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Abstract The ECHAM4-T42 atmospheric general cir-
culation model was applied to study the change in at-
mospheric variability in the North Atlantic region over
the �14.7 kyr cal BP climatic transition from Green-
land Stadial 2a (GS-2a, end of Pleniglacial) to Green-
land Interstadial 1e (GI-1e, start Late Glacial). The
following three climates are simulated: (1) present-day,
(2) GS-2a and (3) GI-1e. We focus on climatic param-
eters near the Earth’s surface (temperature, precipitation
and sea level pressure). Results on two different tem-
poral scales are analysed: seasonal and daily. The sea-
sonal fields show that the main change over the
14.7 kyr BP transition occurred in winter. We calculated
daily standard deviations of temperature and pressure
about the seasonal means and the high-pass filtered (less
than six days) variability of pressure. The largest
change in atmospheric variability occurred in north-
west Europe. Here, the daily temperature variability
decreased by 50%, whereas storm activity also decreased
substantially. These changes are related to a northward
shift of the Atlantic sea-ice margin at 14.7 kyr BP,
leading to a northward relocation of the Atlantic storm
track. In the GS-2a experiment, a strong storm track
was located over northwest Europe, where frequent de-
pressions produced alternations of northerly air flow
(below –30 �C) and southerly air flow (close to 0 �C).
This strong daily atmospheric variability decreased in
GI-1e because the storm track had a SW-NE orientation
over the Atlantic towards Iceland. The decrease in

atmospheric variability at 14.7 kyr BP probably con-
tributed to landscape stabilization, for instance, through
decreasing eolian transport.

1 Introduction

Numerous proxy data show that the last glacial climate
in the North Atlantic region was characterized by rapid
climatic shifts between cold stadial conditions and rela-
tively warm interstadial conditions (e.g. Johnsen et al.
1992; Bond et al. 1993). A well-documented example of
these shifts is the transition from Greenland Stadial 2a
(GS-2a, or Late Pleniglacial) to Greenland Interstadial
1e (GI-1e or ‘Bølling’) that occurred at �14.7 kyr cal BP
(calendar years before present, see. Björck et al. 1998).
Isotopic evidence from the GISP2 ice core indicates that
during this transition mean annual temperatures over
Greenland increased by 9 �C within a few decades
(Severinghaus and Brook 1999). Comparable tempera-
ture changes have been reconstructed for the North
Atlantic Ocean surface (e.g. Bard et al. 1987; Koç and
Jansen 1994) and terrestrial sites in Europe (e.g. Atkin-
son et al. 1987; Lowe et al. 2001; Renssen and Isarin
2001). Experiments with coupled atmosphere-ocean
climate models strongly suggest that the stadial-inter-
stadial transitions were caused by changes in the
strength of the thermohaline circulation in the North
Atlantic Ocean (Sakai and Peltier 1997; Ganopolski and
Rahmstorf 2001). Further study of these climatic tran-
sitions and their impact on the environment is highly
desirable, as this provides important information on the
response of the geo-system during phases of rapid cli-
mate change.

Recently, Renssen and Isarin (2001) studied the
change in mean seasonal temperatures over the
14.7 kyr BP stadial-interstadial transition in Europe by
comparing atmospheric general circulation model
(AGCM) results with reconstructions based on multi-
proxy data. The model results were in good agreement
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with the paleodata. Renssen and Isarin (2001) concluded
that the major temperature increase at 14.7 kyr BP was
mainly a winter signal, with values increasing by more
than 15 �C over northern Germany (from –21 �C to
–6 �C) and even 25 �C over Ireland (from –25 �C to
0 �C). During summer the warming over the continent
was less spectacular with a temperature rise of 3 to 6 �C
at 55�N. It was suggested that the main factor control-
ling the strong increase in temperatures was the position
of the winter sea-ice edge in the North Atlantic Ocean.
In the AGCM experiments it was assumed that during
GS-2a winters the Atlantic Ocean was ice-covered down
to �48�N, whereas for GI-1e an ice-free central North
Atlantic was prescribed with a sea-ice margin following
the line Greenland-Iceland-Scotland.

