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Abstract

The last deglaciation is the best constrained global scale climate change documented
by climate archives. Nevertheless, the understanding of the underlying dynamics is still
limited, especially with respect to abrupt climate shifts and associated changes in the
Atlantic meridional overturning circulation (AMOC). A fundamental issue is an appropri-5

ate climate state at the last glacial maximum (LGM, ∼ 21 000 yr ago), which is used as
initial condition for deglaciation. Using a comprehensive climate model, we show that
for an identical set of LGM boundary conditions two different water mass configurations
and associated AMOC states can coexist with respect to the salinity stratification in the
deep Atlantic Ocean. Only one of the two ocean states is consistent with the available10

reconstructions, e.g. shallower AMOC and more expanded Antarctic Bottom Water.
Furthermore, we also show that the salinity stratification represents a key control on
the spatial configuration, the strength of the AMOC as well as the transient response of
the AMOC to freshwater perturbation and therefore bears the potential to reconcile the
apparent differences among models and data. In combination these findings represent15

a new paradigm for transient deglacial climate changes at the end of the last ice age
that challenges the conventional evaluation of glacial and deglacial AMOC changes
based on an ocean state derived from LGM boundary conditions.

1 Introduction

The Atlantic meridional overturning circulation (AMOC) is a key player in the climate20

system, due to its capability to redistribute large amounts of heat around the globe. Po-
tential changes in the operational mode of the AMOC as a consequence of alterations
in the hydrological cycle and greenhouse gas concentration draws our concerns about
the future fate of our climate (Meehl et al., 2007). Research over the past decades,
starting with Stommel’s seminal 1961 paper (Stommel, 1961), has found a variety25

of stability properties of the AMOC, which were first confirmed via numerical climate
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models by Bryan (1986), Manabe and Stouffer (1988), and reviewed by Rahmstorf
et al. (2005). Briefly summarized, many models suggest that the AMOC possesses
a bistable regime in its parameter space, where deep-water formation can be “on” (as
in present climate) or “off”. As a consequence two different AMOC states can coex-
ist at the same boundary conditions, depending on the initial conditions in the ocean.5

Different responses of AMOC states to changes in the hydrological cycle require the
knowledge of the exact position of present climate in the bistable regime, which can
be revealed by the hysteresis properties of the AMOC associated with freshwater per-
turbation (FWP) experiments. However, the principal difficulty for climate models is to
determine the proximity of our present climate to potential thresholds (Rahmstorf et al.,10

2005).
Since the last glacial period, large and abrupt shifts in the AMOC have repeatedly oc-

curred and were associated with large and abrupt changes in the climate system (e.g.
Bard et al., 2000; Knorr and Lohmann, 2003). A better understanding of the AMOC
stability properties in the past will shed light on our comprehension about the status15

of present climate and projections in the future. To investigate the underlying mech-
anisms, climate models are employed to simulate the last deglaciation with imposed
transient boundary conditions (Liu et al., 2009). One of the most fundamental issues,
in this respect, is the definition of a proper climate state used as a basis for the last
deglaciation. The LGM is an excellent benchmark test-bed for climate models (Paleocli-20

mate Modeling Intercomparison Projection, hereafter PMIP) to simulate a climate that
strongly deviates from our modern condition, due to its abundance of proxy data (Ad-
kins et al., 2002; Duplessy et al., 1988; Hesse et al., 2011; Lynch-Stieglitz et al., 2007).
In the latest PMIP Phase 2 (PMIP2), however, there was a substantial difference of
AMOC states among different models (Otto-Bliesner et al., 2007). Interestingly, there25

is no specific recipe about the initial ocean condition for LGM simulation in PMIP2.
According to the bifurcation theory, it is thus open to question whether the different
LGM AMOC states are potentially associated with different positions of the AMOC in
a bistable regime.
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2 Model and experimental design

2.1 Model description

The comprehensive climate model COSMOS (ECHAM5-JSBACH-MPIOM), is utilized
to analyse the different responses of the LGM to initial ocean states. The atmosphere
model ECHAM5 (Roeckner et al., 2003), complemented by land surface model JS-5

