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Application of a degree-day model to reconstruct Pleistocene glacial climates
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Abstract

There is empirical evidence of a nonlinear relation between annual precipitation, or accumulation, and summer mean temperature at the
equilibrium line altitude (ELA) on glaciers around the world. The degree-day model gives a similar relation between accumulation and summer
temperature, although instead of a single universal curve there is a family of curves depending upon the annual temperature range. Furthermore,
the degree-day model also gives nonlinear relations between accumulation and annual mean temperature. Thus, estimations of accumulation can
be made from both summer and annual temperatures at the ELA of former reconstructed glaciers, such as those in Greece. This is particularly
useful since these climatic variables have major implications for biological proxies, such as vegetation history indicated in the pollen record, and
for periglacial proxies, such as permafrost distributions indicated in the geomorphological record. The close relationship between glaciers and
climate provides one of the most precise methods for reconstructing former climates and offers considerable potential for resolving our
understanding of Pleistocene cold-stage climates.
© 2007 University of Washington. All rights reserved.
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Introduction Other proxy records that can help isolate the accumulation or
temperature variables include temperature or moisture-sensitive

The relationship between glaciers and climate is fundamental biological evidence such as coleoptera (Miller and Elias, 2000),

to understanding glacier behavior. There are well-established ostracods (Frogley et al., 2001) and pollen (Peyron et al., 1998).
relationships between annual precipitation, or accumulation,and ~ However, these records rarely provide precise estimates of
summer mean temperature at the equilibrium line altitude (ELA)  palaeoclimate variables but provide only ranges of values.
on glaciers around the world (Ahlmann, 1924, 1948; Loewe, Furthermore, these records are commonly far removed from a
1971; Leonard, 1989; Ohmura et al., 1992). Various forms of this former glacier site high in the mountains. Another method of
relationship have been applied to reconstructions of Pleistocene deriving one or more palaecoclimate variables at former glacier
glaciers (Sutherland, 1984; Ballantyne, 1989, 2002a; Hughes, sites is through periglacial geomorphology—especially using
2002; Hughes et al., 2006a) and the relationship provides one of ~ evidence of the distribution of permafrost. As with glaciers,
the most useful approaches for palacoclimate reconstruction  there is a close empirical relationship between permafrost, and
using glacial evidence. However, the utility of the relationship associated landforms, and climate, particularly mean annual
between annual precipitation, or accumulation, and summer  temperature and precipitation (Haeberli, 1985; Humlum, 1998).
mean temperature at the equilibrium line altitude (ELA) for For example, features such as periglacial rock glaciers have
palaeoclimate work is constrained by the need to isolate one of ~ been shown to have lower boundaries associated with the
these variables in order to derive the other. In particular, it is altitudinal limits of discontinuous permafrost and approximate-
frequently very difficult to isolate summer temperatures for  ly the —2°C mean annual isotherm. This fact was exploited by
palaeoglaciological work and it is even more difficult to isolate Hughes et al. (2003) to reconstruct former mean annual

values of precipitation in mountainous regions. temperatures based on relict rock glacier evidence in Greece
during the last (Tymphian) cold stage. However, because per-

* Corresponding author. mafrost evidence is associated with mean annual temperatures, it is
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glacier—climate record, where it is summer and not annual tempe-
ratures that are associated with ablation on glaciers. Hughes et al.
(2006a) attempted to resolve these problem for Late Pleistocene
glacier—climate reconstructions in Greece by making assumptions
about the annual range of monthly mean temperatures and dis-
tributing the annual mean over a sinusoidal distribution to derive a
value for the summer temperature mean. This approach then
enabled the calculation of annual precipitation (strictly, winter
balance plus summer precipitation; see Ohmura et al., 1992).

Unlike the approach of Hughes et al. (2006a), which relied on
the empirical regression of Ohmura et al. (1992) to relate
summer temperature and precipitation, this paper presents a
degree-day model to describe mass balance on glaciers in
Greece. Glaciers formed in the mountains of the Mediterranean
on multiple occasions during the Pleistocene cold stages
(Hughes et al., 2006b). These glaciers were small compared
with the vast ice masses of the Alps and northern Europe,
although substantial local ice caps, ice fields and valley glaciers
formed in many Mediterranean mountain areas, such as in the
Pindus Mountains of Greece (Hughes et al., 2006¢) (Fig. 1). The
small Pleistocene Mediterranean glaciers would have been par-
ticularly sensitive to climate change and their geomorphological
record provides an important archive of cold-stage climates.