In addition to shifts in temperature, stadial-intersta-
dial transitions were also characterized by changes in
atmospheric circulation. This is clearly evidenced by
fluctuations in the content of dust and wind-transported
chemical elements in Greenland ice cores (Mayewski
et al. 1994). The atmospheric circulation of cold glacial
phases is the subject of many climate model studies (e.g.
Rind 1987; Joussaume 1993; Valdes and Hall 1994;
Renssen et al. 1996; Hostetler et al. 1999; Kageyama
et al. 1999a, b; Kageyama and Valdes 2000). In these
studies the differences with present-day conditions are
considered. The climate model studies show that the
increased meridional gradient in glacial climates pro-
duced an intensified extra-tropical atmospheric circula-
tion when compared to today, with stronger jet streams
and extended mid-latitude storm tracks that are dis-
placed eastward and follow a more zonal path (e.g.
Kageyama et al. 1999a). However, these differences with
the present interglacial conditions do not necessarily
reflect changes occurring over stadial-interstadial (cold-
cool) transitions. After all, interstadial climates were
very different from the modern state, due to a number of
factors such as the presence of extensive icesheets in
North America and Europe, cooler oceans and a sparse
vegetation cover. Because of these environmental con-
ditions, it is likely that interstadial climates, as exem-
plified by the Lateglacial Bølling-Allerød period, are
intermediate between the stadial and present (i.e. inter-
glacial) climate states.

Knowledge of changes in daily atmospheric vari-
ability over stadial-interstadial transitions is important,
as they strongly influenced environmental processes. For
instance, a change in the frequency and magnitude of
storms could have an important impact on eolian pro-
cesses (e.g. Vandenberghe 1991; Kasse 1997) and river
activity (e.g. Huisink 1997). The aim of this study is,
therefore, to analyze the change in daily variability over
the 14.7 kyr BP stadial-interstadial transition in the
North Atlantic region, utilizing AGCM experiments on
GS-2a and GI-1e performed with the ECHAM4 atmo-
spheric general circulation model. The same experiments
were used by Renssen and Isarin (2001) to estimate the
GS-2a-GI-1e temperature change in Europe. We explore
the spatial patterns of daily variability by plotting maps

of daily standard variations in temperature and sea level
pressure, and by investigating the changes in storm
tracks. Moreover, we look in detail at a local scale by
analyzing the average daily result of five grid-cells cen-
tred around �52�N, 6�E. Our results are useful for
better understanding of climate system evolution during
the last glacial, for the interpretation of paleoenviron-
mental records (e.g. Bohncke 1993; Hoek 1997;
Vandenberghe and Nugteren 2001) and for modeling
studies on sedimentological processes during the Late
Quaternary (e.g. Leeder et al. 1998; Bogaart and van
Balen 2000; Veldkamp and Tebbens 2001).

2 Model and experimental design

2.1 Model

We analyze results of three experiments performed with the EC-
HAM4-T42 (European Centre/HAMburg) AGCM of the Max
Planck Institute for Meteorology, Hamburg. This global model has
nineteen atmospheric levels and a horizontal resolution of �2.8
degrees latitude-longitude (i.e. T42 version). ECHAM4 includes
both annual and diurnal cycles, and simulates the global atmo-
spheric circulation, including directly related climatic variables as
temperature, wind strength and direction, precipitation and evap-
oration. A detailed description of ECHAM4 is found in DKRZ
(1994) and Roeckner et al. (1996). ECHAM4-T42 is designed to
simulate climate at a sub-continental to global scale and it simu-
lates a modern climate that corresponds reasonably with observa-
tions (Roeckner et al. 1996). Moreover, the ECHAM model
includes a satisfactory representation of mid-latitude storm-tracks
(Kageyama et al. 1999a).

2.2 Experiments

In three equilibrium experiments we aimed to simulate the climates
of today (control experiment, hereafter named CTRL), GI-1e
(hereafter expGI1e) and GS-2a (hereafter expGS2a). They repre-
sent three different types of climates: interglacial (CTRL), inter-
stadial (expGI1e) and stadial (expGS2a). CTRL is a reference
simulation with present-day boundary conditions prescribed, such
as surface ocean conditions, topography, land–sea-ice distribution,
land surface characteristics, insolation and atmospheric concen-
trations of greenhouse gases (Table 1). To simulate the climates of
GS-2a and GI-1e, these modern boundary conditions were altered
in expGS2a and expGI1e in accordance with the geological and
paleoecological records from these periods. The changes in
boundary conditions are described in detail by Renssen and Isarin
(2001), so here only a brief overview is given.

