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Abstract The response of the climate at high northern
latitudes to slowly changing external forcings was stud-
ied in a 9,000-year long simulation with the coupled
atmosphere-sea ice-ocean-vegetation model ECBilt-
CLIO-VECODE. Only long-term changes in insolation
and atmospheric CO2and CH4 content were prescribed.
The experiment reveals an early optimum (9–8 kyr BP)
in most regions, followed by a 1–3�C decrease in mean
annual temperatures, a reduction in summer precipita-
tion and an expansion of sea-ice cover. These results are
in general agreement with proxy data. Over the conti-
nents, the timing of the largest temperature response in
summer coincides with the maximum insolation differ-
ence, while over the oceans, the maximum response is
delayed by a few months due to the thermal inertia of
the oceans, placing the strongest cooling in the winter
half year. Sea ice is involved in two positive feedbacks
(ice-albedo and sea-ice insulation) that lead regionally to
an amplification of the thermal response in our model
(7�C cooling in Canadian Arctic). In some areas, the
tundra-taiga feedback results in intensified cooling dur-
ing summer, most notably in northern North America.
The simulated sea-ice expansion leads in the Nordic Seas
to less deep convection and local weakening of the
overturning circulation, producing a maximum winter

temperature reduction of 7�C. The enhanced interaction
between sea ice and deep convection is accompanied by
increasing interannual variability, including two marked
decadal-scale cooling events. Deep convection intensifies
in the Labrador Sea, keeping the overall strength of the
thermohaline circulation stable throughout the experi-
ment.

1 Introduction

Measurements over the last century show evidence of
enhanced warming and decreasing sea-ice extent in the
Arctic (Folland et al. 2001), which has, for an important
part, been associated with anthropogenic forcing (Stott
et al. 2000; Mitchell et al. 2001). Indeed, the largest
projected future climatic change due to anthropogenic
forcing is expected to take place at high latitudes
(Cubasch et al. 2001) as an effect of the polar amplifi-
cation of the warming, involving the ice-albedo positive
feedback (e.g., Holland and Bitz 2003). However, pro-
jections of future change are hampered by our limited
understanding of the natural climate variability, espe-
cially on relatively long (centennial–millennial) time-
scales. In this context, it is important to study the
climate evolution at northern high latitudes during the
Holocene (i.e. last 11.5 kyr BP, calendar years before
the present).

Numerous proxy records from different environments
(e.g., glacial, marine, lacustrine, terrestrial) provide
valuable information on the Holocene climate evolution
at northern high latitudes (e.g., CAPE Project members
2001). However, it is difficult to get a coherent view of
Holocene climate change because of the differences be-
tween the various records (e.g., Williams and Bradley
1985; Bradley 1990), although recent data syntheses
have improved our understanding of this point (Bigelow
et al. 2003; Kaufman et al. 2004). Most proxy data give
evidence of a thermal optimum early in the Holocene
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(10–8 kyr BP, e.g., Ritchie et al. 1983; Bradley 1990;
Koerner and Fisher 1990; Koç et al. 1996; Vardy et al.
1998; MacDonald et al. 2000; Snyder et al. 2000; And-
reev et al. 2001; Duplessy et al. 2001; Marchal et al.
2002; Kaufman et al. 2004). The timing of this optimum
is thought to be a slightly delayed response to the orb-
itally forced maximum difference (compared to the
present) in summer insolation at 11 kyr BP (Berger
1978; Koç and Jansen 1994), i.e. just after the start of the
Holocene. Indeed, this difference in insolation is sub-
stantial, amounting in June to 39 W/m2 at 60�N (Berger
1978). However, other proxy data from northern high
latitudes indicate that the thermal optimum occurred
substantially later (7–4 kyr BP, e.g., Williams and
Bradley 1985; Bradley 1990; Korhola et al. 2000; Levac
et al. 2001; Kaplan et al. 2002; Smith 2002; Kaufman
et al. 2004), probably under the influence of regionally
changing environmental conditions, such as the presence
of melting ice sheets in the vicinity, or changes in vege-
tation. In addition, many records give evidence of cli-
mate variability superimposed on the long-term trend,
showing the occurrence of cooling events at a millennial-
to-centennial timescale (e.g., Dahl and Nesje 1996;
Korhola et al. 2000; Duplessy et al. 2001; Voronina et al.
2001). It is, however, not clear if these cooling events are
synchronous throughout the circumpolar region.

Numerical climate model simulations may be used to
improve our understanding of the mechanism behind
these Holocene climatic changes and to provide a
coherent and physically consistent overview of the cli-
mate on all timescales. Climate model studies suggest
that orbitally forced changes in insolation are the major
factor causing long-term climate variations in the
Holocene (e.g., Mitchell et al. 1988; Kutzbach and
Gallimore 1988; Hewitt and Mitchell 1998; Braconnot
et al. 2000; Weber 2001; Crucifix et al. 2002; Brovkin
et al. 2002; Weber and Oerlemans 2003; Weber et al.
2004). In addition, internal feedbacks play a role, of
which sea ice-albedo and taiga-tundra feedbacks are the
most important, as they significantly modify the surface
albedo (e.g., Kerwin et al. 1999; Harvey 1988; Foley
et al. 1994). Although a wealth of information is ob-
tained in these model studies, an important limitation is
that most studies only consider the climate in equilib-
rium with 9 or 6 kyr BP boundary conditions. It is,
however, uncertain if the climate system was really in
equilibrium at these times, given the constantly changing
orbital forcing and the slow disintegration of ice sheets
in the early Holocene, and the possible non-linear
interactions between climatic sub-systems in response to
these changes (e.g., Claussen et al. 1999; Brovkin et al.
2003; Renssen et al. 2003a). Ideally, therefore, the cli-
mate system’s transient response to forcings is accounted
for in Holocene modeling studies.

Recently, several groups (Weber 2001; Crucifix et al.
2002; Brovkin et al. 2002; Wang et al. 2004) have sim-
ulated the Holocene climate evolution with earth system
models of intermediate complexity (EMICs, Claussen
et al. 2002). These studies show that all compartments of

the coupled system actively participate and interact
during the Holocene. However, the models applied by
Crucifix et al. (2002), Brovkin et al. (2002) and Wang
et al. (2004) have a relatively coarse resolution and in-
clude highly simplified representations of the atmo-
sphere. The model of Weber (2001) includes a more
comprehensive atmospheric module that simulates syn-
optic variability, but contains a simplified ocean com-
ponent (viz., with flat bottom topography and T21
resolution, and without sea-ice advection) and lacks a
dynamic vegetation model. As a consequence of these
model limitations, transient Holocene experiments have
so far not been used for a detailed analysis of the spatial
patterns of change during the Holocene or for a study of
the influence of atmospheric and oceanic circulation
changes at a centennial–millennial timescale.

To improve our understanding of the spatial and
temporal climate variability during the Holocene, we
have therefore applied a 3-dimensional global atmo-
sphere-sea ice-ocean-vegetation model (described in
Sect. 2) to simulate the Holocene climate evolution of
the last 9 kyr. In our experiment, we have only pre-
scribed the changing insolation and the long-term
changes in the atmospheric CH4 and CO2 content. We
also discuss here the results of a sensitivity experiment in
which we investigate the effect of the residual Laurentide
Ice Sheet on the early Holocene climate. Our main
objective is to estimate the part of the Holocene climate
variability observed in different areas of the northern
high latitudes (i.e. north of 60�N) that could be ex-
plained by a response of the coupled climate system to
slowly changing external forcings. To our knowledge,
this is the first transient Holocene simulation of the Artic
climate with a coupled 3-dimensional climate model
including a dynamic vegetation component that resolves
synoptic variability associated with weather patterns. In
Sect. 3, we first present our simulation results, thereby
focusing on selected regions for which sufficient proxy
data are available for a model-data comparison (i.e.
Scandinavia, Greenland, Northern North America and
Northern Eurasia, Fig. 1). The model results are then
compared with available proxy records in Sect. 4. In
Sect. 5, we analyze the mechanisms responsible for the
climate changes during the Holocene, followed by con-
cluding remarks.

