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A Mechanism of AMOC Decadal Variability in the HadGEM2-AO
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Abstract: The Atlantic meridional overturning circulation (AMOC), driven by high density water sinking around
Greenland serves as a global climate regulator, because it transports heat and materials in the climate system. We
analyzed the mechanism of AMOC on a decadal time scale simulated with the HadGEM2-AO model. The lead-lag
regression analysis with AMOC index shows that the decadal variability of the thermohaline circulation in the Atlantic
Ocean can be considered as a self-sustained variability. This means that the long-term change of AMOC is related to the
instability which is originated from the phase difference between the meridional temperature gradient and the ocean
circulation. When the overturning circulation becomes stronger, the heat moves northward and decreases the horizontal
temperature-dominated density gradients. Subsequently, this leads to weakening of the circulation, which in turn generates
the anomalous cooling at high latitudes and, thereby strengthening the AMOC. In this mechanism, the density anomalies
at high latitudes are controlled by the thermal advection from low latitudes, meaning that the variation of the AMOC is
thermally driven and not salinity driven.
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Al AMOC7} 7Z8IAA Bt o] HAYUZE AYEaRE o
7] el AMOCS] WEs 9 frert obd €4 fri=

FQ0{: HujM 2™ =3HAMOC), -4 ' s}, <A

M B

UMY AF9m =8H(Atlantic meridional overturning
circulation, AMOC)S I¥t= F& gjdoja] 27
st AW Aol e¥eke dird ZFoE
(Rahmstorf, 2006; Kuhlbrodt et al., 2007), 4=2] <
of @& IAEE AEuistrlel (M dIA  oF
IPW &) AT 715A19] 4 848 7553 9
H(Macdonald and Wunsch, 1996; IPCC, 1996;
Matsumoto et al, 2013; Lavin et al, 1998;
Ganachaud and Wunsch, 2000; Trenberth and Caron,
2001; Johns et al., 2011). AMOC®] W3h= 7Fzkx
AR 715HstE 2tk deiATh(Clark et
al.,, 2002; Duplessy et al., 1992; McManus et al.,
2004; Thornalley et al., 2011). ©]A<] thEF< o
2] Younger-Dryas H3l7|E€ & & UThHMayewski
et al, 1993; Rahmstorf, 2002). °F 13,000 Zof 2
g o] ApdE Ju] tiFe] WPt mowA o
o] 7 oMY 2eER fluwA 2AE A
o8 dHA vk @Sk AR AMOCY A7)
7b FlENNL, @ FERe] AEe] By A9E
oA W17t oF 1,300 F<t AEE A cH(Mayewski
et al, 1993; Mignot et al, 2007; Carlson, 2010;
Jackson, 2013). HHA % Ao P43}t JAAH S &
71FRde giAZ AMOCY ofEls mejsiglon,
olgfgh Wrale] md Agle AMOCY| oFslolA] 7]2l
H 7% RS Askedl &38] o] 8- th(Vellinga
and Wood, 2002; Dahl et al, 2005; Zhang and
Delworth, 2005).

Rahmstorf et al. (2015 AMOC7} 1970 ©]%
2 37 AL, AT sl Betal o=
Qlste] HRojAeF diol 71 vk vEhdtia Al
Akl itk o714 H2 4 d7k AMOCT} ofst
H glez T = S (ice sheet)?] §3E EIL
Atk IPCC (Intergovernmental Panel on Climate
Change) 57} HiXMe AF 243z 3] goz
AMOC7} ¢Felld 7102 A= HdI(IPCC, 2013),
FE AFdMe 2R ArE T 22 =

8o HskE o d9e® AAskal (irk(Manabe
and Stouffer, 1994; Haywood et al., 1997; Wood et
al, 1999). ZAg=d AJEHlw Z=ZAE(Coupled
Model Intercomparison Project Phase 5, CMIP5)2]
Rdls o83k A AralME 210089 AMOC
=7y @Ajel wal oF 21% (RCP4.5 AUl 735,
2 36% (RCP8.S Ay e A4) Ax #4ad A
°2 Y3 JtKCheng et al., 2013).

