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Abstract

Three potential mechanisms behind centennial-scale Holocene cooling events are studied in simulations performed with the coupled

climate model ECBilt–CLIO: (1) internal variability, (2) solar forcing, and (3) freshwater forcing. In experiments with constant

preindustrial forcings, three centennial-scale cooling events occur spontaneously in 15,000 years. These rare events represent an unstable

internal mode of variability that is characterised by a weaker thermohaline circulation, a more southward location of the main site of

deep-water formation, expanded sea-ice cover and cooling of 10 1C over the Nordic Seas. This mode is visited more frequently when the

climate is cooled by abruptly reducing the solar constant by 5 or 3Wm�2. Prescribing a solar forcing of the same magnitude, but

following a sinusoidal function with a period of 100 or 1000 years, does not result in any centennial-scale cooling events. The latter

forcing does however result in more frequent individual cold years in the North Atlantic region that are related to local weakening of the

deep convection and sea-ice expansion. Adding realistic freshwater pulses to the Labrador Sea is also able to trigger centennial-scale

cooling events with temperature anomalies resembling proxy evidence for the cooling event at 8.2 kyrBP, suggesting that freshwater

forcing is a valid explanation for early Holocene cooling events.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years it has become evident that the Holocene
climate in the North Atlantic region experienced centen-
nial-scale cooling events that are superimposed on the
long-term orbitally forced trend. These events have been
registered in a variety of proxy archives, e.g., glaciers
(Denton and Karlén, 1973; Nesje and Dahl, 1993; Nesje
et al., 2001), European lake sediments (Magny, 1993a, b,
1998), Atlantic Ocean sediments (Bond et al., 1997) and
peat bogs (e.g., van Geel et al., 1996; Mauquoy et al.,
2002). According to Bond et al. (1997, 1999), anomalous
cooling occurred in the North Atlantic region around 11.1,
10.3, 9.4, 8.1, 5.9, 4.2, 2.8, 1.4 and 0.4 kyr cal BP. However,
the exact timings are still under debate due to uncertainties
in the age control (e.g., Rohling and Pälike, 2005). The
duration of most events appears to be in the order of
100–200 years (e.g., Alley et al., 1997; van der Plicht et al.,
2004; Booth et al., 2005). The magnitude of the cooling
phases in the North Atlantic region was generally modest
e front matter r 2007 Elsevier Ltd. All rights reserved.
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(about 0.5–1 1C), with the exception of the event just before
8 kyr BP (the ‘8.2 k’ event) for which temperature depres-
sions of 5 1C and 1.5 1C have been reconstructed in
Greenland (Alley et al., 1997) and Central Europe (von
Grafenstein et al., 1998), respectively. In this paper we
present results of climate model experiments that shed light
on the mechanisms behind these events.
It is important to gain a good understanding of the

underlying mechanism for these climatic anomalies, as this
may hold clues to the climate system’s sensitivity, which is
crucial in the context of the rapidly warming climate of the
21st century. Several different forcing mechanisms have
been proposed. Most authors appear to favour reductions
in solar irradiance as the main trigger (e.g., Denton and
Karlén, 1973; Magny, 1993a, b; van Geel and Renssen,
1998; Bond et al., 2001; van der Plicht et al., 2004), except
for some events early in the Holocene that have been linked
to meltwater releases associated with the final deglaciation
stages (e.g., the events around 10.3 and 8.2 kyr cal BP, von
Grafenstein et al., 1998; Barber et al., 1999; Renssen et al.,
2001; Nesje et al., 2004). A third possibility raised by model
studies is that abrupt climatic cooling events could occur in
the North Atlantic region without an external trigger,
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implying that they are part of the internal variability of the
coupled climate system (Hall and Stouffer, 2001; Goosse
et al., 2002).

The underlying mechanisms may be studied with
numerical climate models (e.g., Schmidt et al., 2004).
In particular, the thermohaline circulation (THC)
can be easily perturbed in models by adding freshwater
to the ocean surface, leading to a lower surface density
and weakened deepwater formation, which results in
reduced northward heat transport by the North Atlantic
Ocean and significant surface cooling over adjacent
continents (e.g., Maier-Reimer and Mikolajewicz, 1989;
Stocker and Wright, 1991; Manabe and Stouffer, 1995;
Rahmstorf, 1995, 1996; Cai et al., 1997; Schiller et al.,
1997; Rind et al., 2001; Seidov et al., 2001; Renssen et al.,
2002). However, most of these studies involve the
perturbation of a modern climate state and only a few
(Renssen et al., 2001, 2002; Bauer et al., 2004) have
specifically considered the freshwater impact on the early
Holocene climate.

