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Abstract. We present a coupled global climate model the simulation and model years 500-599 exist. Further, the
(CGCM) simulation, integrated for 1500 yr to quasi- difference between simulated and proxy SST is reduced from
equilibrium, of a stadial (cold period) within Marine Isotope model years 500-599 to the last century of the simulation.
Stage 3 (MIS 3). The simulated Greenland stadial 12 (GS12The results of the ENSO variability analysis is also shown to
~44 ka BP) annual global mean surface temperatiigei$ depend on the equilibration.

5.5°C lower than in the simulated recent past (RP) climate
and 1.2C higher than in the simulated Last Glacial Maxi-

mum (LGM; 21 ka BP) climate. The simulated GS12 is eval-
uated against proxy data and previous modelling studies of
MIS3 stadial climate. We show that the simulated MIS 3 cli-
mate, and hence conclusions drawn regarding the dynami
of this climate, is highly model-dependent. The main find-
ings are: (i) Proxy sea surface temperatures (SSTs) are high
than simulated SSTs in the central North Atlantic, in con-
trast to earlier simulations of MIS 3 stadial climate in which

Introduction

C@reenland ice core oxygen isotope recoidar{sgaard et al.
1993 North Greenland Ice Core Project Memhea804) in-
icate that climate varied between cold (stadial) and mild
interstadial) conditions during MIS 3, approximately 60 ka
BP to 30ka BP. Greenland ice core records show abrupt

proxy SSTs were found to be lower than simulated SST. (ii)tLansitions flrjom cold, §tgdial :}0 mildbg]terstadial ]f:cl)lnditi(()jn;
The Atlantic Meridional Overturning Circulation (AMOC) (known as Dansgaard-Oeschger (DO) events) followed by

slows down by 50 % in the GS12 climate as compared to the® slow cooling Iasting_several centuries and a more rapid drop
RP climate. This slowdown is attained without freshwater ©© cold stadial _condltlonsl-(uber et al,: 200. The mecha-
forcing in the North Atlantic region, a method used in other nisms r_esponmbleforthe_se abrupt climate shlfts_ are not clear.
studies to force an AMOC shutdown. (iii) El-fid-Southern The Sh'fts gould b.e expla|r_1ed by, €.g. changes in ocean ther-
Oscillation (ENSO) teleconnections in mean sea level Iores_mohallne circulation, sea ice feedbacks, and/or tropical pro-
sure (MSLP) are significantly modified by GS12 and LGM cesses@lement and Petersp2009, although each of these
forcing and boundary conditions. (iv) Both the mean statemech"’m'SmS has explanatory strengths and weaknesses.

and variability of the simulated GS12 is dependent on the N this article, results of a CGCM simulation of Green-
equilibration. The annual global medg only changes by land Stadial 12 within MIS 3~44 ka BP (Svensso_n et a_l. _
0.10°C from model years 500-599 to the last century of the 2008, are presented. The purpose of the GS12 simulation is

simulation, indicating that the climate system may be close© €St the ability of a state-of-the-art climate model to repro-
to equilibrium already after 500 yr of integration. However, duce the climate during an MIS 3 stadial in agreement with

significant regional differences between the last century ofPTOXy data. Until recentlyNlerkel et al, 2010, no CGCM
simulations had been performed for MIS 3 conditions. The

present study, however, differs frolterkel et al.(2010 in
Correspondence tal. Brandefelt two major aspects: (1) higher grid resolution of the different
BY (ienny@mech.kth.se) components of the CGCM in the present study; and (2) the

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

650 J. Brandefelt et al.. CGCM simulation of MIS 3 stadial climate

simulation was integrated for a total of 1538 yr allowing for is described in terms of global annual mean quantities and in
equilibration of the simulated climate in the present study, aserms of regional climate. Specifically, the simulated climate
compared to 260 yr of integration Merkel et al.(2010. from the earlier part of the GS12 simulation is compared to
Previous modelling studies of MIS 3 had been performedthe quasi-equilibrium that was reached towards the end of
with an atmospheric general circulation model forced by re-the simulation. The agreement between simulated and proxy
constructed sea surface temperatuf@arion and Pollard  SST and surface temperature is described in Sedflerkel
2002 Pollard and Barron2003 and with coupled models et al. (2010 investigate EI-Nfio-Southern Oscillation tele-
of intermediate complexityJ{n et al, 2007 Rial and Yang connections in simulations of MIS 3 stadial and interstadial
2007 van Meerbeeck et al2009. climate and in a simulation of the LGM climate. They find
Barron and Pollarg2002 andPollard and Barroi2003 that glacial boundary conditions induce major modifications
find that MIS 3 variations in orbital forcing, Scandinavian ice to ENSO teleconnections and that the “blueprint” of modern
sheet size, and atmospheric £€@oncentrations could not ENSO teleconnections should only be applied with caution
explain the differences between a cold and a milder MIS 3to glacial climate periods.Merkel et al.(2010 base their
state found in proxy data. A limitation of their study is, how- analysis on relatively short simulations, since their MIS 3
ever, the use of prescribed SSTs which precludes changesmulations were integrated for 260-360 model years start-
in the state of the ocean in response to changes in forcingng from their LGM climate simulation. Based on the re-
and boundary conditionsvan Meerbeeck et a(2009 use  sults presented in the present study, it is reasonable to believe
an Earth system model of intermediate complexity to sim-that the simulated climate analysed lerkel et al.(2010
ulate MIS 3 stadial and interstadial climate. Their study has not fully reached an equilibrium. We hypothesise that
indicates that climate variability during MIS 3 could not not only the mean state but also the variability is influenced
be explained by MIS 3 variations in orbital forcing, atmo- by the equilibration. To test this hypothesis we determine
spheric dust concentration and atmosphericCCHy and ENSO teleconnections in MSLP for the simulated GS12 cli-
N2O concentrations. mate, and for comparison from simulations of LGM and RP
An advantage of intermediate complexity climate mod- climate with the same model (Se&). Finally, we discuss
els is that the experiments can be integrated for severahow the present findings compare to other modelling studies
thousands of model years using a reasonable amount aif MIS 3 climate, with focus on the most recent studies by
computing-time. The CGCM simulation presented here isvan Meerbeeck et a{2009, Merkel et al.(2010 andKjell-
integrated for~1500 model years, which is quite long as strom et al.(2010 (Sect.6).
compared to other CGCM studies of past climate, but too
short to determine if the simulated climate reaches an equi-
librium or if there is internal variability on (multi-)millennial 2 Methods
time-scales. Trends in atmospheric temperature and oceanic
temperature and salinity decrease towards the end of the sin2.1 Model and experiments
ulation presented here and we therefore chose to use the term
guasi-equilibrium to designate the simulated climate towardsThe National Centre for Atmospheric Research (NCAR)
the end of our simulation. Community Climate System Model version 3 (CCSM3) is
Authors van Meerbeeck et al2009 find that a better a global, coupled ocean — atmosphere — sea ice — land sur-
agreement with proxy data for stadial MIS 3 climate is ob- face climate modelQollins et al, 2006. For the simulations
tained with a strong, additional freshwater flux in the mid- described here, the atmospheric and land components share
latitudes of the North Atlantic Ocean, which slows down the a horizontal resolution of T42 (equivalent grid spacing of ap-
AMOC. They conclude that freshwater forcing is necessaryproximately 2.8 in latitude and longitude). The ocean and
to induce the shift from warm to cold interstadials and sug-sea ice components share a horizontal grid of33@ points.
gest a change in perspectives, i.e. that stadial climate repFhere are 26 levels in the atmosphere and 40 levels extending
resents a perturbed climate state rather than a typical neate 5.5-km depth in the ocean.
equilibrium MIS 3 climate. We investigate if this hypothesis  The GS12 climate simulation is compared to an RP (AD
is in agreement with the results of the CGCM simulation pre-1990) and an LGM simulation. All three simulations were
sented here. run at the same horizontal and vertical resolution. The RP
Data from the earlier part of the GS12 simulation pre- simulation is the standard control simulation performed at
sented here was used in dynamical downscaling with a reNCAR (DeWeaver and Bit2006, which was run for a total
gional climate model for EuropeK{ellstrom et al, 2010. of 1000 model years. Model years 700—-999 are used here to
Here we present results from the equilibration of the CGCMrepresent RP climate.
simulation and the quasi-equilibrium that was reached to- The LGM simulationis a 1462 yr continuation of the LGM
wards the end of the simulation. The model, forcing andsimulation performed at NCARJtto-Bliesner et aJ.2006.
boundary conditions, and the proxy SST data are described ifthis simulation follows the protocols established by PMIP2.
Sect.2. In Sect.3, the equilibration of the simulated climate The last 300 yr are used here to represent LGM climate.
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a Table 1. Atmospheric GHG concentrations and orbital forcing for
the GS12 simulation as compared to the LGM and RP simulations
g (Spahni et al.2005 Liithi et al, 2008 Berget 1979.
3
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The atmospheric GHG concentrations used in the GS12 sim-
Fig. 1. Annual mean timeseries for the GS12 simulati@r).Global ~ ulation were chosen according to ice core measurements
mean sea ice concentration (SIC) afg (b) maximum of the  (Spahni et a].2005 Luthi et al, 2008. Atmospheric GHG
AMOC streamfunction and the oceanic northward heat transport atoncentrations were much lower during GS12 than today, but
50°C, (c) volume-averaged temperature of the upper 50 m and thesomewhat higher than during the LGM (Taldg Atmo-
abyssal ocean (below 2000 m deptfy)) volume-averaged salinity  spheric 0zone and aerosol concentrations were set to their
of the upper 50 m and the abyssal ocean. The mean of the last 300¢_inqustrial concentrations in the GS12 simulation as well
yr of the simulation is shovyn asa ho.“Z(.)mal line for each Varlable'as in the LGM simulation, following the PMIP2 protocols for
Gaps in the ocean curves indicate missing data. the LGM. Aerosol concentrations are likely underestimated
since ice core records indicate higher concentrations of min-
eral dust at high latitudes for large parts of the glaciated time

