Clim. Past, 10, 6377, 2014 _ [
www.clim-past.net/10/63/2014/ Climate ¢
doi:10.5194/cp-10-63-2014 3
© Author(s) 2014. CC Attribution 3.0 License. of the Past é

Hindcasting the continuum of Dansgaard—Oeschger variability:
mechanisms, patterns and timing

L. Menviel2, A. Timmermann?3, T. Friedrich 3, and M. H. England-2

Climate Change Research Centre, University of New South Wales, Sydney, Australia
2ARC Centre of Excellence in Climate System Science, Australia
SInternational Pacific Research Center, University of Hawaii, Honolulu, USA

Correspondence td:. Menviel (I.menviel@unsw.edu.au)

Received: 26 July 2013 — Published in Clim. Past Discuss.: 16 August 2013
Revised: 14 November 2013 — Accepted: 5 December 2013 — Published: 14 January 2014

Abstract. Millennial-scale variability associated with et al, 1993. The origin of this prominent variability still
Dansgaard—Oeschger events is arguably one of the mosemains elusive with proposed mechanisms invoking inter-
puzzling climate phenomena ever discovered in paleoclimataéal ocean—sea-ice climate instabilitidgnimermann et a).
archives. Here, we set out to elucidate the underlying dy-2003 Dokken et al. 2013, coupled synchronized ocean—
namics by conducting a transient global hindcast simulationice-sheet variability $chulz et al.2002, North Atlantic sea
with a 3-D intermediate complexity earth system modelice (Li et al., 2005 2010 and sea-ice—ice-shelf fluctuations
covering the period 50 to 30kaBP. The model is forced(Petersen et gl2013 as well as externally solar-driven reor-
by time-varying external boundary conditions (greenhouseganizations of the ocean circulatioBréun et al.2008.
gases, orbital forcing, and ice-sheet orography and albedo) An important element of DO events is the correspond-
and anomalous North Atlantic freshwater fluxes, which ing variability of ice-rafted debris (an indicator for iceberg
mimic the effects of changing northern hemispheric ice surges) Bond and Lottj 1995 Sarnthein et a].2007), illus-
volume on millennial timescales. Together these forcingstrated here in a high-resolution ice-rafted debris (IRD) com-
generate a realistic global climate trajectory, as demonstrategdosite record from the Irminger and Iceland seas cores SO82-
by an extensive model/paleo data comparison. Our results (van Kreveld et a].2000 and PS2644\oelker et al, 2000
are consistent with the idea that variations in ice-sheef(Fig. 1, upper panel, orange line). We observe that within the
calving and subsequent changes of the Atlantic Meridionalage uncertainties, all DO stadials between 30-50 ka BP were
Overturning Circulation were the main drivers for the accompanied by iceberg surges, which originated from the
continuum of glacial millennial-scale variability seen in adjacent northern hemispheric ice sheets. According to these
paleorecords across the globe. marine records and other data sets from the northern North
Atlantic (e.g.,Elliot et al,, 1998 Grousset et al2001; Elliot
etal, 2002, the iceberg calving increased during interstadial
periods and peaked at the end of the stadials, after which it
1 Introduction decayed rapidly. This sequence of events is consistent with
the notion of a freshwater-driven throttling of oceanic con-
The glacial climate system during Marine Isotope Stage 3yection Sarnthein et a].2001), meridional mass and heat
(MIS3, 59.4-27.8 ka BP) experienced massive variability ONtransport and subsequent sea-ice expansion, which caused
timescales of centuries to millennikl@sson-Delmotte etal.  the gradual cooling during interstadials. Moreover, possible
2013, referred to as Dansgaard-Oeschger (DO) variabil-feedpacks between the Atlantic meridional overturning cir-
ity. DO events are characterized by rapid northern hemi-cyation (AMOC) and ice sheets may have further modulated
spheric transitions from cold (stadial) to warm (interstadial) the evolution of iceberg and freshwater discharges into the

conditions (Fig.1, black line), subsequent gradual cooling North Atlantic as previously suggesteSiohulz et al.2002
and final rapid transitions to cold conditionBgnsgaard
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Fig. 1. Upper panel: composite IRD record (orange) obtained from 128
the average of the normalized IRD records of SO8%2&h (Kreveld ,_4§
©
30

et al, 2000 and PS2644\foelker et al, 2000 from the northern 50 48 46 44 36 34 32
North Atlantic (see map inlay). Integral of freshwater flux forc-

ing used in the LOVECLIM MIS3 hindcast simulation (blue) (see Fig. 2. From top to bottom: time series of North Atlantic freshwater
Fig. 2, upper panel). Lower panel: GISP2 reconstructed centraliorcing (Sv) applied to LOVECLIM in the region 55-18V, 50—
Greenland temperatureslley, 2000. Greenland interstadials (GI) 650 N; simulated maximum meridional overturning circulation in
are highlighted by red labels. The main Heinrich events are reprethe North Atlantic (Sv) compared to North Atlantic marine sed-
sented by gray bars and the light green bar marks are the Greenlangent cores ARM dataKissel et al, 2008; and simulated SST
stadial C7 just prior to GI7. The age shift between the GISP2 recordynomalies off the Iberian margin (15-8/, 37—43 N) compared to
(Alley, 2000 and the NGRIP record on the GICCOS timescale glkenone-based SST anomalies from marine sediment core MDO1-
(Andersen et a].2006 Svensson et al2009 is determined. To 2444 (Martrat et al, 2007. Model results are in black and paleo-
project the paleorecords onto the common GICCO5 age model, Weyroxy records in orange.