flolld e Harstel 2 A siM o
Eptls HsPEyt ofzl, AMOCE thFe F7]¢]
2 HEAS Bk A5 o8k (Rayner et al,
2011), AMOC®] WEAole 7] WEEet opzt
Ad 2 ZAd ¥WEse ¥gES ¢ + Uy
(Cunningham et al.,, 2007; McCarthy et al., 2012).
ey 715 WA FE AR Y d WE
2 o 71 A7) el g3 g, ol tigh
o| 2A], Schlesinger and Ramankutty (1994), Delworth
and Mann (2000), Kerr (2000), Knight et al. (2005),
Ba et al. (20132 StA Y dl5H &9 F4 W
7] MEd AMOCe] ®Eo] YA H&= o] 9l
ohaL AA sk

i o718l A Bde 719w 9
Fe 2 W %79 AMOC WsE F 2o
I UtHDelworth et al, 1993; Delworth et al.,
1997; Delworth et al., 2007; Timmermann et al.,
1998). ©]& % Delworth et al. (1993)2 Geophysical
Fluid Dynamics Laboratory (GFDL) 3% ZdS o]
&3t 4080 F719] AMOC W83 Zent 9l
o 2#d AMOCe] WE Tl 2del uEt tha
Aolg Btk dE EW, dEg] AlE(Hadley
Centre) 22 % 3¢l HadCM32] 7%= GFDL
Rdnt g 259 F71dol FEHAA YERtT
(Dong and Sutton, 2005).
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B3 ITH(Park, 2005). o] HIAUSES A Al 7}
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sustained mode)& & F U=, oI7|A= AMOCY]
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1991; Te Raa and Dijkstra, 2002). T2 2 t)7]-3]
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Fig. 1. Mean meridional overturning stream function in the
Atlantic (Sv), averaged over the 300-yr simulation period.
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Fig. 2. Time series of the strength of the AMOC (black),
computed as the maximum stream function in the 30-90°N
between 1-3 km and its 11-yr moving average (red) which is
used as an AMOC index in this study. Units are in Sv.
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Fig. 3. Power spectrum for the time series of the strength
of the AMOC from Fig. 2. Dashed line indicates 95% confi-
dence red noise spectrum.
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(a) Sea surface temperature

HadGEM2-AO ZH0| ZOlst AMOC 44 U HE HpLE 203

(b) Sea ice concentration

Fig. 4. Regressed fields of (a) sea surface temperature (°C Sv') and (b) sea ice concentration (Sv') against AMOC index,
respectively. Dotted area denotes the statistically significant at 95% confidence level.
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Fig. 5. Lead-lag regressed fields of AMOC stream function (contour, Sv Sv™') and ocean temperature (shading, °C Sv™') against
the AMOC index. Note that the vertical axis is stretched in the upper 1km. Dotted indicates the statistical significant at 90%

confidence level for the ocean temperature.
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Fig. 6. Lead-lag regressed field of ocean temperature (°C
Sv™") with AMOC index. Dotted indicates the statistical sig-
nificant at 90% confidence level.
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Fig. 7. The bandpassed (10-60 yr) time series of AMOC
index (Sv), surface meridional ocean temperature gradient
(Taim, °C), and surface meridional salinity (Sas, psu).
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gAA d o]F
A3l BEow
<7k €t
o] isﬂ% Fig. 8% o]t & ©f £13] o]
AE 3
(San)E Olﬁskr] AMOC A5 sl 73+ x| A
A, 223 AMOC A52] 27138l E
UERZ gtk AMOC A]42¢)] 2}7] gr
7ol oF lag 14yl UYER}E Ao B uf
h FHATE E ol 915 AMOC?] ¥
F71= ok 309 =AY 4+ Ut} o]AL 99
ﬂr A=A ER (Fig. 30 Y P 720 Hsls
12l Fig. 58 dAshH, 53] 30d F71482 9=
HAEHIM 2 5 de F Ao 4 @ F71(19yr,

40 yr)e] ol 7M.

