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Abstract

The Bølling-Allerød (BA) warming is the most pronounced abrupt climate change event
during the last deglaciation. Two notable features of the BA onset are found in our tran-
sient simulation of the last deglaciation with CCSM3: the first is the occurrence of
an overshoot in the Atlantic Meridional Overturning Circulation (AMOC, about 20 Sv5

as to 13 Sv at Last Glacial Maximum) and the second is the subsequent transition of
AMOC from a glacial (about 13 Sv) to an interglacial mean state (about 18 Sv). Here,
we present two new sensitivity experiments to explicitly illustrate the impact of North
Atlantic – GIN Sea exchange on the deglaciation evolution of the AMOC. In these
sensitivity experiments, the oceanic exchange during the BA onset is inhibited by intro-10

ducing a Partial Blocking scheme. In response to this, the deep-water formation in the
GIN Sea is reduced by 80% compared to the transient simulation. This in turn results
in a reduced AMOC overshoot followed by a lower mean state of the AMOC. Our re-
sults therefore suggest that, oceanic processes were more important than the external
forcings and atmospheric processes for the AMOC evolution during the BA onset.15

1 Introduction

The Bølling-Allerød event (BA, 14.6 kyr BP [ka]) was the most pronounced abrupt cli-
mate change event within the last deglaciation. An overshoot in the AMOC was recently
suggested as a cause for the BA event (Liu et al., 2009). The overshoot phenomenon
of the AMOC is a transient process that occurs after the cessation of the meltwater20

discharge in the North Atlantic (NA). Central to the process is an increase in the mag-
nitude of AMOC strength change, which subsequently induces more intense climate
change. Evidence of an AMOC overshoot during the BA event is provided by sev-
eral marine proxy records at different locations and with different reconstruction basis
(Stanford et al., 2006; Barker et al., 2009, 2010). Numerous model simulations, with25

different physical frameworks and complexity, suggest that the AMOC overshoot is a
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common and robust phenomenon in freshwater-hosing experiments (Manabe et al.,
1997; Weaver et al., 2003; Knutti et al., 2004; Stouffer et al., 2006; Mignot et al., 2007;
Weber et al., 2007; Krebs et al., 2007; Schmittner et al., 2008; Arzel et al., 2008).

In the first synchronously transient simulation of the last deglaciation with a fully-
coupled climate model (TraCE-21000), an AMOC overshoot (about 20 Sv as to 13 Sv5

at Last Glacial Maximum, LGM) is simulated and shown to be a key contributor to
the onset of BA warming (Liu et al., 2009). In TraCE-21000, surface air temperature
(SAT) over Greenland increases about 10 ◦C during BA onset. The AMOC overshoot
contributes about 6 ◦C warming of SAT over Greenland during the BA onset, while the
other 4 ◦C warming is derived from the recovery of the AMOC strength from the col-10

lapsed state to the LGM level. Also, the spatial scale of the AMOC overshoot climatic
effect is hemispherical (Liu et al., 2009). In TraCE-21000, the stable AMOC strength
during BA is about 18 Sv, which is comparable with the values found in the interglacial
simulations with the same model (CCSM) (Yeager et al., 2006). The main result of
the AMOC overshoot during BA is the transition of the AMOC from a glacial to an in-15

terglacial mean state. Meanwhile, reconstructed SAT over Greenland during the last
deglaciation show that the maximum SAT at BA is close to that under the current inter-
glacial state (Cuffey and Clow, 1997), providing support for a mean state transition.