2.2.1 Surface ocean conditions

In expGS2a and expGI1e we altered the ocean surface conditions
prescribed in CTRL, which are based on the 1979–1988 mean that
was compiled from various sources by Reynolds (1988). As no
global data sets of sea surface temperatures (SSTs) are available for
GS-2a and GI-1e, we had to make assumptions on the basis of
available paleoceanographic data. The prescribed SSTs in expGS2a
and expGI1e should therefore be considered as approximations of
the surface ocean conditions during GS-2a and GI-1e. In expGS2a
we prescribed the global set of glacial sea surface temperatures and
sea-ice conditions published by CLIMAP members (1981). In the
Atlantic Ocean, this implies sea-ice margins at 48�N and 60–65�N
for winter and summer seasons, respectively. South of the sea-ice
margins, the prescribed SST anomaly decreased with latitude, from
up to 10 �C cooler than CTRL near Europe to a cooling of less
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than 2 �C in the tropics (Renssen and Isarin 2001). In the Pacific
Ocean, we removed the pools with SSTs warmer than today, as we
considered these unlikely, although it should be noted that glacial
SSTs are still under debate (e.g. Crowley 1994, 2000; Guilderson et
al. 1994; Mix et al. 2001). In expGI1e we prescribed a sea-ice cover
that followed the line Greenland-Iceland-Scotland in winter (i.e.
ice-covered Nordic Seas), whereas during summer we placed the
sea-ice margin at 65–66�N (i.e. latitude of Iceland). We assumed
that GI-1e SSTs in the central North Atlantic Ocean (i.e. south of
60�N) were comparable to today, implying a strong thermal gra-
dient from 60�N northwards (Renssen and Isarin 2001). These
surface ocean conditions for GI-1e are in general agreement with
proxy data for the North Atlantic Ocean (e.g. Koç et al. 1993,
1996).

2.2.2 Other boundary conditions

In expGS2a and expGI1e, the following boundary conditions were
also changed compared to CTRL: topography, vegetation pa-
rameters, insolation and concentration of greenhouse gases (see
Table 1 and Renssen and Isarin 2001). The topography was
changed in expGS2a and expGI1e according to Peltier (1994). The
most important changes were the addition of extensive Laurentide
and Scandinavian icesheets. The prescribed maximum elevations
for the Laurentide icesheet were about 2.1 km (expGS2a) and
1.5 km (expGI1e), whereas these values for the Scandinavian
Icesheet were about 1.5 km (expGS2a) and 1.2 km (expGI1e). A
further modification was the conversion of the land–sea mask to
account for a lower sea level, with the change from sea to land in
the North Sea region as the most important adjustment. Moreover,
to take vegetation changes into account, we altered the following
land surface parameters: surface background albedo, surface
roughness, leaf area index, vegetation cover and forest cover. We
based the latter changes on the global vegetation reconstructions of
Adams and Faure (1997), and on the set of land surface parameters
published by Claussen et al. (1994). Furthermore, insolation was
changed according to Berger (1978) and atmospheric concentra-
tions of greenhouse gases were altered in agreement with mea-
surements in Antarctic ice cores (e.g. Raynaud et al. 1993;
Flückiger et al. 1999).

3 Simulated atmospheric variability

Our objective is to present results that may be useful for
the interpretation of geological and paleoecological re-
cords and therefore, we focus on climatic parameters
near the Earth’s surface (2 m temperatures, sea level

pressure and precipitation). Results on two temporal
scales are analyzed: seasonal means (December–
January–February versus June–July–August) and daily
means.

3.1 Seasonal means

Seasonal results are plotted as expGI1e–expGS2a
anomalies to show the simulated changes occurring over
the 14.7 kyr BP transition. The mean DJF changes are
plotted in Fig. 1a–d and reflect mainly the effect of
prescribed differences in North Atlantic Ocean surface
conditions. The disappearance of the extensive sea-ice
cover in expGI1e leads to much higher air temperatures
(i.e. maximum of 40 �C difference) over the North
Atlantic and its sea boards than in expGS2a (Fig. 1a).
Moreover, the main precipitation belt changes from a
zonal path in expGS2a, mainly between 45 and 50�N, to
one with a more meridional SW–NE axis in expGI1e. As
a result, the expGI1e–expGS2a precipitation anomaly
(Fig. 1b) shows a decrease over the western North At-
lantic between 45 and 50�N, whereas an increase is noted
over the rest of the North Atlantic region. This general
increase is related to the warmer air in expGI1e (in-
creasing the vapour holding capacity) and the north-
ward shift in sea-ice cover in expGI1e (making a
moisture source available). The modelled sea level
pressure (SLP) (Fig. 1c, d) reveals a change from rela-
tively high pressure in expGS2a, due to subsidence over
the partial sea-ice cover and cold ocean waters, to a
clearly expressed Icelandic Low in expGI1e. However, in
expGS2a the pressure minimum is located closer to the
European coast, creating a steeper pressure gradient
over northwest Europe.

