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ABSTRACT. This study considers the climate at the time of the Weichselian ice sheet maximum in Central Europe,
especially in Poland, in respect of the NASA Educational version of Global Climate Model (EAGCM). The final
results of the EAGCM simulations for the Last Glacial Maximum (LGM) are presented here and these have been
analysed to determine whether or not they are useful for regional scale modelling; the problem being that, in
a global climate model, both horizontal and vertical grid resolution is very low. Also, an attempt has been made
to define the role of the ice megalobe which, in terms of the numerical coarse-grid model,covered the northern
parts of Germany and Poland. The broad details of the climate during the Weichselian are defined and our re-
sults are compared with previous opinion. The influence of ice megalobe on regional climate is demonstrated
and it is also concluded that a coarse-grid global climate model could be a helpful tool in a regional climate reco-
gnition. However, whether at a regional or local scale, it is recommended that a specially-configured version of
a Regional Climate Model (RCM) based on Global Climate Model (GCM) boundary conditions be used in similar
reconstructions.
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Introduction al. 2000). Huge ice caps over the northern parts
of North America, Antarctic and Eurasia forced

The Last Glacial Maximum (LGM), the time global climate changes. Ice sheets are a one of
when the Weichselian ice sheets extended fur- major forces controlling influence on climate
thest south, took place ca. 21 ka BP i.e. when sea  (Kutzbach & Webb III 1993). At that time, an ice
level was at its lowest: 22-19 ka BP (Yokohama et  megalobe (Kasprzak 2003) of the Weichselian ice
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sheet covered the eastern part of Germany and
western-central Poland (Fig. 1) and it is inevita-
ble that such an orographic barrier would influ-
ence climate at some scale.

The aim of our project was to employ Educa-
tional Global Climate Model (EAGCM) simula-
tions in order to examine whether they might be
useful for regional scale modelling. The authors
also tried to define the role of the ice megalobe in
the southern flanks of the Weichselian ice sheet
in terms of a coarse-grid numerical model. The
EdGCM was chosen for this case study because
it was easy to install and relatively simple to use,
having all necessary components for processing,
even by non-atmospheric-science specialists.
However, the authors recognise, that the model
was not specially designed for this purpose, so
our conclusions necessarily focus on the notion
of using GCM (Global Climate Model) in paleo-
climate research rather than whether the EdGCM
is statistically accurate.

The climatological data obtained from our
model simulation were compared to paleocli-
mate proxies from existing literature. The au-
thors regard dunes and windpolished boulders
as a paleowind indicators and permafrost fea-
tures for temperature and precipitation.

Previously global climate has usually been
modelled only at a very low horizontal and verti-
cal grid resolution and at a regional scale, as in
our project, the study area has typically included
very few grid cells. Thus the results for relatively
small areas are unreliable, owing to small amount
of information given by a dynamical model; nor
can the results simply be represented by linear

Fig. 1. Maximum extent of the Weichselian ice sheet - blue,
(after Kasprzak 2003)

interpolation methods as is the norm in previous
studies.

This study focusses on climatic situations with
regard to Polish territory, but our interpretations
are also placed in a wider Central European con-
text. The simulation of sea level pressure is pre-
sented in respect of the entire northern part of At-
lantic Ocean and Europe, because of the fact, that
low and high pressure areas must be interpreted
in synoptic scale (i.e., for whole European area),
whereas surface air temperature, precipitation
and winds only for the regional scale, between
ca. 47°-57°N, 10°-30°E.

Numerical climate model settings and
techniques used

EdGCM is the NASA model, developed at the
Goddard Institute for Space Studies, Columbia
University. The EAGCM provides a research-
grade GCM with a user-friendly graphical inter-
face. The 30-day trial version is available online
(http:/ /edgcm.columbia.edu) for MacOS X and
Windows operating systems and permits the user
to run several simulations of both paleoclimates
and future climates. However, even the full ver-
sion has no access to a source code. In contrast
to the more technically advanced command line
Unix models, EAGCM’s menu lets users who are
unfamiliar with dynamical modelling techniques,
run one of case study simulations without need-
ing to go through sophisticated preprocessing,
model run and postprocessing steps.

