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F. M. Selten, R. J. Haarsma, and J. D. Opsteegh
KNMI, De Bilt, The Netherlands

Received 26 February 2002; accepted 8 May 2002; published 18 September 2002.

[1] A multi-millennia simulation performed with a three-
dimensional climate model under constant forcing shows
abrupt climate events lasting for several centuries caused
by a spontaneous transition to an infrequently visited state
of the oceanic thermohaline circulation. This state is
characterized by a more southern location of the main area
of deep ocean convection in the North Atlantic and implies a
large cooling in the mid and high latitudes of the northern
hemisphere. This transition of the thermohaline circulation
occurs spontaneously less than once in 5000 years in the
model, but such transitions can also be triggered by a
reduction of the solar irradiance. INDEX TERMS: 3309
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1. Introduction

[2] Abrupt events have been recorded in various archives
of past climates in the North Atlantic region during the
Holocene (last 11 500 years) and during the previous glacial
period [Dansgaard et al., 1993; van Geel et al. 1998; Bond
et al., 1997]. A likely cause of those fluctuations is a
perturbation of the oceanic thermohaline circulation
(THC) that transports large amount of heat northward in
the Atlantic. The classical paradigm states that the large
THC variations are due to inputs of fresh water in the North
Atlantic that perturb deep oceanic convection there [e.g.,
Stocker and Wright, 1991; Rahmstorf, 1994; Stocker, 2000].
[3] Nevertheless, alternative mechanisms have been pro-

posed. It has been suggested that interactions between the
Southern Ocean and the North Atlantic could also lead to
large variations of the global THC [e.g., Broecker et al.,
1999]. Furthermore, natural modes of variability have been
proposed, invoking a slow warming of the deep ocean. This
drift results in a destabilisation of the water column that
leads to large oceanic flushes characterized by a huge
release of oceanic heat (e.g., Weaver et al. [1993]).

[4] Recently, Hall and Stouffer [2001] have obtained a
large cooling close to the southern tip of Greenland in a
Coupled General Circulation model using no interannually
varying forcing. This event, which is an exceptional exam-
ple of the stochastic variability of their coupled system, lasts
less than one century but they argue that the same processes
might be responsible for longer events. Using a climate
model of intermediate complexity, Ganopolski and Rahm-
storf [2002] showed that stochastic fluctuations of the
freshwater fluxes in the North Atlantic could induce a shift
in the latitude of deep convection during glacial times,
resulting in millennial-scale variability. The importance of
stochastic forcing was also highlighted by Kuhlbrodt et al.
[2001] in a two-box model of oceanic convection.
[5] The goal of this letter is to further study the possible

causes of abrupt events. To do so, we are using a coupled
three-dimensional climate model that is described in section
2. In section 3, a 13,000 year-long simulation is performed
using constant forcing corresponding to pre-industrial con-
ditions (1750 AD) in order to see if spontaneous abrupt
events (i.e. not triggered by any variations of forcing) are
possible in this model. In section 4, the response of the model
to variations of solar irradiance is discussed. The justification
of these latter experiments is the recent hypothesis that a
solar-triggered reduction of the THC would be consistent
with climate reconstructions during the Holocene [van Geel
et al., 1998; Bond et al. 2001]. But, a mechanism justifying
this hypothesis is still lacking. In this letter, we propose one.

2. Model Description

[6] The atmospheric component of the coupled model is
ECBILT2, a global spectral quasi-geostrophic model, trun-
cated at T21 with simple parameterizations for the diabatic
heating due to radiative fluxes, the release of latent heat
and the exchange of sensible heat with the surface. The
model contains a full hydrological cycle which is closed
over land by a bucket model for soil moisture. Synoptic
variability associated with weather patterns is explicitly
computed. The CLIO model is made up of a primitive
equation, free-surface ocean general circulation model
coupled to a thermodynamic-dynamic sea ice model. The
horizontal resolution of CLIO is 3 degrees in latitude and
longitude, and there are 20 vertical levels in the ocean.
The coupled model includes realistic topography and
bathymetry. There is no local flux correction in ECBILT-
CLIO. However, it is necessary to artificially reduce the
precipitation by 10% over the Atlantic and by 50% over
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the Arctic basin. The corresponding water is redistributed
homogeneously over the North Pacific.