BACH (Brovkin et al., 2009), was utilized at T31 resolution (∼ 3.75◦) with 19 vertical
layers. The ocean model MPI-OM (Marsland et al., 2003), including the dynamics of
sea ice formulated using viscous-plastic rheology (Hibler III, 1979), has the resolution
of GR30 (∼ 3◦) in horizontal and 40 uneven vertical layers. The climate model was al-
ready utilized to analyze the warm climate in the Miocene (Knorr et al., 2011) and the10

Pliocene (Stepanek and Lohmann, 2012), internal variability of climate system (Wei
et al., 2012) and Holocene variability (Wei and Lohmann, 2012).

2.2 LGM experimental design

External forcing and boundary conditions are imposed according to the protocol of
PMIP3 (available at http://pmip3.lsce.ipsl.fr/) for the LGM, namely: changes in orbital15

forcing, reduced greenhouse gas concentration (CO2 185 ppm; N2O 200 ppb; CH4
350 ppb), topography and run-off route changes with respect to the blending product
of ice sheet reconstruction, and changes in oceanic bathymetry and global increase of
salinity by 1 psu to account for the ∼ 116m sea-level lowering.

We perform two experiments LGMW and LGMS with different initial ocean states.20

One initialized from a present day ocean named as LGMS and the other started from
a glacial ocean as LGMW. The initial glacial ocean for LGMW was generated through
an ocean-only phase MPIOM (ocean component of COSMOS) which was run for 3000
years under the LGM condition. Its atmospheric forcing was derived from ECHAM4
forced by CLIMAP (CLIMAP, 1981) sea surface temperature, and initial ocean state25

and restoring of sea surface salinity were prescribed to CCSM 3.0 (the National Center
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for Atmospheric Research CCSM3 model) due to its good performance on LGM among
the PMIP2 models (Otto-Bliesner et al., 2007). In contrast, for LGMS, the ocean state
is derived from Levitus et al. (1998) to initialize COSMOS. Then under the same LGM
boundary condition the fully coupled model was run 3000 and 3000 yr for LGMW and
LGMS, respectively. The last 100-yr average is chosen to represent the corresponding5

climate scenarios.

3 Results

3.1 Surface properties in two LGM ocean states

The global mean sea surface temperatures (SST) are 14.9 ◦C and 15.3 ◦C in LGMW
and LGMS, i.e. 2.8 ◦C and 2.4 ◦C lower than the pre-industrial (PI), respectively. These10

changes are comparable to the proxy data estimates (Waelbroeck et al., 2009) (Figs. 1
and 2). In the high latitudes of the Southern Hemisphere, our model simulates a pro-
nounced annual mean cooling of SST around the continent (Fig. 1), in line with proxy
data (Gersonde et al., 2005). In the Northern counter-part, a robust thermal gradient
is well simulated around 40 ∼ 45◦ N, and the most pronounced cooling is found off the15

eastern coast of Iceland to eastern part of Nordic Sea (Fig. 1). Both features are com-
parable to reconstructions (Kucera et al., 2005; de Vernal et al., 2006). In contrast to
MARGO data, our model and PMIP2 models underestimate the pronounced east-west
SST anomaly (Waelbroeck et al., 2009). Despite the different initial conditions in LGMW
and LGMS, there is also a reasonable agreement between the sea ice concentrations20

(SIC) in both LGM runs and proxy data (Gersonde et al., 2005) (Fig. 2a, c), such as
the austral winter sea ice (WSI) extent in the Atlantic sector and the austral summer
sea ice (SSI) extent in the Indian sector (Gersonde et al., 2005). But the simulations
underestimate the large extent of SSI between 5◦ E and 5◦ W. The boreal WSI shows
an important increase, especially along the coast of Newfoundland, extending far into25

the Western Atlantic (Kucera et al., 2005; de Vernal et al., 2006). The WSI extent in the
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North-Eastern Atlantic is also underestimated, resulting from an active North Atlantic
drift, which maintains relatively warming condition at the sea surface (Fig. 3) (Paul and
Schäfer-Neth, 2003). During boreal summer the eastern part of the Nordic Seas is
partly sea ice free (Fig. 2a, c), which is spatially coherent with sea ice free conditions
as indicated in the GLAMAP reconstruction of the LGM (Paul and Schäfer-Neth, 2003).5

In addition, there is perennial SSI extent in the west of Nordic Sea along the eastern
coast of Greenland and Labrador Sea (Fig. 2), in agreement with the reconstruction
(Kucera et al., 2005; de Vernal et al., 2006).

