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Abstract. In a transient simulation of the last deglaciation during the BA event was simulated and proposed as a key
with a fully coupled model (TraCE-21000), an overshoot of factor for the onset of the BA warming (Liu et al., 2009, here-
the Atlantic Meridional Overturning Circulation (AMOC) is after L09). For example, the AMOC peaks at nearly 20 Sv
simulated and proposed as a key factor for the onset of thél Sverdrup=10m3s-1) at the onset of the BA compared
Bglling-Allergd (BA) warming event. There is collaborat- with 13 Sv at the Last Glacial Maximum (LGM). In addition
ing evidence for an AMOC overshoot at the BA in vari- to the TraCE-21000 simulation, several water-hosing experi-
ous proxy reconstructions although the mechanism governments with different models show an AMOC overshoot dur-
ing its behavior is not well understood. Here, we present twoing their recovery stage (Manabe and Stouffer, 1997; Stouf-
new sensitivity experiments to explicitly illustrate the im- fer et al., 2006; Mignot et al., 2007; Weber and Drijfhout,
pact of North Atlantic — GIN Sea exchange on the AMOC'’s 2007). Qualitatively, the occurrence of the AMOC overshoot
deglacial evolution. Results show that this oceanic exchangés robust to different models although the magnitudes of the
dominates the convection restarting in the GIN Sea, the o)cAMOC overshoot in these water-hosing experiments are usu-
currence of the AMOC overshoot, and the full BA warming. ally weaker than that in TraCE-21000.

Evidence for the AMOC overshoot in proxy records is
equivocal, with some studies corroborating the overshoot hy-
pothesis (Barker et al., 2010; Thornalley et al., 2011) while
others do not provide evidence for an overshoot (e.g., Mc-

The last deglacial period (Termination 1) harbored severalManus etal., 2004).

abrupt climatic shifts, including the Bglling-Allergd intersta- ~ The mechanism governing the occurrence of AMOC over-
dial (BA, ~14.7-12.9 kyr before present [ka]), with similar shoot at the BA is still not completely clear. LO9 point out
timing to the Antarctic Cold Reversal in the south. This is that the occurrence of the AMOC overshoot at the BA is
the initial warm phase during the Weichselian late glacial thatclosely associated with the convection restarting in the GIN
followed the Older Dryas cold period (18 to 14.7 ka), includ- Se&; Cheng et al. (2011) agrees with L09, and elaborates on

ing Heinrich Event 1, and is followed by the Younger Dryas More detailed processes. As a result, two questions concern-
stadial (12.9-11.6 ka) (Alley et al., 1999). ing the AMOC overshoot at the BA are raised: (1) What

In a transient simulation of the last deglaciation with a is the relative role of oceanic and atmospheric processes for

fully-coupled model (TraCE-21000), an AMOC overshoot the restoration of convection in the GIN Sea? (2) Could the
AMOC achieve an overshoot at the BA without the partici-

pation of the GIN Sea?
Correspondence tal. Cheng The oceanic exchange between North Atlantic (NA) and
BY (chengjun@nuist.edu.cn) GIN Sea is thought to be an important factor to the
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Table 1. Configuration of sensitivity experiments.

Starting Restoring  Restoring Restoring
time TI/S time scale depth range
50°N — - 50°N
PB_PreBA 14.77ka PreBA 90days  50m — bottom
PB.REC 145ka REC 90 days 50 m — bottom

- 40°N
7
= In this study, two sensitivity experiments are initiated from
| 300N and compared to the DGL-A run of TraCE-21000. The forc-
ing in the DGL-A run includes the transient variations in or-

20°N | I ‘ - 20°N bital parameters, greenhouse gas (GHG; including,@bi,
1oon ‘, \T/" ]‘, ‘ ‘ 10N anc_i NO) concentrations (Joos and Spahni, 200_8), co_ntinen-
60W 45w 20°W 15oW 0° 15°E tal ice sheets (Peltier, 2004), and the meltwater input in LO9.
In addition, fixed coastlines under the LGM state (Peltier,
Fig. 1. Partial blocking region in NA (black hatching). 2004) have been used. The DGL-A run starts from 22 ka

