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Abstract

Atmospheric model simulations with different extents of sea-ice are compared with reconstructed European mean annual
temperatures derived from permafrost indicators. Analysis of the results suggest that during cold phases of the Last Glacial, the
southern margin of permafrost in western Europe was controlled by the latitude of the winter sea-ice margin in the North Atlantic
Ocean. In this case reconstructions of permafrost extent in Europe may be used to constrain past winter sea-ice conditions in the
North Atlantic Ocean. Accordingly, extensive North Atlantic sea-ice cover southwards to at least 50°N is inferred during four
phases of the Last Glaciation: (1) Early Pleniglacial (74-59 cal kyr BP), (2) the Hasselo Stadial (41.5-40 cal kyr BP), (3) the LGM
(23-19 cal kyr BP) and (4) the Younger Dryas (12.7-11.5 cal kyr BP). The extensive sea-ice cover for the phase of maximum cold
disagrees with recent studies suggesting a relatively warm North Atlantic during the LGM, while it agrees with the original
CLIMAP reconstruction. Moreover, the estimate for the Younger Dryas cooling conflicts with reconstructions based on marine

proxy data.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

It is important to have a good understanding of past
North Atlantic surface conditions, as they may hold
clues to the sensitivity of the global ocean circulation to
varying forcing factors. The North Atlantic surface
conditions of the Last Glacial are, however, still under
debate. For instance, sea-surface temperature (SST)
reconstructions based on dinoflagellates (deVernal et al.,
2000) suggest that the North Atlantic may have been
substantially warmer during the Last Glacial Maximum
(LGM, ~23-19 cal kyr BP, all dates are in thousand
cal years BP based on Martinson et al., 1987; Kitagawa
and van der Plicht, 1998; and Stuiver et al., 1998) than
inferred in the original CLIMAP (1981) reconstruction
(Pinot et al., 1999). CLIMAP proposed a relatively cold
North Atlantic with a winter sea-ice cover extending
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southwards to 45°N. Likewise, the North Atlantic SSTs
for the Younger Dryas cold event (YD) are also
disputed. Reconstructions for YD SSTs and sea-ice
extent based on foraminifera (Sarnthein et al., 1995) and
diatoms (Koc et al., 1993) suggest a relatively warm
Atlantic Ocean that is in conflict with a strong
weakening of the thermohaline circulation that is often
proposed for the YD (e.g., Stocker and Wright, 1996;
Manabe and Stouffer, 1997; Renssen, 1997; Broecker,
1998). To improve our understanding of North Atlantic
surface conditions during these phases, this paper
explores the relation between the Atlantic sea-ice cover
and past permafrost conditions in NW Europe. For this
purpose we combine climate model simulations and
geological data giving information on permafrost
distribution.

The distribution of permafrost in Europe during
various stages of the Last Glacial is relatively well
known, as some relic features associated with perma-
frost are well preserved. Reconstructions of permafrost
distribution in NW Europe exist for the following cold

0277-3791/03/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0277-3791(02)00190-7



210 H. Renssen, J. Vandenberghe | Quaternary Science Reviews 22 (2003) 209-223

phases: the Early Pleniglacial (74-59 kyr BP), the
Hasselo Stadial (41.5-40 kyr BP), the LGM and the
Younger Dryas (~12.7-11.5 kyr BP) (Vandenberghe
and Pissart, 1993; Huijzer and Isarin, 1997; Isarin,
1997; Huijzer and Vandenberghe, 1998). Obviously, the
existence of active permafrost is evidence for mean
annual temperatures well below 0°C, the details of which
are discussed below.

In earlier studies we reported on various experiments
on the Lateglacial climate performed with the Hamburg
atmospheric general circulation model (AGCM) (e.g.,
Renssen, 1997). We tested this model’s sensitivity to
various changes in boundary conditions, such as
vegetation distribution (Renssen and Lautenschlager,
2000) and SSTs/sea-ice cover (Renssen et al., 1996;
Renssen, 1997). Moreover, we compared the results of
these simulations with climate reconstructions based on
terrestrial proxies to evaluate the model performance
and to improve our understanding of the simulated
climates (Isarin et al., 1997, Renssen and Isarin, 1998,
2001a,b; Isarin and Renssen, 1999; Renssen et al., 2000).
In this paper we reverse the latter procedure, by using
the AGCM’s output to show that terrestrial proxies (in
this case ‘periglacial’ data) may be applied to constrain
the surface conditions of the North Atlantic (i.e. an
AGCM boundary condition). To investigate the relation
between permafrost conditions in NW Europe and sea-
ice cover, we compare results of four experiments with
different sea-ice extents.