3.2 Internal properties in two LGM ocean states

The ocean interior in LGMW and LGMS shows pronounced differences in the water10

mass properties. Simulation LGMW displays an important key signature of the glacial
ocean with the coldest and saltiest deep water at the bottom of Southern Ocean. This
is consistent with a reconstruction of Adkins et al (2002), while LGMS is more simi-
lar to the present-day ocean configuration (Fig. 3). Importantly, these two classes of
water mass configurations (i.e. well-stratified glacial ocean, LGMW, and present-day15

like ocean, LGMS) in our model simulations were also found in PMIP2 models (Fig. 4).
According to water mass configuration reconstructed from nutrient tracers (Duplessy
et al., 1988; Hesse et al., 2011; Lynch-Stieglitz et al., 2007), North Atlantic Deep Water
(NADW) shoals to 2000–2500 m as Glacial North Atlantic Intermediate Water (GNAIW)
due to the northward invasion of Antarctic Bottom Water (AABW) at the LGM. In LGMW,20

the upper cell of the AMOC associated with the sinking of NADW (hereafter NADW-cell)
shoals by ∼ 500 m relative to present day, indicative of a shallow GNAIW (Duplessy
et al., 1988; Hesse et al., 2011; Lynch-Stieglitz et al., 2007), meanwhile the lower cell
of AMOC (hereafter AABW-cell) occupies the water column below 2500 m (Fig. 3a, d,
f). However, the NADW-cell in LGMS deepens to ∼ 3000 m, which is even deeper than25

today and linked with a stronger NADW formation (Fig. 3b, e, h). In our LGM runs, en-
hanced southern westerlies (Fig. S1 in Supplement) results in a stronger NADW-cell
due to a stronger Drake Passage Effect (Toggweiler and Samuels, 1995), which was
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also found in the present climate in using the same model (Wei et al., 2012). Further-
more, stronger net evaporation in the Atlantic catchment area (Fig. S2 in Supplement)
combined with more heat loss to the atmosphere from the convection sites over the
North Atlantic (Fig. S3 in Supplement) also results in an enhanced NADW-cell. In addi-
tion, the formation of Antarctic Bottom Water (AABW) as a result of sinking of surface5

brine during sea-ice formation is enhanced due to extensive sea ice formation and ro-
bust sea-ice export during the LGM (Shin et al., 2003) (Fig. 5). As a result, an ocean
state similar to LGMS should be induced (Fig. 3b, e, h). However, the preformed strong
stratification in LGMW constrains the ocean circulation and water mass configuration
(Fig. 3a, d, f), leading to a much more consistent ocean state according to the proxy10

data, e.g. shallower deep water formation in the North Atlantic Ocean (Duplessy et al.,
1988; Hesse et al., 2011; Lynch-Stieglitz et al., 2007). Thus, the resulting LGM ocean
state is sensitive to the initial ocean conditions/stratification. To check whether the initial
ocean-dependent feature is also available to pre-industrial simulation (control run), we
have performed the additional simulation LGM2PI. In this experiment identical bound-15

ary conditions as our pre-industrial control run have been applied, but the ocean was
initialised from the glacial ocean and integrated for 3000 yr. The ocean structure is very
similar to our PI control run (Fig. 6), which indicates monostable behaviour with respect
to the vertical ocean structure in contrast to the bistable glacial characteristics. Herein
we suggest that model simulations of the LGM should be initialized from a well-stratified20

ocean state to enable a coherent model intercomparison and relation to data.

