
ice content, the final stabilisation of the moraine may
have been delayed for some time. From the dating of the
moraine we may conclude that the Gschnitz stadial was
the reaction of glaciers to the Heinrich-1 ice rafting
event in the North Atlantic Ocean during Greenland
Stadial 2a.
In the tongue region, the valley is almost straight with
a gently sloping valley bottom and a parabolic cross
section. From the lateral moraines, the basal shear stress
of the glacier tongue can be calculated. It drops from 77
to 75 kPa higher upvalley to ca. 20 kPa close to the end.
The low basal shear stress is typical for a glacier in a
rather dry climatic environment. This overall situation
makes the valley well suited for a simple glacier flow
model similar to the one used by Kull and Grosjean
(2000). Details can be found in Kerschner et al. (1999)
and Ivy-Ochs et al. (2006a).
In a first step, the model calculates the discharge
through a number of cross sections along the glacier
tongue. The parameters for the calculation of ice
deformation were selected as such as to account for an
ice temperature slightly below the pressure melting
point. This was done because the altitude of the cirques
relative to the ELA and the general climatic conditions
during Greenland-Stadial 2a (Björck et al., 1998)
suggest that large parts of the accumulation area
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Fig. 3. Map of the Gschnitz stadial glacier at the type locality. Equidistance of contour lines is 100 m. Thick lines in the tongue area represent moraines and related ice-marginal features.
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consisted of cold ice. Hence the advection of cold ice to
the glacier tongue is a distinct possibility. From this it is
reasonable to assume that the glacier was polythermal.
For basal sliding, we calculated scenarios with basal
sliding contributing 60 to 80% to the total average
velocity at the cross sections. For the discussion below,
we use the scenario with 70% sliding.
In a second step, net ablation and the net ablation
gradient along the glacier tongue can be calculated from
the difference in ice flux between neighbouring cross
sections and the surface increment. The ablation
gradients are rather similar to those from glaciers in the
Canadian Arctic, pointing to a cold and continental
climate (Fig. 4). For 70% sliding, the ablation gradient of
the lowermost 300 m of the tongue is − 2.3 kgm− 2 m− 1.
White Glacier on Axel Heiberg Island (Cogley et al.,
1996) seems to be a good modern analogue.
In the case of a stationary glacier, net accumulation equals net ablation. With mean net ablation at
620 mm a− 1, mean net accumulation amounts to 360 mm
a− 1. At the altitude of the modern equilibrium line,
accumulation should have been in the order of 500 mm
a− 1 which is about 20–30% of what can be expected
there today. In a different approach, precipitation at the
ELA can be calculated from a relation between ablation
gradients and ELA precipitation, based on the data from
Ohmura et al. (1992). It amounts to slightly less than
500 mm a− 1, which is about one third of present day
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precipitation at that altitude. Considering the uncertainties involved, the results agree quite well and show rather
dry climatic conditions. The respective mean summer
temperature (June–August) at the ELA was about
− 0.7 °C, which is about 10 K lower than today.
The scenario outlined above is already rather
“humid” and “warm”. It is based on an AAR of 0.63
to account for the reduced ablation on a debris-covered
glacier tongue. For an AAR of 0.67, the ELA is at
1860 m. The respective ELA depression is 770 m. If we
take White Glacier as an analogue, its AAR for zero net
balance is 0.73 (data from Cogley et al., 1996). In that
case, the ELA of the Gschnitz glacier would be at
1740 m, 890 m lower than the LIA–ELA. In both cases
the accumulation area would be larger, the ablation area
and net ablation would be smaller. Mean net accumulation would be smaller as well and be in the order of
250 to 300 mm a− 1. Consequently, the lowering of
summer temperature would be greater. Hence, climate
during the Gschnitz stadial may have been even drier
and colder than in the first scenario.
Moraines of possible Gschnitz age can be found in
many other valleys of the Eastern Alps and probably the
Western Alps as well (see compilation in Ivy-Ochs et al.,
2006a). The calculation of their ELAs is often
complicated because of the large size and complicated
topography of dendritic glaciers. Average LIA ELAs are
often difficult to calculate, because catchments are either