apply this shift to the GISP2 record and to IRD records of cores

S082-5 and PS2644, whose original age models were partly based

22 correlatlonls vl\nttthISPZ. Subsequently the IRD composite (or'large-scale drying of Eurasia (e.dgdarrison and Sanchez-
ge) was calculated. Gofii, 2010 and the northern tropics (e.§Vang et al.2001;
Deplazes et al2013 and increased precipitation in parts of
the southern hemispheric tropidsdrcin et al. 2006 Wang
Timmermann et al2003 Shaffer et al.2004 Alvarez-Solas et al, 2007 Kanner et al.2013.
et al, 201Q Marcott et al, 2011, Alvarez-Solas et 812013. Based on their very distinctive sedimentological character-
In addition to DO-related IRD variability, there is istics, Heinrich stadials (HS) have often been regarded as dy-
widespread sedimentary evidence (egjnrich, 1988 Zahn namically different from other DO stadial-interstadial tran-
et al, 1997 van Kreveld et al. 2000 Schonfeld et al.  sitions. However, given the fact that both Heinrich and DO
2003 Hemming 2004 Hodell et al, 2010 for massive ice-  stadials were accompanied by (i) large-scale oceanic changes
berg surges that originated mainly from the Laurentide ice(Fig. 2), (ii) IRD layers (Fig.1) and (iii) similar global tele-
sheet and extended far into the eastern North Atlantic (e.g.connections, we hypothesize here that Heinrich and DO sta-
Grousset et 311993. During these so-called Heinrich events dials are part of a continuum of variability that is generated
a large amount of freshwater was released into the North Atthrough ice-sheet-driven AMOC changes.
lantic, causing a weakening of the AMOC, as suggested by In this paper we set out to simulate the time evolution of
paleoproxy dataKissel et al, 2008 Sarnthein et al.1995 DO and Heinrich variability for the period 50—30 ka BP using
2007, Vidal et al, 1997 Zahn et al. 1997 and numerous an intermediate complexity global climate model. We will
climate modeling experimentS{ouffer et al. 2007 Krebs  compare the simulated variability with high-resolution pale-
and Timmermann2007 Kageyama et al.2013. Climate  oclimate reconstructions. The model simulation is based on
models further document that the corresponding changes ithe underlying assumption that the continuum of MIS3 cli-
meridional oceanic heat transport, SST and atmospheric cirmate variability on centennial to millennial timescales can
culation are consistent with paleodata evidence of an interbe generated by a suitable North Atlantic freshwater forcing
hemispheric temperature seesaw (eSgenni et al. 2011, and the associated AMOC response.

40
time [ka]
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The paper is organized as follows: in Sect. 2 the model andhe target alkenone-based SST anomdlj€s reconstructed
experimental setup are described. In Sect. 3 we discuss thigom the Iberian margin core MD01-2443/értrat et al,
patterns of variability associated with DO cycles, the abrupt-2007) (Fig. 2, lower panel, orange line). Starting from an ini-
ness of stadial—interstadial transitions as well as the timingial guess of the freshwater forcinfg () = —a7;(t), a series
of Heinrich stadials. We also derive a common age scale thapf aboutj <5 experiments was conducted every 1000 yr us-
allows for a better comparison between paleoproxy recordsng additional freshwater flux perturbatiodg /) (z). In each
and model simulations. The paper concludes with a synthesisf these 1000 yr long chunks, the freshwater forcing scenario
and discussion of the main results. (j) was selected withF ) (r) = F; (1) + 8 FY)(r) that mini-

mized the cost function

t+1
2 Model and experimental setup T = / B (Ts(t) — Ti(t))? + v (Ts(t)) — Tre))* ', (1)
t

One of the key goals of our study is to simulate the se-yithin this window [, # + ] with T = 1000 yr. The simulated
quence of millennial-scale events during the period S0—temperature evolution fofs(:) in the integral is a function
30kaBP and to determine the corresponding global teleconyf the applied freshwater forcing’) (¢'). The resulting con-
nections. For this task we have chosen the intermediate comyatenated freshwater forcing time serigg) is shown in
plexity earth system model LOVECLIMI(mm and Tim-  Fig. 2 (upper panel). Similar to data-assimilation methods
mermann 2007 Menviel et al, 2008 Timmermann et al.  that adjust parameters and/or dynamical variables to reduce
2009h Goosse et al2010. The ocean component of LOVE-  the mismatch between observations and models) has
CLIM (CLIO) consists of a free-surface primitive equation the sole purpose to force LOVECLIM into a realistic trajec-
model with a horizontal resolution of3ongitude, 3 lati-  tory with respect to millennial-scale subtropical North At-
tude, and 20 depth layers. The 3-D atmospheric componengntic SST anomalies during MIS3. We did not choose the
(ECBIlt) is a spectral T21, three-level model based on quasiGreenland temperature reconstruction as an optimization tar-
geostrophic equations of motion and ageostrophic correcyet pecause it shows only very weak differences between
tions. LOVECLIM also includes a dynamic—thermodynamic po and Heinrich stadials, in contrast to the North Atlantic
sea-ice model, a land surface scheme, a dynamic global veg&ssT reconstructions.
etation model (VECODBBrovkin et al, 1997 and a marine
carbon cycle model (LOCHyienviel et al, 2008 Mouchet
2011). 3 Results

Initial conditions for the transient run were obtained by
conducting an equilibrium spin-up simulation using an at-3.1 Freshwater forcing
mospheric CQ content of 207.5 ppmv, orbital forcing for ) . )
the time 50 ka BP and an estimate of the 50 ka BP ice-sheef "€ @pplied North Atlantic freshwater forcing(r) cap-
orography and albedo which were obtained from a 130 katgres the' domlnant meltwater pulses a§500|ated with Hein-
off-line ice-sheet model simulatiobe-Ouchi et al.2007). rich stadla_lls (F|g_2). It compares well with a r_ecent fresh-
In the subsequent transient run greenhouse gases, orbital afjfter forcing estimateJackson et 82010 obtained with a
ice-sheet forcing were updated continuously following the North Atlantic box model through Bayesian inversion meth-

methodology ofTimm et al.(2008. Note that our coupled ods'. In both cases stadial-interstadial transitions are trig-
model does not include an interactive ice sheet. Thereforedered by negative forcing anomalies, which increase North

freshwater withholding from the ocean during phases of ice Atlantic surface densities and subsequently strengthen the

sheet growth and freshwater release into the ocean as a resif1OC (Fig. 2, middle panel). Negative freshwater forcing
of ice-sheet calving and ablation are not explicitly captured.can b€ interpreted to represent a positive ice-sheet mass bal-

