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Abstract. Various hypotheses were proposed within recenting between 180 and 26tatm before the MPT. The con-
years for the interpretation of the Mid Pleistocene Transitionsequence of our Southern Ocean Decoupling Hypothesis is
(MPT), which occurred during past 2000 000 years (2 Myr). that the slope in the relationship between Southern Ocean
We here add to already existing theories on the MPT someSST and atmospherigCO; is different before and after the
data and model-based aspects focusing on the dynamics ®iPT, something for which first indications already exist in
the carbon cycle. We find that the average glacial/interglaciathe 800 kyr CQ record from the EPICA Dome C ice core.
(G/IG) amplitudes in benthié13C derived from sediment We finally discuss how our findings are related to other hy-
cores in the deep Pacific ocean increased across the MPpotheses on the MPT.

by ~40%, while similar amplitudes in the global benthic
8180 stack LR0O4 increased by a factor of two over the same
time interval. The global carbon cycle box model BICYCLE

is used for the interpretation of these observed changes irt
the carbon cycle. Our simulation approach is based on re- , o ,
gression analyses of various paleo-climatic proxies with theMore th.an. SIX Qecades ago Milutin Milankovitch propo§ed
LRO4 benthics 180 stack over the last 740 kyr, which are then that variations in the orbital parameters of the Earth might
used to extrapolate changing climatic boundary conditions?€ résponsible for glacial/interglacial (G/IG) transitions in
over the whole 2 Myr time window. The observed dynam- chmatg occurring on tmescale of 100 10 years Mi-

ics in benthics13C cannot be explained if similar relations 'ankovitch 1941). Thirty-five years later, the work dflays
between LR04 and the individual climate variables are as-St al. (1979 showed that similar frequenme; of approxi-
sumed prior and after the MPT. According to our analysis amately 20kyr, 40kyr, and 100kyr are found in the orbital
model-based reconstruction of G/IG amplitudes in deep PaYariations and a deep ocean sediment record covering the
cific §13C before the MPT is possible if we assume a differ- Igst 430 kyr and thus Milankovitch's idea was for the _f|rst_
ent response to the applied forcings in the Southern OceafiMe SuPported by a data set. Nevertheless, already in this
prior and after the MPT. This behaviour is what we call the first work Whlch connected insolation and chmgte response,
“Southern Ocean Decoupling Hypothesis”. This decouplingthe power in the 1/100-kyr frequency of the orbital variations

might potentially be caused by a different cryosphere/ocearY"aS much smaller than in the climate signal recorded in the

interaction and thus changes in the deep and bottom Wagediment. Since then strong nonlinear feedbacks in the cli-

ter formation rates in the Southern Ocean before the MpTMate system are called for to explain this dominant 100-kyr

however an understanding from first principles remains e|u_frequency which is found in most climate records covering

sive. Our hypothesis is also proposing dynamics in atmo_approximately the last 1 Myr (e.¢mbrie et al, 1993. Fur-

sphericpCO; over the past 2 Myr. SimulategCO is vary- thermore, the origins of the 100-kyr cycles are interactiqns
of different planets in our solar system leading to eccentric-

) ity anomalies in at least five different independent periods
Correspondence tP. Kohler between 95 and 107 kyBerger et al.2005. It is also long
BY (peter.koehler@awi.de) known that climate reconstructions which go further back in
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Fig. 1. Data evidences for changes in the climate system and the global carbon cycle over the las{RMR04 benthics180 stack

(Lisiecki and Raymp2005. Odd MIS during the last 1.8 Myr are labelled. Those MIS (3, 23, 27, 33, 57) not used for the calculation of
G/IG amplitudes due to its weak representation in both LR04 and the Psld@icrecords are offset (similar as Raymo et al.2004). (B)
Atmospheric CQ. Ice core measurements (circles, lines) from Vostok and EPICA Dorketit ét al, 1999 Siegenthaler et al2005 L uthi

et al, 2008. Vostok CG on the orbitally tuned age scal8i{ackleton2000, EPICA Dome C on the EDC8asa age scale (scenario 4 in
Loulergue et al.2007 Parrenin et a).2007h. Reconstructed C§)(squares) based on pH in equatorial Atlantic waters derived &b
measured in planktic foraminifer&ldnisch and Hemming@009. (C) Mean benthié13C measured from ODP84R&&aymo et al.2004 and

ODP677 Raymo et al.1997). The data sets of both sediment cores were interpolated at 3 kyr steps, smoothed to a 3-point running mean and
are synchronised on the orbitally tuned age scal8tackleton et al1990. ODP677 covers only the last 1.3 Myr. Plotted here is the mean
s13c+1sD (yellow). Black (A) and red (B, C) dots denote local minima/maxima within individual MIS, which were used to calculate G/IG

amplitudes.

time do not show this 100-kyr variability but are dominated Interestingly, little attention has been given in most of
by the 40-kyr cycle caused by Earth’s obliquighackleton these studies to changes in the carbon cycle. This might
and Opdyke1976 Pisias and Moore Jr1981). Since then be based on the fact that ice core reconstructions including
this shift in the climate from a 40-kyr variability in the Early measurements of atmospheric £&e so far restricted to the
Pleistocene (the 40k world) towards a 100-kyr periodicity last 800 kyr covered in the Vostok and EPICA Dome C ice
in the last several hundreds of thousands years (the 100 kores Petit et al, 1999 Siegenthaler et gl2005 Luthi et al,
world) was called the “Mid Pleistocene Transition (MPT)” 2008. However, it has been shown that atmospheri; CO
and sometimes the “Mid Pleistocene Revolution”. Besidescan be calculated from pH reconstructions based on boron
this shift in the dominant frequency the MPT is also charac-isotopes KHonisch and Hemming2005 and thus the limi-
terised by an increase in G/IG amplitudes in climate signalstation in the extension of the GQime series given by the
from the 40 k to the 100 k world, as clearly seen, for example,retrieval of old ice cores might at least be partially compen-
in the Lisiecki and Raymd2009 LR04 benthics180 stack  sated in the near future (Fi@B). Furthermore, there is ample
(Fig. 1A). A convincing theory which explains these obser- information on carbon cycle dynamics in published benthic
vations remains elusive, however in recent years several hys13C reconstructions. From these bentB!{éC records at
potheses on the interpretation of the MPT were put forwardleast long-term trends during the past 1.2 Myr were investi-
(e.g.Maslin and Ridgwell2005 Raymo et al.2006 Schulz  gated recentlyloogakker et a).2006.
and Zeebg2006 Clark et al, 2007 Huybers 2007 Bintanja We here extend on the interpretation of carbon cycle dy-
and van de Wal2008. namics across the MPT, but concentrate on the G/IG am-
plitudes. For this aim we perform simulations with the
global carbon cycle box modeliByCLE. BICYCLE was the

Clim. Past, 4, 311332, 2008 www.clim-past.net/4/311/2008/
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only full carbon cycle model used in the “EPICA challenge”

(Wolff et al., 2004 2005 Kohler and Fische2006 “to pre-

dict based on current knowledge, what carbon dioxide” fur- Atmosphere
ther back in time “will look like”. This challenge was started
after the publication of climate signals of EPICA Dome C
covering eight glacial cycleEEfPICA-community-members
2004, but before the presentation of any of the L£data
extending Vostok’s C@record beyond 400 kyr BFSfegen-
thaler et al.2005 Lthi et al, 2008. As older ice cores are . |Isouthern Indo-
planned to be drilled in the near futuBrpok et al, 2009, Atlantic Ocean Pacific
this study can therefore be understood as an extension of the ™ Biosphere
“EPICA challenge” further back in time. However, for the \

time being our results here will focus on the interpretation of T | \T\\:m
measured benthig!3C of the deep Pacific Ocean (FitC). Oceans

Finally, we will discuss our results in the context of various
recently published hypotheses on the causes of the MPT.

Box model of the Isotopic Carbon cYCLE BICYCLE

L SURFACE |

2 Methods

INTER-

2.1 The model BcYcLE

To investigate the consequences of changes in climate on the§
carbon cycle across the MPT we use the carbon cycle box |
model BcycLE (Fig. 2). It consists of a ten reservoir ocean |
module, one well mixed atmospheric box and a globally aver- |
aged terrestrial biosphere represented by seven boxes which
distinguish G and G, photosynthesis, and soils with differ-

ent turnover timesKohler and Fischer2004 Kohler et al, ‘ |
2005 PrOgnOStiC variables are carbon (DlC in the Ocean), ATLANTIC SOUTHERN INDO-PACIFIC PRE
813C andAC in all boxes, and additionally alkalinity, RO e i
and G in the ocean boxes. The model is based on former |

DEEP

s ;
box models of the oceamMunhoven 1997 and the terres- Ny 7?:33 y <2 miquFACEﬁ
trial biosphere Emanuel et a).1984, but was adapted and ! i s |
updated in previous studies. So fancBcLE was applied " 12 | Weoire |
to understand carbon cycle dynamics during Termination | ' ! 9 t lwoom !

(Kohler and Fische004 Kohler et al, 2005, participated

in the EPICA challengeWolff et al., 2005 Kohler and Fis-
cher, 2009, and was used for the interpretation of atmo-
spherics13C andA4C (Kohler et al, 20063b).

We use a model configuration which differs only slightly
from previous applications in the definition of water fluxes
between ocean reservoirs. In earlier applications all of : 3
the upwelling water in the Southern Ocean was travelling | ATLANTIC SOUTHERN INDO-PACIFIC LGM
through the Southern Ocean surface box. Here, 30% Of the !
upwelling flux is immediately relocated to the intermediate

DEEP

846/677

313

box in the equatorial Atlantic (dashed lines in FR&). This Fig. 2. The BicYcLE carbon cycle model. Top: Main geome-
is reasoned with the short residence time of these waters aty. Middle and bottom: Geometry and ocean circulation fluxes (in
the surface which is too short for equilibration with the atmo- Sv=1¢ m®s~1) of the oceanic module. PRE: preindustrial circu-
sphere. With this model revision the results for atmospheridation based on the World Ocean Circulation Experiment WOCE

pCO, are~10uatm lower during glacial maximums, which (Ganachaud and Wuns@000. LGM: assumed circulation during
the LGM. The latitudinal position of the sediment cores in the equa-

torial Pacific ODP677/846 used for comparison is indicated by the

is still within the uncertainty range given by the ice core mea-
surements (see Se&2). However, the revision brings the
simulateds'3C in the deep ocean closer to paleo reconstruc-
tions.

red dot.
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Fig. 3. Paleo-climatic records which were used to force theY&LE model. Original records (red, bold), those calculated from correlations
with LRO4, used in scenaria. BR04 (black, thin), and alternative forcings (blue, brokem). LR04 benthics180 stack (isiecki and Raymp
2009. (B) Sea level change4C) Temperature changes over land in the Northern Hemisphere8@RN). (D) Variability in deep ocean
8180 caused by deep ocean temperature chan@sChanges in areal extent of northern hemispheric ice shéetsidditional silicate
weathering flux due to regolith erosiofG) Planktics180 of ODP677 (212 N, 83°44 W) (Shackleton et al1990. (H) Sea level corrected
deuteriumsD. (I) Atmospheric iron fluxes to Antarctica. B—-D: 1 Myr aftBintanja et al.(2005, 2—1 Myr BP and (E) afteBintanja and
van de Wal2008. H-I as measured in the EPICA Dome C ice cd@ICA-community-member2004 Wolff et al., 2006).

Assumed temporal changes in ocean circulation are (i) ayered by northern hemispheric temperature (B{@). Thus,
highly stratified glacial Southern Ocean with less vertical ex-the strong Atlantic overturning depicted in FigA exists
change, (ii) a reduced North Atlantic Deep Water (NADW) only during peak interglacial conditions (Fi4B).
formation and subsequent fluxes during glacials, and (iii) a ) 1 )
closure of the Bering Strait during glacials caused by their, OF the analysis of the°C cycle in the deep ocean a sed-

: - iment box with initially 50000 PgC and &-3C of 2.75%o
sea level low stands (Fi®). The strength of the vertical : _ _
mixing flux in the Southern Ocean is linearly coupled to the 'S introduced in each deep ocean basin (Atlantic, Southern

variability in the Southern Ocean SST (F&H). The mix-  Ocean, Indo-Pacific). The initiaSI.13C of the sediments is
ing flux is not allowed to exceed preindustrial values and —Similar to the long-term average signature of the Ca@-

to be consistent with previous studig&hler et al, 2005 — dhuce(::]m ige sgrface ocef;m.h Inltlal_values were chosen such
is not allowed below its assumed minima at LGM ("_4@) that thes°C Slgnature of the sediments does not present

NADW formation and Bering Strait outflow switch only be- any large drift, they change in the chosen sett;ng less than
tween glacial and interglacial states. Their changes are trig-iO'_O4£’° over the simulation period. If the initiétC in the
sediments is, for example, smaller than that of the exported

Clim. Past, 4, 311332, 2008 www.clim-past.net/4/311/2008/
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Fig. 4. Time series of surface to deep ocean fluxes in the North AtléB)iand the Southern Oced@€) for different scenarios. Note, that
plotted numbers sum up all fluxes, e.g. deep water formation and vertical mixing fluxes. After 0.9 Myr BP the fluxes in the Southern Ocean
for S.LR04 and SSO are identical(A) LR04 benthics180 stack Lisiecki and Raymp2005 for comparison.

and accumulated CaGQsedimentany’3C increases over During sedimentation and dissolution no isotopic fractiona-
time (e.g+0.25%. over 2 Myr for initially 1%o. lowers13C in tion is assumed: CaCQwhich is added to the sediments has
the sediments), while that of the ocean/atmosphere/biosphetthte sames'3C as during hard shell production at the water
decreases (mean ocean 50.02%. for the same example). surface, while the dissolved carbonate carriessti€ sig-

The CaCQ which enters the deep ocean boxes and can be amal of the sediment box.

cumulated in the sediments, was produced with a fixed ratio

between export of organic matter (OM) and hard shellsinthe2.2  Time-dependent forcing

surface waters (6v:Ccacg=10:1). Com export at 100 m

depth is prescribed for present day to 10 PgC (®dlitzer  For the applications of BYCLE over the last 740 kyr
2000, but depends on available macro-nutrients. This is re-(K()h'er and F|Sche[200© various proxy data sets derived
alised with maximum productivity in equatorial waters. In- from sediment and ice cores were used to force it with time-
creased export might occur in the Southern Ocean, if macrogependent climatic boundary conditions. The success of this
nutrients are available and the proxy for iron input into the approach depends heavily on the synchronisation of the used
Southern Ocean suggests the stimulation of additional progata sets onto a common time scale. Due to this intrinsic fea-
ductivity due to iron fertilisation. The chosen export produc- yre of the forcing mechanisms and the restriction of Antarc-
tion of organic matter and rain ratio lead to modern CaCO fjc ice core records to the last 800 kyr we relied on a simple,
export of 1 PgC yr' similar to other applications (e.din  put more consistent approach to force our model over the last
et al, 2006. CaCQ is partially (20%) remineralised in the » Myr.

intermediate layers. In the deep ocean carbonate compensa-This new approach is based on the use of the ben-
tion is calculated with a relaxation approach resulting in ei- . 5180 stack LR0O4 derived byLisiecki and Raymo
ther sedimentation of CaCGr dissolution of sediments as (2009 as a master record for any observed climatic
a function of the offset from initial (present day) Ocon- change.  We calculate regression functions between
centrations. This relaxation approach considers a slow timg poa™ and all those records used to force the model
delayed response of the sediments to deep ocean carbogyer the last 740 kyr (Tablel and Figs. A1-A6 in
ate ion anomalies with an e-folding time of 1.5kyr to be in ¢ g, pplemental Materidittp://www.clim-past.net/4/311/
line with data-based reconstructiomdgrchitto et al, 2005. 2008/cp-4-311-2008-supplement pdf These regression

www.clim-past.net/4/311/2008/ Clim. Past, 4, 3332 2008


http://www.clim-past.net/4/311/2008/cp-4-311-2008-supplement.pdf
http://www.clim-past.net/4/311/2008/cp-4-311-2008-supplement.pdf

316 P. Kohler and R. Bintanja: The carbon cycle during the Mid Pleistocene Transition

Table 1. Regression functions calculated between LR04 berstHi© (variablex) (Lisiecki and Raymp2005 and the mentioned paleo
records. All EPICA Dome C records were taken on the EDC3 age sBaleehin et a).20073. Complete time series are found in the
supplement.

Record (variable) Symbol Length Regressionfuncton r2 Reference

(kyr) (%)
Sea level LRO4-SEAL 1070 y=23451-7141x 93 Bintanja et al(2009
Northern hemispheric temperature LRO4-NHdT 1070y=22.74—-7.75x 78 Bintanja et al(2005
AS8180 of LRO4 caused by deep sea temperature LRO4-DEEPAT  103G=—1.12—-0.38x 90 Bintanja et al(2005
8D in EPICA Dome C (SO SST proxy) LR04-dD 800 y=-29800—30.10x 73 Jouzel et al(2007)
Fe flux in EPICA Dome C (SO Fe fertilisation proxy) ~ LRO4-FE1 740 y=10"136+0.74x 53  Wolff et al. (2006
Fe flux in EPICA Dome C (SO Fe fertilisation profy) LR04-FE2 740 y=-27934+9812x 13  Wolff et al. (2006
Planktics180 in ODP667 (equatorial SST proxy) LRO4-EQSST 2000y=-3.84—-0.63x 42  Shackleton et a(1990

a | inear regression only for points with Fe flux100gm—2yr—1.

functions are then used to extrapolate how the various comthermore, it was showrL{u et al, 2008 that tropical SST
ponents of the Earth’s climate, which are used as changinglynamics across the MPT are different than global climate
boundary conditions in our carbon cycle model, might havevariations contained in LR0O4. This is another argument to
changed over the last 2Myr. Although this approach ne-rely on the original record in the equatorial region.

glects any existing leads and lags between various parts of

the climate system, it should in the light of the relatively in the size of the marine export production in the South-

coarse temporal resolution of LROA{=1-2.5 kyr between ern Ocean and is responsible for the simulated rise of atmo-

2 Myr and present) be a good approximation to estimate G/IG : . o -
AP . sphericpCO; of up to 20uatm during Termination IKohler
changes. Furthermore, it implies that the correlation of the b PCO; P H g K

. . . L .. etal, 2009. Furthermore, for all forcing records but the iron
various paleo records with LR04 were in principle not dif- 9 g

flux record linear regression functions led to adequate result.
ferent bfafore and a“ef the MPT and. that the- undertaken XThe regression between the iron flux and LR04 needs the
trapolation of the forcings to 2 Myr is meaningful. It also

implies that climat 4 their | " th use of an exponential regression function. Because of the
IMPIES that climate processes and eir Impacts on the (?arboor correlation of these two records and the potential con-
bon cycle were following similar functional dependencies in

. sequences of this for biologically driven carbon export to the
g‘pep:(ljoaléhanvsh?;ﬁ ilsot?:ayl\i/@rlgészge(;ﬁf?c:?éir\:\g/]eflrjig:otr?stzs ocean interior an alternative scenaridRBN is applied, in
. ' . “which changes during peak iron fluxes are better represented
rived from LRO4 (scenario $R04) as our “Null Hypoth- whl g urng p ! ux P

< Th : t model its of this Null H than previously. This is achieved through a linear regression
esis. 1he comparison of model results ot this WUl Fy= poyeen | R04 and the iron flux that is restricted to iron fluxes
pothesis (3 R04) with those of the scenarios forced with

=1 m?yr~1 (Fig. 31). These i k f ial
the original records (£PICA: original 740 kyr application; ==100ugm"yr" (Fig. 31). These iron peaks are of specia

L . . . interest because it can be assumed that during these times the
S_EPICA+: 740 kyr application with revised ocean circula- g
tion) gives us evidences how much variability in the carbon

Southern Ocean marine biology was not limited by iron and
. S . thus export production was enhancétbtin, 199Q Parekh

cycle will be lost by the simplification of the forcing mech- portp q

anisms. Thus, this comparison represents a sort of “ground-

et al, 2008.
truthing” which is important for the interpretation of the re-  Furthermore, changes in various climate variables (sea
sults going further back in time than 740 kyr BP. level, northern hemispheric temperature, deep sea tempera-
ture) were already estimated out of LR0O4 using an inverse
The correlation of the regressions functions between LR0O4modelling approachBHintanja et al. 2009 for the 740 kyr
and the other records is in general higR ¢f 76% to 93%, long application of the B2YCLE model. The basis of their
Tablel). The poorest correlations? of 42% and 52%) ex- approach is the deconvolution of the temperature and sea
ist for LR0O4 and planktonié'®0 in ODP667 (a proxy for level information contained i8'80 of the LR04 stackBin-
equatorial SST) and for LR04 and the iron flux as measuredanja and van de WgR008 use the same methodology, but
in the EPICA Dome C ice core (a proxy for iron input into extend the analysis 3 Myr back in time. Here, the North
the Southern Ocean). Due to this relatively bad correlationAmerican ice sheets play a central role in intensifying and
and the fact that the record of planktost?0 in ODP667  prolonging the glacial cycles during the MPT. Long-term cli-
is available over the whole 2 Myr time window we refrain mate cooling enables the North American ice sheets to grow
from using the LR0O4-based substitute, but use the originain the 100 k world to a stage in which they are able to merge,
8180 data from ODP667 throughout our simulations. Fur- after which they can grow even more rapidly until basal-

The second correlation with low? determines variations

Clim. Past, 4, 311332, 2008 www.clim-past.net/4/311/2008/
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Table 2. Summary and description of simulation scenarios.

Name Forcing Comment

740 kyr simulations (100 k world only)

S_EPICA as in original EPICA challenge, forced with different paleo records publishiédfter and Fischef2006
S EPICA+ similar to SEPICA, but with revised Southern Ocean upwelling (Rg.

Scenarios across MPT based on previous hypotheses

S.LR0O4 forced with time series derived via correlation and regression functi@ur Null Hypothesis
between LR04 and climate records used iBBICA
S_IRON as SLRO04, but with alternative regression function for the input of iron
in the Southern Ocean with consequences for marine export production
S_.NHICE as SLRO04, but the smaller G/IG amplitudes in sea level change input from Bintanja and van de Wal

the 40k world are mainly caused by Northern Hemisphere ice volur{2008
anomaly. Sea level, deep ocean and northern hemispheric temperature,
and areal extent of ice sheets are not obtained from correlation with
LRO4, but taken from the cited simulation study
S.REGOLITH as SNHICE, but additionally changing silicate weathering rates bdellowing the Regolith Hypothesiof
tween 2 and 1 Myr BP are considered Clark et al.(2007)
S.COM combining SLR04 with improvements of scenariosIBON,
S_NHICE, and SREGOLITH

Scenarios across MPT based on our new Southern Ocean Decoupling Hypothesis

S.SO as SLRO04, but with revised (larger than inISR04) G/IG amplitudes Our Southern Ocean Decoupling Hy-
in the Southern Ocean vertical mixing rates before 900 kyr BP pothesis
S_FINAL combining SCOM with S SO, or improving theNull Hypothesis our final (best guess) scenario

with the alternative regression function for iron input in the Southern
Ocean (SIRON), details on northern hemispheric ice sheet evolution
(S_NHICE), theRegolith Hypothesit€S_ REGOLITH) and theSouthern
Ocean Decoupling HypothegiS_SO)

sliding related instabilities in this huge ice sheet causes catastism. It has been shown that to obtain stable atmospheric
trophic collapse and deglaciation. The variables mentionedCO, on time scales longer than glacial cycles volcanic out-
above and changes in northern hemispheric ice sheet aregassing and weathering fluxes balance each otherZeelpe
necessary for the areal extent of the terrestrial biosphere, caknd Caldeira2008. This implies that half of the carbon
culated byBintanja and van de W#R008 out of LR04, will consumed by silicate weathering need to be supplied by vol-
be used alternatively in scenarioN8HICE (Fig. 3B—E). canic out-gassing of Cfwhile the other half is taken from

Further changes in the carbon cycle are performed in scetmospheric C@ (Munhoven and Frangqid 996 and ref-
nario SREGOLITH. Following theRegolith Hypothesisf erences therein). The strength of the assumed fluxes are
Clark et al. (2007 we assume that the regolith layer lo- SOmewhat different than those usedGfark et al.(2007.
cated beneath the northern hemispheric ice sheets got erodddl® magnitude of the additional HGOnput at 2Myr BP
over time before the MPT. This leads to an additional flux (12x10"mol C yr-!) was chosen to be of similar size as the
of silicate weathering or HCDinput to the ocean. We as- estimated present-day fluxes given®gillardet et al(1999.
sume a weathering and thus HC®ux, which declines over ~ This would imply that at 2Myr BP, at the time of maximum
time (from 12<102mol Cyr-! (2 MyrBP) to 0mol Cyr? input of S|_I|cate weat_henr_wg from regpllth erosion, the ampli-

— 1 MyrBP), and which is modulated by the areal extent of tude of this process is twice that during present day. Accord-

the northern hemispheric ice sheets (B§). The carbon- ing to our understanding this would be a rough conservative

ate chemistry of the ocean (including the magnitude of the€Stimate of the upper end of what impact can be expected

carbonate compensation) is effected by these fluxes as thd}om theRegolith Hypothesien the global carbon cycle.
change the overall budgets of alkalinity and DIC. These num- For the time being these scenarios, which are all well sup-
bers consider only the additional changes in the weatheringorted by other studies, were chosen as starting point. We
rate, thus background silicate and carbonate weathering iwill in the evaluation of these scenarios (Se8t8-3.4) have
implicitly included in our carbonate compensation mecha-to conclude that they are insufficient to describe the actual
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Table 3. A compilation how boundary conditions (climate variables) were substituted in this application.

Climate variable Substitution Alternative formulation Scenarios which use b Fig.
used in SLR042 alternative formulation

Sea level LRO4-SEAL 2 Myr simulation restfits S_NHICE, SREGOLITH, SCOM, SFINAL B

SST (North Atlanticy f(LRO4-NHDT) 2 Myr simulation resulfs S_NHICE, SREGOLITH, SCOM, SFINAL C

SST (Equatorial Atlantic) no substitution, take original record (ODP677) G
SST (Southern Ocedh) f(LRO4-dD) Mixing decoupled from SO SST S_SO, SFINAL H

SST (Equatorial Pacific) no substitution, take original record (ODP677) G
SST (North Pacific) f(LRO4-NHDT) 2 Myr simulation resulfs S_.NHICE, SREGOLITH, SCOM, SFINAL C
Intermediate and deep ocean T LRO4-DEEPAT 2 Myr simulation résults S_NHICE, SREGOLITH, SCOM, SFINAL D

Fe fertilisation Southern Ocean LRO4-FE1 LRO4-FE2 _IR®N, SCOM, SFINAL |
Northern hemispheric temperature LRO4-NHdT 2 Myr simulation reSults S_.NHICE, SREGOLITH, SCOM, SFINAL C
Northern hemispheric ice sheet area f(LR04-SEAL) 2 Myr simulation resulfs S NHICE, SREGOLITH, SCOM, SFINAL E
Silicate weathering (regolith erosion) — linear dectiiee sheet area BEGOLITH, SCOM, SFINAL F

a Symbols taken from Tablg.

b Notation of sub-figures of Fi@ where the relevant time series are plotted.

¢ Bintanja and van de W#R009§.

d North Atlantic deep water formation is coupled to North Atlantic SST.

€ Southern Ocean vertical mixing is coupled to SST. This coupling is linear for 900-0 kyr BP, but follows at different pattern in earlier times.
Before 900 kyr BP the reduction in vertical mixing in the Southern Ocean in glacials is larger than in the SST substitute. Vertical mixing
(Fig. 4C) then follows a synthetic time series, which was derived in four steps:

(1) The surrogate of LR04 for Southern Ocean SRILR04-dD)=y; is linearly transformed to [0, 1]:

(y2=f (y1) with yo(t=0kyr BP)=0 and(y2(r=18 kyr BP=1)).

(2) Stretchy, to colder climates by>3=(y2)3. This shifts, for example, the mid poiny=0.5 to y3=0.125.

(3) Transfer stretched record linearly back to the range of SST vajyesf (y3).

(4) Restrict variations in vertical mixing to the range given by SST found at present and 17 kyr BP, as deduced for TerminKiddrel in

et al.(2005.

variability in benthics13C, and at the end we will therefore of benthics13C measured in two cores from the equato-
make suggestions to further modify our assumptions and pro-  rial Pacific (ODP846: 3S, 9 W, 3307 m water depth,
pose an new explanation, tl&outhern Ocean Decoupling Raymo et al.2004 ODP677: S, 83 W, 3461 m wa-
HypothesiqSect.3.5). All scenarios are summarised in Ta- ter depth,Raymo et al.1997). They are plotted on an
ble 2. Details on all correlations and which variables were orbital tuned age scal&hackleton et al.1990, were
substituted in each scenario are described in the Tdldes interpolated to a uniform 3 kyr spacing and smoothed
3 and in the Supplemental Materiattp://www.clim-past. with a 3-points running mean, as performed already in
net/4/311/2008/cp-4-311-2008-supplement.péf detailed Raymo et al(20049).

description how changing climatic boundary conditions im- T .
pact on our carbon cycle model is publishedkiohler and We focus only on changes iBr-C in the deep Pacific
Fischer(2008. Ocean, because changes in the Atlantic might depend largely

on the core site due to changing deep and bottom water fluxes
between glacial and interglacial timeKrfopnick 1985

3 Results Curry and Oppp2005. These detailed changes in ocean
circulation and the consequences for lo85IC can not be
3.1 Evidences from paleo records represented in our model due to the coarse spatial resolution.

. For the Southern Ocean not enough data sets exist to com-
We concentrate our paleo data analysis across the MPT on pjje one record, which would be a representative of the whole
Southern Ocean as it is defined in our model (south 88)0
Those long records of which we are aware are all located
around 40 S from the South Atlantic/Atlantic sector of the
2. atmospheric C® measured in ice coredétit et al, S.o.uth.ern Ocean. In the deep eastern Pacifi_c, where. our Ea-
1999 Siegenthaler et al.2005 Lithi et al, 2008 Cllféc gltes are located, the horizontal and vertlcglgrad|entsm
(Fig. 1B), 8 .C in the Imc.)dern ocean are very smdﬂmopmck'l%a
(Fig.5). A similar uniform distribution o613C exists in large
3. reconstructeds3C from the deep Pacific (FiglC). parts of the glacial Pacifi®pyle, 1992 (Fig. 5). Therefore,
Here, the deep PacifidC is represented by an average observed changes are assumed to be representative of basin

1. the LRO4 benthics180 stack (isiecki and Raymp
2005 as global recorder of climate change (Fig\),
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Fig. 5. Moderns13C data and LGM13C reconstructions as function of ocean basin, depth and latitude. Left: GEOSECS&'dataf{DIC

in the water columnkroopnick (1985). Right: LGM reconstructionss&3C of benthic foraminifera in sediment cor@qyle, 1992 Bickert
and Mackenser2004 Curry and Oppp2005. The reconstructions dickert and Mackense(R004) are corrected for the phytodetritus
effect. Circles mark the site locations of ODP846 and ODP677.

wide variations and not merely a recorder of local changes inL10° W, 3851 m water depth)Mix et al., 1995. Further-
ocean circulation. Purely local effects should be minimisedmore, a long-term cyclicity of~500 kyr in §13C has been
by averaging two different cores. found in all ocean basins during the Pleistocamaifg et al.

For data analysis and the following data-model compar-2009. Spectral analysis of atmospheric £15 omitted due
ison we divide our time period of interest in three time 0 data-limitation.
windows: (a) the 40k world (1.8 to 1.2MyrBP), (b) the  The sizes of the G/IG amplitudes of the selected records
MPT (1.2 to 0.6 MyrBP), and (c) the 100k world (after for the different time windows are of special interest in this
0.6 Myr BP). These are the same intervals aRaymo et al. study. They are summarised together with simulation results
(2004 to allow comparison. Simulation results between 2.0in Table4. Besides the averages¢ne standard deviation)

and 1.8 Myr BP are omitted in our further ana|ysis due to thetheir relative sizes during earlier times with respect to the
missing benthié13C data. 100k world is investigated. This information is expressed in

We use the maximum entropy spectral analysis (MESA)the so-calledf-ratio (fx= AAX o.-1001in %, withX=MPT or
(Ghil et al, 2002 to clearly identify the MPT with its shift 40K). It gives information on the changes in amplitude over
from 40-kyr to 100-kyr periodicity in the LR0&180 stack  the MPT, and not in frequency. It will be used widely in the
(Fig. 6A—C, see alsd.isiecki and Raymp2007. The ben-  following to compare the qualitative behaviour of our sim-
thic §13C in the deep Pacific as representative of the car-ulations with the reconstructions. We have to acknowledge
bon cycle does also record this transition from the 40k tothat for this analysis of G/IG amplitudes some periods (MIS
the 100k world (Fig.6D—F). There is also an even slower 23, 27, 33, and 57), in which no distinct maxima could be
variability with a frequency of~1/500 kyr-! superimposed, identified in thes13C records were omitted for further anal-
however this frequency component is not statistically signif-ysis. All local minima and maxima used here are marked in
icant within our MESA approach. Nevertheless, a low fre- Fig. 1.
quency component of 1/400 kyt in §13C of the deep Pa- The global climate as represented by LR04 exhibits G/IG
cific was already identified over the last 2.4 Myr as one of theamplitudes, which increase by up to a factor of two over the
most important frequencies in ODP677 and ODP84IN0  MPT. In other words, thef -ratios are 76% and 51% for the
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reconstructior(D—F) for different time windows, (time series plotted in FiA, C). Data (bold red) and their 99% confidence (thin black).
Significant periods of labelled.

MPT and the 40k world, respectively. Similarly, the G/IG ther evidences on CPOvariability before the MPT do not
amplitudes in the stacked Pacifi¢3C increase over time, exist. One alternative approach of reconstructing, GO
but not as much as the climate signal seen in LR0O4. Its ambased on the surface seawater pH, which itself is calculated
plitude increases from 0.48).16%. (40Kk) via 0.440.15%  out of 5B measured on planktic foraminiferelgnisch and
(MPT) to 0.55t0.03%o0 (100 k), corresponding tf-ratios of ~ Hemming 2009. Existing CQ reconstructions are consis-
72% (40Kk) and 80% (MPT), respectively. The same analy-tent with ice core measurements, but with a large error of
sis is performed for the two individual ODP3C time series  +30uatm (Fig.1B). This approach has nevertheless the po-
which were averaged here, to check if and how the stackiential to extent the C@ice core records further back in time
ing of both§13C records leads to changes in the G/IG am- in the near future. For the time being we restrict our anal-
plitudes. Indeed, the amplitudes in ODP677 in the 100 kysis of G/IG amplitudes in atmospheric @@ the ice core
world are with 0.69%0.09%. larger than those of ODP846 records. Inthe 100 k world the mean G/IG amplitude in,CO
(0.49+£0.12%0). They seemed to be of similar amplitude in is 95+16 ppmv. This is reduced to 23.0 ppmv in the MPT
the 40 k world (0.39%. vs. 0.41%o), but ODP677 covers only (fupt=79%), but we have to be aware that the ice cores con-
two G/IG transitions here. The consequence is thatfilge- tain only three G/IG transitions in the MPT time window (Ta-
ratios differ (56% and 83% for ODP677 and ODP846, re-ble 4).

spectively). However, because of the shortness of ODP677

(1.3Myr), we think the statement that Pacific benthtéC 3.2 Ground-truthing of our approach based on LR04 — sim-
changed less in G/IG amplitudes across the MPT than LR04 ulations for the last 740 kyr

is based on solid evidences.

Our data-based knowledge on variations in atmospheridetailed discussions of simulation results obtained with B
CGO; is limited (Fig. 1B). Direct measurements of Gn CYCLE over the last 740 kyr were already published. The
air enclosures in ice cores is restricted to the last 800kgr (  previous application concentrated on atmosphegreO,
tit et al, 1999 Siegenthaler et 312005 Luthi et al, 2008. (scenario SEPICA, Kohler and Fischer200§. The ocean
Within this time CQ varies between 170 and 300 ppmv circulation field used in the model was revised between the
(the partial pressure gpCO, of 170 to 300uatm). Fur-  earlier and the present application for an enhanced represen-
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Table 4. Analysis of G/IG amplitudes in LR04CO,, and deep Pacifigl3C for reconstructions and simulation results divided into different

time windows. Thef-ratio (fX:KAX -100 with X=MPT or 40k) describes the relative size (in %) of G/IG amplitudes in comparison to

the 100 k world. The number of Gll(IJE;k transitions included in theses calculations are 6 (100k), 8 (MPT), and 13 (40Kk) in all entries. Only
in the§13C sediment cores is smaller: ODP677/846 has=5 (100 k) due to missing data during the Holocene and thus no G/IG values for
Termination |, and in ODP67i=2 (40 k). Most important scenarios (our Null Hypothesi&$04 and our best guess scenari-IBIAL)

are highlighted in bold.

