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Abstract. The last deglaciation is one of the best constrained global-scale climate changes documented by climate
archives. Nevertheless, 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) during glacial and deglacial
periods. A fundamental issue is how to obtain an appropriate
climate state at the Last Glacial Maximum (LGM, 21 000 yr
before present, 21 ka BP) that can be used as an initial condition for deglaciation. With the aid of a comprehensive climate model, we found that initial ocean states play an important role on the equilibrium timescale of the simulated glacial
ocean. Independent of the initialization, the climatological
surface characteristics are similar and quasi-stationary, even
when trends in the deep ocean are still significant, which provides an explanation for the large spread of simulated LGM
ocean states among the Paleoclimate Modeling Intercomparison Project phase 2 (PMIP2) models. Accordingly, we
emphasize that caution must be taken when alleged quasistationary states, inferred on the basis of surface properties,
are used as a reference for both model inter-comparison and
data model comparison.
The simulated ocean state with the most realistic AMOC
is characterized by a pronounced vertical stratification, in
line with reconstructions. Hosing experiments further suggest that the response of the glacial ocean is dependent on the
ocean background state, i.e. only the state with robust stratification shows an overshoot behavior in the North Atlantic.
We propose that the salinity stratification represents a key
control on the AMOC pattern and its transient response to
perturbations. Furthermore, additional experiments suggest
that the stratified deep ocean formed prior to the LGM during a time of minimum obliquity (∼ 27 ka BP). This indicates

that changes in the glacial deep ocean already occur before
the last deglaciation. In combination, these findings represent a new paradigm for the LGM and the last deglaciation,
which challenges the conventional evaluation of glacial and
deglacial AMOC changes based on an ocean state derived
from 21 ka BP boundary conditions.

1

Introduction

Due to its capability to redistribute large amounts of heat
around the globe (e.g. Ganachaud and Wunsch, 2000), the
Atlantic meridional overturning circulation (AMOC) is a key
player in the global climate system. Potential changes in the
operational mode of the AMOC, as a consequence of alterations in the hydrological cycle and greenhouse gas concentration, draw our concerns regarding the future fate of our
climate (Meehl et al., 2007).
During glacial and deglacial periods, large and abrupt
changes in the climate system are thought to have repeatedly occurred. These changes have been linked to large and
abrupt shifts in the AMOC (e.g. Dansgaard et al., 1993;
Bard et al., 2000; Ganopolski and Rahmstorf, 2001; Knorr
and Lohmann, 2003, 2007; Liu et al., 2009; Barker et al.,
2010; Menviel et al., 2011). A well-suited period to investigate the underlying mechanisms by model simulations is
the last deglaciation (Knorr and Lohmann, 2007; Liu et al.,
2009; Menviel et al., 2011) due to the abundance of available data based reconstructions (e.g. Lea et al., 2003; McManus et al., 2004; Peltier, 2004; Ahn and Brook, 2008;
Gherardi et al., 2009). One of the most fundamental issues in this respect is the definition of a climate state to
be used as an initial state. On account of the abundance of

Published by Copernicus Publications on behalf of the European Geosciences Union.

2320

X. Zhang et al.: LGM simulations and implications for deglaciation

available proxy data and maximum ice sheet volume (Duplessy et al., 1988; Bard et al., 2000; Adkins et al., 2002; Pflaumann, 2003; Peltier, 2004; Gersonde et al., 2005; LynchStieglitz et al., 2007; Clark et al., 2009; Gutjahr and Lippold, 2011; Hesse et al., 2011), the Last Glacial Maximum
(LGM, about 21 000 yr before present, hereafter 21 ka BP)
commonly serves as the starting point for simulations of the
last deglaciation (Liu et al., 2009; Menviel et al., 2011). Furthermore, it is also an excellent test bed for climate models
to simulate a climate that strongly deviates from our modern condition (e.g. the Paleoclimate Modeling Intercomparison Projection, or PMIP; Braconnot et al., 2007) for the
future projection (Braconnot et al., 2012). However, there
was a substantial difference in AMOC states among different models during the LGM (Otto-Bliesner et al., 2007). It
is worth noting that PMIP utilized no specific protocol concerning the initial ocean condition for LGM simulations, and
only CCSM3 and HadCM3M2, initialized from a previous
glacial ocean state, were found to yield a simulated glacial
ocean comparable to reconstructions (Fig. 1) (Braconnot et
al., 2007; Weber et al., 2007). Thus, it is open to question
whether the different LGM AMOC states are potentially associated with different regimes due to the mean deep-ocean
properties. Following this, we further elaborate the transient
responses upon different background conditions.