In preprocessing, the basic initial geographic
conditions (i.e., land mass distribution, topog-
raphy, vegetation distribution) are set at a grid
resolution appropriate for the model. Where-
as in this particular model, it is not possible to
choose static data different from those prepared
by EAGCM's authors, in more complex models,
it is quite a common procedure. Lack of such an
option in the EAGCM reflects the model's sim-
plicity; however, starting the simulation with
only one possible default selection has the conse-
quences that the user has no influence on most of
the initial conditions. Such a solution guarantees
a correct assimilation of data, whereas, in many
dynamical models, it may often be a reason for
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compilation errors. For example, users who want
to simulate paleoclimates in the EAGCM pro-
gramme can choose some several sets of values
for greenhouse gases, the Earth’s orbit or sea lev-
el appropriate to the period of interest.

In one of case studies prepared in the model
the reconstruction of the paleoclimate for the
LGM was based on the scheme of Chandler et
al. (2005). This simulation is based on nine ver-
tical layers with horizontal grid resolution over
8° of latitude and 10° longitude. The sea surface
temperatures built into the simulation are those
specified in the CLIMAP project; ice sheet distri-
bution was derived from Peltier et al. (1994). The
implied sea level is lower than of the present day
by 120 m, while Earth's orbital configuration is
taken as that at the present. The model includes
CO, at a level of 200 ppm and the rest of trace
gases at: 0.4 ppm CH,, 0.2754 ppm N,O (all pre-
industrial values).

The climatic condition in the area of interest
were estimated for a 10-year simulation period.
Using the EdGCM Visualization Application
(EVA), which is based on the Interactive Data
Language (IDL) engine, and Panoply software for
creating and analysing visualisation of meteoro-
logical standard files (i.e. network Common Data
Form, NetCDF; Rew et al. 1993), this was further
divided into monthly and seasonal intervals.

The influence of orographic barriers on
regional climate

During the LGM, atmospheric circulation
was strongly affected by ice sheets (Labeyrie et
al. 2003) at both a global and regional scale. The
ice megalobe which covered the northern parts
of Poland and Germany (Kasprzak 2003) during
the Weichselian ice sheet (Fig. 1) protruded ca.
200 km southward from the main ice mass. Ow-
ing to its thickness, about 800 m at latitude 53°
N (Kasprzak 2003), it severely affected the local
climate. Alverson (2003) suggested that, over ice
sheets, there were situations favourable for anti-
cyclonic circulation and planetary waves (atmos-
pheric Rossby waves) were enhanced; this made
the air drier and colder in the forefield. However,
in situations of temporary low-pressure above
the ice cap, the intensity of cold air release could

be even stronger (Thorson & Bender 1985). Natu-
rally, regional effects associated with the smaller
(smaller, that is, in comparison to ca. 2 km high
ice cap over the Scandinavia) orographic barriers
like protruding ice megalobes (e.g., this in Po-
land and Germany) would probably modify the
mesoscale air mass flow, including widespread
development of katabatic winds, as is observed
at present in the case of the wintertime Antarc-
tic surface wind field (Parish & Cassano 2003).
According to Parish & Cassano (2003), the wind
speed component of katabatic flow may be com-
parable with the component of pressure gradient
force which plays an important role in shaping
the planetary boundary layer. However, existing
simulations run on mesoscale dynamical mod-
els and experiments carried out in a laboratory
(Baines & Fraedrich 1989) show that katabatic
flow is quite a sensitive phenomenon, and varies
considerably owing to the initial and boundary
conditions, which cannot be represented well in
a GCM without proper evaluation. It is known
that together with other local effects associated
with the Antarctic ice sheet, katabatic flow can
reach as much as several kilometers per hour (in
areas with relatively low surface friction values)
with deviation ca. 20°-50° owing to the Coriolis
force (Parish & Cassano 2003). Such research is
obviously helpful in the reconstruction of the
range and direction of wind fields in the margin-
al areas of Weichselian ice sheet. It may therefore
be assumed that, during the LGM, the prevailing
wind blew from the NE to E from areas at a con-
siderable distance from the ice megalobe.