periods Lambert et al.2008. The solar constant was set to

compared to the LGM climate described Byto-Bliesner . . )
- L its present-day value, 1365 W in the GS12 simulation
et al. (2009. This difference is discussed Hyrandefelt as well as in the LGM and RP simulations. The insolation

and Otto-Bliesnef2009 who describe the equilibration of was calculated following@erger(1979. The amount of in-

the LGM simulation from the quasi-steady state analysed by o i . . . .
Otto-Bliesner et al(2006 to a new quasi-equilibrium. solation in Northern Hemisphere mid and high latitudes is

The GS12 simulation was initiated after 900 yr of the mostly controlled by the obliquity (the tilt of the Earth’s axis

. o X : of rotation) and precession (the precession of the Earth’s axis
Ir‘;'\c/lhzénzlggon’ ":S".\_’;heq.g;? ri:m_l#]agigrtg Macr:g]t?;e r:];:r of rotation) signals. A major difference in the forcing during
W quasi-equiiibrium. ng u YMIS 3as compared to the LGM is the seasonal and latitudinal

conditions were changed to represent G512 conditions an istribution of the incoming solar radiation. The largest abso-

?ﬁj;ﬁég:)myﬂlgggzggsgg?ef?(: ?etsrtglsg:‘tlg?lggﬁﬂgf;ars'lute differences between GS12 and the LGM are found in the
" high latitudes. The Northern Hemisphere summer insolation
at 63 N was 17 Wnt?2 higher (10 W m? lower) at 44 ka
2.2 Forcing and boundary conditions BP (21ka BP) than today (see Fig. 3 kjellstrom et al,
2010. Another difference between GS12 and the LGM is
The CGCM determines the coupled evolution of the atmo-that GS12 minus RP insolation differences are most promi-
spheric circulation, oceanic circulation, sea ice extent anchent in the Northern Hemisphere, whereas LGM minus RP
thickness and the upper portion of the land surface. Due tansolation differences have similar magnitudes in both hemi-
computational limitations, not all processes that may be ofspheres. The latitudinal gradient in the GS12 minus RP in-
importance are included in the computations. Some comsolation difference is due to the combined effect of oblig-
ponents of the system are set constant, under the assumptiaiity and precession differences. Obliquity was higher dur-
that these vary on longer time scales than the time scale of thing GS12, with large differences between winter and summer

This LGM climate has a global surface cooling of 1 as
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from a simulation with CLIMBER-2 Calov et al, 2005,

a simulated Fennoscandian MIS 3 ice sheet fRIB (2006

and an Antarctic ice sheet of 14 ka BP from the ICE-5G data
(Peltier, 2009. The latter period was taken as a proxy for the
Southern Hemisphere ice sheet at 44 ka BP. The CLIMBER-
2 model simulates an ice sheet in Alaska for the period
around 44 ka BP, but proxy data indicate that no ice sheet
was present in this region (see descriptioMNaslund et al.
2008. This part of the CLIMBER-2 ice sheet was therefore
removed.

The GS12 simulation presented here is initialised from
the LGM simulation keeping sea level and bathymetry un-
changed. The impact of this difference {20 m instead of
between—45m and—75m as indicated by the reconstruc-

60 N tions of sea level) on the position of the coast line is, how-
30°N ever, modest at the coarse scale of the global model. The
main difference is that the Barents and Kara Seas are mostly
0 land with a sea-level lowering of 120 m, but are below sea
. level with a lowering of between 45 and 75m. Although
30 S global sea level was higher during MIS 3 than during the
60° S LGM, it is not clear what conditions prevailed in this region

during GS12. Geological evidence indicate that the Barents
and Kara Seas ice sheet was extensive in the period 60-50 ka
BP (Svendsen et gl2004). To determine the influence of the
absence of a Barents and Kara Sea on ocean circulation, and
specifically on the deep water formation in the Nordic Seas,
sensitivity tests are needed. Such tests are, however, beyond
the scope of this article. The simulation presented here uses
the same setup with a 120 m lowering of the sea level in both
L GM and MIS3 climate simulations asn Meerbeeck et al.

Fig. 2. January—MarcH?> , (shading) and sea ice concentration
(SIC) (contours at-10 % and—20 %). Difference between the last
century of the simulation (model years 1440-1539) and model year
500-599 (top panel) and model years 1000-1099 (bottom panel)?.zoog) andMerkel et al.(2010.
Units are°C and %, respectively. Only statistically significant dif-
ferences (at the 95 % level) are displayed. The coastline is defined-3 Proxy data
at 20 % of the land fraction.

The model results presented here are compared to SST and

atmospheric temperature proxy data of GS12 climate. Quali-
insolation as a result. Precession influences the direction ofative, proxy-based information for Dansgaard-Oeschger cy-
the Earth’s axis of rotation with respect to the Sun such thaftcles is also registered in land records (&phlfarth et al,
the NH (SH) has a stronger seasonal cycle in insolation for2008 Wohlfarth, 2010, but the chronological control is of-
the GS12 (RP). ten poor and quantitative data is lacking why a detailed com-

parison is limited.
2.2.2 Ice sheets, topography, and bathymetry

2.3.1 Oceanic temperature and sea ice extent
Ice sheets were more extensive during the LGM than dur-
ing MIS 3, which can be inferred from reconstructions of seaThe simulated GS12 climate is compared to proxy SST data
level (Lambeck 2004 Siddall et al, 2008. These recon- compiled in an extended version of tNeelker and work-
structions give a lowering of the sea level of 120 m for the shop participant$2002 database. The data is listed along
LGM and a lowering of between 45 and 75m for MIS3.  with references and errors given by the authors in the Ap-

The extent and topography of the North American, pendix. The 20 uncertainty for the proxy SSTs ranges
Fennoscandian, and Antarctic ice sheets are not well confrom 0.4 to &C, with a median value of 1°C. This un-
strained for the MIS 3 periodNohlfarth and Naslund2010.  certainty range is determined as two times the error given
The ice sheet configuration used for the GS12 simula-by the authors for each individual proxy SST value plus the

tion (see Fig. 2 inKjellstrom et al, 2010 is based on standard deviation in those cases when a mean SST value is
Wohlfarth and Nislund(2010. The resulting ice sheets are calculated from the multiple values available for the GS12
taken as a combination of a North American MIS 3 ice sheetinterval. The error given by the authors is generally the

Clim. Past, 7, 64970, 2011 www.clim-past.net/7/649/2011/
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Table 2. Reconstructed temperature fraffO from Greenland and Antarctic ice cordekinsen et 812001 EPICA Community Members

200§ Jouzel et a].2007 Kawamura et a.2007) and froms1°N from a Greenland ice coréi(iber et al.2006. The simulated annual mean

T> m at the closest grid point is given in parentheses for each location. The EDC and Dome F data are given as a difference between GS12
and the last 1000 yr.