2
2.1

Model and experimental design
Model description

The comprehensive climate model COSMOS (ECHAM5JSBACH-MPIOM) is used 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 JSBACH (Brovkin et al., 2009), was used 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 the
horizontal and 40 uneven vertical layers. Note that the Hydrological Discharge model (HDmodel) (Hagemann, 2002)
is also embedded in the ECHAM5, guaranteeing a closure
freshwater balance in our coupled system. The climate model
was already utilized to analyse the last millennium (Jungclaus et al., 2010), warm climates in the Miocene (Knorr et
al., 2011) and the Pliocene (Stepanek and Lohmann, 2012;
Dowset et al., 2013), glacial (Kageyama et al., 2013; Gong et
al., 2013) and interglacial climate (Varma et al., 2012; Wei et
al., 2012; Wei and Lohmann, 2012).
2.2

Experimental design

In the following section we describe the experimental set-up
of the ten model simulations that represent the basis for our
Clim. Past, 9, 2319–2333, 2013

Figure 1 Meridional section of zonal mean salinity in Atlantic Ocean for six

Fig. 1. Meridional section of zonal mean salinity in Atlantic
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FGOALS-1.0g
(Yu et al., 2002,26	
   2004) and IPSL-CM4-V1-MR
(Marti et al., 2005)). The stratification in CCSM3 and HadCM3M2
is comparable with reconstruction (Otto-Bliesner et al., 2007),
while the ocean structure in MIROC 3.2, ECBilt-CLIO, FGOALS1.0g and IPSL-CM4-V1-MR is more like the 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 (i.e. CCSM3 and HadCM, as our quasi-equilibrium ocean
state) and weaker stratified, but stronger AMOC (transient ocean
state).

study. A summary of the experiment characteristics is also
provided in Table 1.
2.2.1

LGM simulations

External forcing and boundary conditions are imposed according to the PMIP3 protocol for the LGM (available at
http://pmip3.lsce.ipsl.fr/). The respective boundary conditions for the LGM comprise orbital forcing, greenhouse gas
concentrations (CO2 = 185 ppm; N2 O = 200 ppb; CH4 =
350 ppb), ocean bathymetry, land surface topography, runoff routes according to PMIP3 ice sheet reconstruction and
www.clim-past.net/9/2319/2013/
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Table 1. Experimental design of the simulations in this study.

Boundary conditions

Initial conditions

Integration
of model years

PI (control)
LGM2PI
LGMW
LGMS

Pre-industrial
Pre-Industrial
21 ka
21 ka

Present-day ocean
Glacial ocean
Glacial ocean
Present-day ocean

3000
3000
4000
5000

LGMS27ka

21 ka, except 27 ka
orbital forcing

model year 4000 in LGMS

700

LGMW-0.2Sv
LGMW-1Sv
LGMS-0.2Sv
LGMS-1Sv
LGMS-e-0.2Sv

21 ka
21 ka
21 ka
21 ka
21 ka

LGMW-e (model year 2900 in LGMW)
LGMW-e (model year 2900 in LGMW)
LGMS-tdeep (model year 2900 in LGMS)
LGMS-tdeep (model year 2900 in LGMS)
LGMS-e (model year 4600 in LGMS)

150
100
150
100
150

increased global salinity (+1 psu compared to modern value)
to account for a sea level drop of ∼ 116 m.
Using the same LGM boundary conditions we performed
two experiments, LGMW and LGMS, with different initial
ocean states and integrated them for 4000 and 5000 yr, respectively. LGMS is initialized from a ocean state with imposed present-day temperature and salinity fields (Levitus et
al., 1998), while LGMW is initialized from a glacial ocean
state. The initial glacial ocean was generated through an
ocean-only model, MPI-OM (ocean component of our COSMOS set-up), which was run for 3000 yr under the LGM conditions. To generate the glacial ocean state with MPI-OM,
we obtained its atmospheric forcing from an ECHAM5 experiment in T31 resolution using SST forcing as provided by
CLIMAP (CLIMAP, 1981) in a similar way as done with the
older ECHAM3 version (Lohmann and Lorenz, 2000), and
derived its initial ocean state and surface salinity restoring
from PMIP2 model outputs of CCSM3 (the National Center
for Atmospheric Research CCSM3 model) that is assumed
to have a good performance on simulating the LGM climate
state in comparison to other PMIP2 models (Otto-Bliesner et
al., 2007; Weber et al., 2007).
To define the representative climatology from both LGM
runs we employed the quasi-equilibrium criteria of the PMIP
protocol (Braconnot et al., 2007) to assess the stability
of the simulated ocean states. That is, quasi-equilibrium
state can be defined, as the global SST trend is less than
0.05 k century−1 as well as a stable AMOC. Figures 2 and
3 show the AMOC indices and 100 yr running means of
global mean sea surface temperature (SST) for the simulations LGMW and LGMS. Compared to the gradual increase
of AMOC and SST in LGMW, the decreasing trend in LGMS
is particularly pronounced, especially after the model year
3000.
Based on the PMIP criteria (Braconnot et al., 2007),
LGMW and LGMS are in quasi-equilibrium after model