In summer the differences between expGI1e and ex-
pGS2a are smaller than in winter (see also Renssen and
Isarin 2001). In the JJA temperature plot, the maximum
warming of more than 10 �C is located at 45�N
(Fig. 2a). More to the North the temperature rise be-
comes smaller (i.e. 6 to 8 �C), following the CLIMAP
(1981) SST reconstruction. The simulated expGI1e–
expGS2a anomalies for precipitation have the same
pattern as in DJF, although less pronounced (Fig. 2b).
The SLP plots reveal relatively little change, as the
north–south pressure gradients during JJA are similar in
both simulations (Figs. 2c, d).

3.2 Daily variability

Changes in daily variability are explored in two ways.
First, the spatial pattern of daily variability is studied by
plotting maps of the daily standard deviation about the
seasonal mean for temperature and SLP. Also the high-
pass filter of Hoskins et al. (1989), which singles out
perturbations on a time-scale or less than six days, is
applied to SLP data to find the changes in storm tracks
during the winter season. This filter has also been used

Table 1 Design of three experiments analyzed in this study. The
duration of the experiments (in model years) is indicated next to the
experimental names. The prescribed atmospheric CO2 concentra-
tions of are given in ppmv, whereas the concentrations of CH4 and
N2O are expressed in ppbv. In this table, ‘k’ denotes cal kyr BP.
See text for further information

CTRL
(16 yr)
Modern

ExpGI1e
(12 yr)
‘Bølling’

ExpGS2a
(12 yr) ‘Late
Pleniglacial’

SSTs +
sea-ice

0 k Nordic seas
covered by
sea-ice

Global
(CLIMAP)

Ice sheets 0 k 14 k 15 k
Insolation 0 k 14.5 k 15 k
CO2/CH4/N2O 353/1720/310 220/650/220 220/450/220
Vegetation
parameters

0 k ’Bølling’ Glacial
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by Kageyama et al. (1999a) to study atmospheric vari-
ability in simulations performed within the Paleo Model
Intercomparison Project (PMIP). Second, the evolution
of temporal variability is studied by looking at daily
mean results for 5 grid cells in northwest Europe (i.e.
around 52�N, 6�E, approximately the location of The
Netherlands). These grid cells were chosen because it is
located at a latitude that is sensitive to climate changes
around �14.7 kyr BP (Coope et al. 1998; Renssen and
Isarin 2001). Moreover, it enables us to compare our
results with earlier model studies on past climatic
changes in The Netherlands (e.g. Isarin et al. 1997;
Renssen 2001). Renssen (2001) showed that modern re-
sults from the grid cell at 52�N, 5�E compare well with
observations, indicating that the model also captures the
present-day climatic characteristics at this ‘local’ scale.

3.2.1 Daily standard deviations about the seasonal mean

In CTRL, the daily temperature standard deviation
about the DJF mean varies between 2 and 4 �C in W
Europe (Fig. 3a) and clearly increases in a northeastern
direction (i.e. to more continental conditions) to 8–10 �C
in Finland and NW Russia. Over the Atlantic Ocean the
daily standard deviation is mostly below 2 �C. Modern
observations suggest higher values (between 2 and 5 �C)
over the northern North Atlantic (e.g. Tucker and Barry
1984). It is likely that the lower standard deviations in
CTRL can be partly attributed to the prescription of
SSTs. In expGI1e and expGS2a, the picture looks very
different compared to CTRL, as the maximum DJF
values are found over North Atlantic Ocean near the
prescribed winter sea-ice margins (Fig. 3b, c). The daily
DJF standard deviation in expGS2a is highest between
50 and 55�N (more than 14 �C), with a tongue of high
standard deviation values (between 10–14 �C) spreading
eastward over Northwest Europe. Relatively low values
(6–8 �C) are also found over the Scandinavian Icesheet.
In JJA, daily standard deviations are in the range of 2 to
4 �C, with values slightly increasing when the climate
becomes colder (not shown).