2. Methods
2.1. Climate model and experimental design

2.1.1. The model

Our climate simulations were carried out with the
ECHAM (European Centre/HAMburg) AGCM. This
three-dimensional spectral model with 19 vertical layers
is designed to simulate the atmospheric circulation at a

Table 1

subcontinental-to-global scale. We applied the so-called
T42 version with a spatial resolution of ~2.8° x 2.8°
latitude-longitude (DKRZ, 1994). Most results pre-
sented in this paper are from four experiments
performed with the older ECHAM3 version, which
produces a realistic modern climate (see Roeckner et al.,
1992). In addition, we also present results of one
experiment performed with the newer, up-dated version
of the model, i.e. ECHAM4 (Roeckner et al., 1996).
Considering the land-surface climate, the main improve-
ment of ECHAM4 compared to ECHAMS3 is a more
appropriate representation of surface radiation fluxes,
causing smaller errors in estimating temperature and
precipitation (Roeckner et al., 1996). It should be noted
that the representation of sea ice is relatively simple in
the ECHAM model. When SSTs of less than —1.9°C are
prescribed, the model assumes in the Northern Hemi-
sphere a continuous sea ice cover with a thickness of
2 m. Using this thickness, the model calculates the heat
flux between the ocean and atmosphere, on which the air
temperature over the sea ice strongly depends. A sea-ice
thickness of 2 m is a reasonable estimate for the Arctic
Ocean, but is an overestimation near the sea-ice
boundaries. Moreover, near the sea-ice margins it is
likely that the cover is not continuous, as leads are
normally present here, especially when strong surface
winds are present. Probably, these two effects cause the
model to overestimate the insulating effect of sea ice in a
zone of a few 100 km (i.e. 1-2 grid cells, see e.g.,
Gloersen et al., 1992) near the sea-ice boundaries,
resulting in too low surface air temperatures (i.e. a few
°C difference, e.g., LeDrew and Barber, 1992; Parkinson
et al., 2001).

2.1.2. Experimental design

The four palacoclimate experiments presented in this
study differ from a control simulation (CTRL) of the
present-day climate by the definition of boundary
conditions. These four palaeoclimate simulations may
be characterised as follows (see also Table 1).

Experimental design with the most important boundary conditions mentioned

Boundary conditions  Experiments

CTRL Modern CATL Cold North

YD1 “Younger

YD2 “Younger

LP ‘Late

Atlantic
SSTs and sea ice 0k YD (N Atlantic)
Winter sea-ice limit 75°N 65°N
Atl.
Ice sheets 0k 0k
Insolation 0k 0k
CO;, (ppmv) 345 345

Dryas’ Dryas cold’ Pleniglacial’
YD (N Atlantic) Summer: Atlantic as CLIMAP
YD1 Winter:
conveyor off —2°C
in North Pacific
65°N 55-62°N 42-48°N
12 k 12k 15k
12k 12k 15k
230 230 220

CTRL, CATL, YDI and YD2 are performed with ECHAM?3-T42, whereas LP is carried out with ECHAM4-T42. Here ‘k’ denotes cal kyr BP.
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CTRL, JanuarySSTs (°C)

CATL, YD1,January SSTs

Fig. 1. Prescribed January ocean-surface conditions in the North Atlantic region. SSTs are plotted for 0°C, 5°C, 10°C and 15°C (solid lines). The
broken line denotes the sea-ice margin (SST < — 1.9°C). (a) CTRL (modern), (b) CATL and YDI (based on Koc et al., 1993; Sarnthein et al., 1995),

(c) YD2 (based on Schiller et al., 1997), (d) LP (based on CLIMAP, 1981).

(1) CATL: modern boundary conditions, but with a
cold North Atlantic,

(2) YDI1: Younger Dryas boundary conditions with a
cold North Atlantic as in CATL,

(3) YD2: as YDI, but with additional ocean cooling in
North Atlantic (winter only), inferred from com-
paring proxy data and model results (discussed in
detail in Renssen, 1997), and

(4) LP: Late Pleniglacial boundary conditions.

The most important boundary conditions are ocean-
surface conditions (SSTs and sea ice), extent and
elevation of ice sheets, insolation and atmospheric
concentration of CO, (Table 1). As our aim is to
investigate the relation between European permafrost
distribution and North Atlantic sea-ice cover, we
present results of three experiments with different
extents of sea-ice cover, viz. YDI, YD2 and LP. In
these three experiments other boundary conditions (i.e.,
ice sheets, insolation and CO, concentration) are also
changed relative to CTRL. In addition, we present
results of a fourth experiment (CATL) with modern
boundary conditions as in CTRL, except for the North
Atlantic that is cooled as in YDI, enabling us to

distinguish the effect of ocean-surface conditions from
the other boundary conditions by comparing the results
of CATL and YDI. Experiment LP was performed with
ECHAMA4. The sets of boundary conditions are detailed
elsewhere (Renssen, 1997; Renssen and Isarin, 2001a)
and summarised below.