www.clim-past.net/9/2319/2013/

years 2700 and 4500, respectively. In LGMW, due to the
fact that there is almost no change in the climatology after
model year 2700 (Figs. 2–7 and S2), the climatologically annual mean of model years 2900–3000 was chosen to represent the quasi-equilibrium ocean state LGMW-e. In LGMS,
there is almost no difference between climatology of model
years 4600–4700 and 4500–5000. To better compare with the
outputs from the 27 ka simulation (see details in Sect. 2.2.4),
thus we define the climatology mean between model years
4600–4700 as LGMS-e to represent the quasi-equilibrium
state in LGMS.
Note that the ocean state between model years 2500–3000
in LGMS also meets PMIP criteria (Fig. S1, for a zoomin plot of AMOC indices and global mean SST), although
the trend in its deep ocean properties is significant (Fig. 4).
Accordingly, to better compare with LGMW-e, model years
2900–3000 in LGMS are averaged to represent this ocean
state and named as LGMS-tdeep here.
A comparison among the ocean states LGMS-tdeep ,
LGMS-e and LGMW-e was made with respect to the corresponding climatology (Figs. 5–7 and S2) and surface and
deep ocean trends (Figs. 2–4). It suggests that due to their
similarity LGMS-e and LGMW-e can represent the final
equilibrium LGM state in our model, however LGMS-tdeep
is the state in the transient phase of bottom-water properties.
In this study, we will mainly focus on the contrast between
LGMS-tdeep and LGMW-e (Figs. 2–4).
2.2.2

Pre-industrial simulations

To examine whether the feature of time-dependency on initial ocean states in glacial simulations is also present in a
warm climate, we conducted two pre-industrial (PI) simulations in this study. One was initialized from the same presentday ocean state as LGMS, which is referred to as PI control
run and has been analyzed by Wei et al. (2012). The other
one, LGM2PI, was initialised from the glacial ocean state of
Clim. Past, 9, 2319–2333, 2013
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in shaping the state of the LGM ocean and AMOC, we per6
formed the simulation LGMS27ka in which orbital parameters of 27 ka BP (precession: 196.532◦ , obliquity: 22.2514◦ ,
4
eccentricity: 0.017451) (Laskar et al., 2004) are imposed on
2
LGM−S
LGM boundary conditions. This simulation was initialized
0
2000
2500
3000
3500
4000
4500
5000
from model year 4000 of LGMS and is integrated for 700 yr
model year
Fig.%2%
(Table 1). The last 100 yr average was considered to represent
the corresponding
Fig.
2. AMOC
indices indices
with respect
(a) NADW-cell
as
Figure
2 AMOC
withto respect
to a) (defined
NADW-cell
(defined
as the 27 ka BP climatology.
2500

3000

3500

4000

4500

5000

AABW−cell index (Sv)

0
2000

the maximum value of stream function below 500 m in the North
maximum
valueAABW-cell
of stream (defined
function
500m ofinabsothe North
Atlantic) and
Atlantic)
and (b–c)
as below
the maximum
	
  
29	
  
3 Results and discussion
lute value of stream function below 2500 m along 30◦ S) for LGMS
b-c) AABW-cell (defined as the maximum of absolute value of stream
(red) and LGMW (blue). The bold solid lines are the 10 yr running
6 m3 s−1 .
3.1 (blue).
Different
mean.
Units:below
Sv=102500m
function
along 30 S) for LGMS (red) and LGMW
The LGM ocean states and their responses to

bold solid lines are the 10-year running mean. Units: Sv.
LGMW. Both PI simulations were integrated for 3000 yr (Table 1) using identical PI boundary conditions as in previous
studies
in PMIP (Crucifix et al., 2005). 28	
  
The average of the
	
  
model years 2900–3000 is considered to represent the climatology in both simulations.
2.2.3

