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Abstract

During the last deglaciation two distinct warming phases occurred in the N Atlantic region at;14.7 and;11.5 ka cal
Ž . Ž . Ž . Ž .BP. These two shifts are the transitions from 1 GS-2a Greenland Stadial 2a to GI-1e Greenland Interstadial 1e and 2

GS-1 to the Preboreal. In this study we characterise these two important climate transitions by comparing maps of January
Ž .and July temperatures for Europe acquired with two independent methods: 1 simulations with the ECHAM4 atmospheric

Ž .general circulation model in T42 resolution and 2 temperature reconstructions based on geological and palaeoecological
Ž .data. We also compare estimated lake level changes with simulated P-E effective precipitation values. These comparisons

enable quantification of the climate change during the two phases. January temperatures increased by as much as 208C in
NW Europe from values betweeny258C andy158C in both GS-2a and GS-1 to temperatures betweeny58C and 58C in
both GI-1e and the Preboreal. During July the changes were smaller, as the July temperatures increased in NW Europe by
3–58C from about 108C to 158C in both GS-2a and GS-1 to values of 138C to 178C in both GI-1e and the Preboreal. In S
Europe the increase in July temperature was less intense. Our analysis suggests that the effective precipitation remained at
the same level during the 14.7 ka cal BP transition, whereas a small increase is inferred for some regions for the 11.5 ka cal
BP shift. This small effect in effective precipitation is explained by comparable increases in precipitation and evaporation
during both transitions. We infer that the strong increase in January temperatures was forced by changes in the N Atlantic
Ocean, as the variations in sea surface temperatures and the position of the sea ice margin determined the temperature
change over land. The increase in July temperatures was mainly driven by two factors: the increase in insolation and the

Ž 2.deglaciation in Scotland and Scandinavia. The insolation changes were gradual 2 to 3 Wrm compared to the changes in
the N Atlantic Ocean, explaining the relatively small temperature increase during July compared to January. In regions that
were deglaciated during the two climate transitions, July temperatures appeared to have increased by up to 108C. Our results
suggest that the registration of the magnitude of the two climate shifts in terrestrial proxy records was geographically
different due to the changing environmental conditions; variations in the N Atlantic sea ice limit appear to be the most
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important. This implies that reconstructed temperature curves from different places in Europe should show different
magnitudes. Moreover, it is to be expected that the timing of the major warming phases is spatially different, as this timing
is mainly determined by the position of the sea ice and land ice margins relative to the place of interest.q2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

1.1. General outline

The last deglaciation is characterized by alterna-
tion of cold and warm climate intervals with very

Žrapid transitions e.g. Taylor et al., 1993a; von
.Grafenstein et al., 1999 . The most distinct events

are two major cold-to-warm transitions that occurred
in the North Atlantic region at;14.7 and;11.5

Ž .ka cal BP hereafter ‘k’ . These two phases are the
Ž .transition from 1 the last part of the Weichselian
ŽLate Pleniglacial sometimes referred to as the Old-

. Žest Dryas to the Late-glacial Interstadial often re-
. Ž .ferred to as the Bølling–Allerød interstadial , and 2

the Younger Dryas stadial to the Preboreal. Both
shifts are clearly registered in proxy records from the
Greenland ice-sheets, such as oxygen isotopes and

Ždust, and in European oxygen isotope records Taylor
.et al., 1993b; von Grafenstein et al., 1999 . These

data suggest a very rapid transition from glacial to
interglacial climate conditions, possibly within a few

Ždecades Alley et al., 1993; Severinghaus and Brook,
.1999 . If we assume that the oxygen-isotope records

are a proxy for Northern Hemisphere temperature,
the isotope measurements suggest that the magnitude
of the two warming phases may be comparable.
However, during each of these transitions the North-
ern Hemispheric environmental situation was very

Ždifferent. During deglaciation between these two
.transitions , the height of the ice sheets decreased

significantly, insolation changed, the atmospheric
CO concentration increased and trees re-colonized2

Žthe European continent e.g. Berger, 1978; Barnola
.et al., 1987; Peltier, 1994; Hoek, 1997 . Therefore, a

comparison of these two transitional phases may
provide valuable information on climate’s sensitivity
to rapidly changing boundary conditions. In this
paper we study the climate of the 14.7 and 11.5 k
warming phases in Europe using two independent

methods: quantitative climate reconstructions based
on multi-proxy records and simulations with an

Ž .AGCM. Our aims are 1 to characterize quantita-
tively the climates in Europe during the two warm-

Ž .ing phases, and 2 to explore the impact of the
various specific boundary conditions during these
transitions.

1.2. Chronology and stratigraphy

One of the main problems when considering
Late-glacial palaeodata is the definition and exact
timing of the intervals before and after the 14.7 and
11.5 k isotopic shifts. Radiocarbon dating of these
events is hindered by the presence of radiocarbon
plateaux at 12.7, 10.4, 10.0 and 9.614C ka BP, thus

Žcentred around the main isotopic shifts cf. Wohl-
farth, 1996; Wastegard et al., 1998; Lowe et al.,˚

.1999 . Furthermore, confusion arises when bios-
tratigraphy, chronostratigraphy and lithostratigraphy

Ž .are mixed Lowe et al., 1995 . In this paper, we
therefore follow the event stratigraphy proposed by

Ž . Ž .Bjorck et al. 1998 see Fig. 1 . Consequently, we¨
use GS-2a for the last cold phase of the Pleniglacial,
GI-1e for the first warm phase of the Late-glacial

Ž .Interstadial or ‘Bølling’ and GS-1 for the Younger
Dryas stadial. In addition, we use PB to refer to the
Preboreal.

1.3. Model studies

Various phases of the Late-glacial climate have
been simulated in modeling studies. Simulations on
the Younger Dryas climate have been performed by

Žseveral groups e.g. Rind et al., 1986; Renssen,
1997; Fawcett et al., 1997; Manabe and Stouffer,

.1997; Mikolajewicz et al., 1997 . The COHMAP
group has been focusing on the warm phases before
and after GS-1, i.e. at 14 and 11 k, and on the last
cold phase at 16 k, before major warming started
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Fig. 1. Chronology of the Late Glacial following Bjorck et al.¨
Ž . 181998 . The solid line shows thed O curve as measured in the

ŽGRIP Greenland ice core. GS-2asGreenland Stadial 2a Late
. Ž .Pleniglacial , GI-1esGreenland Interstadial 1e ‘Bølling’ , GS-1

Ž .sGreenland Stadial 1 Younger Dryas , PBsPreboreal.

ŽKutzbach and Guetter, 1986; COHMAP, 1988;
.Wright et al., 1993; Kutzbach et al., 1998 . These

modeling studies provide important information on
the factors that were driving climate around that
time. For instance, simulations show that cooling in
the N Atlantic Ocean and the associated sea ice
extension played a dominant role during GS-1 and
was the factor that forced the extremely low temper-

Žatures in Europe Renssen et al., 1996; Isarin et al.,
.1998 . In addition, model results indicate that the

changing topography of the ice sheets in N America
Ž .and Europe i.e. lowering caused a decrease in the

Žintensity of the Jet stream over the N Atlantic e.g.
Webb et al., 1993; Felzer et al., 1998; Kageyama and

.Valdes, 2000 . Also, the change in orbital forcing
enabled the July temperatures in the early Late
Glacial to reach values not too far from modern ones
Ž .Kutzbach et al., 1993 . Although these modeling
studies have provided new insights into the Late-gla-
cial climate, they have not yet been used to study the
character of the climate transitions.

1.4. Reconstructions

During the last decades, numerous palaeoecologi-
cal and geological records containing information on
the deglacial climate have been published. Based on

the principle of modern analogues, these proxy
records have been used to quantitatively reconstruct
climate parameters for specific Late-glacial intervals.
Emphasis has been on the reconstruction of tempera-
tures. A number of large, continental-scale recon-

Žstructions based on mono-proxy records e.g. Isarin,
1997; Isarin et al., 1997; Coope et al., 1998; Isarin

. Žand Bohncke, 1999 and multi-proxy records Huijzer
.and Isarin, 1997; Huijzer and Vandenberghe, 1998

have become available. When stored in databases
Že.g. European Pollen Database, Multi-Proxy

.DataBase, Lake Status Data Base these data sets
may serve as a tool for the construction of palaeocli-
mate maps. Unfortunately, reconstructions have till
now focused primarily on NW Europe except for the
Lake Status Data Base, which has Eurasian coverage
Ž .Yu and Harrison, 1995; Tarasov et al., 1996 . Sub-
sequently, palaeoclimate maps may be compared
with the results of climate model experiments.

1.5. Data–model comparisons

Only a few model–data comparison studies have
focused on the last deglaciation. Such a comparison
of climate reconstructions with model results serves
two major goals. First, it provides a necessary test
for the model, and second, it improves our knowl-
edge of the considered climate as it places the

Žpalaeodata in a physical context Isarin and Renssen,
.1999; Kohfeld and Harrison, 2000 . COHMAP

Ž .members 1988 used these principles to study the
climates of the time-slices 21, 16, 14, 11 and 6 k,
thereby revealing the effect of changes in ice sheets,
insolation and other driving forces on climate since

Ž .the last glacial see also Wright et al., 1993 . The
study of COHMAP was recently updated by

Ž .Kutzbach et al. 1998 , who applied a more sophis-
ticated model to simulate the climates of these
time-slices. Moreover, they calculated the global dis-
tribution of biomes, which may be compared with
palaeodata giving information on past vegetation. In
earlier studies, we applied a model–data comparison

Ž .to analyze the GS-1 i.e. Younger Dryas climate in
Ž .Europe Isarin et al., 1997; Renssen and Isarin 1998 .

This comparison provided valuable new insights. For
instance, it revealed that the model produced anoma-
lously high July temperatures over the European
continent compared to the reconstructions. In a re-
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cent study we showed that this model–data mis-
match was probably caused by the simplistic soil-
module in the model, that was not able to reproduce

Ž .permafrost in NW Europe Renssen et al., 2000 . In
the present, paper we extend on our earlier work on
the GS-1 climate by presenting simulated and recon-
structed maps of climate for three additional time
slices: GS-2a, GI-1e and PB.

2. Methods

2.1. Model experiments

2.1.1. Model
ŽWe applied the ECHAM-4 European

.CentrerHAMburg atmospheric general circulation
model to perform our experiments. This model with
19 layers in the vertical is designed to simulate the
atmospheric circulation at a sub-continental to a
global scale. It calculates numerous climate parame-
ters, including surface temperature, precipitation and
wind strength and direction. The so-called T42 ver-
sion of the model was used, which translates to a
spatial resolution of;2.8=2.88 of latitude–longi-
tude. The main characteristics of present-day climate
are satisfactorily reproduced by the ECHAM-4 model
Ž .Roeckner et al., 1996 , which is an improved ver-

Ž .sion of the model ECHAM-3 we applied in earlier
Žstudies Renssen et al., 1996; Isarin et al., 1997,

.1998; Renssen, 1997; Renssen and Isarin, 1998 .