Location Year Tes12 Tesiz-Tiem Tesiz=Trp  Tesiz—T1000
ka BP °C °C °C °C
GRIP 72N, 3P W 44 50 (~35) 7(5.0) —18(-15)
NGRIP 73N, 43 W 44 —51(-36) (4.0) ¢16)
EDML —75°S,CPE 44  —50(-36) 2.8 (3.3) £5.7)
EDC —75°S,123E  43.1-44.2 £57) (2.5) ¢11) -6.6—8.8
DomeF —77S,39E 42.4-434 £58) (3.0) £84) -7.0—72

“analytical error”, for example associated with the transfer2.3.2 Atmospheric temperature
function method used to transfer primary data to SST. For
some past microfossil faunal compositions modern analogd he simulated temperature is also compared to reconstructed
can be scarce or do not exist (non-analog problem), resultingemperature from ice coré*®0 records from Greenland
in larger standard deviations and potentially introducing fur- (Johnsen et gl.2001) and Antarctica EPICA Community
ther uncertainty in the proxy SST data. Moreover, the errorMembers 2006 Jouzel et a.2007 Kawamura et a).2007)
given by the authors does not include the uncertainty associand as15N record from GreenlandHuber et al, 2006 rep-
ated with dating and possible migration of a species withinresenting GS12. The reconstructed temperatures and the lo-
the upper water column or seasonal shifts in the months ofation of the ice cores are given in TakleWe use data from
highest flux. We compensate for all these potential uncerthe Greenland Ice Core Project (GRI®hnsen et g1200])
tainties by using two times the error estimated for each site. and from the North Greenland Ice Core Project (NGRIB:

The uncertainty range for the proxy SSTs is comparableber et al, 2006. For Antarctica we use data from the Euro-
to the errors given for LGM SSTs of the gridded multiproxy pean Project for Ice Coring in Antarctica (EPICA) from the
approach for the reconstruction of the glacial ocean surfacénterior of Dronning Maud Land (EDMLEPICA Commu-
(MARGO Project Member2009. The error estimates for nity Members 20069, EPICA Dome C (EDCJouzel et al.
the MARGO SST data are in the range of 0.8@9with 2007, and Dome Fuji (Dome Fawamura et a)2007). The
a median value of 1.9%C. These error estimates represent 1 available data represents the absolute temperature (GRIP,

standard deviation. NGRIP, EDML) and the difference between GS12 and the
To assess the agreement between simulated and proxgst 1000 yr (EDC, Dome F).
SSTs we definé: Huber et al. (2009 determine the uncertainty in the

NGRIP reconstructed temperature fréf?N from ice core
8 = SSTsimulated— SSTproxy records ta+3°C, representing two standard deviations. Un-

at sites where proxy SSTs are available for GS12. The tWd:ertainty estimates are not available for the data from the
data types are considered to agree at sites where the sim@ther ice cores.
lated SST falls within the uncertainty range of the proxy SST

ASST, ,i.e.wh ili i
( proxy), iI-€. when 3 Equilibration

8 < ASSTproxy- 2
As mentioned earlier, the GS12 simulation was initiated from
The proxy SSTs are also used to infer sea ice extent duringhe new LGM quasi-equilibrium described Byandefelt and
GS12 winter and summer followingarnthein et al(2003,  Otto-Bliesner(2009. The simulation was initiated with the
who suggested that North Atlantic sites with an SST of moregppropriate increases in atmospheric GHG concentrations,
than 0.#C (JFM) and 2.3C (JAS) would be sea ice free orhital forcing, and decrease in ice sheet topography, but with
(<50% SIC). surface albedo appropriate for LGM ice sheets. The change
Proxy temperature representing GS12 conditions is alsqn the surface albedo (to account for the decrease in the extent
available for~150 m depth at a site located off the coast of of jce sheets) was introduced after 55 yr of integration. This
Ecuador at ON, 86.6° W (Pena et a].2008, and for 2656 m  procedure influences the evolution during the first century,
depth at a site located off the coast of Portugal at 3,6  but does not have an effect on the long-term evolution of the
10.° W (Skinner and Elderfield2007). simulated climate. The stepwise change in the boundary and
forcing conditions is visible in the timeseries displayed in
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Fig. 1. The initial change in radiative forcing and topog-
raphy has only a marginal short-term effect on the annual
global mearTs, whereas the change in surface albedo gives
an increase of the annual global megnof approximately
0.5°C within a few years.

After the change in surface albedo, the annual global
meanTs slowly adjusts to the imposed changes in forcing
and boundary conditions. From this slow adjustment one
may be tempted to conclude that the simulated climate has

Annual - reached a new equilibrium after 400-600 yr of integration.
1200 W 60 W o 60’ E 120 E Although the annual global med®g only changes by 0.10C
from model years 500-599 to the last century of the simu-
lation (model years 1440-1539), statistically significant re-
gional differences (at the 95 % level) exist in boreal winter
(January—March; JFM). The JFM temperature at 2 m height
(T2 m) is more than 2C higher in the northern North Atlantic
region during the last century of the simulation than in model
years 500-599 with a maximum of € located in Southeast-
ern Greenland (FigR). Further, the precipitation rate is in-
creased by more than 20 % in this region with a maximum of
65 % located in Southeastern Greenland (not shown). These

-

January-March differences are associated with a decrease of 20-30 % in sea

120W 60W 0 80 E 120 E ice concentration (SIC; Fig).

The cause of these differences is found in the slow ad-
justment of the ocean, which can be seen in the time series
of surface and abyssal salinit§s(;r and Sanyg and poten-
tial temperatureXsyrf and Tapyg in Fig. 1. These results are
in agreement witlBrandefelt and Otto-Bliesng2009 who
show that the evolution of the abyssal ocean temperature and
salinity need to be taken into account when determining if
a climate simulation has reached a new equilibrium.

Oceanic northward heat transport at°BDand AMOC
Julv-September strength increases for the first 1000 yr of the integration lead-
120 W60 W 0 60 E 120 E ing to a decreased sea ice cover (Hig.After the first 1000
yr changes inf>m and SIC are small (Fig2). Ssurf (and
Saby9 increases (decreases) by 0.640(006) psu per cen-

0<8<2 ® 2:5c4 ® 4:5<6 ® > . . . .
250 @ acic2 @ Geied @ <6 tury during the last 300 yr .of the simulation, but the major
adjustment of the salinity field to the change from LGM to
L [ 7 . GS12 boundary and forcing conditions occurs during the first
3 0 3 B8 9 12 15 18 21 24 27 ~1200 model years. These results indicate that the simulated
climate is approaching a new equilibrium, and we therefore
Fig. 3. Simulated SST (grey shading) and the differedcbe- |t the last 300 yr of the simulation represent the simulated

tween simulated and proxy SST (coloured circles/squares) for ans12 climate. To indicate that equilibration may not be fully

nual mean (top panel), January-March (middie panel), and July— ) eteqd we use the term quasi-equilibrium. To confirm

September (bottom panel). The circle/square is surrounded b%r disorove if the climate is abproaching an equilibrium. the
a black line at sites whelgs|| < (the uncertainty in the proxy SST). P PP 9 q '

Unit °C. Seaice covered (sea ice free) proxy sites are plotted With'5|mulat|0n WOUl_d have to be extended for a millennium or
squares (circles). The simulated sea ice edge, defined at 50 % are@/€n longer (which would take one calendar year on the com-

sea ice cover, is also displayed for GS12 (red line) and RP (greefuting facility used for these simulations).
line). The coastline is defined at 20 % of the land fraction.

4 Stadial climate
4.1 Oceanic temperature

Simulated SST is shown for annual mean, boreal winter
(JFM), and boreal summer (July—September; JAS) in Eig.

Clim. Past, 7, 64970, 2011 www.clim-past.net/7/649/2011/
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Aol I T8 [ Jas gest that this discrepa_ncy may be solved by using a coupled
BON| 1 6ONT i 160NF gk ] ocean-atmosphere climate model. Autheasm Meerbeeck
J % o A et al. (2009, however, find that this is not the case for their
GNP Gone 14N G| o 14N a simulation of stadial MIS 3 climate with an Earth system
R g o pe model of intermediate complexity. North Atlantic SSTs are
20Ny e 1 20N 1 20N s ] higher than proxy SSTs in their coupled simulation. This is
# e in contrast to our findings of colder simulated North Atlantic
EQ. P EQ. ® EQ. ® SSTs as compared to proxy SSTSs.
sos | ol e ° | 0l | The difference of our res_ults as pompared«&m M(_aer—
beeck et al.(2009 is associated with a difference in the
sos! I lasl o | aosl i’ IV;;Z‘;%“S” AMOC response to the .impos'ed forcing and boundary con-
® © ® e ditions. In the present simulation the strength of the AMOC
sosl losl ® | sosl | is reduced by 50 % as compared to RP conditions, whereas
L L L L . . the AMOC was relatively unchangedwan Meerbeeck et al.
128 e 0 4 (OSC)lZ A (OSC)lZ A (080)12 (2009. Merkel et al.(2010, who perform simulations of

MIS 3 stadial climate with the same CGCM as used here,

Fig. 4. The difference between simulated and proxy SS)Tfér although at a lower resqlution, simulate a reduct_ion of _the

annual mean (left panel), January—March (middle panel), and July-AMOC strength by 40 % in response to MIS 3 stadial forcing