2.1.3. Ocean-surface conditions

In the palaeoclimate experiments different magni-
tudes of ocean cooling are prescribed. Most impor-
tantly, the winter sea-ice margin shifts from 75°N in
CTRL, to 65°N in CATL and YDI, 55-62°N in YD2
and 46-48°N in LP (Figs. la—d). The sea-ice cover in
CATL and YD1 is based on palaeoceanographic
reconstructions of Sarnthein et al. (1995) and Koc et al.
(1993). A detailed model-data comparison suggested
that Atlantic winter sea-ice cover was more extensive
during the YD (see detailed discussion in Renssen et al.,
1995; Renssen, 1997). Therefore, a second YD simula-
tion (YD2) was performed with an additional Atlantic
cooling (Fig. 1c) based on a conveyor belt shutdown in a
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Table 2

Relation between various types of periglacial evidence and temperatures (simplified after Huijzer and Isarin, 1997)

Periglacial phenomena

Mean annual air temperature

Mean air temperature coldest month

Thermal contraction cracks
Ice-wedge cast, relic sand wedge, composite-wedge cast

ININ N

Seasonal frost crack

Periglacial involutions
Large-scale (amplitude>0.6 m)

NN IN

Small-scale (amplitude <0.6 m)

Perennial frost mounds
Open-system pingo
Closed-system pingo
Organic palsa

Mineral palsa

INCINCIN N

_4°C?

< —20°C
—g8°CP < —20°C
—1°C to 0°C < -8°C
—4°C? < -20°C
—8°CP

—-1°C

—3Cto < —-1°C
—6°Cto < —4°C
—-1°C

—-6°Cto < —-4°C

#Some inferences are only valid for phenomena in fine-grained substrate (see Huijzer and Isarin, 1997) for all references.
®Some inferences are only valid for phenomena in coarse-grained substrate (see Huijzer and Isarin, 1997) for all references.

coupled atmosphere-ocean model experiment (Schiller
et al., 1997). As suggested by Renssen and Isarin (1998),
the prescribed sea-ice cover in YD2 may still under-
estimate the oceanic cooling that occurred during the
YD. In the Late Pleniglacial experiment (LP) the global
SST reconstructions of CLIMAP (1981) were pre-
scribed, including an extensive North Atlantic cooling
(Fig. 1d, Renssen and Isarin, 2001a, b).

2.1.4. Other boundary conditions: ice sheets, insolation
and atmospheric CO,

In YDI, YD2 and LP we altered the topography and
surface albedo to account for the presence of the
Scandinavian, British and Laurentide ice sheets
(Renssen and Isarin, 2001a). Ice-sheet extents and
elevations are based on reconstructions of Peltier
(1994). A surface albedo of 0.8 was prescribed for these
ice sheets, whereas the value ranges from 0.6 to 0.8 for
the ice sheets in Antarctica and Greenland. Moreover,
we changed the land—sea distribution by converting sea
cells to land cells in the North Sea region to include the
effect of a lower sea level (e.g., Fairbanks, 1989).
Insolation was changed in YD1, YD2 and LP according
to Berger (1978), leading in the northern hemisphere
mid-latitudes to more incoming solar radiation during
summer and less during winter. The atmospheric CO,
concentration was lowered from 345 ppmv in CTRL to
230 ppmv (YD1 and YD2) and 220 ppmv (LP), based
on analyses in Antarctic ice cores (e.g., Barnola et al.,
1987). In addition, in LP we also lowered the
concentrations of CH4; and N,O (Raynaud et al.,
1993), a change not possible in the experiments (YD1
and YD2) carried out with the older model version
(ECHAM3). Furthermore, the LP experiment also took
into account the effect of different vegetation by

changing the values of surface background albedo, leaf
area index, vegetation cover, forest cover and roughness
length (Claussen et al., 1994). The values of these
parameters were altered according to the glacial vegeta-
tion reconstruction of Adams and Faure (1997),
following the procedure detailed in Renssen and
Lautenschlager (2000).

