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Abstract. The study of Greenland ice cores revealed twol Introduction

decades ago the abrupt character of glacial millennial-scale

climate variability. Several triggering mechanisms have been

proposed and confronted against growing proxy-data evi-The last glacial period (ca. 110-10 kyr BP) was characterised
dence. Although the implication of North Atlantic deep wa- by remarkable climatic instability on millennial timescales,
ter (NADW) formation reorganisations in glacial abrupt cli- Mainly associated with so-called Dansgaard-Oeschger (D/O)
mate change seems robust nowadays, the final cause of the8¥ents Qlley et al, 1999. These are considered to be the
reorganisations remains unclear. Here, the role of @ad most abrupt, i.e. large and rapid, climate changes of the past
Southern Ocean winds is investigated using a coupled modet10 kyr, repeatedly manifested as warming in Greenland by
of intermediate complexity in an experimental setup de-more than 10K on decadal timescales (eang et al, 1999
signed such that the climate system resides close to a thresMith widespread global climatic effectsdelker et al, 2002).

old found in previous studies. An initial abrupt surface air Both modelling and reconstruction efforts have con-
temperature (SAT) increase over the North Atlantic by 4 K tributed to increase our understanding of these glacial abrupt
in less than a decade, followed by a more gradual warminglimate changes. The current paradigm is that these were
greater than 10K on centennial timescales, is simulated iff@used by reorganisations of North Atlantic deep water
response to increasing atmospheric ;06vels and/or en- (NADW) formation (Alley et al, 1999 Ganopolski and
hancing southern westerlies. The simulated peak Warminfahmsmr’fzooj)- This is supported by the close agreement
shows a similar pattern and amplitude over Greenland a®etween results of climate simulations involving variations
registered in ice core records of Dansgaard-Oeschger (D/dﬁ NADW formation and the Atlantic meridional overturning
events. This is accompanied by a strong Atlantic meridionalcirculation (AMOC), and the evidence from paleoclimate re-
overturning circulation (AMOC) intensification. The AMOC constructions. Models are in this way able to reproduce the
strengthening is found to be caused by a northward shift oBo-called bipolar seesaw behaviour between Greenland and
NADW formation sites into the Nordic Seas as a result of aAntarctica Blunier and Brook2001, EPICA-Project2008.
northward retreat of the sea-ice front in response to highefrhe idea is that an intensification of the AMOC translates
temperatures. This leads to enhanced heat loss to the atm#lt0 an increase in northward heat transport at the expense
sphere as well as reduced freshwater fluxes via reduced seff the southernmost latitudes; conversely, a weakening of
ice import into the region. In this way, a new mechanism thatthe AMOC reduces northward heat transport, thereby warm-

is consistent with proxy data is identified by which abrupt ing the south Crowley, 1992 Stocker 1999. The different
climate change can be promoted. timescale between northern and southern latitudes can be ex-