To mimic the time evolution of these terms and their effect 21¢€; Which in our modeling framework mimics a reduc-
on the ocean circulation, we apply an anomalous North At-tion of the continental runoff as well as excess evaporation

lantic freshwater forcing? (¢) to the North Atlantic region ~OVer Precipitation over the North Atlantic region. As an in-
55-10 W, 50-65 N. Negative forcing anomalies can be in- dependent validation of our freshwater forcing, we compare

terpreted as periods of ice-sheet growth and excess evaporil€ time-integral off’(r), which represents the correspond-

tion over precipitation, whereas positive freshwater anoma/Nd 9lobal sea level changes, with the composite IRD records

lies represent times of negative net mass balance of the nortt{fom the Nordic Seas cores PS2644 and SO82-5 (Bign

ern hemispheric ice sheet, associated for instance with madh® GICCOS timescale (see Se8t6 for more details on the

sive iceberg calving eve_ms 0!‘ surfacg ablatlo_n. ) 1some discrepancies betweeiir) and the freshwater estimate

The freshwater forcing time series(r) is obtained  of jackson et a(2010 arise from the different AMOC sensitivities
through an iterative procedure, that optimizes the anomaloug, freshwater perturbations and the different choice of the optimiza-
freshwater flux such that the simulated temperature anomaton target (GISP2 for the box mod#hckson et al2010and Iberian
lies Ts(r) in the eastern subtropical North Atlantic best match margin SST for LOVECLIM)
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synchronization of the cores and the model results). The ra-

tionale of this comparison is that high values of IRD corre- I %;
spond to additional freshwater discharge and sea level rise. §
Furthermore, rising sea level can amplify iceberg calving o ¢
through ice-shelf instabilities. Except for the simulated sea %z
level rise associated with Heinrich event 5, which is not cap- 5
tured in these eastern North Atlantic paleorecords, we find a
relatively good match between model simulation and recon- Y
struction, thus supporting the realism of the applied freshwa- =
ter forcing. It should be noted here that the simulated DO- P §
related sea level changes are a factor 2—3 smaller than those 0 3
reconstructed from the Red Sea during this tirgéddall 772§
etal, 2003. £
Ja+
3.2 AMOC response
65
As a result of the applied anomalous North Atlantic fresh- “E
water fluxes, the AMOC weakens and strengthens on millen- 2 %
nial timescales. Heinrich stadials correspond to a complete WW\J‘—UO 3
shutdown of the AMOC, whereas DO stadials are associ- f—2§
e

ated with a 50 % weakening of the AMOC, relative to the e e B 1
interstadial periods (FigR). The resulting AMOC time se- fime [kal
ries compares reasonably well with a reconstruction of At-kig 3 From top to bottom: time series of simulated northeast-
lantic bottom currents obtained from mass-normalized anr Greenland air temperature anomalie$ (A8-1C° E, 66-85 N)
hysteretic remanent magnetization (ARM) dd{&stel etal,  compared to the NGRIP temperature reconstructidubgr et al,
2008 (Fig. 2, middle panel), even though the model and pa-2006; simulated SST in the western Mediterranean compared to
leoceanography time series are based on different underlyinglkenone-based SST reconstructions from the Alboran Sea ODP
age models (a more detailed discussion of age-scale uncefole 161-977A Kartrat et al, 2007 and simulated air tempera-
tainties is provided is Sec3.6). ture anomalies over Turkey (25-4B, 35-42 N) compared to a
speleothenalso record (%o) from Sofular Cave, Turkelleitmann

et al, 2009. Model results are in black and paleoproxy records in
orange.

|
ES

38 36 34 32

(4]
o

3.3 Temperature response

The excellent agreement between simulated and recon-
structed SST anomalies in the Iberian margin area (Fig.
lower panel) is to be expected, because the latter has bedvediterranean realm. Figur@ shows the comparison be-
used as the target for the optimization of the freshwatertween simulated surface temperatures in Greenland and
fluxes. One important finding is that the temperature dropNGRIP temperature reconstructioriduper et al. 2006 on
in the northeast Atlantic around 36 ka BP (referred to as C7the SS09 timescale. In accordance with paleodata, the sim-
adopting theChapman and Shackletoh999terminology)  ulated Heinrich stadials in Greenland attain very similar
can be obtained in our simulation only by a complete shut-minimum temperatures than the DO stadials. This behav-
down of the AMOC, which is induced by a prolonged fresh- ior in Greenland is quite distinct from SST reconstructions
water flux of~ 0.1 Sv. This is consistent with the presence of (Fig. 2 lower panel and Fig3 middle panel), which exhibit
an IRD pulse in the Greenland and Irminger seas (se€l;ig. a marked difference between Heinrich and non-Heinrich sta-
a drop in sea-surface salinity in SO82y&a Kreveld et al.  dials. These results indicate the presence of a nonlinear sea-
2000 and changes in benthi&!®0 (Margari et al, 2010. ice feedbackl(i et al.,, 2005 Deplazes et al.2013 which
Whereas the IRD pulse is well pronounced in the compossaturates when sea ice reaches a certain extent, thus cap-
ite IRD time series (Figl), as well as in records from the ping cooling over Greenland. Simulated stadial-interstadial
Irminger basin (SU 90-24)H]liot et al, 2002, the south-  transitions attain values of about@ in Greenland, which is
ern Gardar Drift (JPC-13Hodell et al, 2010 and from the  smaller than the reconstructed values of up t6@§Capron
Iberian margin (MD95-2040)3chonfeld et a).2003; it ap- et al, 2010. Moreover, the simulation does not capture the
pears to be absent in other southwestern Atlantic IRD recordslow interstadial cooling seen in the reconstructions. Instead
(e.g.,Grousset et 311993 Rashid et al.2003 Nave et al, interstadial periods have relatively constant Greenland tem-
2007). peratures in the model, except for an initial overshoot. These
We move on to a more detailed comparison with otherdynamics clearly differs from the behavior of SSTs in the
temperature reconstructions from the North Atlantic andnortheastern Atlantic/Mediterranean (Fig@sand 3), which