Model simulations have also been performed to study
the impact of solar forcing on climate, with many studies
(e.g., Cubasch et al., 1997; Bertrand et al., 1999; Rind et al.,
1999; Shindell et al., 2001a, b) focusing on the well-
documented Maunder sunspot minimum (�1650–1700
AD, Eddy, 1976). For instance, Shindell et al. (2001a)
used a state-of-the-art coupled general circulation model
(GCM) to show that reduced solar irradiance during the
Maunder Minimum could have resulted in changes in
atmospheric circulation that enhanced the cooling over the
Northern Hemisphere continents. In addition, models
indicate that solar irradiance variations could significantly
influence the behaviour of the thermohaline circulation
(Cubasch et al., 1997; Goosse et al., 2002; van der Schrier
et al., 2002; Weber et al., 2004).

The objective of this paper is to give an overview of the
various experiments that have been performed with the
ECBilt–CLIO coupled atmosphere-ocean model (Opsteegh
et al., 1998; Goosse and Fichefet, 1999) to study centennial-
scale climate variability. This model has a less complex
atmospheric component than full-scale coupled GCMs,
making it feasible to run multiple millennial-scale runs
within a reasonable amount of time but without the
requirement of super computing facilities. Over the past
few years, a range of experiments have been performed
with ECBilt–CLIO to explore the different aspects of
Holocene cooling events, i.e., long-term internal variability
(Goosse et al., 2002, 2003), the impacts of freshwater
forcing (Renssen et al., 2001, 2002) and solar forcing
(Goosse et al., 2002; Goosse and Renssen, 2004). The fact
that all these simulations have been carried out with one
model, gives us the opportunity to get a consistent picture
of the connection between these different aspects. This
enables us to present here a comprehensive ‘model view’ of
the mechanisms behind Holocene cooling events, which has
not been discussed in our previous individual papers. The
discussed mechanisms could be helpful for the palaeodata
community, as it gives the opportunity to place observed
climatic anomalies in a physical context.

2. Model and experimental design

2.1. The model

The discussed simulations were performed with version 2
of the ECBilt–CLIO model, which describes the global
coupled atmosphere-ocean system in three dimensions. The
oceanic component CLIO is a primitive equation, free-
surface oceanic GCM coupled to a state-of-the-art
thermodynamic-dynamic sea-ice model (Goosse and Fi-
chefet, 1999). The oceanic GCM has a horizontal resolu-
tion of 31 latitude by 31 longitude and includes 20 unevenly
spaced levels in the vertical, while the sea ice model has 3
layers (Fichefet and Morales Maqueda, 1999). The atmo-
sphere is represented by ECBilt, a quasi-geostrophic model
with T21 resolution and 3 levels (Opsteegh et al., 1998).
ECBilt contains a full hydrological cycle, including a
simple model for soil moisture over continents, and
computes synoptic variability associated with weather
patterns. Cloud cover is prescribed according to modern
climatology. ECBilt–CLIO includes realistic topography
and bathymetry. To obtain a reasonable ocean circulation,
a weak flux correction is applied, consisting of an artificial
reduction of precipitation by 10% over the Atlantic Ocean
and by 50% over the Arctic Ocean, and a homogeneous
distribution of this removed amount over the Pacific
Ocean. Further details about the model are available at
http://www.knmi.nl/onderzk/CKO/ecbilt.html.

2.2. Experimental design

We discuss here the results of a range of experiments, of
which the experimental design is summarised in Table 1.
Two control experiments were performed in which all
forcings were kept constant (i.e. equilibrium experiments).
First, a 15,000-year long simulation was run with
preindustrial forcings (experiment EPI1750, Goosse et al.,
2002; Goosse and Renssen, 2004). Second, a 550-yr
experiment was performed with 8.5 kyr cal BP conditions
(experiment EHOL, Renssen et al., 2002), which include
changes in orbital parameters (Berger, 1978), trace gas
concentrations (Raynaud et al., 2000) and land surface
characteristics such as vegetation (Adams and Fauré, 1997)
and the remnant Laurentide ice sheet (Peltier, 1994).
During the last 50 years of EHOL (i.e. from year 500 to
550), this simulation is very close to a quasi-equilibrium
state as, for instance, the global mean ocean temperature
experienced only a minor temperature trend of �0.007 1C
per century (Renssen et al., 2002). The experiments
EPI1750 and EHOL form the basis of the other simula-
tions, i.e. the control states were perturbed by changing
various forcings.
To study the impact of changes in solar irradiance, the

preindustrial climate of EPI1750 was perturbed by adjust-

http://www.knmi.nl/onderzk/CKO/ecbilt.html
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Table 1