2.2. General principles of climate reconstruction in
permafrost regions

Permafrost occurs when the subsoil that has been
frozen in winter does not thaw completely in summer
during at least two successive years. A distinction may
be made between regions with continuous and discon-
tinuous permafrost. The permafrost is called continuous
when it occurs at all places. From studies in present-day
periglacial environments it appears that the boundary
between discontinuous and continuous permafrost
depends on special temperature requirements, and on
the lithology of the subsoil (Romanovskij, 1976) and the
thickness of the snow cover. A mean annual air
temperature (MAAT) below —8°C is required for
regions with a sandy or gravely subsoil, while in regions
with a fine-grained subsoil (e.g., loess) this temperature
must be lower than —4°C (Vandenberghe and Pissart,
1993). It means that mean annual air temperatures
between —4°C and —8°C produce continuous perma-
frost in loess regions, no permafrost in sandy-gravely
regions, and discontinuous permafrost in regions with
both fine and coarse-grained soils.

Various types of sedimentary deformation and land-
forms are characteristic of continuous or discontinuous
permafrost (Table 2). Many of these phenomena have
left distinct features in the geological archive and may
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thus be used as evidence for the former existence of
permafrost and the related temperature conditions. As
shown in Table 2, three relevant types of periglacial
features can be identified: (1) thermal contraction
cracks, (2) periglacial involutions and (3) perennial frost
mounds. Thermal contraction of the frozen ground due
to lowering of the temperature often leads to the
formation of so-called thermal contraction cracks
(French, 1996). Due to repeated cracking, they may
develop into wedges filled by ice or sand. They form
only in continuous permafrost. Another type of crack is
narrow and shallow and develops already in the
seasonally frozen layer. It does not require the existence
of permafrost. Degradation of ice-rich permafrost my
lead to soil deformation (periglacial ‘involutions’ or
‘cryoturbations’, Vandenberghe and Van de Broek,
1982; Murton et al., 1995). A distinction must be made
between large-scale structures that require permafrost
for their development, and smaller-scale cryoturbations
that may form under seasonal frost (Vandenberghe,
1988). In permafrost environments perennial frost
mounds may develop as an effect of the local freezing
of soil water. Various types (i.e. pingos and palsas) are
identified on the basis of the mechanism of formation
and on the structure and properties of the ice inside the
mounds (Mackay, 1978, 1988; French, 1996; Pissart
et al., 1998).

3. Model results
3.1. Introduction

In Section 2.2 it was discussed that the southern limit
of continuous permafrost represents a maximum mean
annual air temperature of —8°C and a mean winter
temperature lower than —20°C. Moreover, discontin-
uous permafrost only develops when mean annual
temperatures are —4°C or below. In this section we
focus on the relation between the same temperatures in
the simulation results and the various prescribed ocean-
surface conditions. But before we can establish this
relation, we need to identify the effect of these ocean-
surface conditions compared to that of other changed
boundary conditions.

3.2. Impact of ocean-surface conditions vs. other
boundary conditions

The effect of SSTs and sea ice compared to the
composite effect of ice sheets, insolation and greenhouse
gases is investigated by analysing the difference between
CATL and YDI (Table 1). As expected, compared to
CTRL (Fig.2a and b) the changes in boundary
conditions caused a considerable change in air tempera-
tures in CATL and YD1 (Figs. 3a and b and 4a and b).

Moreover, a comparison of Figs. 3a and b and 4a and b
reveals that mean January and annual isotherms are
very similar in CATL and YDI. Consequently, it
appears that ocean-surface conditions control the sur-
face air temperature distribution in Europe. What is the
effect of ice sheets, insolation and greenhouse gases on
the temperature? In an earlier study we showed that the
main impact of the Scandinavian ice sheet in YD1 was a
cooling over its surface during summer (Renssen, 1997).
This effect is visible in the mean annual temperature plot
for YDI1, as cooler conditions are simulated over
Scandinavia compared to CATL (compare Fig. 4b with
Fig. 3b). Moreover, in Renssen (1997) it was also shown
that insolation caused summer warming of 1-2°C over
continental Europe in YD1 compared to CATL. The
impacts of lowered CO; concentration and insolation in
winter were negligible in Europe (Renssen, 1997). In
summary, we conclude that in YD1, YD2 and LP, the
combined effect of ice sheets, insolation and greenhouse
gases on the temperature distribution in Europe is minor
compared to the dominating impact of ocean-surface
conditions.