AMOC?] A717}F FsiAAIRE of
758 AR sl el Sans



206 /72 - 2l - 0|xs - F2 - THS - 24Hs - 2

TduH Wsh= lag -6yl

A F
NG mm 4 ¥

& Sk 282 AMOCe] Al
g2 2L AnEs A
ARHAE RS % I Ao} oSt 2 Exe] We)
243k a7 AER o] 7SI
o S Ob— ATh(Fig. 6). olF lag 0-9d &<t
5 72 A (Ta’t A FeA=dl o= AMOC
7F B1E oA YA oJHE] 2t g AL
A= F3A71E AS ¢ 4 JdtkFig 5 FX).
Lag +9¢ FHEHE AMOCY 3k Wafo] wih=
=t oleh FAl HE £ Are HaioA
e S7Fsl7] AlFRITE & o] Al7]%ElE AMOC
o &gt 53 4 o] ARAL 238 I9x9)
o] WAES &+ A
San] 3= Tt 79 ®H 94 a3l
o} webx] AMOCe] 7] WA FEe & &
[e]

d
X o3 FEEHE Aol ofie e & & sk
oA ek, 2] el AMoce] i @ F7)
HES @ fr FHo= AgE Zlo] opeta
ek k. wHeF AR zpeldl] 98 AMOCTE fri=
Hohd, Fig. 89 Sare  Tae®t AR A 43S

Hojof & Zlojt}, 7|4 Q8]e o HE X
T AMOC %7] W&o & o]fd AOH AR = A
itk 28719 A9elM Aol A7k He AV
(lag +9yr)2t AMOC7}F RHAJA] W02 £3ke A
st Al719F GRIsked], ol oldel o o &
o] IR ST AR FEEHA 7] WEelth

e ATEeA 715 WEe dEFE vAE 84
At AMOCE =

a3 Y <% F B‘PL}E tHrolflon, #Ae] &
A2el g 71§ Wl AMOC-J S5 2T A4
o7 ARHol ftgt AF7F AU Clark et
al,, 2002). < °]T|‘7]' i e AT 2ds 1%
(global warming hiatus)®] 1% s sl =22
9O (Held, 2013), 53] Wic ot al. 2014y 1k
s} HEol wWE e 24 Fx28 AMOCH] o

i
ol
o
o F—l)
i
E
e
R
of
ULy
b4

<

S AN bb Ak
$-2)= HadGEM2-AO R9¢] A3} o4 A
QPN 300d 2o ARE B
ZojE AMOCY] 44 @ WHE
st ¢ Rde AMOCY oY 248, & =
35, AN AT B, 3= AT 52 &
A&t AMOCe] 7] tﬂ% 3S tiEshe
2 ¥ AMOCH 9% FY9U45N 55, T4
13 kmellA 7H8 =2 3 g8l 114 ol He
ato] Ak o] AMOC AIAIES AMOCT} Zh= o
ot F719 MEAFEE, A d, M) T Y 9
F71(20-4040)°] HE-S & VR Slrt o] AMOC
AALGE o] &ale] AMOCF 748 o) BEukt 39w
A9 s 2 st syl A, wikre

il

sl 2% ot l TS & = ASl=T), o] 4
= dfke] & AdapEHolo] WE, Marshall and

Speer, 2012)21 AMOC®] 9&s 8] BTt
HadGEM2-AO Edlo] EoJsh= AMOCe| %471 ¥
< AR g4 fiHe AoE #HEQY S
AMOC«] A d HEEF7] 30y 3E e A
T9F AMOCS] 7=l $dxillA st g
o] wEEgk Fl7F AMOCO] 2J3le] Bujoz 4
FEEA I9% 4] Wrvt Yo, 1 Axz
AMOC?] A|717} eksliZItt. o714 AMOC7} 2FsiA]
A o[ BF & olfF7t AeBE PR F27
E(Ta)e ¥ 33 1907 &, AYer) Lo
HxE 7S 29 "o oln @ bl 93
5 A9 AMOCY Al7lE AME 3
Fatal, o]F Alelells oF 9de] A7E Ado] EA)
E]-(Fig 8). °] A7 AMOCE A% 3
= BHAEE friEske Aotk did HE BEs
AMOCe| 93t o]Fo] HMHo 7 A o] Delworth
et al. (1993)7F AN A9 zfelol ofsf frd
AMOCSR= ztel7t i), 259 Bde 19 3
7 Aol §15 A% A7)7k AMOC Zwel sl
of 7d A FFPsitt. &, dwel ¥shF AMOC

mlo

£

B LT
o o N, gf 10, o

¢

|

Ass oladnt 44 fresh 9 f=¥ AMOC
A2 s F WMFE 723 AMOC B 52
A2 AMOC =)o) Sl olef =gt o
71l ti71sled A ol o7l A4 A
o] 487 &=tk wEA HadGEM2-AO Rdol|A