Summary of the experiments discussed in this paper

Name Length (years) Description

EPI1750 15,000 Control simulation with constant pre-

industrial forcing (1750 AD)

TDEC 1� 15,000,

8� 1200

Transient response of the system to an

abrupt decrease of solar constant of 1,

3 and 5Wm�2 (3 members in each

case, one 5Wm�2 case is run for 15,000

years)

MIL 5000 Response to an idealised sinusoidal

solar forcing with an amplitude of

3Wm�2 and a period of 1000 years

CEN 3000 Response to an idealised sinusoidal

solar forcing with an amplitude of

3Wm�2 and a period of 100 years

EHOL 550 Control simulation with constant early

Holocene forcing (8.5 kyr cal BP)

FW500 500 Response to 500-year FW pulse

FW50 5� 500 Response to 50-year FW pulse (5

members)

FW20 3� 500,

2� 1500

Response to 20-year FW pulse (5

members)

FW10 4� 500,

1� 1500

Response to 10-year FW pulse (5

members)
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Fig. 1. Annual mean surface temperature anomaly averaged over the area

North of 451N in experiments EPI1750 (black) and TDEC5_1 (grey) (from

Goosse and Renssen, 2004).
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ing the solar constant (Goosse et al., 2002; Goosse and
Renssen, 2004). In the group of simulations labelled
TDEC, the solar constant was abruptly reduced by 5, 3
or 1Wm�2 during at least 1200 years. The latter experi-
ments were repeated three times with different initial
conditions (i.e. 3 ensemble members for each perturbation)
to study the robustness of the results. The initial conditions
for these TDEC ensemble members were taken from three
states of EPI1750 separated by 250 years. One ensemble
member with a 5Wm�2 solar constant reduction was
continued until a total duration of 15,000 years was
reached (i.e. equivalent to EPI1750). In a second set of
experiments, the solar constant was periodically varied
following an idealised sinusoidal function with an ampli-
tude of 3Wm�2 and a period of either 100 (CEN) or 1000
years (MIL). An anomaly of 3Wm�2 is comparable to the
estimate of �2.6Wm�2 (or �0.2%) by Lean (2000) for the
Maunder Minimum, although recent estimates for this
period are more in the order of �1Wm�2 (or �0.08%,
Lean et al., 2002; Fröhlich and Lean, 2004).

The effect of meltwater influxes was studied in the group
of experiments labelled FW, in which freshwater perturba-
tions were added to the early Holocene climate state of
EHOL. The released volume of freshwater was fixed at
4.67� 1014m3; a value at the higher end of estimates of
meltwater releases reconstructed for the 8.2 kyr cal BP
event (e.g., von Grafenstein et al., 1998). The freshwater
pulses were released in the Labrador Sea, which is
consistent with the hypothesis that the 8.2 kyr cal BP event
is associated with the final stages of the Laurentide ice sheet
(e.g., Barber et al., 1999; Nesje et al., 2004). In separate
experiments, the volume 4.67� 1014m3 freshwater was
released at four different constant rates: (1) 0.03 Sv during
500 years (1 Sv is 106m3s�1), (2) 0.3 Sv during 50 years, (3)
0.75 Sv during 20 years and (4) 1.5 Sv during 10 years. The
experiments with 50, 20 and 10-year pulses were repeated
four times (i.e. 5 ensemble members each) with different
initial conditions derived from EHOL. For these 5
ensemble members, the initial conditions were obtained
by taking samples at 5 year intervals from a continuation
of EHOL (i.e. at years 550, 555, 560, 565 and 570).

3. Results

3.1. Internal variability under preindustrial conditions

In ECBilt–CLIO simulations with constant forcing (e.g.,
EPI1750), two low-frequency modes of variability have
been described (Goosse et al., 2002, 2003). Both modes
involve a strong increase in sea-ice cover in the Nordic
Seas, anomalous cooling in the North Atlantic region and
reduced northward atmospheric and oceanic transport at
high northern latitudes. In addition, deep convection in the
Nordic Seas is temporarily reduced. The two modes of
variability can be distinguished on the basis of the duration
of the anomalies and the severity of the change in deep
convection. In the first mode, the deep convection in the
Nordic Seas is only locally weakened during a few years to
up to 3 decades (Goosse et al., 2003). In the second mode,
on the other hand, an important southward shift in the
main convection site occurs from the location close to
Svalbard to a site near the Norwegian coast, leading to a
new meta-stable state that survives between 50 and 500
years (Goosse et al., 2002). As the Holocene cooling events
appear to have a duration in the order of one or two
centuries, we focus in the remainder of this paper on low-
frequency variability of the second type.
In experiment EPI1750, three anomalies of the mode 2

