
Vladimir	Köppen	Alfred	Wegener	

Elsa	

Köppen	

Milutin		

Milankovitch	

1922-> 1941 �

Gunz          Mindel�
Riss                Wurm�
�

1922�

 (Hays 1970 �
�

130ka

*

()

 * )

�

�

�
�

�

�

�

� �

10

65N JJA

 (Saltzman, 1983, 
LeTreut, 1981)

●
0~0.05

●  (Imbrie1993, Suarez, 1977)
(Huybers, Wunsch, 2005)

Pisias, 1994, Shackleton, 2001)

Imbrie, 1980, Raymo, 2007)
● –

● Oerlemans, 1980, Pollard, 1982, Peltier and Marshall, 
1995, Ganopolsky, 2011)

�

３次元氷床力学モデル(Saito and Abe-Ouchi, 
2003)
氷床流動計算（粘性流体）
熱力学計算
底面滑りの温度依存性
縁辺と水との相互作用
地殻マントルの応答の遅れ
緯度経度１度、２０層
表面融解モデル

 
ICIES Abe-Ouchi et al 2007
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P  = P ( *f( ) Yamagishi et al, 2006 �
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response to 
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The shape of 
equilibrium 
response 
(multiple 
equilibria) 
depends on 
continents!�
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•  With	the	decrease	of	CO2	
and	ice	sheet	becomes	
larger,	shift	from	40-kyr	
to	100-kyr	cycle	and	
larger	amplitude.	

•  Only	in	the	North	America	
case.	
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•  Type	2:	10 (Post-MPT	NA)	

•  Type	3:	Large	ice	sheet	with	40	ka	cycle	(Antarctic)
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CO2 �

Astronomical Forcing: Berger and Loutre, 1991, CO2 reconstruction: Pagani, 2010, Hoenisch 2009, Bartoli, 2011, 
Seki,  2010,  Tripati,  2009,  Martinez-Boti  et  al,  2015,  Luthi  et  al,  2008 Oxygen Isotope,  sea  level/ocean index: 
Lisiecki and Raymo, 2005

“ 40 kyr worl ” vs “100kyr world”?�

Results of this Study�

Abe-Ouchi	et	al,	in	prep.

�
vs. (

�

ICE4G (Peltier, 1994)

ICE5G (Peltier, 2003)

Model
(This Study)

�
Penultimate vs Last ice age�

Terrestrial evidence (Svendsen et al 2004 QSR) �
140ka � 20ka�

Q LGM PGM
-à
-Because of high eccentricity and aphelion during early summer
(Krinner et al, 2004Nature, 2006CD, 2011QSR)
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Yanase and Abe-Ouchi, 2009, Jounral of Climate
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Ruddiman & MacIntyre (1981) 

Oeschger et al. (1984) 

Gerzensee (Bern) 
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(Broecker Petit and Rind,1985, Nature)
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� 25 Dansgaard-Oeschger events in Greenland

(NorthGRIP Members, 2004)

Dansgaard Oeschger �
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Greenland-Antarctica ice core ---> “Bipolar See-saw”  

- extended in
EDML-core
(EPICA, 2006
Nature, Nov.9)

- Blunier et al 1998,
- Steig et al 1998
- Stocker and 
Johnsen, 2003

�

D/O event
�

cold phase vs 
warm phase�

�
è �

ipolar
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millennial events identification

DomeF members, In press. �
38

Kawamura et al, DomeF members, 2017, Science Advances

Millennial-scale events (MIS 16):  DomeF, DomeC  

 

δD, δ18O 

Dust 

Very Frequent 
in Mid-Glacial!
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AIM1.5
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•  ／
Bipolar 

warming
•  ／ non-

Deglaciation non-Heinrich event ●
• 

100
• 

●
-à

DO �
(1)
-
Ganopolsky and Rahmstorf, 2001
-
(Menviel et al, 2014)
(2)
-  (Broecker, 1985) 
- (Zhang et al, 
2014) 
- (Peltier and Vettoretti, 
2014)

Ganopolsky and Rahmstorf, 2001
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Studies on AMOC stability (Hysteresis or Oscillation?)
Freshwater from ice sheet

Rahmstorf et al., 2005

We investigate dependency of AMOC 
sensitivity on background climate using 
MIROC AOGCM.
We use freshwater as a measure of AMOC 
stability.