plained by the fact that the Southern Ocean acts as a heat
reservoir, that dampens and integrates in time the more rapid
North Atlantic signal Stocker and Johnsef003.
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However, the causes of NADW formation reorganisationsenhanced deep upwelling would have contributed to increase
remain yet unknown. Model studies generally employ fresh-the atmospheric C&concentration.
water forcing in the North Atlantic to mimic D/O-like fluc- Southern Ocean winds are one of the main driving fac-
tuations (e.gGanopolski and Rahmsto2001), but the ulti-  tors of the AMOC Kuhlbrodt et al, 2007). Thus, increased
mate source of such a forcing has not been identified. AlterSouthern Ocean westerlies could have contributed to an
natively, a Southern Ocean origin of abrupt climate changesAMOC strengthening through the so-called Drake Passage
has also been proposed. Enhanced surface freshwater fluxeffect (Toggweiler and Samuel4995. On the other hand,
(Weaver et al.2003 and slowly varying background cli- the concomitant effect of increasing atmosphericoG€y-
mate conditions in the Southern Ocemérr and Lohmann  els on the glacial AMOC has not yet been assessed. Here,
2003 have been shown to be able to trigger an AMOC inten-the evidence from all the former studies is taken together to
sification leading to an abrupt warming in the North Atlantic. investigate the effect of C£and Southern Ocean winds vari-
The same result was found when applying gradual back-ations on the glacial AMOC.
ground climate changes from glacial to interglacial climate
conditions on a global scale, including temperature and wind
stress Knorr and Lohmann2007). As suggested by the lat- 2 Model and experimental design
ter study, fluctuations in atmospheric @@oncentration are
a potential candidate to generate such gradual climate variaFhe model used in this study is CLIMBER+3(Montoya
tions. Ice core data and marine sediment proxies furthermoret al, 2005. Its atmospheric component is a 2.5-dimensional
suggest atmospheric GQevels rose during the last glacial statistical-dynamical model based on the assumption of a
period, coinciding with periods of halted NADW formation universal vertical structure of temperature and humidity in
and reduced stratification in the Southern Oceann(and  the atmosphere, with a horizontal resolution of°%52.5
Brook, 2008. Such CQ variations are strongly correlated (Petoukhov et al.2000. Its oceanic component contains
with Antarctic temperature and predate abrupt warmings inthe state-of-the-art Geophysical Fluid Dynamics Laboratory
Greenland associated with the largest D/O events. Taken tolGFDL) MOM-3 ocean general circulation model, with a
gether, these results léchorr and Lohmanr{2007) to sug-  horizontal resolution of 3.75and 24 variably spaced verti-
gest CQ increases could have contributed to rapid AMOC cal levels, and the ISIS thermodynamic-dynamic snow and
intensification after Heinrich events, corresponding with thesea-ice modelKichefet and Maqueda997. CLIMBER-
largest DO events. 3u satisfactorily describes the large-scale characteristics of

The close correspondence between atmosphericva- the atmosphere, ocean and sea-ice on seasonal and longer
ations and Antarctic temperature variability on millennial timescales.
timescales suggests an important role of the Southern Ocean The present study builds upon a previous climate simu-
in controlling the carbon cycle during the last glacial period. lation of the Last Glacial Maximum (LGM, ca. 21 kyr BP;
Recently, biogenic opal reconstructions have suggested thaflontoya and Levermanr2008. Boundary conditions fol-
during deglaciation, as well as throughout the last glacial pe{owed the specifications of the Paleoclimate Modeling Inter-
riod, CO, rises were preceded by an increase in deep up<comparison Project Phase Il (PMIP2), namely: changes in
welling in the Southern Ocea(derson et a].2009. Den- insolation; a reduced equivalent atmospheric,G@ncen-
ton et al.(2010 and Toggweiler and Led2010 have pro- tration of 167 ppmv to account for the lowered gHN,O
posed that the increase of both Southern Ocean upwellingnd CGQ concentrations; the ICE-5G ice sheet reconstruc-
and CQ levels was the consequence of a shift in atmo-tion (Peltier, 2004); and land-sea mask changes plus a global
spheric circulation patterns in response to a reduction of theéncrease of salinity by 1 PSU to account for th&20 m sea-
AMOC through the bipolar seesaw effect. Southern Ocearlevel lowering.Montoya and Leverman(2008 investigated
winds indeed appear to have strengthened and shifted soutlihe sensitivity of the glacial AMOC to wind stress strength
ward at the end of the last glacial period as well as during ex-by integrating the CLIMBER-3 model to equilibrium with
treme cold periods in the Northern Hemisphereggweiler the Trenberth et al(1989 surface wind stress climatology
2009. Recent model studies suggest that a southward shifinultiplied globally by varying factora € [0.5,2]. Ata =1.7
of the intertropical convergence zone (ITCZ) and Southerna threshold, associated with a drastic AMOC increase of
Ocean winds intensification can also take place via atmomore than 10 Sv and a northward shift of NADW formation
spheric teleconnections, that is, without involving the bipolar north of the Greenland-Iceland-Scotland (GIS) ridge, was
seesaw, in response to a cooling in the North Atlantic, andfound. We hypothesise herein that the glacial AMOC is close
leading to a rise in atmospheric GOy 20-60 ppmyv, consis- to this threshold. However, because D/O events take place
tent with proxy recordsl(ee et al, 2011). within marine isotopic stage (MIS) 3 (ca. 60-27 kyr BP)