Hosing experiments

To investigate the stability of the two LGM ocean states and
the dependence of the AMOC on ocean stratification, we
have imposed constant freshwater perturbations (FWP) of
+0.2 Sv and +1 Sv over the Ice-Rafted Debris belt (around
40◦ N–55◦ N, 45◦ W–20◦ W) (Hemming, 2004) in the North
Atlantic for 150 and 100 yr, respectively (Table 1). After the
FWP, the experiments continued running for another 250 yr
to evaluate the recovery processes.
Clim. Past, 9, 2319–2333, 2013

freshwater perturbation

3.1.1

Surface properties

The global climatological mean SST are 14.9 ◦ C and 15.3 ◦ C
in LGMW-e and LGMS-tdeep , i.e. 2.8 ◦ C and 2.4 ◦ C lower
than the PI control run, respectively. The SST differences relative to PI are similar in the quasi-equilibrium ocean states
(Figs. 5 and 6). In the high latitudes of the Southern Hemisphere, our model simulates a pronounced annual mean cooling of SST around Antarctica (Figs. 5 and 6), in line with
proxy data (Gersonde et al., 2005). In the Northern Hemisphere, a robust meridional thermal gradient is well simulated around 40 ∼ 45◦ N, and the most pronounced cooling
is found off the eastern coast of Iceland to eastern part of
Nordic Sea (Figs. 5 and 6). Both features are comparable to
reconstructions (Kucera et al., 2005; de Vernal et al., 2006).
In contrast to the MARGO data (Waelbroeck et al., 2009),
www.clim-past.net/9/2319/2013/
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our model as well as PMIP2 models underestimate the pronounced east–west SST anomaly gradient in the northern
North Atlantic.
Despite the different initial conditions in LGMW and
LGMS, there is also a reasonable agreement between the sea
ice concentrations (SIC) in both ocean states and proxy data
(Fig. 5a, b), such as the austral winter sea ice extent in the Atlantic sector and the austral summer sea ice extent in the Indian ocean sector (Gersonde et al., 2005). But the simulations
underestimate the large extent of summer sea ice between
5◦ E and 5◦ W in the Southern Ocean. During boreal winter,
sea ice increases, especially along the coast of Newfoundland, extending far into the western Atlantic (Pflaumann,
2003; Kucera et al., 2005; de Vernal et al., 2006). Sea ice extent is underestimated in the north-eastern Atlantic Ocean in
our model (Paul and Schäfer-Neth, 2003; Pflaumann, 2003)
due to an active North Atlantic current that maintains relatively warm conditions at the sea surface (Fig. 5). During
boreal summer the eastern part of the Nordic seas is partly
sea ice-free (Fig. 5a,	
   b), which is spatially coherent with sea
ice free conditions as indicated in the GLAMAP reconstruction of the LGM (Paul and Schäfer-Neth, 2003; Pflaumann,
2003). In addition, there is perennial summer sea ice extent in
the west of the Nordic Sea along the eastern coast of Greenland and Labrador Sea (Fig. 5), in agreement with the reconstructions (Pflaumann, 2003; Kucera et al., 2005; de Vernal
et al., 2006). In summary, the similar surface properties generated in both LGM ocean states LGMS-tdeep and LGMW-e

www.clim-past.net/9/2319/2013/

are consistent with the reconstructions, representing the climatological surface patterns during the LGM.
3.1.2

30	
  

Distinct deep ocean properties

Figure 7 shows the meridional sections of zonal mean sea
salinity and temperature along the Atlantic Ocean and the
spatial patterns of the AMOC. In terms of the water mass
properties of ocean interior there are pronounced differences
between LGMW-e and LGMS-tdeep (Fig. 7). Only LGMWe possesses an important key feature of the glacial ocean,
i.e. the saltier and colder AABW at the bottom of the Southern Ocean compared to LGMS-tdeep . This is consistent with
a reconstruction of Adkins et al. (2002), while the water mass of LGMS-tdeep is more similar to the present-day
ocean state (Fig. 7e, f). According to water mass configuration reconstructed from nutrient tracers (Duplessy et al.,
1988; Curry and Oppo, 2005; Marchitto and Broecker, 2006;
Lynch-Stieglitz et al., 2007; Hesse et al., 2011), the North Atlantic Deep Water (NADW) shoals to about 2000–2500 m as
Glacial North Atlantic Intermediate Water (GNAIW) due to
the enhanced northward invasion of Antarctic Bottom Water
(AABW) at the LGM. The AMOC associated with the sinking of NADW (hereafter NADW-cell) in LGMW-e shoals by
∼ 500 m relative to present-day to 2500 m. This is indicative
of a shallow NADW-cell and an abyssal ocean occupied by
the AABW (hereafter AABW-cell) (Fig. 7a, d, g). A similar
pattern is also found in the quasi-equilibrium state LGMS-e
Clim. Past, 9, 2319–2333, 2013
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(Fig.
S2). However, in LGMS-t
	