3. Description of the Spontaneous Abrupt Events

[7] Despite the constant forcing, the model simulates two
large cold events (Figure 1). The first one starts aroundmodel
year 6580 and lasts about 250 years while the second one
starts around model year 10950 and lasts about 100 years.
The discussion in this section is focussed on the first event but
similar conclusions can be drawn for the second one. During
the event, the cooling is maximum at Northern Hemisphere
high latitudes where temperature decreases by more than
10�C close to Spitzbergen (Figure 2). The cooling is felt over
the whole Northern Hemisphere, while a small temperature
increase is observed in the Southern Hemisphere. This
perturbed state has characteristics similar to the one obtained
when adding freshwater pulses in the North Atlantic in the
same model [Renssen et al., 2001]. In the latter study, it has
been showed that these characteristics are in good agreement
with anomalies during a well-documented abrupt event
observed during the early Holocene.
[8] The cold event is associated with a local shutdown of

deep oceanic convection in the Greenland Sea close to
Spitzbergen, which is the area where the deepest convection
occurs in the model during normal years. At the same time, an
increase in convection depth is observed near the Norwegian
coast. As convection collapses close to Spitzbergen, the
upward heat flux from the ocean to the atmosphere decreases

locally by more than 100 W m�2 in annual mean. This
implies a strong surface cooling and results in a large increase
of the ice extent.
[9] The shift in convection location induces a strong

modification of the THC. The maximum of the overturning
streamfunction in the Nordic Seas, decreases from 18 Sv to
8 Sv (1 Sv= 106 m3s�1). The North Atlantic Deep Water
(NADW) circulation becomes shallower and the export of
NADW out of the Atlantic at 30�S decreases by 20% (from
15 to 12 Sv), while the inflow of Antarctic bottom water
close to the bottom increases from 4 to 8 Sv. As the main
convective site is located more southward, warmer NADW
is produced. Those changes imply a reduction of heat
transported northward by the Atlantic Ocean at all latitudes.
This decrease amounts to 0.14 1015 W at the equator
(24%), to 0.19 1015 W at 50�N (32%), and to 0.17 1015 W
at 70�N (63%).
[10] At the beginning of the cold event, the geopotential

height anomalies at 800 hp over the Nordic Seas strongly
increase whereas geopotential height decreases over Green-
land. We have shown in a previous study [Goosse et al.,
2002] that such anomalies take part in a feedback loop
responsible for decadal climate variability in the model. The
atmospheric anomalies induce a cooling at Northern Hemi-
sphere high latitudes. In addition, anomalous northerly
winds induce a strong increase in southward ice export
out of the Barents Sea. This ice is transported directly to the
convection site close to Spitzbergen. There, it damps the
vertical mixing since sea ice reduces oceanic buoyancy
losses to the atmosphere and brings freshwater to the
convection area.
[11] By chance, around model year 6580, the anomalies

associated with those processes are able to trigger a con-
vection shift. To confirm that the transition indeed occurred
accidentally, a simulation of the coupled model has been
restarted from the state obtained in model year 6550, i.e. 30
years before the start of the event. During the first time step
of this simulation, the freshwater, heat and momentum
fluxes at the atmosphere-ocean interface have been modi-
fied in order to perturb the system slightly (Figure 1B, curve
B). This small perturbation changes the evolution of the
atmospheric circulation and no large event occurs during the
2000 years of this simulation.

Figure 1. (a) Time series of the globally averaged annual
mean surface temperature (�C) during model years 2500–
13000. (b) Anomaly of the annual mean surface temperature
(�C) averaged over the regions located northward of 45�N,
in the standard experiment during model years 6500–7500
(black, label A). The anomaly is computed relative to the
years 6000–6500 of the standard experiment. A 5-year
running mean is applied to the time series. The green (label
B), magenta (label C), red (label D) and blue (label E)
curves correspond to experiments starting from the standard
one applying a very weak perturbation at years 6550, 6600,
6700 and 6750. The different curves can be interpreted as
equally likely evolutions of the climate system.