type are simulated in 15,000 years (Fig. 1, Goosse and
Renssen, 2004). Consequently, under constant preindus-
trial forcings, this low-frequency mode of variability is
spontaneously—but rarely—visited. The associated tem-
perature anomaly has a characteristic pattern, with cooling
in the Northern Hemisphere with a core of more than -
101C over the Nordic Seas, and relatively modest warming
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(mostly less than +1 1C) in the Southern Hemisphere
(Fig. 2a, Goosse et al., 2002). The strong cooling over the
Nordic Seas is associated with a local shutdown of deep
convection just South of Svalbard, leading to an important
reduction in the ocean-to-atmosphere heat flux in this
region (by more than 100Wm�2) and major expansion of
the sea-ice cover. The extensive ice cover amplifies the
initial cooling by two positive feedbacks, viz. the ice-albedo
and ice-insulation feedbacks. The temperature reduction
over land ranges from �4 1C close to the Nordic Seas over
Greenland and Northern Scandinavia, to �2 to �0.5 1C
over most of mid-latitude Eurasia, and �1 to �0.5 1C over
Canada and Alaska.

3.2. The impact of solar forcing

In our model, cooling the global climate by reducing the
solar constant by 5Wm�2 leads to a considerable increase
in the frequency of centennial-scale cooling events (i.e. 7 in
15,000 years compared to 3 in EPI1750, Fig. 1). The TDEC
experiments show that a 3Wm�2 reduction is also sufficient
to trigger the events, while this is not the case with 1Wm�2

(Fig. 3). The events are triggered by a modification of the
vertical density profile in the area where deepwater
formation takes place under ‘normal’ conditions, i.e. South
of Svalbard. At depth the density increase due to cooling is
larger than at the surface. This change in the vertical
density profile has been attributed to two factors (Goosse
et al., 2002). First, because the region is close to the sea-ice
limit, the ocean surface is not far from the freezing point,
implying that the upper level temperature cannot decrease
as much as at the lower levels. Second, the thermal
expansion coefficient is smaller at surface than at depth
because of the lower temperature. As a consequence of
these processes, the water column near Svalbard becomes
more stratified, preconditioning it for a local shutdown of
deep convection. It is noteworthy that the time between the
reduction in solar constant and the start of the cooling
events varies considerably from case to case (between
about 50 and 1200 years).
Although the TDEC simulations show that a reduction

in solar irradiance can trigger centennial-scale cooling
events in our model, it must be realised that these
experiments are far from realistic, as in reality solar
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irradiance has not been reduced by a constant quantity for
the duration of multiple centuries. Rather, proxy evidence
shows that solar irradiance varies on multiple time-scales
(e.g., Beer et al., 2000; Solanki et al., 2004). To study the
impact of centennial and millennial-scale solar variations,
Goosse and Renssen (2004) performed the CEN and MIL
experiments, in which the solar constant was varied
according to a sinusoidal function with an amplitude of 3
Wm�2. Thus, in contrast to the TDEC experiments, in
CEN and MIL the coupled system is continuously
adjusting to changes in solar forcing. Goosse and Renssen
(2004) find in CEN and MIL no shifts to the meta-stable
state that is characteristic of centennial-scale cooling events
(i.e. 2nd mode). However, CEN and MIL revealed that,
during periods of reduced solar irradiance, the probability
of short-lived (i.e. up to decades, 1st mode) phases with
weakened deep convection in the Nordic Seas increases
substantially. These short-lived events are further char-
acterised by relatively extensive sea-ice cover and particu-
larly cold conditions in the Nordic Seas region (Goosse and
Renssen, 2004).

3.3. The impact of freshwater forcing

The FW-series of simulations show that realistic fresh-
water perturbations can also trigger centennial-scale cool-
ing events in our model. This is not surprising, as an influx
of freshwater in the North Atlantic reduces the surface
density, leading to stratification of the surface ocean,
reduced deep convection, and a weakened THC. However,
the relation between freshwater forcing and THC response
is complex, as the duration of this response is non-linearly
related to the rate of freshwater release. In all experiments
in which the fixed amount of 4.67� 1014m3 was released in
10, 20 or 50 years, a shift to the meta-stable state (see
Section 3.1) was simulated (Fig. 4). Only in the experiment
with a relatively slow release rate (FW500), no significant
response of the ocean circulation was found. In the set of
simulations labelled FW50, the THC recovered within 200
years in all 5 ensemble members (Fig. 4). In FW20 and
FW10, however, the duration of the simulated events
varied between 200 and more 1200 years in individual
ensemble runs, with the average duration being signifi-
cantly longer in FW10 than in FW20.