These results indicate several mechanisms by which aather than at the LGM, an equivalent atmospheric (el
decrease in the AMOC strength leading to northern cool-of 200 ppmyv, resulting from the higher GHN2O and at-
ing would have translated into a southward shift and/or in-mospheric C@ concentrations registered during the former
tensification of Southern Ocean westerlies, which throughperiod Schilt et al, 2010, has been imposed to mimic MIS3
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Fig. 1. Time series of forcings and relevant climatic variables: o . . .
(a) CO, forcing in ppmv;(b) wind amplification factor over the Fig. 2. Climatic patterns describing the interstadial stea¢AMOC
Drake Passage (no units(c) anomalies of North Atlantic SAT stream-function in SWb) SAT anomalies with respect to the stadial

(67.5 N 11° W, in the Nordic Seas) with respect to the stadial state state in K;(c) interstadial minus stadial maximum convective depth
in K: (d) AMOC strength in Svi{e) anomalies of Antarctic SAT differences in m. Black and red lines show the locations of the 90 %

(86.2 S 1T E) with respect to the stadiial state in K. Black, red and °rthern summer (June-August) average sea ice concentration for

blue lines show the simulation combining §@nd wind forcings, ~ (he stadial and the interstadial regime, respectively.

the CG-only experiment, and the wind-only forced run, respec-

tively. Black, red and blue shaded bars indicate the transition stages

for the simulation combining C©and wind forcings, the C®only Three transient experiments have been performed to test

experiment and the wind-only forced run, respectively. the AMOC sensitivity to C@ and wind forcings: a simu-
lation combining both factors; a scenario considering,CO
forcing only; and, finally, a wind-only forced experiment

climatic conditions. Consequently, the starting point for the (Fig. 1a and b). CQ forcing consists of a linear increase in

experiments shown herein is the final equilibrium state of aCO; levels by 20 ppmv in 1000 yr, thus at the highest end of

control climate simulation witkk = 1.65 and an equivalent at- the CQ increase rates suggestedAlyn and Brook(2008

mospheric CQ level of 200 ppmv, hereafter our stadial state. and recent climate carbon cycle simulatioB®(ttes et al.
2017). Wind forcing implies wind stress over the latitudinal
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Fig. 3. (a) Surface density anomalies at the transition stage relative

to the stadial regime for the G@only experiment and contribution 3 Stadial to interstadial transition

to the latter by(b) temperature angt) salinity in kg n3, assuming

a linear equation of state. The black box in pafaglindicates the Increasing CQ levels and wind strength lead to a gradual

region where the surface freshwater flux balance was calculated. warming in the Nordic Seas area (Fig, black). After about
700yr the system is found to cross a critical point leading
to an abrupt temperature increase in the North Atlantic sec-

band of Drake Passage is linearly increased with a wind amtor, which is accompanied by a strong AMOC strengthen-

plification rate of 0.4 in 1000 yr. This increase is roughly con- ing by more than 20 Sv (Fig.d). The simulated interstadial

sistent with results of a recent atmospheric model study, instate is thus characterised by a more vigorous AMOC, deeper

which cold conditions in the North Atlantic were shown to convective areas together with reduced sea ice in the Nordic

lead to an intensification of Southern Ocean winds42p % Seas, and a temperature increase of up to 10K in the North

(Lee et al, 2011). Atlantic relative to the stadial state (Fig).
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Fig. 5. Anomalies at the transition stage relative to the stadial regime undgro@{y forcing conditions ofa) surface freshwater fluxes in

m yr—1 and(b) surface salinity during summer months (June—August) in R&k4f) and(e—f) same fields during winter (January—February)

and for the annual mean, respectively. Black and red lines show the locations of the 90 % northern average sea ice concentration for the
stadial and the transition stage, respectively.