Nevertheless, several errors have been recognised. A
known model bias for Europe includes the tendency
to simulate anomalously high summer temperatures
Ž .q18C difference with observations and to underes-

Žtimate summer precipitation see Roeckner et al.,
.1996 . A detailed description of the ECHAM model

Ž .can be found in Roeckner et al. 1992, 1996 and
Ž .DKRZ 1994 .

Four palaeo-experiments were performed: two for
Ž .cold phases i.e. GS-2a and GS-1 and two for warm

Ž .phases i.e. GI-1e and PB . An overview of the
experimental design is given in Table 1. Experiment
CTRL is a control experiment, in which present-day
boundary conditions are prescribed. The most impor-
tant boundary conditions are ocean surface condi-

Ž .tions SSTs and sea ice , ice sheets, insolation, con-
centration of greenhouse gases and vegetation. In the
other experiments these modern boundary conditions
are adjusted to match the period of interest. As the
simulations are designed as equilibrium experiments,
we assume that these boundary conditions represent
a characteristic mean state of the period of interest.

2.1.2. SSTs and sea ice
The ocean surface conditions of the palaeo-ex-

periments are based on published reconstructions.
Ž .For the Preboreal experiment expPB , the modern

Ž .set of sea surface temperatures SSTs was pre-
Ž .scribed see Fig. 2a and b in accordance with the

Ž .reconstructions of Schulz 1995 , which show that
the ocean surface conditions were very similar dur-

Table 1
Experimental design. The duration of the simulations is given in model years below the experiment names. The atmospheric concentration

Ž . Ž . Ž . Ž .of CO ppm , CH ppb and N O ppb is based on Antarctic ice core analyses by Raynaud et al. 19932 4 2

aŽ . Ž . Ž . Ž . Ž .CTRL 15 years expPB 12 years expGS-1 12 years expGI-1e 12 years expGS-2a 12 years
Modern ‘Preboreal’ ‘Younger Dryas’ ‘Bølling’ ‘Late Pleniglacial’

bŽ .SSTsqsea ice 0 k 0 k GS-1 in N Atl.y28C GIN seas covered Global CLIMAP
in N Pacific by sea ice

Ice sheets 0 k 11 k 12 k 14 k 15 k
Insolation 0 k 11 k 12 k 14.5 k 15 k
CO rCH rN O 353r1720r310 260r720r270 246r500r265 220r650r220 220r450r2202 4 2

Vegetation 0 k PB ‘Younger Dryas’ ‘Bølling’ Glacial
parameters

a Ž .In expGS-1 a simple permafrost parameterization is included for regions with permafrost, consisting of two measures: 1 fixed frozen
Ž . Ž .subsoil, 2 permanent high water table see Renssen et al., 2000 .

b Ž .For experiment expGS-2a we used the CLIMAP members 1981 SSTs except for the ‘warm pools’ in the Pacific that were removed.
See text for further details on boundary conditions.
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Žing the early Preboreal generally within 18C, see
.Schulz, 1995 . The SST set used in the YD simula-

Ž .tion expGS-1, see Fig. 2c and d is identical to the
Ž .one described in Renssen 1997 . This data-set is

Ž .based on model simulations of Schiller et al. 1997
Ž .and on SST reconstructions of Sarnthein et al. 1995 .

Ž .In the Bølling simulation expGI-1e we prescribed a
Ž .cooling in the Greenland–Iceland–Norwegian GIN

Ž .seas see Fig. 2e and f , in accordance with SST
Ž .reconstructions based on foraminifera Schulz, 1995

Ž .and diatoms Koc¸ et al., 1993, 1996 . South of
Iceland ocean conditions were similar to those in

ŽCTRL. In the Late Pleniglacial simulation expGS-
. Ž .2a we used the set built by CLIMAP 1981 for the

Ž .last glacial maximum LGM, see Fig. 2g and h , but
without the warm pools in the Pacific Ocean, since

Žthese are considered unrealistic e.g. Rind and Pe-
.teet, 1985; Crowley, 1994; Guilderson et al., 1994 .

We are aware that the climate during our time-slice,
Ž .i.e. 15 k, is not similar to that of the LGM 21 k .

We have, however, two arguments that indicate that
the CLIMAP-set is a reasonable approximation of
the N Atlantic conditions just before the warming at
14.7 k. First, recent findings suggest that the
CLIMAP-set is too cold for the LGM conditions in

Žthe GIN seas Weinelt et al., 1996; de Vernal et al.,
.2000 , and second, ocean core evidence shows that

the N Atlantic was cooler between 16 and 14.7 k
Žthan during the LGM itself e.g. Bond et al., 1993;

.Rasmussen et al., 1996a,b .

2.1.3. Ice sheets
The ice sheet extension and topography are shown

in Fig. 2c–h and have been derived from Peltier
Ž .1994 , who reconstructed ice sheet topography at
thousand year intervals since 21 k. The elevations as
provided on a 18 grid, were transformed to the
T42-grid by linear interpolation, after which a
smoothing function was applied to make the orogra-
phy suitable for the ECHAM-4rT42 model. As seen
in Fig. 2c–h, the extension of the Laurentide Ice
sheet is not distinctly reduced going from 15 k to 12
k. However, the elevations drop from over 2000 to
1000 m, which indicates that considerable amounts
of ice melted in four thousand years. The prescribed
ice sheets for expPB are not shown here, since the
ice sheet extensions are similar to that of expGS-1

Ž .see Fig. 2c–d , whereas the elevation is lowered by
Ž .a few hundred meters see Peltier, 1994 .

2.1.4. Insolation
During the Late Glacial the insolation in Europe

was very different from today, with more incoming
radiation in summer and less in winter. We pre-
scribed the insolation on the basis of calculations

Ž .made by Berger 1978 . The deviation in insolation
Ž 2from present-day values 508N: summer: 436 Wrm ,

2.winter: 126 Wrm was at its maximum around the
Ž .early PB 11 k . During summer the insolation

anomaly wasq34 Wrm2 at 508N, whereas during
winter it was abouty11 Wrm2 at this same lati-
tude. These differences compared to today are de-

Žcreasing in value when going back in time i.e. from
.12 to 15 k . Compared to 0 k, the summer surplus

Ž . 2 Ž .values are as follows 508N : 32 Wrm 12 k , 21
2 Ž . 2 Ž .Wrm 14.5 k and 18 Wrm 15 k . A similar

trend, but with opposite sign, is evident for the
winter radiation anomalies compared to 0 k:y10

2 Ž . 2 Ž . 2Wrm 12 k ,y6 Wrm 14.5 k andy5 Wrm
Ž .15 k .

2.1.5. Vegetation parameters
In the ECHAM-4 model vegetation is important

because it determines the characteristics of the earth
surface through a number of parameters that are kept
constant during a simulation. These parameters are

Ž .surface background albedo, leaf area index LAI ,
Ž .roughness lengthZ , vegetation ratio and forest0

Ž .ratio DKRZ, 1994 . The vegetation ratio is the
percentage of the ground covered with vegetation
and consists of the average of the growing season

Žand the season of dormancy. The forest ratio i.e.
.percentage forest cover is used to estimate the sur-

face albedo of regions covered with trees, since the
albedo of snow-covered forest is lower than that of
snow-covered fields. In CTRL the data set of

Ž .Claussen et al. 1994 is prescribed, who used the
global modern vegetation as mapped by Olson et al.
Ž .1983 as a starting-point. For the palaeoexperiments

Ž .we used the maps of Adams 1997 , who recon-
structed global vegetation for various time-slices from
the LGM to the present based on published paleob-
otanical records. The procedure to translate the vege-
tation maps of Adams into data sets of land-surface
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parameters was as follows. First, we translated the
vegetation types of Adams into the classes applied

Ž . Ž .by Olson et al. 1983 and Claussen et al. 1994 .
Second, we coupled our classified vegetation maps

Ž .to the data set of Claussen et al. 1994 . This cou-
pling enabled us to produce data sets for each

Žpalaeoexperiment for the five parameters i.e. albedo,
LAI, Z , vegetation ratio and forest ratio; see Renssen0

.and Lautenschlager, 2000, for details .

2.2. Climate reconstructions

2.2.1. Methods of climate reconstruction
Various proxy records may be used to reconstruct

climate quantitatively. The basic principle of recon-
structing climate with proxy data is a comparison of
the fossil distribution of, e.g. a periglacial phe-
nomenon, a plant species or a specific beetle assem-
blage with their present-day distribution and related
climate. So, the present is used to reconstruct the
past. For example, the use of specific climate indica-
tor plant species allows for an estimation of former
mean temperatures of the coldest and warmest month
Že.g. Iversen, 1954; Zagwijn, 1994; Isarin and

.Bohncke, 1999 . The latter estimates areminimum
Ž .threshold values indicating that true temperatures
may have been higher. In addition, the mutual cli-

Ž .matic range MCR of fossil insect assemblages en-
ables quantitative estimates of both the warmest and

Žcoldest month Atkinson et al., 1987; Coope et al.,
.1998 . Beetle-based warmest month estimates are

considered true values. Comparison between insect-
based and plant-based temperature inferences for the
Younger Dryas has suggested that the latter approxi-

Ž .mate true mean values Isarin and Bohncke, 1999 .
Fossil periglacial features, such as ice-wedge casts
and fossil frost mounds may be used to quantify past
mean annual air temperatures and to give an indica-

Žtion of the mean coldest month temperatures e.g.
Vandenberghe and Pissart, 1993; Ballantyne and
Harris, 1994; Isarin, 1997; Huijzer and Vanden-

.berghe, 1998 . Both reconstructed parameters are
maximumvalues indicating that actual temperatures
may have been below the inferred temperatures.
Since biological and periglacial indicators to esti-
mate January temperatures are limited, this parame-
ter may be calculated using mean July and mean
annual temperatures, and assuming a sinuous temper-

Ž .ature curve Isarin et al., 1998 . We assume that,
similar to today, July and January were the warmest
and coldest months during the intervals under study.
Whereas the reconstruction of former temperatures is
relatively easy, estimation of former precipitation
rates is more problematic. The status of lake levels
may be regarded as the best proxy for the reconstruc-

Žtion of effective precipitation e.g. Harrison and
.Digerfeldt, 1993 . By looking at the change in lake

level status between specific intervals, trends in lake
Ž .status stable, rising, falling may be inferred.

We produced palaeoclimate maps for the selected
intervals by using both available and newly compiled
data sets of various origin. Combining multiple lines
of evidence enables reconstruction of a large number

Ž .of climate parameters Huijzer and Isarin, 1997 . In
principle, the use of large data sets increases the
reliability of the reconstructions. However, differ-
ences in quality of the data are present. Furthermore,
it remains difficult to assess the errors associated

Ž Ž .with the estimates see Isarin and Renssen 1999 for
.a discussion on data quality and errors . The majority

of the reconstruction methods do not involve numeri-
cal statistics and consequently quantification of er-
rors is difficult. Since estimates based on periglacial
and botanical data are threshold values, uncertainty
is introduced. Finally, it may be envisaged that some
phenomena or species are better indicators for ex-
treme events than for mean climate states.