The importance of NA – GIN Sea exchange for the deep-water formation in Labrador
and GIN Sea has been highlighted in several studies of Holocene climate evolution (de20

Vernal and Hillaire-Marcel, 2006; Hillaire-Marcel et al., 2007) and global warming (Hu
et al., 2004). In many literatures about the recovery of a collapsed AMOC, oceanic
advective processes are dominant (Vellinga et al., 2002; Krebs et al., 2007). As one
part of these advective processes, the importance of NA – GIN Sea exchange for the
AMOC recovery is still not explicitly discussed and tested, especially for its impact on25

the last deglaciation evolution of the AMOC. Here, we present results from additional
sensitivity experiments to TraCE-21000, where we explicitly assess the impact of NA –
GIN Sea exchange on the last deglaciation evolution of the AMOC and the deep-water
formation in the Labrador and GIN Sea.
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2 Model and experiment setup

The climate model used in this study is the low-resolution version of Community Cli-
mate System Model, Version 3 (CCSM3 T31 gx3v5) with a dynamic global vegetation
module. CCSM3 is a global, coupled ocean-atmosphere-sea ice-land surface climate
model without flux adjustment (Yeager et al., 2003; Collins et al., 2006). The atmo-5

spheric model is the CAM3 with horizontal resolution of about 3.75◦ × 3.75◦ and 26
vertical hybrid coordinate levels. The land model is the CLM3 with same resolution as
the atmosphere. The ocean model is the NCAR implementation of POP with vertical
z-coordinate and 25 levels. The longitudinal resolution is 3.6 degree and the latitudinal
resolution is variable, with finer resolution in the tropics and north Atlantic. The sea ice10

model is the CSIM with same resolution as the ocean model.
In this study, two sensitivity experiments are initiated from and compared to the DGL-

A run of TraCE-21000. The forcing includes transient variations in the orbital param-
eters, the greenhouse gas (GHG, including CO2, CH4 and N2O) concentrations (Joos
and spahni, 2008), the continental ice sheets (Peltier, 2004) and the meltwater input15

(Liu et al., 2009). In addition, fixed coastlines under LGM state (Peltier, 2004) have
been used. The DGL-A run starts from 22 ka and successfully reproduces several
major features of the last deglaciation evolution (Liu et al., 2009).

The settings of the two sensitivity experiments are almost the same as for the DGL-
A run except for employing a “Partially Blocking” (PB) scheme at the edge of the NA20

and GIN Sea during BA (see Supplement). The PB scheme is developed and used
to diagnose the oceanic feedbacks (Liu et al., 2002; Wu and Liu 2002, 2003; Zhong
et al., 2008) and involves prescribing a thin “sponge wall” of salinity and temperature
in the ocean. In the PB zone, salinity and temperature of each grid cell are restored
to the prescribed annual cycle of the specific condition (see below), other variables in25

this region are adjusted allodiality during the model integration. The restoring applies
for depths below 50 m to avoid any influence of the PB scheme on the local air-sea
interaction. As a consequence of this, the exchanges of heat and salt, as well as the
wave propagation, through the PB zone are all inhibited.
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The first sensitivity experiment, named as PB PreBA, restarts from 14.77 ka (the
collapsed state of AMOC before BA). In the PB PreBA run, the salinity and temperature
of the PB zone are restored to the PreBA state (14.67 ka, start time of the BA onset in
Liu et al., 2009). The initial 100 years integration of the PB PreBA run (14.77–14.67 ka)
shows that PB scheme doesn’t induce significant shift of the AMOC strength (Fig. 1a).5

Similarly, the second sensitivity experiment, named as PB REC, restarts from 14.5 ka
(REC is the time when the AMOC strength is recovering to the LGM level and the
overshoot is initiated). In the PB REC run, the salinity and temperature of PB zone are
restored to the REC state. For both sensitivity experiments, the restoring time scale is
90 days. Unlike the PB PreBA run, the restart state of the PB REC run is a transient10

one. The integration length of the PB PreBA and the PB REC run are 600 and 300
years, respectively.

3 Results

When implementing the PB scheme during the BA onset, the reinitiation of deep-water
formation in the GIN Sea is reduced by nearly 100% and 80% for the PB PreBA and the15

PB REC run compared to the DGL-A run, respectively (red dash and solid line in Fig.
1a and b). The deep-water formation in the Labrador Sea is also affected, especially
for the PB PreBA run, where there is a reduction of about 2 Sv in its maximum value
(blue solid and dash line in Fig. 1a and b).