In order to elucidate the mechanism behind this abrupt cli-been analysed. Northern summer freshwater flux anomalies
mate shift, we assess the precursors of the interstadial statelosely correlate with surface salinity anomalies at the tran-
To this end, we analyse the climate system 30yr before thesition stage (Figha and b). The latter persist throughout the
jump into the interstadial (450, 750, and 1550 yr after switch-year, explaining the less clear relationship in winter and in
ing on the forcing for the C&plus-wind, CQ-only, and the annual mean (Figc—f). The ultimate causes of the north-
wind-only experiments, respectively), hereafter the transi-ern summer surface freshwater flux change have been unrav-
tion stage (see Fidlc and d). We furthermore assess sepa-elled through a detailed analysis of its balance (precipitation,
rately those simulations in which only G@nd only South-  evaporation and sea ice changes) over the Nordic Seas re-
ern Ocean winds were changed, respectively. gion (Fig. 3a, black box) at the transition and stadial states

Under CQ-only forcing conditions, an abrupt surface air (Tablel). The net northern summer surface freshwater flux in
temperature (SAT) increase of up to 4K in less than a decadéhe area is found to be reduced by 0.59 miy(25 %) relative
occurs in the Nordic Seas once g@eaches a level of to the stadial state. This is partly due to a reduction in pre-
ca. 215 ppmv (Figlc). At this point the AMOC remains al- ~ cipitation minus evaporation by 0.06 nTyk, but mostly due
most unchanged (Fidld). This first abrupt warming is re- to a reduction in sea ice melting by 0.53 nTyr Although
lated to widespread loss of sea ice in the Nordic Seas and thesing temperatures due to increased d€vels result in lo-
resumption of NADW formation. cal widespread freshening, a northward shift of the northern

Density variations in the Nordic Seas are thus analysedsummer polar front takes place north of the Fennoscandian
as a precursor for triggering the AMOC recovery. Surfacecoast (Fig.5a). As a consequence, summer sea ice import
density anomalies at the transition stage reveal significaninto the region, most notably in the northeastern North At-
changes over the North Atlantic with respect to the stadiallantic and north of the Fennoscandian coast, and thus melting
state, notably over the Nordic Seas and Fennoscandian coatbtere, is strongly reduced (Fi§). This counteracts the effect
(Fig. 3a). Temperature and salinity contributions to density of sea ice melting and eventually results in local net negative
variations indicate the major density anomalies are relatedreshwater flux anomalies.
to changes in salinity (Fig3). The surface density evolu- To summarise, increased G@vels translate into a mod-
tion, which results in a gradual erosion of vertical stratifi- est radiative forcing of about 0.35WT, which leads to
cation previous to the jump into the interstadial state, indeedvarming in the Nordic Seas by about 1K (Fifc) and,
strongly correlates with surface salinity contribution to den- thereby, impacts the sea ice distribution in this region, es-
sity changes (Figd). pecially its southernmost margins, by leading to a northward

To understand the causes behind these salinity changesgtreat of the summer polar front. This allows for increased
surface freshwater fluxes over the Nordic Seas region havéeat loss in this region that contributes to foster convection

www.clim-past.net/8/1011/2012/ Clim. Past, 8, 1011621, 2012
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(Fig. 7) and leads to enhanced surface salinity and therebytate in centennial timescales at the expense of a more
denser surface waters in the vicinity of the Fennoscandiamgradual cooling of the Southern Ocean. Note that the ini-
coast. This results in a resumption of NADW formation in tial warming in Antarctica here is exclusively caused by
open-water areas that were previously capped by sea ice duthe increase in atmospheric @@ather than by a previous
ing the stadial state. The onset of convection in the NordicAMOC weakening. Yet, the final state is characterised by
Seas contributes to increase the density of NADW, whilehigh AMOC and northern SAT values, and cold southern
South Atlantic densities barely change. This translates into &ATs, as expected according to the bipolar seesaw. In the
substantial increase in the meridional density gradient, whicHatter case the Antarctic cooling is indeed the response to the
eventually leads to a strong AMOC strengthening (Bjg. redistribution of heat by the reactivation of the AMOC.