Table 2 displays the data sets we used for the
reconstruction. Occasionally, the existing data sets
were updated with new information. Huijzer and

Ž .Vandenberghe 1998 presented climate reconstruc-
tions for various time windows of the Weichselian.

Ž .Fig. 2. Land–sea–ice masks as prescribed in the model experiments whiteswater, light greys land, dark greys land ice . Also shown
Ž . Ž .are the sea surface temperatures8C and ice sheet elevations m as anomalies compared to the conditions prescribed for the modern

ŽŽ . Ž . . Ž . Ž .climate a July CTRL, b January CTRL . The thick line represents the southern sea ice margin. c July expGS-1, d January expGS-1,
Ž . Ž . Ž . Ž . Ž .e July expGI-1e, f January expGI-1e, g July expGS-2a, h January expGS-2a. Contours for a–b at 58C interval for SSTs and at levels

Ž .500, 1000, 2000 and 3000 m. Contour interval for c–h 28C for SST anomalies and 500 m for elevation anomalies.
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Table 2
Data sets used in this study. Ages of the intervals or status classes are in14C ka BP

GS-2a GI-1e GS-1 PB

Ž .Huijzer and Vandenberghe 1998 16.0–13.0
Ž .Isarin 1997 10.9–10.2

Ž .Isarin and Bohncke 1999 10.9–10.2
Ž .Zagwijn 1994 9.5

Ž .Yu and Harrison 1995 and 13.0 12.5 10.5 10.0
Ž .Tarasov et al. 1996

Ž .Coope et al. 1998 14.5–13.0 13.0–12.5 11.0–10.0 10.0–9.0
Additional data ;14.0–12.7 ;12.7–12.2 ;10.9–10.2 ;10.2–9.5

They tentatively subdivided their Late Pleniglacial
Ž 14 .periglacial data set in an early 20–16 C ka BP

Ž 14 .and later 16–13 C ka BP part. We used the latter
data for the reconstruction of the maximum mean
annual and January temperature during GS-2a. The
pollen-based reconstruction of minimum mean July

Ž .temperatures by Isarin and Bohncke 1999 , as well
as the January and annual temperature estimates

Ž .from periglacial evidence of Isarin 1997 , extended
Ž .in Isarin et al. 1998 , were used as a basis for the

reconstruction of the thermal conditions during GS-1.
We used the July and January estimates based on

Ž .European pollen data by Zagwijn 1994 for the
reconstruction of PB thermal conditions. Lake-level

Ž .data from Yu and Harrison 1995 and Tarasov et al.
Ž .1996 were used as qualitative information on effec-
tive precipitation in the study area. In the latter
databases, we looked at the changes in lake level

Žstatus between the 13 and 12.5 ka BP GS-2a to
.GI-1e transition and between the 10.5 and 10.0 ka
Ž .BP status classes GS-1 to PB transition .

For regions not covered by the studies mentioned
in Table 2 and for the GS-2a and GI-1e intervals,
additional palaeobotanical information was collected

Ž .primarily from literature Fig. 3, Table 3 . We used
the method of climate indicator plant species to
estimate temperature changes during the selected

Žintervals see Isarin and Bohncke, 1999, for a full
.description and discussion of the method . The

botanical data set consists of 148 pollen diagrams
from Europe. To assure regional coverage we in-
cluded high-altitude sites, although we realise that
differences in exposition in mountain areas may lead
to ambiguous interpretations. In general, the analysis
of climate indicator species was based on pollen and

plant macrofossil diagrams presented in publications.
In addition, we used data from the European Pollen

ŽDatabase EPD, accessed via the National Geophysi-
.cal Data Center, NOAA . The advantage of using the

original counts is that indicator species not shown in
the pollen diagrams can be included in the analysis.
The biozonation proposed by the original author was
checked and if necessary the stratigraphy was re-in-
terpreted. We assume that GS-2a is equivalent to
biozone Ia, GI-1e to biozone 1b, GS-1 to biozone III
and the PB to biozone IV. In the diagrams, we
looked for the presence of climate indicator plant
species during these biozones. We concentrated on
the spectra near the biozone boundaries. Appendix A
shows the selected sites and references with indica-
tion of the local pollen zones as well as the use of
EPD data.

To examine the consistency of our pollen-based
temperature estimates, we compared our reconstruc-
tions with estimates of the mean temperature of the
warmest month based on beetle evidence processed

Žwith the Mutual Climatic Range method MCR,
. Ž .Atkinson et al., 1987 . Recently, Coope et al. 1998

provided reconstructions based on data from 78 NW
European sites. Estimates are given for 50014C year
intervals covering the 14,000 to 900014C BP inter-
val. The MCR sites are mainly located in the British
Isles and Sweden.

Before proceeding, some chronological aspects
need consideration. Establishing time control of
palaeoecological and geological records, which is
essential for reconstructions, may be problematic.
Due to geographical position, the expression of cli-
mate changes in pollen records differs throughout the
study area. Especially for the intervals selected in
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Ž .Fig. 3. Study area with palaeobotanical sites additional data set . Codes correspond with Table 3.

this study, radiocarbon dating hinders establishing
Ž .the chronology of events cf. Wohlfarth, 1996 .

Clearly, the presence of radiocarbon plateaux is
linked to periods of rapid climate change. Due to the
scarcity of organic matter, time control of periglacial
features from GS-2a relies on their stratigraphical
position. An important and useful time-marker fre-
quently observed in the NW European lowland is the
Beuningen Gravel Bed. This stratigraphical horizon

Žhas recently been OSL dated to;16 k Bateman
.and Van Huissteden, 1999 . However, in many cases

this marker is absent, thus leaving periglacial fea-
tures relatively poorly dated.

2.2.2. Model–data comparison
In this paper we compare simulated and recon-

structed maps of July and January average tempera-

Žtures for the four time-slices i.e. GS-2a, GI-1e,
.GS-1 and PB , as well as the GI-1e–GS-2a and

PB–GS-1 anomalies. The latter figures give an esti-
mate of the temperature change during the 14.7 and
11.5 k transitions. In addition, simulated maps of the

Ž .‘effective precipitation’ i.e. mean annual P-E
anomalies are shown that may be compared with
reconstructed lake level trends for the two transi-
tions. We have chosen July and January temperatures
and effective precipitation, because these parameters
can be estimated from proxy data. The simulated
July mean values are compared with the recon-
structed July estimates. Similarly, we compare the
model result for January with the reconstructed Jan-
uary temperatures. The presented simulated tempera-
tures are based on values initially calculated at 2 m
above the earth surface and are taken as the seasonal
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Table 3
Additional palaeobotanical sites. Codes refer to Fig. 3. Altitudes below 100 m a.s.l. not specified. For references see Appendix A

CODE Refs.

Norway
) Ž .n1 SW Norway Paus 1988, 1989

Sweden
Ž .s1 Bjorkerods mosse Liedberg-Jonsson 1988 EPD¨ ¨ ¨

Ž .s2 L. Sambosjon Digerfeldt 1982 EPD¨ ¨
Ž . Ž .s3 Akerhultagol 303 Bjelm 1976 Bjorck and Hakansson 1982 EPD¨ ¨ ˚

Ž .s4 Skvarran Svensson 1989 EPD
Ž .s5 Hakulls mosse Berglund and Ralska Jasiewiczowa 1986˚

Ž .s6 Toppeladugard Liedberg-Jonsson 1988˚ ¨
Ž .s7 Losensjon Berglund 1966¨ ¨
Ž .s8 Stangsmyr Svensson 1989 EPD

Denmark
Ž .d1 Bollingso Stockmar 1974¨ ¨
Ž .d2 L. Fladet Fredskild 1975˚

Ž .d3 Graenge Kolstrup and Buchardt 1982
Ž . Ž .d4 Vallensgard Mose 100 Iversen 1954 , Usinger 1977

United Kingdom
) Ž .uk1 Orkney Islands Moar 1969a,b EPD

Ž .uk2 L. of Winless Peglar 1979
Ž .uk3 Cross Loch Charman 1994
Ž .uk4 Morrone 425 Huntley 1994 EPD

Ž .uk5 Tynaspirit 300 Lowe and Walker 1977
Ž .uk6 Drimnagall Rymer 1977

Ž .uk7 Baenrig Moss 250 Webb and Moore 1982 EPD
) Ž . Ž . Ž .uk8 NE England Bartley et al. 1976 , Jones 1976 , Day 1995

Ž .uk9 Tadcaster Bartley 1962 EPD
Ž .uk10 Bog Roos Beckett 1981 EPD
Ž .uk11 Cross mere Beales 1980

Ž .uk12 Kings Pool Bartley and Morgan 1990 EPD
Ž .uk13 Elan Valley Moore 1970
Ž . Ž .uk14 Traeth Mawr 330rLlanilid Walker 1982 , Walker and Harkness 1990 EPD
Ž .uk15 Hockham mere Bennett 1983 EPD
Ž .uk16 Hawks Tor Brown 1977 EPD

Ireland
Ž .i1 Sluggan Bog Smith and Goddard 1991
Ž .i2 Meenadoan Pilcher and Larmour 1982

Ž .i3 Drumurcher Coope et al. 1979 EPD
Ž .i4 Dunshauglin Mitchell 1940 , Watts 1977 EPD

Ž . Ž .i5 Ballybetagh 250 Watts 1977 , Cwynar and Watts 1989 EPD
Ž .i6 Lurga Andrieu et al. 1993

Ž .i7 Lough Goller 150 Watts 1963, 1977 EPD
Ž .i8 Tory Hill O’Connell et al. 1999

Ž .i9 Coolteen Craig 1978 EPD
Ž .i10 Belle lake Craig 1978 EPD

Netherlands
Ž .nl1 Waskemeer Casparie and Van Zeist 1960

Ž .nl2 Uteringsveen Cleveringa et al. 1977
Ž .nl3 Usselo Van Geel et al. 1989
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Ž .Table 3 continued

CODE Refs.