September (right panel). The difference is displayed based orﬁl‘nd boundary condition as compared to pre-industrial condi-

model years 500-599 (circles) and for the last 300 yr of the GS12lONS response.

simulation (asterisks). For clarity, the same colour is used for the The difference between simulated and proxy SSd)s (

two differences corresponding to the same proxy site. is reduced from model years 500-599 towards the end of
the simulation. To illustrate this reductiod,is displayed

in Fig. 4 for the last 300 yr and model years 500-599 of

In general, the length of the seasons varies with time due e GS12 simulations is on average decreased by 0G3
variations in the Earth’s orbit. Followingollard and Reusch 0.6°C. and 0.6C for annual. NH winter. and NH summer
(2002, we find that the length of the seasons is close tothe "’ . ' y o '
. . . respectively. The largest decreasesifirom model years
present for 44 ka BP, with differences of 0-1d in the start pectively g ! y

500-599 to the last 300 yr of the simulation is 9 1.3°C,
and length of the seasons. Therefore, present day seasons A4 2.1°C for annual. NH winter. and NH summer respec-
used here. ' ’ ’ ’

_ o _ _ tively. Simulated SST is lower than proxy SST for most sites
Also displayed in Fig3 is the difference between simu- in horeal winter and summer, whereas for the annual mean
lated SST and proxy SST(Eq. 1) at sites where proxy SSTs  the distribution is more symmetric around zero. The abso-
are available for GS12 (see Appendix). Sites where the simup,te value ofs is decreased from years 500-599 to the last
lated SST falls within the uncertainty range of the proxy SST 3q yr of the simulation primarily for sites in which the sim-
(Eq. 2) are plotted with a surrounding black line. Simulated jjated SST is colder than the proxy SST. At sites where the
and proxy SSTs agree for 38—45 % of the sites, depending 0gjmyated SST is higher than the proxy SST the difference
season. The largest differences4(°C) between simulated petween the two periods is generally small, though at a few
and proxy SST are found at some coastal sites, which mayjtess is increased.
partly be explained by strong coastal gradients that are not proxy data of oceanic temperatures below the surface for
captured by the coarse resolution of the simulation. Furthergs12 are available for two sites (see S&c§). The simu-
large differencesx4°C) are found in the central North At- 516 temperature at 150 m depth off the coast of Ecuador is
lantic in winter, indicating too cold surface waters in the sim- 13 1o¢ a5 compared to the proxy temperature 1¥283°C.

ulation. There is a general pattern of positive differences inThe simulated potential temperature at 2656 m depth off the
the tropics and negative differences in the extra-tropics, indi-co5st of Portugal is-1.9°C (which gives an actual tem-

cating that the simulated equator-to-pole SST gradient is tocberature of—1.6°C) as compared to the proxy tempera-
large as compared to that_ inferred from_proxy SST. Itshouldyre 0 55+ 0.8°C. The comparison suggests that the abyssal
however, be noted that this conclusion is based on only a fevycean temperature could be too low in the simulation, but it

proxy SSTs. should be noted that this is based on one single proxy data

Barron and Pollarg2002 andPollard and Barroif2003 ~ sjte. The coarse resolution of the ocean component of the
performed simulations of MIS 3 stadial and interstadial cli- CGCM can partly explain this difference.

mate with an atmospheric circulation model forced by es-

timated SSTs. They find that the simulated air tempera-4.2 Sea ice extent

tures appear higher than many proxy indicators suggest, and

conclude that errors in the specified North Atlantic SSTs isWe use the proxy SSTs to infer which sites were sea ice
the most likely cause for the discrepancy. The authors sugeovered during GS12 winter and summer as described in
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Sect.2.3. The sites inferred to be sea ice covered( %
SIC) are indicated in Fig (squares for sea ice covered sites). .
Al sites are ice-free in JAS and only three sites in the north- 0 N
ern North Atlantic are sea ice covered in JFM. In JAS the 5\
Nordic Seas are ice free (50% SIC) in the GS12 simula-
tion, whereas the simulated sea ice edge (50% SIC) is lo- 0
cated south of Iceland in JFM (Fig). For most sites proxy

SST based sea ice extent is in agreement with the simulatec 30
sea ice cover. Differences are found for a few sites. One of ¢
the three sites that are sea ice covered in JFM is located jus
south of the simulated sea ice edge (50% SIC) and proxy
SSTs imply that the Denmark Strait was ice free in JAS dur-

ing GS12, whereas this area is sea ice covered in the GS1:
simulation. .

In JFM, a tongue of sea ice stretches east from New Found-80 N
land into the central North Atlantic. The proxy SST sites do 30
not cover the region where the simulated sea ice is located,
but there are a few sites east and south of this region with sub- ¢’
stantially lower simulated than proxy SSTs (simulated SST
is 4-6°C lower than the proxy SSTs), indicating that sea ice 30 S
may be overestimated in this region.

The NH simulated winter ice extent in the RP simula-
tion agrees reasonably well with observatiodsl{and et al,
2006. The main NH biases occur in winter with too large ice
extent in the Labrador Sea and the Sea of Okhotsk, and toc
small ice extent in the Barents Sea. This bias towards too
extensive sea ice is one candidate for resolving the differ- 60 i
ence found here between simulated and proxy inferred sez_ . 2 B N . o
ice extent. ’ :

1200W 60W 0 60 E 120 E

1200W 60W 0 60E 120 E

4.3 Atmospheric temperature

The difference between GS12,, and RP climate is most .k — A G e i
pronounced over NH ice sheets, with a maximum-dR°C

over the northern flank of the Fennoscandian ice sheet in bo- b 2 : :
real winter (Fig5). This difference is associated with the el- 120w 60w 0 60 E
evation of the ice sheet in this region together with an ampli-
fication of the topographic wave forced by the Rocky Moun-
tains and the Laurentide Ice Sheet as compared to the RF -42-39-36-33-30-27-24-21-18-15-12-9 -6 -3 0

(Fig. 5). The spatial pattern of the difference between GS12

and RPT» , is similar to the PMIP2 simulations of LGM cli-  Fig. 5. Difference between GS12 and RPn, (shading) and geopo-
mate Braconnot et a).2007), although with a smaller mag- tential height at the 300-hPa surface (isolines) for annual mean (top
nitude. The largest differences i m between our GS12 panel), JFM (middle panel), and JAS (bottom panel). Isolines for

and LGM climates are found in regions where the surface isqeopotential height are displayed for every 50 geopotential meter.

N ! . -
ice covered (ice-sheets or sea ice) during LGM but not dur-The coastline is defined at 20 % of the land fraction.

ing GS12 (Fig6). GS12T> , is lower than during the LGM

around 60 N in the Pacific and Atlantic regions. This pattern

is associated with a lower amplitude topographic wave in thement (within4=3 °C) of the corresponding reconstructed tem-

GS12 than in the LGM simulation due to the reduced heightperature differences in Greenland (GRIP). The data from

and extent of the Laurentide ice sheet in GS12 as comparethe EDC and Dome F ice cores in Antarctica give the

to LGM (Fig. 6). Tsi12—Thooo difference between GS12 and the last 1000 yr,
Simulated annual medh ,, is compared to reconstructed which we compare to th&gsio—Trp difference. The simu-

temperature fron180 and§1°N from ice core records for lated7Tgs12—Trp differences at these locations are larger by

Greenland and Antarctica (see S&tB) in Table2. Simu- 1.5 to 4°C than reconstructefizs1o— Thogg differences. The

latedTgs12—Ticm andTgs12— Trp differences are in agree- main discrepancy is found for absolute temperat@tss{2),

120'E
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with significantly warmer conditions in the simulation than

in the reconstructions. Reconstructed temperature for GS1z |
is —50°C at the location of both the GRIP (Greenland) and 69 N
EDML (Antarctica) ice cores, and51°C at the location of
the NGRIP (Greenland) ice core. SimulatEd,, at these lo-
cations is—35°C, —36°C, and—36°C for GRIP, EDML, 0
and NGRIP, respectively. Due to the relatively coarse hori-
zontal resolution in the model, the height of the ice sheet is E
reduced by up to 1000 m in regions of high topography in g, o
the simulation as compared to the actual height. This cor- A
responds to a 6-°CC difference in temperature, which can
partly explain the discrepancy.