The glacial history of Greece has recently been the focus of
intensive investigation and several papers have provided new
insight into the extent, the timing and the climatic significance
of Pleistocene glaciers in the Pindus Mountains (Woodward
et al., 2004; Hughes et al., 2003, 2006a,c,d, 2007). The oldest,
most extensive glaciation was characterized by ice fields and
valley glaciers, and glacial deposits contain secondary calcites
yielding ages >350,000 yr. This glaciation has been assigned to
the Skamnellian Stage (Marine Isotope Stage [MIS] 12; 480—
430 ka). Higher, less extensive glacial deposits were formed by
cirque and valley glaciers during the Vlasian Stage (MIS 6;
190-126.6 ka); while the most recent glaciers in Greece formed
in the highest cirques during the Tymphian Stage (MIS 5d-2;
111-11.5 ka). The last glaciers in Greece are thought to have
formed during the late glacial, possibly during the Younger
Dryas (12.9—11.5 ka) (Hughes et al., 2006d).

The aim of this paper is to demonstrate the use of a degree-
day model for reconstructing palacoglacier climates. Degree-
day modeling has been extensively applied to present glaciers
(e.g., Huybrechts et al., 1991; Braithwaite et al., 2003;
Braithwaite et al., 2006) and has recently been applied to
former glaciers (e.g., Brugger, 2006). The degree-day model in
the paper presented here is applied to former Pleistocene
glaciers in Greece to reconstruct former temperature—precipi-
tation conditions during multiple cold stages. Comparisons are
then made with earlier reconstructions made using the well-
established regression between winter balance plus summer
precipitation and summer temperature at the ELA of modern
glaciers (Hughes et al., 2006a,d, 2007).

The field area

This paper focuses on Mount Tymphi (2497 m a.s.1., with all
altitudes given here above modern sea level) in the northern
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Pindus Mountains, Greece. Mount Tymphi is formed largely in
limestones with flysch present on the lower slopes. Glacial
landforms are widely preserved and Pleistocene glaciation has
combined with karstic processes to form a classic glaciokarst
landscape (Waltham, 1978). The high mountain climate is
characterized by mild wet summers and cold snowy winters
with snow cover remaining until July in places. The mean
annual air temperature at [oannina (483 m a.s.1.), ca. 50 km from
Mount Tymphi, was 14.3°C with mean annual precipitation of
1078 mm over the period 1961-1990 (World Meteorological
Organisation, 1998). On the southern slopes of Mount Tymphi,
annual precipitation averaged 1721 mm for the period 1935—
1970 at Skamnelli (1180 m a.s.l.) and values of up to 2500 mm
are likely on the mountains (Fotiadi et al., 1999). In this
paper, temperature data at the reconstructed glacier ELAs are
extrapolated from the gridded climatology provided in New
et al. (1999).

Pleistocene glacier reconstruction in Greece—methods

Geomorphological evidence of glaciation was mapped in the
field onto 1:10,000 base maps. Morpholithostratigraphy and
pedostratigraphy was used to separate glacial sedimentary units
and secondary calcites within these units were dated using
uranium-series techniques to understand the timing of glaciation
(Hughes et al., 2006¢). Lower glacier margins were traced on
the basis of moraine positions. Upper glacier margins were often
not well defined in the geomorphological record and former
glacier outlines were usually extrapolated from the lower glacier
areas to fit cirque and valley morphometry. Glacier contours
were drawn by joining points of equal altitude at the former
glacier margins following the pattern on modern glaciers,
whereby contours are slightly convex near the snout and
concave in the glacier source area (Sissons, 1974, 1977).

Glacier equilibrium line altitudes were reconstructed using a
variation on the accumulation area method. It was refined using
the methods outlined by Osmaston (2002) for the Rwenzori
Mountains in central Africa. This involves taking the altitudes
corresponding to 11 evenly spaced accumulation-area ratios of
between 0 and 1 (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0).
The standard deviation at each AAR for groups of glaciers was
calculated and the AAR with the lowest standard deviation was
chosen. The altitude of the snout area within a group of glaciers
is likely to vary considerably depending on the hypsometry of
the former glaciers. This is why moraine altitude is a poor
comparative measure of glacier altitude. Glacier source areas
will also vary, though to a lesser degree, and will be a function
of the altitude of the mountain watershed—which is often
controlled by tectonic and structural geology. As a result,
groups of glaciers will tend to produce an asymmetrical U-
shaped curve when standard deviation of altitude is plotted
against AAR.