2 Methods

2.1 Model

We have performed our numerical experiment with the
ECBilt-CLIO-VECODE model (version 3) that de-
scribes the dynamics of the atmosphere-sea ice-ocean-
vegetation system. The atmospheric component of this
global, 3-dimensional model is version 2 of ECBilt, a
spectral T21, three-level, quasi-geostrophic model
developed at the Koninklijk Nederlands Meteorologisch
Instituut (KNMI) (Opsteegh et al. 1998). ECBilt in-
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cludes a representation of the hydrological cycle and
simple parameterizations of the diabatic heating pro-
cesses. Cloudiness is prescribed according to present-day
climatology (Rossow et al. 1996) and a dynamically
passive stratospheric layer is included. As an extension
to the quasi-geostrophic equations, an estimate of the
neglected terms in the vorticity and thermodynamic
equations is incorporated as a temporally and spatially
varying forcing (Opsteegh et al. 1998). This forcing is
computed from the diagnostically derived vertical mo-
tion field. With these ageostrophic terms, the simulation
of the Hadley circulation is considerably improved,
resulting in a drastic improvement of the strength and
position of the jet stream and transient eddy activity.
The hydrological cycle is closed over land by using a
bucket for soil moisture. Each bucket is connected to a
nearby oceanic grid cell to define river runoff. Accu-
mulation of snow occurs in case of precipitation in areas
with below 0�C surface temperature.

The sea ice-ocean component is the CLIO model built
at Université catholique de Louvain (Goosse and
Fichefet 1999). CLIO consists of a primitive-equation,
free-surface ocean general circulation model (OGCM)
(Deleersnijder and Campin 1995; Campin and Goosse
1999), coupled to a comprehensive thermodynamic–dy-
namic sea-ice model (Fichefet and Morales Maqueda
1997). The OGCM includes a detailed formulation of
boundary layer mixing based on Mellor and Yamada’s
(1982) level-2.5 turbulence closure scheme (Goosse et al.
1999) and a parameterization of density-driven down-

slope flows (Campin and Goosse 1999). The sea-ice
model takes into account the heat capacity of the snow-
ice system, the storage of latent heat in brine pockets
trapped inside the ice, the effect of the subgrid-scale
snow and ice thickness distributions on sea-ice thermo-
dynamics, the formation of snow ice under excessive
snow loading and the existence of leads within the ice
cover. Ice dynamics are calculated by assuming that sea
ice behaves as a 2-dimensional viscous-plastic contin-
uum. The horizontal resolution of CLIO is 3� latitude by
3� longitude, and there are 20 unequally spaced vertical
levels in the ocean.

The model applied is an updated and improved ver-
sion of the model used earlier for a variety of applica-
tions, i.e. to simulate the present-day climate (Goosse
et al. 2001; 2003), to study freshwater-induced abrupt
climate events during the early Holocene (Renssen et al.
2001, 2002), natural variability of the modern climate
(Goosse et al. 2002a) and future climate evolution
(Goosse and Renssen 2001; Schaeffer et al. 2002).
Compared to this earlier version, the present model
simulates a climate that is closer to modern observa-
tions. The most important improvements in the new
version are a new land surface scheme that takes into
account the heat capacity of the soil, and the use of
isopycnal diffusion as well as Gent and McWilliams
parameterization to represent the effect of meso-scale
eddies in the ocean (Gent and McWilliams 1990). The
climate sensitivity of ECBilt-CLIO is about 0.5�C/(W/
m2), which is at the lower end of the range (typically 0.5–
1�C/(W/m2)) found in most coupled climate models
(Cubasch et al. 2001). The only flux correction required
in ECBilt-CLIO is an artificial reduction of precipitation
over the Atlantic and Arctic Oceans, and a homoge-
neous distribution of the removed amount of freshwater
over the Pacific Ocean (Goosse et al. 2001).

ECBilt-CLIO has recently been coupled to VECODE,
a dynamic global vegetation model developed at the
Potsdam Institut für Klimafolgenforschung (PIK, Brov-
kin et al. 2002). VECODE simulates dynamics of two
main terrestrial plant functional types, trees and grasses,
as well as desert (bare soil), in response to climate change.
Within ECBilt-CLIO-VECODE, simulated vegetation
changes affect only the land-surface albedo, and have no
influence on other processes, e.g., evapotranspiration.
VECODE does not simulate plant types that are specific
for the Arctic region (dwarf shrubs, forbs, mosses, etc.),
but uses a bulk approach of representing vegetation cover
as a mixture of trees and herbaceous plants. This simpli-
fication is common for the global dynamic vegetation
models (Cramer et al. 2001). In the Arctic region, distin-
guishing of trees from the other plants allows us to capture
a first-order effect of vegetation on climate since trees are
taller than snow cover and their presence modifies radia-
tive budget at the surface during the snow season. The
ECBilt-CLIO-VECODEmodel has been applied to study
the long-term effect of global deforestation on climate
(Renssen et al. 2003b). It should be noted that our model
has only the atmospheric component ECBilt in common

Fig. 1 Map showing the regions north of 60�N for which the long-
term Holocene climate evolution is studied: Scandinavia, northern
North America, Greenland and Northern Eurasia
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with the model version used by Weber (2001) and Weber
and Oerlemans (2003), as they used a version with a flat-
bottom ocean model without sea-ice dynamics at lower
resolution (T21) and with no dynamic vegetation com-
ponent.

2.2 Experimental design

To simulate the climate evolution of the last 9 kyr, we
have forced the ECBilt-CLIO-VECODE model by
annually varying insolation (Berger 1978) and long-term
trends (i.e. without high-frequency variations) of the
atmospheric concentrations of CO2 and CH4 (Raynaud
et al. 2000) for the 9–0 kyr BP period (Fig. 2). At 60�N,
the June insolation is reduced by 39 W/m2 (i.e. 7.7%)
over the last 9 kyr (Fig. 2a). The annual insolation de-
creases slightly by 2 W/m2, while during the winter half
year (September–March) it increases (i.e. 12 W/m2,
maximum difference of +27 W/m2 in October). The
atmospheric CH4 content decreases by about 70 ppbv
until 5 kyr BP, but rises again by 130 ppbv during the
last 4.5 kyr (Fig. 2b). The increase in atmospheric CO2

content is about 20 ppmv in 9 kyr. We fixed all other
forcings (i.e. other greenhouse gas concentrations, solar
constant) at their preindustrial values (i.e. 1750 AD).
The initial conditions were obtained from an experiment

that was run until equilibrium with 9 kyr BP insolation
and trace gas concentrations. It should be noted that we
did not take the effect of high frequency changes in
forcings into account, of which the most important ones
are the changes in solar and volcanic forcing. For the
last millennium, the effect of these forcings has been
studied in experiments performed with an earlier model
version (Goosse et al. 2004; Goosse and Renssen 2003,
2004).