EdGCM simulation results

EdGCM simulations show that relatively high
atmospheric pressure was present over the ice
sheet during the whole year (Fig. 2a, 2b, 2c), with
highest intensities during the winter (Fig. 2b).
High pressure interfered with regional atmos-
pheric circulation over the whole of Central Eu-
rope. Low pressure areas over southern Europe
and the northern part of the Atlantic Ocean re-
sulted in flow of air masses bearing a significant
quantity of available precipitable water. The sim-
ulation contours of surface air temperature were
parallel with the ice margin. The mean annual air
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temperature ranged between -13°C in southern
Scandinavia to a little below 0°C in southern Ger-
many and Slovakia (Fig. 3a). In winters, the tem-
perature decreased to less than -30°C in south-
ern Scandinavia, while in southern part of area
of interest, it was -15°C (southern Germany) to

a Annual Sea level pressure

-19°C (Fig. 3b). During the summer seasons, tem-
perature increased to more than 15°C in Ukraine,
while in what is now the southern part of the Bal-
tic Sea, it was ca. 2°C (Fig. 3c). There was a gen-
eral increase across the whole of Central Europe.
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Fig. 2. Air pressure at sea level 21 ka BP for annual (a),
winter (b) and summer (c) periods. Further explanation in
the text

-55.62 -45,08 -3453 -2399 -1344 -290 765 1819 2873
NHem:158 Max 2873

c July Surface Air Temperature

(Ice_Age_21kya.1901-1910ij.nc)

Surface Air Temperature (deg C)

Rl e ) S — I —
-1000 -375 250 875 1500 2128 27.50 3375 4000
Min: -71.59 Globat 1087 NHem: 1638 Max 3232
Fig. 3. Temperature isotherms 21 ka BP for annual (a),
winter (b) and summer (c) periods. Further explanation in
the text
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a Annual Precipitation
(mml/yr)

Fig. 4. a - annual precipitation amount. b - annual surface
wind speed. Further explanation in the text

Figure 4a shows annual precipitation derived
from the simulation. It is suggested that there
was ca. 340-400 mm yr™ in the southern part of
Ukraine to more than 460 mm yr™ in the Bal-
tic Sea basin and Germany. The surface annual
mean wind speed ranged from 0.7 m s™ over the
ice cap to 1.0 m s™ over its forefield (Fig. 4b). Lo-
cally, in the forefield, the wind speed was prob-
ably increased by katabatic wind, caused by the
flow of cold masses of air from ice-sheet plateau;
however, the grid resolution of the EAGCM is
too low to confirm this. Close to the ice margin,
the wind blew from N to S (upper part of Fig.
4b), perpendicular to the axis of the ice sheet. In
southern parts of the study area (i.e., southern
Germany, Czech Republic, Slovakia, Ukraine)
the dominant airflow was from W to E (arrows
in lower part of Fig. 4b), i.e., parallel with the
ice cap.

We consider that the results of simulations,
especially those for temperature and wind di-
rections fields, are superior to some of the previ-
ous models used in the Paleoclimate Modelling
Intercomparison Project for the reconstruction
of climate conditions during the LGM in Central
Europe (Braconnot 1999).

Paleoclimatic indicator data

With respect to Poland territory and the pe-
riod between 25-15 ka BP, Gozdzik (1991), Ko-
zarski (1995), Kasprzak (2003), Antczak-Gorka
(2005) and Dzierzek & Staniczuk (2006) and oth-
ers have tried to evaluate paleoclimates on the
basis of relict geomorphological features. How-
ever, none of these has focused on the LGM (21
ka BP). In fact, very few data are available for this
specific interval.

On the basis of windpolished stones investiga-
tions, Christiansen & Svensson (1999) concluded
that, during the Weichselian glaciation in Den-
mark at ca. 22-17 ka BP, the easterly paleowinds
were associated with katabatic and/or zonal
wind flow with anticyclonic circulation. Those
winds are related to a nearby ice front, where
chilled and heavy air masses flow gravitational-
ly. Katabatic wind develops in appropriate mete-
orological and topographical conditions, mostly
depending on: slope angle and roughness, air
temperature, surface temperature, the elevation-
al range of the cooling surface, the depth of the
chilled air mass, the topography and the regional
weather conditions (Thorson & Bender 1985).
Thorson & Bender estimated the width of the
katabatic wind zone as < 50 km. Vandenberghe et
al. (1999) associated the reconstructed paleowind
directions in southern Sweden with anticyclonic
circulation; however, establishing the relative
importance of those two factors (anticyclonic and
katabatic wind), is still impossible (Antczak-Gor-
ka 2005), certainly on the basis of applying the
windpolished boulders criterion. Antczak-Gorka
(2005) speculates that the winds which shaped
boulders in Polish lowlands could have been
from the same direction as those which created
the paleodune systems there.

On the evidence of relict dune orientation,
Gozdzik (1991) reasoned that the mean wind di-
rection for southern Poland was from WNW to
ESE. He also concluded that, before the maximal
advance of the ice sheet, aeolian activity had been
stronger than during the later post-glacial peri-
od.