Paraglacial processes including talus accumulation, debris
flows and mass failure of valley sides (Church and Ryder, 1972;
Ballantyne, 2002b), as well as post-glacial erosion, all act to
disguise evidence of glaciation in the geomorphological record.
This problem becomes more acute the older the glaciation.
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Figure 1. Pleistocene glaciers on Mount Tymphi in the northern Pindus Mountains, Greece (after Hughes et al., 2007).

However, given that the oldest glacial landforms were formed
by the largest glaciers, errors in reconstructing ELAs are often
smoothed by the large surface area of the former ice cover.

A further problem is that of tectonic uplift and sea-level
change. However, since uplift in Epirus is estimated at ca. 40—
80 m per 100,000 yr (King and Bailey, 1985), then tentative
corrections can be made for uplift. Sea levels, on the other hand,
would have been variable depending on the glaciation under
consideration. At the height of the last glaciation, during the
Tymphian Stage (MIS 2), global eustatic sea levels are known to
have been ca. 130—135 m lower than today (Yokoyama et al.,
2000). In fact, the whole northern section of the Adriatic Sea
would have been land ca. 20,000 yr ago (van Andel and
Shackleton, 1982). Lower eustatic sea levels during cold stages
imply that ELA values reconstructed using modern sea level
underestimate the real ELA values based on cold-stage sea level.
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Beyond 325,000 yr ago, uplift of 40 m per 100,000 yr outstrips
a cold-stage eustatic sea-level depression of 130 m and therefore
reconstructed ELAs are likely to be overestimated rather than
underestimated. For example, during the Skamnellian Stage,
reconstructed ELAs may be up to 250 m higher than the “real”
ELAs depending on the rate of uplift and the timing of the
glacial maximum. However, given that global ice volumes were
greater during MIS 12 than during any subsequent glacial stage,
it is possible that the figure is less than this because of
glacioeustatic sea-level lowering in excess of 130 m. However,
none of these factors affect the palacoclimate reconstructions
presented here. This is because under an assumption of uniform
uplift, different positions in the landscape can be assumed to
have been separated by the same elevation throughout the last
few hundred thousand years, irrespective of their relative
position above sea level.
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Glaciers and climate—a degree-day model approach

The degree-day model is based upon the notion that glacier
melting occurs when air temperatures 1-2 m above the glacier
surface are above the melting point (0°C). The total melt over a
period at some point is therefore proportional to the sum of
positive temperatures at the same point, i.e., the positive degree-
day total. It is not actually necessary to sum daily temperature
data because it is possible to calculate monthly degree-day totals
from the monthly mean temperature, assuming that temperature
is normally distributed within the month (Braithwaite, 1985).
Melt is linked to positive degree-day total by the positive
degree-day factor, with higher values for ice than for snow
(Braithwaite, 1995). Therefore, there is greater melting if the
surface material is ice compared with snow, under similar
temperature conditions. The degree-day model is widely used
for modelling the mass balance of the Greenland ice sheet,
following Huybrechts et al. (1991), but has also been applied to
mountain glaciers and ice caps (Braithwaite et al., 2003; Raper

and Braithwaite, 2006).

The paper presented here demonstrates the main features of
the degree-day model using a simplified version (Reeh, 1989)
where monthly mean temperature follows a sinusoidal curve
throughout the year, defined by the annual temperature range.
Snow melt is calculated using a degree-day factor of 4 mm
day ' °K™! (Braithwaite et al., 2006) and annual accumulation

at the ELA equals the sum of monthly snow melt.

Our relation between annual accumulation and summer
temperature at the ELA (Fig. 2) is in general agreement with the
range of values in Figure 2 of Ohmura et al. (1992). However,
the latter refers to “winter mass balance plus summer
precipitation”, which they equate to “annual total precipitation”.

Degree-day model

Annual accumulation at ELA (m water a™)

DDF =4mmd' deg’ ; f

0 : i i
-10 -5 0 5

Summer temperature at ELA (°C)

Figure 2. Annual accumulation at the ELA as a function of summer mean
temperature (June, July, August). The degree-day model was applied assuming a
sinusoidal temperature variation throughout the year with annual temperature

ranges of 5, 15, 25, 35 and 45°C.
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Also, temperature in Figure 2 of this paper attempts to account
for a “glacier cooling effect” (Braithwaite, 1980; Braithwaite
et al., 2003) while Ohmura et al. (1992) refer to “mean summer
temperature in free atmosphere at ELA”.

There is no single curve linking accumulation to summer
temperature (Fig. 2) but there is a family of curves defined by
annual temperature range. You could therefore expect a rea-
sonably strong correlation between accumulation and summer
temperature without taking account of the extra effect of tem-
perature range. For a particular value of summer temperature,
high annual temperature range favors lower accumulation than
low temperature range. This is probably because high temper-
ature range limits snow melt to the “summer period” (June—
August) while lower temperature range allows a greater amount
of snow melt outside of the June—August period. The increase of
accumulation in Figure 2 with decreasing temperature range
therefore reflects the effect of this increasing snow melt outside
June—August. For example, an annual temperature range of 35—
45°C 1is characteristic of arctic glaciers like those on Axel
Heiberg Island with very short melt season (ca. 27 days) at the
ELA (Braithwaite and Raper, 2007). On the other hand, an
annual temperature range of 5—15°C is characteristic of very
maritime glaciers like those in New Zealand with long melt
season (Braithwaite and Raper, 2007).

The curves in Figure 2 could be regarded as defining an
envelope within which individual values will fall, but there is no
simple relation between annual accumulation and annual mean
temperature at the ELA (Fig. 3) calculated by the same model.
The pattern in Figure 3 is unverifiable as the authors are
unaware of any measured data for present-day glaciers.

Figures 2 and 3 illustrate the model but should not be taken
too literally. For example, the model (Fig. 2) predicts very high
accumulation (over 5 m w.e.) for high summer temperature
(over 5°C) and low annual temperature range (5°C), such as on
a very maritime glacier. However, Figure 3 shows that this can
only be achieved with a very high annual temperature (well over
0°C). The modeller may well ask if such a high accumulation of
snow can really be achieved with such warm temperatures and
may infer that high temperatures cannot prevail on a glacier
with such a low annual temperature range. Pushing the
argument further for tropical glaciers with very small annual
temperature range, it could be possible to achieve a plausible
annual accumulation of about 2 m w.e. with annual and summer
(?) temperatures both around 0°C. However, more research is
needed on tropical glaciers.

Reconstructing Pleistocene glaciers and climate in Greece

The extent and distribution of the Pleistocene glaciers of
Mount Tymphi is illustrated in Figure 1. During the Skamnellian
Stage (MIS 12), valley glaciers and ice fields covered an area of
59.3 km? on this mountain and had a mean ELA of 1741 m a.s.l.
Smaller cirque and valley glaciers during the later Vlasian Stage
(MIS 6) covered an area of 21.3 km?* with a mean ELA of 1862 m
a.s.l. (Hughes et al., 2007). The last major glaciation in Greece,
during the Tymphian Stage (MIS 5d-2), was characterized by
higher and much smaller glaciers. At the last local glacier
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Degrée-day model

DDF =4 mmd’ deg” |

Annual accumulation at ELA (m water a”)

-25 -20 -15 -10 -5 0 5
Annual mean temperature at ELA (°C)

Figure 3. Annual accumulation at the ELA as a function of annual mean
temperature (January to December). The degree-day model was applied
assuming a sinusoidal temperature variation throughout the year with annual
temperature ranges of 5, 15, 25, 35 and 45°C.

maximum, glaciers on Mount Tymphi had a mean ELA of
2174 m a.s.l. and covered a total area of only 3.9 km? (Hughes
et al., 2006a). Late glacial glaciers did not form on Mount
Tymphi but did on higher mountains such as Mount Smolikas,
15 km away across the Aoos valley to the northeast. Here, two
small glaciers covered a combined area of only 0.2 km? and had
a mean ELA of 2420 m a.s.l. (Hughes et al., 2006d).

The degree-day model (Braithwaite et al., 2006; Braithwaite
and Raper, 2007) is used to calculate the temperature (summer
and annual means) at the ELA for the three glacial stages
(Table 1). The temperature at the ELA is estimated by ex-
trapolating temperature from the nearest grid square in a half-
degree gridded climatology (New et al., 1999) using a vertical
lapse rate (6.5 °K km™'). The sum of positive temperature and
the probability of freezing temperature at the ELA for each
month are both calculated from monthly mean temperature,
assuming that temperature is normally distributed within the
month (Braithwaite, 1985). Snowmelt is calculated from the
annual positive degree-day total using a degree-day factor of
4 mm day ' °K™ ' (Braithwaite et al., 2006) and accumulation at
the ELA is set identical to calculated snow melt. Precipitation is
calculated at the ELA from accumulation divided by the annual
sum of monthly precipitation probability multiplied by monthly
freezing probability, assuming that precipitation at the ELA
follows the same distribution as precipitation in the gridded
climatology. Calculated in this way, the annual precipitation at
the ELA (“glacier precipitation”) is generally greater than the
precipitation in the gridded climatology (“grid precipitation”) and
this probably reflects a real increase of precipitation with altitude
for most glaciers (Braithwaite et al., 2003).

Many climate variables, including mean summer tempera-
ture, mean annual temperature range and annual precipitation,
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are likely to have differed from the modern climate during the
Pleistocene in Greece (cf. Tzedakis et al., 2004; Hughes et al.,
2006a,d, 2007). However, the degree-day model applied in the
paper presented here simulates the temperature depression nec-
essary to form glaciers in the Pindus Mountains under modern
precipitation conditions and modern annual temperature range.
The model assumes the present annual temperature range
(18.8°C) from the gridded climatology (New et al., 1999) and
precipitation estimates of 2 to 2.5 m w.e. based on modern
observations at stations in the Pindus Mountains (Fotiadi et al.,
1999). The degree-day model is then run for the estimated ELAs
in Table 1 for present temperature, and then the temperature
is successively lowered in 1°C steps. This gives a table of
precipitation and accumulation at the ELA as a function of
temperature, from which temperatures (summer and annual) can
be interpolated for precipitation values that are the same as today.

For roughly the same precipitation conditions as today, with
annual precipitation of up to 2.5 m w.e., glaciers could have
existed in the Pindus Mountains with summer temperature of
about 3.6°C at the ELA with annual accumulation of 2 m w.e.
Again, it must be stressed that modern precipitation at the sites
of former Pleistocene glaciers may be much greater than 2 to
2.5 m w.e., since no climate data are available from high-
altitude climate stations in the northern Pindus Mountains.
Nevertheless, this range of values is probably representative of
cold-stage precipitation values and corresponds with precipita-
tion estimates calculated using empirical regressions, based on a
known temperature value (Hughes et al., 2006a,d, 2007). A
mean summer temperature of 3.6°C at the ELA with annual
accumulation of 2 m w.e. corresponds quite well with present-
day conditions at the ELA of glaciers in Scandinavia with
similar annual temperature range (Braithwaite and Raper,
2007). From other work (Braithwaite et al., 2003), it is known
that glaciers with similar accumulation have quite high mass
balance sensitivity and could have advanced and/or retreated
quite rapidly.

The degree-day model calculates that when annual precip-
itation is 2.5 m w.e., the annual accumulation value of 2 m w.e.
corresponds with an annual mean temperature of —4.0°C at the
ELA (Figs. 2 and 3). This is similar to the mean annual
temperature (—4.2°C) calculated at the ELA for the Tymphian

Table 1
Palaeoclimate reconstructions for the different phases of glaciation in the Pindus
Mountains (Hughes et al., 2006a,d, 2007) using the degree-day model

Stage Estimated ELA  Present precipitation Temperature
(m a.s.l) (m w.e.) depression (°C)
Tymphian 2420 2.0-2.5 —53to—44
(late glacial)
Tymphian (MIS 5d-2) 2174 2.0-2.5 —6.9 to —6.0
Vlasian (MIS 6) 1862 2.0-2.5 -89 to —8.0
Skamnellian (MIS 12) 1741 2.0-2.5 —9.7 to —8.8

Annual precipitation values of 2.0-2.5. m w.e. correspond with annual
accumulation values of 1.7 to 2.0 m w.e. The degree-day model calculates
that this range of annual accumulation values corresponds with annual mean
temperatures of —4.8 to —4.0°C at the ELA and summer temperatures of 2.8 to
3.6°C (Figs. 2 and 3). MIS=marine isotope stage.
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Stage using periglacial evidence by Hughes et al. (2006a). By
applying the degree-day model to the mean annual temperature
calculated independently in Hughes et al. (2006a), accumulation
can be estimated to have been 1.93 m w.e. and annual pre-
cipitation 2.35 m w.e., which is in good agreement with results
in Table 1. Thus, mean annual temperatures derived from
periglacial evidence potentially can be utilized by the degree-day

model to calculate annual accumulation.