The experiment was started at 9 kyr BP because our
model lacks a dynamical ice-sheet model that could
simulate the deglaciation of the Laurentide and Scan-
dinavian Ice Sheets earlier in the Holocene. We realize
that the final disintegration of the Laurentide Ice Sheet
was not completed before �7 kyr BP (Peltier 1994).
Regrettably, with the present model setup it is not fea-
sible to perform a full deglaciation experiment, as this
would require a dynamic ice-sheet component. Never-
theless, to estimate the first-order effect of the residual
Laurentide Ice Sheet on climate, we performed an
additional, highly idealized experiment for the period 9–
6 kyr BP (hereafter called ICE) in which we prescribed
identical forcings as in the main simulation (hereafter
MAIN), but with an additional, static Laurentide Ice
Sheet between 9 and 7 kyr BP that was removed
instantaneously at 7 kyr BP. For this ice sheet, the
8.5 kyr BP characteristics (altitude and extent) were

Fig. 2 Time-series of forcings
prescribed in the experiment.
a Insolation (W/m2) at 60�N
(Berger 1978), and b smoothed
atmospheric concentrations of
CH4 and CO2. The latter curves
are obtained by fitting a 3rd
order polynomial function
through the ice core data
presented in Raynaud et al.
(2000)
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chosen, i.e. without a dome over the Hudson Bay (Pel-
tier 1994). In ICE, the melt water runoff due to the ice
sheet melting is not taken into account.

In this paper, the results are presented as deviations
from the preindustrial mean, for which we have taken
the period 1,000–250 years BP (i.e. 1000–1750 AD). We
focus on the model results that can be compared with
proxy data, i.e. surface temperatures, precipitation, sea-
ice conditions and vegetation response.

3 Model results

3.1 Surface temperatures

3.1.1 General

The evolution of the temperatures averaged over the
area north of 60�N (Fig. 3a, b) shows a long-term
cooling trend in both winter and summer, with a total
cooling of about 2�C. The temperature evolution in July
follows closely the summer insolation curve (Fig. 3b),
whereas the January temperatures remain at about the
same level until 6 kyr BP, after which an enhanced
cooling phase is noted that lasts until 1 kyr BP (Fig. 3a).
Compared to July, the temporal variability is much
larger in January, including a phase of distinct multi-
centennial temperature fluctuations between 3.5 and
1.5 kyr BP. The results of the ICE experiment suggest
that in MAIN the July temperatures are overestimated
between 9 and 7 kyr BP (�0.5�C difference), whereas no
ice sheet effect is found for the January temperatures.

The mapped 0–9 k temperature anomalies reveal
considerable spatial variability, with marked different
responses over land and ocean surfaces (Fig. 4a–e). Over
the continents, the Holocene temperature decrease is
strongest in summer (June–July–August) in line with the
insolation forcing, with a maximum cooling of 7�C in
the Canadian Arctic (Fig. 4c). Over the oceans, however,
the maximum temperature difference lags the continental
response by severalmonths. Thewestern part of theArctic
Ocean experiences a maximum cooling of up to 7�C dur-
ing autumn (September–October–November, Fig. 4d),
whereas in the Barents Sea the greatest temperature
depression occurs in winter (December–January–Febru-
ary, Fig. 4a). In most regions, the season with the mini-
mum change in temperature is spring (March–April–
May, Fig. 4b). In autumn, moderate warming (up to 2�C)
is experienced between 60 and 65�N in eastern Siberia,
while in western Siberia and Europe a slight increase in
temperature is noted in spring. However, on an annual
basis, all areas north of 60�N experience a decrease in
temperature in the model (Fig. 4e).

3.1.2 Scandinavia

In our experiment, the temperatures in Scandinavia were
highest during the first 500 years of the experiment, after

which they decrease almost linearly towards the prein-
dustrial climate (Fig. 5a, b and Table 1). According to
the model, the total cooling over the last 9 kyr is 1.5�C
in July and 2.0�C in January. The latter anomaly is
strongly influenced by the strong winter cooling over the
Nordic Seas (Greenland-Icelandic-Norwegian Seas, see
Fig. 4a), of which a part is included in the calculation of
the average depicted in Fig. 5a. In addition, the inter-
annual variability (as expressed by the standard devia-
tions in Table 1) increases considerably, most notably in
winter during the last 4 kyr. This increase in variability
culminates in several cold excursions that lasts up to a
few decades (e.g., around 2.5 and 1.7 kyr BP) and reach
15�C below the long-term January mean.

3.1.3 Northern North America

The long-term temperature trends in northern North
America are quite different compared to the trends
simulated for northern Europe (Fig. 6a, b). In January,
the temperature decrease is smaller in North America
(about 1�C), whereas in July the cooling is much more

Fig. 3 Simulated time series (100-point running means) of surface
temperature (�C) averaged over the area north of 60�N, shown as
deviations from the preindustrial mean (1,000–250 yr BP). a
January, and b July. The black line represents MAIN, the gray
line ICE. The preindustrial means for January and July tempera-
tures are �27.5 and 8.8�C, respectively
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expressed (more than 5�C). However, in the ICE simu-
lation, the long-term mean July temperature is more
than 1�C lower between 9 and 7 kyr BP than in MAIN.
Moreover, after the removal of the Laurentide Ice Sheet
at 7 kyr BP, the July temperatures in ICE reach mean

values that are higher than at 9 kyr BP, suggesting that
the residual Laurentide Ice Sheet could have delayed the
thermal maximum by a few thousand years. In the July
temperature evolution, a marked increase in the inter-
annual variability is noted after 5 kyr BP, which is even

Fig. 4 Simulated seasonal
preindustrial minus 9–8 k
change in surface temperature
(�C). aDJF, b MAM, cJJA,
d SON, and e annual

28 Renssen et al.: Simulating the Holocene climate evolution at northern high latitudes



more expressed than in the result of northern Europe
(see Table 1), although no clear decadal-scale cold
excursions are noted.

3.1.4 Greenland

The simulated July temperature evolution for Greenland
(Fig. 7a, b) shows a response that is intermediate be-
tween North America and northern Europe. The July
temperature decreases by about 3�C over 9 kyr, but this
is probably an overestimation (by about 0.5�C), as the
effect of the summer insolation surplus was tempered by
the residual Laurentide Ice Sheet in the early Holocene
(compare ICE with MAIN in Fig. 7b). In January, only
a moderate long-term decrease in temperature is simu-
lated (i.e. less than 1�C). In contrast to North America
and northern Europe, no significant increase in temporal
variability is found in Greenland (Table 1).

3.1.5 Northern Eurasia

The simulated thermal evolution in northern Eurasia is
similar to that of Scandinavia, with a 1.6�C temperature
decrease in both January and July (Fig. 8a, b). The

Fig. 5 Simulated surface temperature (�C) evolution for Scandina-
via (62–74�N, 8–36�E), shown as deviations from the preindustrial
mean (1,000–250 yr BP). aJanuary, b July. The unfiltered results of
MAIN are shown by the thin gray line, whereas the thick lines
represent the 100-point running averages of MAIN (black) and ICE
(dark gray). The preindustrial means for January and July
temperatures are �11.3 and 13.1�C, respectively
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relatively strong response during January reflects the
impact of the Arctic Ocean, where a maximum temper-
ature difference was noted in winter (see Fig. 4a).

3.2 Precipitation

According to the simulation results, most of our study
area experiences a decrease in summer precipitation
(Fig. 9), whereas the winter precipitation remains at
approximately the same level (Table 1). Indeed, in our
experiment, summer is the season with the largest
changes in precipitation, so that the pattern of annual
mean precipitation change (not shown) is similar to the
picture for summer. Scandinavia forms an exception, as
the summer precipitation is not changing here (Fig. 10a
and Table 1), although locally a decrease is noted on the
0 –9 k-anomaly map (Norwegian coast, Fig. 9). In the
other regions, the reductions in summer precipitation
over 9 kyr are much more substantial (29, 7 and 17% for
North America, Greenland and northern Eurasia,
respectively, Fig. 10b–d and Table 1). However, the
values for North America and Greenland should be
lowered, as the residual Laurentide Ice Sheet in ICE
caused the summer precipitation to be reduced by

5–10 mm month-1 compared to MAIN. The summer
precipitation shows a considerable decrease in interan-
nual variability in all regions, i.e. an opposite trend to
what was found for temperature (Table 1).