and successfully reproduces several major climatic features

of the last deglacial evolution (L09).
deep-water formation and its variation in the Labrador Sea The configuration of these two sensitivity experiments are
and GIN Sea. This oceanic exchange impacts the evolualmost the same as the DGL-A run, except employing a “Par-
tion of deep-water formation in these two regions during tially Blocking (PB)” scheme at the oceanic edge of the NA
the Holocene (de Vernal and Hillaire-Marcel, 2006; Hillaire- and GIN Sea during the BA event (Fig. 1). The PB scheme
Marcel et al., 2007), in modeling experiments during a globalinvolves prescribing a thin “sponge wall” of salinity and tem-
warming scenario (Hu et al., 2004), and also impacts theperature in the ocean, and is developed and used to diagnose
AMOC oscillation at both inter-decadal (e.g. Dong and Sut-the oceanic feedbacks (Liu et al., 2002; Wu and Liu 2002,
ton, 2005; Oka et al., 2006) and centennial-to-millennial 2003; Zhong et al., 2008). In the PB zone, the salinity and
timescales (Schulz et al., 2007). In some studies of theemperature at each grid cell are restored to the prescribed
water-hosing experiments, the significant importance of thisannual cycle of the specific condition; other variables in the
oceanic exchange on the AMOC recovery is also identifiedocean and atmosphere adjust freely during the model inte-

(e.g., Vellinga and Wood, 2002; Krebs et al., 2007). ~ gration. The restoring applies for depths below 50 m to avoid
Here, we present two new additional sensitivity experi- any influence of the PB scheme on the local air-sea interac-
ments to address the questions mentioned above. tion. As a consequence of this, the oceanic exchange of heat

and salt through the PB zone, as well as the wave propaga-
tion, are mostly inhibited.
Table 1 shows the details of the PB configuration in the

The climate model used in this study is the Iow-resolutiontwo sensitivity experiments. They’re very similar, except that

version of the Community Climate System Model, Version 3 the starting times qnd_restoring state in the PB zone are differ-
(CCSM3 T31gx3v5) with a dynamic global vegetation mod- ent. The first sensitivity experiment (PBeBA) starts from

ule. CCSM3 is a global, coupled ocean-atmosphere-sea icetd- 77 ka. At thistime, the AMOC is under the collapsed state
land surface climate model without flux adjustment (Yeageralnd deep-water formation in both the Labrador Sea and GIN

etal., 2006; Collins et al., 2006a). The atmospheric model js>€@ aré suppressed. In this run, the salinity and temperature

the Community Atmosphere Model Version 3 (CAM3) with of the PB zone are restored to the PreBA state (14.67 ka, start

horizontal resolution of about 3.75 3.75 and 26 vertical ime of the BA onset in L09). Its initial 100 yr integration
hybrid coordinate levels (Collins et al., 2006b). The land (14.77-14.67 ka) shows that the PB scheme doesn't induce

model is the Community Land Model Version 3 (CLM3 significant shift of the AMOC strength. The second sensi-

with same resolution as the atmosphere (Dickinson et al.iVity experiment (PBREC) restarts from 14.5ka (REC). At
2006). The ocean model is the NCAR implementation 0fthistime,the AMOC strength has recovered to its LGM level,

the Parallel Ocean Program (POP) with vertical z-coordinate?"d the deep-water formation in the Labrador Sea has been
and 25 levels (Smith and Gent, 2002). The longitudinal resof€covered and enhanced, but is suppressed in the GIN Sea.
lution is 3.6 degrees and the latitudinal resolution is variable," this run, the salinity and temperature of the PB zone are
with finer resolution in the tropics and NA. The sea ice model €Stored to the REC state. The restoring time scale in both

is the Community Sea Ice Model (CSIM) with the same r(_:‘S_sensitivity experiments is 90 days. The integration Ien_gth of
olution as the ocean model (Briegleb et al., 2004). the PBPreBA and PBREC are 600 and 300 yr, respectively.

2 Model and experiment setup

Clim. Past, 7, 935940, 2011 www.clim-past.net/7/935/2011/



J. Cheng et al.: NA-GIN Sea exchange impact deglacial AMOC overshoot 937

3 Results PB_PreBA Sv
21 — % ! ! v
4 |
When implementing the PB scheme at the different stages ® 3 | — 5ius
of the BA onset, the deep-water formation in the GIN Sea ' 7 | e
barely restarts in either sensitivity experiment (red solid line ' 3 A
|
I~
|
[
|
|
i