  
31	
  
deep the NADW-cell penetrates to ∼ 3100 m, even deeper than today (Fig. 7b, e, h).
Besides the evident contrast in the deep ocean properties,
differences in the AMOC strength between LGMW-e and
LGMS-tdeep are also pronounced, although both are stronger
than present-day (Fig. 6g, h, i). In our LGM simulations,
enhanced southern westerlies relative to the PI control run
(Fig. S3) result in a stronger NADW-cell due to a stronger
“Drake Passage Effect” via the enhanced Ekman upwelling
of the deep water (Toggweiler and Samuels, 1995; Wei et al.,
2012). Furthermore, stronger net evaporation in the Atlantic
catchment area (Fig. S4) combined with more heat loss to
the atmosphere from the convection sites over the North Atlantic (Fig. S5) also result in an enhanced NADW-cell (Weber et al., 2007). In addition, the formation of AABW as a
result of brine rejection during sea ice formation is enhanced
due to extensive sea ice formation and increased sea ice export during the LGM (Fig. S6) (Shin et al., 2003). As a consequence, the expected stronger AMOC states in LGMWe and LGMS-tdeep should be distinct from today. Note that
the overturning circulation is evidently reduced due to the
stronger vertical stratification that weakens the AMOC from
∼ 27 Sv in LGMS-tdeep (Fig. 7h) to ∼ 18 Sv in LGMW-e
(Fig. 7g). Furthermore, the resulting AMOC in LGMW-e is
also supported by reconstructions, suggesting that the glacial
Clim. Past, 9, 2319–2333, 2013

b)

c)

Figure
6 Anomaly
annual
mean
SST forminus
a) LGMW-e
min
Fig.
6. Anomaly
of annualofmean
SST for
(a) LGMW-e
PI,
(b) LGMW-e minus LGMS-tdeep and (c) LGMW-e minus LGMSLGMW-e minus LGMS-tdeep and c) LGMW-e minus LGMS-e. Un
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AMOC is shallower (Duplessy et al., 1988; Curry and Oppo,
	
  
2005;
Marchitto and Broecker, 2006) but 32	
  
as strong as in the
subsequent warm periods within data uncertainties (Lippold
et al., 2012; Ritz et al., 2013). Although proxy data for the
LGM are actually consistent with a range of Atlantic circulation states (McCave et al., 1995; Yu et al., 1996; McManus et
al., 2004; Lynch-Stieglitz et al., 2007; Praetorius et al., 2008;
Gherardi et al., 2009; Huybers and Wunsch, 2010), even including the modern state (e.g., LeGrand and Wunsch, 1995),
the ocean state LGMS-tdeep can be ruled out due to its large
inconsistency with the proxy data.
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Meridional
section
of zonal
temperature
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6
3
−1
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structure.
salinity (D-F, units: psu) and stream function (G-I, units: Sv (106 m3/s)) in

the Atlantic Ocean. For panel (F), we added 1 psu to the salinity field for a

The different ocean states found in our model are in quasiocean state to the other (Fig. 8). This implies that the reaequilibrium according
the PMIP criteria
for the different glacial ocean states is not related to
better tocomparison
with but
thepossess
glacialdissalinitysonstructure.
tinct features with respect to ocean structure and overturnthe hydrological balance of the North Atlantic, but to the
ing circulation, which can be also found in PMIP2 models
mean deep-ocean properties that exist due to different ini(Fig. 1). Accordingly, one can classify the simulated ocean
tial ocean conditions. After the FWP, the overshoot of the
states in PMIP2 models into two classes, “glacial-like” ocean
AMOC in LGMW-e (see LGMS-e case in Fig. S7) results in
state as LGMW-e and “present-day-like” glacial ocean state
an abrupt warming over Greenland for several decades, but
as LGMS-tdeep .
not in the LGMS-tdeep case (Figs. 8 and 9). Given the distinct ocean structures during and after the FWP, we propose
that the stratified glacial ocean plays an important role in the
3.1.3 Distinct AMOC recovery processes to freshwater
AMOC recovery by influencing the subsurface warming in
perturbation
convection sites (especially in the northern North Atlantic,
Fig. S8), northward transport of tropical warmer and saltier
Previous model studies show a bistable regime of the AMOC
water and basin-wide salinity adjustment (Figs. S9 and S10)
in its parameter space under present climate conditions,
(cf. Mignot et al., 2007; Liu et al., 2009; Cheng et al., 2011).
whereby North Atlantic deep-water formation can be “on”
This may explain the abrupt warming events over Greenland
(as in the present climate) or “off” (e.g., Rahmstorf et al.,
following the Heinrich events during glacial periods (e.g. the
2005). As a consequence different AMOC states can exist
abrupt warming after Heinrich Event 2) (Dansgaard et al.,
within the same boundary conditions, depending on the ini1993; Blunier and Brook, 2001).
tial conditions in the ocean. In addition, transitions between
different ocean states
can be fulfilled by modifying the hy- 33	
  