Interestingly, the simulate@ , is higher than the recon-
structedIgsioover Greenland, in contrast to simulated SSTs
which are lower than proxy SSTs over the North Atlantic
(Fig. 3). Similarly, the few proxy SSTs located in the south-  55°
ern extratropics also indicate that simulated SSTs are lower
than proxy SSTs, whereas the simulaf@g, is higher than )
the reconstructedgsi2 over Antarctica. This discrepancy
calls for further study, with focus on both proxy data and
simulations. 60" S

30N

0's

nnual
1200W 60W O 60E 120°E

60 N |

30°S

January—-March -~
120W 60W 0O 60E 120 E

5 \Variability analysis

We hypothesise that not only the mean climate state, but alsc

the variability is affected by the equilibration process. To 60 N
test the importance of the equilibration for variability anal-

ysis, we analyse ENSO teleconnections in the GS12 simu-
lation, and for comparison also in the LGM and RP simula- 0
tions. ENSO teleconnections are chosen for comparison ta
Merkel et al.(2010, who analyse ENSO teleconnections in
simulations of MIS 3 stadial, interstadial, and Heinrich sta- . ¢
dial climate. FollowingVerkel et al.(2010, eastern tropical

Pacific variability is identified with the Nio3 index, which

is defined as SST anomalies from the long-term time mean,
area-averaged over the i3 region (150W-90° W, 5° S— _
5°N) (Trenberth 1997). El Nifio (La Nifa) years are defined BT 000 0 T .
when the JFM Nio3 index exceeds (falls below minus) one —21-18-15-12-9 -6 -3 0 3 6 9 121518 21
standard dewatlon.. ENSO teleconnections of MSLP are dei:i 6. Difference between GS12 and LGW (shading) and
term!’jed as the dlﬁerenge between seasonal averages ov, gqopotential height at the 300-hPa surface (isolines) for annual
El' Nifio years and La Nia years. ENSO teleconnections mean (top panel), JFM (middle panel), and JAS (bottom panel).
that are statistically significant at the 95% level, based onsplines for geopotential height are displayed for every 100 geopo-

a two-tailed Student's t-test, are analysed. The analysis igential meter. The coastline is defined at 20 % of the land fraction.
based on the last 300 yr of the RP, LGM, and GS12 simula-

tions. January—March is used for consistency with the results
for the mean climate presented in the previous section. duction is found for LGM in agreement witklerkel et al.
ENSO teleconnections in MSLP are displayed in Fig. (2010. As described earlier, the increased extent and height
In agreement wittMerkel et al.(2010, we find that glacial ~ of the North American topography from RP to GS12 and
(GS12 and LGM) boundary conditions induce major modifi- LGM results in an amplification of the NH stationary wave
cations to EI-Nfio-Southern Oscillation teleconnections as (Figs. 5 and6). On the contrary, the amplitude of ENSO
compared to the RP. The amplitude of sea level pressuréeleconnections in the North Atlantic region reduces with
anomalies in the North Atlantic region associated with El- increasing extent and height of the North American topog-
Nifio—La Nia variability is significantly reduced in glacial raphy. The explanation for these results should be sought
climates as compared to the RP climate. The strongest rein the non-linear interaction between the Rosshy waves that

0 S

-July-September -
1200W 60W O 60 E 120 E
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communicate the ENSO signal from the Tropics to the mid-
latitudes and the mid-latitude dynamics (zonal mean, station-
ary waves, and transient eddies). Such an analysis is beyon
the scope of this article.

Also in agreement wittMerkel et al.(2010, we find that
the amplitude of Aleutian low anomalies associated with
ENSO variability is reduced in the LGM simulation and en- 0
hanced in the GS12 simulation. Southern Hemisphere MSLP
teleconnections are relatively similar in the RP, GS12, and 30 S
LGM simulations presented here. In contraderkel et al. 60°S
(2010 find that ENSO teleconnections in Southern Hemi-
sphere MSLP are similar in their pre-industrial and LGM cli-
mate, while it is significantly different in their MIS 3 stadial
simulation.

The ENSO teleconnections in MSLP do not change sig-
nificantly if model years 1139-1438 are used instead of the
last 300 yr (model years 1239-1538) of the GS12 simula- go° N
tion (Fig. 8; bottom panel). Thus, we conclude that once a | [
quasi-equilibrium has been reached, the results of the vari-30 N
ability analysis is not sensitive to which 300 yr period is cho-
sen for the analysis. To test our hypothesis of the importance
of equilibration, ENSO teleconnections in MSLP are also de- 3¢0° s
termined for a 300-yr period starting after 539 yr of integra- |
tion in the GS12 simulation (model years 539-838). The 60 S
signature of ENSO variability with an intensification of the

60 N

Aleutian low and a change in the spatial pattern over northern 1200W 60 W 0 60 E 120 E
North America, Greenland, and the North Atlantic as com-
pared to the RP climate is common for this 300-yr period and LGM

the last 300 yr of the GS12 simulation (Fig. top panel).
However, major differences are found in the amplitude of the
North Atlantic pressure gradient from the Azores to Green- 60 N
land, which is 50 % stronger in the period starting after 539 54
model years than in the last 300 yr. We note that the evolu-
tion of the ENSO MSLP teleconnections is not linear in time ~ 0°
in our GS12 simulation. The North Atlantic pressure gradi-
ent associated with ENSO variability is weak in the initial v
state (i.e. the LGM climate), relatively strong in the 300-yr g5° g u’______"
period starting after model year 539, and finally relatively =)
weak again during the last 300 yr of the simulation. From
this we conclude that equilibration is of importance for vari-
ability analysis. B .

Zhang et al (2008 analyse ENSO at 6 ka BP and 21 ka -8-7-6-5-4-3-2-1 0 1 2 3 45 6 7 8
BP based on 50-100 yr of data from the PMIP2 simulations.
Similarly, Merkel et al.(2010 base their analysis on 100 yr Fig. 7. JFM EI Nifio — Southern Oscillation teleconnections of mean
of data. In the present study, the analysis is based on 300 yr ¢fea level pressure shown as differences between seasonal averages
data. To test the importance of the length of the time-period®ver El Niio years and La Nia years for the RP (upper panel),

analysed for the results, the analysis of ENSO teleconnect-he GS12 (middle panel), and the LGM (bottom panel) simulations.
§ nits are hPa, contour interval 1 hPa (excluding the 0 hPa contour).

tions was repeated for three 100-yr time-slices of the GS1 n shading, statistically significant differences (at the 95 % level)

Slm.UIatlor.] .(F'Q'g)' The S|gnatgre of ENSO variability \,N'th are displayed. The coastline is defined at 20 % of the land fraction.
an intensification of the Aleutian low and a change in the

spatial pattern over northern North America, Greenland, and
the North Atlantic as compared to the RP climate is common
for the last 100 yr (Fig9; bottom panel) and the last 300 yr
(Fig. 7; bottom panel) of the GS12 simulation. However, dif-
ferences between the last 100 yr and the last 300 yr occur in

30°S

120°W 60 W 0 60 E 120 E
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Model years 539-838 Model years 161-260

60E 120 E

-8-7-6-5-4-3-2-1 0 1 2 3 456 7 8

Fig. 8. JFM El Nifio — Southern Oscillation teleconnections of mean 60 N
sea level pressure shown as differences between seasonal averag
over El Nifio years and La Nia years for 300-yr time-slices of the 30 N
GS12 simulation. Model years 539-838 (upper panel), and 1139—
1438 (bottom panel) of the GS12 simulation. Units are hPa, contour
interval 1 hPa (excluding the 0 hPa contour). In shading, statistically 30°S
significant differences (at the 95 % level) are displayed. The coast- ——
line is defined at 20 % of the land fraction. 60" Sb—

120W 60°W 0O 60E 120 E

the pressure gradient from the Azores to Greenland (which
is 50 % stronger for the analysis based on 100 yr of data) and
the strength of the Southern hemisphere mid- to high- lati- -8-7-6-5-4-3-2-1 0 1 2 3 45 6 7 8

tude pressure gradient (which is 25 % weaker for the analysis

based on 100 yr of data). Typicalky20 yr with high Nfio3 Fig. 9. JFM El Nifio — Southern Oscillation teleconnections of mean
index anc~ 20 yr with low Nifio3 index are found in a 100-yr ~ S€@ level _E)ressure shown as differences betwe(_an sea_sonal averages
time-slice. These results indicate that 100-yr time-slices aréV€' El Nino years and La N years for 100-yr time-slices of the

too short for an analysis of ENSO teleconnections, becausg S12 simulation. Model years 161-260 (upper panel), 539-638

too f | included to det ine tel i - (middle panel), and 1439-1538 (bottom panel) of the GS12 simula-
00 Tew samples are included to aetermine teleconnections I, s are hPa, contour interval 1 hPa (excluding the 0 hPa con-

remote regions with large variability such as the North At- 1) | shading, statistically significant differences (at the 95 %

lantic region and the Southern Hemisphere high latitudes. |eyel) are displayed. The coastline is defined at 20 % of the land
ENSO teleconnections determined from 100-yr time- fraction.

slices starting after 161 and 539 model years, respectively

(Fig. 9), differ significantly from the last 300 yr of the sim-

ulation. The major differences occur over North America,

Greenland, and the Nordic Seas. The spatial pattern in this
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region differs somewhat from the RP simulation (Figtop and dinocyst assemblages are smaller (i.e. warmer) than SST
panel), but the strength of the pressure gradient from thd.GM anomalies based on Mg/Ca ratio and alkenones. In the
Azores to Greenland is similar to the RP in both 100-yr present comparison for GS12 less proxy data is available and
time-slices from the first part of the simulation. Thus, if the thus no firm conclusions can be made for the different proxy
analysis was based on the 100-yr time-slice of model yearslata types. Only for NH summer is there a reasonable num-
161-260 or 539638, the (false) conclusion would be thatber of proxy SSTs from planktonic foraminifera (26 SSTs)
ENSO teleconnections are essentially unchanged from thand Mg/Ca (14 SSTs) to make a comparison. Simulated SST
RP to GS12. is within the error margins of the proxy SST for 42 % of the
foraminifera-based SSTs and in 50% of the Mg/Ca-based
SSTs.