Daily SLP standard deviations about the DJF mean
show a maximum along the sea-ice edge in the Atlantic
Ocean. In CTRL, this maximum is over 15 hPa and is
located over the Nordic Seas between Svalbard and
Norway. (Fig. 4a). This result agrees well with obser-
vations for the present climate, except north of 55�N,
where these data suggest a higher maximum (over
18 hPa) that is located near Iceland (e.g. Tucker and
Barry 1984). In expGI1e and expGS2a, the highest DJF
SLP standard deviation is more to the south, reflecting
the different prescribed sea-ice conditions (Fig. 4b, c). In
contrast, in JJA all three experiments have produced
similar results, with maximum daily JJA SLP deviations
of more than 8 hPa over the Atlantic Ocean west of
Scotland (not shown). This pattern is very similar to
what is found in modern observations (Tucker and
Barry 1984).

3.2.2 Storm tracks

The high-pass filtered standard deviations give insight
into SLP variability that is associated with depression
activity (i.e. storm tracks). In Fig. 5a it is shown that the
centre (over 7 hPa) of the DJF storm activity for CTRL
follows a path from Newfoundland to the Nordic Seas
between Iceland and the Norwegian coast. Data for the
modern climate suggest that the model simulates the
position of the storm track correctly, but slightly un-
derestimates the maximum activity (over 9 hPa instead
of 7 hPa, see e.g. Kageyama et al. 1999a). In the result
for expGI1e (Fig. 5b), the core of the storm track has
moved eastward compared to CTRL. The storm track in
expGI1e has a similar SW-NE orientation as in CTRL,
but a higher variability (more than 8 hPa) and an ex-
tension onto the European continent along 55�N (see
7-hPa isobar). In expGS2a, the picture is very different
(Fig. 5c), with much higher values (maximum over
11 hPa) and a more zonal orientation that implies high
storm activity over much of northwest Europe (values
between 8 and 10 hPa). The latter result looks very
similar to the storm tracks computed by Kageyama et al.
(1999a) for LGM experiments performed with EC-
HAM3 (i.e. a previous version of the same model). This
correspondence is expected, as we prescribed in ex-
pGS2a the same ocean surface conditions (i.e. CLIMAP
1981) and comparable other boundary conditions. It
should be noted that in LGM simulations with other
AGCMs, the Atlantic storm track is less strong than
indicated by the ECHAM model (Kageyama et al.
1999a). Although our results indicate that the storm
activity decreases over the GS-2a–GI-1e transition, in
Europe the amount of precipitation increases at the
same time (Fig. 1b). This is related to the prevailing rule
that warm air is more humid than cooler air (i.e. has a
greater vapour holding capacity) and to the disappear-
ance of the sea-ice cover over the North Atlantic in GI-
1e, making available an important moisture source
for precipitation (Kageyama et al. 1999a; Renssen and
Isarin 2001).

3.3 Discussion

In summary, when considering the European continent,
our results show that over the GS-2a–GI-1e transition
the largest changes in atmospheric variability occurred
during winter in northwest Europe (Britain, Ireland,
northern France and the Low Countries). Here, the daily
temperature standard deviation about the DJF mean
suggests a decrease in the day-to-day temperature vari-
ability of at least 50% going from GS-2a to GI-1e
(compare Fig. 3b, c). Moreover, the high frequency SLP
variability indicates a strong decrease in storm activity in
this region (compare Fig. 5b, c). Of course, this noted
change is strongly associated with the changes in North
Atlantic surface conditions that we prescribed in our
experiments. The main difference between expGS2a and
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expGI1e is the ice-cover over the central North Atlantic
Ocean (down to 48�N). In expGS2a, the air is strongly
cooled over this sea-ice cover (below –30 �C), whereas to
the south the prescribed SSTs force the air temperatures
to be relatively high (between 0 and +4 �C). The re-
sulting steep thermal gradient produces a larger baro-
clinic instability near the sea-ice edge, causing mixing of
the polar and temperate air masses, and a maximum in
daily temperature variability. Moreover, a relatively
vigorous atmospheric winter circulation has developed.
Thus, in expGS2a, the extended sea-ice cover extends
right down to the latitude of mid-latitude storms (45–
50�N) and functions as a reservoir of cold air that is
transported to northwest Europe when northwesterly
to northerly air flow is present there. In contrast, in
expGI1e, the winter sea-ice cover was located much