3.3 Atmospheric circulation

The simulated atmospheric circulation changes consid-
erably throughout the experiment, especially in autumn,
which is the season with the largest temperature decrease
in the Arctic (see above). In this season, the geopotential
height at 850 hPa and surface pressure increase substan-
tially at high latitudes (Fig. 11a), while they decrease at
mid-latitudes. As a consequence, the meridional pressure
gradient decreases during SON and the mid-latitude
westerlies experience amarked weakening (not shown). A
reduced zonality of the atmospheric circulationmeans less
effective heat transport from the oceans to downwind
continents, thus probably contributing to the decrease in
temperatures in northern Europe and Beringia. Those
anomalies in the atmospheric circulation project strongly
on the Arctic Oscillation (AO)(Thomson and Wallace
1998), defined here as the first EOF of the geopotential
height at 850 hPa, and the AO index significantly

Fig. 6 Simulated surface temperature (�C) evolution for northern
North America (62–78�N, 115–76�W), shown as deviations from
the preindustrial mean (1,000–250 yr BP). a January, b July. The
unfiltered results of MAIN are shown by the thin gray line, whereas
the thick linesrepresent the 100-point running averages of MAIN
(black) and ICE (dark gray). The preindustrial means for January
and July temperatures are �26.6 and 9.0�C, respectively

Fig. 7 Simulated surface temperature (�C) evolution for Greenland
(62–84�N, 54–31�W), shown as deviations from the preindustrial
mean (1,000–250 yr BP). aJanuary, b July. The unfiltered results of
MAIN are shown by the thin gray line, whereas the thick lines
represent the 100-point running averages of MAIN (black) and ICE
(dark gray). The preindustrial means for January and July
temperatures are �23.4 and �0.7�C, respectively
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decreases in SON during the simulation (Fig. 11b). In
DJF, the link between the AO and the long-term trend of
the anomalies of atmospheric circulation is less clear, with
a weak increase in the AO index in this season.

3.4 Sea ice

As expected, the simulated sea-ice area expands signifi-
cantly during summer (by 3.5*106 km2, Fig. 12). This
expansion is especially expressed during the first 7 kyr of
the experiment, thereby following the summer insolation
curve (Fig. 1). In the experiment, the sea-ice spreading is
especially marked in the Canadian Arctic, the Greenland
Sea and in the eastern Barents Sea (Fig. 13a). In Fig. 12,
positive anomalies are noted that are simultaneous with
the temperature depressions found in the Scandinavian
time series around 2.5 and 1.7 kyr BP (Fig. 5). In
addition to the larger sea-ice area, a significant increase
in the sea-ice thickness is also noted, amounting in the
central Arctic Ocean to 2.5 m in September (not shown).
Together with the expansion of the ice cover, this leads
to an increase in the annual sea-ice volume of
20,000 km3 (Table 2). The increase in the sea-ice thick-
ness in the central Arctic produces a large increase in the
southward sea-ice transport through Fram Strait
(Table 2), contributing to the sea-ice expansion east of
Greenland. The expansion of the ice cover also results in
a substantially higher surface albedo (+30% in core
regions, Fig. 13b). In winter, the changes in sea ice are
less dramatic, although some expansion is seen south of
Svalbard and in the Baffin Bay (Fig. 13c).

3.5 Ocean circulation

The strength of meridional overturning circulation in the
Nordic Seas slightly decreases by 0.4 Sv or 12% (Fig. 14
and Table 2), consistent with the noted expansion of
winter sea-ice cover here (Fig. 13c). After 4 kyr BP, the
temporal variability of this circulation is notably en-
hanced (Table 2). The overturning in the Nordic Seas is
substantially weaker during the two events around 2.5
and 1.7 kyr BP, which are characterized by cooling over
northern Europe and an increase in sea-ice cover
(Fig. 14). The long-term reduction in overturning cir-
culation in the Nordic Seas is accompanied by a decrease
in the convection depth south of Svalbard (Fig. 15).
Simultaneously, however, deep convection is enhanced
in the Labrador Sea, which is coherent with the small
increase in the overall North Atlantic overturning cir-
culation as expressed by a slightly larger NADW export
at 20�S (Table 2). The northward heat transport by the
North Atlantic Ocean at 20�S remains constant, as it
varies around a mean of 0.32·1015 W throughout the
experiment.

3.6 Vegetation

In our experiment, the length of the growing season
becomes shorter as a result of the decreasing summer
insolation. This is signified by a decrease in the GDD0
(growing–degree days) index, which expresses the annual
sum of the continental air surface temperatures for days

Fig. 8 Simulated surface temperature (�C) evolution for Northern
Eurasia (62–78�N, 75–148�E), shown as deviations from the
preindustrial mean (1,000–250 yr BP). aJanuary, b July. The
unfiltered results of MAIN are shown by the thin gray line,
whereas the thick lines represent the 100-point running averages of
MAIN (black) and ICE (dark gray). The preindustrial means for
January and July temperatures are �42.9 and 16.1�C, respectively

Fig. 9 Simulated July precipitation (mm month�1), preindustrial
minus 9–8 k anomaly
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with temperatures exceeding 0�C. Averaged over the
area north of 60�N, the GDD0 index decreases moder-
ately by 210 from 1,490 to 1,280 degree days (Fig. 16a).
Since temperature is one of the main factors controlling
vegetation cover at the high northern latitudes, the

Fig. 12 Simulated summer sea-ice area (106 km2) in the Northern
Hemisphere, shown as deviations from the preindustrial mean
(12.2*106 km2, 1,000–250 yr BP). The 100-point running average
(thick line) and the unfiltered results (gray thin line) are shown

Fig. 10 Simulated July precipitation (mm) evolution, shown as
deviations from the preindustrial mean (1,000–250 yr BP). a
Scandinavia (preindustrial mean=45.9 mm), b northern North
America (preindustrial mean=62.9 mm), c Greenland (preindus-
trial mean=63.7 mm) and d northern Eurasia (preindustrial
mean=65.7 mm). The unfiltered results of MAIN are shown by
the thin gray line, whereas the thick lines represent the 100-point
running averages of MAIN (black) and ICE (dark gray)

Fig. 11 Simulated changes in atmospheric circulation in SON. a
Preindustrial minus 9–8 k anomaly map for 850 hPa geopotential
heights (in dam) and b time series of the first EOF of the 850
geopotential height anomaly (i.e., the simulated Arctic Oscillation
index)

b
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shortening of the growing season is responsible for a
decrease in the fractional forest cover by 0.09 (from 0.45
to 0.36, Fig. 16b). The maximum decrease in forest
fraction is found in North America (up to 0.35 decrease,

Fig. 17a, b), where it results in a 12% increase in the
surface albedo in September (Fig. 13b). In Scandinavia
and northern Eurasia, the reduction in forest fraction
(Fig. 17a) is smaller and reaches locally 0.15–0.20,

Fig. 13 Preindustrial minus 9–
8 k anomaly maps for a
September sea-ice
concentration, b September
surface albedo, c March sea-ice
concentration, d March surface
albedo

Table 2 Some absolute annual
mean results from the ocean
model for four time periods:
Early Holocene (9–7 kyr BP),
Mid Holocene (7–4 kyr BP),
Late Holocene (4–1 kyr BP)
and preindustrial (1000–250 yr
BP)

The annual standard deviations
(SD) are also shown

Simulated variable Time periods (kyr BP)

9–7 7–4 4–1 Preindustrial

Max. meridional overturning in Nordic Seas (Sv) 3.26 3.17 2.98 2.92
SD 0.24 0.25 0.34 0.34
NADW export at 20�S (Sv) 13.58 13.74 13.82 13.84
SD 0.84 0.87 0.86 0.88
Sea-ice area in the Northern Hemisphere (106 km2) 11.08 11.56 12.04 12.19
SD 0.28 0.32 0.33 0.32
Sea-ice volume in the Northern Hemisphere (103 km3) 21.43 28.98 39.35 42.83
SD 1.97 3.71 3.57 3.22
Northward water transport between Iceland-Norway (Sv) 11.09 11.14 11.25 11.23
SD 0.72 0.79 0.90 0.90
Southward water transport through Fram Strait (Sv) 3.17 3.07 2.93 2.91
SD 0.43 0.51 0.62 0.66
Southward water transport through Denmark Strait (Sv) 8.27 8.34 8.50 8.51
SD 0.89 0.92 1.08 1.08
Southward sea-ice transport through Fram Strait (Sv) 0.044 0.054 0.066 0.071
SD 0.011 0.015 0.018 0.020
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leading to a 5% rise of the surface albedo here in Sep-
tember. Most of the reduction (about two-thirds) in
forest fraction takes place after 6 ka BP (Fig. 17b).