Netherlands
Ž .nl4 Milheeze Bos 1998

Ž . Ž .nl5 GulickshofrPutbroek Hoek et al. 1999 , Jansen and IJzermans-Lutgerhorst 1973

Belgium
) Ž .b1 W. Belgium Verbruggen 1979 EPD

Ž .b2 Petite Nethe Munaut and Paulissen 1973
Ž .b3 Konnerzvenn 580 Woillard 1975

France
Ž .f1 Bresles Van Zeist and Van der Spoel-Walvius 1980 EPD
Ž .f2 Coizard Joches Van Zeist and Van der Spoel-Walvius 1980 EPD
Ž .f3 Chivres Van Zeist and Van der Spoel-Walvius 1980 EPD

Ž .f4 T. de l’Archet Jalut 1967
Ž .f5 Frere Joseph 850 Woillard 1975`
Ž .f6 Lac Sewen 501 Schloss 1979
Ž .f7 Lac Noir 840 Guenet 1993

Ž .f8 Lede de Gurp Marambat and Roussot-Larrogue 1989`
Ž .f9 Ampoix 1015 De Beaulieu and Goeury 1987 EPD

) Ž . Ž .f10 Bas-Dauphinois Wegmuller 1977 , Clerc 1988 EPD¨
) Ž .f11 Haute Provence De Beaulieu 1977 EPD

Ž . Ž .f12 Le Moura Oldfield 1964 , Reille 1993
Ž . Ž .f13 Estarres 356 Jalut et al. 1992`

Ž .f14 Abeurador, Font Juvenal Heinz and Thiebault 1998´ ´
) Ž . Ž .f15 E. Pyrenees Reille and Lowe 1993 , Jalut et al. 1982

Portugal
po1 Charco da Candieira 1409 Van der Knaap and Van Leeuwen 1997

Spain
Ž .sp1 Lago de Ajo 1570 Allen et al. 1996 EPD

Ž . Ž . Ž .sp2 Sanabria 1050 Hannon 1985 , Allen et al. 1996 , Turner and Hannon 1988 EPD
Ž . Ž .sp3 Quintanar de la Sierra 1470 Penalba 1994 , Penalba et al. 1996˜ ˜
Ž .sp4 La Paul de Bubal 1115 Jalut et al. 1992

Ž .sp5 Lago Banyoles 173 Perez-Obiol and Julia 1994´ `
Ž .sp6 Padul 785 Pons and Reille 1988

Italy
Ž .it1 Lago di Montecchio 656 Watts et al. 1996

Germany
) Ž . Ž .g1 N Schleswig Holstein Usinger 1981 , Usinger and Wolf 1982 ,

Ž . Ž .Bock et al. 1985 , Menke 1968
) Ž . Ž . Ž .g2 E Frisia Behre 1966 , Heider 1995 , Mecke 1995
) Ž . Ž .g3 Mecklenburg-Vorpommern Lange et al., 1986 , de Klerk 1998
) Ž . Ž .g4 Berlin area Brande 1980 , Bose et al. 1995¨

Ž .g5 Schunebusch Caspers 1993¨
Ž .g6 Asscherslebener See 238 Muller 1953¨
Ž .g7 Hunxe Rehagen 1964¨

Ž .g8 Luttersee 165rLuderholz 228 Chen 1988¨
Ž .g9 Krumpa 160 Litt 1994
Ž .g10 Oppershofen 141 Bos 1998

Ž .g11 Großes Moor 293 Streitz 1980, 1984

( )continued on next page
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Ž .Table 3 continued

CODE Refs.

Germany
) Ž .g12 N. Bavaria Hahne 1991

Ž .g13 Meerfelder Maar 334 Usinger 1982
Ž .g14 Fichtelberg 625 Hahne 1992
Ž .g15 Sturzer Lohe 420 Stalling 1987¨
Ž .g16 Kulzer moos 479 Knipping 1989

Ž .g17 Dosingerried 715 Stalling 1987¨
Ž .g18 Sims see 472 Beug 1976
Ž .g19 Reicher Moos 670 Bertsch 1961

Switzerland
) Ž . Ž .Sw1 Swiss Jura Wegmuller 1977 , Magny et al. 1998¨
) Ž . Ž .Sw2 Swiss Plateau Lotter 1988 , Ammann 1989 Wegmuller and¨

Ž . Ž .Lotter 1990 , Wegmuller 1997r8¨
Ž .Sw3 Nussbaumer See 434 Rosch 1985¨

Austria
Ž .a2 Lanser See 840 Bortenschlager 1984

Ž .a3 Lengholz 570 Fritz 1965

Hungary
Ž .hu1 Dunakeszi Jarai-Komlodi 1968´ ´

Czech Republic
) Ž . Ž .cz1 Trebon BasinrS. Bohemia Rybnıckova 1974 , Jankovska 1980 EPD´ ´

Poland
Ž .p1 L. Druzno Zachowicz et al. 1982
Ž .p2 Woryty 105 Pawlikowski et al. 1982
Ž .p3 Maly Suszek 115 Miotk-Szpiganowicz 1992
Ž .p4 L. Mikolajki Ralska-Jasiewiczowa 1966

Ž .p5 L. Steklin Noryskiewicz 1982
Ž .p6 L. Bledowo Binka et al. 1991

Ž .p7 L. Gosciaz Ralska-Jasiewiczowa et al. 1992
Ž .p8 Dziekanowicze 100 Litt 1988

Ž .p9 Zabinko Bohncke et al. 1995
Ž .p10 L. Lukcze Balaga 1990

Ž .p11 L. Perespilno 165 Goslar et al. 1999
Ž .p12 L. Slopiec Szczepanek 1982

Ž .p13 Swilcza 220 Koperowa 1962
Ž .p14 Podbukowina 230 Koperowa 1962
Ž .p15 Na Grelu Koperowa 1961

Ž .p16 Tarnawa Wyzna 670 Ralska-Jasiewiczowa 1980

Bulgaria
Ž .Bu1 Kupena 1300 Huttunen et al. 1992 EPD

) ) Ž . Ž .b1 : W Belgium: Snellegem; Vinderhoute; Moerbeke; cz1 : Trebon BasinrS. Bohemia: Velanska Cesta 505 , Cervene Blato 470 ,
Ž . Ž . Ž . ) Ž . Ž .Barbora 435 Borkovicka Blata 407 , Blato 645 ; f10 : Bas-Dauphine: T. de Chirens 460 , St. Julien de Ratz 650 , Le Grand Lemps´

Ž . Ž . Ž . ) Ž . Ž .500 , Hieres sur Amby 212 , Loras 410 ; f11 : Haute Provence: Lac Long Inferieur 2090 , Vallon de Provence 2075 , Col des Lauzes`
Ž . ) Ž . Ž . Ž . )1784 ; f14 : France Eastern Pyrenees: La Borde 1660 , Lac Balcere 1764 , Freychinede 1350 ; g1 : N Schleswig Holstein: Blixmoor,´ ` `
Glusing, Wildes Moor, Esinger Moor; g2) : E Frisia: Vogelspohl, Westrauderfehn, Esinger moor, Deinstedt, Scharnhagener Moor; g3) :¨ ¨
Mecklenburg-Vorpommern: Hoher Birkengraben; Tetel.; g4) : Berlin area: Ferch: Pechsee: Leckerpfhul.; g12) : N. Bavaria: Schwarzes

Ž . Ž . ) Ž . Ž . )Moor 781 Rappershausen 383 ; n1 : SW Norway: Sandvikvatn 128 , Liastemmen; Eigebakken 270 ; sw1 : Swiss Jura. T. de Coinsins
Ž . Ž . ) Ž . Ž . Ž . Ž . )480 , Le Locle 915 ; sw2 : Swiss plateau. Rotsee 420 , Lobsigensee 514 , Aegelsee 995 ; Langnau 679 ; uk1 : Orkney Islands:
Yesnaby, Little Lochans.; uk8) NE England Thorpe Bulmer, Seamer Carrs; Star Carr.
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means of 10 simulated years, as we discarded the
first two years to account for model spin-up. To
make a meaningful model-data comparison, we con-
verted both simulated and reconstructed temperatures
to sea level, using a lapse rate of 68Crkm. It should
be noted that for Europe the interannual variability in
the model is typically 18C for summer and 38C for
winter. Consequently, small simulated temperature

Ž .anomalies i.e. GI-1e–GS-2a or PB–GS-1 could be
due to this variability instead of differences in
boundary conditions.

3. Results

3.1. 14.7 k Transition

3.1.1. Simulation results

3.1.1.1. expGS-2a. The simulation results for the
GS-2a climate suggest marked differences between

Ž .July and January situations Fig. 4a and b . In
expGS-2a July temperatures range from 08C in N

ŽScandinavia and Scotland to 20–258C in Spain Fig.
.4a . A strong N–S thermal gradient of 108C within

58 of latitude is visible at 55–578N around the
ice-edge margin. The January results for expGS-2a
suggest values ranging fromy358C over northern-
most Scandinavia, toy158C at 508N and 08C to

Ž .108C over the Mediterranean Fig. 4b .

3.1.1.2. expGI-1e. As expected, the maps for expGI-
1e show a considerably warmer climate than that of
expGS-2a. July temperatures vary from 58C in the
North of the study area to over 208C over most of

Žthe European continent south of about 528N Fig.
.4c . South of the Scandinavian Ice Sheet a strong

N–S thermal gradient is present similar to expGS-2a.
In the map for the January temperatures a NE to SW
gradient is visible, with temperatures ranging from
lower than y208C in Finland to over 108C in S

Ž .Spain Fig. 4d .

3.1.1.3. expGI-1e–expGS-2a anomaly. The simu-
lated July temperature difference between expGI-1e
and expGS-2a shows a warming ranging from 108C

Ž .over S Sweden to 28C in NW Russia Fig. 4e . Over
most of the European continent a temperature in-

crease of 48C to 68C is simulated, although this value
Žis slightly higher near the Atlantic coast i.e. 68C to

.88C over Britain, Ireland and NW France . The
expGI-1e minus expGS-2a result for the January
temperatures reveals a strong west-to-east gradient at
558N, varying from 258C over Ireland to 58C to 108C

Ž .over eastern Europe Fig. 4f . This temperature rise
is smaller in Southern Europe, with a difference of
58C around the Mediterranean Sea. The mean annual
effective precipitation increases over most of Europe

Ž .in expGI-1e compared to expGS-2a see Fig. 5 .
However, the increases are small, i.e. below 0.5
mmrday except for Sweden, Norway and Scotland
where the values are higher.

3.1.2. Reconstruction results

3.1.2.1. GS-2a. The distribution of climate indicator
plant-species suggests that GS-2a July temperatures
ranged from values below 118C north of 53r548N to

Ž .at least 158C in S Europe, south of 448N Fig. 6a .
The most important indicator species for GS-2a is
Hippophae rhamnoıdes, which requires July temper-¨ ¨
atures of at least 118C to 128C for reproduction
Ž .Fassl, 1996; Zagwijn, unpublished . Pollen grains of
this species have been found throughout the study
area, including sites above 500 m in central Europe,
indicating 138C to 158C. A value of at least 168C

Ž .may be inferred for S Spain Pons and Reille, 1988 .
Moreover, the presence of pollen ofMyriophyllum
spicatumrÕerticilatum, M. alterniflorum and Ju-
niperus suggests temperatures between 9 and 118C
in the ice-free NW part of the study area. Occasional

Ž .grains of Nymphaeain Wales Walker, 1982 imply
occasionally higher values during GS-2a. Pollen
grains of Fagus sylÕatica suggest that July tempera-

Ž .tures reached 188C in S Italy Watts et al., 1996 .
Periglacial evidence attributed to GS-2a indicates

that maximum meanannual temperatures in NW
Europe ranged fromy88C north of 548N to below

Ž .y28C south of 508N Fig. 6b . Huijzer and Vanden-
Ž .berghe 1998 suggested the existence of continuous

permafrost in a small zone near the ice front. Ice-
wedge casts and fossil sand wedges in coarse sedi-
ments, indicating mean annual temperatures below

Žy88C to y68C Pewe, 1966; cf. Huijzer and Isarin,´ ´
. Ž1997 , have been described for Ireland e.g. Lewis,
. Ž . Ž1977 , Wales e.g. John, 1973 , Scotland e.g. Greig,
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Ž . Ž . Ž . Ž . Ž .Fig. 4. Simulated mean January and July temperatures in8C at sea level: a July expGS-2a, b January expGS-2a, c July expGI-1e, d
Ž . Ž .January expGI-1e, e July expGI-1e minus expGS-2a difference. f January expGI-1e minus expGS-2a difference. Contour interval in all

Ž . Ž .figures is 58C, except for e 28C interval .
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Ž .Fig. 5. Mean annual P-E mmrday difference between expGI-1e
and expGS-2a. Contour interval is 0.5 mmrday.