Fig. 4. Ablation gradients for the Gschnitz stadial glacier (scenarios) at the type locality at Trins (Tirol, Austria) and modern glaciers (data from Kuhn,
1984; Cogley et al., 1996). From Ivy-Ochs et al. (2006a), modified.
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very large or representative LIA glaciers are missing.
Recent field work (Kerschner, unpublished) shows that
possible Gschnitz glaciers in the Karwendel Mountains
(Tyrol, Austria) close to the northern fringe of the Alps
had an ELA in the order of 1500 m or less. A good
estimate for the LIA ELA in the catchments there is
2300 m, which gives an ELA depression of about
800 m. In the Upper Etsch catchment (South Tyrol)
south of the Alpine Main Ridge (Penck and Brückner,
1901/09), ELAs in the Laas and Martell valleys were in
the order of 2200–2250 m. With LIA ELAs in the range
of 2900–2950 m, the ELA depression was in the order
of 700 m, similar to the type locality at Trins. Further to
the Southeast in the Julian Alps of north-eastern Italy,
possible Gschnitz age moraines exist at very low
altitudes (Tintor, 2005) and ELA depressions may
have been in the order of 1000 m (Tintor, written
communication). Values of 900–1000 m can also be
estimated for the northwards trending valleys of the
Carnian Alps (southern Austria) (Geologische Karte der
Republik Österreich, sheets 196, 197 and 198; moraines
mapped by D. van Husen). Presently a picture emerges
which points to rather high ELA depressions in the
south-eastern part of the Eastern Alps, “classical” (i.e.
650–700 m) ELA depressions along the central axis of
the Alps and only slightly higher values along the
northern fringe. If this picture proved to be correct, it
would suggest that an LGM-type accumulation pattern
controlled by southerly airflow (Florineth and Schlüchter, 2000) persisted during Greenland Stadial 2a. In such
a case, the Mediterranean is the primary moisture

source, whereas the northern North Atlantic is of lesser
importance.
3.2. Egesen stadial (Younger Dryas, Greenland stadial 1)
Moraines of the Egesen stadial (Heuberger, 1966) are
prominent features in wide areas of the Alps. They are
usually fresh in appearance and often rich in boulders.
Moraines immediately downvalley from the Egesen
maximum are much less well preserved and show clear
solifluction overprint. Presently the data base used here
contains data for 160 Egesen maximum glaciers from our
own field work and from the literature (see references in
the appendix of Kerschner et al., 2000). It is constantly
updated and improved. According to topographic
criteria, the sample can be coarsely subdivided into a
“northern fringe”, the “central valleys” and a “transition
zone” in between. The assignment of individual glaciers
to a subsample is not always unambiguous, but there
seem to be no gross mistakes (Fig. 5).
Although the Egesen stadial was already correlated
with the Younger Dryas cold phase more than 30 years
ago (Patzelt, 1972), evidence from surface exposure
dating for a Younger Dryas age was only obtained in the
mid 1990s. At Julier pass (Grison, Switzerland), the
maximum advance was dated with 10Be and 26Al to
12.3 ± 1.5 ka (Ivy-Ochs et al., 1996). A similar age was
obtained from the Egesen maximum in the Schönferwall
valley (Tyrol, Austria) as 12.2 ± 1.1 ka (Sailer, 2001;
Ivy-Ochs et al., 2006b). The ages show that the
maximum extent was reached early after the start of

Fig. 5. Relation between the Egesen-maximum ELA and the ELA depression in the subsample areas. For sample, see text p. XX.
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the climatic downturn at 12700–12600 years. A second
advance of the glaciers (Bocktentälli phase; Maisch,
1981) frequently shows rock glacier development from
the end moraines, which lasted until the end of the
Younger Dryas or continued into the early Preboreal
(Maisch, 1981; Ivy-Ochs et al., 1996; Ivy-Ochs et al.,
2006b). In many cirques, rock glaciers started to move
into areas, which were deglaciated after the Egesen
maximum (Sailer and Kerschner, 2000).
The ELA depression of the Egesen-maximum
advance shows a good agreement with the ELA of the
Egesen-maximum (Fig. 5). It is in the order of 200–
250 m along the central axis of the Alps between the
Brenner pass and Montblanc area with a tendency to
somewhat lesser values in the more sheltered areas.
Along the northern and northwestern fringe of the
Eastern Alps, which is open towards airflow from the
westerly to northwesterly sector, ELA depressions are
higher. Up to now, the known extreme maxima are in the
order of 450 m in the northern chains of the Karwendel
mountains (Kerschner, unpublished field results). There
is also a tendency towards slightly higher ELA
depressions in areas which receive precipitation mainly
from the South, but this has yet to be substantiated.
This spatial pattern of ELA depressions cannot be
interpreted solely in terms of a temperature reduction,
because the horizontal distribution of temperature in the
Alps is rather uniform. Hence, spatially varying changes
in accumulation and in precipitation must be considered
as well. If we assume a spatially constant reduction in
summer temperature, the observed pattern of ELA
depression can be translated into a pattern of precipitation change. During the first part of the Younger
Dryas, a timberline depression in the order of 500 m can
be considered as a reasonable first average (Bortenschlager, 1984; Burga and Perret, 1998). As timberline
altitude provides a summer temperature dependent
signal (Tranquillini, 1979), this timberline depression
is equivalent to a summer temperature depression of
3.5 K. Under this assumption, precipitation along the
northern slope of the Alps was slightly higher than today
and decreased sharply towards the more sheltered
interior of the Alps. There it was almost uniformly
lower by 20–30% than today (Table 1).
The spatial pattern of the transition between areas
with higher and those with smaller ELA depressions is
clearly controlled by the local relief (Hertl and
Kerschner, 2001; Kerschner et al., 2000; Kerschner,
2005). Generally, the ELA depression is high in areas,
where the advection of air masses from the W and NW is
possible along valleys at altitudes between approximately 500 and 1500 m a.s.l. towards valley heads with a
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Table 1
Sample ΔELA s
size