4 Comparison with proxy data

4.1 Northern Europe

Proxy data from northern Europe suggest that the tim-
ing of the thermal optimum varied from region to re-
gion. Reconstructions of summer temperatures, based
on the altitude of former Pine tree-limits in southern
Norway (�60�N) and central Sweden (63�N), suggest an
early Holocene optimum between 9–8 kyr BP (Dahl and
Nesje 1996). Similarly, a pollen-based reconstruction
from the Norwegian coast at 70�N suggests a thermal
optimum starting just before 9 kyr BP and lasting until

6.5 kyr BP (Seppä et al. 2002), consistent with SST
reconstructions in the Nordic Seas (e.g., Birks and Koç
2002). More inland, however, summer temperature
reconstructions from northern Finland (�69�N) based
on diatoms (Korhola et al. 2000) and pollen (Seppä and
Birks 2001, 2002) indicate that the optimum was some-
what later and peaked between 8 and 6 kyr BP. The
estimated amount of summer cooling during the Holo-
cene is consistent throughout the region and amounts to
1–1.5�C. Our model results are in good agreement with
this range of summer cooling, as the July temperatures
are 1.2�C warmer in the early part of the experiment (9–
7 kyr BP) compared to the last 0.5 kyr (Table 1).

The simulated timing of the thermal maximum be-
tween 9 and 8 kyr BP (Fig. 5b) is consistent with most
sites, although we find no sign of a delayed thermal
optimum as reported for Northern Finland, but this lag
is probably caused by local effects (e.g., vegetation
development, topography) not resolved by our model.
Reconstructions of precipitation in northern Europe
suggest that the early Holocene (9–7 kyr BP) was rela-
tively humid compared to the present day (Seppä and
Hammarlund 2000; Hammarlund et al. 2002). The esti-
mates of the reduction in precipitation during the
Holocene vary between �30%, on an annual basis based
on pollen (Seppä and Birks 2001), and �40 to �50% for

Fig. 15 Simulated preindustrial minus 9–8 k anomaly map for the
convection depth (m) in January

Fig. 16 Simulated time series (10-year means) of a changes in
GDD0 and b changes in fraction of land surface covered by forest,
shown as deviations from the preindustrial mean (1,000–250 yr
BP). Both are calculated for the area north of 60�N. The
preindustrial means for GDD0 and forest fraction are 1,287 degree
days and 0.37, respectively

Fig. 14 Evolution of the annual maximum meridional overturning
streamfunction (Sv) in the Nordic Seas, shown as deviations from
the preindustrial mean (2.9 Sv, 1,000–250 yr BP). The 100-point
running average (thick line) and the unfiltered results (gray thin line)
are shown.
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winter based on equilibrium line altitudes of glaciers
(Dahl and Nesje 1996; Nesje et al. 2001). The model
experiment has not captured this marked decrease in
precipitation (Fig. 10a), although a reduction is simu-
lated in Northern Scandinavia (Fig. 9). Moreover, the
simulated decrease in zonal circulation during SON
agrees with the reconstructions for northern Sweden
(Hammarlund et al. 2002).

Many proxy records from northern Europe show
evidence for millennial-scale fluctuations that are
superimposed on the long-term cooling trend (Dahl and
Nesje 1996; Korhola et al. 2000; Nesje et al. 2001; Seppä
and Birks 2001). These millennial-scale events are not
reproduced in our experiment. This is not surprising, as
we did not prescribe any changes in the forcing at this
time-scale. In particular, the cooling events have been
associated with variations in solar irradiance, possibly
causing temporary weakening of the thermohaline

circulation (THC; Bond et al. 2001; Goosse et al. 2002b).
A special case is the pronounced cooling event around
8.2 kyr BP, when a THC weakening was probably
triggered by a meltwater pulse associated with the final
deglaciation of the Laurentide Ice Sheet (Alley et al.
1997; Barber et al. 1999; Renssen et al. 2001). Besides,
the model simulates large cold events at decadal to
centennial timescales (Fig. 5). The proxy records in
Scandinavia do not have a sufficient temporal resolution
to have registered such a type of event. A possible
exception is a speleothem from northern Norway, which
produced a high-resolution temperature record that
shows a few prominent negative excursions (�2�C
magnitude) at a decadal–centennial scale (Lauritzen and
Lundberg 1999) during the last 4 kyr BP. The simulated
July temperature anomalies (Fig. 5b) show a reasonable
correspondence with the latter excursions, suggesting
that the progressive increase in the variability of the
THC strength could have taken place in the real world
during the Holocene.

4.2 Northern North America

For northern North America, there is considerable evi-
dence for a thermal optimum in the early Holocene in
northwest Canada and Beringia (9–8 kyr BP, in Alaska
even starting earlier; see e.g., Ritchie et al. 1983; Bradley
1990; Kaufman et al. 2004). An example of an early
optimum is provided by the melt record from the A-
gassiz Ice cap, indicating that the warmest summers
occurred between 9–8 kyr BP (Koerner and Fisher
1990). A warm early Holocene is also suggested by the
findings of bones and tusks of marine mammals (Wal-
rus, Bowhead and Narwhal) and of thermophylous
molluscs, far beyond their present normal range, and
dated to 9–7 kyr BP, indicating reduced sea-ice condi-
tions compared to the present day in the Canadian
Arctic (Harington 1975; Stewart and England 1983;
Bradley 1990; Dyke and Savelle 2001). In addition,
fossils of Caribou found at 82�N (northernmost Elles-
mere Island), dated before 9 kyr BP, show that summer
conditions on land must have been mild in the early
Holocene (Steward and England 1986). Furthermore,
certain plant species were much more distributed
northward than at present (Ovenden 1988), and some
glaciers had smaller extensions than today (Bradley
1990). Reconstructions of sea surface conditions in the
northern Baffin Bay suggest open waters as early as
8.5 kyr BP, with temperatures up to 3�C warmer than
today (Levac et al. 2001). There is some evidence (from
peat growth in NW Canada) that this early optimum
was more humid than later in the Holocene (Vardy et al.
1998). Paleoecological data suggest that at 6 kyr BP, the
tree line was located 100 km north of its modern posi-
tion in the MacKenzie delta, but no change in forests
was found in Western Alaska (Bigelow et al. 2003).

Proxy evidence from eastern Canada (most notably
Quebec and Labrador) indicates that the thermal max-

Fig. 17 Simulated anomalies of the forest fraction, a preindustrial
minus 9–8 k and b preindustrial minus 6–5 k
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imum started a few thousand years later (between 8–
6 kyr BP, e.g., MacDonald et al. 1993; Kaufman et al.
2004). This delay has been attributed to the chilling ef-
fect of the residual Laurentide Ice Sheet (Kaufman et al.
2004). The latter moderation of the thermal conditions
was probably also responsible for the more southward
position of the 6 kyr BP tree line in eastern Canada
compared to the present day (Bigelow et al. 2003), i.e.
the opposite effect to what is found in the MacKenzie
delta.