AMOC 7] W&e dF9] Y] A 2=
(self-sustained mode)”e]2} L& Urt.



| AFolr 49 HadGEM2-AO =2& AMOC
£ 749 HERY e od dsr W ~dEY
o] IS Balon, 1 F oF 30d F719 wAY
=S et AEelx dFdRel oE7A
AMOC 7] ¥54& Ayshks dAUS digh 9
A9 dA|7} o]FX|A] & 1™, Zhu and Jungclaus
(2008)0] AIAIGH AXE F71l web ohggt wAY
o] SAld EAT ThsAE Utk o= fE F
719] WAYUF oY T2 7% ®Eel: di, B4
o wWs)e A AEAe] gk Ak 2 S 23 A

ot}

A A}

o] A= “NIMR-2012-B-2(7]5#3} o]27]<4 A
4 2 gAY Yoz FYHAFUL =7
AIE At ol HAHS AAE F4 A
A o] AR A=Y

l‘

References

Allison, L., Hawkins, E., and Woollings, T., 2015, An
event-based approach to  understanding decadal
fluctuations in the Atlantic meridional overturning
circulation. Climate Dynamics, 44, 163-190, doi:
10.1007/s00382-014-2271-9.

Ba, J., Keenlyside, N.S., Park, W., Latif, M., Hawkins, E.,
and Ding, H., 2013, A mechanism for Atlantic
multidecadal variability in the Kiel Climate Model.
Climate Dynamics, 41, 2133-2144, doi: 10.1007/s00382-
012-1633-4.

Baek, H.-J., Lee, J., Lee, H.-S., Hyun, Y.-K., Cho, C.,
Kwon, W.-T., Marzin, C., Gan, S.-Y., Kim, M.-J., Cho,
D.-H., Lee, J., Lee, J., Boo, K.-O., Kang, H.-S., and
Byun, Y.-H., 2013, Climate change in the 21Ist century
simulated by HadGEM2-AO under representative
concentration  pathways.  Asia-Pacific  Journal of
Atmospheric  Science, 49, 603-618, doi: 10.1007/
$131043-013-0053-7.

Carlson, A.E., 2010, What caused the Younger Dryas cold
event? Geology, 38, 383-384, doi: 10.1130/focus
042010.1.

Cheng, W., Bleck, R., and Rooth, C., 2004, Multi-decadal
thermohaline variability in an ocean-atmosphere general
circulation model. Climate Dynamics, 22, 573-590, doi:
10.1007/s00382-004-0400-6.

Cheng, W. Chiang, J.C.H., and Zhang, D.X. 2013,
Atlantic meridional overturning circulation (AMOC) in

HadGEM2-AO 2H0| 2Ofst AMOC 4 W #HE opiLzs 207

CMIPS5 Models: RCP and historical simulations. Journal
of Climate, 26, 7187-7197, doi: 10.1175/JCLI-D-12-
00496.1.

Clark, P.U., Pisias, N.G,, Stocker, T.F.,, and Weaver, A.J.,
2002, The role of the thermohaline circulation in abrupt
climate change. Nature, 415, 863-869, doi: 10.1038/
415863a.

Cunningham, S.A., Kanzow, T., Rayner, D., Baringer,
M.O., Johns, W.E., Marotzke, J., Longworth, H.R.,
Grant, E.M., Hirschi, J.J., Beal, L.M., Meinen, C.S.,
and Bryden, H.L., 2007, Temporal variability of the
Atlantic meridional overturning circulation at 26.5
degrees N. Science, 317, 935-938.