In the FW simulations, the temperature response is
slightly different from the events in the EPI1750 and
TDEC experiments (Fig. 2b). The main difference in the
spatial pattern is the cool anomaly between Iceland and
Greenland in the FW experiments that is absent in the
spontaneous event shown in Fig. 2a. This cooling near
Iceland is caused by a cessation of deep convection here
(i.e. it is a secondary site of convection in the model) due to
the freshwater perturbation, combined with an expansion
of sea ice in this area. In the spontaneous events only the
deep convection site south of Svalbard is involved. A
second difference is a cold-warm-cold fluctuation in the
first decades after the freshwater pulse that is lacking in the
simulated events without freshwater forcing. The warm
phase in this fluctuation has been linked to a temporary
influx of relatively warm and saline water, which is due to
the low density of the injected anomaly, preventing it from
sinking at a relatively southerly latitude (Manabe and
Stouffer, 1995; Renssen et al., 2002). After the recovery of
the event, the temperature evolution (Fig. 5) shows a slight
‘overshoot’ to anomalous warm conditions (+0.5 1C above
the EHOL mean) that is also visible after the events in the
EPI1750 and TDEC simulations. This overshoot is due to
the release of heat that accumulated in the Atlantic Ocean
at depth. The overall model response in the FW experi-
ments is in good agreement with proxy records for the 8.2 k
event (Wiersma and Renssen, 2006), showing widespread
cooling in the Northern Hemisphere and relative dry
conditions, especially in areas at low latitudes. The cooler
North Atlantic climate in the FW experiments is in better
agreement with available terrestrial data for the 8.2 ka
event than the spontaneous events. For instance, over
central Greenland, the FW experiments (Fig. 2b) suggest
2–4 1C cooling, while the spontaneous events only show
1–2 1C cooling (Fig. 2a), compared to about �5 1C
suggested by Alley et al. (1997). This agreement supports
the hypothesis that this event reflects a perturbation of the
THC due to a freshwater release associated with the
drainage of Laurentide Lakes.

4. Discussion

In our model, all three considered potential mechanisms
(i.e. internal variability, solar forcing, and freshwater
forcing) can cause centennial-scale cooling events with
characteristics (duration, magnitude and distribution) that
are in agreement with proxy records. However, there are
important differences between the three mechanisms. By
definition, the events caused by internal variability cannot
be linked to any external forcing, making the timing of the
events truly unpredictable. The spontaneous events require
a rare concurrence of specific conditions that involve an
interplay between atmosphere, sea ice and ocean. In the
case of solar forcing, the reduction of solar irradiance
increases the probability of a local shutdown of convection
through the cooling of the atmosphere and ocean, which
leads to a slow density adjustment and stratification in the
main convection area. In all TDEC experiments with a 3 or
5Wm�2 reduction in the solar constant, a centennial-scale
cooling event occurred within 1250 years of the perturba-
tion. Hence, the beginning of the event can be significantly
delayed relative to the external forcing. In the case of
freshwater forcing, on the other hand, the meltwater influx
immediately reduces the surface density of the Atlantic
Ocean, leading to a perturbation of the THC within two
decades of the external forcing. In addition, the magnitude
of the cooling is somewhat larger in the freshwater-induced
events.
The spontaneous events in EPI1750 (Fig. 1) show some

resemblance to the event simulated by Hall and Stouffer



ARTICLE IN PRESS

100

90

80

70

60

50

40

30

20

10

0

500   700   900   1100     1300    1500    1700    1900

start of perturbation
e, t = 570      10-yr cases

d, t = 565

c, t = 560

b, t= 555

a, t= 550

Time (yr)

S
v

start of perturbation
e, t = 570      20-yr cases

d, t = 565

c, t = 560

b, t = 555

a, t =550

100

90

80

70

60

50

40

30

20

10

0

500   700   900   1100     1300    1500    1700    1900

Time (yr)

S
v

start of perturbation
e, t = 570       50-yr cases

d, t = 565

c, t = 560

b, t = 555

a, t = 550

100

90

80

70

60

50

40

30

20

10

0
500   700   900   1100     1300    1500    1700    1900

Time (yr)

S
v

Fig. 4. Maximum meridional overturning rate (Sv) in the Nordic seas (i.e., between 601 and 801N) plotted against time (years) for the FW experiments. (a)

FW50, (b) FW20, and (c) FW10. The timing of the freshwater releases (labeled ‘a’ to ‘e’) are indicated. Note that, for convenience, values of the upper 4

curves have been elevated by 20, 40, 60, and 80 Sv (from Renssen et al., 2002).

