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�Û�Łī'�Łī
ƒŲĮŽƦŸřńŕŤŽſƈƙ~µś��Ŗ�ØĪ~Ģ�Ø (Saltzman, 1983, 
LeTreut, 1981)
�ß�ś●ľĽľĕ­ī
ĩƘơƦŻƐƇƆƒŲĮŽƦŸĪĘ�ĚĳĶĵćâ�6ħŉŁŉħ0~0.05ś
þ�ŜâûFß�Ś�ňĽ�Dħ�śß�ğħķćħĹćâ�6½�ħąÖ
Ś�úŁī●ľŉŕĶĵćâī (Imbrie1993, Suarez, 1977)
ĩ~Ñ�śJŃďĖśĹćâ�6śķåħĸå(Huybers, Wunsch, 2005)
�Û�Ŝ�Łī
ĩÞs�À­äÓþ�łU�įPisias, 1994, Shackleton, 2001)
ĩñ�ł�úºŃńřũŗħŉŃĽÄŚ¾ŉŕā$
įImbrie, 1980, Raymo, 2007)
ĩ=Mřñ6�ĥŚŜ●śƓƥƁſłº{řśŁīįñ���–ƗƦƊƣħ%
ē�/ħƅſƊř●İįOerlemans, 1980, Pollard, 1982, Peltier and Marshall, 
1995, Ganopolsky, 2011)

%ĊþØđ²śĂăŚŔĽŕ�

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

ñ�ś
cÓŗĊ¤

 A
¨C.�#«ËÄÑ
ØICIESÙAbe-Ouchi et al 2007

!2KËÄÑ�X\Q
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T7� = T(Vmś7�úôİ
        +dT įß�ğþ�ś�D) 
        + dT (Þs�À­ś�D)
        + dT (ñ�Įº7¯YnĔŚŦũþ�)
Pb�ğ = P (1²İ*f(7�ś3�) 

ß�þ�ƉĮƄ

ñ�ŻŮśº7ƉĮƄ

Yamagishi et al, 2006 �
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Fig.1 Abe-Ouchi, 2013 �

ƛƉƣO�Ħįñ�µ¤ĳSea 
level¯Öİ

(d)ß�ŗCO2þ�ŬàĠ
ŉŐO�

(a)�śß�65N(19,23, 
41kyr ƑĮŷ,Berger, 1978)
(b) º7ÇÞs�À­
CO2(N2/O2Kawamura2007â¹)
(c)δO18Ħ (L&R, 2005)ñ�µ
¤ŗ�%�ÓŬé�

àĠŗO�Fig.1
O�Ħįµ¤ĳSea level¯Öİ
(d)ß�ŗCO2þ�ŬàĠŉŐ
(e) ß�śšħCO2 = 220 ppmŖ
�Îś�d

(f) 5ëś�×ś0Ĥ|2łƂ
ƥś�dįÅ>śãÁ�Ħś
��ł�ĕİ

(g) CO2 = 160, 220, 260 ppm�
ÎśO�ħĄüś�d
į200~240ppmśš10ćâ

�6ħ³ŜĹćâ�6İħ
(h)Ħ(g)ÙĒħƟĮơŽŮś�dį
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Equilibrium 
response to 

forcings �
�

The shape of 
equilibrium 
response 
(multiple 
equilibria) 
depends on 
continents!�

summer �

Î��×ŗ�lśñ6żůŷƣ�×įñ�vs �7�İ�

Climatic anomaly from the zonal average �

Precip. Anomaly in Rate of change �Summer Temp.  Anomaly in degC �

ĄüŗƟĮơŽŮś	ĽįVm7[İ

Climatic anomaly from the zonal average �

ERA 40�
(1) Control 
 (ŋşŕ_Ĝ) 

(2) Without 
Obiliquity

(3) Without
eccentricity 
change

(4) Without 
precession change �

�Ä�TĪĦ:Úĕ­ś(č,
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(1)'Ïĕ�ŜïĕįŽſƈƙś~Ģ�ØŖŜřĽ
įÎ��×"łļũİ)àƘơƦŻƐƇƆƒŲĮŽƦŸĪ
GßÒś�ÆłĄè>ŚĖũķćâki�6ś�ø
łĘ�ĚįĳĶĵćâ�6İŚþÉňŪũŇŗł�ĕĨ
ňŧŚñ6�ĝśƄůƘƦŸŜĘ�ĚłE�ŚřœŐ
ŋŅZŚńũĨ~Ñ�śJŃďĖśĹćâ�6Ŝki
�6ŬþÉňōũĀ�Ïč,Ĩ