The glacier—climate reconstructions for Greece during three
separate Pleistocene cold stages illustrate the magnitude of
climate change needed to form glaciers of various sizes in the
Pindus Mountains. For all cold-stage glacier maxima, the model
assumes annual precipitation of 2.0 to 2.5 m w.e. at the ELA.
However, cold-stage climates in the Mediterranean were char-
acterized by highly variable moisture supply (Tzedakis et al.,
2004), and there is evidence to suggest that different cold stages
were wetter or drier overall than others (Ayalon et al., 2002; see
discussion in Hughes et al., 2007). Nevertheless, it is highly
unlikely that moisture supply during cold stages exceeded that
during interglacials, such as the Holocene, largely because of
much cooler surface waters in the Mediterranean Sea (Bigg,
1994). Thus, if it assumed that modern precipitation values were
never exceeded during the different Pleistocene cold stages,
then the temperature depressions indicated in Table 1 can be
considered as minimum values. This is important because it
provides a clear illustration of the severity of climate during the
different glaciations. The Middle Pleistocene glaciations would
have been particularly severe in terms of temperature, with the
glacier maximum of the Skamnellian Stage (MIS 12) being the
coldest recorded period of the last 430,000 yr with annual and
summer temperatures at least 9.3°C colder than today (mean of
8.8 and 9.7°C to 1 decimal place). This temperature depression
is less than that the 11.1°C calculated by Hughes et al. (2007)
using the regression approach. However, this is partly because
the earlier paper by Hughes et al. (2007) and others (Hughes
et al., 2003, 2006a,d) compare reconstructed temperatures with
those at loannina meteorological station and not with the
gridded climatology of New et al. (1999). Nevertheless, the
differences in temperature depressions in Table 1 are consistent
in terms of demonstrating the severity of cold temperatures

during MIS 12 compared with later cold stages.

It is clear that the coldest climates recorded by former
glaciers in Greece occurred during the Middle Pleistocene with
temperature depression of at least 9.3°C during the Skamnellian
Stage (MIS 12). If the Skamnellian glaciation occurred under
drier conditions than today, which is highly likely when
considering that the lowest arboreal pollen percentages of the
last 450,000 yr are recorded at Tenaghi Philippon during this
interval (Tzedakis et al., 2003), then temperatures would have
been depressed by significantly more than 9.3°C. Both a
combination of major glaciation in the uplands, severe cold and
potentially dry conditions would have had catastrophic
consequences for biota in the region. The refugial capacity of
the Pindus Mountains would have been strained compared with
later glaciations and the severity of the Skamnellian Stage
glacial climate is likely to have impacted on evolutionary trends

across Europe during the later Pleistocene.
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Conclusions

A degree-day model to reconstruct former glacier—climate
conditions provides a process-based approach utilizing detailed
data on the relationship between glacier ablation and air tem-
perature from modern glaciers. The degree-day model approach
enables the processes of mass balance to be manipulated in a
model simulation. A particular strength of the degree-day model
is that it allows annual temperature data to be utilized to recon-
struct mean summer temperatures and annual accumulation
(and from this precipitation) in any formerly glaciated area. This
is especially useful where periglacial evidence provides a record
of permafrost and associated mean annual temperatures such as
in Greece (Hughes et al., 2003). When applied to former gla-
ciers in Greece, the degree-day model suggests that glacier—
climate conditions during the Tymphian Stage (MIS 5d-2)
glacier maximum were analogous with maritime Scandinavian
glaciers, confirming earlier suggestions of Hughes et al. (2006a).
The Middle Pleistocene glaciations were the coldest with the
Skamnellian Stage (MIS 12) being the most severe of the last
430,000 yr. This has important implications for the availability
of biotic refugia in the Pindus Mountains, the wider Balkans and
also other mountainous peninsulas of southern Europe, all of
which are thought to have been important regions of refugia
during Pleistocene cold stages. A degree-day model approach
helps to understand the significance of glaciation in understand-
ing Earth climate history and in conjunction with other records
provides a powerful tool for palacoclimate research.
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