The climate of the Late Plenivistulian was cold
and dry (Kozarski 1995) with a mean annual tem-
perature for western Europe below -1°C (Rens-
sen et al. 2007). The differences in mean annual



120

1zABELA SZUMAN, BARTOSZ CZERNECKI

temperatures between the western and eastern
parts of the ice megalobe were probably of the or-
der of a few degrees centigrade. Kasprzak (2003)
suggested -4°C for western and -9°C for eastern
part of the ice megalobe. The climate along the
southern margin of ice sheet was colder and drier
toward east, reflecting the reduction of oceanic
influences in this direction. Because the North
Atlantic area was covered by ice, the heat flux
was weaker; that, in turn, caused a reduction of
temperature and lesser precipitation over Europe
which, according to Kozarski (1995) could have
been as low as 100 mm y~'. It is also believed that,
owing to orographical factors in the eastern part
of the ice megalobe, the precipitation was com-
mensurately lower, the ice megalobe having been
chilled and dried from west to east.

Dzierzek & Staniczuk (2006) reported Weichse-
lian permafrost features (their TL data e.g. ca. 23
ka BP) in eastern Poland. They postulated a thin
active layer here (about 0.5-0.7 m) indicative of
a severe climate. French (2007) suggested that
ice wedges developed in fine-grained sediments
in climates where the mean annual temperature
was less than -4°C, and in coarse-grained ones,
below -8°C. Kozarski (1995) and others have
reported both in respect of Polish territory. The
frost wedges are generally considered to have
formed in a cold, dry climate (Kozarski, 1995).

Conclusions

EdGCM is usually accepted as a coarse-grid
global climate model, so any results forthcom-
ing must be regarded as broad approximations.
However, we consider that the results of our
simulations, especially those for temperature and
wind direction fields are, in fact, more accurate
than is the case in some other models used in the
Paleoclimate Modelling Intercomparison Project
(PMIP; Braconnot 1999) which had the specific
purpose of reconstructing climate conditions
during the LGM across Central Europe.

The comparison of simulated results togeth-
er with selected relict geomorphological data
shows:

(1) a correspondence between the conclu-
sions about the simulated wind direction for
southern-central Europe, from W to E, with re-

sults of Gozdzik’s (1991) research (WNW-ESE).
However, by comparison, our results for the an-
nual average wind velocity give much smaller
values. This may be a result of specific averaging
(in post-processing software) derived from both:
meridional and parallel wind components, which
often have opposing scalar values during year.
Averaging wind speed from mean values of vec-
tor components before calculating separately the
magnitude of wind speed for every single month
can effect in a reduction of the final result.

(2) The calculated EdGCM's mean annual
temperatures for the immediate glacial forefield
(-3.3°C to -6.7°C) also accord with Kasprzak's
(2003) conclusion (-4.0°C to -9.0°C) as do the
temperatures postulated for ice wedge cast for-
mation (below -4.0°C and -8.0°C). The simulat-
ed temperatures also show variability between
western and eastern parts of Central Europe, es-
pecially in respect of the summer seasons.

(3) Only the effect of simulated precipitation
values (ca. 400-460 mm y™) is at some variance
with those postulated for the dry climate con-
dition in Poland - ca. 100 mm (Kozarski 1995)
or less than 250 mm (French 2007). The unreli-
ability of simulated precipitation values is com-
monplace in respect of most of numerical climate
models due to problems with parametrization
and, in our case, this seems to have been greatly
overestimated.

(4) High pressure areas located mostly over
northern part of the Scandinavian Peninsula (Fig.
2a, 2b, 2c) could have resulted in a regular flow
of Arctic air masses derived from area of the Bar-
ents Sea; this may be the explanation for a lower
amount of precipitation than simulated by our
model.

(5) It is also suggested that owing to cooling
and loss of humidity from the air masses lying
over the ice megalobe, this barrier was high and
large enough to cause significant differences in
local climate between western and eastern parts
of Central Europe.

To summarise: simulation results show that
coarse-grid global climate model can certainly
be a helpful tool in regional paleoclimate recog-
nition. Nevertheless, it represents only a broad-
brush approach and for detailed scientific purpos-
es, especially at a local scale, it is recommended
that a specially configured version of a RCM
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(Regional Climate Model) be used. However, the
boundary conditions should be considered with
association with relict geomorphological data as
a source of surface initial condition, while GCM's
simulation may be a source of information for the
upper atmospheric layers.
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