Proxy SSTs are higher than the simulated SST in the cen-

The results in the present study are discussed with a focugral North Atlantic in the present study, in contrast to an
b y arlier study of MIS 3 stadial climate in which proxy SSTs

on comparison to proxy data and other modelling studies of

MIS 3 stadial climate\an Meerbeeck et al2009 Merkel were lower than the S|mulat_ed SSTin th|_s regivan Me_er-
etal, 2010 beeck et a].2009. A possible explanation for the differ-

ence between our results amdn Meerbeeck et a(2009

is the response of the AMOC to glacial (MIS 3 stadial and
LGM) forcing and boundary conditions as compared to the
The simulated annual global me#gis 1.3°C higher during ~ RP climate. CCSM3 simulates substantially reduced AMOC

GS12 than during the LGM, due to higher atmospheric GHGStrength in GS12/LGM as compared to the RP associated
concentrations and less extensive continental ice sheets arf¥th @ colder North Atlantic region, whereas the intermedi-
sea ice cover. A similar difference between simulated sta-2t€ complexity climate model used bgn Meerbeeck et al.
dial MIS3 and LGM conditions of 1.7C is found byvan (2009 simulates a relatively unchanged AMOC strength in
Meerbeeck et al2009, while Merkel et al.(2010 find no ~ MIS 3 stadial/LGM as compared to the RP. Again, we note
difference in annual global medh between stadial MIS 3 that the response of the oceanic circulation is of great im-
and LGM climate. The difference among the three studiesPortance to determine the response of the climate system to
in annual global meatis response to the change from LGM changes in the forcing and boundary conditions.

to GS12 forcing and boundary conditions is associated with

a difference in the response of the AMOC. The strength of6-3 AMOC response

the AMOC is unchanged from LGM to MIS 3 climatevan

Meerbeeck et al(2009 and in the present study, as com- i N
ulations presented here as compared to the IR&I§trom

pared to a substantial reductionNferkel et al.(2010. We _
suggest that this difference in AMOC response offers a possi€t &- 2010 Brandefelt and Otto-Bliesne2009. As de-
ble explanation for the difference in the annual global meanSC'ibed byKielistrom et al.(2010), there are some indica-

Ts response. We speculate that the effect of a reduction ifions from proxy records of a slowdown of the AMOC during
AMOC strength Merkel et al, 2010, if associated with re- LGM. CGCM simulations of LGM climate give very differ-

duced equator to pole heat transport, partly cancels the glob&nt 9lacial AMOC, ranging from-20 % weakening to-20-
annual mears rise expected from higher atmospheric GHG 40 % strengthening of the circulatio®ito-Bliesner et a).
concentrations and less extensive continental ice sheets &907- Lynch-Stieglitz et al.(2007 review proxy data to
compared to the LGM simulation. These differences suggesge'[ermme the cu.rrent knowledge ,Of the, AMOC during Fhe
that ocean circulation is important to determine the respons&GM for comparison to CGCM simulations of LGM cli-

of the climate system to changes in the forcing and boundaryn@t€- They find support for an active circulation in the deep
conditions. Atlantic, but not for a strong, deep AMOC. Quantitative es-

timates of the oceanic circulation rate for LGM can, how-
6.2 SST response ever, not be made at present due to insufficient d&tansch

2003. Even less data is available for GS12.
Simulated SST is compared to proxy SSTs representative of The AMOC reduction in the GS12 simulations presented
GS12. Simulated and proxy SSTs are considered to be ithere is associated with an annual mean sea ice expansion in
agreement if the simulated SST is within the error marginsthe Nordic Seas (Fig3). Nevertheless, the western parts of
of the proxy SST (see Se@®). The simulated GS12 cli- the Nordic Seas are ice free in NH summer in the GS12 sim-
mate is in agreement with proxy SSTs in 38-45% of theulation. These changes present two competing effects on the
proxy sites depending on seasdhARGO Project Members  deep water production in the Nordic Seas. The increased sea
(2009 find large discrepancies with respect to LGM SSTsice extent inhibits heat flux from the ocean to the atmosphere,
recorded by different microfossil proxies. They find that SST which would cool and thus increase the density of the surface
LGM anomalies from the recent past based on foraminiferawaters in the Nordic Seas. The formation of sea ice during

6 Discussion

6.1 Global meanTsresponse

The AMOC is reduced by 50 % in the GS12 and LGM sim-
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autumn and winter, on the other hand, leads to brine rejeclimitations in the available computing time, equilibrium sim-
tion, which results in increased density. We may concludeulations with state-of-the-art CGCMs are seldom integrated
that the reduction of the AMOC found in the GS12 simula- until the adjustment to the new conditions is completed. As
tion is in agreement with an increased sea ice expanse anshown in the present study, the equilibration has a signifi-
that this effect dominates over the effect of increased brinecant effect on both the time mean climate and the variability.
rejection in the western Nordic Seas. In the coupled climatéWe therefore argue that the simulated equilibration process
system the interaction between the ocean, sea ice, and atmehould be discussed in studies including simulations of past
spheric dynamics is non-linear and it is therefore difficult to climate.
identify cause and effect. MIS 3 stadials recorded in tt#&°N record from Greenland

As described in Sect.2, the RP simulation with CCSM3 ice cores lasted for500—1000 yrHuber et al.2006. Since
is biased towards too extensive ice covers in the Labrador Sethis time is shorter than the time required for the ocean to
and the Sea of Okhotsk in NH winter. This bias may partly equilibrate it is reasonable to assume that the climate system
explain the difference between the simulated and the proxyvas not in complete equilibrium during MIS 3 stadials. Yet,
inferred sea ice extent in the North Atlantic region. Since the GS12 simulation presented in this study is an equilibrium
all climate models are biased as compared to observationsimulation, which is set up with constant forcing and bound-
the results of climate modelling experiments should alwaysary conditions and integrated to quasi-equilibrium. It can be
be taken with caution. To improve the understanding of theargued that the simulated climate should not be in equilib-
dynamics of the Earth’s climate we therefore need a multi-rium, since the real climate was probably not in equilibrium

model approach. during this period. Provided that appropriate variations in
the forcing and boundary conditions were used, a transient
6.4 Equilibrium MIS 3 climate simulation of MIS 3 climate would be a better choice. How-

ever, this would require an appropriate initial condition and
Authorsvan Meerbeeck et af2009 find that a better agree- a substantial increase in the available computing resources.
ment with proxy data for stadial MIS 3 climate is obtained The purpose of the GS12 simulation presented in the present
with an additional freshwater forcing, which slows down the study is to test the ability of a state-of-the-art climate model
AMOC. They conclude that their results suggest that fresh-to reproduce the climate during an MIS 3 stadial under con-
water forcing is necessary to return climate from warm inter-stant forcing and boundary conditions.
stadials to cold stadials during MIS 3. They therefore suggest Our GS12 simulation can also be compared to earlier stud-
a change in perspective, making the stadial climate a peries that focused on the dynamics of the DO events recorded
turbed climate state rather than a typical near-equilibriumin Greenland ice core®ial and Yang2007) show that DO-
MIS 3 climate. In contrast tean Meerbeeck et (2009, we like variations can be simulated under constant forcing and
find that stadial MIS 3 climate in reasonable agreement withboundary conditions in an earlier version of the intermediate
proxy SST data can be simulated without additional freshwa-complexity climate model used by, exsan Meerbeeck et al.
ter forcing. These results indicate that the quasi-equilibrium(2009. In the present GS12 simulation, the major adjust-
climate simulated under MIS 3 boundary and forcing condi- ment of the simulated climate occurs during the fird200
tions, and hence conclusions drawn regarding the dynamicsiodel years, indicating that the climate is reaching a new

of the MIS 3 climate, are model-dependent. equilibrium. There is no indication of large-amplitude vari-
ations in the climate simulated under constant GS12 forc-
6.5 Equilibration ing and boundary conditions. However, without continuing

the integration for several model millennia, the possibility of
Climate model simulations can be divided into two cate- multiple equilibria can not be ruled out.
gories: equilibrium and transient simulations. Equilibrium
simulations are set up with constant forcing and boundary
conditions and should be integrated until the simulated cli-

mate has adjusted to the new conditions. When the adjus\—N . . . .
ment is completed the system will be in an equilibrium state © present r(_asults from a simulation of stadial MIS 3 climate
‘performed with a state-of-the-art CGCM at relatively high

or possibly in a state with multiple equilibria, and the un- . ; Co : .
Lo . . resolution. The simulation is set up with constant forcing
forced variability of the system can be analysed. The initial " : :
o . . ; and boundary conditions and integrated for 1538 yr to quasi-
condition is of importance for the time required to reach the —_ : . . . .
new equilibrium, but is assumed not to influence the ﬁnalethbrlum. The aim of the present study is to investigate if
' g state-of-the-art CGCM can simulate stadial MIS 3 climate

results. Transient simulations on the other hand are starte .
o L : In agreement with proxy records of SST. Further, the results
from an initial condition that represents a particular state . : .
gre compared to other simulations of MIS 3 climate.