Clim. Past, 10, 63%7, 2014 www.clim-past.net/10/63/2014/
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Fig. 4. (a)Pattern of first EOF of detrended 2 m air temperature anoma&li&s (b) pattern of first EOF of detrended precipitation anoma-
lies (cmyr1); (c) normalized principal component of 1st EOF of detrended 2m air temperature, which explains 64 % of the variance;
(d) normalized principal component of 1st EOF of detrended precipitation, which explains 16 % of the variance.

tracks the underlying AMOC variability much more accu- southern hemispheric cooling during interstadials is con-
rately. Moving further into the eastern Mediterranean region,sistent with the presence of a bipolar temperature seesaw
we find a reasonable qualitative match between the simu{Stocker 1998 Stocker and Johnsg2003.
lated temperature anomalies in Turkey and &H0 record
from independently dated speleothems from Sofular Cave3.4 Hydroclimate response
(Fleitmann et a].2009, which capture a combined tempera-
ture/hydroclimate signal. As a result of the very strong North Atlantic cooling dur-
A more comprehensive spatial view of the simulated ing Heinrich stadials (HS5, HS4) and during the C7 stadial
DO/Heinrich dynamics is obtained from an EOF analysis of (Fig- 3), northern hemispheric trade winds intensify by up
g|0ba| surface air temperatures (F@_) The dominant EOF to 60 %, which leads to a southward shift of the |ntertr0pi'
mode is characterized by a meridional temperature seesaw if@l Convergence Zones, extending from South America, into
accordance with numerous other modeling stud&teyffer the tropical Atlantic, equatorial Africa and the Indian Ocean.
et al, 2006 2007 Timmermann et a).2009a Kageyama This is illustrated by the EOF analysis of simulated precipi-
et al, 2013 and paleoclimate data seBl(nier et al, 199§ tationin Fig.4b and d.
Barker et al, 2009 Stenni et al. 2011). Interstadial con- The lower amplitude cooling during DO stadials weak-
ditions are characterized by northern hemispheric warm-ens the trade winds by only 30 %. The corresponding south-
ing with strongest amplitudes over the Greenland, IcelandWard shift of the tropical rainbands is less pronounced than
and Norway seas and the Arctic Ocean. The Warming ex_for Heinrich stadials as shown by the Ieading principal com-
tends into North Africa, Asia and the western North Pacific. Ponent of the rainfall EOF analysis (Fidd). In spite of a
This warming pattern is in general agreement with pollen-high correlation (0.92) between the principal components of
derived temperature reconstructions for GI8 (38 ka BP) and€mperature and rainfall, there are some notable differences.
GI6 (33 ka BP) Harrison and Sanchez-Go@010. The cor-  The precipitation mode exhibits a more pronounced two-step
responding principal component time series (Big). clearly structure for the interstadial DO12 (around 47-46 ka) and a
features the enhanced cooling during massive Heinrich stastronger difference between Heinrich stadials and DO sta-
dials (HS5 and HS4) and the C7 stadial, in contrast todials (Fig.4d) than the temperature EOF mode (Fig,).

the weaker cooling associated with DO stadials. SimulatedRualitatively the patterns of simulated temperature and rain-
fall changes agree with those obtained from coupled general

www.clim-past.net/10/63/2014/ Clim. Past, 10, 634, 2014
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Fig. 6. From top to bottom: time series of simulated annual pre-
cipitation anomalies over Guatemala (10493 12—-3C N) com-
pared to a magnetic susceptibility record from Lake Peten ltza,
GuatemalaKlodell et al, 2008; Brazil (44—60 W, 20-30 S) com-
pared 108180 (%0) of a speleothem record from Botuvera Cave,
Brazil (Wang et al.2007); Peru and Ecuador (85-7WV, 3-15 S)
compared to speleothem‘éso records from Pacupahuain Cave,
50 5 20 35 30 Peru Kanner et al.2013 and Santiago Cave, Ecuaddidsblech
time [ka] et al, 2012. Model results are in black and paleoproxy records in
orange.
Fig. 5. From top to bottom: time series of simulated annual pre-
cipitation anomalies over the Cariaco Basin (60-80 5-20 N)
compared to a reflectance record from the Cariaco Ba&mplazes  and data with stadial (interstadial) conditions corresponding
et _al, 2013; time series of simulated Arabian Sea annual precipi- to increased aridity (pluvials). While the pollen-derived pre-
tation (45-65E, 5-15 N) compared to a reflectance recoid'}  oiati0n estimate§anchez-Gofii et a2002 and the model
from the northeastern Arabian Se@eplazes et al.2013; simu- . " . .
output suggest much drier conditions over the Iberian region

lated precipitation in eastern China (114-1#4 28-35 N) com- ) .
pared to a speleotheﬂso record (%o) from Hulu Cave, China during HSS, the chronology of the proxy record is based