Mild conditions appear to have persisted until 5 to
4 kyr BP (Steward and England 1983; Bradley 1990;
Dyke and Savelle 2000; Kaufman et al. 2004). After
4 kyr BP, enhanced cooling is registered in many re-
cords. Glaciers experienced widespread expansion
(Bradley 1990) and the sea-ice cover in the area became
much more extensive (Stewart and England 1983), with
the Baffin Bay becoming perennially ice-covered again
(Levac et al. 2001). In addition, pollen and peat records
in arctic Canada also have registered widespread cooling
after 4 kyr BP (Williams and Bradley 1985; Vardy et al.
1998; Gajewski and Frappier 2001). Finally, the melt-
record from the Agassiz ice core suggests that the coldest
summers (very low melt) occurred in the last 2.5 kyears
(Koerner and Fisher 1990).

The model results generally show a good agreement
with this proxy evidence for northern North America.
The early optimum noted for northwestern Canada and
the enhanced cooling after 5 kyr BP are both present in
the simulation (not shown). The delay of the thermal
maximum in eastern Canada as a response to the
residual Laurentide Ice Sheet is consistent with our
idealized ICE experiment. Moreover, in the early part of
the experiment (9–7 kyr BP), precipitation in most pla-
ces is significantly higher than in the preindustrial cli-
mate (Fig. 9), which is in agreement with evidence for
enhanced peat growth in the early Holocene. However,
compared to the 100 km southward tree line shift found
in proxy records in the MacKenzie delta, the model
appears to have overestimated the response of the veg-
etation, as seen in the strong reduction in forest fraction
in Fig. 16a, b.

4.3 Greenland

The ice-core records from central Greenland suggest
that Holocene cooling was more pronounced at north-
ern sites than in the south. The NorthGRIP record
(75�N) shows a more prominent thermal optimum (d18O
values 0.6& higher) between 8.6 and 4.3 kyr BP than the
GRIP core (72�N) (Johnsen et al. 2001). The estimated
summer cooling that followed this optimum is 3�C for
NorthGRIP. This picture is confirmed by lake records
from southern Greenland, showing a thermal optimum
between 8 and 5 kyr BP and an expressed cooling after
3 kyr BP (Kaplan et al. 2002). Our model results (Fig. 7)
show a very similar amount of cooling (3�C) during
summer as in NorthGRIP. In addition, the simulated

cooling is stronger in northern Greenland than in the
south (Fig. 4c), which is in agreement with the difference
between NorthGRIP and GRIP. However, the clear
climatic optimum is lacking in the main simulation,
which may be caused by the lack of a residual Lauren-
tide Ice Sheet in this experiment, as our ICE simulation
produced a flatter summer temperature evolution over
Greenland between 9 and 6 kyr BP (Fig. 7b). Our sim-
ulation also displays a clear change in the seasonality of
precipitation during the Holocene, as the ratio between
summer and winter precipitation decreases by about
10%. As the isotope composition of the snow is influ-
enced by the season at which snow accumulates, such a
change in the seasonality of precipitation could bias our
interpretation of isotope-based reconstructions (e.g.,
Werner et al. 2000).

4.4 Northern Eurasia

Numerous studies indicate that from 9 to 4 kyr BP, the
tree line in northern Eurasia was situated a few hundred
kilometers more northward than today (e.g., TEMPO
members 1996; MacDonald et al. 2000; Prentice et al.
2000 Andreev et al. 2001; Naidina and Bauch 2001;
Bigelow et al. 2003), indicative of warmer summers in
the early and mid Holocene. For instance, Andreev and
Klimanov (2000) estimate for the Taymyr peninsula a
gradual summer cooling of 2–1�C from the early Holo-
cene to the present, accompanied by a decrease in annual
precipitation of 50 mm year�1. Here and at other sites,
this gradual trend is interrupted by several millennial-
scale events, possibly equivalent to those found in the
Atlantic region. For the same region, Brovkin et al.
(2002) simulate decreases in reconstructed forest fraction
during the Holocene, especially after 4 kyr BP. Our
model produced a long-term cooling of �1.5�C
(Figs. 4c, 8b) and a precipitation reduction (Fig. 10d)
that agrees well with this paleoclimatic evidence. The
model appears to somewhat underestimate the south-
ward retreat of the tree line seen in the data, as the
simulated reduction in forest fraction (Fig. 17) does not
exceed 0.15 in northern Eurasia (i.e. from 0.35–0.55 at
9 kyr BP to 0.20–0.40 at 0 kyr BP).

4.5 Nordic Seas

Oceanic proxy data indicate that in the Nordic Seas the
Holocene climate evolution was different for the eastern
and western part. Based on diatom analyses, Koç et al.
(1993) concluded that around 10 kyr BP, conditions in
the eastern Nordic Seas were already comparable to the
present day, with an inflow of warm Atlantic waters,
whereas in the western Nordic Seas the surface was still
cooler with a relatively extensive sea-ice cover. The
thermal optimum was reached in the entire Nordic Seas
around 9 kyr BP, with substantially warmer conditions
than at present (e.g., Andersen et al. 2004). During this
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optimum, warm Atlantic waters dominated the eastern
part of the basin, while arctic conditions were present
only in a narrow zone along the Greenland coast (Koç
et al. 1993). This picture is confirmed by studies based
on foraminifera. For instance, Bauch et al. (1999) found
that in the central Nordic Seas, the lowest concentra-
tions of the polar species Neogloboquadrina pachyderma
(left coiling) were found between 9 and 6 kyr BP. Sim-
ilarly, Rasmussen et al. (2002) concluded based on
foraminifera that a strong inflow of warm Atlantic wa-
ters in the Faroe-Shetland region started around 9.5 kyr
BP and the rate of mass exchange reached a maximum at
6.5 kyr BP (stronger inflow and stronger outflow). Fol-
lowing the optimum, the polar and arctic fronts moved
gradually in a southeasterly direction, leading to an
expansion of the sea-ice cover, particularly in the
Greenland Basin after �5 kyr BP (Koç et al. 1993; Koç
and Jansen 1994). This expansion is accompanied by an
increase in variability, especially in the last millennium
(Andersen et al. 2004). Reconstructions of sea surface
temperatures indicate that the total Holocene summer
cooling was in the order of 2–3�C (Salvigsen et al. 1992;
Koç et al. 1996; Marchal et al. 2002), although the
cooling may have been more substantial (5�C) in the
northern Nordic Seas (Koç et al. 1996). According to
Koç et al. (1993), the evolution of winter sea surface
temperatures closely followed the summer trend.

In our experiment, the overall Holocene summer
cooling in the Nordic Seas is of the same order (1–2�C,
Fig. 4c) as suggested by the proxy data. In addition, the
model seems to have captured the sea-ice expansion in
the western part of the Nordic Seas reasonably well
(Fig. 13), including the increase in variability. However,
the simulated change in overturning circulation shows
no sign of the mid-Holocene maximum found by Ras-
mussen et al. (2002). In our experiment, the meridional
overturning circulation in the Nordic Seas weakens from
9 to 0 kyr BP, resulting in enhanced cooling (5�C annual
mean) near Svalbard, i.e. the main site of deep convec-
tion. The simulated reduction in meridional overturning
is consistent with proxy evidence from the northeastern
North Atlantic, suggesting reduced NADW formation
in the Nordic Seas after 7–6 kyr BP (Solignac et al.
2004).