Note that the SAT evolution over Antarctica exhibits a  Within the wind-only forcing scenario, an abrupt SAT in-
behaviour that resembles the bipolar seesaw (8. The  crease by 4K in less than a decade is also found in the North
simulated gradual warming over Antarctica precedes theAtlantic about 1650 yr after switching on the forcing. In this
abrupt temperature increase in the North Atlantic. Nordiccase, however, the increased temperatures at the transition
and Antarctic SATs reach peak warming roughly at the samestage over the area result from a significant AMOC intensi-
time. The system subsequently switches into the interstadidiication (Fig.1c and d). Enhanced winds over the Southern
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Table 1. Surface freshwater fluxes balance in m¥yrover the

Nordic Seas (675N-75 N, 4° W-7.8 E) for the stadial and the

transition state, and for the difference between them (transition mi-

nus stadial) during summer months (June—August) for the-CO 7V%?g;jEzytrtiziistiigznst;;e} : ‘

only and wind-only experiments (left and right, respectively). SFF: 0.00 - - e S N— -

total vertical freshwater flux, decomposed in precipitatia), ( ‘ ‘ ‘ ‘

evaporation £) and sea ice melting or formation (Sl): SFiP= 0% ” SO°N BON 90N
LATITUDE

E + SI; positive values indicate freshwater flux into the ocean.
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Fig. 9. (a) Evolution of AMOC outflow at 30S in Sv for the

COz-only Wind-only COy,-plus-wind simulation (black), C®only (red) and wind-only
Stadial  Transition 1ransition Transition Transition (blue) forced experimentgb) northward oceanic heat transport (0—
minus stadial minus stadial 1000 m depth) in PW for the stadial state (green) and transition
SFF 235 1.76 —0.59 1.82 —0.53 stages for the C@®plus-wind (black), C@-only (red) and wind-
; g-ﬁ g-ig 8-8% 8-ig 8-8% only (blue) forced experiments. Black, red and blue shaded bars
rE 011 0.05 006 0.08 006 |n_d|cate t_he transition stage for the S|mul_at|on Comblnlr_\Q@@d
S| 204 171 _053 177 _047 wind forcings, the C@-only run and the wind-only experiment, re-
spectively.