Central
80
valleys
Transition 44
Northern 36
Fringe

ΔP %

ΔP mm/a

ΔTs =
ΔTs =
− 3.5 K −5 K

ΔTs =
ΔTs =
− 3.5 K − 5 K

− 201

25 − 24

−54

− 370

− 840

− 290
− 392

32 − 9
36 +5

−36
−20

− 160
120

− 670
− 430

Egesen maximum (early Younger Dryas) ELA depressions relative to
1850 AD (ΔELA) and precipitation change. s: standard deviation;
ΔP %, ΔP mm/a: precipitation change relative to modern values at the
altitude of the modern ELA.

rapid increase in altitude. This is exemplified in the
western Silvretta mountains (Vorarlberg province, Austria; Hertl, 2001), which are open towards the Bodensee
(Lake Constance) area in the West. In the northern
Karwendel mountains (Tyrol, Austria; Kerschner, unpublished field results), which are open towards the
Bavarian foreland immediately to the North, the situation
is rather similar. Wherever the advection of moist air is
only possible at higher altitudes, the ELA depression is
much smaller. Whether this was also the case in the
southern Alps still remains an open question.
More recent investigations on Younger Dryas
timberline fluctuations in the Alps of western Switzerland (Welten, 1982; Tobolski and Ammann, 2000;
Wick, 2000; Tinner and Kalternrieder, 2005) point to a
more pronounced timberline depression in those areas
and generally cold conditions (Lotter et al., 2000).
Hence, we also calculated a scenario with a summer
temperature depression of − 5 K. In that case precipitation would be reduced by about half in the central
areas and by about 10 to 20% along the northern fringe.
The contrast between the northern fringe and the interior
of the Alps would remain roughly the same (Table 1).
Finally, we may assume a scenario with a more intense
summer temperature depression (− 5 K) along the
northern fringe than in the transition zone (− 4 K) and
in the interior valleys (− 3.5 K). In such a case,
precipitation would be reduced rather uniformly by
about 20%.
A much more severe summer temperature depression
is unlikely for the early Younger Dryas. Even in the
central, well sheltered valleys of the Grisons (Switzerland), glaciological parameters for Egesen maximum
glaciers were rather similar to those of modern glaciers
in the area (Maisch and Haeberli, 1982). This requires
temperate glaciers with positive summer temperatures at
the ELA, which is the case for a ΔTs of −3.5 K (Fig. 6).
Already with a ΔTs of − 5 K, about one third of the
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Fig. 6. Frequency distribution of summer temperature at the
equilibrium line altitude for glaciers of the Egesen maximum advance
under different scenarios for ΔTs and modern glaciers in the
catchments.

