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[1] Ice core reconstructions and ocean sediment analysis have revealed that the climate of the last glacial period
was highly variable with rapid stadial-interstadial transitions and glacial meltwater pulses (Heinrich events)
modulating the climate evolution in the Northern and Southern hemispheres. Heinrich events had the potential to
weaken the Atlantic meridional overturning circulation (AMOC) substantially. Mechanisms that led to the
resumption of the AMOC after such events have not been fully disentangled yet. Here a coupled atmosphere-
ocean–sea ice model of intermediate complexity is employed to identify important negative climate feedbacks
that contribute to a fast recovery of the glacial AMOC. Shortly after the AMOC collapse, thermal processes
weaken the stratification in the northern North Atlantic making it more vulnerable to perturbations. Eventually,
300–400 years after the main collapse of the AMOC the mean advection of salinity anomalies within the
horizontal gyres generates an unstable stratification that will be homogenized through the resumption of
convective activity. Eventually, isopycnal slopes in the North Atlantic are readjusted, thereby reinitiating the
large-scale meridional overturning flow.
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1. Introduction

[2] The Atlantic meridional overturning circulation
(AMOC) plays an important role in transporting heat from
the tropics to the northern North Atlantic. The driving
mechanisms for this large-scale oceanic circulation cell still
remain somewhat elusive. While energy considerations
[Huang, 1999] suggest that both wind and tidal mixing
are important mechanical energy sources for the AMOC,
buoyancy forcing may contribute to the available potential
energy and the formation of North Atlantic Deep Water
(NADW). Indeed, ocean circulation model studies suggest a
high sensitivity of the AMOC to local density perturbations
of high-latitude surface waters: an anomalous input of
freshwater into the North Atlantic can cause a weakening,
and even collapse of the AMOC [Stocker and Wright, 1991;
Manabe and Stouffer, 1999; Dong and Sutton, 2002; Knutti
et al., 2004]. The buoyancy forcing in the North Atlantic
has contributions from lateral wind-driven density trans-
ports [see, e.g., Oka et al., 2001; Timmermann and Goosse,
2004], from density transports provided by the AMOC, and
from air-sea fluxes [Stommel, 1961].
[3] Using a two-box model [Stommel, 1961] suggested

that the nonlinear interaction of lateral density transport and
buoyancy forcing gives rise to multiple thermohaline equi-
libria. The behavior of general circulation models under

North Atlantic freshwater forcing has been mapped to this
simple paradigm [Manabe and Stouffer, 1999; Rahmstorf
and Ganopolski, 1999], although the exact notion of a
stable off state of the AMOC might be problematic in a
diffusive limit [see Timmermann and Goosse, 2004]. In
fact, in the absence of thermohaline and wind driven
lateral density advection, vertical diffusion plays a key role
in destablizing the water column by warming the deep
ocean gradually. Subsequently, densities in the deep ocean
decrease to a point when convective mixing has to readjust
the interior stratification. This intense mixing can result
in rapid resumptions (flushes) of the AMOC [Winton and
Sarachik, 1993; Weaver et al., 1993]. In addition to
diffusive processes other negative feedbacks may accelerate
the resumption of the AMOC. Among them are wind-
driven density transports [Schiller et al., 1997], tropical
air-sea coupling [Vellinga et al., 2002; Yin et al., 2006],
changes of the atmospheric heat and moisture transports
[Nakamura et al., 1994] and sea ice dynamics [Jayne and
Marotzke, 1999].
[4] Given the diversity of feedback processes which

regulate the strength of the AMOC, it is not surprising that
different ocean models and coupled atmosphere-ocean–sea
ice models exhibit different stability characteristics of the
AMOC. While models employing two-dimensional ocean
models [Ganopolski et al., 1998] have recovery timescales
of typically more than 1000 years, three-dimensional cou-
pled general circulation model simulations typically exhibit
recovery timescales on the order of a few decades to
centuries [e.g., Schiller et al., 1997; Vellinga et al., 2002;
Knutti et al., 2004; Stouffer, 2006].
[5] Glacial Heinrich events identified as layers of ice-

rafted detritus (IRD) in sediment cores of the North Atlantic
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[Heinrich, 1988; Broecker et al., 1992] have been attributed
to instabilities of the northern hemispheric ice sheets.
Heinrich events released substantial amounts of freshwater
into the North Atlantic, generating global sea level anoma-
lies on the order of 2–20 m [Yokoyama et al., 2001; Sidall
et al., 2003]. Low temperatures and subsequent abrupt
warmings in the North Atlantic [Broecker, 1994; Bond et
al., 1993], interhemispheric temperature signals [Blunier
and Brook, 2001] and substantial changes of deep water
properties [Oppo and Lehmann, 1995; Vidal et al., 1997;
Elliot et al., 2002] support the notion of a substantial
freshwater-induced weakening and subsequent recovery of
the AMOC.
[6] Large efforts have been made to obtain an accurate