Ocean lead to an increase in deep upwelling over the lati-

tudinal band of Drake Passage. This results in stronger outby the AMOC, result in melting of the Nordic sea-ice cover.
cropping of isopycnals in the Southern Ocean, and therebyrhe summer sea ice polar front retreats to the north, which
a reduction of the density of Antarctic Intermediate Water translates into enhanced heat loss and reduced freshwater
(AAIW, not shown), which translates into an increase of the fluxes and thereby increased surface salinity in critical con-
Atlantic outflow (Schewe and LevermanB010 by nearly  vective areas in the North Atlantic. Again, sea ice changes
2Sv (Fig.9a). As a result, northward heat transport by the related to surface salinity increase dominate the freshwater
Atlantic Ocean is intensified at almost all latitudes (F). flux balance over this area (Tahlg In this case the reduc-
This suggests the AMOC is initially reactivated from south- tion in freshwater flux over the Fennoscandian coast is of
ern latitudes in contrast with the G@nly run, in which vir-  0.53myr !, of which 0.47myr?! (~90%) are due to the
tually no changes in the AMOC and heat transport are foundsea ice reduction and, again, only 0.06 myto a reduc-
prior to the onset of the interstadial state (F). As a re-  tionin precipitation minus evaporation. The resulting salinity
sult, North Atlantic waters become warmer in response toanomalies and the enhanced density gradient between both
a slightly more vigorous AMOC. Increased North Atlantic hemispheres are considered to be the precursors of NADW
SATs, related to enhanced northward heat transport drivefiormation recovery and the AMOC reactivation, respectively,
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leading to the interstadial state. Note in this case, in the trangquestion as to how abrupt climate change can be promoted in
sient stage, the bipolar seesaw effect is less evident thaa context of global warming was investigated Kgorr and
in the CQ-only forcing scenario. However, the final state Lohmann(2007), who specifically assessed this issue in the
clearly evidences the cold Antarctica state associated witltontext of deglaciation, which involves surface warming and
the strong AMOC and high northern temperatures. freshening associated with melting ice sheets. In that case
Finally, combining CQ and wind forcings translates into the mechanism responsible for the transition was found to be
a prompter climate response, suggesting both forcings workhe preconditioning by an increase in ventilation of the warm
in the same sense to trigger an abrupt climate shift (Big. subsurface water in the northern North Atlantic, which re-
sulted in an increase in the meridional transport of salt to the
northern high latitudes, leading to a resumption of convec-
4 Conclusions and discussion tion and a rapid intensification of the AMOC. In our case an
increase in atmospheric heat loss, together with a reduction
We have investigated the climatic response to increasing atin freshwater fluxes, is found in response to enhanced CO
mospheric CQ levels and Southern Ocean winds when the mainly through sea ice changes at its margins. Because the
glacial climate state is close to a threshold. Both are found taCO, change is small, the response of atmospheric freshwa-
lead to an initial abrupt SAT increase on decadal timescaleser fluxes is minor. However, the reduction in sea ice allows
over the Nordic Seas followed by further warming on centen-for a non-linear response of the system. Thus, in our view,
nial timescales, resembling the large and rapid warmings asthe background climate, and particularly the North Atlantic
sociated with D/O events that occurred during the last glaciakea ice configuration, plays an important role in setting the
period. The initial simulated abrupt warming is caused by re-climate sensitivity and its stability properties. This view is
duced seasonal sea-ice cover in the North Atlantic within allsupported byVeaver et al(2007), who found that the North
forcing scenarios. Atlantic sea ice distribution of the initial mean climate deter-
Despite the similarities in the Nordic Seas temperaturemines the amplitude of the thermal response as well as the
response between these three scenarios, the mechanism Iségn of the freshwater flux forcing associated with increasing
hind the transition to the interstadial in the &0nly runis  greenhouse gases. For cold climates, freshwater flux forcing
quite different from the experiment considering exclusively acted to reduce the transient AMOC decrease, whereas for
the wind amplification factor. In the CGonly simulation,  warmer climates it reinforced the transient AMOC decrease.
the sea ice retreat is mainly due to the increased tempera- The freshwater flux mechanism found herein is different
tures following the enhanced GOIn contrast, in the wind-  from the salinity advection mechanism in the North Atlantic
only run it is caused by higher temperatures due to a mordeading to a rapid AMOC switch-on described blontoya
vigorous heat transport from southern latitudes in responsand Levermanf2009. Note that in the latter study the model
to enhanced Southern Ocean winds. was integrated to the equilibrium by changing globally the
Our results are consistent with previous studies suggesteceanic wind stress in different simulations. Within this con-
ing an important role of sea ice in abrupt warmir@gjl@or text, enhanced surface wind stress in the North Atlantic was
and Tziperman2003 Li et al., 2009. Yet, in our simula-  found to increase the horizontal gyre circulation both in the
tions sea ice retreat causes the initial abrupt SAT increase isubtropics and the subpolar regions, leading to enhanced
response to the onset of convection in the Nordic Seas, busalinity transport from the tropics to the North Atlantic in the
it is the AMOC intensification that helps to sustain the sys- upper ocean layers. This mechanism is initially absent here,