more to the north, leading to a storm track with a SW–
NE orientation. In northwest Europe, storm activity was
less and smaller temperature fluctuations occurred.
Moreover, the temperature in northwest Europe remains
in expGI1e relatively high due to the proximity of the
relatively warm central North Atlantic (forced by pre-
scribed SSTs). However, compared to CTRL, the tem-
perature in northwest Europe is low in expGI1e, mainly
because of the Scandinavian icesheet and the cold con-
ditions over the North Sea area. The latter conditions
are related to the prescription of land in the southern
North Sea, to account for a lower sea level, and winter
sea-ice cover in the northern North Sea and Nordic Seas
in expGI1e.

Our simulations suggest that outside northwest Eu-
rope the changes in variability over the GS-2a–GI-1e

Fig. 3 Daily temperature standard deviation about the DJF mean
(�C): a CTRL, b expGI1e, c expGS2a

Fig. 4 Daily SLP standard deviation about the DJF mean (hPa):
a CTRL, b expGI1e, c expGS2a
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transition were relatively small. In southern and eastern
Europe, away from the direct influence of the shift in
sea-ice cover, the daily atmospheric variability was
similar in expGS2a and expGI1e. In the north of our
study area, the changes in the prescribed lower boundary
conditions were small, as we assumed that the Nordic
Seas remained sea-ice covered over the 14.7 kyr BP
transition. In addition, the prescribed Scandinavian
icesheet was comparable in expGS2a and expGI1e. It is
therefore not surprising that we see no significant
changes in atmospheric variability over Northern
Europe.

Having demonstrated that the largest changes over
the 14.7 kyr BP transition occurred in northwest Eu-
rope, it is worthwhile to illustrate the effect of the dis-
cussed daily atmospheric variability on the model result

on a grid-cell scale in this region. In Fig. 6a–c the mean
daily temperatures, derived from CTRL, expGI1e and
expGS2a, are plotted for a region within the area with
maximum variability in northwest Europe (average of
five gridcells with the centre at 52�N, 6�E). As expected,
the variability is not very different during the summer
period (May-August) in the three experiments. During
winter, however, the daily temperature variability is
much larger in expGI1e and expGS2a than in CTRL.
In CTRL, the temperature during DJF is mostly be-
tween 0 and 5 �C, with a few cold outbreaks to subzero
temperatures of a few days (Fig. 6a). In contrast, in
expGI1e the daily temperatures show regular, sharp
variations of 15–20 �C around the mean (Fig. 6b),
whereas in expGS2a these recurrent temperature shifts
are even in the order of 25–35 �C (Fig. 6c). Moreover,
in expGS2a the temperature variations are of much
shorter duration that in the other experiments. In a
simulation on the Younger Dryas climate, the winter
temperature variations in this same region were inter-
mediate between expGS2a and expGI1e (Renssen
2001).

The relation between the temperature shifts, SLP
variability and North Atlantic surface conditions is
further illustrated in Fig. 7. In this figure, the tempera-
ture and SLP fields are plotted for four consecutive days
around a particular shift in expGS2a (marked in
Fig. 6c), starting with relatively cold conditions. This
sequence clearly shows that the temperature fluctuations
are related to the passage of Atlantic depressions over
northwest Europe. A depression moves in four days
from 25�W to 30�E from the Atlantic Ocean south of
Iceland to Scandinavia (i.e. along 60�N). The warm
front associated with this depression, transports rela-
tively warm maritime air with southwesterly winds to
northwest Europe, increasing the temperature from less
than –40 �C on day 1 to between –5 �C and –10 �C on
day 3. After the passage of the depression, the warm
anomaly is removed by northerly flow on day 4.

It should be noted that the discussed changes in
atmospheric variability over the 14.7 kyr BP transition
depend to a large extent on the prescribed surface
conditions in the North Atlantic Ocean. The change in
atmospheric variability would have been much smaller if
a less extensive winter sea-ice cover was prescribed in
expGS2a. The latter surface ocean conditions are the
subject of an ongoing debate (e.g. Mix et al. 2001).
Reconstructions for the LGM based on dinoflagellates
suggest an almost ice-free North Atlantic during winter
(DeVernal et al. 2000), whereas SST estimates based on
foraminiferal modern analogs point to much colder sea-
surface conditions with a more extensive sea-ice cover
(e.g. Sarnthein et al. 2000). An ice-free North Atlantic
during cold glacial phases is however incompatible with
terrestrial data that clearly show the presence of perma-
frost in northwest Europe (Renssen and Vandenberghe
2002), suggesting that the prescribed sea surface condi-
tions in expGS2a may be a reasonable estimate of the
state of the North Atlantic during GS-2a.