Strong

Weak 

Abe-Ouchi et al, in prep �

1 	

AMOC 	

DO 	

	

Ganopolski	and	Rtahmstorf,	2001	

.	 CO2 	

,	Zhang	et	al,	2014,	2017,	Banderas,		

2015,	DomeF	 	

.	 	

	

Peltier,	Vettoretti,	2014,	2015,	2017,		

Brown	and	Galbraith,	2016	

.	Deglaciation	 B/A YD 	DO	 	

	 	

(Liu	et	al,	2009,	Science,	NCAR)	

Rahmstorf,	et	al,	2005	GRL
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Stocker et al, 2001

Strong AMOC

Weak AMOC 

Q. What determines the stability 
of the “strong” AMOC mode? 
Q. What governs the threshold 
for AMOC weakening?
 We investigate dependency of 
AMOC sensitivity on background 
climate using a AOGCM, MIROC 
4m.
We use freshwater forcing as a 
measure of AMOC stability.

Background climate condition 
and AMOC stability?

Stocker et al, 2001

�

�
AOGCM �

Peltier and Vettoretti, 2014, GRL �

This	study
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(1)	 	Fresh	water	 	
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(2)		Fresh	water	 	
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Experiments on AMOC stability (Hysteresis diagram)
Freshwater from ice sheet

Rahmstorf et al., 2005

We investigate dependency of AMOC 
sensitivity on background climate using 
MIROC AOGCM.
We use freshwater as a measure of AMOC 
stability.

Strong

Weak Abe-Ouchi et al, in prep �

AMOC stability diagram �

�

AMOC and climatic stability under different  
CO2 (without and with Ice sheet) �

285ppm	

	

	

	

240ppm	

	

	

	

220ppm	

	

	

	

200ppm	

	

	

	

185ppm

AMOC response to freshwater input under glacial 
ice sheets (Steady forcing) �

0.08 Sv�

0.02 Sv�

Freshwater input (Sv)�



DO oscillations �
in MIROC AOGCM:�
Without freshwater!! �

CO2 = 200 ppm (200 ~220ppm) �

(1)  AMOC
à warm à Brine 
rejection -à 
warmàStability weak à 
AMOC 

(2)  AMOC
à

à à warm
àStability 

weak à AMOC 

(3)  Sterrif Tadano 2017  �

Why	stronger	AMOC	for	almost	all	PMIPs?	

Multi-model	mean:	Wind	stress	and	sea-ice
Strong	AMOC	case

Weak AMOC case�

(Wind	arrows:	Pre-Industrial	in	silver,	LGM	in	black)

Multi-model mean      vs    weak AMOC case �

L:	

Icelandic	

Low

��

More à PP 11B-1360  
 Sherriff-Tadano



Why stronger AMOC for almost all PMIPs?
Strong	AMOC	case

Weak AMOC case�

Multi-model mean      vs    weak AMOC case �

Large	Ice	sheets	strengthens	the	wind	stress,	which	advects	salty	water.	

But	Sea	ice	cover	weakens	the	wind	stress!

Why stronger AMOC for almost all PMIPs? 
Feedback among wind, seaice and AMOC!

Weak AMOC case�

LGM
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Liu	2009/ hakun	2012/He	2013			

Nature	with	CCSM	

	

	

	

Menviel	2011								with	LOVECLIM		

?	

Abe-Ouchi	et	al	2013	Nature	updated

Unit:	SvQuestion:  Did the Northern Hemisphere ice sheet stop melting before the 
onset of Boeling/Alleroid abrupt climate change?

Peltier	2015													reconstruction		

Hosing	

[Sv]

Abe-Ouchi et al 2013 Nature �

vs. proxy 
records 

Age (ka BP) �

McManus 
2004�

Buizert 
2015

Jouzel
2007

Obase-kun’s PhD                 Liu et al, 2009, Science �

O 	CO2	level 	

-à no multiple equilibria, but oscillatory state
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