3.3 Transient mechanism between two LGM ocean states

Previous studies about the hysteresis properties/bifurcation of the AMOC are mainly
based on FWP experiments (Bryan, 1986; Ganopolski and Rahmstorf, 2001; Manabe
and Stouffer, 1988; Prange et al., 2002; Rahmstorf et al., 2005). In these experiments,25

the key variable governing the transition from one state to another are changes in the
hydrological cycle. To investigate the potential transition in our two LGM ocean states,
two FWP experiments (i.e. 0.2 Sv and 1 Sv last for 150 and 100 yr, respectively) are
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introduced into the Ice-Rafted Debris belts in the north Atlantic (Hemming, 2004). How-
ever, neither of them is able to trigger the transition between these two states (Fig. 7),
implying that the two states are independent with respect to the hydrological cycle.
Furthermore, the vertical structure of ocean interior in both runs is still distinctive dur-
ing and after the hosing experiments. After the FWP, the AMOC in LGMW overshoots5

for several decades but not in LGMS case (Figs. 7 and 8), indicating an important
role of the ocean stratification on the overshoot during the AMOC recovery. This is
in agreement with previous model simulations indicating that the vertical ocean struc-
ture in the North Atlantic is of paramount importance to the magnitude and rapidity
of abrupt climate changes during the last deglaciation (Barker et al., 2010; Knorr and10

Lohmann, 2007; Liu et al., 2009). After the AMOC recovery, both runs restore to their
former AMOC states (Fig. 10), consistent with the hypothesis of a monostable freshwa-
ter regime during the glacials (Ganopolski and Rahmstorf, 2001; Prange et al., 2002;
Romanova et al., 2004).

In our LGM runs, an intriguing pattern is that there is an upward tongue of relative15

saline water at the bottom of Southern Ocean (Fig. 3d, e), implying a possible pas-
sage of bottom water ventilated to the surface due to Ekman suction resulting from the
strengthened overlying southern westerlies. The extent, to which the upwelling affects
ocean stratification and the ocean circulation, is critical to understand the mechanism
by which the transition between these two states happens. Therefore, the LGMW run20

was continued for another 500 yr to evaluate the resulting changes in the ocean. As
expected, the entire deep-water mass becomes fresher due to vertical mixing asso-
ciated with upwelling in the Southern Ocean while water mass in the upper layer be-
comes more saline (Fig. 9a). Moreover, temperature in the ocean interior increases
(Fig. 9b), together with an enhanced AMOC resulting from the weakened stratification25

(Fig. 10). Therefore, changes in interior structure of LGMW ocean have a tendency
towards the state in LGMS, which would be accomplished in a long diffusive time scale
(103 ∼ 104 yr).

3022

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/3015/2012/cpd-8-3015-2012-print.pdf
http://www.clim-past-discuss.net/8/3015/2012/cpd-8-3015-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 3015–3041, 2012

Two ocean states
during the Last

Glacial Maximum

X. Zhang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

4 Discussion and conclusions

Using different initial ocean conditions to initialize our earth system model, we found
that two LGM ocean states can coexist under identical 21 ka BP boundary. Both of
them capture the main features of LGM SST and SIC patterns (Gersonde et al., 2005;
Kucera et al., 2005; Paul and Schäfer-Neth, 2003; de Vernal et al., 2006; Waelbroeck5

et al., 2009). However, only the ocean state initialized from a preformed well-stratified
ocean, reproduces a reliable interior ocean structure, e.g. shallower AMOC (Curry and
Oppo, 2005; Duplessy et al., 1988; Lynch-Stieglitz et al., 2007). In previous model stud-
ies, a well-reconstructed glacial ocean can be generated if anomalies of salinity/sea
ice export was imposed to the glacial Southern Ocean (Hesse et al., 2011; Paul and10

Schäfer-Neth, 2003), implying that the LGM boundary forcing alone may not result in
an internal ocean pattern as inferred from reconstructions. The data based reconstruc-
tions shows evidence that during the LGM δ13C-depleted and nutrient-rich water mass
dominates the bottom of Atlantic basin, known as the northward invasion of enhanced
AABW which is the cause of shoaling AMOC (Curry and Oppo, 2005; Duplessy et al.,15