,,,,,,,,

in Fig. 2a and b). Comparing with the DGL-A run, the recov- ° E

ering magnitude of the deep-water formation in the GIN Sea z : 1

are reduced by nearly 100 % and 80 % for the P®8BA and 0 3 3 =

PB_REC run, respectively. The evolution of the deep-water  ,, ; i

formation in the Labrador Sea is also affected slightly by the PB REG o
PB scheme. In the PBreBA run, the recovery magnitude 21 - 1 1 %7 5

is lower by about 2 Sv than the DGL-A run (blue solid and s e s ! (R
dash line in Fig. 2a). In the PREC run, the latter rate of 15 — wDWENS) 1

and dash line in Fig. 2b). °7
As stated in Cheng et al. (2011), the enhanced deep-water °
formation in the Labrador Sea and GIN Sea during the BA ° 7o) ‘
onset is related to their previous intense full-depth freshen- ° 0 1o M i vas7 115 raso o
ing. During the AMOC recovery over this period, the ac- Time (ka BP)
companying resumption of salinity first occurs in the upper
layers and then propagates downward through the restartegig. 2. AMOC strength (black solid line) and regional deep-water
convection. The salinity’s recovery in the deep layers lagsformation rate in Labrador Sea (shown as “NADW (Lab S)”, blue
that in the upper layers, which leads to a weak stratificationsolid line) and GIN Sea (shown as “NADW (GIN S)”, red solid line)
and in turn an enhanced deep-water formation in these twdor PB_PreBA(a) and PBREC (b) runs. Dashed lines are the cor-
regions. After that, the enhanced deep-water formation in théesponding series in DGL-A run. AMOC strength is defined as the
Labrador Sea has been removed by the reorganized stratifft@ximum streamfunction of NA under 500 m depth. Deep-water
cation (14.5-14.11 ka, blue dash line in Fig. 2), but has beel{ormatlon rate in the_GIN Sea is defined as the vertical maximum
hold on in the GIN Sea due to increased GHG forcing andvalue of streamfunction at the south edge of the GIN Seai§2

. ) . Deep-water formation rate in Labrador Sea is defined as the differ-
f[hngsszc))CIated sea ice retreat (14.32-14.11ka, red dash “%%ce of AMOC strength and deep-water formation rate in the GIN
in Fig. 2).

Sea, assuming AMOC strength defined here represents the total rate
This transient enhanced deep-water formation in theof deep-water formation in NA. Inverted triangles and black, blue,
Labrador Sea is not simulated in the PBeBA run (blue  and red circles represent the restoring time of each sensitivity exper-
solid line in Fig. 2a). The implementation of the PB schemeiments, the LGM level of AMOC strength, and regional deep-water
is thought to be mostly responsible for its absence. The PBormation rate in the Labrador and GIN Sea, respectively. All series
zone locates partially at the northeast edge of the Subpolatre based on the decadal mean data, and apply the 3-point running

Gyre of the NA (Fig. 1). Along with the salinity recovery in means.
the Labrador Sea, the PB zone becomes a freshwater source
to the region of the Subpolar Gyre due to its restored low
Sa“nity_ The induced negative Sa"nity anoma|y in deep |ay- near its initial level through the comparable and opposite evo-
ers is transported upward through the Ekman pumping oﬂution of deep-water formation in the Labrador Sea and GIN
Subpolar Gyre, which weakens the strengthening trend of thé&€a (solid lines in Fig. 2b). Compared with the DGL-A run,
local stratification. As a result, the resumption of deep-waterthe reduced recovery magnitudes of the AMOC strength are
formation in the Labrador Sea is limited and no enhancedabout 11 Sv and 6 Sv in the PBreBA and PBREC run, re-
phenomenon is generated in this PB run. Compared to thépectively.
GIN Sea, the impact of PB scheme on the Labrador Sea is The PB scheme inhibits the salt and heat input to the GIN
relatively minor, and its impact on the AMOC evolution is Sea within the upper layers in both sensitivity experiments
minor too (Fig. 2a). (Fig. 3a and b). Compared with the DGL-A run, the re-
Due to the changed evolution of the deep-water forma-covery ratios of the salt input are27 % and 60% in the
tion in these two regions, the AMOC does not exhibit the PB_.PreBA and PBREC runs, respectively. Meanwhile, the
overshoot phenomenon in these two sensitivity experiment$eat input exhibits virtually no recovery in either sensitivity
(black solid line in Fig. 2). In the PBPreBA run, the lack of  experiment. Because the sea ice concentration over the GIN
recovery of the deep-water formation in the GIN Sea preventsSea is closely connected with the amount of the heat input
the AMOC strength from recovering to its glacial state, andwithin upper layers, the reduced recovery of heat input in
leads to an overall weakening of about 3 Sv (black solid lineboth sensitivity experiments leads to sustained extensive sea
in Fig. 2a). In the PBREC run, the AMOC strength remains ice covering this region (Fig. 3c). The meltback of the sea