Fig. 5 High-pass (less than 6 days) filtered standard deviation of
DJF SLP (hPa): a CTRL, b expGI1e, c expGS2a
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4 Potential impact on land-surface processes

It is likely that the inferred sudden decrease in atmo-
spheric variability over the 14.7 kyr BP transition in
northwest Europe affected hydrological, geomorpholog-
ical, sedimentological, ecological and other Earth surface
processes. As a detailed investigation of this impact is
beyond our scope we only illustrate this point by making
a tentative, theoretical analysis of the effects on eolian
sediment transport and fluvial activity. Emphasis is on
the results obtained from 5 grid cells around 52�N, 6�E.

4.1 Eolian sediment transport

Eolian sediment transport is the main mechanism re-
sponsible for the Pleistocene coversand landscape of the
Netherlands and other regions in northwest Europe. For

the typical grain size of coversands (150–210 lm), sal-
tation begins at a wind speed of 5 m s–1 (measured at
10 m, Bagnold 1973). We used the simulated daily wind
speed time series (averaged over the five grid cells
around 52�N, 6�E), to calculate potential sediment
transport fluxes, applying widely accepted equations
(Bagnold 1941; Lettau and Lettau 1977):

q ¼ 4:2

ffiffiffiffiffiffiffiffiffi

D
Dref

s

q
g

u2
�ðu� � u�cÞ

where q is sediment flux [kg m–1 s–1], D is median sedi-
ment grain size [m], Dref is reference median sediment
grain size (0.25 mm) [m], qa is air density [kg m–3], g is
gravity [m s–2], u* is shear velocity [m s–1], u*c is
threshold shear velocity [m s–1]

Shear velocity u* is calculated by solving for the near-
surface velocity profile:

�UUy ¼
u�
k
ln

y
y0

� �

where �UUy is time-average velocity at height y [m] (here
taken at 10 m), k is von Karman’s constant (0.4) and y0
the roughness length, taken here as y0 = 0.25 mm,
which is appropriate for desert conditions (Allen 1997).

Critical shear velocity u*c is calculated from Allen
(1997)

u�c ¼ A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qs � qa

qa

gD
r

where qs is the sediment grain density [kg m–3] and A �
0.1.

Using these equations, we found 33% more potential
eolian sand transport for expGS2a compared to ex-
pGI1e. The difference of 33% is mainly attributable to
storms during winter (DJF) and spring (MAM) with a
mean daily wind speed between 10 and 20 m s–1. No
significant difference in the 5–10 m s–1 range was found
between expGS2a and expGI1e. The CTRL experiment
yields similar results as expGI1e. It should be stressed
that these equations are only valid for unconfined sand
grains on a flat surface. Consequently, this value of 33%
represents only the potential contribution of a change in
wind speed on eolian sand transport, and important
factors as differences in vegetation and soil moisture are
not taken into account. For instance, it can be argued
that actual aeolian transport is hindered by either a
frozen soil (permafrost during coldest phases of GS-2), or
high moisture content (GI-1e). Nevertheless, Kasse
(1997) concludes that, despite these several limiting fac-
tors, the entrainment of individual sand grains still oc-
curs due to processes like abrasion, sublimation of soil
ice, and evaporation. In summary, the change in storm
intensity from GS-2a to GI-1e probably contributed
(together with other factors) to the decline in eolian ac-
tivity within NE-Europe over the GS-2a-GI-1e transi-
tion, as reconstructed from sedimentological evidence
(e.g. Vandenberghe 1991; Kasse 1997; Bateman and van
Huissteden 1999; van Huissteden et al. 2001).