1988; Hesse et al., 2011; Lynch-Stieglitz et al., 2007). These available data support
the existence of this ocean configuration during the LGM. In agreement with a recent
study by Schmitt et al. (2012) showing essentially constant atmospheric δ13C during
the LGM, our model results also indicate that the glacial ocean configuration recorded
in the sediment might not be formed then. Therefore, coexistence of two LGM ocean20

states, of which the one started from preformed glacial ocean is consistent with proxy
data, provides direct climate modeling evidence supporting the possibility of glacial
ocean formation prior to the LGM.

LGM boundary condition can maintain two different LGM ocean states, but the re-
alistic ocean state (i.e. LGMW) is quasi-stable due to the persistent upwelling in the25

Southern Ocean. Previous studies revealed that old 14C signals of upwelled AABW
might be detected in the sediment cores at intermediate water depth bathing in Antarc-
tic intermediate water (AAIW) and sub-Antarctic mode water (SAMW) in the Atlantic

3023

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/3015/2012/cpd-8-3015-2012-print.pdf
http://www.clim-past-discuss.net/8/3015/2012/cpd-8-3015-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 3015–3041, 2012

Two ocean states
during the Last

Glacial Maximum

X. Zhang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

sector of Southern Ocean (e.g. Skinner et al., 2010) and Arabian Sea (Bryan et al.,
2010) during last deglaciation. During the LGM, the cores also recorded increasing
14C ages in support of the existing upwelling in the Southern Ocean during the LGM.
In addition, the increasing CO2 concentrations during the LGM (e.g. Ahn and Brook,
2008) might also be related to the persistent upwelling in the Southern Ocean which is5

the key area where CO2 was released to the atmosphere during the last deglaciation
(e.g. Anderson et al., 2009). The robust upwelling in the Southern Ocean in LGMW
(Fig. 12) also implicates that the ocean state during 21 ka BP was in a transient phase
with slow changes in the carbon reservoir in the deep ocean. Following the LGM, the
enhanced upwelling associated with cold events (e.g. Heinrich Stadial 1) in the North-10

ern Hemisphere enhances the CO2 release from a CO2-supersaturated deep water
reservoir in Southern Ocean (Anderson et al., 2009), which potentially provides the
additional global warming necessary for termination to occur (Barker et al., 2009; Wolff
et al., 2009). To date, deglacial model studies mainly focused on the LGM as the clas-
sical starting point and the LGM has also served as a benchmark time slice for model15

intercomparisons (Otto-Bliesner et al., 2007). However, our simulations suggest that
the ocean state during the LGM was already in a transient phase. This indicates that
the glacial ocean must have been generated well before the LGM, which represents
a new paradigm for transient deglacial climate changes at the end of the last ice age.

An open question that has not yet been addressed is when the glacial ocean (LGM)20

was formed. According to previous studies, the formation of the glacial ocean is related
to extensive sea-ice formation and export in the Southern Ocean, which enhances the
rejection of surface brine subsiding into the deep ocean as AABW (Hesse et al., 2011;
Shin et al., 2003). Using a sea-ice reconstruction based on diatoms, Allen et al. (2011)
suggested that more extensive sea ice extent was found between ∼ 22 ka and ∼ 30 ka25

overlapping with the minimum temperature in Antarctica (e.g. Jouzel et al., 2007). This
indicates that the brine rejection due to sea-ice formation might be stronger than during
the LGM, resulting in a stronger AABW formation. At the beginning of Marine Isotope
State 2 (MIS2, ∼ 28 ka BP), a sharp decrease of CO2 (Ahn and Brook, 2008) and
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benthic δ13C (Hodell et al., 2003) implicates a possible formation of an abyssal carbon
reservoir. Subsequently, Heinrich Event 2 was accompanied by a weaker AMOC and
northward invasion of AABW (Gutjahr and Lippold, 2011), which supported the forma-
tion of the glacial ocean structure. Another potential candidate is MIS4, about 70 000 yr
before present, which was also marked by the pronounced and abrupt drop of CO25