(2)ÛÏĕ�ŏśĶĪñ�ł10ćâ�6śÛÏĕ�ŗ
ŉŕºŃřč,Ŭ�ŐŋŇŗłūŁœŐĨÀ­�/Ŝ
°ø\�ŗŉŕŜ�ĕĨ
ñ�śß�Ś¶ŋũ�×śƏſƈƢŽſ^±į��İ
ł�ĕĮĮıñ��ÊZŉŃĽÄŚ¾ŉŕZ¸Ĳ&v
�PŬNţŕĽũśŜħĄüºęśñ��ğ�xś
7[�×ƓƥƁſŖļũĨ

(3) ÛÏĕ�ŏśķĪñ6żůŷƣ�ĥƓƥƁſĪZ¸
&vś�Pł�œŐļŗŜħº7Įñ�ĮÅ*ƗƦƊ
ƣ¯YnĔł=Mřñ�Z¸ŬŤŐŧŋŐţñ6�
ĥĨ
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gZś ¼
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řŎñ�6ŚħŏŉŕĹćâ�6ŁŧĶĵćâ�6Ś©�ŉŐŁīį»u8©
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ÜÛ�-�<¬�¥±
�·«�ß	

(CO2	%&n)	

NA	�R	(�Ù	
EUÍÖÏÀ»Ø�Ù	

•  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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C.«%*3P¨l%*3P	(80,	180,	220,	280ppm)�

•  Type	1:	(C.(7+(ÙÝ�-�<�b(Pre-MPT	NH)	

•  Type	2:	10�-�<�b(Post-MPT	NA)	

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

Summer  
Temp. Anomaly�
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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,  2008ƨƧOxygen Isotope,  sea  level/ocean index: 
Lisiecki and Raymo, 2005

“đîÏLrO�įj�Ãİ40 kyr worlƯ” vs “100kyr world”?�

Results of this Study�

Abe-Ouchi	et	al,	in	prep.�

ñ�śúôĪ �
ƛƉƣvs. 1²(ÅKħ

Å>ùėİ�

ICE4G (Peltier, 1994)

ICE5G (Peltier, 2003)

Model
(This Study)

ƟĮơŽŮśñ�śñ6ŚŦũ	Ľ�
Penultimate vs Last ice age�

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

Q řŎħƟĮơŽŮñ�ħLGM ŦŨPGMŖºŃŁœŐśŁī
-àŽƔƢŮśñ�XśōĽħÇ�ŮžŮśƅſƊŚŦũĐ"
-Because of high eccentricity and aphelion during early summer
(Krinner et al, 2004Nature, 2006CD, 2011QSR)
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7�ŗb�ğś●Œŧł\ńŁī�

7�ŬÕ¢�ĒŚŉŐ�dĦĦĦĦĦĦĦĦĦĦĦĦĦĦĦĦĦĦĦĦĦb�ğŬÕ¢�ĒŚŉŐ�d�

-ġř7[Ś¶ŋũ
ñ�ś�× (-3K)
(1) |2æÐśµ¤
(2) ûa�·śñ�úô�

ĄüĦ£
ƟĮơŽŮ¥�

ŀŠņĪLGM ŗVmś	ĽĦįÅ�7�İÕŮžŮ/Ą´ûē�
ƛƉƣĦVmvs i(Yanase and Abe-Ouchi, 2007, CP) �
�ĪĦVmħ´ûēc7�-ĮĮĮĮ-àLGM ŖŜ�High�Šũ
�

ÔĪĦVmħŮƢƞĮŽƜƦÍ7�------àĦLGM ŖŜÔLow CŠũ

cÓýi (850hPa)śiį�İ�
C.����pz�{� »ÑÉÆpz�{� »ÑÉÆ�|pz�{�

�/pz�{� »ÑÉÆ��pzs{�

",DoA�«Yc 
Õ»ÑÉÆ«0m�!�� 
Õ�/¬d«�� 
Õ�R«»ÑÉÆ�hZ�

}��qLÙpz�{�

z�{Þ�",DªoA���r�z�{y",Dª�A���rpzs{Þ",D«��¬�:N�
Yanase and Abe-Ouchi, 2009, Jounral of Climate
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500hPa wind