4.6 Barents Sea

In the Barents Sea, the start of the Holocene was similar
as in the Nordic Seas, as proxy data indicate that the
inflow of warm Atlantic waters started around 10 kyr
BP (Duplessy et al. 2001; Voronina et al. 2001). Analyses
on foraminifera in a core from the northeastern part
(near Franz Josef Land) show a marked optimum from
7.8 to 6.8 kyr BP, with a maximum inflow of Atlantic
waters (Duplessy et al. 2001). The optimum was fol-
lowed by a 1–2�C long-term surface cooling, interrupted
by several events at a centennial–millennial scale. In the
southeastern part of the basin, dinoflagellate cyst anal-

yses on several cores indicate relatively warm conditions
from 8 to 5 kyr BP, followed by colder conditions and
expansion of sea ice (Voronina et al. 2001). Recon-
structions of the sea-ice cover reveal the occurrence of
distinct positive excursions during the last 5 kyr. This
picture is confirmed by the glacier records of Franz Josef
Land and Svalbard, showing a very similar evolution
with widespread glacier advances starting at �5 kyr BP,
followed by fluctuations during the late Holocene (e.g.,
Lubinski et al. 1999). The simulated climatic evolution
of the Barents Sea region gives a reasonable match with
the proxy data, showing a long-term cooling trend of
1�C during summer (Fig. 4) and a marked expansion of
sea ice (Fig. 13).

5 Discussion and concluding remarks

5.1 Effect of external forcings

Compared to earlier model studies, our results give a
similar response to the prescribed external forcings. The
simulated long-term summer cooling over the continents
north of 60�N follows the prescribed orbital forcing
(Fig. 2a). Indeed, the summer temperature depression
found over most land surfaces (�1 to �3�C) is similar to
what is obtained in equilibrium experiments performed
with atmospheric GCMs coupled to mixed layer ocean
models to study the impact of orbital forcing at 9 kyr BP
(Kutzbach and Gallimore 1988; Mitchell et al. 1988).
The general decrease in summer precipitation is a direct
consequence of this overall cooling and the range found
in our experiment is comparable to that reported by
Brovkin et al. (2002). To quantify the contribution of the
variations in greenhouse gas concentrations, we per-
formed an additional sensitivity experiment with
ECBilt-CLIO-VECODE in which we prescribed only the
long-term changes in atmospheric CH4and CO2 content
as shown in Fig. 2. The effect of these greenhouse gas
changes in the areas north of 60�N was an almost linear
warming trend of 0.5�C over 9 kyr, which is consistent
with the findings of Crucifix et al. (2002). This suggests
that the greenhouse gas forcing partly counteracts the
decrease in summer insolation.

5.2 Impact of internal feedbacks

In addition, we find in our results the impact of several
internal feedbacks described in other model studies.
First, the well-known snow/ice-albedo positive feedback,
involving an increase in the cover of snow and sea ice as
a response to decreasing temperatures leading to a
higher surface albedo and thus to further cooling (Ker-
win et al. 1999; Crucifix et al. 2002). The type of vege-
tation also influences the albedo of the snow cover, as it
is much higher for grasslands than for forests (e.g.,
Harvey 1988). Second, the sea ice-insulation feedback is
important, with a decreasing heat flux from the ocean to
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the atmosphere when the insulating sea-ice cover be-
comes thicker. In our experiment, these two feedbacks
caused an amplification of the orbitally forced cooling,
especially in the Canadian Arctic, as can be deduced
from a comparison of the increase in surface albedo (up
to +30%, Fig. 13b) and the pattern of the 9–0 kyr BP
temperature anomalies (locally �7�C, Fig. 4d). The de-
crease in summer temperature also leads to a weaker
summer melt, and a thicker ice cover in summer as well
as in winter. Furthermore, the thermal inertia of the
ocean also plays an important role, as it causes a
dampening of the orbitally induced summer temperature
variations and lead to a lagged response over the oceans,
relative to the seasonal cycle of insolation and the more
direct response over land surfaces. Considering that the
duration of this lag is a few months, both effects caused
a clear maximum temperature difference over the Arctic
Ocean in the winter half year instead of summer (Fig. 4).
This also explains the long-term cooling trend in winter
temperatures (Fig. 3a), which shows no sign of a direct
response to the increase in insolation (+12 W/m2) in
contrast to the mid-latitudes where a winter increase in
temperature is noticed over the continents.

The profound changes in sea ice also affected the
Holocene evolution of precipitation in different regions.
Measurements in the present-day Canadian Arctic show
that the precipitation amounts depend strongly on the
sea-ice extent in adjacent basins (e.g., Williams and
Bradley 1985). A comparison of the maps showing
precipitation anomalies (Fig. 8) and sea-ice changes
(Fig. 10), shows that the maximum precipitation
reduction (40–60 mm month-1) is found in Northern
Canada close to the region with maximum expansion in
sea-ice cover (up to +60%) during summer and au-
tumn. It is likely that here the ocean surfaces were
important as a moisture source during the early part of
the experiment. Europe receives its moisture from the
Northern Atlantic and the eastern Nordic Seas, both of
which remained ice-free throughout the experiment,
possibly explaining why the reduction in precipitation is
not as striking here (Table 1).

A third important feedback involves the biogeo-
physical relation between forest fraction and albedo.
When the forest cover decreases as a result of the orbi-
tally induced shortening of the growing season, this also
amplifies the cooling, as forests have a much lower
surface albedo than tree-less vegetation (e.g., Harvey
1988; Foley et al. 1994; TEMPO members 1996; Gano-
polski et al. 1998; Brovkin et al. 2002). As analyzed by
Brovkin et al. (2003), the strength of this feedback is
related to the non-linear dependence of the forest frac-
tion on the GDD0 index. When the summer tempera-
tures decrease and the GDD0 index reaches a certain
threshold (which is model dependent), the forest fraction
is rapidly reduced, making the biogeophysical feedback
stronger. Sensitivity analyses with another coupled
model that includes VECODE (i.e. MoBiDiC) have
shown that in this case this threshold is about 1,200
degree days (Brovkin et al. 2003). In ECBilt-CLIO-

VECODE, the threshold probably has a similar value. In
our simulation, the GDD0 index crosses the 1,200 de-
gree-days threshold in some regions in North America
(central North Canada and Alaska), i.e. the areas where
we found a 0.35 reduction in forest fraction (Fig. 17a)
and a 12% rise in surface albedo in spring (Fig. 13d). A
substantial part of the temperature reduction in these
areas is probably due to this biogeophysical feedback,
especially in spring (compare Fig. 4b, c with Fig. 13d).
This feedback is amplified via sea ice-related feedbacks
discussed above. In transient Holocene simulations
performed with MoBiDiC, this vegetation-related
amplification of the orbitally forced cooling was found
to be responsible for a 1.5�C reduction in summer
temperature in the last 4 kyr (Crucifix et al. 2002). There
is also a second, less important feedback active at high
latitudes in which vegetation plays a role, involving the
reduction in evaporation with decreasing forest fraction,
leading to increasing summer temperatures (i.e. a nega-
tive feedback, e.g., Bonan et al. 1995; Brovkin et al.
2003). However, the latter feedback is not taken into
account in our model, as vegetation changes only affect
the surface albedo. Consequently, the absence of this
negative feedback potentially caused an overestimation
of the long-term summer cooling.