	
  
3.1.4 Reconciling the discrepancies in simulated LGM
drological balance in the Atlantic basin, i.e. the so-called
ocean states
hosing experiment (e.g. Rahmstorf et al., 2005). To investigate the potential transition between ocean states LGMWe and LGMS-tdeep , Fig. 8 shows the time series of AMOC
A significant feature in our LGM simulations is the different
equilibrium timescales depending on the initial ocean states.
indices for respective hosing experiments. It is notable that
neither of these are able to trigger the transition from one
When the present-day ocean serves as the initialization
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(Figs. 2–4 and S1). The simulated
surface
	
  
34	
  
properties are consistent with reconstructions (Figs. 5 and
6), further masking the transient deep ocean characteristics.
This feature is not identified in the simulation initialized from
a glacial ocean state (LGMW). Due to the lack of a specification regarding the initial ocean state for simulating the
LGM, all the PMIP2 models (except CCSM3 and HadCM)
were initialized from the present-day ocean (Braconnot et
al., 2007; Weber et al., 2007). As a consequence, CCSM3
and HadCM eventually generate a glacial-like ocean (e.g.
LGMW-e) as well as the AMOC overshoot after the FWP
(e.g. in CCSM3, Cheng et al., 2011), whereas other simulations generate a present-day-like ocean (e.g. LGMS-tdeep )
Clim. Past, 9, 2319–2333, 2013

increase related to the overshoot of the AMOC (270

LGMW-0.2Sv.
The
pronounced
temperature
increase rela
without
the feature of
an AMOC
overshoot
(e.g. in ECBiltCLIO-VECODE, Roche et al., 2010), emphasizing the imthe North Hemisphere is up to 6.8°C at convection si
portant role played by initial ocean states on LGM simulations
(Figs. 1, 8 and 9). Furthermore, our results could be inAtlantic.
terpreted in the sense that the large spread of simulated LGM
ocean state among the PMIP2 models can be attributed to
	
  
35	
   or initialdifferent
(or insufficient) deep ocean equilibration
ization.
3.1.5

Deep ocean quasi-equilibrium criteria

It is noteworthy that the fundamental difference between
LGM ocean states LGMW-e and LGMS-tdeep is their distinct
www.clim-past.net/9/2319/2013/
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Fig. 11. Meridional section of zonal mean salinity anomalies
Figure 11 Meridional section of zonal mean salinity anomalies (shaded) in
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control run, indicating that the Pre-industrial simu
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condition.

vertical stratification associated with the AABW-cell, which
is relatively stable compared with the NADW-cell in the
LGM simulations (Fig. 2). This is supposed to be the main
cause for a weaker NADW-cell associated with a pronounced
vertical stratification, owing to continuous transportation of
the dense AABW to the abyssal Atlantic basin in LGMS. To
explicitly diagnose the transient characteristics of the deep
ocean in LGMS and qualify the possibility that the deep
ocean in some of the PMIP2 models were not in quasiwww.clim-past.net/9/2319/2013/

	
  

should be well specified for future model inter-comparisons.
Shown in Fig. 4 are the salinity trends in the Atlantic
Ocean in LGMS-tdeep , LGMS-e, LGMW-e and model years
3800–4000 of LGMW. In the quasi-equilibrium ocean states
in LGMW and LGMS-e (Fig. 4b–d), salinity varies at a
rate of no more than 0.006 psu century−1 at a water depth
lower than 3000 m, whereas up to or even more than
0.01 psu century−1 in LGMS-tdeep (Fig. 4a). In addition, the
deep ocean salinity trend is relatively larger in the Atlantic
section of the Southern Ocean that is one of main formation
sites of AABW. Therefore, we propose that the glacial deep
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ocean can be diagnosed as quasi-equilibrium at least when
LGMS. timescale for the PMIP2 models initialized from present-day
basin-wide average salinity at depths larger than 3000 m
ocean state could be no less than 5000 yr. Given the equilib−1 in Atlantic
rium timescale of ∼ 2500 yr
	