that is slightly higher than that in the DGL-A run (blue solid 2 <""%__
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Fig. 3. Time series evolution of upper layer (0—800 m) gajtand SAT difference at BA (DegC)
heat(b) input to the GIN Sea, sea ice concentration (AICE, c), sur- 1510 -5 -2 -1-0505 1 2 5 10 15

face heat flux (SHF, d) and maximum mixed layer depth (XMXL,
(e)) area means in the GIN Sea. Variables in DGL-A,_ P&BA,

and PBREC runs are shown in black, red and green, respectively. Fig. 4. SAT difference of PEPreBA(a) and PBREC (b) to DGL-

A run at the time of 14.32 ka (maximum AMOC overshoot, seen in
Fig. 2).

ice over this region is only about 20 % in the FREC run,
while there is no meltback in the PBreBA run relative to iments, and is near|y identical to the proposed value from
the DGL-A run. Since surface heat flux (SHF) over the GIN | 09. The spatial distribution of the reduced warming in the
Sea is dominated primarily by sea ice covering, the reduced\orth Hemisphere and the weak enhanced warming in the
meltback of sea ice induces a very similar evolution of the South Hemisphere (the positive magnitude is less thah@®.5
SHF in both sensitivity experiments (Fig. 3d). in the PBREC run) indicate that the AMOC overshoot can
Cheng et al. (2011) revealed the two processes which govimpact the global SAT change during the BA event. This
ern the deep-water formation restarting in the Labrador Sedemispheric “see-saw” pattern in the SAT closely mimics
and GIN Sea during the BA onset in the DGL-A run: the first the climatic response to the AMOC strength change in other
is the “local” processes dominated by the intensity of SHF; model studies (Stocker, 1998; Vellinga and Wood, 2002).
the second is the “non-local” processes dominated by the inThe center of the reduced warming in the North Hemisphere
tensity of salt input within upper layers. In these two sen-locates over the GIN Sea, where the reduced magnitudes of
sitivity experiments, the inhibited recovery of the local SHF BA warming are more than I'&.
and salt input jointly induce the weak recovery of local con-
vection (XMXL, Fig. 3e) and the sustained low deep-water
formation in the GIN Sea (red solid line in Fig. 2). 4 Conclusions
LO9 proposed that the AMOC overshoot is a key factor
in the BA warming, contributing to approximately°@ of With two additional sensitivity experiments to the DGL-A
the total 15C warming over the Greenland during the BA run, we explicitly found that the NA — GIN Sea oceanic ex-
onset. In these two sensitivity experiments, we can explic-change is critical to convection restarting in the GIN Sea,
itly validate L09’s hypothesis and provide insight into the the occurrence of the AMOC overshoot, and the full magni-
detailed spatial distribution of the AMOC overshoot impact tude of the BA warming. Compared with the atmospheric
on the BA warming. Fig. 4 shows the climatic impact with process, oceanic processes are the dominant factor to the
no overshoot on the surface air temperature (SAT) in thes@AMOC evolution during the BA event. In the original
two sensitivity experiments. Greenland SAT warming is re- DGL-A run, the atmospheric process indeed contributes to
duced by~5°C with no overshoot in both sensitivity exper- convection restarting in the GIN Sea. The heat input, sea ice

Clim. Past, 7, 935940, 2011 www.clim-past.net/7/935/2011/
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covering, and SHF all exhibit an intense recovery (black lines turning circulation during deglaciation, Nat. Geosci., 3, 567-571,
in Fig. 3b-d); consequently, this series of recovery is benefi- doi:10.1038/ngeo922010.

cial to the local restart in convection (black lines in Fig. 3e). Briegleb, B. P., Bitz, C. M., Hunke, E. C., Lipscomb, W. H., Hol-

In the sensitivity experiments presented here, we explicitly and, M. M., Schramm, J. L., and Moritz, R. E.: Scientific de-

point out that the atmospheric processes are not the domi- scription of the sea ice component in the Community Climate
nant factor, and act as a slave to oceanic processes. System Model, Version Three. Tech. Rep. NCAR/TN-463+STR,