of the system (e.g. the recent past climate) and integrate
forward with prescribed variations in forcing and boundary
conditions to simulate the forced climate evolution. Due to

Conclusions
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The main findings are:

— The simulated GS12 global annual megnis 5.5°C

J. Brandefelt et al.. CGCM simulation of MIS 3 stadial climate

Table Al. Proxy records of SST based on alkenones included in
this study. Each record is identified by the site label.

lower than the simulated RP climate with maximum
difference over high latitudes and over the continen-
tal ice sheets, and 1°® higher than the LGM simu-
lated climate, due to higher atmospheric GHG concen-
trations and less extensive continental ice sheets and sea
ice cover.

The AMOC is reduced by 50 % in the GS12 simulation
as compared to the RKjgllstrom et al, 201Q Brande-
felt and Otto-Bliesner2009. This reduction is attained
without additional freshwater forcing, a method used in
other studies to force an AMOC shutdown.

The simulated SST is in agreement with (i.e. within the
uncertainty range of) proxy SSTs in 38-45 % of the sites
depending on season. Proxy SSTs are higher than sim-
ulated SSTs in the central North Atlantic, in contrast
to earlier simulations of MIS 3 stadial climate in which
proxy SSTs were found to be lower than simulated SST.
This difference to earlier simulations is associated with
a difference in the response of the AMOC to the im-
posed forcing and boundary conditions.

Reconstructed temperature differenc@sd12—Ticm
and Tgs12— Trp) from ice cores in Greenland and
Antarctica are withint-4°C of the corresponding simu-
lated 7> i, differences. Absolute reconstructed tempera-
tures in Greenland and Antarctica, however, differ from
the corresponding simulatef ,, by 15-16°C. Part of
this discrepancy is explained by the coarse horizontal
resolution of the simulation, which results in a flatter
topography than in reality.

The simulated GS12 climate is in better agreement with
proxy SSTs for MIS 3 stadials than the stadial MIS 3
climate simulated byan Meerbeeck et a2009. They

find that the climate simulated with an additional fresh-
water forcing in the North Atlantic, that slows down the
AMOC, is in better agreement with proxy data for stadi-
als. Authorsvan Meerbeeck et af2009 therefore sug-
gest that stadial climate should be viewed as a perturbed
climate state rather than a typical, near-equilibrium MIS
3 climate. We show that the simulated MIS 3 climate,
and hence conclusions drawn regarding the dynamics of
the MIS 3 climate, is highly model-dependent.

Although the annual global medhy only changes by
0.10°C from model years 500-599 to the last century
of the simulation, differences of 2°& in the seasonal
meanTy, » and 20-65 % in precipitation rate exist over
the northern North Atlantic region (Fid). Further,
the difference between simulated and proxy SSTs in the
North Atlantic region is reduced for the last century of
the simulation as compared to the period (model years

Clim. Past, 7, 64970, 2011

Site label Reference
MD95-2040 Pailler and Bard2002
MD95-2042 Pailler and Bard2002
MDO01-2444 Martrat et al.(2007)
MD95-2043 Cacho et al(1999
ODP Site 977 Martrat et al.(2004
MD95-2037 Calvo et al.(200])
MD95-2036 Sachs and Lehmai999
ODP Site 1060 Vautravers et al(2004
ODP Site 658C  Zhao et al(1995
GeoB1105-4 Nirnberg et al(2000
MD97-2120 Pahnke and Saclt{2009
MD97-2121 Pahnke and Sacl{g00§
S090-136KL Schulte and Niller (2007
MD97-2151 Zhao et al(2006
ODP Site 1017E Hendy(2010
ODP Site 1014  Yamamoto et al(2007) with
Hendy (2010 age model
MD94-103 Sicre et al (2005
ODP Site 1233  Kaiser et al(2005
GeoB3910-2 Jaeschke et a{2007)
BOFS31/1K Zhao et al(1995
S093-126KL Kudrass et al(2001)
MDO02-2529 Leduc et al(2007)
MDO01-2421 Yamamoto et al(2004)
MDO05-2928 Shiau et al(201])

500-599) described bgjellstrdom et al.(2010 (Fig. 4).
The reduction amounts to on average 0.32Q.6with
the largest reductior~1-2°C) found for the sites in
the North Atlantic.

Equilibration is also shown to influence the climate vari-
ability. ENSO teleconnections in MSLP determined for
a 300-yr time-slice starting after 539 yr of the GS12
simulation are significantly different from the last 300
yr of the simulation. Further, we find that the results
are not robust if the analysis of ENSO teleconnections
is based on 100-yr time-slices, as in an earlier study of
MIS 3 climate Merkel et al, 2010.

— The simulation presented here is integrated~da500

model years with constant forcing and boundary condi-
tions to quasi-equilibrium. We find that this setup is use-
ful, although MIS 3 climate may not have reached equi-
librium. This setup allows us to test the ability of state-
of-the-art climate models to reproduce the climate dur-
ing a MIS 3 stadial under constant forcing and boundary
conditions. Further, the results may be compared to ear-
lier studies of the dynamics of DO events.
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Table A2. Proxy records of SST based on the planktonic Table A3. Proxy records of SST based on the radiolaria fauna in-
foraminifera fauna included in this study. Each record is identified cluded in this study. Each record is identified by the site label.
by the site label.

Site label Reference

Site label Reference ODP Site 1089 Cortese et a(2004 2007
PS2644-5 Voelker (unpublished) EW9504-13PC Pisias et al(200)
JM96-1225/1+2 Hagen and Hal@2002 EW9504-17PC Pisias et al(200])
S082-5 van Kreveld et al(2000
ENAM93-21 Voelker based on

Rasmussen et 1999 Table A4. Proxy records of SST Based on Mg/Ca included in this
NA87-22 Elliot et al. (2002 study. Each record is identified by the site label.
MD95-2006 Dickson et al(2008
CH69-K09 Labeyrie et al(1999 .
SU90-08 Labeyrie et al(1995 Site label Reference
GIK15612 Kiefer (1998 MDO01-2461 Peck et al(2008
SU92-03 Salgueiro et al(2010 M35003 Mdller (1999
MD99-2331 Sanchez-G#ii et al.(2008 GeoB1105-4  Nurnberg et al(2000
MD95-2040 Salgueiro et al(2010 MD97-2120 Pahnke et al(2003
MD95-2041 Voelker and de Abre011) MD98-2181 Stott et al.(2002
MD95-2042 Sanchez-G#ii et al.(2008 Saikku et al(2009

Salgueiro et al(2010 ODP Site 883  Kiefer et al.(2002
MDO01-2444 Voelker and de Abre2011) based WIND 28K Kiefer et al.(2006

on Vautravers and Shacklet¢2006 MD97-2141 Dannenmann et a{2003
MD99-2339 Voelker and de Abre(2011) E11-2 Mashiotta et al(1999
MD99-2343 Sierro et al (20095 ODP Site 1240 Pena et al(2008
ODP Site 1060 Vautravers et al(2004) MDO01-2378 Zuraida et al(2009
SU90-03 Chapman et a(2000 MDO06-3067 Bolliet et al.(2011)
GIK15637 Kiefer (1999 GeoB9526-5  Zarriess et al(2011)
M35003 Huls and Zahr{2000 GeoB9508-5  Zarriess et al(2011)
ODP Site 883 Kiefer et al.(2002 TR163-22 Lea et al(2006
MD97-2151 Huang et al(2002 MDO02-2575 Nirnberg et al(2008
ODP Site 893 Hendy and Kennei{2000; Hendy(2010 MDO03-2707 Weldeab et al(2007)
ODP Site 1017E Hendy(2010 ODP Site 1144 Wei et al.(2007)
DGKS9603 Li et al. (2001 ODP Site 1145 Oppo and Sui2005
MDO04-2845 Sanchez-G#ii et al.(2008

and summer (July—September) average conditions are in-
) o ) o ~ cluded. The proxy data was compiled as an extension to
- Ther_e is no |nd|_cat|on of large-amplitude varlatlpns in the Vioelker and workshop participant2002 database. The

the simulated climate under constant GS12 forcing andyata are given below separately for average, NH winter, and
boundary conditions. However, without continuing the NH summer. References are given for each record in Ta-

integration for several model millennia, the possibility yles7 A A andA. The SST values are given as a central
of multiple equilibria can not be ruled out. value plus/minus one standard error (1s), which is generally
the analytical error. When appropriate the SSTs given were

This article is limited to the study of stadial MIS 3 climate, . .
the challenae of understanding the large differences betwee%alcmated as mean values over different estimates. In these
. 9 . 9! 9e cases the error given is the sum of the analytical error and the
stadial and interstadial MIS 3 climate as inferred from proxy

data remains standard deviation Qf the. different SST estimates included in
‘ the mean. As described in Se212.3 we use a 2s error.