   varies at a rate less than 0.006
39	
  psu century
	
  
40	
   in LGMW, it is of utmost imporOcean and less than 0.008 psu century−1 in Atlantic section
tance to specify one standard glacial ocean state to initialize
of Southern Ocean.
the glacial simulations in the new phase of PMIP for the imPrevious model studies suggested that the strengthened sea
provement of LGM simulations and future inter-model and
ice formation and export under a cold climate could enhance
model-data comparison.
brine rejection in the Southern Ocean, leading to a strength3.2 Potential origin of the glacial deep ocean
ened AABW (Shin et al., 2003; Butzin et al., 2005; Liu et
al., 2005; Otto-Bliesner et al., 2007). This suggests that the
Under the LGM (∼ 21 ka BP) boundary conditions the simcolder the simulated Southern Ocean is, the more efficient
ulated quasi-equilibrium ocean states starting from differthe AABW formation. Figure 10 shows the zonal mean SST
ent initial ocean states in our climate model, i.e. LGMSbias of the PMIP2 models with observation data at presente and LGMW-e, are comparable to reconstructions (Dupday. It is evident that only CCSM3 in the PMIP2 models
lessy et al., 1988; Curry and Oppo, 2005; Marchitto and
and the model used in this study (COSMOS) have a general
◦
Broecker, 2006; Lynch-Stieglitz et al., 2007) (Figs. 5–7 and
cooling bias south of 50 S that is close to the northern edge
S2), however, the equilibrium timescale in the simulations
of winter sea ice cover during the LGM (Gersonde et al.,
initialized from the glacial ocean is only about half of the
2005). This surface cooling bias may accelerate the formasimulation initialized from the present-day ocean state. Retion of AABW and thus shorten the equilibrium timescale for
construction data indicates that δ 13 C-depleted and nutrientthe deep ocean. Considering the integration time of 5000 yr
rich water mass dominates the bottom of the Atlantic Ocean
in the simulation LGMS, we suggest that the equilibrium
during the LGM, which is supposed to be a result from a
Clim. Past, 9, 2319–2333, 2013
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northward invasion of AABW. However, it is worth noting
that the nutrient proxy data cannot rule out that the reconstructed ocean structure during the LGM might have been
formed prior to the LGM. Recently, Schmitt et al. (2012)
suggested that the carbon cycle in the climate system during
the LGM was already in an equilibrium and the net transfer of carbon to the deep ocean had occurred prior to the
LGM. Additionally, in previous ocean model studies a glacial
ocean comparable to the reconstructions can be generated
only if sea ice export is imposed to the glacial Southern
Ocean (Butzin et al., 2005; Hesse et al., 2011), suggesting
that the deep-ocean water mass distribution as inferred from
reconstructions is sensitive to the sea ice dynamics in the
Southern Ocean. 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 ka BP, overlapping with the minimum temperature in Antarctica that is
attributed to the lowest obliquity-reducing annual mean solar
radiation to high latitudes. This indicates that the brine rejection associated with sea ice formation might be stronger
than during the LGM, resulting in a stronger AABW formation. Notably, there is also a sharp decrease of atmospheric
CO2 concentration and benthic δ 13 C at the beginning of Marine Isotope Stage 2 (MIS2, ∼ 27 ka BP) (e.g. Hodell et al.,
2003; Ahn and Brook, 2008), implicating abrupt formation
of an abyssal carbon reservoir. In addition, the northward invasion of enhanced AABW, beginning at ∼ 27 ka BP, also indicates the formation of the reconstructed LGM ocean structure (Gutjahr and Lippold, 2011) prior to the LGM. Accordingly, it is conceivable that the reconstructed water mass configuration during the LGM might stem from the inception
of MIS2 (∼ 27 ka BP) that might be the onset of the last
deglaciation due to the following Heinrich Event 2 and subsequent abrupt warming over Greenland (Hemming, 2004;
Blunier and Brook, 2001) and slight increase of atmospheric
CO2 concentration (Ahn and Brook, 2008). This hypothesis is supported by our LGM simulations and the hosing experiments, referring to its long-term equilibrium timescale
from present-day ocean (about 5000 yr, even longer than the
LGM) and distinct AMOC recovery processes to the FWP,
respectively. In addition, model outputs from the simulation
LGMS27ka further corroborate that the formation of AABW
during 27 ka BP, as well as the AABW-cell are more expanded than during the LGM (Fig. 11), implying a critical
role of the time interval, 27 ka BP, for the formation of the
reconstructed LGM ocean structure (Duplessy et al., 1988;
Curry and Oppo, 2005; Marchitto and Broecker, 2006) and
the inception of the last deglaciation.
3.3