tem in the warm state. Note that despite the abruptness of thehere only the Southern Ocean wind stress and/or thg CO
initial SAT increase, the AMOC response is more gradual,concentration are varied. Note that the precursors are anal-
lasting several decades until the interstadial state is reachegsed at the transition state, thus prior to the interstadial. By
Thus, the fact that an abrupt response of the AMOC is notcontrast, once a relatively large change in the AMOC is ac-
found does not preclude the latter playing an important rolecomplished (i.e. once the interstadial state is fully reached),
in abrupt climate change. the northward salinity transport does increase considerably,
Our results support those #&fnorr and Lohmanr(2003 as found byMontoya and Leverman¢2008.
2007, who found that, starting from glacial conditions,  Although the abrupt warming simulated in the North At-
slowly varying background climate conditions in the South- lantic resembles those reported for D/O events, the compari-
ern Ocean, as well as globally, are able to trigger rapid cli-son against the paleorecord is not fully satisfactory. The sim-
mate change. Note that in our case global warming waailated rapid warming in the Nordic Seas in our case takes
achieved by incorporating increasing atmospheric, G- place in two steps: a sudden increase by 4K in less than a
els rather than prescribing gradually warmer conditions as irdecade, followed by more gradual warming greater than 10 K
Knorr and Lohmanr{2007). This result might seem contra- on centennial timescales, rather than warming by more than
dictory with future projections, which suggest an increase in10K in only a few years found in proxy recordStéffensen
atmospheric C@levels leads to North Atlantic warming and et al, 2008. The difficulty to simulate climate changes as
freshening, both of which weaken NADW formation. The abrupt as those registered in the paleorecord is a common
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feature to many models, and the possible reasons are yet uiGurrent (ACC). Within these conditions, atmospheric,CO
clear. Recent studies point out the necessity to improve théevels increase in response to an oceanic upwelling intensifi-
ability of state-of-the-art models to simulate abrupt climate cation Oenton et al.201Q Toggweiler and Lea2010. Al-
changes within the context of threshold values. This high-ternatively, atmospheric models also indicate cooling in the
lights the necessity to explore new research lines of past forcNorth Atlantic (as would follow from a decrease in NADW
ing factors which may help to understand the ensuing climatdormation and AMOC strength) leads to a southward shift
response \aldes 2011 Stocker and Marchalk000. Yet, of the ITCZ and Southern Ocean winds intensification, with
up to now glacial abrupt climate change has almost exclu-a marginal southward shift, via atmospheric teleconnections
sively been investigated from a modelling perspective usingeading to a rise in atmospheric G@y 20-60 ppmyv, con-
intermediate or simpler complexity models. Interestingly, it sistent with proxy recordd.€e et al, 2011). The upper limit
would be desirable to reassess our results with more comis obtained when taking into account exclusively the physi-
prehensive models in the future when this is computationallycal process of increased outgassing of@De to enhanced
affordable. In this line, the current model setup was choserupwelling; the lower limit includes as well the biological
so that the system resides close to a threshold associated witesponse to the increased upwelling. This results in an in-
drastic changes in the oceanic circulation. The existence andrease in surface nutrients, which fuels biological productiv-
location of such thresholds are model dependent. In additionity, thereby damping the atmospheric £fse and account-
it is conceivable that small perturbations of a different origin ing for the smaller increase found previously Menviel
could cause such a transition, assuming such perturbationst al. (2008 andTschumi et al(2008.
are able to significantly affect density in the Nordic Seas According to our results, higher atmospheric £€bn-
area. Here, we have identified a mechanism that is consisterentration and enhanced westerlies act to promote NADW
with proxy records, by which abrupt climate change can beformation over the Nordic Seas region through vital sea ice
promoted through the idealised experiments exhibited. Up tosariations, which eventually enhance the meridional den-
now climate simulations focusing on abrupt climate changessity gradient. Thus, the AMOC is intensified and thereby its
have mainly been based on imposing freshwater fluctuationassociated northward oceanic heat transport. At this point,
in the North Atlantic, as reviewed b¥ageyama et a{2010. in light of the above studies, the ITCZ would shift north-
However, the sources of these freshwater fluxes have not yavard again and southern westerlies progressively weaken,
been identified. Here, we propose such freshwater flux varidecreasing upwelling and atmospheric LL0his constitutes
ations could be connected with rearrangements in the Nordi@a negative feedback that favours the return into stadial con-
Seas sea-ice extent in response t,@8d Southern Ocean ditions through an AMOC weakening, which would lead to
wind intensifications. enhanced westerlies and higher atmospherig &ihcentra-

Our results confirm arecent study ©ka et al(2012 sug-  tion. As a conclusion this suggests that D/O events could be
gesting that if the glacial climate were close to a threshold,part of an internal oscillation that involves changes in,CO
small perturbations leading to a reduction in the sea-ice covesurface winds and AMOC on millennial timescales.
could have pushed the system across the latter. Through the
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