Also included are data from 4 records of February and Au-
gust SSTs (MMD99-2331, MD95-2042, ODP Site 1060, and
MDO04-2845). These are used here for comparison to the sea-
sonal data.

Appendix A
Sea surface temperature proxy data
This Appendix presents the SST proxy data used for com-

parison to the CGCM results. Data for annual average con-
ditions and Northern Hemisphere winter (January—March)
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664 J. Brandefelt et al.. CGCM simulation of MIS 3 stadial climate

Table A5. Proxy based SST data for annual mean conditions itk error (given either by the author(s) of the respective data or estimated
by the authors of this paper).

Site label lat long Proxy-based SSTQ)
Foraminifera  Alkenones Radiolaria

MD95-2040 40.582N 9.862 W 13.8+0.4

MD95-2042 37.8N 10.17W 14.3+0.4

MDO01-2444 3745 N 100 W 13.3+0.5

MD95-2043 368.598N 2°37.27W 12.54+0.8

ODP Site 977 3601.9IN 1°57.3ZW 12+0.5

MD99-2343 401.69 N 4°1.69 E 10.2+2.3

MD95-2037 37.09N 32.03 W 17.2+0.5

MD95-2036 3341.4N 57°34.8W 18.3+0.5

ODP Site 1060 36 N 74028 W 184+0.5

ODP Site 658C 2044.95N  18°34.88W 18.8+0.5

GeoB1105-4 1.665S 12.4283W 24.6+0.5

MD97-2120 4532.06S 17455.85E 9.2+2.2

MD97-2121 40.38S 177.99 W 14.7+1.4

S090-136KL 23.12N 66.5 E 23.5+0.5

EW9504-13PC 36.9N 123.27 W 10.5+1.1

EW9504-17PC 42. 22N 125.89 W 75+1.1

MD97-2151 8.728N 109.869 E 25.9+0.2

ODP Site 1017E 382N 121°6' W 10.24+0.5

ODP Site 1014 3248 N 11854 W 14.1+0.5

MD94-103 4332'S 8632 E 8.2+1.0

ODP Site 1233 418 7827 W 8.5+0.5

GeoB3910-2 4,245 36.3453W 25.5+0.5

BOFS31/1K 18.9979N  -20.162 E 18.1+0.5

S093-126KL 19.973N 90.033 E 27.3+0.5

MDO02-2529 8.20556N  84.1219&4 W 25.5+0.5

MDO01-2421 3602 N 141°47 E 16.9+0.2

MDO05-2928 1217.26S 14851.60E 26.5+0.5
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Table A6. Proxy based SST data for Northern Hemisphere winter (January—March) mean conditiodslwvitirror (given either by the
author(s) of the respective data or estimated by the authors of this paper).

Site label lat long Proxy-based SSTQ)
Foraminifera Mg/Ca Radiolaria

PS2644-5 6752.0ZN  21°45.92W —-0.1+0.8

S082-5 5911.3N 30°54.8 W 0+11

ENAM93-21 6244.3 N 3°59.9 W 0+0.8

CH69-K09 4P45.4N 47°27' W 7.6+2.1

SU90-08 4831 N 30°24 W 6.9+1.4

GIK15612 4421.6N 26°32.6 W 4.440.8

SU92-03 43811.73N 10° 6.78 W 6.8+0.8

MD99-2331 429.0N 9°40.9 W 10.5£0.9

MD95-2040 40.582N 9.862 W 11.7£3.3

MD95-2041 37.833N 9.518 W 11.3+0.8

MD95-2042 37.8N 10.17 W 11.4+1.2

MDO01-2444 3745 N 1o0°w 15.2+0.8

MD99-2339 35.883N 7.528 W 15.3+1.8

ODP Site 1060 36 N 7428 W 18.7£1.5

SU90-03 40.51N 32.05 W 10+1.2

GIK15637 27.008N 18.987 W 17.6+0.8

M35003 12.083N 61.233 W 245+1.5

GeoB1105-4 1.665S 12.4283W 23.9+0.5

ODP Site 1089 4%66.19 S &53.64E 12.4+1.1

MD97-2120 4332.06 S 17£#55.85E 8.1+ 0.5

MD98-2181 6.3N 125.82 E 24.2+15

WIND 28K 10°9.23S 51°46.15 E 20.0+0.9

MD97-2151 8.728N 109.869 E 23.7£25

ODP Site 893 3217.28 N 12(°02.20W  4.5+1.9

ODP Site 1017E 382N 121°6' W 47+0.7

E11-2 5604 S 11505 E 2.8+£0.5

DGKS9603 2808.869N 12716.238E 19.8+25

MDO01-2378 1304.95S 12r47.27E 25.1+0.9

MDO04-2845 45.35N 522 W -0.7+£11
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Table A7. Proxy based SST data for Northern Hemisphere summer (July—September) mean conditidfwétinor (given either by the
author(s) of the respective data or estimated by the authors of this paper).

Site label lat long Proxy-based SSTQ)
Foraminifera Mg/Ca Radiolaria

PS2644-5 6752.02N 21°45.92 W 3.7£0.8

JM96-1225/1+2  6454.3 N 29°17.4 W 47+1.1

S082-5 5911.3N 30°54.5 W 3.9+1.3

ENAM93-21 6244.3N 3*59.9W 4+0.8

NA87-22 5529.8 N 14°14.7 W 85+1

MD95-2006 57.03028N 10.05808 W 43+15

CH69-K09 4P45.4N 4721 W 12.1+4.0

SU90-08 438317N 30024 W 12+1.3

GIK15612 44£21.6N 26°32.6 W 8.8+ 0.9

SU92-03 4311.78N 10° 6.78 W 11.24+0.8

MD99-2331 429.0N 9°40.9 W 15.6+1.3

MD95-2040 40.582N 9.862 W 16.1+ 3.7

MD95-2041 37.833N 9.518 W 16.2+0.8

MD95-2042 37.8N 10.17W 16.5+0.8

MDO01-2444 37 45N 100w 20.1+0.8

MD99-2339 35.883N 7.528 W 20.3£1.5

ODP Site 1060 36 N 74°28 W 23+1.8

SU90-03 40.51N 32.05 W 14.7+1.4

GIK15637 27.0035N 18.987 W 22.6+0.8

MD97-2151 8.728N 109.869 E 28.5+2.5

ODP Site 893 3217.25N 120°02.20W  7.8+£2.3

ODP Site 1017E 382N 121°6' W 7.8+£1.3

DGKS9603 2808.869N 12716.238E 25.3+1.5

MDO04-2845 45.33N 522W 29+1.9

M35003 12.083N 61.233 W 21.5+1.0 23.9£0.5

ODP Site 883 5065 N 16750 E 8+0.8 6+0.6

MDO01-2461 5245 N 12°55' W 9.2+0.5

MD98-2181 6.3N 125.82 E 26.2+1.3

MD97-2141 8.79N 121.3 E 27.0£1.0

ODP Site 1240 ©01.31N 86°27.76 W 23.8+1.3

MDO06-3067 631N 126°30 E 26.6+ 1.5

GeoB9526-5 126.7 N 18°03.4WwW 24.14+0.8

GeoB9508-5 1%29.9 N 17°56.88 W 23.3+0.4

TR163-22 031N 92°24 W 22.54+0.9

MDO02-2575 2900.10N 87°07.13W 22.7£0.5

MDO03-2707 230.1N 9°23.68 E 24.4+1.0

ODP Site 1144 20.052983 117.418883E 23.8+0.7

ODP Site 1145 185 N 11738 E 24.7+0.5
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