and in the equation by Ohmura et al. (1992). We assume
that the temperature depression for May to September was
more intense by 0.5 K. The results show that winter
precipitation as calculated from the Liestøl-equation
(lower part of Fig. 7) was much more reduced during
the Egesen maximum than annual precipitation (upper
part of Fig. 7). This points to dry and cold winters,
whereas summers were only moderately drier or perhaps
even slightly more humid than today.
Reduced glacier extent and rock glacier development
in formerly glacierized areas during later phases of the
Egesen stadial (Bocktentälli-phase and Egesen-3; Sailer
and Kerschner, 2000; see also the references in the
appendix of Kerschner et al., 2000) points towards
increasingly drier conditions during later phases of the
Younger Dryas.
3.3. Kartell and Kromer stadials

glaciers would have (slightly) negative summer temperatures at the ELA. With a ΔTs of − 7 K, most glaciers
would be of the subarctic type with (strongly) negative
ELA summer temperatures. In that case, the central
valleys of the Alps would be subject to arid conditions
with annual precipitation sums of 200 mm and less.
There is, however, no field evidence for such an extreme
situation which is also more in line with results from
western Switzerland and the French Jura Mountains
(Schwalb et al., 1994; Magny et al., 2006).
Winter precipitation change can be cautiously estimated with the Liestøl-equation. It uses the mean temperature
for May to September as independent variable, which
correlates extremely well with the temperature for June to
August, as it is used in the glacial–meteorological model

In a number of valleys, it is possibly to distinguish a
glacier advance between the locally preserved innermost
Egesen stadial moraines and the LIA moraines. Because
the moraines in the Kromer valley (Silvretta Mountains,
Vorarlberg, Austria) were so beautifully developed, the
name “Kromer stadial” was chosen for this glacier
advance (Gross et al., 1977).
In the Kartell cirque in the Ferwall mountains (western
Tyrol, Austria), a local glacier advance with an ELA
depression of 120 m (Kartell stadial: Fraedrich, 1979) was
dated with 10Be. The three ages for moraine stabilisation
range between 10.4 ± 0.5 ka and 11.2 ± 0.8 ka with an
arithmetic mean of 10.8 ± 1 ka (Sailer, 2001; Ivy-Ochs
et al., 2006b). The age suggests that the advance may be

Fig. 7. Relation between ELA depression relative to the 1850 glacier advance (LIA) and precipitation change for the Egesen maximum advance. For
sample, see text p. XX.
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the glacier's reaction to the Preboreal Oscillation (PBO;
Björck et al., 1998). As not very much is known about
Alpine climate during this period, it remains open
whether the glacier advance was more caused by a
decrease in ablation (lower summer temperature) or a rise
in accumulation due to a spell of more humid conditions
during the generally rather dry early Preboreal.
To substantiate the dating of the Kartell moraines, a
set of moraines in the nearby Kromer valley in the
Silvretta Mountains (Vorarlberg, Austria) was sampled
for 10Be dating. The moraines occupy a similar position
as the Kartell moraines downvalley from the LIA
moraines and upvalley from the innermost moraines of
the Egesen stadial (Gross, 1974; Hertl, 2001). The ELA
depression is 75 m. Five 10Be ages from different
positions of the moraine complex were obtained, ranging
between 8.01 ± 0.36 and 8.69 ± 0.41 ka with a mean of
8.41 ± 0.69 ka (Kerschner et al., 2006). The ages are not
significantly different among each other. We assume that
the ages represent a close minimum for the withdrawal of
the glacier from the moraines, because the boulders are
clast-supported and postdepositional effects can be
excluded (Ivy-Ochs et al., 2006b). Hence, the moraines
in the Kromer valley are about 2000 years younger than
those in the Kartell cirque and may be the glacier's
reaction to the Misox cold phase (Zoller, 1977; Zoller
et al., 1998) or Central European cold phase 3 (Haas
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et al., 1998). Whether the Kromer advance was a reaction
to the 8.2 ky event (Alley and Ágústsdóttir, 2005; von
Grafenstein et al., 1998) or to a precursor climatic
fluctuation (Rohling and Pälike, 2005) remains an open
question. In the central Alps, a glacier advance slightly
smaller than LIA terminated at or before 8400 BP
(Nicolussi and Patzelt, 2001). It may be an equivalent to
the Kromer advance. A possible palaeoclimatic interpretation with summer temperatures derived from
various sites to the West of the Kromer site (see
Kerschner et al., 2006) shows that such a difference in
glacier reaction is possible, if summer temperatures are
slightly lower than today, but precipitations is increased
by about 15% along the western and northern fringe of
the Austrian Alps. Fig. 8 shows that a summer
temperature depression of more than − 1 K is not very
likely, because it would cause very dry conditions in the
Central Alps. A more humid climate along the northern
fringe of the Alps is in good agreement with evidence
from the forelands to the West (Tinner and Lotter, 2001;
Magny et al., 2003; Magny and Bégeot, 2004). In any
case, the age and palaeoclimatic significance of the
“moraines between LIA and Egesen” needs to be
investigated further, because at least the Kromer stadial
occurred during a period of generally small glacier extent
in the Alps (Nicolussi and Patzelt, 2000, 2001; Hormes
et al., 2001).