Dahl, K.A., Broccoli, A.J. and Stouffer, R., 2005,
Assessing the role of North Atlantic freshwater forcing
in millennial scale climate variability: A tropical
Atlantic perspective. Climate Dynamics, 24, 325-346,
doi: 10.1007/s00382-004-0499-5.

Delworth, T.L., Manabe, S., and Stouffer, R.J., 1993,
Interdecadal variations of the thermohaline circulation in
a coupled ocean-atmosphere model. Journal of Climate,
6, 1993-2011.

Delworth, T.L., Manabe, S., and Stouffer, R.J. 1997,
Multidecadal climate variability in the Greenland Sea
and surrounding regions: A coupled model simulation.
Geophysical Research Letters, 24, 257-260.

Delworth, T.L. and Greatbatch, R.J.,, 2000, Multidecadal
thermohaline circulation variability driven by atmospheric
surface flux forcing. Journal of Climate, 13, 1481-1495.

Delworth, T.L. and Mann, M.E., 2000, Observed and
simulated multidecadal variability in the Northern
Hemisphere. Climate Dynamics, 16, 661-676.

Delworth, T.L., Zhang, R., and Mann, M.E., 2007, Decadal
to Centennial Variability of the Atlantic from
Observations and Models. Schmittner, A., Chiang,
J.CH., and Hemming, S.R. (eds.), Ocean Circulation:
Mechanisms and Impacts-Past and Future Changes of
Meridional Overturning, American Geophysical Union,
Washington, D.C., USA, doi: 10.1029/173GM10, 131-
148.

Dong, B. and Sutton, R.T, 2005, Mechanism of
interdecadal thermohaline circulation variability in a
coupled ocean-atmosphere GCM. Journal of Climate,
18, 1117-1135.

Duplessy, J., Labeyrie, L., Amold, M., Paterne, M., Duprat,
J., and Weering, T.V., 1992, North Atlantic sea surface
salinity and abrupt climate changes. Nature, 358, 485-
488.

Ganachaud, A. and Wunsch, C., 2000, Improved estimates
of global ocean circulation, heat transport and mixing
from hydrographic data. Nature, 408, 453-457.

Greatbatch, R.J. and Zhang, S., 1995, An interdecadal
oscillation in an ocean basin forced by constant heat



208 oixie - 27l - 0% £22 - £

fol

N
nz
“lon
Ho

=
i

flux. Journal of Climate, 8, 81-91.

Griffies, S.M. and Bryan, K., 1997, Predictability of North
Atlantic multidecadal climate variability. Science, 275,
181-184.

Haywood, J.M., Stouffer, R.J., Wetherald, R.T., Manabe, S.,
and Ramaswamy, V. 1997, Transient response of a
coupled model to estimated changes in greenhouse gas
and sulfate concentrations. Geophysical Research
Letters, 24, 1335-1338.

Held, .M., 2013, The cause of the pause. Nature, 501,
318-319.

IPCC, 1996, Climate Change 1995. Houghton, JT, Meira
Filho, L.G, Callander, B.A., Harris, N., Kattenberg, A.,
and Maskell, K. (eds.). The IPCC second scientific
assessment. Cambridge University Press, Cambridge,
UK, 572 p.

IPCC, 2013, Summary for Policymakers. In: Climate
Change 2013: The Physical Science Basis. Contribution
of Working Group I to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change
[Stocker, T.F., D. Qin, G-K. Plattner, M. Tignor, S.K.
Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and PM.
Midgley (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA. 1552 p.

Jackson, L.C., 2013, Shutdown and recovery of the AMOC
in a coupled global climate model: the role of advective
feedback. Geophysical Research Letters, 40, 1182-1188,
doi: 10.1002/grl.50289.

Johns, W.E., Baringer, M.O., Beal, L.M., Cunningham,
S.A., Kanzow, T., Bryden, H.L., Hirschi, J.J.M.,
Marotzke, J., Meinen, C.S., Shaw, B., and Curry, R.,
2011, Continuous, array-based estimates of Atlantic
Ocean heat transport at 26.5°N. Journal of Climate, 24,
2429-2449, doi: 10.1175/2010JCLI3997.1.

Kerr, R., 2000, A North Atlantic climate pacemaker for the
centuries.  Science, 288, 1984-1985, doi:10.1126/
science.288.5473.

Knight, J., Allan, R., Folland, C., Vellinga, M., and Mann,
M., 2005, A signature of persistent natural thermohaline
circulation cycles in observed climate. Geophysical
Research Letters, 32, 2-5, doi:10.1029/2005GL024233.

Kuhlbrodt, T., Griesel, A., Montoya, M., Levermann, A.,
Hofmann, M., and Rahmstorf. S., 2007, On the driving
processes of the Atlantic meridional overturning
circulation, Reviews of Geophysics. 45, RG2001, doi:
10.1029/2004RG000166.

Kwon, Y.O. and Frankignoul, C., 2014, Mechanisms of
multidecadal Atlantic meridional overturning circulation
variability diagnosed in depth versus density space.
Journal of Climate, 27, 9359-9376.

Lavin, A., Bryden, H.L., and Parilla, G, 1998, Meridional
transport and heat flux variations in the subtropical
North Atlantic. The Global Atmosphere and Ocean

System, 6, 269-293.

Macdonald, A.M. and Wunsch, C., 1996, An estimate of
global ocean circulation and heat fluxes. Nature, 382,
436-439.

Mahajan, S., Zhang, R., and Delworth, T.L., 2011, Impact
of the Atlantic meridional overturning circulation
(AMOC) on Artic surface air temperature and sea ice
variability. Journal of Climate, 24, 6573-6581, doi:
10.1175/2011JCLI14002.1.

Manabe, S. and Stouffer, RJ., 1994, Multiple-century
response of a coupled ocean-atmosphere model to an
increase of carbon dioxide. Journal of Climate, 7, 5-23.

Marshall, J. and Speer, K., 2012, Closure of the meridional
overturning  circulation  through  Southern  Ocean
upwelling. Nature Geoscience, 5, 171-180, doi: 10.1038/
ngeol391.

Matsumoto, K. and Yokoyama, Y., 2013, Atmospheric A"C
reduction in simulations of Atlantic overturning
circulation shutdown. Global Biogeochemical Cycles,
27, 296-304, doi:10.1002/gbc.20035.

Mayewski, P.A., Meeker, L.D., Whitlow, S., Twickler,
M.S., Morrison, M.C., Alley, R.B., Bloomfield, P., and
Taylor, K. 1993, The atmosphere during the Younger
Dryas. Science, 261, 195-197.

McCarthy, G, Frajka-Williams, E., Johns, W.E., Baringer,
M.O., Meinen, C.S., Bryden, H.L., Rayner, D., Duchez,
A., Roberts, C., and Cunningham, S.A., 2012, Observed
interannual  variability of the Atlantic meridional
overturning circulation at 26.5°N. Geophysical Research
Letters, 39, 1-15, doi :10.1029/2012GL052933.

McManus, J.F.,, Francois, R., Gherardi, J.M., Keigwin,
L.D., and Brown-Leger, S., 2004, Collapse and rapid
resumption of Atlantic meridional circulation linked to
deglacial climate changes. Nature, 428, 834-837.

Mignot, J., Ganopolski, A., and Levermann, A., 2007,
Atlantic subsurface temperatures: response to a shutdown
of the overturning circulation and consequences for its
recovery. Journal of Climate, 20, 4884-4898, doi:
10.1175/JCLI4280.1.

Mikolajewicz, U. and Maier-Reimer, E., 1990, Internal
secular variability in an ocean general circulation
model. Climate Dynamics, 4, 145-156.

Park, Y.-G, 2005, Climate change and the thermohaline
circulation of the oceans. Journal of Atmosphere, KMS,
15, 69-74. (in Korean)

Rahmstorf, S., 2002, Ocean circulation and climate during
the past 120,000 years. Nature, 419, 207-214.

Rahmstorf, S., 2006, Thermohaline ocean circulation. Elias,
S.A. (eds). Encyclopedia of Quaternary Sciences,
Elsevier, Amsterdam.