3.3. Relation between air temperatures and ocean-surface
conditions

In the palaeoclimate simulations, the prescribed
winter sea-ice margin is at the same latitude as the
thermal limits associated with the southern margin of
permafrost in NW Europe. The computed January air
temperatures (Figs.2a, 3a, 4a, 5a and 6a) over the
prescribed Atlantic sea-ice cover (Figs. la—d) are below
—15°C to —20°C. As expected, over the coastal region of
NW Europe the latitude of the —15°C and —20°C
isotherms is equivalent to the latitude of the prescribed
southern sea-ice margin. Compared to CTRL, the
winter isotherms in our palaeoclimate experiments are
more zonally orientated due to the colder Atlantic
Ocean. Moreover, near the European Atlantic coast the
zone with simulated annual air temperatures between —4
and —8°C (i.e. discontinuous permafrost conditions)
coincides within 5° of latitude with the computed —15°C
and —20°C January isotherms (compare Figs. 3b, 4b, 5b
and 6b with Figs. 3a, 4a, 5a and 6a). Consequently, in
the model the occurrence of permafrost conditions in NW
Europe is controlled by the winter sea-ice limit in the
North Atlantic Ocean. As discussed, the representation
of sea ice in the ECHAM model is relatively simplified,
which could potentially lead to an overestimation of
surface cooling over sea ice of a few degrees centigrade.
Nevertheless, if we assume that the observed sea ice-
permafrost relation is real, the procedure may be
reversed by using reconstructions of permafrost dis-
tribution in NW Europe to constrain the sea-ice extent
in the North Atlantic.
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Fig. 2. Simulated maximum surface (2 m) air temperatures in °C for CTRL: (a) January, (b) annual. Shown are the isotherms that are associated
with permafrost conditions. For the southern limits of continuous and discontinuous permafrost, the maximum annual air temperatures are —8°C

and —4°C, respectively.

4. Permafrost distribution in Northwest and Central
Europe

The permafrost distribution in northwest and central
Europe is well known for the Last Glacial. Permafrost
occurred during the Early Pleniglacial, Hasselo Stadial,
LGM and YD. Between these periods, permafrost
disappeared largely from the study region. Table 3 gives
an overview of permafrost limits in NW Europe during
these cold phases. Maps of permafrost distributions for
various phases have been presented by Huijzer and
Isarin (1997), Isarin (1997) and Huijzer and Vanden-

berghe (1998). Here we show the permafrost limits for
the LGM and YD (Figs. 7a and 7b), as these two phases
are discussed in detail.

4.1. Permafrost reconstructions for the LGM in NW and
Central Europe

After the relatively warm MIS 3, permafrost
re-established during the LGM after 28 kyr BP
(Fig. 7a). Huijzer and Vandenberghe (1998) made an
extensive inventory of all described permafrost relics
from that period in northwest and central Europe. From
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Fig. 3. Simulated maximum surface air temperatures in °C for CATL: (a) January, (b) annual. Shown are the isotherms that are associated with
permafrost conditions. For the southern limits of continuous and discontinuous permafrost, the maximum annual air temperatures are —8°C and

—4°C, respectively.

their map it is clear that continuous permafrost
extended throughout the UK, northern Belgium, The
Netherlands and northern Germany and Poland. The
latter authors put the boundary with the discontinuous
permafrost zone around the Belgian—French border.
This is in contrast with the map of Van Vliet-Lanoé
(1996), showing continuous permafrost also over north-
ern, central and eastern France. The very cold condi-
tions in central and eastern France as reconstructed by
Van Vliet-Lanoé (1996) may be due to their higher
altitude, and it should be noted that the permafrost
reconstructions by Huijzer and Vandenberghe (1998)
represent the situation reduced to sea level. Further-

more, the north-south boundary between continuous
and discontinuous permafrost by Van Vliet-Lanoé
(1996) over central France is not compatible with the
clear and strong dominance of N-S gradients in all the
coldest periods of the Last Glacial (Coope et al., 1998;
Huijzer and Vandenberghe, 1998; Isarin et al., 1998).
Invoking a strong influence by a ‘warmer’ Atlantic
Ocean to explain the supposed W—E gradient does not
conform with the evidence.

For the present study it should be emphasised that the
reconstructions of the palaeoclimatic conditions in
western France are similar in both approaches. Not-
withstanding the differences in central and eastern
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Fig. 4. Simulated maximum surface air temperatures in °C for YDI: (a) January, (b) annual. Shown are the isotherms that are associated with
permafrost conditions. For the southern limits of continuous and discontinuous permafrost, the maximum annual air temperatures are —8°C and

—4°C, respectively.

France described above, both reconstructions put the
continuous—discontinuous permafrost boundary
(equivalent with a mean annual air temperature of
—8°C) on the continental shelf at 50°N (Fig. 7a).
Corresponding temperatures of the coldest month
should have been around —25°C (Huijzer and Vanden-
berghe, 1998). These winter temperatures agree with
data based on beetle occurrences. Assuming a (nearly)
symmetrical annual temperature cycle, with a mean
annual temperature of —8°C and a summer temperature
of +8°C (Vandenberghe, 1985a), also gives winter
temperatures around or less than —25°C, which is in
agreement with data based on beetle occurrences

(Huijzer and Vandenberghe, 1998). To conclude, in the
present study we combine the permafrost reconstruc-
tions of Van Vliet-Lanog€ (1996) and Huijzer and
Vandenberghe (1998), resulting in the map presented
in Fig. 7a.

The described temperature conditions characterise the
coldest episodes of the LGM. In Belgium and The
Netherlands (Fig. 8) there are a few indications that the
ice wedges in sandy subsoils degraded temporarily
around 22-21 kyr BP, but resumed their development
afterwards (e.g., Vandenberghe, 1977; Van Huissteden
et al., 2000). It has not been proven that this permafrost
degradation had a climatic origin, but it is also not
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Fig. 5. Simulated maximum surface air temperatures in °C for YD2: (a) January, (b) annual. Shown are the isotherms that are associated with
permafrost conditions. For the southern limits of continuous and discontinuous permafrost, the maximum annual air temperatures are —8°C and

—4°C, respectively.

excluded that this phase corresponded with a warmer
oscillation in the Greenland ice-core records. Finally,
continuous permafrost disappeared after 20 kyr BP in
the coversand region of The Netherlands (Bateman and
van Huissteden, 1999). Within the loess substratum in
Belgium ice wedges persisted for some longer time since
the degradation of the youngest ice wedges took place
just before 17 kyr BP (based on Iuminescence and
radiocarbon dates: Vandenberghe, 1985b; Vanden-
berghe et al., 1998; Van den Haute et al., 1998). It
means that the permafrost zone shifted rapidly north-
wards after 20 kyr BP. Between 15 and 17 kyr BP, a
narrow zone with continuous permafrost (evidenced by

the occurrence of ice-wedge casts) persisted only near to
the retreating ice sheets (e.g., in Poland and northern-
most Germany: Kozarski, 1993; Helbig, 1999). In The
Netherlands and Belgium deep frost cracks developed in
that period pointing to mean annual air temperatures
below —1°C (Fig. 8).

4.2. Permafrost reconstruction for the Weichselian
Lateglacial in NW and Central Europe

In the relatively warm period preceding the Younger
Dryas (i.e. Bolling-Allerod Interstadial or Greenland
Interstadial 1), there were no indications at all for
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Fig. 6. Simulated maximum surface air temperatures in °C for LP: (a) January, (b) annual. Shown are the isotherms that are associated with
permafrost conditions. For the southern limits of continuous and discontinuous permafrost, the maximum annual air temperatures are —8°C and

—4°C, respectively.

permafrost conditions in The Netherlands and Belgium
(Vandenberghe and Pissart, 1993). Mean annual air
temperatures rose even considerably above 0°C at the
beginning of this period (Renssen and Isarin, 2001a).
For the Younger Dryas, Isarin (1997) and Isarin et al.
(1998) defined the southern boundaries of the contin-
uous and the discontinuous permafrost, corresponding,
respectively, with the —8° and —4°C isotherms of mean
annual air temperature (Fig. 7b). The results show a
northward shift of about 5° for the E-W trending —8°C
isotherm, going through central Ireland (ca 55°N), in
comparison with the same isotherm during the coldest
part of the LGM (Fig. 7a). A similar northward shift of

the —4°C isotherm is derived, going through the
southernmost part of England (ca 50°N). The latter line
should correspond approximately with the —20°C
isotherm of the coldest winter month.

4.3. Summary

Extensive periglacial evidence shows that during the 4
cold phases in the Last Glacial permafrost was present
in NW Europe as far south as 50°N. Following the
observation that the latitude of permafrost extension in
NW Europe is controlled by the winter sea-ice cover
(Section 3), this suggests that the Atlantic Ocean was
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Table 3

Latitudes of southern margins of discontinuous and continuous permafrost in NW Europe for several cold glacial phases

Cold phase Latitude discontinuous permafrost Latitude continuous permafrost
Younger Dryas (12.9-11.5 k) 50°N S55°N
LGM (23-19 k) 45°N? 50°N
Hasselo stadial (41.5-40 k) 50°N 55°N
Early Pleniglacial (phases within 74-59 k) 45°N? S0°N