Differences of deep ocean equilibrium timescales
between PI and LGM conditions

In the following we investigate whether the dependence of
equilibrium timescales on initial ocean states is also present
in PI simulations. Figure 12 shows the meridional sections
www.clim-past.net/9/2319/2013/
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of zonal mean sea salinity and temperature along Atlantic
Ocean in simulation LGM2PI. The resulting deep ocean
properties are similar to our PI control run (Fig. 12), implying
the equilibrium timescale of the deep ocean under PI boundary conditions is shorter than under LGM conditions.
Shown in Fig. 13 are the changes of sea temperature and
salinity with time during the spin-up of LGM2PI and LGMS.
In the spin-up of the LGM2PI, the upper layers of the ocean
are warmed due to the warm boundary conditions (Fig. 13a),
reducing the AMOC and NADW formation (Fig. S11). In
this case the way that the bottom water mass interacts with
the surface is mainly through the AABW formation in the
Southern Ocean. In our climate model the major regions of
AABW formation in PI are Antarctic on-shore areas where
brine rejection occurs (Fig. 13a, b) due to sea ice formation
and export. Given this, the warm upper-layer water mass can
be transported to the bottom in the Southern Ocean (Fig. 13a)
and destabilizes the ocean stratification. Under LGM boundary conditions, the equatorward-extended permanent sea ice
edge (Fig. 5) will shift the major AABW formation regions
to the open ocean (Fig. 13c, d) where the dilution of the
brines released by sea ice is more important and the effect of
the brine-generated dense water is much more reduced than
in on-shore regions (Bouttes et al., 2012). In addition, the
cooled upper-layer water mass favors a strengthened AMOC
during the spin-up of LGMS (Fig. S11), decelerating the
northward extension of glacial AABW. Thus, the difference
of the equilibrium timescale of deep ocean water mass between PI and LGM boundary conditions can be attributed to
the shift of AABW formation sites and different responses of
the AMOC to the boundary conditions during the spin-up.
4

Summary and conclusions

Based on our investigations of transient and quasiequilibrium integrations of the glacial and interglacial climate we find a suite of key findings and conclusions that can
be summarized in the context of (A) time-dependent characteristics and (B) general implications.
(A) Time-dependent characteristics of ocean properties
and the AMOC:
– Climatological surface characteristics can be similar
and quasi-stationary, even when a significant trend in
deep ocean properties still exists.
– According to the PMIP criteria (Braconnot et al.,
2007), such quasi-stationary states can be classified as equilibrium states, based on surface temperature trend analysis. Hence, caution on deep ocean
must be taken when these allegedly quasi-equilibrium
states, on the basis of surface properties, are used
as a reference for both model inter-comparison and
data/model comparison.

Clim. Past, 9, 2319–2333, 2013

2330

X. Zhang et al.: LGM simulations and implications for deglaciation

– The equilibrium timescale of the deep ocean in the
LGM simulation initialized from present-day ocean
might be in the order of ∼ 5000 yr, whereas only
around 2500 yr in the ocean initialized from a glacial
ocean state.
– The equilibrium timescale under LGM boundary conditions (∼ 5000 yr) is much longer than under preindustrial boundary conditions, most likely due to
a less effective transfer of temperature and salinity
changes to the abyssal ocean and different responses of
the AMOC to boundary conditions during the spin-up.
– Hosing experiments suggest that the glacial ocean is
mono-stable with respect to North Atlantic freshwater
perturbations and that the AMOC response, especially
with respect to overshoot, is modulated by the ocean
stratification.
(B) Implications for data/model and inter-model differences
and last deglaciation:
– Differences in the AMOC strength and deep ocean
properties between quasi-equilibrium states suggest
that the large spread among the modeled LGM ocean
states and the apparent discrepancies in comparison to
proxy data could be partly due to the dependency of
equilibrium timescale of the deep ocean on the initial
ocean states under glacial conditions. Thus, future protocols of PMIP might benefit from a detailed description of initialization procedures to warrant a sensible
model inter-comparison, as well as data/model comparison
– The time prior to the LGM (∼ 27 ka BP) is important
for the formation of the LGM deep ocean characteristics (e.g. the salty glacial AABW), and changes in the
glacial deep ocean might already occur before the last
deglaciation.
– In paleocean modelling, glacial ocean states with significant trends in deep ocean might be improperly considered as equilibrium solutions to represent the simulated LGM climatology. This reflects the notion that,
due to the transient nature of climate forcings, the real
glacial (LGM) ocean state was in fact in a state of
quasi-equilibrium.
Supplementary material related to this article is
available online at http://www.clim-past.net/9/2319/2013/
cp-9-2319-2013-supplement.pdf.
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