chronology of Heinrich events. While ice core data show
stadial/interstadial transitions associated with the AMOC
recovery after Heinrich events on timescales of a few
centuries, the correlation of these transitions to the IRD
layers of North Atlantic sediment cores is problematic.
Radiocarbon dating, commonly used to derive calendar
dates for marine sediments, proves to be particular inaccu-
rate during periods of large-scale circulation changes such
as Heinrich events, resulting in dating uncertainties of
several centuries [see Waelbroeck et al., 2001]. Studies of
chemical characteristics of the deep Atlantic ocean suc-
ceeded in linking the abrupt changes in the Greenland ice
cores with millennial AMOC variations, but do not allow
conclusions about decadal to centennial variability [Boyle,
2000]. Moreover, low sedimentation rates in the IRD belt
yield large uncertainties in the duration of typical glacial
meltwater pulses: Synthesizing published estimates for the
duration of the meltwater events related to Heinrich events
H1 and H2 (ranging from 208 to 2280 years) [Hemming,
2004] proposed a typical duration of 495 ± 255 years. In
order to gain a better understanding of the chronology of
Heinrich events, it is necessary to investigate the recovery
mechanisms for a collapsed, glacial AMOC state. In fact
there may be several different recovery scenarios for a
Heinrich event, depending on the duration of the anomalous
meltwater discharge: one for which the recovery is happen-
ing (e.g., because of diffusive processes in the deep ocean,
as in the work of Winton and Sarachik [1993]) while
anomalous freshwater forcing continues to perturb high-
latitude salinities; another one for which the resumption is
triggered (e.g., because of advective processes) during a
phase when the anomalous freshwater forcing is absent. Our
study explores the latter scenario.
[7] Here an attempt is made to understand glacial recov-

ery mechanisms of the AMOC from a freshwater-induced
shutdown by studying the density flux budget in the
northern North Atlantic. The spatiotemporal signatures of
the anomalous freshwater forcing are chosen such as to
mimic a typical glacial meltwater pulse. The paper is
organized as follows: In section 2 the model of intermediate
complexity used in this study is described. Section 3
explains the experimental design chosen here and studies
the climate response to the freshwater perturbation. In
section 4 the mechanisms are disentangled which lead to
a resumption of deep ocean convection after the AMOC

collapse. The main results are summarized and discussed in
section 5.

2. Model

[8] Our study is based on multicentury long simulations
conducted with the three-dimensional atmosphere-ocean–
sea ice model ECBilt-Clio. The atmospheric component is
version2 of ECBilt [Opsteegh et al., 1998], a spectral T21,
three-level, based on quasi-geostrophic equations extended
by estimates of the neglected ageostrophic terms in order to
close the equations at the equator. 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. Diabatic heating
due to radiative fluxes, the release of latent heat and the
exchange of sensible heat with the surface are parameterized
and cloudiness is prescribed.
[9] The sea ice–ocean component Clio [Goosse et al.,

1999; Goosse and Fichefet, 1999; Campin and Goosse,
1999] consists of a free-surface primitive equation model
with 3� � 3� resolution coupled to a thermodynamic-
dynamic sea ice model. To avoid a singularity at the North
Pole the oceanic component makes use of two subgrids: The
first one is based on classic longitude and latitude coordi-
nates and covers the whole ocean except the North Atlantic
and Arctic. These are covered by the second spherical
subgrid, which is rotated and has its poles at the equator
in the Pacific (111�W) and Indian Ocean (69�E). In this
work all analyses are conducted on these original grids. For
the simulations conduced here we also use an implicit
diffusion convective adjustment scheme (as in the work of
Marotzke [1991] or Hirst and Cai [1994]), which increases
the vertical diffusivity whenever the density profile is
unstable. Experiments with a complete explicit scheme
yield very similar results.
[10] Under present-day conditions, ECbilt-Clio exhibits a

systematic underestimation in the atmospheric moisture
transport from the Atlantic to the Pacific. This can be partly
attributed to the relatively weak trade winds in the tropical
Atlantic. As a consequence, the northern North Atlantic and
Arctic ocean are too fresh with implications for the AMOC
and the Arctic snow–sea ice pack. To compensate this
model bias, a freshwater flux adjustment is introduced
which removes freshwater from the North Atlantic and
dumps excess water into the Pacific Ocean, where the
simulated precipitation is generally too weak. We employ
the same adjustment for our glacial boundary conditions.
[11] For a 5000 year glacial spin-up and the subsequent

simulation of a glacial Heinrich event we use the glacial ice
sheet topography of Peltier [1994], a vegetation index
representing the Last Glacial Maximum (LGM) [Crowley
and Baum, 1997], a corresponding ice albedo and reduced
atmospheric CO2 concentrations (200 ppm). Glacial ice
sheet effects are included only as topographic and diabatic
forcings. The ice sheet is not directly coupled to the ECBilt,
nor is the sea level in our ocean model adjusted to glacial
levels. With these settings we obtain the LGM scenario
which serves as initial condition for all further experiments.
Similar LGM setups for the ECBilt-Clio model were used
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