The AMOC strength is based on the total amount of the deep-water formed in the20

Labrador and GIN Sea. In the PB PreBA run, the lack of recovery of the deep-water
formation in the GIN Sea prevents the AMOC from recovering to the glacial state, and
leads to an overall weakening of about 3 Sv (black solid line in Fig. 1a). The restart
state of the PB REC run is transient, presenting as that the AMOC strength equals to
the LGM level, but the deep-water formation amount in the Labrador Sea is enhanced25

and that in the GIN Sea is suppressed (Fig. 1b). The AMOC strength of the PB REC
run continuously stay around this level with opposite and near equally change of the
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deep-water formation amount in the Labrador and GIN Sea. The continuous changes
of deep-water formation in the Labrador and GIN Sea in the PB REC run are partially
the results of its transient restart state. Compared to the DGL-A run, the total increase
in the magnitude of the AMOC strength during the BA onset is reduced by about 11 Sv
and 7 Sv in the PB PreBA and the PB REC run, respectively. As the results of this, the5

AMOC overshoot and the subsequent mean state transition are suppressed in both
experiments.

The “sponge wall” of salinity and temperature at the edge of the NA and GIN Sea
inhibits the salt and heat transport to the GIN Sea within the oceanic upper layers.
Compared to the DGL-A run, the recovery ratios are about 27% and 60% for the north-10

ward salt transport, and 0% and about 11% for the northward heat transport in the
PB PreBA and the PB REC run, respectively (Fig. 2a and b). Because the heat trans-
port to the GIN Sea is inhibited, the sea ice concentration over the GIN Sea remains
extensive. The meltback is only about 20% in the PB REC run while there is no melt-
back of sea ice in the PB PreBA run (Fig. 2c). The local oceanic heat loss (SHF) is15

mainly controlled by the extended sea ice concentration. The SHF remains near pre-
recovery values and only increases about 23% in the PB REC run and not at all in the
PB PreBA run (Fig. 2d). As the surface density flux is mainly dominated by the thermal
part (Shin et al., 2003), the suppressed oceanic heat loss also results in a suppressed
surface density flux. The surface density flux is known to dominate the “local” deep-20

water formation at high northern latitudes. Thus, the resumption of the local part of the
deep-water formation during the BA onset is inhibited heavily.

The salt/dense water input within the upper layers to the GIN Sea during the BA
onset is another “non-local” contributor to the reinitiation of the deep-water formation
in the GIN Sea. This non-local factor only operates during the recovery process of the25

AMOC when the NA is freshened by meltwater discharge. Salt input within the upper
layers to the GIN Sea is slightly resumed but not much (Fig. 2a), so the resumption of
the non-local part of the deep-water formation in the GIN Sea is inhibited too.
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The reinitiation of deep-water formation in the GIN Sea is the combined results of the
local and non-local factors during the recovery period of the AMOC. Based on above
analysis, the local and non-local factors together induces the deep-water formation in
the GIN Sea unrecovered, even a insignificant resumption (about 20% as to the DGL-A
run) at the earlier part of the PB REC run (Fig. 1). This feature is also confirmed by the5

convection (XMXL, Fig. 2e), which only resumes about 13% in the PB PreBA run and
about 38% in the PB REC run. As restricted by the two factors, the convection and the
deep-water formation can’t resume further, and then no overshoot and the subsequent
mean state transition of the AMOC be achieved.

The climatic impact of lack of the overshoot and mean state transition during the BA10

onset is shown with the SAT differences between the two sensitivity experiments and
the DGL-A run at the time of 14.32 ka (maximum overshoot). SAT differences show
negative values in the extratropical Northern Hemisphere and slightly positive values
in the extratropical Southern Hemisphere for both sensitivity experiments (Fig. 3). The
negative values in the extratropical Northern Hemisphere, with a maximum value of15

more than 15 ◦C over the GIN Sea points to a reduced SAT warming in the sensitivity
experiments compared to the DGL-A run during the BA onset. Similarly, the positive
values in the extratropical Southern Hemisphere indicate enhanced warming during
the BA onset. This typical hemispheric “see-saw” pattern in the SAT mimics closely
the climatic response to the AMOC strength change in other model studies (Stocker,20