¬\��

ŮƣƔƋ\��

ÅK\��

LGMśö->eÈś／ģŗ%Ċ���

Vm�

ñ6ŗVmś
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����%(�

(1) M=I_|v~]*$pmn~a*�^)�l�0OG$)�
^*�a ��La�8S]TZO 

(2) �1CD>:`fi!�a�
bN?-VjZ*��	a�
�l�TBUXa`��]PiOUj`bN/2_%6ax�
srl��Xi�>b_QOUjd]6gj\Qi�)�*�
��(�z�w~]��]PiSNYaJ<�;�SF>]P
iO*$pmn~S����
$`_iabHgjZ&�SPi
gWQU^SkR[\TZO 

(3)Vg`N�)�*��,+�3N'4N.:�3qru{l7
9Xi�>PhO���
$`_iRN����
$`_iRN
Ya&�bNCD>:a#$`fi��_EQeG$5CO2
�
`fia]b_QRO��aAK^W\N�1qru{|
v~^v�ta79ao}y]@T"RVjicTO 

ñ6Çś=Mř7[þ�Č¼�
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ñ6Çś=Mř7[þ�Ī
ƫO eventĦ20#��ĪŸƢĮƦơƦƋÎ;
H eventĦ 5#��ĪĄº¢ēśñq



Ruddiman & MacIntyre (1981) 

Oeschger et al. (1984) 

Gerzensee (Bern) 

¾ÐÖÔÏÔÆ@RÈÓÁ¼½Å�
����rp����rptxxv§O% �

�  ���������pC.¿»ª´·C<ÚiC<«A

1��

Boeling Aleroed

2万年前 
1万年前 暖 

寒 

現在 氷期 前の間氷期 

DansgaardyŗOeschger y�

�®Ŭ4Ţ%ēº�/ �
įá��/İ�

Ąº¢ēŗÝE�ÿŖÌŢfšħ�®ś／ŪŬK�Ĩ
ò®ŖŜöŚŦũ%／Ť ŊũĨ�

Yonger Dryas �
ƝƦŵĮƋơůŮſ{PĪĎĶćķ¨âª�

-ġ��

�Â�--->ñ�łĐņũ�
--->Đņ�ł¿�ŗŉŕĄº¢ēŚ／à�
--->�®�ÌŢfšś�/ł�ńřũĦ�
---> ƚŶŽŻÂ／ś��
--->Ąº¢ē�ÿŖ-ġ��

(BroeckerƨƧPetit and Rind,1985, Nature)

ñ��



�Â�ŋũŗñ�6Śī�
ƅƦſŵĮƋ�ųŽƞŵĮĦůƔƦƊ
25 Dansgaard-Oeschger events in Greenland

(NorthGRIP Members, 2004)

DansgaardyŗOeschger y�

Vm�

ƎůƖĮơĮŽĮƃĮ�¦ 
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

á��/ś
č,Ŭ}h�

D/O eventś
H2úô�

cold phase vs 
warm phase�

�
èÝĄ<�¯�
ƪipolarƧŽĮƃĮ
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ƋĮƙŝŊŻŮƧŚRũmillennial 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!

ķŻŮ
ķproxy
AIM1.5å

ŇŪŠŖś�¦ťƛƉƣŞśìç�

•  ¿�／àŚ¶ŉŕĄº¢ēŜġĿũłÅ
Ïř
þ�łïŌŉŤŖŕĽřĽĨÝE�ÿśBipolar 
warmingłŖŕřĽĨ

•  ¿�／àğł�ÓŤļũśŜ¦ĉŖŃřĽįnon-
Deglaciationťnon-Heinrich eventŜ●ľŋũīİ

•  =Mř7[þ�śı=MňĲł�ðâńŧĽŖřńħ
100â�ÛřśŬ¦ĉŖŃũŁī

•  Ąº¢ēÇ�śzÒŖŦĽśŁīŮžŮśƅſƊ
ł§ř●ś1²Ŭ¦ĉŖŃũśŁī

-àc¡Óř7[ƛƉƣŖŐńňŭś�T�`

DOƧśƚŴƍƀƙī�
(1)ƧC�Ï�Ø
-�Ľ�6Ï'ĠŚ¶ŋũºþ�
Ganopolsky and Rahmstorf, 2001
-ƟĮơŽŮñ�ś¿�B@ś�×Ƨ
(Menviel et al, 2014)
(2)Ƨ~ĢÏ�Ø
- �ú�Øw (Broecker, 1985) 
-ñ�ścÓś�6ÏþØ(Zhang et al, 
2014) 
-º7%ēś~«þØƧ(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 �

1FBª' ·ED2K¨A
«3P	

Ø�¸®§ 8&nÙ�AMOC«$%	

5º^­·�DO¬�g=	«FB�	

�� ·¢°��	
Ganopolski	and	Rtahmstorf,	2001	

u.	=	��¹¤¢µ7� ·ØCO2²	

C.,	Zhang	et	al,	2014,	2017,	Banderas,		

2015,	DomeF	_9Ù	
v.	V�7�¨��S>±�·�¡¸¨	
�g=	¨«j�¬´�¹�¤¦�©�	

Peltier,	Vettoretti,	2014,	2015,	2017,		

Brown	and	Galbraith,	2016	

w.	Deglaciation	«B/A²YD¨	DO	«j��	

®£T	Mª]:�¸¦�©��	
(Liu	et	al,	2009,	Science,	NCAR)	

�

Rahmstorf,	et	al,	2005	GRL�

42

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

ķŔśƛĮƋŬ`œŐŨĖŐŨī�

º7%ēÛõś~Ģ�Øī�
AOGCM ŬĔĽŐQ?�

Peltier and Vettoretti, 2014, GRL �

This	study�
&n	

�M=	²U;A
«f�ª' ·!AÖG)ED«	

3Pº^­·�	
	

CO2	«f��Fresh	water	flux	«f�ª´·3Pº[·�	
	

&n(1)	³¤�¶	Fresh	water	º��	

àØ
TM©ÙÇÂÃÐÀÂ?eº[·&n		

(AOGCM§¬��=	f�§¬�×Ù	
	

&n(2)		Fresh	water	º	%ª�¦�,WI6º¯·��
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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 �

ƱƳƧƭƴƵƶưƧƩƶƲƳƶƱƮ�

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) ÝºēƓƥƁſĪAMOC��
àÝºēwarm à Brine 
rejection��-à �®
warmàStability weak à 
AMOC #÷

(2) Ąº¢ēƓƥƁſĪAMOC�
�àĄº¢ēŖ%ñłÔŚ
)ºà à �ò®warmŚħñ
�ö�śöCńàStability 
weak à AMOC #÷

(3)  Sterrif Tadano 2017  ö�

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�

Ƭ�Ƭ�

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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Ń9ŇŋSŜħ%ēśÝĄ2�
�ËĂ]śĈÓį�Óħ�úİþ�Śļũ�

ÅùĹâpċňŭ�

ķ¨âĆś=Mř�Â�Ī �
ƛƉƣśÇśÝĄŽĮƃĮ�

ñ�ħº7ÇÞs�À­ś�Dśº�łº{
%ē�/ś�Øŗñ�þØłĞĂ3IĮgZś ¼
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Liu	2009/�hakun	2012/He	2013			
Nature	with	CCSM	

	

	

	

Menviel	2011								with	LOVECLIM		

C<�µiC<«4H©A
��ª±j�?	

Abe-Ouchi	et	al	2013	Nature	updated�

Unit:	Sv�Question:  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 �

C<�µJ�
«ÀÊÌÒÖ
ÀÎÔØ`Ù
vs. proxy 
records 

Age (ka BP) �

McManus 
2004�

Buizert 
2015

Jouzel
2007

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

V�7�Ø~O7�Ùp«a�·=	�	CO2	level¨j�×	

-à no multiple equilibria, but oscillatory state�

�ê�îÇ�

�

�

ŀūŨŚ�

l í�Ś�ňĽ'Ïĕ�śþ�Ś¶ŉŕ
Å>7[łó.Śþ�ŋũŉńšłRĿ
ŕĖŐĨ
l 7[śþ�ŚŜĒĭř|2ſŹĮƣś
'Ïĕ�ŗÛÏĕ�ś_oł�ĕ
l !AśÅ>tś"�ŚŜÅ>Žſƈƙ
śÛ�Ŭ_ĜŉŐ7[ƛƉƣ�Tŗ7[
Žſƈƙś~«�+Ïė"łïĕĨ�


