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Abstract. Paleorecords from distant locations on the globeregion, which modulates the eastward advection of cold air
show rapid and large amplitude climate variations duringover the Eurasian continent. This can explain why the cool-
the last glacial period. Here we study the global cli- ing is not as strong over western Europe as over the North
matic response to different states of the Atlantic Meridional Atlantic. In the Tropics, the southward shift of the Inter-
Overturning Circulation (AMOC) as a potential explana- Tropical Convergence Zone appears to be strongest over the
tion for these climate variations and their possible connec-Atlantic and Eastern Pacific and results from an adjustment
tions. We analyse three glacial simulations obtained withof the atmospheric and oceanic heat transports. Finally, the
an atmosphere-ocean coupled general circulation model anthdian monsoon weakening appears to be connected to the
characterised by different AMOC strengths (18, 15 and 2 Sv)North Atlantic cooling via that of the troposphere over Eura-
resulting from successive0.1 Sv freshwater perturbations sia. Such an understanding of these teleconnections and their
in the North Atlantic. These AMOC states suggest the ex-timing could be useful for paleodata interpretation.

istence of a freshwater threshold for which the AMOC col-
lapses. A weak (18 to 15 Sv) AMOC decrease results in a
North Atlantic and European cooling. This cooling is not ho- 1
mogeneous, with even a slight warming over the Norwegian

Sea. Convection in this area is active in both experiments, bugjnce the discovery of abrupt oceanic and climate changes
surprisingly stronger in the 15 Sv simulation, which appearsj, marine records from the North Atlanti¢iginrich, 1988

to be relgted to interactions with the atmosph_eric circglatiqnand glaciological records from GreenlarDapsgaard et al.

and sea-ice cover. Far from the North Atlantic, the climatic 1993 numerous studies have contributed to better describe
response is not significant. The climate differences for anys |arge amplitude millennial scale variability during glacial
AMOC collapse (15 to 2 Sv) are much larger and of global herings. In a first stefBond et al.(1993 suggested the si-
extent. The timing of the climate response to this AMOC 1y jtaneity between the abrupt changes in the North Atlantic
collapse suggests teleconnection mechanisms. Our analyytace conditions and the Greenland ice core records. These
ses focus on the North Atlantic and surrounding regions, the, thors showed that glacial millennial variability is organised
tropical Atlantic and the Indian monsoon region. The North 55 folows in this area: after a cold period associated with a
Atlantic cooling associated with the AMOC collapse induces y3ssive iceberg discharge from the Laurentide ice-sheet to
a cyclonic atmospheric circulation anomaly centred over thisihe mid-latitude North Atlantic Ocean (a “Heinrich event’),
an abrupt and large amplitude warming event (a “Dansgaard-
Oeschger event”) occurs, followed by a progressive slow

Correspondence tdvl. Kageyama cooling (a “Greenland interstadial”) ended by an abrupt cool-
BY (masa.kageyama@Isce.ipsl.fr) ing leading to a cold period (a “Greenland stadial”). Several
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of these Dansgaard-Oeschger cycles occur, with GreenlanRoumazeilles et §12007) which shows more export of dust
interstadial peaks decreasing each time, until, during a stafrom Morocco to the Mediterranean Sea during stadials and
dial, a Heinrich event occurs again. Further studies of ma-even more prominently during Heinrich events, which can be
rine proxies sensitive to the ocean ventilation (&3¢, El- related to a more southerly circulation during these periods
liot et al, 2002 or circulation (e.g. paleomagnetic proper- in this region. This signature associated with cold conditions
ties of the marine sediments, skissel 2005 for a recent  over the North Atlantic constrasts with the warm, wet con-
review) show that the North Atlantic water ventilation and ditions found during Heinrich events on the other side of the
circulation strongly decreased during Heinrich events, butAtlantic, in Florida Grimm et al, 2006§. This shows that

not so much during stadials. The Atlantic Meridional Over- even around the North Atlantic, the continental climate re-
turning Circulation (AMOC) has then been proposed to playsponse to cold oceanic conditions which could be due to a
a key role in rapid climatic changes both around and farweakening of the AMOC is far from being spatially homoge-
from the North Atlantic, and in particular in the Southern neous. Furthermore, studying an apparent mismatch between
Hemisphere and Antarctica (eBjunier et al, 1998 EPICA reconstructions of the Greenland temperatures based on ice
community member2006. Other invoked mechanisms for core and on snowline changd3enton et al. (2005 show
glacial millennial climate variability include those related to that abrupt climate variations are likely to be dependent on
sea-ice cover, especially in the Northern Hemisphere, and téhe season, with the strongest cooling occuring in winter.
changes in the characteristics of tropical interannual variabil- Abrupt climatic variations have also been recorded, on the
ity, which, at present, do have significant impacts on the ex-same type of time-scales as for the events occuring around
tratropical climate (for a complete review, s€dement and the North Atlantic, away from from this region. Records
Peterson2008. from the tropical Atlantic (e.g. Cariaco BaskPeterson et al.

Our objective here is to investigate the most commonly 2000 Gonzlez et al. 2008 show dry events during Green-
invoked mechanism for this millennial glacial variability, land stadials, while to the South of these sites, in North
namely the climate differences related to different states ofEast Brazil, wet events are recordedlang et al. 2004).
the AMOC. We use a global coupled ocean-atmosphere genfaken together, these records can be interpreted as show-
eral circulation model run under glacial boundary conditionsing a southward migration of the Intertropical convergence
to study the sensitivity of the AMOC to the fresh water bal- zone (ITCZ) during stadials over the Atlantic Basin. This
ance (or imbalance) imposed at the atmosphere-ocean inis confirmed for the other side of the tropical Atlantic by
terface and to study the climate differences related to threelusty events recorded off the northwestern African margin
different states of the AMOC, which we briefly compare to during Heinrich eventsJgllien et al, 2007, which suggest
available proxy records. Our main objective is to analysesouthward shifts of the ITCZ during those eventseduc
the mechanisms for climate changes related to AMOC dif-et al. (2007 further suggest this southward migration to be
ferences over 3 regions where the model compares qualitaassociated with a decrease in moisture transport from the At-
tively well with data: the northern extra-tropics, the tropical lantic to the Pacific, due to the topographic barrier of the An-
Atlantic and Indian monsoon region. des. The southward migration of the ITCZ during stadials

is therefore supported by many records. Such a migration is
1.1 Palaeorecords of of millennial-scale climate changes also suggested for the Western Pacific during Heinrich events

from records from North East Australidrney et al.2004
Pollen records retrieved in marine sediment cores off theMuller et al, 2008.
European coast, and in particular around the Iberian Penin- Speleothem and loess records from China show that the
sula, show that simultaneous to abrupt changes in sea surfadgeast Asian monsoon also shows strong millennial scale vari-
conditions, the composition of the vegetation on the nearbyations, with decreases in the summer monsoons during Hein-
land changed significantiyCombourieu Nebout et aR002 rich events and stadial®¢rter and An1995 Wang et al.
Sanchez-Giii et al, 2002 Sanchez-Gii et al, 2008, with 200)). Ruth et al.(2007), analysing the dust content from
more forests during interstadials, characterized by relativelythe ice cores retrieved by the North Greenland Ice Core
warm sea surface temperatures and more semi-desert or steproject, suggest a very tight temporal correspondence be-
pic vegetation during stadials, characterized by relativelytween the climatic changes recorded in Greenland and the
cold ocean surface conditions. Other types of continentaEast Asian monsoon activity, which modulates the dust
records, such as the speleothem record from Villars Cavearchived in Greenland. Several records show that the Indian
in Southwestern Franceseénty et al. 2003, confirm the  monsoon intensity also changes in glacial times, simultane-
abrupt and large amplitude climatic and vegetation changesus with Greenland stadials and interstadi&shulz et al.
during the last glacial period. Schematically, these recordsl998 Leuschner and Sirock®00Q Altabet et al, 2002
suggest cold and dry stadials, and warmer and wetter interRashid et a].2007). In addition,Sanchez-G#i et al. (2008
stadials over Southwest Europe. Additional information onshow a correspondence between the impacts of Dansgaard-
the atmospheric circulation of this region has been obtainedeschger events in western Europe and in Asia. Variations in
from a clay mineral record from the Alboran SeRo(t- Asian monsoon strength could be responsible for the abrupt
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changes in atmospheric methane concentration recorded iperturbation. They also obtain a cyclonic anomaly over the
ice cores both from Greenland and AntarctiBéufier et al, northern North Atlantic, with southwesterly surface wind
1998 EPICA community member2006. anomalies over western Europe. This could explain why the
In summary, millennial-scale variability, first revealed in temperature anomalies over this region are not as strong as
records of North Atlantic surface conditions and in Green-over the North Atlantic: relatively warmer air is advected by
land ice core records, is traced in many paleo-records arounthe anomalous circulation forced by the North Atlantic cool-
the world. Here we will examine if different states of the ing.
AMOC can be responsible for these teleconnections and if The SST response in areas remote from the North Atlantic
so, the mechanisms underlying these teleconnections. is dominated by a warming of the South Atlantic and of
the Southern Ocean. This follows the classical interhemi-
1.2 Insights from numerical models: fresh water hosing  spheric (bipolar) see-saw effecErowley, 1992 Stockey
under present boundary conditions 1998, which appears more prominently in the Atlantic. It
creates, around the Equator, a temperature anomaly dipole,
Nearly from the time it was discovered, glacial abrupt cli- with colder waters to the North and warmer waters to the
mate variability has been related to model results show-South when the AMOC is weaker. This dipole is associated
ing that the thermohaline circulation (here assimilated towith a southward shift of the ITCZ (e.§touffer et al, 2006
the AMOC) is characterised by several equilibi&dmme]  Chiang et al.2008. The development of such a dipole is due
1961 and that transitions between these equilibria, i.e. be+to a decrease in interhemispheric transport of heat by the At-
tween situations in which the AMOC is slow or shut-down lantic ocean. The atmosphere also plays a r@iiang and
and situations with strong AMOC, can be rapiBahm-  Bitz (2005 andYang and Liu(2005 show that an imposed
storf, 1994. Using an atmospheric-ocean coupled Generalcooling in the North Atlantic propogates towards the Equator
Circulation Model (AOGCM) and, thanks to an anomalous and cools the SST to the South through a Wind-Evaporation-
freshwater input into the northern North Atlantic, forcing its SST feedbackGhiang et al.2008).
AMOC from an “on” state, similar to the present one, to an  The Indian monsoon response to an AMOC Weakening
“off” state, and back to an “on” statélanabe and Stouffer s consistent with a southward shift of the ITCZ. However,
(1999 show that it is possible to simulate an abrupt climate specific mechanisms have been suggested for the monsoon
change in the North Atlantic, which they relate to be similar variations concomitant with the millennial scale events oc-
to the Younger Dryas~+12000 years ago). They show that curing in the North Atlantic. On the basis of observational
a strong temperature anomaly develops over and around thgata from 1871 to 200330swami et al(2006 propose that
North Atlantic in response to a weakening of the thermoha-the Indian summer monsoon and Atlantic Multidecadal Os-
line circulation but that no strong temperature anomaly de-illation (AMO) could be linked via a modification of the
velops elsewhere. This type of experiments, termed “watermeridional gradient of the temperature of the upper half of
hosing experiments”, have been run by many groups sincghe troposhere (which they term “TT"). They show that for
then, with models of different Complexitie§touffer et al. a warm North Atlantic, there is an increase in the merid-
(2009 compile the results from 14 models in which fresh jonal gradient of TT, which, in turn, favours a stronger mon-
water fluxes of 0.1 and 1 Sv are applied in the North Atlantic sgon. Using a coupled ocean-atmosphere model on which
between 50 and PIN. All models simulate, to various de- they impose a positive sea surface temperature anomaly in
grees, a weakening of the AMOC and a cooling of the Norththe North Atlantic,Lu et al.(2006 show that in addition to
Atlantic in response to the 0.1 Sv fresh water flux, but somethe atmospheric connection via the TT meridional gradient,
models also simulate a warming in the Nordic and/or BarentSC()up|ed Ocean-atmosphere feedbacks in the Indian and West-
Sea. The response to the 1.0 Sv fresh water flux in the Nortlern Pacific Ocean help instensifying the monsoon. Indeed,
Atlantic, Nordic Seas and Arctic Ocean is a general cooling,the warm anomaly in the North Atlantic is associated with
which is maximum over the North Atlantic and Nordic Seas warm anomalies in the Indian and western Pacific oceans,
between 50 and 8IN. The cooling propagates over Eura- which help producing more precipitation and induce an en-
sia, but it is not as strong over North America. This showshanced monsoon Circu|ati0nZhang and De|W0rtf(2005
the sensitivity of the climate response to different fresh watershow that the weakening of the East Asian monsoon in their
forcings and different states of the thermohaline circulation. coupled GCM with a weaker AMOC is related to a change of
In terms of atmospheric circulation, the response to thethe Pacific Walker circulation and the Rossby wave response
0.1Sv anomaly shows that the North Atlantic sea surfacepo the resulting dampened convection over Indonesia acts to
temperature (SST) anomaly is associated with a cyclonic seayeaken the Indian monsoon.
level pressure anomaly, which constitutes a modulation of the
mid-latitude westerlies. A weakening in the AMOC there- 1.3 Fresh water hosing in glacial conditions
fore has an impact on the Northern Hemisphere stationary
wave pattern.Vellinga and Wood 2002 show that this re-  All the experiments cited above were run in the present-day
sponse appears within decades of their initial (very strong)or pre-industrial contexts, i.e. for present or pre-industrial
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greenhouse gas concentrations and ice-sheet extent and tof cold and salty waters in the Pacific warm pool. The re-
pography. On the other hand, millennial scale variability is sponse is further amplified by the fact that trade winds inten-
largest during glacial times. Using the climate model of in- sify and precipitation decreases in this area.
termediate complexity CLIMBER-Z5anopolski and Rahm- Fluckiger et al.(2008 use the same model to show that
storf (2001) show that a glacial climate is much more sen- the surface climate response to an increase in AMOC is not
sitive to fresh water fluxes in the North Atlantic than an in- linear with respect to the AMOC strength. In addition, the
terglacial climate. Using a fully coupled ocean-atmospheresimulated surface climate response to an AMOC intensifica-
general circulation modeHu et al.(2008 show that when  tion is dependent on the season, with the high northern lat-
the Bering Strait is closed, the recovery of the AMOC from itudes undergoing the maximum climate changes in winter
an “off” to an “on” state is slower, due to the fact that the while the differences over the mid-latitude Eurasian conti-
fresh water introduced in the North Atlantic takes a longer nent are largest in spring due to a shift of the period of snow
time to be removed from this region when the Arctic and retreat. This, in turn, is responsible for an earlier break of
Pacific oceans are not connect@itz et al.(2007) also ob-  the Siberian high pressure and an earlier setup of the Asian
tain a much slower recovery of the AMOC in a glacial world monsoon. The dependence of the climate response on the
but instead ascribe it to more extensive sea-ice cover in thgeason has important implications for the interpretation of
North Atlantic and Nordic Seas. Finallyeber and Dri-  proxy data, as they are often more sensitive to the climate of
jfhout (2007 show that the glacial AMOC is more sensitive one particular period of the year.
to fresh water discharges than the present one, and that the
recovery timescales from the collapse are much longer. 1.4 Objectives of the present study

In terms of glacial surface climate response to a collapse
in the AMOC,Ganopolski and Rahmstof2001), along with Hence, to our knowledge, there are not many fresh water
the follow-up studies o€laussen et al2003 andJin et al.  hosing experiments run in a glacial climatic context with
(2009, show a cooling of the North Atlantic, extending over fully coupled ocean-atmosphere general circulation models.
Eurasia, and a smaller cooling over the Pacific and Northin this study, we report on new results obtained with the
America. The response in the Southern Hemisphere is atPSL CM4 model. We consider the surface climate sensi-
overall warming, consistent with the bipolar see-saw mech-ivity to a weak change in an active AMOC (18 vs. 15Sv)
anism. In addition, using the same mod#h et al.(2007) and to a collapse of the AMOC (15 vs. 2 Sv). We first de-
show that the decrease in Eurasian temperatures associatedribe the model and simulations (S&t. Then we analyse
with a weakening of the AMOC can be responsible for athe reasons for differences in the AMOC of the three simu-
weakening of the Asian monsoon. The thermal response tdations (Sect3.1) and briefly examine their impact on global
a collapse of the AMOC simulated by the HadCM3 fully heat transports (Se@.2). In Sect.3.3 we present the sig-
coupled atmosphere-ocean general circulation modet ( nature of these AMOC states in terms of surface climate and
witt et al,, 2006 is broadly consistent with the results of the compare it with the available paleo-records and in Séct.
CLIMBER-2 climate model of intermediate complexity. we study the timing of the climate changes in the simulation