5.3 Original features compared to previous Holocene
model studies

Compared to previous climate model studies, we have
identified a number of novel aspects of Holocene climate
change that are consistent with available proxy data.
First, our simulation shows a shallower deep convection
(by more than 250 m, Fig. 15) and weakened overturn-
ing strength (by 0.5 Sv, Fig. 14) in the Nordic Seas,
while it is enhanced in the Labrador Sea. The enhance-
ment of the deep convection in the Labrador Sea (by
150 m) is related to the cooling of the surface ocean (up
to 6�C in winter), leading to an increase in the surface
density (e.g., Rahmstorf et al. 1996). Surface cooling
also occurs in the Nordic Seas, but here its effect is
overwhelmed by the impact of a marked sea-ice expan-
sion in the region of deep convection, accompanied by a
slight decrease in surface salinity (�0.25 psu over 9 kyr),
which stabilizes the upper ocean and reduces deep mix-
ing. In contrast to the Nordic Seas, the main sea-ice
expansion in the Labrador Sea is located to the north of
the main convection site (Fig. 13) and the surface
salinity remains at the same level. The opposite evolu-
tion of convection depth in the two regions reflects on
the temperature, which shows a stronger decrease in the
Nordic Seas compared to the Labrador Sea. This model
result is in excellent agreement with paleoceanographical
evidence, suggesting that deep-water formation in the
Labrador Sea increased during the Holocene, whereas
the contribution of Nordic Sea components of the North
Atlantic Deep Water decreased (Hillaire-Marcel et al.
2001; Solignac et al. 2004). In the model, the net effect of
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the opposite changes in the two regions is a small, sta-
tistically insignificant increase in the export of NADW
out of the Atlantic (Table 1).

A second novel result of our experiment is the in-
crease in variability of the coupled system towards the
Late Holocene. This is clearly evident in the tempera-
tures in Scandinavia and North America (Figs. 5, 6 and
Table 1), in the different components of the ocean cir-
culation in the Nordic Seas (Fig. 14and Table 2) and in
the sea-ice evolution (Table 2). The enhanced variability
is most clearly expressed in the Nordic Seas region,
where it culminates in two decadal-scale events that are
characterized by cooling in Northern Europe (�15�C in
January temperature, Fig. 5), negative excursions in
overturning strength (�1.5 Sv, Fig. 14) and positive
anomalies in the sea-ice extent (Fig. 12). As discussed in
detail by Goosse et al. (2003), sea-ice anomalies in the
Nordic Seas are part of the internal variability of our
model, i.e. they occur in experiments without time-
varying forcing. The events are triggered by specific
atmospheric conditions, with a negative geopotential
height anomaly over Greenland and a positive anomaly
over the Nordic and Barents Seas. This atmospheric
circulation pattern causes an increase of sea-ice trans-
port towards the Svalbard area, which weakens (or even
locally shuts down) the deep convection that is present
here in normal years. As a result, the sea-ice area ex-
pands even further, enforcing the specific atmospheric
circulation pattern and causing strong regional cooling.
However, this enhanced cooling also makes the surface
ocean waters denser, thus producing a strengthening of
the overturning circulation, ending the cold events after
a decade or so. Earlier sensitivity experiments have
shown that the frequency of sea-ice anomalies increases
substantially when the climate becomes colder, as this
enhances the probability of inference of sea ice and deep
convection in the Nordic Seas (Goosse et al. 2003; Go-
osse and Renssen 2004). The simulated increase in var-
iability towards the Late Holocene is thus related to the
interaction between sea-ice expansion and deep con-
vection. Our result is consistent with high-resolution
proxy data from the Nordic Seas that indeed suggest
expansion of the sea-ice cover and an increase in the
variability, especially in the western part of the basin
during the last 1 kyr (Andersen et al. 2004). Moreover,
detailed marine and terrestrial records indicate the
occurrence of several striking decadal-scale cooling
events during the last 3 kyr (Lauritzen and Lundberg
1999; Andersson et al. 2003) that may reflect similar
conditions as the two events in our experiment.

A third original outcome of our simulation is the
decrease in the zonality of the atmospheric circulation
during the Holocene, as reflected by a decline in the
meridional pressure gradient and a reduction of the AO
index, especially during autumn in the first 5 kyr. Again,
this result is consistent with proxy data giving infor-
mation on the atmospheric circulation (Hammarlund
et al. 2002; Andersen et al. 2004). A similar effect on the
atmospheric circulation was found by Tuenter et al.

(2004), who performed sensitivity experiments with
ECBilt-CLIO to study the effect of precession on cli-
mate. They found that the insolation during minimum
precession (e.g., early Holocene) causes winter condi-
tions to start earlier in the North Atlantic region, rela-
tive to a situation with maximum precession. Just as in
the early part of our experiment, the earlier winter
conditions associated with minimum precession result in
a higher AO-index in autumn.

5.4 Summary model-data comparison and future
perspectives

Generally, our model results are consistent with the
proxy evidence discussed, as seen in the model-data
agreement for the long-term evolution in temperature,
precipitation, sea ice, oceanic circulation and atmo-
spheric circulation. This suggests that most of the long-
term trends at high northern latitudes can be explained
by the response of the coupled system to orbital and
greenhouse gas forcing. Compared to earlier Holocene
climate simulation studies (e.g., Weber 2001; Brovkin
et al. 2003; Crucifix et al. 2002), we have used a more
comprehensive model, which enabled us to explain
several new aspects of Holocene evolution found in
proxy records. For instance, the use of a 3-dimensional
ocean model enabled us to simulate the contrast in deep
convection activity between the Nordic Seas and the
Labrador Seas, and to show that this is related to
competing effects of surface cooling and sea-ice
expansion. Also, the application of a comprehensive
sea-ice model permits us to show that sea-ice advection
is an important process for the Holocene climate evo-
lution. The simulated increase in variability depends
partly on southward sea-ice transport through Fram
Strait, which in our experiment shows an increase in
both the volume flux as in the variability (Table 2). In
addition, the use of an atmospheric model resolving
synoptic variability allowed us to reproduce the de-
crease in AO index found in proxy data and to link it
to precession. Finally, the incorporation of a dynamic
vegetation model revealed the regional importance of
biogeophysical feedbacks.

However, some discrepancies between our model
result and data that are linked to the limitations of our
model were also found. The most important one is the
timing of the thermal maximum. Although in many
regions the simulated early (9–8 kyr BP) optimum fits
the data (Alaska, western Canada, Nordic Sea region),
there are also regions where proxy evidence suggests it
starts 1–2 kyr later and also lasts longer; for instance
eastern Canada, Greenland and inland Scandinavia.
The mismatch in eastern Canada and Greenland is re-
lated to the lacking of a dynamic ice-sheet model in our
simulation. Ideally, one would start a transient Holo-
cene simulation within the Younger Dryas (e.g., at
11 kyr BP), so that the deglaciation is accounted for.
This type of simulation will be feasible in the near
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future, as deglaciation scenarios are available (e.g.,
Licciardi et al. 1998; Peltier 1994) and the development
of dynamic ice-sheet models that can be coupled to
climate models is progressing (e.g., Calov et al. 2002).
As our model is not yet capable of simulating such a
deglaciation scenario, we have attempted to capture the
first-order effect of the residual Laurentide Ice sheet on
climate by performing our ICE experiment. Although
highly idealized, the ICE experiment shows that the
effect of the Laurentide Ice sheet would be to delay and
flatten the thermal optimum in eastern Canada and
Greenland, which is in better agreement with proxy
evidence. A second future improvement would be to
simulate the Holocene with a higher spatial resolution
than the 5.6·5.6� latitude–longitude of our model. This
would improve the model-data comparison, as proxy
data often represent a more local spatial scale than
resolved by this model resolution, due to, e.g., the effect
of topography (Renssen et al. 2004). Third, we have
used a model with a correction in the freshwater fluxes,
which was applied to obtain a correct modern climate
state (as explained in Sect. 2.1). It would clearly be
preferable to run a model without such flux corrections,
as these could influence several aspects of the model,
for instance the THC response. Nevertheless, earlier
paleoclimate simulations with ECBilt-CLIO have pro-
duced results with a good correspondence with paleo-
data (e.g., Renssen et al. 2002), giving some confidence
in the capability of the model to reproduce climate
variations under different forcing conditions.
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