H. Renssen et al. / Quaternary Science Reviews 26 (2007) 2019–20292024
(2001) in a 15,000-year long present-day control experi-
ment performed with the GFDL coupled GCM. In both
cases, deep convection in the North Atlantic Ocean is
temporarily eliminated due to an extremely rare combina-
tion of ideal conditions in the atmosphere and ocean.
Moreover, the spontaneous cold event of Hall and Stouffer
(2001) lasts about 40 years (i.e. comparable to our shortest
spontaneous event) and the maximum surface cooling is
also more than 10 1C as in our events. However, compared
to Hall and Stouffer (2001), sea ice plays a much more
prominent role in our events, with northerly winds
inducing a strong southward ice export out of the Barents
Sea towards the main deep convection site South of
Svalbard (741N). Here it increases the stratification of the
water column, preventing deep convection. In addition, the
expansion of sea ice amplifies the surface cooling through
the ice-albedo and ice-insulation positive feedbacks. In the
model of Hall and Stouffer (2001) the main deep
convection site is located in the Denmark Strait at
�631N, implying that it is too far away from the ice
margin for sea ice to play a direct role during the event.
The more prominent role of sea ice expansion in our model
explains why the cooling of our spontaneous events is
much more widespread than reported by Hall and Stouffer
(2001). In our case cooling exceeds �0.5 1C over most of
the Northern Hemisphere mid- and high latitudes (Fig. 2a),
while in Hall and Stouffer (2001) the cold anomaly of less
than �0.5 1C is restricted to the North Atlantic region.
Regarding solar forcing, it is important to note that

centennial-scale cooling events were only triggered in
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experiments with a highly unrealistic set-up, i.e. the solar
constant reduced abruptly for several centuries. In multi-
millennia simulations in which the solar forcing was varied
according to a sinusoidal function with a 100-yr or 1000-yr
period (CEN and MIL), no such events were simulated.
This most likely implies that the probability to get a local
convection shutdown (i.e. shift to mode 2) does not
increase when the solar forcing varies at centennial to
millennial time-scales. However, in the CEN and MIL
simulations the frequency of extremely cold years with a
particularly large sea-ice extent in the Nordic Seas and
weakening of convection (i.e. mode 1) increased compared
to EPI1750. A relatively small delay was found between the
forcing and the response, as in CEN the maximum cold
lagged the minimum in forcing by 23 years on average.

Besides the link between solar irradiance and climate
variability discussed so far, there are several other
possibilities of solar forcing of climate at centennial time-
scales. As discussed in detail by Goosse and Renssen
(2006), a negative correlation between solar forcing and
overall THC strength has been found in modelling studies
(e.g., Cubasch et al., 1997; Weber et al., 2004). When solar
irradiance increases, the overall THC strength declines due
to a decrease in surface density in the North Atlantic Ocean
that results from a warmer surface ocean and/or higher
freshwater fluxes. The high-latitude negative salinity
anomalies are in turn advected southwards by the THC
through the deep ocean, modifying the meridional density
contrast with a delay of up to a few centuries, which
amplifies the THC weakening (i.e. positive salinity-advec-
tion feedback). When solar irradiance variations have a
similar time-scale (about 200 years) as this delay, they can
further amplify the THC response. This was shown by
Weber et al. (2004) in a 10 000-year simulation performed
with the atmospheric model ECBilt coupled to a flat
bottom ocean model. Consequently, part of the centennial-
scale THC variability could be due to solar irradiance
changes. This could not only influence the climate of the
North Atlantic region, but also much further away through
advection of temperature anomalies by ocean currents as
shown in experiments with ECBilt–CLIO reported by
Goosse et al. (2004) and Goosse and Renssen (2006). In
response to an increase in solar irradiance, relatively warm
deepwater could be formed in the North Atlantic Ocean,
which is subsequently advected southward through the
deep ocean, followed by upwelling in the Southern Ocean,
causing a surface warming that is delayed in this region by
150–200 years (Goosse et al., 2004; Goosse and Renssen,
2006).
Another possibility is the modification of the atmo-