Fig. 8. Relation between summer temperature change and precipitation change for different scenarios of ΔTs for the advance at 8.4 ka (Kromer stadial).
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4. Discussion
The accuracy of surface exposure dating with
terrestrial cosmogenic radionuclides is sufficient for a
palaeoclimatic interpretation of a century-scale glacial
record. This is the case for the early Lateglacial (e.g.
Gschnitz stadial), when climate was still very cold and
glaciers in the central Alps extended far down into the
valleys. Then the reaction time of the glaciers and the
time necessary to build big moraines is in the order of
many decades or even a few centuries and it is possible
to correlate the moraines with events operating on the
same time scale (Ivy-Ochs et al., 2006a). It holds also
true for the usually much smaller glaciers of the Younger
Dryas (Egesen stadial), but it should be kept in mind that
the Younger Dryas climatic fluctuation consisted of a
multitude of comparatively short fluctuations with high
amplitude akin to a “flickering switch” (Taylor et al.,
1993; Wick, 2000), which led to the formation of series
of moraines (e.g. Heuberger, 1966). A palaeoclimatic
interpretation of the Egesen-maximum advance gives
therefore information which is averaged on a timescale
of about 200–300 years. At the type locality of the
Kromer stadial, the reaction time of the glacier was in
the order of a few decades or less (Kerschner et al.,
2006). In such a case, all radiometric dating methods are
too coarse to allow an exact correlation with other highresolution proxy records. This could only be done if the
glacier advances were dendrochronologically dated (e.g.
Nicolussi and Patzelt, 2000, 2001). At the present date,
an interpretation of such a record must remain tentative.
For the palaeoclimatic study of glacier advances, the
glacial–meteorological model would be the best tool,
but it requires assumptions on changes of variables
which are usually not available from the palaeo-record.
Due to the very nature of proxy data, empirical (P,T)models are usually a better choice because of their
robustness. If precipitation change is the target, it does
not matter so much which empirical relation is chosen,
as long as it is based on glaciers from an area which is
climatically similar to the study area.
Taking the Egesen-maximum advance as an example, the glacial–meteorological model and the empirical
relations by Ohmura et al. (1992) and by Kotlyakov and
Krenke (1982) give practically similar results (Fig. 2).
The latter is based on the data used also by Krenke
(1975) and Khodakov (1975) (Kotlyakov and Krenke,
1982). Optically, the agreement is better with the equation
by Ohmura et al. (1992), because the non-linear
component in their equation is very small. The mean
differences of precipitation change between the glacial–
meteorological model on the one hand and the empirical