. Ž .1981 , Denmark e.g. Kolstrup and Mejdahl, 1986
Ž .and N Poland e.g. Kozarski, 1993; Gozdzik, 1995 .´

Wedge casts in fine-grained deposits, indicating a
Žmean annual temperature belowy48C e.g. Burn,

. Ž1990 , have been observed in till in Wales Saunders,

. Ž .1973 , N and central Poland Gozdzik, 1986 and N´
Ž .Germany Liedtke, 1957–1958 and in loess profiles

Ž .in S Poland Dwucet and Sniesko, 1996 , Germany
Ž . ŽLiedtke, 1957–1958 and W France Helluin et al.,

.1977; Lautridou, 1985 . Data from The Netherlands
and Belgium consist primarily of seasonal frost
cracks, suggesting mean annual temperatures below

Ž .y18C e.g. Vandenberghe and Pissart, 1993 . The
absence of larger thermal contraction cracks in these
areas, in either coarse or fine material, suggests that
annual temperatures were higher thany48C.

Fig. 6b also shows that GS-2aJanuary tempera-
tures may have been betweeny258C andy158C in

Ž .NW Europe. Huijzer and Vandenberghe 1998 re-
constructed maximum January values ofy208C for
this region from ice-wedge casts and other types of
large scale thermal contraction cracks. Further re-
finement of the temperature distribution in Europe
based on this data source is difficult since they208C
indicator value is a threshold value and large thermal
contraction features are widespread throughout the
study area. Alternatively, we calculated maximum

ŽJanuary temperatures from reconstructed July pol-
. Ž .len, insects and annual temperatures periglacial ,

hereby assuming a sine temperature function. As a
result, a tentative January temperature ofy268C

Žmay be calculated for the area north of 558N Tjuly
.above 108C and T below y88C, resp. . Simi-annual

larly, for the Netherlands, N Germany and N Poland
Ž .;538N a January temperature belowy208C may
be calculated, whereas for central France a value of
y158C was calculated. The situation south of 478N
is unclear due to the absence of periglacial and
botanical evidence.

3.1.2.2. GI-1e. Palaeobotanical evidence indicates
that GI-1e July temperatures ranged from below
138C at 548N to over 208C in the Iberian Peninsula
Ž .Fig. 6c . The temperatures of 11 to 128C in ice-free
Scandinavia are based on finds ofSanguisorba mi-

Žnor, and H. rhamnoıdes Iversen, 1954; Bjelm,¨
.1976 . Similarly,Typha latifolia grains suggest val-

Žues of at least 138C to 158C for Ireland Andrieu et
. Žal., 1993, p. 695 and Wales Walker and Harkness,

.1990 . July temperatures of at least 168C are inferred
for central Europe based on observations ofT. latifo-

Ž .lia pollen in Switzerland Ammann, 1989 and S
Ž .Germany Beug, 1976 ,Najas marina pollen in

Ž .Poland Bal/aga, 1990 and spines ofCeratophyllum
Ž .sp. in central Germany Bos, 1998 . Even tempera-

tures above 188C are deduced for Switzerland based
Žon finds of T. latifolia and S. minor Wegmuller and¨

. Ž .Lotter, 1990 . Following Kolstrup 1980 , the finds
of PolygonumÕiÕiparum pollen at another site in

Ž .Switzerland Lobsigensee; Ammann, 1989 may in-
dicate thatT did not exceed 218C. A July temper-july

ature of 218C is inferred for Portugal based on
ŽobservedS. minor pollen Van der Knaap and Van

.Leeuwen, 1997 , whereas in S Spain pollen ofQuer-
Ž .cus suber Pons and Reille, 1988 , indicative for

Ž .minimum July values of 198C Fassl, 1996 , suggest
that temperatures exceeded 238C.

The combination of periglacial, beetle and pollen
evidence suggests that during GI-1eJanuary tem-
peratures probably ranged from 68C in Spain to well

Ž .below 08C in NW Europe Fig. 6d . Reconstruction
of January isotherms for GI-1e is not feasible due to
the limited number of sites and the absence of
periglacial evidence. The latter may suggest that
mean annual temperatures were abovey18C to 08C
in the study area. However, in areas close to the
receding ice front January temperatures may have

Žbeen low enough to induce periglacial activity see
.discussion e.g. in Ballantyne and Harris, 1994 . The
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Ž . Ž . Ž . Ž .Fig. 6. Reconstructed mean July and January temperatures in8C at sea-level: a July GS-2a, b January GS-2a isotherms and annual
Ž . Ž . Ž . Ž . Ž .point values , c July GI-1e, d January GI-1e, e July GI-1e minus GS-2a difference. f January GI-1e minus GS-2a difference. See
Table 2 for data sets used for the reconstruction.
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presence of casts of syngenetic ice-wedges in out-
Ž .wash sediments in e.g. Denmark Habbe, 1993 may

Ž .suggest that at least occasionally thermal cracking
did occur with associated temperatures belowy158C
to y208C during GI-1e. Paleobotanical evidence
points to January temperatures well above 08C in the
Iberian Peninsula, asQ. suber was found at Padul
Ž .Pons and Reille, 1988 andQ. ilex at Banyoles
Ž .Perez-Obiol and Julia, 1994 . A local January tem-´
perature of belowy28C is inferred for S Poland
based on pollen of Pleurospermum austriacum
Ž .Iversen, 1954; Koperowa, 1962 . The reconstructed
pattern agrees with beetle evidence that suggests
mean temperatures of the coldest month in Britain in

Ž .the order ofy38C to 08C Lowe et al., 1999 . There
are some indications that in GI-1e seasonal frost
occurred regularly, for instance the observation of
fragipans and illuvation in loess soils in France by

Ž .Van Vliet-Lanoe et al. 1992 and noted changes in
fluvial geomorphology in NW Europe suggesting

Žmelting of thick snow packs Vandenberghe et al.,
.1994 .

3.1.2.3. GI-1e–GS-2a anomaly. Fig. 6e and f show
the anomaly maps resulting from subtraction of the
GS-1e and GS-2a July and January situations. For
July a N–S gradient is visible, varying from 28C
near the ice front to 58C south of 458N. The sparse
data on the January situation suggest that January
temperatures increased by at least 158C in a large

Fig. 7. Reconstructed lake level trends during the 14.7 k transi-
Ž .tion, based on Lake Status Data Base of Yu and Harrison 1995

Ž .and Tarasov et al. 1996 .

Ž .part of Europe Fig. 6f . For the January tempera-
tures in the Iberian Peninsula a tentative increase of
108C is inferred, which is based on an extrapolation
of the January isotherms in Fig. 6b.

ŽThe mapping of changes in lake level status Fig.
.7 suggests that effective precipitation remained the

same with a possible increase in SE England, SE
France and south-central Europe. An increase of
precipitation is supported by fluvial data from NW
Europe, showing dramatic enhancement of fluvial
activity during the transition from GS-2a to GI-1e
Ž .Vandenberghe et al., 1994; Huisink, 2000 . Zazo et

Ž .al. 1996 suggested that during GI-1e, karst activity
in Spain increased due to an increase of effective
precipitation. The latter observation is not reflected

Ž .in the scarce lake level data from this area.

3.2. 11.5 k Transition

3.2.1. Simulation results

3.2.1.1. expGS-1. The results of expGS-1 show a
strong N–S temperature gradient for both July and
January. The model produces mean July tempera-
tures varying from below 58C in N Europe, to 158C

Ž .at 508N and over 208C in S Europe see Fig. 8a . The
simulated January temperatures are belowy208C in
N Scandinavia, and increase towards values ofy58C

Ž .at 508N and over 58C in Spain Fig. 8b . This pattern
is different for Ireland and Britain, where the model
produces higher January temperatures compared to

Žthe same latitudes at the continent between 08C and
.y108C .

3.2.1.2. expPB. The calculated PB-climate is the
warmest of the four simulated palaeoclimates. The
July temperatures reach values of more than 158C
over most of Europe, except were land ice is present
Ž .Fig. 8c . During January a clear E–W thermal
gradient is visible that is similar to that of today,
with temperatures increasing fromy158C in Russia

Ž .to over 58C in Ireland Fig. 8d .

3.2.1.3. expPB–expGS-1 anomaly. The July tempera-
ture rise increases in a northward direction from 28C

Ž .in Spain to 88C at 558N Fig. 8e . In S Sweden a
strong reverse gradient is present from 128C at 578N
to 08C at 608N. The expPB–expGS-1 anomalies for
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Ž . Ž . Ž . Ž . Ž .Fig. 8. Simulated mean January and July temperatures in8C at sea level: a July expGS-1, b January expGS-1, c : July expPB, d :
Ž . Ž .January expPB, e July expPB minus expGS-1 difference. f January expPB minus expGS-1 difference. Contour interval in all figures is
Ž . Ž .58C, except for e 28C interval .

January show a strong warming over N Europe
Ž .more than 108C that rapidly declines towards the

ŽSouth with values less than 58C south of 508N Fig.
.8f . The P-E result for expPB minus expGS-1 shows
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a patchy pattern with some regions with increases
surrounded with areas where the effective precipita-

Ž .tion decreased Fig. 9 .

3.2.2. Reconstruction results

3.2.2.1. GS-1. During GS-1, mean July temperatures
ranged from;108C north of 568N, e.g. in ice-free
Sweden and Scotland, to well above 208C at the

Ž .Iberian Peninsula Fig. 10a . Isarin and Bohncke
Ž .1999 reconstructed temperatures of 108C to 158C
for NW Europe during the first and coldest part of
GS-1. Additional data are broadly in accordance with
this reconstruction. A mean July temperature of more
than 188C is indicated by pollen ofS. minor and

ŽHippophaeat high altitude sites in S France e.g. La¨
.Paul de Bubal: Jalut et al., 1992 , and by botanical

Ževidence wood fragments ofBuxus semperÕirens
.and Acer monspessulanumfrom prehistoric hearths

Ž .in S France Heinz and Thiebault, 1998; Fassl, 1996 .´
ŽPollen of S. minor, observed in Portugal Van der

.Knaap and Van Leeuwen, 1997 , suggest that July
temperature were near 218C.

Reconstructions of both January and annual tem-
peratures for NW Europe during the coldest part of

Ž .GS-1 have been described by Isarin 1997 and
Ž .Isarin et al. 1998 . These reconstructions, primarily

based on periglacial data, indicate values similar to
the GS-2a situation, with aT ranging fromy258Cjan

Ž .at 558N to y158C at 508N Fig. 10b . The burned
wood fragments ofBuxus and Acer observed by

Ž .Fig. 9. Mean annual P-E mmrday difference between expPB
and expGS-1. Contour interval is 0.5 mmrday.

Ž .Heinz and Thiebault 1998 and mentioned above´
may indicate thatT was near or above 08C in Sjan

France.

3.2.2.2. PB. The reconstructions suggest that PB July
temperatures ranged from at least 138C north of

Ž .558N to 238C at 408N Fig. 10c . The values in the
north of the study area are based on finds ofT.
latifolia, Cladium mariscus, Thelypteris palustrisand
Ceratophyllum demersum, indicating July tempera-

˚Žtures of around 168C in S Sweden Akerhultagol, B.¨
. Ž .Berglund, EPD data , Ireland Watts, 1977 and Ger-

Ž .many e.g. Stalling, 1987; Hahne, 1991; Bos, 1998 .
Ž .In SE France Hieres-sur-Amby a July temperature`

of at least 17 to 188C is inferred from the presence of
Ž .Q. ilex Clerc, 1988 , whereas values well above

208C are suggested for Spain based on finds ofQ.
Žsuberand Q. ilex Pons and Reille, 1988; Perez-Ob-´
.iol and Julia, 1994 . In addition, finds ofN. marina

Žindicates values of at least 198C in Italy Watts et al.,
. Ž1996 . The presence ofT. latifolia in Portugal Van

.der Knaap and Van Leeuwen, 1997 and Bulgaria
Ž .Huttunen et al., 1992 points at temperatures of at
least 218C.

The PB January temperatures range fromq58C
in the southern part to below zero in the northern

Ž .part of the study area Fig. 10d . The results are
Ž .partly based on Zagwijn 1994 , who inferred Jan-

uary temperatures abovey28C to y68C in the
British Isles, Ireland, S Sweden and N Poland based
on the presence ofCorylus aÕellanaaround 9500 BP
Ž .see Zagwijn’s Fig. 3 . Additional data are in accor-
dance with Zagwijn’s reconstruction. January tem-
peratures belowq0.58C to 1.58C are suggested by
finds of P. austriacumpollen in the Czech republic
Ž . Ž .Rybnickova, 1974 and Poland Koperowa, 1962 .
Moreover, in southern France values ofq28C to
q38C are indicated by finds ofQ. ilex pollen
Ž .Hieres-sur-Amby and Grand Lemps: Clerc, 1988`
and wood fragments ofB. semperÕirens and Q.

Žilexrcoccifera in prehistoric hearths Heinz and
.Thiebault, 1998 . Similarly, in Spain a January tem-´

perature ofq2 to q58C is suggested by pollen of
Ž .B. semperÕirens Perez-Obiol and Julia, 1994 and of´
Ž .Q. suberrQ. ilex Pons and Reille, 1988 .

3.2.2.3. PB–GS-1 anomaly. The T anomaly mapjuly
Ž .Fig. 10e shows that PB July temperatures increased
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Ž . Ž . Ž . Ž . Ž .Fig. 10. Reconstructed mean July and January temperatures in8C at sea-level: a July GS-1, b January and annual GS-1, c July PB, d
Ž . Ž .January PB, e July PB minus GS-1 difference. f January PB minus GS-1 difference.
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Fig. 11. Reconstructed lake level trends during the 11.5 k transi-
Ž .tion, based on Lake Status Data Base of Yu and Harrison 1995

Ž .and Tarasov et al. 1996 .

by at least 4 to 58C north of 558N when compared to
GS-1. A value of at least 38C is inferred for NW and
Central Europe. South of 458N, the temperature in-
crease is limited to 1 to 28C. The reconstructions
show that January temperatures increased dramati-
cally during the 11.5 k transition with values of at

Ž .least 158C Fig. 10f .
The lake level trends for the 11.5 k transition

Ž .suggest a large regional diversity Fig. 11 . For
example, in the British Isles a zone of falling and of
rising lake levels may be discerned. Data from the
Baltic states indicate stable and rising lake levels.
Stable or falling lake levels have been reconstructed
for the Mediterranean and south central Europe.

Ž .Valero-Garces et al. 1998 reconstructed low lake´
levels during the final part of GS-1 and a significant
increase during PB for the western Mediterranean
region. These observations are in agreement with

Žlake-level data from the Jura mountains Magny and
.Ruffaldi, 1995 .

4. Discussion

In the following sections we discuss the compari-
son of the presented AGCM results and climate
reconstructions. It should be noted that such a com-

Žparison involves three factors of uncertainty c.f.
. Ž .Isarin and Renssen, 1999 . These factors are 1 the

Ž .model performance, 2 the set of boundary condi-

Ž .tions and 3 the climate reconstruction. Considering
the realistic modern climate that is produced by

Ž .ECHAM4 c.f. Roeckner et al., 1996 , and the uncer-
tainties that are involved when working with palaeo-

Ž .data c.f. Isarin and Renssen, 1999 , it may be
assumed that uncertainties in the model performance
are less significant than the other two factors.

4.1. 14.7 k Transition

4.1.1. GS-2a temperatures
The model and reconstructions produced similar

GS-2a July temperatures north of;528N, with val-
Žues between 158C and 08C compare Figs. 4a and

.6a . Our pollen-based estimates are comparable with
Ž .those based on beetle data of Coope et al. 1998 .

South of this latitude the model suggests slightly
Žhigher temperatures 28C to 38C difference with re-

.constructions , with values over 158C over most of
ŽFrance. The strong N–S gradient at; 558N i.e.

.5–108C within ;100 km noted in Fig. 4a seems to
be realistic. This feature is related to the strong
contrast in thermal properties between the ice sheets
and the sea ice on the one hand and the bare land
surfaces—warmed by the relatively strong summer
insolation—on the other hand. The model may have
reacted too strongly to this summer insolation, as
suggested by the higher July temperatures in S Eu-
rope in the simulation compared to the reconstruc-
tion.

Considering GS-2a January temperatures, the re-
constructedy258C andy208C isotherms are more

Žor less reproduced by the model see Figs. 4b and
.6b . South of 508N the model is a few degrees

warmer than the reconstruction. However, the ab-
sence of data prohibits a direct model–data compari-
son for the area south of 458N. It should be noted
that calculation of January temperatures using July
and annual values may produce too cold estimates
Ž .by ;48C, see Isarin et al., 1998 . Moreover, time-
control of some of the periglacial data used for the
annual and January temperature reconstructions is

Ž .rather poor Huijzer and Vandenberghe, 1998 . This
may imply that these features represent earlier and
colder phases like the LGM. Taking these uncertain-
ties into account, we propose that the model simu-
lated reliable GS-2a January temperatures. In the
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simulation the low temperatures in Europe are the
result of the strong cooling of air over the extended
Atlantic sea ice cover. The good model–data fit
suggests that the boundary conditions we prescribed
for expGS-2a, including the CLIMAP SSTs, are
appropriate.

4.1.2. GI-1e temperatures
The simulated GI-1e July temperatures are about

Ž58C higher than the reconstructed values Figs. 4c
.and 6c . It should be realised that the pollen-based

estimates are minimal values. Still, the differences
are too large to be explained by this artefact of the
method. However, it is interesting to note that the
model–data match is better when Fig. 4c is com-
pared with the beetle-based temperature reconstruc-

Ž .tion of Coope et al. 1998 , as the latter study
suggests local values of 17–218C between;508N
and;558N. On the other hand, in earlier studies we
have shown that the model tends to produce too
warm conditions under influence of the high insola-

Ž . Ž .tion Renssen and Isarin, 1998 . Renssen et al. 2000
showed that permafrost may play a role in depress-
ing stadial July temperatures. However, during GI-1e
permafrost was presumably restricted to a narrow
zone along the ice margin. In summary, we propose
that the ‘true’ GI-1e July temperatures have been
intermediate between our simulated and recon-

Ž .structed values i.e. close to the beetle data .
The model and reconstruction remarkably produce

similar GI-1e January temperatures, with a NE-to-SW
temperature gradient with values ranging from below
08C in Britain and NE France, to over 58C in the

Ž .Iberian Peninsula see Figs. 4d and 6d . As men-
tioned before, the reconstruction is based on a lim-
ited data set. Therefore, we are not able to make
decisive conclusions on the validity of both the
simulated and reconstructed GI-1e January tempera-
tures.

4.1.3. GI-1e–GS-2a temperature anomalies
For the July conditions in continental Europe

south of ;508N there is agreement between model
results and reconstructions as both show a warming

Ž .of about 58C compare Figs. 4e and 6e . This in-
crease of ‘only’ 58C indicates that the assumed strong

Žwarming of the Atlantic Ocean;108C, compare
.Fig. 2e and g is not the most important driving

factor for the July temperature distribution on the
European continent. Further north the model sug-
gests a stronger warming than the reconstruction,
especially in those regions that became ice-free dur-
ing GI-1e. For instance, the simulation suggests a
strong increase of 108C for S Sweden, a region
deglaciated during the GI-1e–GS-2a transition. Ob-
viously, no reconstructed estimate for the tempera-
ture increase could be obtained for regions that are
glaciated during GS-2a. However, the simulated
value of 10C is in agreement with beetle-based
estimates of 78C to 128C in NW Europe.

The few data points that give information on the
GI-1e minus GS-2a January temperature anomalies

Žshow the same pattern as in the model result see
.Figs. 4f and 6f . A contrast between N and S Europe

is noted, with the largest warming over Britain and a
smaller effect to the South. The model suggests that
the maximum anomaly—over 258C—was present
over Ireland. Moreover, the simulation indicates the
existence of a clear E–W gradient, as the anomaly

Ž .only is 58C to 108C at the same latitude 558N in
Russia. The latter gradient is not seen in the data,
presumably due to the limited number of sites. The
pattern seen in the simulation is caused by the
change in ocean surface conditions over the GI-1e–
GS-2a transition. We assumed a shift in the winter
sea ice margin from 478N in expGS2-a to 608N in
expGI-1e, associated with an inflow of relatively

Žwarm waters along the European coast compare Fig.
.2f and h .

4.1.4. GI-1e–GS-2a mean annual P-E anomalies
Both simulation and reconstruction indicate that

few changes in P-E occurred during the GS-2a to
GI-1e transition over the continent. The model pro-
duced a small increase of less than 0.3 mmrd in

Ž .over C Europe not shown . The exceptions are N
Scandinavia north of;608N, where P-E increases
by up to 1 mmrday according to the simulation, and
the Atlantic ocean, where P-E decreases. The latter
changes can be explained by considering the regional
differences in precipitation and evaporation.

In the simulation results the precipitation in-
creases everywhere in Europe in expGI-1e compared
to expGS-2a, but most distinctly north of the line

Ž .Scotland–Denmark not shown . The general in-
crease can be related to the prevailing rule that warm
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Žair is more humid than cooler air i.e. it has a greater
.vapour holding capacity . The relative strong in-

crease in the North of the study area, however, is
likely to be related to the northward shift of the sea
ice margin and the oceanic polar front during the
GS-2a–GI-1e transition. Assuming that the used
SST-sets for our experiments are realistic, the sea ice
margin shifted from a winter position at;478N

Žduring GS-2a to;608N in GI-1e see Fig. 2f and
.h .

The effect of this northward shift on the atmo-
spheric winter circulation is shown in Fig. 12a and b.
In expGS-2a the atmosphere is stabilized north of
508N due to the strong surface cooling over the

Ž .extended sea ice cover Fig. 12a , resulting in a
relative high sea level pressure. In contrast, in
expGI-1e a clear Icelandic Low is present, producing
a strong pressure gradient over NW Europe, which
was accompanied with a strong increase of cyclonic
activity in northern Europe. Modelling studies show
that the main storm track follows the sea ice margin
ŽValdes and Hall, 1994; Renssen et al., 1996;

.Kageyama et al., 1999 . Thus, the storm track fol-
lowed the northward shift of the sea ice margin and
moreover, the N Atlantic between 478N and 608N
became available as a moisture source. Conse-
quently, a relatively strong precipitation increase in
N Europe follows. When comparing the evaporation
figures for expGI-1e and expGS-2a, the values in-
crease also over most of the study area, especially

Ž .over the relatively warm ocean waters not shown
where the increase is larger than the precipitation

Ž .increase note negative P-E anomaly in Fig. 5 . The
opposite occurs over N Europe, however, where the
precipitation increase is larger than that of the evapo-

Žration, due to the relative cold conditions restricting
.evaporation that remain there in expGI-1e compared

to W Europe.

4.2. 11.5 k Transition

4.2.1. GS-1 temperatures
The simulated GS-1 July temperatures are in

agreement with the reconstructions north of 528N.
Here, both Figs. 8a and 10a suggest values between
158C and 108C. MCR estimates are in fair agreement

Ž .with our pollen-based inferences Coope et al., 1998 .
South of 528N the model produces temperatures that

are 38C to 68C higher than in the reconstruction.
According to the model, July temperatures in Spain
reached 308C. How can we explain the model–data
mismatch? In earlier studies, we already concluded
that the used model tends to react in a very sensitive
way to the high summer insolation. In Renssen and

Ž .Isarin 1998 we concluded that the soil module of
ECHAM4 might be too simplistic to realistically
simulate the soil–atmosphere interaction under
changed conditions. In the experiment shown here
Ž .i.e. expGS-1 , we actually prescribed permafrost
north of 508N by introducing a simple parameterisa-

Ž .tion see Table 1 to compensate for the supposed
shortcomings of the model. This addition to the
model produced much more realistic July tempera-
tures for GS-1 compared to previously performed
experiments without a permafrost parameterisation
Ž .see Renssen et al., 2000 . Still, we cannot exclude
that a deficiency in the model is causing the noted
discrepancy between simulation and data for S Eu-
rope.

The model produced warmer GS-1 January condi-
tions in NW Europe than indicated by the reconstruc-

Ž .tion Figs. 8b and 10b , especially in Ireland and the
British Isles. Here the reconstruction shows tempera-
tures as low asy258C to y208C, whereas the
model givesy158C to 08C in this region. The causes
for this discrepancy have been thoroughly discussed

Ž .in Renssen and Isarin 1998 . In short, we argued
that the model–data disagreement must have been
caused by the ocean surface conditions prescribed in
expGS-1. The winter sea ice margin must have been
located at 528N during GS-1 instead of at 608N as

Ž .we defined see Fig. 2d . This is consistent with the
finding of ice rafted sediments of GS-1 age near

Ž .Portugal Bond et al., 1993 .

4.2.2. PB temperatures
The simulation again produces higher PB July

Žtemperatures than the reconstructions 28C to 78C
.difference, compare Figs 8c and 10c . The difference

between both results increases to the South, with a
maximum in the Iberian Peninsula. The model–data

Ž .mismatch may have partly been caused by the
prescribed SSTs in expPB. We assumed that the
ocean surface conditions approached the modern ones
during the PB. This assumption was in agreement

Ž .with the SST reconstructions of Schulz 1995 . How-
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ever, it may be expected that the Atlantic Ocean was
cooler than today, as there must have been a consid-
erable influx of cold melt water originating from the
remaining ice sheets. Still, the North-to-South in-
crease in model–data difference cannot be explained
by too warm Atlantic Ocean conditions in expPB,
suggesting that other unknown factors may have
played a role. Alternatively, the model–data mis-
match can be partly attributed to an underestimation
of the July temperatures by the reconstruction results
shown in Fig. 10c. In analogy to the situation during
GI-1e, the MCR estimates give a better match with

the experimental results. Beetle evidence suggests
July temperatures of 15–198C north of 508N.

ŽA comparison of PB January temperatures Fig.
.8d and 10d shows a general agreement between

simulations and reconstructions. A similar SW–NE
gradient is visible in both figures. The January tem-
peratures are varying in both figures between 5–108C
in Spain andy58C in S Scandinavia. An exception
to this observation is the result for Ireland and

Ž .Britain, where the model result;58C is consider-
Ž .ably warmer than the reconstructiony38C . The

latter mismatch again suggests that we prescribed a

Ž .Fig. 12. Simulated mean sea level pressures for December–January–February DJF for experiments expGS-2a, expGI-1e, expGS-1 and
expPB. Contour interval is 2 hPa. Values are given as deviations from the global DJF mean to account for the introduction of ice sheets.
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Ž .Fig. 12 continued.

Žtoo warm N Atlantic Ocean in expPB see previous
.paragraph . However, it should be noted that the

number of sites used for the reconstruction of PB
January temperatures is very limited.

4.2.3. PB–GS-1 temperature anomalies
The N–S July temperature anomaly gradient in

both the reconstruction and the simulation result are
alike, as in both Figs. 8e and 10e a minimal warming

Ž .is seen in S Europe less than 28C , whereas the
increase amounts up to 108C in N Europe. The noted
N–S gradient reflects partly the relatively strong
effect of oceanic warming in N Europe. In the

simulations we assumed that the Nordic seas were
ice-free during PB, causing a relatively strong advec-
tion of heat to N Europe in expPB compared to

Ž .expGI-1e compare Figs. 4c and 8c . The strong
temperature gradient over Scandinavia as visible in
Fig. 8e is not reproduced in the reconstruction. This
can be attributed to the obvious lack of data in the
region covered by the ice sheet during the 11.5 k
transition.

The N–S gradient is also seen in the PB minus
ŽGS-1 January temperature anomalies Figs. 8f and

.10f . As in the case of the 14.7 k transition, we
attribute the strong increase during January to the
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influence of the Atlantic ocean. However, it should
be noted that compared to the reconstruction, in the
simulation result the gradient is shifted a few degrees
of latitude to the North. This may be attributed to the
position of the winter sea ice margin in expGS-1. As
discussed above, this sea ice margin probably had a
more southerly position during GS-1 than we pre-
scribed in expGS-1, i.e. 58 of latitude, or 2 grid cells
Ž .e.g. Renssen and Isarin, 1998 .

4.2.4. PB–GS-1 mean annual P-E anomaly
Two trends in P-E are clearly visible in both the

simulation and the reconstruction: stable or slightly
increasing P-E on the continent, decreasing along the
coasts of the Nordic and Mediterranean seas, and

Ž .Atlantic Ocean see Figs. 9 and 11 . How can we
explain this pattern?

The processes that explain this pattern are similar
to the GI-1e minus GS-2a anomaly discussed above.
The AGCM results indicate that precipitation in-
creases almost everywhere, especially in N Europe,
where a northward shift of the main storm tracks is
simulated. As seen in Fig. 12c and d, the main
pressure gradient over northern Europe shifts north-
wards in expPB compared to expGS-1, leading to
more frequent depressions in this region. Evapora-
tion also increases over most surfaces, especially
over the warmed surface waters. However, evapora-
tion remains low over the Scandinavian ice sheet,
caused by the prolonged cooling here. The latter
explains the P-E increase over Scandinavia. A gen-
eral increase in precipitation is expected during a
transition from a cold to a warm climate and ex-
plains the positive P-E anomaly over the continent
Ž .see discussion on GS-2a–GI-1e transition . A sec-
ond factor is that we prescribed an unlimited soil

Žmoisture supply in NW Europe in expGS-1 cf.
.Renssen et al., 2000 , causing relative high evapora-

tion values in expGS-1. As a result, the evaporation
in expPB is only slightly higher than in expGS-1 or
even lower in some regions, thus producing a more
positive P-E anomaly over the continent compared to
the GI-1e minus GS-2a anomaly. Finally, it should
be noted that there is evidence for a drier, second

Ž .phase of the GS-1 Walker, 1995 . If valid, this
would imply an even stronger positive anomaly over
the 11.5 k transition.

4.3. Comparison of two transitions and climatologi-
cal implications

A comparison of the two transition phases reveals
some marked similarities and differences. Thesimi-

Ž .larities can be summarised as follows: 1 the change
in temperature generally increases going from S to

Ž .NW Europe, 2 the increase in January temperature
is much stronger than the increase in July tempera-

Ž .ture, 3 the change in ‘effective’ precipitation is not
as marked as the change in temperature. The follow-
ing differencesbetween the 14.7 and 11.5 k phases

Ž .may be identified: 1 the 11.5 k transition shows a
warming during July in S Europe that is smaller than

Ž .during the 14.7 k transition, 2 during the 11.5 k
transition there is only a N–S gradient in the January
temperature anomaly, whereas there is an additional
W–E gradient in the 14.7 k shift. How can we
explain these observations and what are the implica-
tions in terms of climate? Before answering these
questions, it is necessary to consider the aspect of
uncertainty.

The model–data comparison enabled us to draw
conclusions on the three factors of uncertainty men-

Ž . Ž .tioned earlier, viz. 1 the model performance, 2
Ž .the boundary conditions and 3 the climate recon-

struction. A short overview is given here. After
clarifying the role of the three factors, we may infer
the importance of the various driving factors behind
the two climate transitions.