Figure 2. Anomaly of annual mean surface temperature
(color bar in �C) during the large event (years 6750–6800)
compared to the model climatology before the event (years
6000–6500).
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[12] During the event, two positive feedbacks tend to
maintain the system in this state. The first one is the classical
convection feedback [e.g., Lenderink and Haarsma, 1996]
that can be summarized as follows: when convection is
active at one location, it brings warm and salty deep water
to the surface. The heat is rapidly transferred to the cold
atmosphere in winter, but the salt remains. This increases
local density and thus preconditions the water column for
convection at the same location the following years. Sec-
ondly, the surface cooling and the increase of ice extent in
the modified state tend to induce a further increase of
geopotential height in the Nordic Seas. This reinforces the
initial atmospheric circulation anomaly and thus also con-
tributes to the stabilization of the climate system in the state
without convection close to Spitzbergen.
[13] Nevertheless, the modified state appears only meta-

stable and after a few hundred years the system shifts
back to its normal state. This transition is also linked with
high frequency climate variability. Therefore, the duration
of the event is not predictable since slight perturbations of
the climate system can increase or decrease the duration
of the event by hundreds of years compared to the
standard simulation (Figure 1B, curves C, D, E). These
variations of the length of the event also indicate that the
shift back to the normal state is not caused by a slow,
long-term erosion of the stratification associated with the
formation of warmer NADW. At the beginning of the cold
event, the temperature increases in the North Atlantic
between 500 and 3000 m. This reduces the density at
depth and the stability of the water column. But, after the
initial adjustment that lasts about 100 years, deep-water
temperature in the North Atlantic is nearly stable.
[14] It must also be stressed that the simulated THC is not

close to a bifurcation point, a state that has been shown to
be unstable or highly variable [Knutti and Stocker, 2002].
We have performed an additional experiment in which the
system is perturbed by a freshwater flux increasing slowly
at a rate of 0.1 Sv per 1000 years in the North Atlantic,
following the procedure described in Stocker and Wright
[1991] or Rahmstorf and Ganopolski [1999]. No serious
change of the model THC occurs before the perturbation
reaches 0.13 Sv and a collapse of the circulation, with no
deep convection in the North Atlantic, occurs not before a
perturbation of 0.23 Sv. These values are in the upper range
of the results obtained with other models [e.g., Rahmstorf
and Ganopolski, 1999]. During this experiment, it was not
possible to obtain a stable state characterized by a maximum
of convection depth close to Norway and no convection
southward of Spitzbergen.

4. Response to a Decrease of Solar Irradiance

[15] Starting form the control experiment, we have per-
formed three idealized sensitivity experiments in which the
solar irradiance at the top of the atmosphere has been abruptly
reduced by 5 W m�2 (0.4%). This lower value is then kept
constant for the entire experiment. The reduction of solar
irradiance corresponds to a forcing at the surface of about 1W
m�2 and results in a global mean surface cooling of the order
of 0.5�C. Although the radiative perturbation is in the range
of estimated solar irradiance variations during the last mil-
lenium [e.g., Bard et al., 2000], the purpose of these sensi-

tivity experiments is not to study precisely the response of the
system to any observed variations of solar forcing. The goal is
to illustrate potential mechanisms responsible for an ampli-
fication of the response of the climate system. The forcing is
thus idealized here for an easy analysis of the results.
[16] In the three experiments that differ only in their

initial conditions (Figure 3), the reduction of solar irradi-
ance triggers an adjustment process which manifests itself
as at least one large cooling event due to a local convection
shutdown. In the first experiment, an event occurs after less
than 50 years while in the other two, it happens 820 and
1150 years after the change in the solar forcing. The
duration and anomaly patterns of these events are similar
to the spontaneous events in the control experiment.
[17] The adjustment process proceeds as follows. After