models on the other are less than 1%. The maximal
differences are 3.6% (Ohmura et al., 1992) and 5.6%
(Kotlyakov and Krenke, 1982) and are thus negligibly
small. The good agreement between the different approaches requires a slight albedo feedback in the glacial
meteorological model in areas with high precipitation
(Kerschner et al., 2000), which is glaciologically meaningful. The agreement between ELA depression and
precipitation change for the Egesen-maximum is also good
(Fig. 7). The root mean square error is ±1.8% with maxima
of −8.3 and +5.2%. Consequently, ELA depressions of the
Egesen-maximum could be used directly to map precipitation change. Apart from uncertainties of the ELA
depression, much of the scatter is probably due to the fact
that “summer temperature” in an empirical equation is a
parameter for all ablation-related heat fluxes towards the
glacier surface and to uncertainties in determining representative summer temperatures from climate data.
In any case, the results for the early Younger Dryas
agree well with those from Atmospheric General
Circulation Models and various proxy records for that
period, which point to an intensified zonal circulation and
a steep temperature gradient across western and central
Europe north of the Alps (Isarin and Bohncke, 1998;
Renssen and Isarin, 1998; Renssen et al., 2001).
The uncertainty of summer temperatures derived
from proxy data is of much greater importance.
Biological proxies do not necessarily react to the same
climatic variables as do glaciers. Even multi-proxy
approaches can reach their limits, if past environments
cannot be readily compared with the calibration data sets
(e.g. Ammann et al., 2000). In the case of the Gschnitz
glacier, past precipitation and summer temperature were
derived entirely from glacier data. The geomorphological record is sufficiently extensive to allow a reliable
calculation of ice thickness, surface slope and cross
sections of the glacier tongue and hence the driving stress
for ice deformation. Here the limits of the accuracy are
posed by the parameters of the flow model and in
particular by the assumptions on the contribution of basal
sliding to ice discharge. The proposed scenario with a
close similarity to White Glacier in the Canadian Arctic
is hence a likely possibility, but climate may as well
have been somewhat more humid and less cold (higher
contribution of basal sliding) or much colder and drier
(less basal sliding), irrespective of different assumptions about the temperature dependent parameter in ice
deformation (softer vs. more brittle). Limits for the
scenarios are set by the low basal shear stress along the
glacier tongue, which limits ice deformation and basal
sliding. In any case, the estimated climate was much
colder and much drier than during the Younger Dryas in
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the same region (Kerschner et al., 2000; Ivy-Ochs et al.,
2006a). A more detailed analysis of the obtained mass
balance gradients with the glacial–meteorological
approach (Kaser, 2001; Kaser and Osmaston, 2002)
could provide additional insights into the structure of
the climate during a glacier advance. Presently, this
approach is limited to one glacier at the type locality of
the Gschnitz stadial, but it could be extended to glaciers
in other areas and from different periods.
In the case of the Kartell and Kromer stadials, the
main problem is the existence of two glacier advances of
rather similar extent relative to the LIA glacier ends, but
with an age difference of more than 2000 years. A
difference of 30–50 m in the ELA depression (Gross
et al., 1977; Hertl, 2001; Sailer, 2001) is very small and
does not allow distinguishing these two advance periods
on the basis of ELA depressions, even in closely spaced
catchment areas. To get a clearer picture of the glacier
history in the early Holocene, more absolute ages are a
necessity. Additionally, these glacier advances may have
been caused by different climatic conditions. Whereas
the Kromer advance (∼8.4 ka) was possibly caused
more by an increase in accumulation than by a decrease
in ablation, the reverse may have been true for the
Kartell advance (∼ 10.8 ka) which occurred during the
generally dry early Preboreal period.
5. Conclusions
Simple empirical glacier-climate models (P,T-models) are a useful tool to determine either precipitation
or summer temperature from ELA differences, if one
parameter is known from other proxy data. A more
detailed analysis of the climatic background of ELA
fluctuations requires an analytical approach, as it is
provided by a glacial–meteorological model for the
heat and mass exchange on a glacier surface.
Glacier flow models are useful for the calculation of
accumulation and precipitation. However, the results
are sensitive to assumptions about the contribution of
basal sliding to ice discharge. Hence it is recommended
to calculate scenarios under different assumptions.
This approach seems to be particularly useful for time
spans in the early Lateglacial with scarce or missing
biological proxy data and should be pursued in the
future with a larger sample. For the Younger Dryas and
early Holocene, various biological proxy data for
summer temperature are available. Timberline fluctuations are preferable, because they are sensitive to
summer temperature fluctuations and are easy to
handle. The calculation of scenarios gives a good idea
of the possible bandwidth of climatic variations.
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Climate during the Gschnitz stadial, which was
possibly a response of alpine glaciers to the Heinrich-1 ice rafting event in the North Atlantic during
Greenland Stadial 2a, was dry and cold. In an already
rather “humid” scenario, annual precipitation sums
were reduced to about 20 to 30% of modern values and
summer temperature was about 10 K lower than today.
Modern glaciers in the Canadian Arctic are a good
analogue. More humid conditions in areas closer to the
Adriatic seaboard are a conceivable possibility.
During the early Younger Dryas (Egesen stadial
maximum advance), the presently existing contrasts
in precipitation between the northern fringe of the
Alps and the continental interior were enhanced. This
holds true for a scenario with a summer temperature
depression of − 3.5 K as well as one with − 5 K. In the
first scenario, the northern fringe was about as humid
as today, whereas the interior valleys received about
20 to 30% less precipitation. In the second scenario,
the respective values are − 10 to − 20% along the
northern fringe and about − 50% in the continental
interior. A significantly more intense summer
temperature depression is unlikely, because it is not
supported by empirical data.
The Kromer advance (∼ 8.4 ka) during the Central
European cold phase 3 may have been dominantly
caused by a shift towards more humid conditions
rather than by a pronounced cooling.
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