(Ahn and Brook, 2008) and benthic δ13C (Hodell et al., 2003). The temperatures in the
Southern Ocean also reached a low level comparable to the LGM (e.g. Jouzel et al.,
2007). Analyzing ice-core data, Bereiter et al. (2012) suggested that a mode change
of millennial CO2 variability during last glacial cycle should be linked to the formation
of a glacial ocean during the MIS4. Considering the aforementioned possibilities, the10

process with respect to the glacial ocean formation might be much more complicated
than what we expected before (Liu et al., 2005). To fully understand the formation of
the glacial ocean, we still need further data and model studies related to key intervals
of the last glacial/interglacial cycle.

In summary, our study combined with the available proxy evidence (e.g. Allen et al.,15

2011; Duplessy et al., 1988; Hodell et al., 2003; Jouzel et al., 2007; Schmitt et al.,
2012), suggests that the signature of the glacial ocean interior has been formed un-
der boundary conditions different to those of the LGM. One may speculate that the
formation occurred some tens of thousands years ago when the sharpest transition
from NADW to GNAIW happened (Ahn and Brook, 2008; Bereiter et al., 2012; Hodell20

et al., 2003). Furthermore, we suggest that during the LGM the climate system was
already on its way to the equilibrium with the coeval boundary condition via persistent
upwelling in the Southern Ocean, representing a new paradigm for transient deglacial
climate changes at the end of the last ice age. Based on the unique behaviour of the
LGM Ocean, special caution is necessary in the interpretation of glacial/deglacial cli-25

mate simulations.
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Supplementary material related to this article is available online at:
http://www.clim-past-discuss.net/8/3015/2012/cpd-8-3015-2012-supplement.
pdf.
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Paul, A. and Schäfer-Neth, C.: Modeling the water masses of the Atlantic Ocean at the Last
Glacial Maximum, Paleoceanography, 18, 1058, doi:10.1029/2002PA000783, 2003.

Prange, M., Romanova, V., and Lohmann, G.: The glacial thermohaline circulation: stable or5

unstable?, Geophys. Res. Lett., 29, 2028, doi:10.1029/2002GL015337, 2002.
Rahmstorf, S., Crucifix, M., Ganopolski, A., Goosse, H., Kamenkovich, I., Knutti, R.,

Lohmann, G., Marsh, R., Mysak, L. A., Wang, Z., and Weaver, A. J.: Thermoha-
line circulation hysteresis: a model intercomparison, Geophys. Res. Lett., 32, L23605,
doi:10.1029/2005GL023655, 2005.10
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Figure 1 Anomaly of sea surface temperature (SST) in LGMW (A) and LGMS (B) 3	  

compared with PI. Unit: °C.  4	  

 5	  

 6	  

 7	  

Fig. 1. Anomaly of sea surface temperature (SST) in LGMW (A) and LGMS (B) compared with
PI. Unit: ◦C.
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 3	  

Figure 2 Annual mean of sea surface temperature (SST, unit: °C, shaded) and seasonal 4	  

sea ice concentration (SIC, unit: %, contour) in the LGMW (A) and LGMS (C). The 5	  

white lines represent winter for each hemisphere, while the red for summer. The dashed 6	  

lines indicate 15% SIC, and solid lines 90% SIC. (B) Zonal mean of global SST in PI 7	  

(black), LGMW (blue) and LGMS (red). 8	  

 9	  

Fig. 2. Annual mean of sea surface temperature (SST, unit: ◦C, shaded) and seasonal sea ice
concentration (SIC, unit: %, contour) in the LGMW (A) and LGMS (C). The white lines represent
winter for each hemisphere, while the red for summer. The dashed lines indicate 15 % SIC, and
solid lines 90 % SIC. (B) Zonal mean of global SST in PI (black), LGMW (blue) and LGMS (red).
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LGMW:	  from	  glacial	  ocean
LGMS:	  from	  present	  day	  oceanA B C