spheric circulation by solar irradiance changes, which
could in turn modify the surface ocean currents. For
instance, van der Schrier and Barkmeijer (2005) applied an
assimilation technique in ECBilt–CLIO to show that the
specific winter sea level pressure pattern reconstructed for
the Dalton Sunspot Minimum (around 1800 AD) leads to
southward advection of polar waters into the north-eastern
North Atlantic Ocean. In their model, this results in a
lowering of the sea surface temperatures by 0.3–1.0 1C. If
the reduced solar irradiance was responsible for the used
sea level pressure anomaly, this would indicate that a
feedback involving an interaction between atmosphere and
surface ocean might amplify the climate response to solar
forcing in certain regions, but this remains to be tested.
Our simulations show that freshwater perturbations of

the THC offer a good explanation for early Holocene
cooling events that coincide with major meltwater pulses.
The best example is the 8.2 k event, for which good proxy
evidence is available for both the meltwater release and the
climatic response (Alley et al., 1997; von Grafenstein et al.,
1998; Barber et al., 1999, Gasse, 2000; Alley and
Agustdottir, 2005; Wiersma and Renssen, 2006). In
addition, two earlier cooling phases around 11.1 kyr cal BP
(Preboreal Oscillation) and 10.3 kyr cal BP (Erdalen event)
have been linked to outbursts of meltwater into the
Atlantic Ocean (e.g., Nesje et al., 2004). The magnitude
of the reconstructed cooling for the 8.2 k event is larger
than for later Holocene climatic anomalies, which is
consistent with our simulation results that show a relatively
strong cooling in response to freshwater forcing compared
to the cooling in spontaneous events or those triggered by
reduced solar forcing (compare Fig. 2a and 2b). As
discussed by Wiersma and Renssen (2006), both proxy-
data and our model results show for the 8.2 k event a
cooling that is mainly concentrated in the North Atlantic
region, ranging from more than 5 1C cooling in the Nordic
Seas to about 0.5–1 1C over Europe and less than 0.5 1C
over the subtropical North Atlantic.
Two other modelling groups have published model

experiments on the 8.2 k event that confirm the idea that
this event is caused by a meltwater-perturbation of the
THC. First, Bauer et al. (2004) used the CLIMBER-2
coupled atmosphere-ocean-biosphere model of intermedi-
ate complexity to perform experiments with a similar
setup as our simulations. However, compared to our
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experiments, the released freshwater pulse was consider-
ably smaller (1.6� 1014m3 compared to 4.67� 1014m3) and
shorter (2 years compared to 10–500 years). With this
freshwater perturbation, Bauer et al. (2004) simulate a cool
event (�3.6 1C cooling) over the North Atlantic region with
a duration varying between 15 and 150 years. Second,
LeGrande et al. (2006) applied the coupled GCM of the
Goddard Institute for Space Studies that includes a module
for water isotopes and an atmosphere-only version that
calculates aerosol deposition and wetland methane emis-
sions. They were thus able to perform a multi-proxy model-
data comparison for the 8.2 k event and found that a model
state with a �50% reduction in North Atlantic deepwater
production provides a good match with a variety of
palaeoclimate data (i.e. d18O, dust, methane).

The performed solar forcing experiments do not confirm
the idea that temporary reductions in solar irradiance
could cause centennial-scale shifts in the THC as proposed
by several authors (e.g., van Geel and Renssen, 1998; Bond
et al., 2001). However, it should be noted that our model
does not account for stratospheric processes. This could be
important, as the impact of variations in solar irradiance
on climate is thought to be amplified through the effect of
UV changes on stratospheric ozone concentrations, which
could modify the heat budget and circulation in the
stratosphere. The resulting stratospheric anomalies could
be propagated downwards to affect surface climate (Haigh,
1996; van Geel and Renssen, 1998; Shindell et al., 1999,
2001a, b). Shindell et al. (2001a), for instance, used an
GCM with a complete stratosphere (including ozone-
related chemistry) to show that the reduced solar irradiance
during the Maunder Minimum caused a shift in the
atmospheric circulation towards a more negative phase of
the Arctic Oscillation, resulting in colder conditions over
Northern Hemisphere continents (�1 to �2 1C in winter) in
agreement with proxy data. In their model, this response
was weaker in experiments without interactive ozone.
Hence, possibly this stratospheric feedback is an essential
element of the mechanism behind Holocene cooling events
that are linked to solar forcing (e.g., the event at
2.8 kyr cal BP, van Geel et al., 1996, 1998, 2000; or the
‘Little Ice Age’, Shindell et al., 2001a; Mauquoy et al.,
2002).