the decrease in solar irradiance, the first hundred meters of
the North Atlantic cool in a few decades. This implies an
increase in the water density. Close to Spitzbergen, the
density increase is larger at depth than at the surface. Two
factors play a role. First, as the surface temperature is close
to freezing point in winter, a large cooling is not possible
while at depth the ocean is warmer and cooling can thus be
larger. Second, the thermal expansion coefficient is about
two times smaller at the surface compared to 500 m because
of the lower temperature. This density change implies a
stronger vertical stratification close to Spitzbergen that
preconditions the water column for a local shut down of
convection. As a consequence, abrupt events can be trig-
gered by decadal-scale climate variability more easily.
[18] When convection shuts down, density strongly de-

creases at depth because of freshening and warming there.
After the event, density increases again but it does not reach
the values obtained before the event. Instead, the density
profile returns to a state close to the state simulated in the
standard experiment. As density at depth remains lower, the

Figure 3. Anomaly of the annual mean surface temperature
(�C) averaged over the regions located northward of 45�N.
Starting from different years of the standard experiment
(black), the blue, red, and green curves correspond to three
experiments in which we have reduced solar irradiance by 5
W m�2. All anomalies are computed relative to the years
6000–6500 of the standard experiment. A 25-year running
mean is applied to the time series.
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probability of a local convection shutdown and thus of a
large cooling event should become very low after this initial
adjustment, as in the standard experiment.
[19] Additional idealized experiments in which the solar

irradiance has been reduced abruptly by 3 W m�2 or the
CO2 concentration decreased by 50 ppm confirm the
hypothesis that a cooling could trigger events in our model.
Besides, a moderate warming is less efficient in triggering
large events. Starting from a cold equilibrium state obtained
by using a value of the solar constant reduced by 5 W m�2,
we have increased abruptly the solar irradiance to its normal
value in three 1200-year long experiments. In none of the
experiments, a large event was simulated.

5. Conclusions

[20] We have shown that a spontaneous transition between
two states of the THC is possible in the standard version of
our three-dimensional atmosphere-ice-ocean model using
constant pre-industrial forcing. In the normal state, deep
convection occurs north of 75�N, while in the disturbed state,
which appears less stable, the main site of convection is
located more southward. The occurrence and duration of the
events presented here are not predictable with precision since
the beginning and the end of the event are linked with the
high frequency climate variability. The duration of the
simulated events ranges from 70 years to more than 500
years. This results underlines the influence of high frequency
forcing for convection transition [Kuhlbrodt et al., 2001;Hall
and Stouffer, 2001; Renssen et al., 2001; Knutti and Stocker,
2002; Ganopolski and Rahmstorf, 2002].
[21] The probability of a spontaneous transition is very

low in the model, but an adequate forcing can trigger one. It
has been demonstrated previously that this can be achieved
by a freshwater perturbation [Rahmstorf, 1994, Lenderink
and Haarsma, 1996]. Here, we have shown that an exter-
nally induced cooling caused by a reduction of solar forcing
can trigger a transition as an adjustment of the ocean to the
forcing.
[22] Whatever the cause of the event (i.e., spontaneous,

induced by a freshwater forcing or a reduction of solar
irradiance), the spatial pattern of the anomalies during the
event, the magnitude and the duration of the changes are
quite similar. As these anomalies are in good agreement with
reconstructions based on paleoclimate records [Renssen et
al., 2001], this makes the search of the cause of a particular
observed event even more difficult than previously believed.
[23] Previous modeling studies have underlined that

stratospheric processes, associated with changes in ozone
concentration, could amplify the climate response to the
variations of solar irradiance [e.g., Haigh, 1996]. Our model
does not include an interactive representation of strato-
spheric ozone and is not able to simulate such processes.
On the other hand, our results provide complementary
amplification mechanism associated with a solar-triggered
reduction of the THC.
[24] In our sensitivity experiments, the cold events occur

between 30 and 1150 years after the abrupt reduction of
solar irradiance. Although the uncertainties in the dating
leaves room for lags, there is no observational evidence of a
delay of several centuries between solar forcing and climate
response. A hypothesis is that the model simulates the right

mechanism but, in some simulations, is not able to repro-
duce the right time scale. This problem could be due to the
model itself. Imposing an idealized forcing could also play a
role. This will be investigated in the near future.
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