D E F

G H I

  2	  

Figure 3. Meridional section of zonal mean temperature (A-C, unit: °C), salinity (D-F, 3	  

unit: psu) and Atlantic Meridional Overturning Circulation (G-I, unit: Sv (106 m3/s)) in 4	  

the Atlantic basin. For panel (F), we added 1 psu to the salinity field for the better 5	  

comparison with glacial salinity structure.  6	  

Fig. 3. Meridional section of zonal mean temperature (A–C, unit: ◦C), salinity (D–F, unit: psu)
and Atlantic Meridional Overturning Circulation (G–I, unit: Sv (106 m3 s−1)) in the Atlantic basin.
For panel (F), we added 1 psu to the salinity field for the better comparison with glacial salinity
structure.
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 1	  

Figure 4 Meridional section of zonal mean salinity in Atlantic Basin for PMIP2 models 2	  

(i.e. CCSM (Otto-Bliesner et al., 2006), HadCM (Gordon et al., 2000), MIROC (Hasumi 3	  

and Emori, 2004) and ECBilt-CLIO (Weber et al., 2007)). The stratification in CCSM 4	  

and HadCM is comparable with reconstruction (Otto-Bliesner et al., 2007), while the 5	  

ocean structure in MIROC and ECBilt-CLIO is more like to present day with the saltiest 6	  

deep-water mass in the north Atlantic. According to their salinity structure, one can 7	  

divide the PMIP2 models into two main classes which are related to a highly stratified 8	  

ocean, but weaker AMOC (as our LGMW) and weaker stratified, but stronger AMOC 9	  

(LGMS). 10	  

 11	  

 12	  

 13	  

Fig. 4. Meridional section of zonal mean salinity in Atlantic Basin for PMIP2 models (i.e. CCSM,
Otto-Bliesner et al., 2006; HadCM, Gordon et al., 2000; MIROC, Hasumi and Emori, 2004; and
ECBilt-CLIO, Weber et al., 2007). The stratification in CCSM and HadCM is comparable with
reconstruction (Otto-Bliesner et al., 2007), while the ocean structure in MIROC and ECBilt-CLIO
is more like to present day with the saltiest deep-water mass in the North Atlantic. According
to their salinity structure, one can divide the PMIP2 models into two main classes which are
related to a highly stratified ocean, but weaker AMOC (as our LGMW) and weaker stratified,
but stronger AMOC (LGMS).
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1	  

Figure 5 A. Anomaly of climatology SIC (%, shaded) and Sea Ice Transport (m2/s, vector, 2	  

the scale is indicated by the black arrow below the panels) between LGMS and PI. Black 3	  

contour represent 15% SIC, while blue for 90% SIC. Solid indicates SIC in LGMS, 4	  

dashed for PI. B) Same as A), but for LGMW and LGMS. In our LGM runs, the 5	  

extensive SIC and SIC export contribute to enhanced brine rejection which is of great 6	  

importance to maintain the AABW formation during the LGM, consistent with Shin et al. 7	  

(2003). 8	  

 9	  

 10	  

 11	  

 12	  

 13	  

Fig. 5. (A) Anomaly of climatology SIC (%, shaded) and Sea Ice Transport (m2 s−1, vector, the
scale is indicated by the black arrow below the panels) between LGMS and PI. Black contour
represent 15 % SIC, while blue for 90 % SIC. Solid indicates SIC in LGMS, dashed for PI. (B)
same as (A), but for LGMW and LGMS. In our LGM runs, the extensive SIC and SIC export
contribute to enhanced brine rejection which is of great importance to maintain the AABW
formation during the LGM, consistent with Shin et al. (2003).
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Figure 6 Meridional section of zonal mean temperature (A) and salinity (B) in Atlantic 3	  

basin in LGM2PI. LGM2PI which was imposed the same boundary condition as our 4	  

control run but was initialized from the glacial ocean and was performed for 3000 years. 5	  