Alternatively, cooling events that are linked to periods of
reduced solar activity do not reflect a centennial-scale THC
shift (i.e. mode 2), but rather a ‘bundle’ of cold years
associated with extended sea-ice cover in the Nordic Seas
(i.e. mode 1). It would thus be very interesting to check if
some proxy records are more sensitive to changes in the
frequency of extreme events or to low frequency changes of
the climate state in order to determine if the simulated
changes in mode 1 provide a reasonable interpretation.
This appears especially a valid option for events that are
not very pronounced in proxy records, such as those dated
by Bond et al. (2001) at 9.4 and 5.9 kyr cal BP. Another
possibility could be that some of these events have occurred
spontaneously without any link to external forcing.
It is intriguing that Bond et al. (2001) found a correlation
between periods of reduced solar irradiance, as inferred
from cosmogenic isotope records, and the timing of
centennial-scale Holocene anomalies, including those
events that coincide with a meltwater pulse (i.e. at 11.1,
10.3 and 8.2 kyr cal BP, Nesje et al., 2004). This could imply
that the meltwater outbursts were actually triggered by
anomalous climatic conditions related to a decrease in solar
irradiance. In proxy records there are indications that this
might have happened. For instance, around 10.3 kyr BP
cosmogenic isotopes suggest a reduced solar radiation
(Björck et al., 2001) and a general decrease in temperature
has been inferred for the period before the cold spike
associated with the 8.2 k event (Rohling and Pälike, 2005).
A possibility not considered so far here is that explosive

volcanic eruptions may have played an important role in
forcing centennial-scale climate variability. From recent
events like the eruption of Mt. Pinatubo in 1991 it is well-
known that single eruptions of which the plume reaches the
stratosphere can have a significant effect on temperature in
2 years following an eruption (e.g., Robock and Mao,
1995). The annual mean temperature declines by 0.1–0.2 1C
in the global mean (Robock and Mao, 1995). The seasonal
signal, however, is more complicated. In the 2 winters
following a major eruption, surface conditions tend to be
warmer over Eurasia, but cooler over the Mediterranean,
which is associated with a positive phase of the Arctic
Oscillation. This has been observed in both data and
models (e.g., Robock and Mao, 1995; Stenchikov et al.,
2002; Shindell et al., 2003). The time-scale of this response
makes it unlikely that single eruptions are solely respon-
sible for Holocene centennial-scale variability. However,
on a global scale, major volcanic eruptions are important
to amplify the effect of other forcings (e.g., solar forcing)
and the impact of clusters of explosive volcanic eruptions
can extend the time-scale of their impact significantly
(e.g., Crowley, 2000; Bertrand et al., 2002; Goosse et al.,
2005).

5. Conclusions

We performed simulations with a coupled global climate
model to explore the mechanism behind centennial-scale
Holocene cooling events. Three potential mechanisms were
considered: (1) solar forcing, (2) freshwater forcing and (3)
internal variability. Our results suggest the following.
Our model includes a low-frequency mode of variability

that has mean climatic characteristics that resemble the
features reconstructed for Holocene cooling events, viz.
cool conditions in the Northern Hemisphere mid- and high
latitudes, drought particularly in low latitudes. This mode
is associated with a local shutdown of deep convection in
the Nordic Seas. With constant preindustrial forcing, this
mode is visited spontaneously, but rarely (three times in
15,000 years), resulting in climatic cooling events with a
duration of several decades to two centuries. Accordingly,
it is possible that some of the Holocene cooling events
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found in proxy records occurred spontaneously and cannot
be linked to any external forcing.

Shifts to the mode of low-frequency variability can be
triggered by freshwater influxes into the North Atlantic
Ocean. Perturbations of the thermohaline circulation by
freshwater outbursts provide a sensible mechanism to
explain centennial-scale cooling events in the early Holo-
cene such as the 8.2 k event. The simulated climate
response was in agreement with available proxy evidence
with respect to the duration (few hundred years), distribu-
tion and magnitude.

Our solar forcing experiments cannot provide decisive
support for the hypothesis that temporary reductions in
solar forcing caused centennial-scale cooling events during
the Holocene. We found that it is in principle possible to
trigger a local convection shutdown by reducing the
radiative forcing, but only when using an experimental
set-up that is highly unrealistic (i.e. with an abrupt,
prolonged reduction in solar constant). More realistic
experiments with idealised time-varying solar forcing did
not produce centennial-scale cooling events. This could be
related to the fact that our model lacks representation of
stratospheric processes. An alternative explanation is that
cooling events that have been associated with reduced solar
activity reflect an increase in the frequency of particularly
cold years rather than a centennial-scale shift in the mode
of the ocean circulation.
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