(Wang et al, 2001); time series of simulated Iberian region an- ON @ graphic correlation with the GISP2 ice core, which
nual precipitation (10-1W, 35-40 N) compared to a composite Places the HS5 much later than the new GICCO5 chronology
of pollen-derived precipitation estimates from the Iberian margin (Obrochta et a).2014. It should be noted that reflectance
and the Alboran Se&@nchez-Gofii et al2002; Model results are  and magnetic susceptibility are indirect hydroclimate prox-
in black and paleoproxy records in orange. ies and thus cannot give quantitative estimates. In addition,
speleothems180 can be potentially affected by other pro-
cesses such as changes in temperature, soil evaporation and
circulation models subjected to North Atlantic freshwater the water vapor sources. Age model uncertainties associated
perturbations Broccoli et al, 2006 Timmermann et al.  with the Arabian Sea recordéplazes et al.2013 could
2007 Kageyama et al2013. preclude any conclusions with respect to synchronicity with
Comparing the simulated northern hemispheric rainfall North Atlantic stadials. However, the high level of correspon-
changes on a regional scale with hydroclimate reconstrucdence between our simulated precipitation changes and the
tions for the Mediterranean regiorSdnchez-Gofii et al.  Arabian Sea reflectance record indicates that North Atlantic
2003, the Cariaco Basireplazes et al2013, the Arabian  stadials lead to drier synchronous conditions over the Ara-
Sea Deplazes et al2013, eastern Chinaf/ang et al.2007) bian Sea.
(Fig. 5) and Central AmericaHodell et al, 2008 (Fig. 6,
upper panel), we find an excellent agreement between model

[o ]
o
Precipitation (cm/year)
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Fig. 7. Composite (thick black line) of DO stadial-interstadial transitions showing different simulated variables relative to the maximum
time derivative in simulated Greenland temperatures occurring at 47.25, 43.9, 41.8, 38.3, 35.3, 33.6 and 32.@)kari@Enland air
temperature(b) Cariaco Basin precipitatiorfc) North Atlantic temperaturgd) Arabian Sea precipitatiotfe) northern hemispheric sea-ice

area,(f) eastern China precipitatiofg) Maximum of meridional streamfunction in North Atlantigy) strength of Indonesian Throughflow.

The blue and red dashed lines respectively represent the time of the largest positive time derivative of Greenland temperatures and the
time when North Atlantic temperatures attain the maximum value. The gray dots represent the individual data points before calculating the
composite.

The reverse pattern can be found for southern hemispheri8.5 Abruptness of stadial-interstadial transitions
hydroclimate proxies in BrazilWang et al. 2007, Peru

(Kanner et al. 2013 and EcuadorNosblech et a. 2012 To determine the response time of various climate variables

as well as for simulated rainfall changes (Figlower three and ocean transport indicators to freshwater changes, we

panels). In SecB.6we will try to reconcile some age-model . . .
) ; L calculate a composite (Fig, black line) based on several
discrepancies by projecting model and proxy data onto the

common NGRIP GICCO5 timescale&r(dersen et al2006 stad[al—lnterstadla! DO transitions by allgnlng the modelldata
relative to the maximum temperature derivative of the simu-
Svensson et gl20086.

lated Greenland temperature (47.25, 43.9, 41.8, 38.3, 35.3,
33.6, 32.34kaBP). According to this analysis we find that

www.clim-past.net/10/63/2014/ Clim. Past, 10, 634, 2014



70 L. Menviel et al.: MIS3 Heinrich and D/O

the averaged DO transition takes place within 150 to 200 yr HE HEs2 HEs 2

for all the climate variables in Fig. However, for Greenland h\’\ \ L
temperatures (Figza) and northern hemispheric sea-ice area r\M 'ha \ \L‘ "1
LA | {‘" v

o

(Fig. 7e), we see a considerable acceleration and an associ- A
ated increase of abruptness 100yr into the transition. This
is in agreement with previous estimates of the abruptness
of DO stadial-interstadial transitions in Greenland ice cores
(~125yr) (Capron et a].2010, although much higher rates
were reported in atmospheric circulation proxi8seffensen
et al, 2008.

As already demonstrated in Figsand5 rainfall changes
in the Cariaco Basin area and the Arabian Sea clearly track
millennial-scale SST variations in the North Atlantic region.
This is further supported by the composite analysis which
reveals a very similar time evolution of these variables for the
averaged DO stadial-interstadial transition. Rainfall changes
in eastern China are less well pronounced owing to a much
larger level of simulated rainfall variability that is unrelated
to DO cycles.

According to Fig.7h, changes in the barotropic trans-
port across the Indonesian archipelago occur almost in uni-
son with the AMOC. This surprisingly fast adjustment can
be attained by two processes: (i) wind changes in the Pa- ¢ -+ ‘ ‘ ‘ ‘ ‘
cific (Timmermann et a.20050, and (ii) fast oceanic ad- R S s W
justment processes involving wave propagation from the At-
lantic into the Indian and Pacific oceans, as discussed irfrig. 8. From top to bottom: time series projected onto GICC05 age
Timmermann et al(20053. The former can modulate the Scale Andersen et al2006 Svensson et al2006 of Nordic Seas
Indonesian Throughflow via the island ruddfrey, 1989,  Salinity from core S082-5/n Kreveld et a|.2000 and simulated
whereas the latter would have to change the joint effecuface salinity anomalies at this location; simulated maximum
of baroclinicity and relief (JEBAR) term in the barotropic meridional overturning circulation in the North Atlantic (Sv) com-

. . ) pared to North Atlantic marine sediment cores ARM dafasgel
transport equatiorSarkisyan and lvanoi971, Cane etal. o o 5008, simulated SST anomalies off the Iberian margin (15—

1998. Irrespective of the relative magnitudes of these termsgo W, 37-43 N) compared to alkenone-based SST anomalies from

our analysis clearly documents that the DO variability hasmarine sediment core MD01-244Mlértrat et al, 2007). Model re-
far-reaching fast oceanic impacts that extend also into theults are in black and paleoproxy records in orange.
other ocean basins.
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3.6 Common age scale sea-surface salinity data from SO82a&if Kreveld et al.
2000, the ARM data and the Iberian margin SST (Ryas
To better compare the paleorecords in Figs3, 5 and the  well as the Cariaco and Arabian seas color records @&ig.
simulated climate variables, we make an attempt to bring theonto the GICCO5 timescale. Here we assume that at least in
time series all onto the same age scale. We have chosen tl&e1800 yr sliding window, the proxy data varies in synchrony
Greenland Ice Core Chronology 2005 (GICCOBh@dersen  with the Greenland temperature record at zero lag. This as-
et al, 2006 Svensson et 3l2006 as the common age model. sumption is well justified by the model results that show
To project the model simulation (30-50 ka BP) onto this agemaximum correlation of 0.92 between the principal compo-
model, we compare the simulated Greenland temperatureents of the leading EOFs of temperature (Bmand c¢) and
with the NGRIP§180 (Svensson et g12006 and identify  precipitation (Fig.4b and d) at zero lag. Furthermore, our
in a 1800yr sliding window the lag at which the lag corre- model-based composite analysis of DO stadial-interstadial
lation attains its maximum value. Here we allow maximum transitions supports the notion of near synchronicity (within
lags of £750yr. To avoid large local discontinuities or rever- 100 yr) of the physical variables under consideration.
sals in the age model projection, we subsequently filtered the Having synchronized the model and paleoproxy data with
resulting time series of age adjustments for the model simthe NGRIP$80 record on GICCO05, we find a much better
ulation using a 500yr running mean. The resulting Green-agreement between model and paleoproxy records, particu-
land temperature-based age shift is then applied to all othelarly for the period 50-40 ka BP. The ARM data now nicely
model variables, thus keeping, at least to first order, the leadfeatures marked AMOC weakening during HS5, HS4 and C7
lag structure within the model intact. We also project the as well as during most of the DO stadials (Rj.In addition,
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Table 1. Table showing the timing of stadials HS5, HS4, C7/HS3.2 and HS3 as recorded in high-resolution well-dated paleorecords. We
calculate the mean (ka BP) and one standard deviation (ka) of the timing of each stadial as well as the duration (yr) of each stadial and its
standard deviation (yr). In the Pacupahuain record, the two peaks around HS5 were treated as a single event. A similar method was used fo
HS3 in the Hulu Cave record.

Paleoproxy record HS5 HS4 C7/HS3.2 HS3 Ref.
kaBP kaBP ka BP kaBP
Greenland180 (GICC05) 48.8-46.9  39.95-38.25 36.65-35.5 32—28.9Huber et al(2006
Sofular Caves180 48.8-47.7 39.9-38.2 36.6-35.95 31.5-29.Bleitmann et al(2009
Pacupahuain cawd®o 48.7-48.2 40.4-38.4 36.4-35.8 30.5-28.%anner et al(2013
48.0-47.45
Santiago cavel8o 49-48.2 40.1-38.6 36.6-35.6 — Mosblech et al(2012
Hulu Caves180 48.8-47.6  39.8-38.1 36-35.2 31.3-29.8Vang et al(2001)
28.8-27.9
Mean (ka BP) 48.8-47.6  40.0-38.3 36.45-35.6 31.3-28.8
Standard deviation (ka) 0.1-0.5 0.2-0.2 0.2-0.3 0.5-0.6
Duration (yr) 1250 1720 840 1820
Standard deviation (yr) 360 160 210 730

the precipitation records from the Cariaco Basin and the Ara-
bian Sea are now in better agreement with the model, partic-
ularly for HS5 (Fig.9).

We conclude that if forced with a freshwater forcing that
leads to simulated salinity anomalies which closely resem-
ble (within the dating uncertainties) paleosalinity reconstruc-
tions from the Nordic Seas (Fig), the LOVECLIM model
hindcast captures the dominant modes of Heinrich and DO
variability found in paleoreconstructions. The model results
further support that freshwater forcing triggered changes of
the AMOC and North Atlantic SSTs, which subsequently
caused the observed hydroclimate shifts across both Hemi-
spheres. This confirms our initial hypothesis that ice-sheet-
driven AMOC variations played a crucial role in generating
= the continuum of millennial-scale DO/Heinrich variability in
the North Atlantic during MIS3 (see alsBarnthein et al.
2001). Potential feedbacks of AMOC variability on the mass
balance of the major ice sheets will be discussed in Sect. 4.
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Here we will take the opportunity to revisit the timing of

Fig. 9. From top to bottom: time series projected onto GICCOS oo e imnortant climate events during MIS3. We will fo-
age scale of simulated NE Greenland air temperature anomalies

(40° W-10 E, 66—85 N) and NGRIPs180; simulated annual pre- tus in pgrticular on H.einriCh stadie}ls (HS5, HS4 and H$3)
cipitation anomalies over the Cariaco Basin (60280 5-20C N) and stadial C7 (Sge F'g,) and use high-resolution paleocli-
compared to a reflectance record from the Cariaco B&plazes ~ Mate reconstructions with independent age control that cap-
et al, 2013; time series of simulated Arabian Sea annual precipi- ture Heinrich and DO variability. The timing from NGRIP
tation (45-68 E, 5-1% N) compared to a reflectance recoij ~ on GICCO5 Andersen et al.2006, Sofular Cave, Turkey
from the northeastern Arabian Seaeplazes et al.2013. Model (Fleitmann et al.2009, Pacupahuain Cave, Perdgnner
results are in black and paleoproxy records in orange. etal, 2013, Santiago Cave, Ecuaddvifsblech et a|.2012
and Hulu Cave \Wang et al. 2001) is summarized in Ta-
ble 1. Results from Sect. 3.5 supports the notion of near syn-
chronicity (within £100 yr) of the physical variables under
consideration. Consolidated estimates for the timing of HS5,
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Fig. 10. Schematic illustration of the effect of northern hemispheric ice-sheet instabilities on the AMOC, SST and atmospheric circulation.
AMOC changes are likely to provide a positive feedback on ice-sheet instabilities via subsurface temperature afiusabesSplas

et al, 2010. Furthermore, sea level changes generated by one ice sheet can trigger ice-shelf instabilities in another ice sheet and subsequer
accelerated flow and iceberg calving. Once the ice sheets reach a new mass balance, the freshwater input into the North Atlantic ceases ar
the AMOC starts its recovery thus initiating a stadial-interstadial DO transition.

HS4, C7 and HS3 are 48.8-47.6, 40.0-38.3, 36.45—-35.6einrich event 3 had a different impact on the AMOC than
and 31.3-28.8 ka BP, respectively, which agrees well withfor other Heinrich events.

our model simulation (Figs2 and 3). These ranges also

agree well with estimates from North Atlantic marine sed- ,

iment cores for the timing of HS5 and HS4 (50-47 and4 Conclusions

40.2-38.3kaBP, respectivelypdnchez-Gofii and Harrispn Here we presented a new transient model simulation that cov-

2010. . L )
The C7 stadial was accompanied by a considerable RE'S the period 30-50 ka BP. This climate model hindcast ex-

pulse in the northeastern North Atlantic, as seen for instanm% erlernG ?\Zte\évr?%g—em egoggu,\? h :nggggfl\;rgsch\évﬁ;ﬁr ;osrc-
in the sediment cores PS264voglker et al, 2000, SO82- 9 ’ 9 9

5 (van Kreveld et al.2000, JPC-13 Hodell et al, 2010, and subsequently northeastern Atlantic temperature anoma-

N lies that are in agreement with alkenone-based temperature
?AEﬁi%?_:to;o ggggnflsbtjrtite?rﬁg?es,vl\:l:ﬁrtjzgtraonndgi/urgdolﬁi 4 reconstructions from the Iberian margin area. With this weak

surface temperatures in the Atlantic and widespread northerﬁonsnamt on model/data agreement, we were able to inde-

hemispheric aridity (Fig2, 3 and4). In our model simula- pendeqtly evalua'Fe th? model pgrformance with numerous
. : . other high-resolution climate proxies from both hemispheres.
tion and in the paleoproxy data, the C7 stadial shares man : .
o . ) : marked weakening of the AMOC reduces the oceanic and
common characteristics with the typical response for Hein- . .
! . : ! atmospheric poleward heat transport thus leading to a strong
rich stadials 3-5. In fact in the EOF analysis of the model ; . .
. . ; . S . O cooling over the North Atlantic regionK@geyama et a|.
simulation (Fig.4), this period is basically indistinguishable L T
. o . . 2013. In our model the cooling is centered on Scandinavia,
from the other prominent Heinrich stadials, both in terms . :
. ; extends over Greenland and northern Europe and is also sim-
of temperature and rainfall. We therefore propose to intro-

duce e term Heimih stacial 5.2 (45,2 using e sametiet O SO Eufobe Nort Afia and s e
nomenclature introduced for Heinrich stadial 53a(nthein 9 9 9

et al, 2001, feedbacks. Such temperature changes lead to a stronger sur-

Paleorecords as well as the model results display little Co_face temperature gradient over the North Atantic and there-

nerency regarding the amplitude and the tming of HS3. it g2t S SRR B\ 8 AR P T ades
was suggestedE(liot et al, 1998 Scnoeckx et al.1999 g

Grousset et al.2000 that in contrast to other Heinrich induce a southward shift of the ITCZ over the Atlantic re-

- ._gion with drier conditions simulated over Europe, the north-
events, HS3 may have originated from the Fennoscandial . . .
) . . . . . ern part of South America, North Africa and the Middle East.
ice sheet. It is thus possible that iceberg discharges during
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The resulting high level of agreement between the model | Ha I Gi8 [ h3z |
and paleoproxy records provides strong support for our ini-
tial hypothesis: namely that Heinrich and DO variability dur-

Gl7

ing MIS3 were caused by ice-sheet-driven changes in the los g

strength of the AMOC. The relationship between stadials and . %

IRD records from the North Atlantic region further indicates =
1-0.5

that northern hemispheric ice-sheet calving and freshwater
discharges play a major role in disrupting the AMOC dur-
ing MIS3 (Fig.1). Figurel0 summarizes a scenario explain-
ing DO/Heinrich variability, which follows some elements of
Sarnthein et al2001). We suggest that ice-sheet instabilities
of low amplitude, originating mostly from the Eurasian, Ice- 051 Y

land and Greenland ice sheegBo(d and Lotti 1999, arethe  _ o / \‘___\

main driver of the fast DO variability. The corresponding low %
amplitude freshwater flux perturbations triggered a weaken- \
ing of the AMOC, but not a complete collapse. We further £ \-’\,_,/

acknowledge the possibility that DO climate variability may  -1s-

have caused ice-sheet mass imbalances and calving fron
circum-Atlantic ice sheetsBpnd and Lottj 1995 Grousset

et al, 200Q 2001, Marshall and Koutnik2006, thus con-
tributing to the DO-synchronized delivery of IRD into the
North Atlantic. In contrast, instabilities from the Laurentide
ice sheet occurred less frequently but were associated witt
much larger iceberg and freshwater discharges, leading tcg_"ﬁ
complete AMOC shutdown and larger SST and hydroclimate © -5
changes in the North Atlantic realm and beyond. Changes 905190 5615 ;

. . .. . 40 3‘1? 37‘.5 3‘7 3&15 36 35.5 35 345
in sea level during Heinrich event&l{ickiger et al. 2006 time [ka B.P.] GICC05

and subsurface temperaturéshaffer et al. 2004 Mignot Fig. 11. Top panel: composite IRD record (orange) obtained from
etal, 2007 Alvarez-Solas e,t al201Q Marcott et al, 201%, the average of the normalized northern North Atlantic IRD records
Alvarez-Solas et al2013 (Fig. 10) may have subsequently 5og5_5 gan Kreveld et a.2000 and PS2644\oelker et al, 2000
triggered marine-ice-sheet instabilities, thus increasing thgsee Fig.1) and Irminger Sea sea-surface salinities (blue) from
initial freshwater discharge. Such processes may have playegog2-5 yan Kreveld et al.2000; middle panel: North Atlantic

a key role in synchronizing ice-sheet dynamics in the North-marine sediment cores ARM data (redigsel et al, 2009 and

ern Hemisphere and in prolonging ice-sheet instabilities dur-Summer SST anomalies (cyan) from marine sediment core SO82-
ing Heinrich events. Once the ice sheets reach a new mags (van Kreveld et al.2000; bottom panel: GISP2 reconstructed
balance, the freshwater input into the North Atlantic ceasescentral Greenland temperatures (blacklidy, 2000. All data are
salinity increases rapidly to the more saline Arctic/North At- displayed on the GICCOS timescale (see Big.

lantic glacial background state and the AMOC starts its re-

covery thus initiating a stadial-interstadial DO transition.

A more detailed view of the underlying mechanisms is sea-surface salinity increases thus initiating the AMOC re-
provided in Fig.11, which shows the time evolution of covery. The AMOC strengthening leads to Greenland and
the composite IRD record (Fid) from cores SO82-5 and North Atlantic warming as well northern North Atlantic sea-
PS2644 (orange, upper curve), the salinity reconstructiorice retreat. Greenland interstadial 8 (GI8) is characterized
(blue, upper curve) from Irminger Sea core SO82v&n( by a very warm initial period which lasts for about 100—
Kreveld et al, 2000, the North Atlantic ARM data (red, 200yr. IRD is at its minimum, Nordic Seas surface salin-
middle curve) Kissel et al, 2008 as a proxy for changes in ity is high and so is the strength of the AMOC (Fig).
AMOC strength, summer SST variations from the Irminger We consider this period of minimum ice-sheet calving a pe-
Sea (cyan, middle curve)ldn Kreveld et al. 2000 and riod of positive northern hemispheric ice-sheet mass balance
the GISP2 ice-core temperature reconstruction (black, lowefi.e. growth). Around 37.5kaBP calving resumes and in-
curve) Q@Alley, 2000. All data were interpolated onto the creases until 37 kaBP. This evolution is briefly interrupted
GICCO5 timescales (see caption to Figand Sect3.6 for for about 100yr between 36.9-36.8 ka BP, before a period
more details). Here we begin with the high IRD values during of rapid iceberg surging and an associated salinity decrease
HS4, low salinities and cold conditions in the Irminger Sealeads into the stadial cooling phase during HS3.2. The sta-
and a weak AMOC (40-39kaBP). Around39 kaBP the dial iceberg surging period lasts for 1ka and comes to an
strong freshwater forcing vanishes abruptly. Concomitantly,end when the ice-sheet calving has exhausted itself. This is

emperature [C]
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the initiation of GI7. The scenario outlined here for a set of Alvarez-Solas, J., Robinson, A., Montoya, M., and Ritz, C.: Ice-
paleoproxy data sets is entirely consistent with the modeling- berg discharges of the last glacial period driven by oceanic
based evidence from Fig8 and9. circulation changes, P. Natl. Acad. Sci., 110, 16350-16354,
Our paper further highlights the different response char- d0i:10.1073/pnas.13066221,12013. .
acteristics of various climate variables to AMOC changes”ndersen, K., Svensson, A., Johnsen, S., Rasmussen, S., Bigler,
(Fig. 7). The extraordinary abruptness of Greenland temper- M- ROthlisberger, R., Ruth, U, Siggaard-Andersen, M.-L., Stef-
ature changes during the DO stadial-interstadial transition fensen, J., Dahl-Jensen, D., Vinther, B., and Clausen, H.: The
. o . R . Greenland Ice Core Chronology 2005, 15-42ka, Part 1: Con-
was identified asa regional phenomenon, which is likely in- structing the time scale, Quaternary Sci. Rev., 25, 3246-3257,
duced by sea-ice feedbackd €t al., 201Q Deplazes et al. 2006.
2013. Given the fact that the North Atlantic temperature and garker, S., Diz, P., Vautravers, M., Pike, J., Knorr, G., Hall, I., and
AMOC composite shown in Figl have already reached 2/3  Broecker, W.: Interhemispheric Atlantic seesaw response during
of their full DO amplitude at zero lag whereas Greenland the last deglaciation, Nature, 457, 1097-1102, 2009.
temperatures have only attained about 50 %, it may appeaBlunier, T., Chappellaz, J., Schwander, J., Dallenbach, A., Stauffer,
as if the Greenland record is lagging the other variables. B., Stocker, T., Raynaud, D., Jouzel, J., Clausens, H., Hammer,
This is merely a reflection of the nonlinearity of the Green- ~ C-., and Johnsen, S.: Asynchrony of Antarctic and Greenland cli-
land temperature response. It should be noted here that this Mate change during the last glacial period, Nature, 394, 739-743,

L(ar?)ij;?ir:;azelrrizzavi}t;hgr?ggf:;g”éﬁﬂ;g r%fcg:’?sr:rlrji?ioolnjgon Bond, G anq thti, R.: Iceberg discharges intn tne Nor_th Atlantic

; ) ’ on millennial time scales during the last glaciation, Science, 267,

According to our model and data-based evidence, we con- ;405 1010 1995,
clude that ice-sheet/freshwater-driven AMOC variations andBraun‘ H., D’iﬂevsem P., and Chialvo, D. R.. Solar forced
local feedbacks determined the timing and abruptness of DO pansgaard-Oeschger events and their phase relation
events as well as their global teleconnections. with solar proxies, Geophys. Res. Lett, 35, L06703,
doi:10.1029/2008GL0334142008.
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