The last 100-year average represents the corresponding climate state in LGM2PI. It is 6	  

pronounced that the oceanic structure is almost the same as PI, indicating that Pre-7	  

industrial simulation is insensitive to the initial ocean condition and emphasizing that 8	  

initial ocean-dependent feature is unique for LGM simulation. 9	  

 10	  

 11	  

Fig. 6. Meridional section of zonal mean temperature (A) and salinity (B) in Atlantic basin in
LGM2PI. LGM2PI which was imposed the same boundary condition as our control run but was
initialized from the glacial ocean and was performed for 3000 yr. The last 100-yr average repre-
sents the corresponding climate state in LGM2PI. It is pronounced that the oceanic structure is
almost the same as PI, indicating that pre-industrial simulation is insensitive to the initial ocean
condition and emphasizing that initial ocean-dependent feature is unique for LGM simulation.
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 2	  

Figure 7. Time series of AMOC in 0.2Sv- (A: FWP lasts for 150 years) and 1Sv- (B: 3	  

FWP lasts for 100 years) hosing experiments of LGMW (blue) and LGMS (red). In A, 4	  

the solid lines represent the LGM control runs, and dashed line for hosing experiments. In 5	  

B, only hosing experiments were shown. Despite of the different amount of FWP, the 6	  

transition between these two LGM states is not triggered. In addition, robust overshoot of 7	  

AMOC was only found in LGMW experiments (Fig. 8) 8	  
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Fig. 7. Time series of AMOC in 0.2 Sv (A: FWP lasts for 150 yr) and 1 Sv (B: FWP lasts for
100 yr) hosing experiments of LGMW (blue) and LGMS (red). In (A), the solid lines represent the
LGM control runs, and dashed line for hosing experiments. In (B), only hosing experiments were
shown. Despite of the different amount of FWP, the transition between these two LGM states
is not triggered. In addition, robust overshoot of AMOC was only found in LGMW experiments
(Fig. 8).
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 1	  

Figure 8 Excess surface temperature increase related to the overshoot of the AMOC 2	  

(270th-300th years) in LGMW-0.2Sv. The pronounced temperature increase relative to 3	  

LGMW in the North Hemisphere is up to 6.8°C at convection sites of the North Atlantic.  4	  

 5	  

Fig. 8. Excess surface temperature increase related to the overshoot of the AMOC (270th–
300th yr) in LGMW-0.2Sv. The pronounced temperature increase relative to LGMW in the North
Hemisphere is up to 6.8 ◦C at convection sites of the North Atlantic.
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Figure 9. Changes of zonal means of (A) sea temperature (°C) and (B) salinity (psu) in 2	  

Atlantic basin after 500 years in LGMW. Salinity of AABW is about 0.02 psu fresher, 3	  

meanwhile GNAIW becomes 0.1°C warmer and 0.03 psu saltier after 500 years. 4	  

According to the underlying trend, it would take approximately another 5000 years to 5	  

replace the salty AABW in the LGMW and to convert it to the LGMS-like Ocean. 6	  

 7	  

Fig. 9. Changes of zonal means of (A) sea temperature (◦C) and (B) salinity (psu) in Atlantic
basin after 500 yr in LGMW. Salinity of AABW is about 0.02 psu fresher, meanwhile GNAIW
becomes 0.1 ◦C warmer and 0.03 psu saltier after 500 yr. According to the underlying trend,
it would take approximately another 5000 yr to replace the salty AABW in the LGMW and to
convert it to the LGMS-like Ocean.
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 1	  

Figure 10 Change in the AMOC (unit: Sv) after 500 years in LGMW. Due to a weakened 2	  

stratification resulting from the persistent upwelling in the Southern Ocean (Fig. 4), the 3	  

AMOC which is sensitive to the stratification (Knorr and Lohmann, 2007), slowly 4	  

increases with time. 5	  

 6	  

	  7	  

Fig. 10. Change in the AMOC (unit: Sv) after 500 yr in LGMW. Due to a weakened stratification
resulting from the persistent upwelling in the Southern Ocean (Fig. 9), the AMOC which is
sensitive to the stratification (Knorr and Lohmann, 2007), slowly increases with time.
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