Rahmstorf, S., Box, J., Feulner, G, Mann, M., Robinson,
A., Rutherford, S., and Schaffernicht, E., 2015,
Exceptional twentieth-century slowdown in Atlantic



Ocean overturning circulation. Nature Climate Change,
5, 475-430.

Rayner, D., Hirschi, J.J.-M., Kanzow, T., Johns, W.E.,
Wright, P.G, Frajka-Williams, E,, Bryden, H.L., Meinen,
C.S., Baringer, M.O., Marotzke, J., Beal, L.M., and
Cunningham, S.A. 2011, Monitoring the Atlantic
meridional overturning circulation. Deep-Sea Research,
58, 1744-1753.

Schlesinger, M.E. and Ramankutty, N., 1994, An oscillation
in the global climate system of period 65-70 years.
Nature, 367, 723-726, doi: 10.1038/367723a0.

Stocker, T.F., 1998, Climate change-The seesaw effect.
Science, 282, 61-62, doi: 10.1126/science.282.5386.61.
Swingedouw, D., Braconnot, P, and Marti, O., 2006,

Sensitivity of the Atlantic meridional overturning
circulation to the melting from northern glaciers in
climate change experiments. Geophysical Research

Letters, 33, LO7711, doi:10.1029/2006GL025765.

Te Raa, L.A. and Dijkstra, H.A., 2002, Instability of the
thermohaline ocean circulation on interdecadal timescales.
Journal of Physical Oceanography, 32, 138-160, doi:
10.1175/1520-0485(2002)032<0138:I0TTOC> 2.0.CO;2.

Thornalley, D.J.R., Barker, S., Broecker, W.S., Elderfield,
H., and McCave, I.N., 2011, The Deglacial Evolution
of North Atlantic Deep Convection. Science, 331, 202-
205, doi: 10.1126/science.1196812.

Timmermann, A., Latif, M., Voss, R., and Grotzner, A.,
1998, Northern Hemispheric intercdecadal variability: a
coupled air-sea mode. Journal of Climate, 11, 1906-
1931, doi: 10.1175/1520-0442-11.8.1906.

Trenberth, K.E. and Caron, JM., 2001, Estimates of
meridional atmosphere and ocean heat transports.
Journal of Climate, 14, 3433-3443.

HadGEMP-AO 2HI0| oI5t AMOC 24 W HIZ HpLE 209

Vellinga, M. and Wood, R.A., 2002, Global climate
impacts of a collapse of the Atlantic thermohaline
circulation. Climate Change, 54, 251-267. doi: 10.1023/
A:1016168827653.

Weaver, AlJ., Sarachik, E.S., and Marotze, J., 1991,
Freshwater flux forcing of decadal and interdecadal
oceanic variability. Nature, 353, 836-838, doi: 10.1038/
353836a0.

Weaver, AJ. and Valcke, S., 1998, On the variavility of
the thermohaline circulation in the GFDL coupled
model. Journal of Climate, 11, 759-767.

Wie, J., Moon, B.-K., Kim, K.-Y., and Lee, J., 2014, The
global warming hiatus simulated in HadGEM2-AO
Based on RCP8.5. Journal of Korean Earth Science
Society, 35, 249-258, doi: 10.5467/JKESS.2014.35.4.249.
(in Korean)

Wood, R.A., Keen, A.B., Mitchell, JJEB., and Gregory,
IM,, 1999, Changing spatial structure of the
thermohaline circulation in response to atmospheric
CO2 forcing in a climate model. Nature, 399, 572-575,
doi: 10.1038/21170.

Wouters, B., Drijthout, S., and Hazeleger, W., 2012,
Interdecadal ~ North-Atlantic meridional ~ overturning
circulation variability in EC-EARTH. Climate Dynamics,
39, 2695-2712.

Zhang, R. and Delworth, T.L., 2005, Simulated tropical
response to a substantial weakening of the Atlantic
thermohaline circulation. Journal of Climate, 18, 1853-
1860.

Zhu, X.H. and Jungclaus, J., 2008, Interdecadal variability
of the meridional overturning circulation as an ocean
internal mode. Climate Dynamics, 31, 731-741.

Manuscript received: June 8, 2015
Revised manuscript received: June 16, 2015
Manuscript accepted: June 19, 2015




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