Using the coupled ocean-atmosphere model ECBILT-in which the AMOC collapses. This leads us to postulate on
CLIO forced with full glacial boundary condition§jmmer-  mechanisms for these climate changes, which we investigate
mann et al.(2005 and Krebs and Timmerman(2007) in- further for three regions: the northern extratropics, the trop-
vestigate the mechanisms for the teleconnections betweeital Atlantic and the Indian monsoon region (Sext. This
the North Atlantic oceanic state and equatorial Pacific tem-analysis is the main objective of the present study. It is not
peratures and salinities, during a transient meltwater pulse@ur goal here to compare the climatic sensitivity to changes
experiment in which the AMOC shuts down and recov- in AMOC between the glacial and the present states. This
ers. Analysing fully coupled as well as partially coupled issue is treated in a companion stu@®wingedouw et aJ.
atmosphere-ocean simulations, they examine the respectiv2009.
roles of the atmosphere and the ocean in the response to the
AMOC collapse. They find that the North Atlantic cooling
associated with the AMOC collapse is advected downstrean2 Description of the climate model simulations
over the Eurasian continent and is largely responsible, on its
own, for the atmospheric circulation changes simulated inThe model used in the present study is the coupled ocean-
their coupled experiments. This includes a weakening of theatmosphere IPSICM4 model Marti et al, 2006 2009. The
Asian monsoon and an intensification of the trade winds overatmospheric component of this coupled model is LMDZ.3.3,
the northern tropical Pacific, both related to changes in thewith resolution 9671x 19 in longitudexlatitudexaltitude.
meridional temperature gradient. In addition, the sea-levelThe horizontal grid is regular, while the vertical levels are
increase associated to the oceanic response has a global iTnore numerous near the surface. This atmospheric mod-
pact on the thermocline structure via a standing wave patterrule includes the land surface scheme ORCHIDEE which in-
In the Western Pacific, this adjustment involves the transportludes a complex river routing scheme. The ocean module is
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ORCAZ2, which uses an irregular horizontal grid of 28249 above. Both methods lead to a closed fresh water budget at
points with a resolution of ca.°2refined over key regions the atmosphere-ocean interface. LGMa has been run for 300
such as the North Atlantic and near the Equator. This modelears and LGMb for 1000 years. An additional sensitivity
has 31 depth levels. The sea-ice module is the Louvairexperiment, LGMc, is performed, where the calving fluxes
Ice Model (LIM). The coupling of these components is per- in the three regions defined above have been multiplied by

formed using the OASIS (version 3) coupler. 100% (as compared to 44% for LGMb). In this simulation,
The performance of the model in its representation of thewhich has been integrated for 420 years starting from year
modern climate is described in detail itarti et al. (2009. 150 of LGMb, the freshwater balance is not closed.

At the resolution used in the present study, the AMOC simu-  In terms of differences of fresh water fluxes over the ocean,
lated for pre-industrial boundary conditions is weak (11 Sv)the largest differences between the experiments are in the
but its strength increases with resolution. This bias is partlyNorth Atlantic/Artic region, which receives 0.08 Sv more
related to the fact that there is no convection in the Labradoffresh water in LGMb than LGMa, and 0.1 Sv more in LGMc
Sea in this model, for these boundary conditioBsiiige-  compared to LGMb. These figures remain stable throughout
douw et al, 20073. This is due to an excess of precipitation the simulations. The differences in fresh water forcing are
in the North Atlantic and North Atlantic westerlies located comparatively very small over the Austral Ocean: the calving
too much to the SouthMarti et al, 2009. Nevertheless the is 0.012 Sv less in LGMb compared to LGMa and 0.015 Sv
model's sensitivity to prescribed freshwater fluxes such adess in LGMc compared LGMb. Hence, even though our
in Stouffer et al (2000 is similar to other modelsSwinge-  experiments do not follow the classical fresh water hosing
douw et al, 2009, as is the case for its sensitivity to freshwa- experimental set-up, as described for exampleShyuffer
ter fluxes in climate projectionsSgvingedouw et a).2007h et al.(20086, the freshwater flux differences in the North At-
Schneider et al2007). lantic/Arctic regions are of the same order of magnitude as
In the present study, we analyse three simulations of thén many other fresh water hosing experiments (cf. Sdcs.
IPSL.CM4 model with boundary conditions for the Last and1.3), if not on the low side compared to the 1 Sv used in
Glacial Maximum, as defined by the PMIP2 protocBt4- some extreme experimental set-ups.
connot et al. 20074 http://pmip2.Isce.ipsl.jr we use the It is not our goal here to perform a detailed comparison
ICE-5G ice-sheet reconstructioR€ltier 2004, CO,, CHy of our model results with Last Glacial Maximum paleo-data.
and NbO atmospheric concentrations of 185 ppm, 350 ppbwithin the PMIP2 project, an earlier LGM simulation with
and 200 ppb respectivelponnin et al, 200% Dallenbach  the same model has been extensively compared to paleo-
et al, 200Q Flickiger et al. 1999, and orbital parameters records and to other model results. This simulation of the
relevant for 21 ky BPBerger 1978. The river routing has  |GM climate was very much in line with results from other
been adapted for Last Glacial Maximum (LGM) conditions models (e.gMasson-Delmotte et al2006 Kageyama et a|.
(Alkama et al, 2007). The vegetation is kept at its present- 2006 Braconnot et aJ.2007ab; Ramstein et al2007 Otto-
day distribution. Bliesner et al.2009. A surprising result from our LGMa or
With such an experimental set up, snow accumulates over GMb simulations compared to the pre-industrial one is the
the ice sheets and this freshwater sink has to be comperincrease in AMOC. This is in contradiction with paleodata
sated in order to obtain stable simulations. This compen{e.g. Lynch-Stieglitz et al. 2007 but it is found in several
sation is performed in three latitude bands, with limits at models (Veber et al.2007). In our model, it is partly related
90° S/50° S/40' N/9C0° N. In each latitude band, the excess of to its under-evaluation for the pre-industrial case. This was
freshwater accumulating as snow on the ice sheets, which wan additional motivation to obtain a LGM simulation with a
define as "calving”, is integrated and supplied to the ocearcollapsed AMOC, but a more detailed comparison between
in the same latitude band. The 49 limit roughly repre-  all the LGM simulations presented here and the pre-industrial
sents the southernmost latitude reached by icebergs duringasic state is left for a forthcoming study, as our goal here
ice ages. Freshwater fluxes due to calving collected Northis to better understand the differences between these three
of this limit are delivered to the Atlantic and Arctic oceans | GM simulations.
but not to the Pacific since observations suggest that these
are the regions were ice rafted detritus are most abundant. In
spite of this procedure, the first LGM simulation performed 3 |arge-scale oceanic and climatic adjustments of
with our model had a remaining imbalance in the freshwa-  the AMOC to different freshwater perturbations
ter budget due to a slightly non conservative atmospheric
convection scheme. Therefore two additional simulations in3.1  Evolution of the AMOC and North Atlantic deep
which the freshwater budget is closed using different meth- water formation
ods prolong this first, unbalanced, 200-year-long simulation:
in LGMa, the bias is compensated by multiplying global pre- The perturbation in fresh water flux into the northern North
cipitations by 2.1% over the oceans. In LGMb, the “calving” Atlantic and Arctic are of 0.08 Sv between LGMa and
flux is multiplied by 44% in the three latitude bands defined LMGb and of 0.1 Sv between LGMb and LGMc. Yet, while
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in the northwestern part of the area (pink contours) that leads
to negative anomalous ice to ocean freshwater flux due to
NYTTTINT ’»‘W\ L brine rejection apd.thus to a net oceanic freshwater loss fgr-
”‘,*f‘*awjf’liY’W«W‘W\Wr Wl Vg i WVMN.‘(W‘W 1 ther South of this ice formation area (blue colours). This
‘ \ o freshwater loss locally overwhelms the freshwater input due
to the experimental set-up (not shown). Thus, surface water
density tends to increase locally and this favours deep water
formation. A similar process is at play Southwest of Iceland,
‘ ‘ ‘ although the sea ice anomaly and the ice to ocean freshwa-
0 200 400 600 800 1000 ter flux are much weaker. Along the Norwegian coast, deep
time (years) water formation clearly decreases at around N5vhile it
increases locally around 68. Indeed, in this area, sea ice
cover, largely capping the ocean from intense atmospheric
Fig. 1. Time evolution of the maximum of the Atlantic Merid- cooling and thus preventing deep water formation, is pushed
ional Overturning Circulation (in Sv, 1 Sv=%@n3/s) in runs LGMa by anomalous southerly winds and thus decreases around
(black), b (red) and c (blue). 65° N while it increases further North (not shown). We will
show that the anomalous deepening of deep convection in
this area has an important climatic implication.
LGMa and LGMb present strong and stable AMOCs, with  Figure4 (L.h.s.) illustrates the timescale on which these
strengths of 18 and 15 Sv respectively, and strong Northdeep convection changes set up in LGMb. The shallowing
Atlantic Deep Water (NADW) formation that reaches the of the mixed layer in the Arctic area (Site 5) and off the
bottom of the North Atlantic Ocean in the northern mid- Norwegian coast (Site 2) settles within the first years of the
latitudes, the AMOC collapses to 2 Sv by the end of simula-simulation. On the other hand, changes in the Labrador Sea
tion LGMc (Figs.1 and2). We can therefore conclude that (Site 3) and in the Norwegian Sea’s southern site (Site 4) are
the atmosphere-ocean state in LGMb is probably close to @jelayed and settle after several decades. In these areas, the
North Atlantic fresh water threshold for which the AMOC nterannual variability also clearly increases. This suggests
collapses: although the additional fresh water in the Northg |ink with a change in atmospheric variability but the cou-
Atlantic is rather small in LGMc compared to other fresh pled simulations make it difficult to isolate the exact mecha-
water hosing experiments, the AMOC collapses within 300njsm. However, it raises the possibility for delayed climatic
years. We therefore obtain two simulations with extremeresponses to changes in the North Atlantic freshwater budget
AMOCs, one in the “on” state (LGMa) and one in the that can have important regional consequences.
“off” state (LGMc) and a simulation (LGMb) with an active  As expected from Figl, NADW formation is practically
AMOC slightly smaller than the LGMa maximum. LGMa shut off in LGMc (Figs.2 and4). This results from a direct
and LGMb are therefore reminiscent of Greenland interstadicapping of the deep water formation sites by the freshwater.
als, while the extreme LGMc simulation, especially atits endThe AMOC reduction is also associated with a southward
when the AMOC has Completely collapsed, is to first Orderdi5p|acement of the winter sea-ice edge (ED As above
relevant for a comparison to a Heinrich event, e.g. Heinrichhowever, all convection sites do not cease their activity at the
events 2 or 1 which are close to the LGM. same time (Fig4, r.h.s): while the Norwegian Sea convec-
To understand the differences in the AMOCSs of our sim- tive activity immediately decreases after the start of the run
ulations, we further study the characteristics of the NADW and completely ceases in less than 100 years, the Labrador
formation. In LGMa, it essentially takes place North of New- Sea site remains very variable, sometimes reaching the ac-
foundland and South of Iceland (Fig), immediately South tivity levels of LGMb over the first hundred years of LGMc,
of the winter ice edge, as well as in the Arctic Ocean be-before shutting off. The slowest site to react is the one in the
neath the sea ice. Some relatively deep mixed layers arbminger Sea and South of Iceland, which finally shuts off
also detected along the Norwegian coast. In LGMb, deepafter 200 years of simulation. The time series of mixed layer
water formation disappears from the Arctic Ocean while it depth for this site in LGMb also shows more stability than
tends to increase in the northern North Atlantic areas. Sincdor the two other sites, probably because it is much larger.
this occurs simultaneously with a global reduction in AMOC The open area South of Iceland and along Greenland is wide,
strength, this suggests that deep water formed in the Arcand allows convection to adjust and shift slightly according
tic in the LGMa simulation actually plays an important role to changes in the forcing, while the location of convection
in this interhemispheric water transport. Fig@@élustrates  is probably much more constrained in the Labrador Sea and
that in the Southern Labrador Sea, an anomalous mixed layasff Norway. This might explain the greater persistence of this
depth pattern, consisting in a southward shift of the convec-site. Eventually, its time scale for shutting down is very close
tion site (black contours) develops in LGMb compared to to that of the AMOC itself (Figl), suggesting that it controls
LGMa. This is associated with an increase of sea ice covethe strength of the AMOC. This is consistent with findings of

max AMOC (Sv)

Clim. Past, 5, 551570, 2009 www.clim-past.net/5/551/2009/



M. Kageyama et al.: Glacial climate sensitivity to AMOC strength 557

3

2000

1700

1400

-20-10 0 10 20 30 40 50 60 70

= 1100

800

500

200

-20 -10 O

10 20 30 40 50 60 70

N

120

40

Fig. 2. Atlantic meridional streamfunction (I.h.s) and maximum mixed layer depth reached over the winter months (February to April) (r.h.s)
for LGMa (top), LGMb (middle), LGMc (bottom), years 201-250 for LGMa and b, 521-570 for LGMc. The thick black line on the mixed
layer depth plots shows the limit of a 10% sea ice coverage in March.

Msadek and Frankigno@2009 who showed that the multi- 0.45 PW reduction in the Atlantic alone. The other basins
decadal fluctuations of the AMOC are mostly driven by deeptherefore compensate part of the reduction in the Atlantic
convection south of Iceland in this model under modern cli- heat transport. The reduction is maximum at N7where

mate. it reaches more than 0.68 PW, i.e. a 70% decrease in LGMc
compared to LGMb at the end of each simulation (FE.
3.2 Global heat transport adjustements The atmospheric meridional heat transport increases in re-

. . . sponse to the decrease in oceanic meridional heat transport,
The shutdown of the AMOC in LGMc induces an iImpor- Showing that the “Bjerknes Compensation“ eff%j:drknes
tant weakening in oceanic heat transport. The global merid4964 Shaffrey and Suttqr2006 is at work here. However,

ional oceanic heat transport is reduced by more than 0.32 PVY perfect compensation would require a constant radiative
between 10S and 60N. This decrease is lower than the
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face air temperature over the Norwegian Sea, a feature which
is mainly significant during the transition seasons (Fiyg.
This is linked to an anomalous warming of the ocean associ-
ated with the reinforcement of the convective activity in this
area. Finally, a cooling of arouncC is also found over the
Southeastern Pacific and East of the Antarctic Peninsula.
The cold anomaly over the North Atlantic is associated
with changes in the stationary waves, as shown by the pres-
ence of a cyclonic anomaly over the zone of cooling. This
structure can be traced from the sea surface to the 200 hPa
level and is shown for the 500 hPa level on RBgmiddle).
If we compare the location of this cyclonic anomaly to the
mean flow on Fig8 (top), we can see that it corresponds to a
southward shift of the jet-stream, which is consistent with the
cooling inducing the strongest meridional temperature gra-
dient more to the South than its position in LGMa. This
anomaly can explain that the North Atlantic cooling does
not expand over western Europe, which undergoes southerly
wind anomalies.
| | | - Over_ nc_)rthern EL_Jrasia, another cyclonic anomaly devel-
—1.1e—04 —7.0e—05 —3.06—05 1.06—05 5.06—05 9.0e—05 ops, bnngmg cold alr_from the North over central and east_ern
Europe. This cyclonic anomaly occurs for autumn and win-
Fig. 3. Colours: ice to ocean winter (January-February-March) ter, consistent with the_ cooling simulated over these r(_egions
anomalous (LGMb—LGMa) freshwater budget (in ké/g). Black  for these seasons. It is not possible, from our experiments
contours: anomalous (LGMb-LGMa) winter (JFM) mixed layer Only, to determine if the cyclonic anomaly over the North
depth. Continuous (dashed) contours show positive (negativeAtlantic is responsible for the Eurasian cyclonic anomaly via
anomalies. Contour interval is 150 m. The contour of zero anomalya disturbance of the autumn and winter stationary waves, or
is omitted. Pink contours: anomalous (LGMb-LGMa) winter if the Eurasian cyclonic anomaly develops as a response to
(JFM) ice coverage. Continuous (dashed) contours show positivehe cooling over this area. However, the surface temperature
(negative) anomalies. Contour interval: 0.1. anomaly and associated atmospheric circulation anomalies
seem to act as if they sustain each other. The warming over
the Norwegian Sea does not correspond to an anomaly in the
budget and no storage in any heat reservoirs. These hypothgensible heat transport (which structure, not shown, is very
ses are scarcely verified (see adwingedouw et al2009,  similar to the 500 hPa wind), hence confirming the rather lo-
and Fig.5 shows that the Bjerknes compensation is not total:cal mechanism, developed in Se&tl, based on changes in
it amounts to ca. 64% in terms of meridional heat transportsea ice cover and surface winds. Precipitation differences be-

at 17 N. Changes in ocean and atmosphere heat transportgveen LGMa and LGMb are scarcely significant and will not
between LGMa and LGMb are small compared to those ashe discussed further.

sociated with a collapse of the AMOC. At this scale, there |n LGMc, the whole Arctic Ocean and the North At-
is no compensation between the anomalies in oceanic anntic, from 10 N northward, are much colder than in LGMb

atmospheric heat transports. (Fig. 6, bottom). The surface air temperature cools by more
than 5C over regions in which sea ice appears in LGMc,
3.3 Global surface climate adjustments i.e. just south of Iceland, and by up t&@in the mid-latitude

North Atlantic. Over Eurasia, the simulated LGMc-LGMb
As expected from previous model results and from the heatold anomaly is twice as strong as the LGMb-LGMa one
transport changes discussed above, the North Atlantic Oceaim amplitude, but nearly covers the whole Eurasian conti-
is cooler when the AMOC is weaker. In LGMb, compared nent. Nevertheless, some regions still experience a warm-
to LGMa (Fig. 6, middle), this cooling is only significant ing in LGMc compared to LGMb. Western Europe does not
at mid-latitudes, is rather constant along the year and doesool as much as the surrounding regions, to the West or to
not exceed 2C (Fig. 7). Cooling is also simulated over the the East. The northeastern Pacific and northwestern North
northern continents at mid- to high latitudes, with significant America experience a warming of@ in LGMc compared to
anomalies only during autumn and winter. Eurasia is slightlyLGMb. In addition, the South Atlantic Ocean warms up by as
cooler in LGMb compared to LGMa, with a maximum dif- much as 2C, which, together with the North Atlantic cool-
ference of 2C centred over Eastern Europe. It is therefore ing, constitutes a classical bipolar see-saw response. The In-
surprising to obtain a warmer (by1°C in annual mean) sur- dian and Western Pacific sections of the Southern Ocean also
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Fig. 4. Timeseries of winter mean mixed layer depth (m) averaged over areas of anomalous deep convection (indicated on the maps below
the time series). Black line: LGMa, red line: LGMDb, blue line: LGMc. All annual time series have been low-passed filtered using a 5-point
running mean.

warm up in LGMc compared to LGMb, while the eastern Pa-
cific section of the Southern Ocean cools by as mucht@s 2

To conclude, a weak reduction of the AMOC from 18 Sv Heat transport T himosphere T ente
(LGMa) to 15 Sv (LGMb) is associated with significant tem- 0.80
perature anomalies of regional extent, while a strong reduc-
tion of the AMOC, from 15 Sv (LGMb) to 2 Sv (LGMoc), N\
has a global imprint on the mean annual temperatures. The 040 ~
temperature response is clearly not linear w.r.t the AMOC A M\N
strength. = 000 - ,,,/kﬁw;v@o‘%
In terms of mean annual precipitation in LGMc compared
to LGMb (Fig. 9, bottom), there is a significant drying of the K
North Atlantic mid-latitudes, Western Europe and the north- ~ ~*° \/
ern Mediterranean coast, by up to 0.6 mm/day, which repre- =7
sents a 20% reduction in annual rainfall over these regions. _ .
The Gulf of Mexico and surrounding regions, as well as the 80°S 40°s 0 40°N BO°N
Atlantic Ocean off Florida, also experience a major decrease Latitude

in precipitation. The pattern of this anomaly, which strad-

dies Centr_al Am_er'ca over the ad]a(_:ent Pacific an_d AtlantlcFig. 5. Difference in zonally averaged northward meridional heat
oceans (Fig9), is not associated with an underlying tem- 42,5501t (in PW), between LGMa and LGMb (thin lines) and be-
perature anomaly (Fig). This suggests a change in atmo- tween LGMc and LGMb (thick lines). In red: the oceanic heat
spheric dynamics to be responsible for the large precipitationtransport difference, in black: the atmospheric heat transport differ-
reduction. Over the Northeastern Pacific and the northwestence and in blue: the Atlantic heat transport difference. The time
ern North American coast, the precipitation increases by upaverages are taken over years 201-250 for LGMa and LGMb, and
to 0.8 mm/day. Over the Indian sub-continent and surround-over years 521-570 for LGMc.

ing ocean, the rainfall also decreases, indicating a weakened

Indian monsoon. Finally, the largest change in hydrological
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although it does simulate an Atlantic bipolar see-saw, it does
not produce a clear warming over Antarctica for a collapsed
AMOC. Possible reasons for these discrepancies will be dis-
cussed in SecB. The mechanisms for climate changes over
the northern extratropics, the tropical Atlantic and the Indian
monsoon region, where our model results appear to be rele-
vant for interpreting the proxy records will be discussed fur-
ther in Sect5.1

ok N ® &

4 Timing of the response in the AMOC “off”
state simulation

[N U RN

The timing of the heat transport change while the AMOC
weakens in LGMc is fast both for the ocean and for the at-
mosphere. Figur&0 shows that it appears in both transports
within a few decades. The global heat transport atNLhas
decreased by more than 0.27 PW, i.e. a half of its final de-
crease in around a 60 years. The decrease in oceanic heat
transport is partly compensated by the atmosphere after a few
years. This timing pleads for a very rapid atmospheric adjust-
ment to the North Atlantic cooling as modelled Wsng and

Liu (2005 and byShaffrey and Sutto(2006).

We can compare this timing of atmospheric and oceanic
Fig. 6. Mean annual surface air temperatut€). Top: LGMa; mid-  transport changes to the timing of the appearance of surface
dle: LGMb-LGMa; bottom: LGMc-LGMb. The differences have climate anomalies. Indeed, the difference in annual mean
been masked where_ not significant at the 95% level in a standard, face temperature associated with a collapse of the AMOC
Student-T test. The time averages are taken over years 201-250 f?fepicted on Fig6 does not appear at the same rate in ev-
LGMa and LGMb, and over years 521-570 for LGMc. Note that al- . . .
though this figure (and all maps hereafter) shows present coastlinegry region of the globe. Fid.1 (top_) shows, for each point,
all simulations have actually used LGM coastlines. the year gfter which half of the f!nal anomaly represen.ted

on Fig. 6 is reached, and for which the anomaly remains

larger than this threshold for at least 50 years. The first re-

gions which experience climate changes in LGMc compared
cygle is found in the tropical Atla_ntic where the ITCZ clearly {5 LgMb are the mid-latitude western and central North At-
shifts southward. Indeed, a drying centered at aroufidN10 |antic and the coastal areas of the Arctic Ocean. In these
the mean ITCZ location in LGMb, is accompanied by a wet- regions, the threshold of 50% of the final response is reached
tening centered at around °18 and extending over eastern , jess than 60 years after the beginning of the run (regions in
Brazil (cf. Sect5.2). blue). By this time, the AMOC is reduced by about 30% (to

How do these climate differences compare to the proxyca. 10 Sv) and the Atlantic heat transport by half. Tempera-
evidence of abrupt millennial scale variability presented inture anomalies over in the North Atlantic from°39 north-
Sect.1.1? As discussed above, if we want to test the hy-ward, the Arctic Ocean, Greenland, Eurasia, pass the 50%
pothesis that the recorded climatic changes are indeed dutareshold by 120 years (regions in green), suggesting a rel-
to AMOC variations, simulations LGMa and b would best atively fast adjustement of the continental temperatures to
compare to interstadials, while LGMc would be relevant the oceanic changes via the atmospheric circulation. Further
for a Heinrich event. Qualitatively, the simulated climatic South, the tropical Atlantic off the African coast as well as
changes between an AMOC-off state, such as in LGMc, andAfrica North of 10 N pass the threshold at around the same
an AMOC-on state, such as in LGMa and b, are in agreetime. This could be related to the advection of the cold sur-
ment with the records (1) over the North Atlantic, Greenlandface ocean anomaly along the subtropical gyre or faster ad-
and Europe, which experience a strong cooling and dryingjustements such as the Wind-Evaporation-SST feedback as
(2) over the tropical Atlantic, which undergoes a clear south-proposed byChiang et al.(2008. At the same time, the
ward shift of the ITCZ; (3) over the Indian Peninsula and mean annual temperature response over the tropical South
surrounding ocean, which are characterised by a decreaseftlantic also starts to appear. The next regions for which cli-
Indian monsoon. However, our model does not simulate anate anomalies pass over the 50% threshold are the tropical
decrease of the South East Asian monsoon (precipitation idorth Atlantic and the South Atlantic between 10 and 30
similar over China in the three simulations). Furthermore, (by year 200). By that time, the AMOC is already less than

ok N W &

[ IR N RN
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Fig. 7. LGMb-LGMa anomalies (l.h.s.) and LGMc-LGMb anomalies (r.h.s) in 2 m temperaturé€jifor the 4 seasons. The differences
have been masked where not significant at the 95% level in a standard Student-T test. The time averages are taken over years 201-250 fc
LGMa and LGMb, and over years 521-570 for LGMc.

5 Sv. This suggests that either the Atlantic bipolar seesaw i®ccurs in an IPSICM4 glacial ocean-atmosphere simula-
quite slow to establish, or that the AMOC change needs tdion in response to changes in river run-offilama et al,
be strong enough for it to appear. Anomalies of the northerr2007). The response over Central America, the Gulf of Mex-
subtropics need an extra 30 to 60 years to reach the Equataco and the eastern equatorial Pacific appears by year 120—
The anomalies over the small region of the North Atlantic 180 of LGMc, i.e. before the temperature anomaly passes
south of Greenland and Iceland, i.e. near the main convecthe 50% threshold. Over the northeastern Pacific and north-
tion sites (Irminger and Labrador Seas) in LGMb, only passwestern America, the precipitation anomaly appears in two
the 50% threshold at around year 240. This corresponds tgtages. The southern part of the anomaly appears by year
the shut down of these sites (Fi§). Finally the Northeast- 120, while its northern part appears quite late, by year 240,
ern Pacific and Northwestern America undergo the warmingsimilar to the temperature anomalies. This suggests a first
shown on Fig6 after up to 300 yrs, which excludes an ex- response related to atmospheric circulation changes, before
clusive role of changes in atmospheric stationary waves ira response to the later temperature anomalies sets in. Over
setting up this temperature anomaly. the Arabian Sea and Indian sub-continent, which are the In-
Over the North Atlantic and Western Europe, the timing of dian monsoon regions in our simulation (F), the main
the precipitation response (Fityl, bottom) is generally very ~ drying appears by year 120, but a secondary decrease occurs
much in phase with the temperature one (Hig.top). The  around the Bay of Bengal by year 240. Again, this suggests
precipitation anomaly passes over the 50% threshold beforé first response related to changes in atmospheric circulation
year 60 for the western and central North Atlantic, before (cf. Sect.5.3) before a second, more local mechanism, adds
year 150 for the rest of the mid-latitude North Atlantic and 0n to this first anomaly. Changes in precipitation in the tropi-
the latest response occurs over the Greenland-Iceland cofal Atlantic also appear gradually, with the dipole associated
vection site by year 240. This suggests a direct role of temWith the shift of the ITCZ finally setting in at around year
perature anomalies on precipitation, the most simple mecha200 (red colour bands across Northern South America and
nism for this link being via a reduction in evaporation. This red zone over Eastern Brazil). The mechanisms and timing
is further discussed in Sed.1 This type of response also ©f the ITCZ shift are detailed further in Se&t2
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90

70K

Fig. 9. Mean annual precipitation (mm/day). Top: LGMa; middle:
LGMb-LGMa; bottom: LGMc-LGMb. The differences have been
Fig. 8. December-January-February 500 hPa winds (m/s). Top:masked where not significant at the 95% level in a standard Student-
LGMa; middle: LGMb—LGMa; bottom: LGMc-LGMb. The shad- T test. The time averages are taken over years 201-250 for LGMa
ing indicated points for which changes in both components of theand LGMb, and over years 521-570 for LGMc.
wind are significant at the 95% level in a standard Student-T test.
The time averages are taken over years 201-250 for LGMa and
LGMb, and over years 521-570 for LGMc. monsoon region. We will concentrate on the response to a
strong AMOC perturbation. Unless explicitely indicated, all

o S figures and discussion will relate here to differences LGMc-
Hence, the timing of the temperature and precipitation re-| gmp.

sponses to the AMOC collapse simulated in LGMc suggest:
(1) over the northern extratropics, a fast (of order decades) re5.1  Northern extratropics
sponse of the North Atlantic which propagates over Eurasia,
but a much slower (of order centuries) response over NortHn this region, as for the difference induced by a weak change
America; (2) a fast response of the Indian monsoon, whichin the AMOC (Sect3.2), changes in atmospheric circulation
might be related to the fast adjustement over the Eurasia@ppear to play an active role in setting up the thermal re-
continent; (3) an adjustement of the tropical Atlantic con- sponse to a strong decrease in AMOC. A cyclonic anomaly
sistent for temperatures and precipitation, which occurs ordevelops over the region of strongest cooling of the North
slightly longer time-scales. In the next section, we investi- Atlantic, i.e. over the northeastern North Atlantic. This
gate the mechanisms underlying these climate changes fanomaly brings energy to northwestern Europe, hence ex-
these three regions. plaining the relatively low cooling over this region (Fig,.
bottom). Consistently, an anticyclonic anomaly centered
over the Central Mediterranean brings colder air to central
5 Mechanisms for the climatic response in the AMOC and eastern Europe, explaining the local maximum cooling
“off” simulation over selected areas there (Figs6 — bottom — and, r.h.s — top). Hence the cool-
ing of Eurasia is not only explained by advection of cold air
Our objective here is to understand the major features of thérom the North Atlantic by the westerlies. Superimposed to
annual mean changes due to a collapse of the AMOC showthis response, the cyclonic circulation forced by the initial
on Figs.6 and9 and introduced in Sect8.3and4. In par-  cooling over the North Atlantic ocean brings warmer air to
ticular, as indicated above, we will focus successively onwestern Europe and limits the cooling there, while the cool-
the northern extratropics, the tropical Atlantic and the Indianing is amplified by cold air advection further east over eastern
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Fig. 10. Difference (LGMc-LGMb) in meridional northward heat .
transport at 17N by the atmosphere (in red) and the ocean (in
black).

Europe, North of the Black Sea. This behaviour is more pro-
nounced in winter and spring in the temperature response
shown on Fig.7. This is consistent with the atmospheric
circulation behaviour, which is similar for winter and spring ™
(cf. Fig. 8, bottom) but with much less pronounced stationary gy , I
waves over Eurasia in summer and autumn (not shown). S
The precipitation response over the North Atlantic and Eu-_.