Margins are taken from Huijzer and Isarin (1997), Isarin (1997) and Huijzer and Vandenberghe (1998), and are based on numerous sites with

periglacial features (‘k” denotes cal kyr BP).
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Fig. 7. Map of permafrost limits in NW Europe for: (a) the phase of
maximum cold (24-21 kyr BP, based on Huijzer and Isarin, 1997;
Huijzer and Vandenberghe, 1998; Van Vliet-Lanoé, 1996), (b) the
Younger Dryas (based on Isarin, 1997). Thick continuous line = limits
of ice sheets, thick dashed line = permafrost limits, thin dashed line =
shore limits. In Fig. 7a, permafrost in Italy is not considered due to a
lack of data, whereas in Fig. 7b, the upland permafrost south of 50°N
is not taken into account. The southern margins of continuous and
discontinuous permafrost correspond to maximum annual air tem-
peratures of —8°C and —4°C, respectively.

covered by sea ice southwards to 50°N during at least
the 4 cold glacial phases in Table 3. As permafrost
evolves as a reaction to mean climate conditions, this
inferred sea-ice cover must be considered as representing

the mean winter state in the North Atlantic during these
cold periods. How do these inferred sea-ice conditions
compare with North Atlantic evidence from palaeocea-
nographic proxies?

5. Comparison palaeoceanographic evidence and
European permafrost conditions

The period with maximum cold on the West
European continent (23-19 kyr BP) is quite similar in
timing to the LGM recognised in North Atlantic Ocean
sediments as a 6'*0 minimum around ~21 cal kyr BP
(i.e. maximum in global ice volume, Mix et al., 2001;
Clark and Mix, 2002; Waelbroeck et al., 2002). In
palacoceanographical literature, the LGM is considered
to fall between Heinrich (H) events 1 and 2 (Bard et al.,
2000; de Vernal et al., 2000; Sarnthein et al., 2000). The
H events themselves are oceanic events, i.e. periods with
enhanced ice-rafted transport of detrital carbonate to
the North Atlantic (Bond et al., 1997, 1999). According
to Sarnthein et al. (2000), the H2 and H1 events have
chronological limits of 23.4-24.2 and 18.1-14.7 kyr BP,
respectively.

In recent literature, three basic modes of Atlantic
Ocean circulation are recognised (e.g., Alley et al., 1999;
Sarnthein et al., 2000): (1) interglacial mode, with a
strength of thermohaline circulation comparable to
today, (2) glacial mode, with reduced deep-water
formation (by 30-50%), and (3) a Heinrich meltwater
mode with a switched-off thermohaline circulation.
These three modes have characteristic patterns of
ocean-surface cooling and sea-ice cover that have been
reconstructed using palaecoceanographic proxies. It
should be stressed that we focus here on the mean
oceanic conditions that can be considered to represent
equivalent time scales as the reconstructed permafrost
distributions.

The glacial mode prevailed during the LGM and is
characterised by a considerable difference between
summer and winter conditions, especially in the Nordic
Seas. Here, an extensive sea-ice cover was only formed
in winter, as the inflow of relatively warm water along
the Norwegian coast produced summer SSTs of 4°C.
Different views exist on the actual extent of the winter
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sea-ice cover in the central North Atlantic Ocean. The
original reconstruction of CLIMAP (1981), based on
foraminifera, included an ice-covered Atlantic ocean
southwards to 45°N. Sarnthein et al. (2000) seem to
agree with these winter conditions as they state: “we
conclude that a continuous CLIMAP (1981)-style sea-
ice cover occurred during glacial winter only”. In
contrast, in an overview study based on dinoflagellates,
deVernal et al. (2000) conclude that the central North
Atlantic must have been perennially ice-free during the
LGM. Sarnthein et al. (2000) explain the strong contrast
between summer and winter by the formation of
deepwater during summer instead of winter as in the
modern climate. Reconstructions of sea-surface sali-
nities for the LGM suggest that the summer salinities
may have had sufficiently high values in the central
Atlantic to make deepwater formation possible. This
concept would be consistent with our inferences of an
extensive winter sea-ice cover in the North Atlantic
Ocean. Moreover, it would agree with relatively high
continental summer temperatures during the LGM (e.g.,
Kolstrup, 1980).

In the Heinrich meltwater mode a permanent sea-ice
cover in the Nordic Seas is associated with the
collapsed thermohaline circulation. To our knowledge,
no specific reconstruction of North Atlantic surface
conditions exists for the H2 and H4 events. For the H1
event, Sarnthein et al. (2000) placed the winter sea-ice
limit between 55°N (close to Scotland) and 60°N
(South of Iceland, i.e. with a SE-NW orientation),
leaving the central North Atlantic ice-free. This
may be a conservative estimate, as Sarnthein et al.
(2000) note that the exact winter sea-ice limits are
still uncertain. In any case, this winter sea-ice cover
based on palacoceanographical proxies is positioned
much further to the North than our estimates for the
LGM.