1998; Vellinga and Wood, 2002). The weaker SAT response in the PB REC run is likely
caused by the smaller reduction in the AMOC strength comparing to the PB PreBA run
(Fig. 3b). The analysis of a fresh water-hosing experiment under the Holocene condi-
tions with CCSM3 indicate that the strength of the “see-saw” phenomenon depend on
the magnitude of the AMOC strength change (not shown).25
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4 Conclusions

Our sensitivity experiments with the CCSM3 explicitly demonstrate the impact of the
oceanic NA - GIN Sea exchange, that it’s critical for the achievement of the overshoot
phenomenon and the subsequent mean state transition of the AMOC during the last
deglaciation. The mechanism for the AMOC overshoot presented here advances and5

sheds further light on the mechanism shown in Liu et al., (2009). Furthermore, in
comparison to other factors such as GHG, orbital insolation forcing and atmospheric
processes, it is found that the internal oceanic exchange between the NA and GIN Sea
is more important for the AMOC evolution during the BA onset.

The purpose of the implementation of PB scheme in the sensitivity experiments is to10

break the linkage between the NA and the GIN Sea. In other words, the effect of the PB
scheme is to isolate the GIN Sea from the whole NA in terms of key oceanic processes.
Based on our results we conclude that the participation of the GIN Sea in the recovery
process of the AMOC is critical for the generation of the abrupt climate change during
the glacial cycle. Other works also point out the fundamental importance of the GIN15

Sea to the deep-water formation in the Labrador Sea (Dickson et al., 2002) and to
the changes of the AMOC strength under the possible climate change in the model
simulations (Stouffer et al., 2006).

Our sensitivity experiments also point out that the recovery of deep-water formation
in the Labrador and GIN Sea is not independent. In particular the model results show20

that, if the deep-water formation in the GIN Sea is kept in a suppressed state artificially,
the change of the deep-water formation in the Labrador Sea will be affected too. This
result confirms the conclusions from investigations of the temporal evolution of the
deep-water formation during the Holocene period as inferred from the marine proxy
records (de Vernal and Hillaire-Marcel, 2006; Hillaire-Marcel et al., 2007), and from25

an investigation of the AMOC response to anthropogenic forcing in a coupled model
simulation (Hu et al., 2004).
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Supplementary material related to this article is available online at:
http://www.clim-past-discuss.net/7/521/2011/cpd-7-521-2011-supplement.pdf.
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Fig. 1. AMOC strength (black solid line) and regional deep-water formation amount in the
Labrador Sea (shown as “NADW (Lab S)”, blue solid line) and the GIN Sea (shown as “NADW
(GIN S)”, red solid line) for the PB PreBA (a) and the PB REC (b) run. Dashed lines are
the corresponding series in the DGL-A run. The AMOC strength is defined as the maximum
streamfunction of NA under 500 m depth. The deep-water formation amount in the GIN Sea
is defined as the vertical maximum value of streamfunction at the south edge of the GIN Sea
(62◦ N). The deep-water formation amount in Labrador Sea is defined as the difference of the
AMOC strength and the deep-water formation amount in the GIN Sea, assuming the AMOC
strength defined here represents the total amount of the deep-water formation in NA. Inverted
triangle and circles with colors of black, blue and red represent the restoring time of each
sensitivity experiments, the LGM level of AMOC strength and regional deep-water formation
amount in the Labrador and GIN Sea, respectively.
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Fig. 2. Time series evolution of upper layer (0–800 m) salt (a) and heat (b) transport to the GIN
Sea, sea ice concentration (AICE, (c)), surface heat flux (SHF, (d)) and maximum mixed layer
depth (XMXL, (e)) area means in the GIN Sea. Variables in the DGL-A, the PB PreBA and the
PB REC runs are shown with colors of black, red and green, respectively. All plots are based
on the decadal mean data.
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Fig. 3. SAT difference of the PB PreBA (a) and the PB REC run (b) to the DGL-A run at the
time of 14.32 ka (maximum AMOC overshoot, seen in Fig. 1).
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