-~ .Fig. 11. Top: Timing of the appearance of significant anomalies in
rope also depends on the season, partly because the precipi ean annual temperature in LGMc, as compared to LGMDb, defined

tion in LGMDb, as for the present observed situation, is highly 55 the first year in which the anomaly reaches at least half of the
seasonal (not shown). Over the North Atlantic Ocean, the defina| anomaly for at least 50 years (the “final” anomaly is taken
crease in precipitation is maximum, in extent and amplitude,as the difference between years 521-570 of LGMc and years 100—
in winter and minimum in summer. This drying is strongest 150 of LGMb). Bottom: Same as for top but for the mean annual
over the eastern side of the basin, where the cooling is alsgrecipitation (cf. final response Fig).
the largest. This points to a simple relationship between
North Atlantic temperature and precipitation anomalies, via a
decrease in evaporation (FiR). Over the northern Mediter- is not only related to evaporation anomalies, as for the North
ranean area, the decrease in precipitation is strongest in wirAtlantic Ocean (Fig12), but also to the southward shift of
ter, while in western to central Europe, North of the Mediter- the westerlies and storm-tracks which is prominent in sum-
ranean Sea, the drying is strongest in autumn. For these twmer and autumn (not shown).
regions, the strongest response therefore occurs at the season
for which the precipitation is maximum in the reference run. 5.2 Tropical Atlantic

The temperature response to an AMOC collapse is rather
constant throughout the year over the Eastern Pacific andhe modifications in atmospheric heat transport between
Northwestern America, which undergo a warming (Hp. LGMb and LGMc described in Se@.2occur via an adjust-
There are no temperature differences in the rest of the extratment of the meridional cells in the atmosphere. In LGMb,
ropical Pacific. This warming can be explained by a cyclonicthe atmospheric zonally averaged meridional streamfunction
anomaly, present at all seasons, extending from the dateliné~ig. 13, contours) shows a near symmetry about the Equa-
to the West American coast and from ca. 30 t6 ROHow- tor, with two Hadley cells spreading from c&. M to 30° N
ever, the slow timing of the response suggests that its estatsr S. Poleward of the Hadley cells, the Ferrel cells, between
lishment also needs the surface ocean to adjust first. The pre80 and 50 N or S and finally the polar cells, mostly active in
cise position and intensity of this cyclonic anomaly slightly the Northern Hemisphere, are simulated. The differences be-
change from season to season but its net effect is that soutliween LGMc and LGMb affect every cell (Fid.3, colour
westerly winds bring warmer air to the Northeastern Pacificshading). The largest differences are nonetheless located
and Northwestern America. This warming is accompaniednear the Equator where a large positive (clockwise) anomaly
by an increase in precipitation, which is strongest, in ampli-implies a southward shift of the limit between the two Hadley
tude and extent, in summer and autumn. This phenomenonells. This shift amounts to around°16f latitude. This type

o
i
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Fig. 12. LGMc-LGMb precipitation (I.h.s) and evaporation (r.h.s) anomalies in mm/day for the 4 seasons. The differences have been masked
where not significant at the 95% level in a standard Student-T test. The time averages are taken over years 201-250 for LGMb and over year:

521-570 for LGMc.

of adjustment in response to an imposed Northern Hemi-

Atmospheric streamfunction sphere cooling is in agreement with several studies, (e.g.
R Zhang and Delwortf2005 Chiang and Bitz2005 Broccoli
L s et al, 2006.
L s This has a direct impact on the precipitation near the Equa-
N e tor, with the southward shift of the main precipitation belt,

I e by 10° or more, in the tropical Atlantic. In winter, the neg-
2 ative anomaly of the anomalous precipitation dipole pattern
SN shown on Figl2is located at the Equator and the positive

Pressure (Pa)
L

anomaly at ca. 10S. In boreal summer this pattern is shifted
i i North by ca. 10. The anomaly pattern therefore follows the
80000 7 I BE seasonal course of the main precipitation belt, which further
i Bk proves the relationship between the shift in ITCZ and the
100000 o - o tropical Atlantic precipitation anomalies. A close compar-
Lotitude ison of the precipitation fields for LGMb (not shown) and

the corresponding LGMc-LGMb anomalies (FitR, 1.h.s)

shows that the strong precipitation decrease off the Pacific
Fig. 13. Meridional atmospheric overturning streamfunction coast of Central America can also be related to the south-
(10'2kg/s). The contours represent for the averaged value forward shift of the ITCZ, although there is not as distinct a
LGMb (years 201-250), with a clockwise rotation when positive. corresponding positive anomaly to the South, except in June-

Red shaded zones stand for positive (clockwise) differences beJuI -August (JJA). Over the Amazon region. the increase
tween LGMc and LGMb (years 521-570 for LGMc, years 201-250 . y-Aug (JJA). glon,

for LGMb). Blue shaded zones stand for negative (anticlockwise)In precipitation in September—Octobgr-November (S..ON) and
ones. December-January-February (DJF) is further amplified by a

positive feedback involving increased evaporation (Ei.
r.h.s). Finally, the strong precipitation decrease over the Gulf
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of Mexico also appears to be associated with the southward =~ @) Precip, Wi0m JJAS LGMC-LGMB .

shift of the ITCZ, or to an increase of the subsidence of the Ne i R, il - % :

winter Hadley cell, since the anomalies are stronger in boreal ]
autumn and winter and are not related to evaporation anoma- KIS V- Erser G by, . ¢ Iy Vil
lies. Bl o AN T L
The impact of a strong weakening of the AMOC between \" a7/ 2" S \rs o
the simulations LGMb and LGMc on the June to September TRV BN \
(JJAS) precipitation is shown on Figda. The southward
shift of the ITCZ in the Equatorial Atlantic is accompanied o (o> 200
by a significant reduction in precipitation over the African
monsoon region during the monsoon season. Other model- S
ing experiments (e.gChang et al.2008 have highlighted 7
the sensitivity of the African monsoon system to an addition- ., %

........

(NN N N N VA

N\

N
A

b) TT, JUAS LGMC-LGMB
L 1 1 1

nal fresh water flux in the North Atlantic and Arctic. In our ﬂ
experiments, this impact is verified under glacial conditions. =

5.3 Indian monsoon vh\?

The Indian monsoon precipitation is reduced by approxi- w
mately 0.5 to 2 mm/day in the Southwest of the subcontinent

and in the northern Bay of Bengal in LGMc compared to o0
LGMb. No changes are observed over land since in the refer- _HR — L
ence (LGMb) simulation, the largest monsoon signal is over . \, R Preee

the ocean. The reduction of the Indian monsoon intensity
is also reflected in the weakened cross-equatorial flux from & . L
the Indian Ocean to the Arabian Sea (Fida). Hence our 4 L
experiments show that under glacial conditions a collapse of e L
the AMOC is associated with a significant remote impact on
the Indian summer monsoon activity. As stated in Se&. years

this teleconnection has been investigated for different time

scales and there are several pathways by which the Indian

monsoon rainfall may be influenced. The connection with Fig. 14. (a)Difference of precipitation (mm/day) averaged for JJAS
the extratropics can find support in an atmospheric bridge(.]une-JuIy-August-September) be.tween the simulations LGMc and
with the changes over the North AtlantiGgswami et aj.  LGMb (colours), and of surface winds at 10 m (m/s) (vectofs);
2008. The influence of a weakening of the AMOC can also Difference of temperature averaged from 200 to 500 hPa (TT) for

? . - . JJAS between LGMc and LGMb; for (a) and (b) the time averages
modify the (tropical) Walker circulation (e.gu et al, 2006. are taken over years 201-250 LGMb, and over years 521-570 for

Local ocean—atmosphere feedbapks, e.g. through changes L%Mc, for comparison to other figuregc) Evolution of TT av-

SSTs and evaporation, can amplify the changes. eraged over the region (3&-100 E, 20° N-50° N) (red) and of
Here we use a physical indicator of the Indian monsoonprecipitation averaged over the region {&5-80 E, 5> N-15° N)

based on the upper tropospheric temperature meridional grgblue) for LGMc minus LGMb (average over years 101-150).

dient (Xavier et al, 2007 He et al, 2003. We compute

the average of tropospheric temperature from 200 to 500 hPa

(TT) for the JJAS season. The difference of TT between theanomalies over the Indian Ocean and the Pacific are small,

simulations LGMc and LGMb (Figl4b) indicates a signif-  this mechanism appears to be predominant in these simula-

icant seasonal cooling over the mid-latitudes. Over India,tions. In addition, the evolution of the TT anomaly over the

the meridional gradient of TT is reduced, as well as the senegion (50 E-100 E, 20° N-50° N) and of the precipitation

sitive heating over the Tibetan Plateau (not shown), resultanomaly at the southwest of the Indian peninsula is plotted

ing in weaker Indian monsoon precipitation. This mecha-0n Fig.14c. A 10 years boxcar smoothing is applied on the

nism is in agreement with the teleconnection observed betime series to remove the large interannual variability. The

tween the Atlantic Multidecadal Oscillation and the Indian precipitation evolution follows that of TT anomalies and is

monsoon variability byGoswami et al(2006 andFeng and  stable after ca. 200 years. These evolutions are similar to the