Compared to the H-events and the LGM, the position
of the YD is somewhat special, as it occurred in
the middle of the last deglaciation. According to
Sarnthein et al. (2000), in the early part of the YD (i.e.
12.7-11.8 kyr BP) the North Atlantic Ocean circulation
resembled the present state (modern mode 1), whereas
during the later part a meltwater event caused a
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switch to mode 3 (Heinrich mode) with a collapsed
thermohaline circulation. The foraminifera-based
reconstruction of Sarnthein et al. (2000) for the early
YD suggests for winter a sea-ice limit at 65°N (i.e. ice-
covered Nordic seas) and SSTs varying between 2 and
9°C at 55-60°N. Consequently, the latter YD recon-
struction is similar to the one prescribed in experiment
YD1 (Fig. 1b, after Sarnthein et al., 1995). However,
this view of the surface conditions during the YD is
obviously in conflict with our inferences based on
periglacial data, as the winter sea-ice limits are 15
latitudinal degrees apart (i.e. 65°N vs. 50°N).

6. Implications of our results

Some reconstructions of ocean-surface conditions
based on marine proxies are clearly inconsistent with
our inferred extended sea-ice cover in the North
Atlantic. This is especially clear for the YD, and to a
lesser extent for full-glacial conditions. What is causing
this clear inconsistency between periglacial data and
marine proxies? One explanation could be that many
Atlantic Ocean cores have insufficient temporal resolu-
tion to capture the coldest spike of cooling events, which
may last only a few hundred years such as in the case of
the YD. Another reason might be that the relation
between particular oceanic proxies and ocean winter
surface conditions is less straightforward than presumed
(e.g., Mix et al., 2001). In particular, the relatively warm
glacial Atlantic Ocean as reconstructed using dino-cysts
(de Vernal et al., 2000) appears incompatible with our
inferences. Alternatively, the inferred relation between
Atlantic winter sea-ice cover and permafrost distribu-
tion in Western Europe is more complex than suggested
here. The derivation of mean annual temperatures from
periglacial proxies supposedly does not deviate by more
than a few degrees centigrade because of the reliability
of the modern analogue principle in this case (Roma-
novskij, 1976; Mackay, 1978, 1988; Pissart et al., 1998).
Further research is clearly required to shed more light
on this issue, especially on the apparent inconsistency
between terrestrial and oceanic proxies during cold
glacial phases.

7. Conclusions

1. An atmospheric general circulation model was used
to perform several experiments in which different North
Atlantic sea-ice extents were prescribed. The results of
these simulations were compared with annual mean
temperatures associated with southern limits of contin-
uous permafrost (—8°C) and discontinuous permafrost

(—4°C). This comparison suggests that the Late
Quaternary distribution of permafrost in northwestern
Europe was controlled by the position of the North
Atlantic winter sea-ice margin. We propose that this
relation may be applied to constrain the North Atlantic
winter sea-ice extent during various cold glacial phases,
using reconstructions of permafrost distribution. Ac-
cording to this approach, we find the following mean
winter sea-ice margins in the North Atlantic Ocean:

Early Pleniglacial: 50°N
Hasselo Stadial: 50°N
LGM: 45°N

Younger Dryas: 50°N

2. For the Younger Dryas, our estimation of mean
North Atlantic winter sea-ice conditions are in conflict
with published estimates based on marine proxies
(Sarnthein et al., 1995, 2000). In the latter reconstruc-
tions, an ice-free North Atlantic is proposed, which is
incompatible with terrestrial evidence for permafrost
conditions during the YD in Western Europe.

3. The proposed winter sea-ice margin for the LGM is
similar to the original CLIMAP (1981) reconstruction.
Thus, our inferences disagree with data from de Vernal
et al. (2000) that suggest a perennially ice-free North
Atlantic Ocean.

4. The reason for the discrepancy between periglacial
data and marine proxy records is not clear yet. If our
analysis is correct, this could suggest that the relation
between particular oceanic proxies and winter ocean-
surface conditions is less straightforward than pre-
sumed. In addition, in some cases, the temporal
resolution of ocean cores could be insufficient to capture
relatively short cold phases, such as the Younger Dryas.

5. Accepting our inferred extensive winter sea-ice
extents supports the idea that the thermohaline circula-
tion was significantly weakened or shutdown in winter
during cold glacial phases. As suggested by Sarnthein
et al. (2000), deepwater formation could have taken
place during summer. This would be in agreement with
certain proxies that indicate that the thermohaline
circulation was active during the Younger Dryas and
LGM.
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