Fig. 6 Mean daily temperatures (�C) for year 3 averaged over five
grid cells centred around 52�N, 6�E: aCTRL, b expGI1e, c expGS2a.
The arrow in c signifies the temperature shift analyzed in Fig. 7

Renssen and Bogaart: Atmospheric variability over the �14.7 kyr BP stadial-interstadial transition 309



4.2 Fluvial activity

The impact of the discussed high-frequency atmospheric
variability on the dynamics of fluvial systems is likely to

be the result of the superposition of a number of pro-
cesses. For instance, fluvial dynamics are highly sensitive
for the frequency and magnitude of water input. Espe-
cially in periglacial climates (such as GS-2a), the

Fig. 7 ExpGS2a: temperature (�C) and SLP (hPa) fields for four consecutive days around temperature shift indicated in Fig. 6c

310 Renssen and Bogaart: Atmospheric variability over the �14.7 kyr BP stadial-interstadial transition



hydrological regime is dominated by a spring-time snow
melt peak. In expGS2a, daily temperatures remain
below 0 �C from mid-October until the end of April
(Fig. 6c). In May, temperatures rapidly rise towards
10 �C. Consequently, in this example snow accumulated
throughout the winter season, after which the snow pack
melts in a short period in May, causing a strong runoff
peak (Fig. 8b). In expGI1e, however, daily temperatures
during winter frequently reach values of a few degrees
above 0 �C (Fig. 6b). Thus, in this case part of the snow
pack melts during the winter season, making the runoff
peak related to the spring snow melt considerably
smaller in expGI1e compared to expGS2a (Fig. 8b),
despite the higher winter precipitation in the former
experiment (Fig. 1b). It can be concluded, therefore,
that both the temperature variability during the winter
and spring seasons, and the amount of precipitation
during GS-2a and GI-1e affect the distribution of runoff
events. Consequently, this example shows that changes
in atmospheric variability over the GS-2a–GI-1e tran-
sition affected fluvial dynamics in northwest Europe.

5 Concluding remarks

We have presented results of AGCM simulations of the
climates during GS-2a and GI-1e to study the change in
atmospheric variability over a stadial-interstadial tran-
sition, thereby focusing on the North Atlantic region.
Our results suggest the following:

1. In the North Atlantic region, the main difference
between the GS-2a and GI-1e is found in winter over the
central North Atlantic and northwestern Europe. Here,
a strong daily variability in temperature is noted for the
GS-2a experiment, with regular fluctuations of more
than 30 �C within a few days. Moreover, in this exper-
iment also the core of a zone with strong storm activity
is located over northwestern Europe. In the experiment
for GI-1e, the temperature variability is reduced by
about 50%, and the core of the storm track is displaced
northwards to the Nordic Seas. Nevertheless, our
experiments suggest that daily atmospheric variability
during GI-1e was substantially higher than today.

2. The difference between GS-2a and GI-1e can be
largely attributed to the northward shift of the sea-ice
margin. In the experiment for GS-2a, we prescribed a
North Atlantic sea-ice cover down to 48�N, whereas in
the GI-1e simulation we assumed an ice-free central
North Atlantic and a winter sea-ice cover over the
Nordic Seas. As a result, in the GS-2a experiment, a
huge reservoir of cold air, cooled below –30 �C over sea-
ice was present close to northwest Europe. As Atlantic
depressions tend to follow the sea-ice margin (where the
steepest temperature gradient is), frequent storms trav-
elled over northwest Europe. These depressions trans-
ported cold air (originating over sea-ice) to this region
with northerly winds, but also relatively mild air (from
the open Atlantic) with southerly winds, thus producing

a strong daily temperature variability. In the GI-1e
simulation, on the other hand, the sea-ice cover was
situated much more to the north, leading to a storm
track with a SW–NE orientation, and thus to less fre-
quent storms and smaller temperature fluctuations in
northwest Europe.

3. Outside northwest Europe, the change in daily
atmospheric variability over the GS-2a–GI-1e transition
appears to have been much smaller due to the longer
distance to the shift in sea-ice cover.

4. Our inferences suggest that the decrease in daily
atmospheric variability over the 14.7 kyr BP transition
contributed to a stabilisation of the landscape in
Northwestern Europe, for instance through a decrease
in the potential for eolian sand transport. This result is
consistent with geological and paleoecological data.

5. Our conclusions strongly depend on the prescribed
sea surface temperatures and sea-ice margins in the
North Atlantic Ocean. Further paleoceanographical
studies should confirm these conditions, most notably
the extended sea-ice cover prescribed in our GS-2a
experiment, which is still under debate (see e.g. discus-
sion in Renssen and Vandenberghe 2002). Moreover,
given the uncertainty in ocean surface conditions during
the last glacial, it is unclear to what extent our results are
valid for other stadial-interstadial transitions.
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