We found that the GIN Sea is a key region responsible for National Center for Atmospheric Research, Boulder, CO, 78 pp.,
the occurrence of the AMOC overshoot gt the BA. This is Cheng,.J., Liu, Z., He, F., Otto-Bliesner, B. L., Brady, E., and
consistent with previous work that also point out the funda-  \yehrenberg, M.: Simulated two-stage recovery of Atlantic
mental importance of the GIN Sea to the AMOC changes Meridional Overturning Circulation during last deglaciation.
under the possible climate change in the model simulations AGU Monograph: Understanding the Causes, mechanisms and
(e.g., Stouffer et al., 2006). extent of the Abrupt Climate Change, in press, 2011.

In these two sensitivity experiments, we also validate Collins, W. D., Bitz, C. M., Blackmon, M. L., Bonan, G. B.,
L0O9’s hypothesis concerning the AMOC overshoot impact Bretherton, C. S., Carton, J. A, Chang, P., Doney, S. C.,
to the Greenland SAT change during the BA onset. Further- Hack, J. J., Henderson, T. B., Kiehl, J. T, Large, W. G,
more, we found that the AMOC overshoot can significanty ~McKenna, D. S., Santer, B. D., and Smith, R. D.: The commu-
impact the BA warming in the North Hemisphere far away nlty climate system model: CCSM3, J. Clim., 19, 2122-2143,

. . doi:10.1175/JCLI3761,120064a.
from the high-latitude NA.

int th houl . i< that th . Collins, W. D., Rasch, P. J., Boville, B. A., Hack, J. J., Mccaa, J.
One point that should be noticed is that the term “over- R., Williamson, D. L., Briegleb, B. P., Bitz C. M, Lin S. J., and

shoot” used here is somewhat different from that shown in - 7nang M.: The Formulation and Atmospheric Simulation of the
the water-hosing experiments. Actually, the simulated BA  community Atmosphere Model Version 3 (CAM3), J. Clim., 19,
overshoot in the DGL-A run is a combination of a “pure  2144-2161, 2006b.
overshoot” and a mean-state transition of the AMOC from aCunningham, S. A., Kabzow, T., Rayner, D., Baringer, M. O.,
glacial to an interglacial state. The peak value of the AMOC  Johns, W. E., Marotzke, J., Longworth, H. R., Grant, E. M.,
strength during the BA event reaches about 20 Sv (black dash Hirschi, J. J.-M., Beal, L. M., Meinen, C. S., and Bryden, H.
line in Fig. 2). It's higher than that of 13 Sv at the LGM, L.: Temporal variability of the Atlantic meridional overturning
and is also higher than that of 18 Sv during the later stage of _circulation at 26.3N, Science, 317, 935-937, 2007,
the BA event. Therefore, there’s a significant AMOC over- 4 Vernal, A. and Hillaire-Marcel, C.: Provincialism in trends and
shoot during the BA event, either when compared with the high frequency changes in the northwest North Atlantic during
! the Holocene, Global Planet. Change, 54, 263-290, 2006.
Ya'ue at LGM or'late'r BA' The Stabl_e AMOC strengt.h dur- Dickinson, R. E., Oleson, K. W., Bonan, G., Hoffman, F., Thornton,
ing thg later BA is similar with that in the modern simula- P., Vertenstein, M., Yang, Z-L., and Zeng, X.: The Community
tion with the same CCSM3 model (Yeager et al., 2006), and | and Model and its climate statistics as a component of the Com-
observations (Roemmich and Wunsch, 1985; Talley et al., munity Climate System Model, J. Clim., 19, 2302-2324, 2006.
2003; Cunningham et al., 2007). Accordingly, there’s alsoDong, B. and Sutton, R. T.: Mechanism of interdecadal thermoha-
a glacial-to-interglacial mean state transition of the AMOC line circulation variability in a coupled ocean-atmosphere GCM,
during the BA onset. Even combined with a mean state tran- J. Climate, 18, 1117-1135, 2005.
sition, the recovery processes of the AMOC during the BA Hillaire-Marcel, C., de Vernal, A., and Piper, D. J. W.: Lake Agassiz

onset are similar to that in an idealized water-hosing experi- gnal cl:l_raina:?f ﬁ‘i‘;gtoi” t_k_‘leo”fgzhg‘/’;gg;\'(g[tgg'ggagé%fe°phy5'
ment under the glacial state (not shown). es. Lett., 34, Hoi-10. 9@007.
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