4.3.1. Model performance
We assumed that the model performance was of

less importance than the other two factors, since the
model is capable to simulate the present climate

Žreasonably well Roeckner et al., 1996, Pinot et al.,
. Ž .2000 . Moreover, Kageyama et al. 1999 showed

Ž .that the ECHAM model in this case version 3
simulated more realistic storm tracks than other
AGCMs. It should be realized that a good representa-
tion of the present climate does not prove that the
model’s sensitivity is correct. However, a recent

Ž .study Pinot et al., 2000 showed that, at least for the
LGM climate, the ECHAM model performed within
the range provided by other models. Our model–data
comparison taught us that the ECHAM model tends
to simulate anomalously high summer temperatures
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as a reaction to the relatively high summer insolation
values. The simulation of relatively warm summer
conditions over Europe is a known model bias
Ž .Roeckner et al., 1996 . In the case of the climate of
GS-1, we analysed the high summer temperatures in
detail in earlier papers and inferred that the soil
module of ECHAM4 may be too simplified to ade-

Žquately deal with the changed radiation Renssen and
.Isarin, 1998; Renssen et al., 2000 .

4.3.2. Boundary conditions
The conditions in the N Atlantic Ocean are crucial

to the model results and yet relatively uncertain. We
inferred from the model-data comparison that the
prescribed surface ocean conditions appear to be
realistic for expGS-2a and expGI-1e. However, in
expGS-1 the winter sea ice margin was positioned
too far to the North, causing too warm January

Žconditions close to the Atlantic coast Renssen and
.Isarin, 1998 . Moreover, we argued that the pre-

scribed modern ocean conditions in expPB were
unrealistic, implying that the Atlantic Ocean was a
few degrees cooler during the PB than today. We
have not found indications that other prescribed

Žboundary conditions i.e. ice sheets, vegetation pa-
.rameters, greenhouse gasses, insolation were unreal-

istic.

4.3.3. Climate reconstructions
We consider the reconstructions as reliable, since

they are based on a combination of data sets, in total
including more than 400 sites. Data within the indi-
vidual data sets have been treated in standardised
procedures. However, data are unevenly distributed
throughout the study area: data sets for S and E
Europe clearly need extension. Moreover, the recon-
structions lack quantification of errors. Although, as
mentioned in 2.2, insect- and pollen-based tempera-
ture estimates may both represent true mean values
for stadial conditions, this appears not to be the case
for relatively warm phases. The model–data compar-
ison revealed that the simulated July temperatures
for GI-1e and PB were in some instances in better
agreement with temperature reconstructions based on
beetles than with the pollen-based reconstructions.
This observation could imply that beetles are better
indicators for interstadial July temperatures than cli-
mate indicator plant species. However, as mentioned

before, the reconstructions based on climate indicator
plant species areminimum values. In addition, the
number of plant species indicating July temperatures
above 138C is limited, which may partly explain the
underestimation of July temperatures as compared to
those based on beetle data. Based on various factors,

Ž .Isarin and Bohncke 1999 estimated the uncertainty
of their pollen-based temperature reconstructions at 1
to 28C. Similarly, calculation of past January temper-
atures may include errors of several degrees Celsius
Ž .Isarin et al., 1998, p. 451 . As described before, few

Ž .data and climate diagnostic features are available
for the reconstruction of GI-1e and PB January
temperatures. Consequently, no isotherms could be
reconstructed. A reliable proxy for former January
temperatures is clearly needed.

4.3.4. Importance ofÕarious forcing factors
The presented results illustrate that the surface

conditions in the Atlantic Ocean represent the most
important factor driving the warming during the two
transitions in Europe. In both cases, the increase in
January temperature over NW Europe is much
stronger than the increase in July temperature. The
January temperature increase is governed by the
position of the Atlantic sea ice margin. Over the
extended sea ice cover the air is strongly cooled to
temperatures belowy308C. Consequently, the sea
ice cover is the source region of very cold air. We
inferred that during GS-2a and GS-1 this winter sea

Žice margin was situated at mid-latitudes;458N and
.;528N, respectively , causing the January tempera-

tures in NW Europe to be as low asy158C to
y258C. During the two transitions these sea ice
margins shifted to a location northwards of 608N,
allowing incursion of relatively warm ocean waters,
in turn providing a heat source for Europe. This
resulted in January temperatures that were 108C to
258C higher than during the stadial conditions. Our
model results clearly illustrate that the position of the
sea ice margin after the transition determines the
pattern of the increase in January temperature. For
instance, we prescribed ice-covered Nordic seas in
expGI-1e, resulting in a maximum increase of Jan-

Žuary temperatures of 258C centred at 578N see
.expGI-1e minus expGS-2a anomaly, Fig. 4f . In

contrast, in expPB we assumed that the Nordic seas
were free of sea ice, causing a maximum warming in



( )H. Renssen, R.F.B. IsarinrGlobal and Planetary Change 30 2001 117–153144

northernmost Europe in the expPB minus expGS-1
Ž .anomaly Fig. 8f .

This difference is also evident in the sea level
Ž .pressure plots Fig. 12b and d . In the expPB-result

an extension of the Icelandic Low towards Scandi-
navia is visible, implying a regular inflow of rela-
tively mild and moist oceanic air in this region,
whereas in the expGI-1e plot the pressure is rela-
tively high in this region, suggesting more cold and
dry conditions in northernmost Europe.

We inferred that the increase in July temperature
Ž .was mainly driven by two factors: 1 the summer

Ž .insolation and 2 the ice sheets. The warming of the
N Atlantic Ocean appears to have had a minor effect
on the July temperature increase. From the present
climate we know that the July temperature distribu-
tion in Europe depends primarily on the latitudinal

Ždistribution of solar radiation causing a N–S tem-
.perature gradient . As discussed in Section 2.1, the

summer insolation was relatively strong compared to
today, with the anomaly increasing at 508N from
q18 Wrm2 during GS-2a toq34 Wrm2 during
PB. Consequently, these high values forced the July

Žtemperatures to be relatively high during GS-2a i.e.
.between 108C and 208C in NW Europe . As a result,

the increase of July temperature during the transi-
Ž .tions was small generally less than 68C compared

to the January conditions. The model results indicate
that deglaciated regions formed an exception to this
observation, as the July temperatures increased here
by up to 108C in the model. This shows that the
proximity of the ice sheets had a strong tempering
effect on the July temperatures.

On the basis of previously published model sensi-
tivity studies it may be argued that the effect of other

Žchanged boundary conditions i.e. concentration of
.greenhouse gases and vegetation parameters on the

14.7 and 11.5 k transitions was relatively small. The
consequence of the changed atmospheric concentra-

Ž .tions of greenhouse gasses i.e. CO , CH and N O2 4 2

is modest because the dominant part of their effect is
incorporated in the prescribed SSTs and sea ice. This
is clarified by, for instance, the work of Kutzbach

Ž .and Guetter 1986 , who found that a lowering of the
atmospheric CO concentration from 330 to 2002

ppm in an AGCM simulation resulted in a cooling of
only 0.28C over Northern Hemisphere land surfaces.
The effect of vegetation changes was studied in an

earlier paper, in which it was concluded that it might
have a relevant effect under specific circumstances
Ž .Renssen and Lautenschlager, 2000 . Especially the
percentage of land surface covered with trees ap-
peared to be important, as this controls the surface
albedo during winter. A sensitivity experiment sug-
gested that a change from a tree-less landscape to a
closed forest may cause a local temperature increase
of 38C. However, in the experiments discussed in the
present paper, we assumed that the percentage of
land surface covered with trees changed relatively
little during the transitions. Going from GS-2a to
GI-1e the landscape in NW Europe remained tree-less
due to slow migration rates of trees and an absence

Žof a favourable substrate e.g. Paus, 1995; Hoek,
.1997 . Moreover, during GS-1 trees were more com-

mon in Europe, implying that the increase in forest
density was not sufficient to evoke a large climato-
logical effect.

4.3.5. Implications for registration of shifts in proxy
data

The determination of the effect of different
boundary conditions enables us to discuss expected
implications for proxy data. Obviously, the position
of various regions in Europe relative to changes in

Žimportant boundary conditions i.e. sea ice margin,
.ice sheets during the two climate transitions varied.

As a result, it is expected that the registration of the
magnitude of the two transitions in terrestrial proxy
records was geographically different. This implies
that reconstructed temperature curves from various
sites in Europe should show different magnitudes.
Moreover, the timing of the two major shifts proba-
bly varied from place to place, as this timing is
mainly determined by the position of the sea ice and

Ž .land ice c.f. Coope and Lemdahl, 1995 . For in-
stance, in N Norway the timing of the major warm-
ing is expected to be later than in Ireland, because in
the North the ocean remained covered with sea ice
and the Scandinavian ice sheet remained present
until the early Holocene.

5. Conclusions

In this paper we characterised the major climate
transitions in Europe during the last glacial–intergla-
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cial transition at 14.7 and 11.5 k by comparing maps
of January and July temperatures obtained by two

Ž .independent methods: 1 simulations with an atmo-
Ž .spheric general circulation model and 2 reconstruc-

tions based on geological and palaeoecological data.
In addition we compared estimates of lake level
change with simulated P-E values. Based on these
comparisons we conclude the following:

Ž .1 The increase in January temperature during
both 14.7 and 11.5 k transitions was up to 208C in
NW Europe, as January temperatures increased from
y258C to y158C in GS-2a and GS-1 to values
betweeny58C and 58C in GI-1e and PB.

Ž .2 The July conditions during the two transitions
changed less dramatically, as July temperatures in-
creased in NW Europe by about 3–58C from about
108C to 158C during GS-2a and GS-1 to 138C to
178C in GI-1e and PB. In S Europe the July warming
appears to be less intense.

Ž .3 Our comparison suggests that the effective
precipitation remained at the same level during the
14.7 k transition. For the 11.5 k transition a small
increase is found in some regions. The small net

Žeffect in effective precipitation compared to temper-
.ature is explained by similar increases in precipita-

tion and evaporation during both transitions.
Ž .4 The main factor driving the January tempera-

ture increase during both climate transitions was the
N Atlantic Ocean. The change in SSTs and in the
position of the sea ice margin determined the tem-
perature change over land. The location of the sea
ice margin before and after the transition controls the
pattern of the January temperature increase. The
model simulations indicate that this pattern appears
to have been different for the two climatic shifts,
with the major temperature increase being positioned
near the Atlantic coast during the 14.7 k transition
and in northernmost Europe during the 11.5 k transi-
tion.

Ž .5 The increase in July temperatures was mainly
determined by the increase in summer insolation but
modified by the deglaciation in Scandinavia and
Scotland. Compared to the changes in the Atlantic

ŽOcean, the insolation changes were gradual 2 to 3
2 .Wrm over the transitions , thus explaining the

relatively small temperature increase in July com-
pared to January. The climate model results sug-
gested that July temperatures increased by up to

108C in regions where land ice disappeared during
the transitions.

Ž .6 Our analyses suggest that the registration of
the magnitude of the two climate transitions in ter-
restrial proxy records was geographically different
due to the changing environmental conditions; shifts
in the N Atlantic sea ice margin appear to be the
most important. This implies that reconstructed tem-
perature curves from different places in Europe
should show different magnitudes. Moreover, it is to
be expected that the timing of the major warming
phases is spatially different, as this timing is con-
trolled by the location of the sea ice and land ice
margins relative to the place of interest.
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