Hu (2008. The anomaly of SSTs in the Northern Atlantic one of the maximum of AMOC (FidL).

are passed in the upper troposphere over the whole Eurasian

continent (cf. Sect5.1), creating an atmospheric bridge be-

tween the North Atlantic and the Asian region. Since the SST

ke

!
5 .
T

c) TT, Precip, JJAS LGMC—-LGMB
1 1 1 1 1

(K) (mm/doy)
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6 Summary and discussion ary conditions are closer to the boundary conditions which
prevailed during times of strong millennial abrupt changes
The present study analyses three glacial coupled atmospheréMarine Isotope Stage 3 (MIS3) from ca. 60 to 30 ky BP)
ocean simulations characterised by different Atlantic Merid-than present conditions, these are far from being entirely re-
ional Overturning Circulations (AMOC). In response to an alistic for this period (for a recent study, see é/gn Meer-
0.08 Sv increase in North Atlantic fresh water flux, the beeck et a.2009. In particular, MIS3 is characterised by a
AMOC reduces from 18 Sv (LGMa) to 15 Sv (LGMb). The stronger Northern Hemisphere summer insolation than dur-
climate differences between these runs are restricted to thing the LGM or the present, which would favour stronger
northern North Atlantic, Nordic Seas and Europe. The cool-Indian and South-East Asian monsoons in the basic state, as
ing anomaly over the Northern North Atlantic associated shown by the numerous studies of the Holocene climate (e.g.
with this slightly slower AMOC is strong enough to force Braconnot et a).2007ab). This monsoon could then be more
a cyclonic anomaly in the atmospheric circulation over this sensitive to AMOC changes. Also, for quantitative compar-
region, which could take part in the slight warming over the isons, including proxies such as water isotopes in the model
Norwegian Sea. However, the main element explaining thiswould certainly bring a lot of precise understanding of the
surprising warm anomaly is the reinforcement of the oceanicproxy records.
convective activity in this area, partly resulting from the sea Our main objective here was to investigate the mecha-
ice edge pushed further North by surface winds. An anomanisms for possible teleconnections with the North Atlantic
lous cooling appears further east in winter, due to northerlychanges. We have focussed our study on the three regions
winds appearing as part of the stationary wave response téor which the results simulated by our model appeared rel-
the SST changes over the North Atlantic and Nordic Seasevant compared to the proxy records: the northern extrat-
It is not possible to disentangle the roles of the atmospheresopics, the tropical Atlantic and the Indian monsoon region.
ocean and sea ice in the temperature difference between thEhe climate response in the northern extratropics is domi-
two simulations. Further experiments, using partial couplingnated by large changes in stationary waves, with a strong
of the model components, would be needed to test if the ateyclonic anomaly over the northern North Atlantic persis-
mospheric circulation changes and oceanic/sea ice responsent throughout the year, but stronger in winter and spring.
indeed reinforce each other, especially over the NorwegiarThese changes in stationary waves explain the smaller cool-
Sea, as suggested by our first analyses. The difference iimg over western Europe, as compared to the North Atlantic,
precipitation, on the other hand, is hardly significant for thesebecause this region is affected by southwesterly wind anoma-
simulations. lies. They also explain a warming over the Northeastern Pa-
A further 0.1 Sv fresh water flux into the North Atlantic cific and America’s northwestern coast, affected by south-
induces a collapse of the AMOC in LGMc, compared to westerly wind anomalies too. However in this latter case, the
LGMb. As noted byFlickiger et al (2008, the climatic re-  long timing for the set up of this anomaly pleads for a role of
sponse to this shutdown does not appear to be a simple amplihe Pacific Ocean in forcing the associated atmospheric cir-
fication of the climate anomalies simulated as a response to aulation anomaly. The precipitation anomalies over the At-
weak AMOC perturbation. This has important implications lantic extratropics are mostly related to a strong evaporation
for paleo-record interpretations, which could otherwise a pri-decrease due to the cooling there and not so much to atmo-
ori assume a linear reponse w.r.t the forcing, i.e. in our casepheric circulation changes, such as in other regions. Indeed,
a change in AMOC. The surface climate anomalies are ofover the Northeastern Pacific/Northwestern America, for ex-
global extent, and qualitatively agree with the interpretationample, they appear to be also related with a southward shift
of paleorecords for the northern extratropics (in particular,of the westerlies/storm-tracks.
the North Atlantic and surrounding regions such as Green- The collapse of the AMOC is accompanied by a decrease
land and Europe), the tropical Atlantic, with the southward in meridional oceanic heat transport, strongest in the Atlantic
shift of the ITCZ and the Indian monsoon region, over which basin, and only partly compensated by an increase of the
the monsoon decreases. However, the model does not simtransport in the other ocean basins and by an increase in at-
late a warming over Antarctica (despite a warming over mostmospheric heat transport. The atmospheric meridional heat
of the Southern Ocean) or a weakening of the East Asiartransport increase occurs via an adjustment of the meridional
monsoon. It could simply be that the model is not sensi-circulation, and most notably of the Hadley cells. The struc-
tive enough to a collapse of the AMOC compared to the cli-ture of the atmospheric meridional circulation shifts south-
matic changes suggested by the different paleo-records, ovard by around 10in the Tropics. This is accompanied by
that the model is missing crucial feedbacks (from dust, veg-a dipole in the precipitation anomalies, with a drying North
etation or biogeochemical cycles, for instance), or that somef the thermal equator and a wettening South of it, which
of these climatic changes are not related to AMOC differ- constitutes the hydrological signature of the southward shift
ences. However, before drawing any conclusion of this type of the ITCZ. This signature is most prominent in the tropical
further experiments would have to be performed. IndeedAtlantic, but part of the precipitation anomalies in the eastern
although it is probably legitimate to claim that LGM bound- tropical Pacific can also be ascribed to this mechanism. The
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increase in precipitation over the Amazon region appears tet al, 2009. This is in line with the analyses fro@anopol-
be amplified by a local evaporation-precipitation feedback.ski and Rahmstor{2001). This difference in sensitivity
Finally, we analyse the weakening of the Indian monsoonsheds light on the necessity of comparing proxy data and
in response to the AMOC collapse as a consequence of asimulations that are under the most possible realistic bound-
atmospheric bridge between the North Atlantic and the mon-ary conditions. The reason for these differences is however
soon area, which involves the large cooling of the upper tro-not elucidated yet and will be the subject of a future study.
posphere over Eurasia, and the subsequent decrease in theA final remark is related to the hydrological cycle, which
tropospheric meridional gradient between India and North-is deeply affected by a collapse in the AMOC. Following
ern Eurasia. Leduc et al(2007), we can wonder whether this constitutes

These surface climate changes associated with an AMOG positive or a negative feedback compared to the freshwater
shutdown do not appear simultaneously in all regions of theanomaly which is the initial cause of the AMOC collapse.
globe. The timing of the response is of the order of a hundredrhe study of these feedbacks and of the conditions needed
years over the Atlantic, Eurasia and for the Indian monsoonfor a recovery of the AMOC from the “off” state obtained in
The response over the northwestern Pacific is the slowest tgur third simulation is complementary to the present study
appear, with a timescale of around 250 years. The tropi-and will be presented in a forthcoming paper.
cal Atlantic responds with intermediate timescales compared
to these extremes. This timing suggests (1) a very fast Cli-ncxnowledgementsall simulations presented in this work were
matic response over the Arctic and Northern Eurasia, whichyyn on the Commissariat A I'Energie Atomique super-computing
is probably related to an atmospheric stationary wave changgcilities. This study has been partly funded by ANR-BLANC
amplified by the sea-ice and snow-albedo feedbacks; (2) aiDEGLACE (ANR-05-BLAN-0310-01).
extension of this cooling over most of Eurasia and North
Africa; (3) a propagation of the temperature anomalies fromEdited by: H. Renssen
the central North Atlantic along the subtropical gyre along
the coasts of Africa, before the temperature cools down in
the North Atlantic low latitudes; (4) relatively slower ocean
responses for the largest convection site of the northwester
North Atlantic, for the South Atlantic and, finally, for the
Northwestern Pacific. Comparing these results to paleodat._.
with sufficient temporal resolution and chronological control
would therefore be a good test of the model's sensitivity to The publication of this article is financed by CNRS-INSU.
freshwater forcings and states of the AMOC.
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