Name 100k MPT 40k

A£SD A+SD SfMPT A+SD faok

global climate (%o)

LRO4 1.60t0.34 1.22:0.20 76 0.820.15 51

atmospheric pCO» (natm)

Vostok + EDC 95-16 75E10P 79 - -
S.EPICA 70k11 b - - -
S.EPICA+ 8111 b - - -
S.LR0O4 70418 51412 72 3111 44
SJIRON 70419 5010 72 3412 49
S.NHICE 68+19 48+11 70 29-10 42
S.REGOLITH 68+19 48+11 70 26+ 9 39
S.COM 70418 5010 72 3211 45
S.SO 70Q:18 5414 76 40:16 56
S.FINAL 70+18 57+ 8 81 48+11 69

deep Pacifics 13C (%o)

ODP846 (1.8 Myr) 0.490.12 0.42:0.17 86 0.4%0.15 83
ODP677 (1.3 Myr) 0.620.09 0.520.18 82 0.320.3F 56
ODP677/846 0.550.03 0.44-0.15 80 0.480.16 72
S.EPICA 0.54£0.07 b - - -

S_EPICA+ 0.48:0.07 b - - -

S.LR0O4 0.43+0.12 0.3%0.08 72 0.120.05 39
SJIRON 0.43+0.12 0.320.07 73 0.190.06 44
S.NHICE 0.43+0.13 0.38:0.08 71 0.120.05 40
S.REGOLITH 0.43:0.13 0.38:0.08 71 0.120.05 39
S.COM 0.44+0.12 0.320.07 73 0.190.06 44
S.SO 0.43:0.12 0.330.08 78 0.220.07 51
S.FINAL 0.4440.12 0.320.05 84 0.220.07 66

& Variability of ice corepCO; in the MPT contains only three G/IG transitions.
b Results of SEPICA, SEPICA+ are restricted to 740 kyr and are therefore omitted here.
€ variability of ODP677 in the 40 k world contains only two G/IG transitions.

tation of §13C in the Atlantic Ocean (scenaria BPICA+). similar to SEPICA+. Results of 3R04 underestimate
The results of both scenarios in terms of atmosphe@G€©, pCOy during interglacial periods by I@atm with respect to
and deep Pacifi¢13C are very similar (Fig.7). Atmo- S_EPICA+. The original simulations were already failing to
sphericpCO, in S_.EPICA agrees very well with the ice core reproduce the ice core measurements during these times by
measurements-{~0.75). SimulatedpCO, in S_EPICA+ about 20uatm. This offset is probably based on synchroni-
is about 1Quatm lower during glacial maxima than in sation deficits of the individual forcings and neglecting of de-
S.EPICA. The simulated deep Pacifi¢3C have G/IG am- tails on coral reef growth during sea level high staritist{er
plitudes in the 100 k world (0.54%. and 0.48%. folER’ICA  and Fischer2006. These biases are less pronounced for the
and SEPICA+, respectively) which agree within their stan- interglacials prior to 400 kyr BP, for which in the ice cores
dard deviations with the data-based reconstruction (T@ble only moderate atmospherigCO, values of 250 to 26Q.atm
The approach solely based on the bentht€O stack  are found. During certain shork(0 kyr) time windows the
(S_LR04) leads to atmospherigCO, which is remarkable offset betweenpCO, in S.LR04 and both the other scenarios
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Fig. 7. Ground-truthing the simplified forcing approach based on LR04 (comparing it with other scengAdsStacked benthié180
(LR0O4) for comparison(B) Simulated and measured (greyO,. (C) Simulated and measured (gre§)3C in the deep Pacific Ocean.
Scenarios are described in TaBleData sets as described in Fig.

and the data sets is larger (e.g. 60, 170, 270 kyr BP). Thes&_LR04 and SIRON about 80% and 90% of what is seen in
periods were identified to be dominated by an enhanced mathe ODP cores and the simulation forced with the original
rine export productiondhler and FischeR00§. As men-  paleo records (EPICA+), respectively.
tioned earlier the correlation between the iron flux to Antarc-  To summarise, our simulation approach based on a sim-
tica (which drives enhanced export production in the South-plified forcing of the model with LR04 leads to carbon cycle
ern Ocean via iron fertilisation) and LR04 is with=53%  dynamics which are very similar to the results achieved with
rather poor. Furthermore, the iron flux measured in EPICAthe model if forced with the original data sets. About 10%
Dome C varies over two orders of magnitude. Especially theof the G/IG amplitudes in both atmosphefi€0, and deep
occurrence and amplitude of peak maxima, which are mosbceans!3C are lost through this simplification. Fast features
important for the marine export production, differs rather operating on time scales below 10 kyr are not believed to be
strongly between the original ice core data set and its LRO4vepresented accurately with the LR04-based approach.
based surrogate (Figl). It is therefore not surprising to find
that consequences of this process are not depicted very a.3 The Null Hypothesis for the MPT
curately within SLRO4. Results agree slightly better for the
scenario SRON, which uses an alternative regression func- We take the comparison presented in the previous subsection
tion between the iron flux and LRO4 focused on changes duras evidence that the general model behaviour based on the
ing peaks in the iron flux. simplified forcing approach is in the 100 k world comparable
For deep Pacifid3C the offset between the scenario With observations. Therefore, we first test the Null Hypoth-
S EPICA+ and SLR04 is smaller than for atmospheric esis (scenario $R04: climate is similarly related to LR04
pCO, (813C: r2=0.75; pCOy: r2=0.62). Especially, there before and after the MPT) to interpret the MPT. This implies
is no systematic bias #*3C during the last five interglacials that no additional processes need to be considered for the in-
as seen ipCO,, however a point-to-point comparison of terpretation of the carbon cycle during its transition from the
simulation and reconstruction is due to the missing 500 kyr40k to the 100 k world.
periodicity in the simulations difficult (see next section for The G/IG amplitudes in atmospherigCO, are with
details on this). The disagreements caused by the forcingn average 3t11 patm (40k) and 5%12 patm (MPT)
of the marine export production during short time windows much smaller during earlier times than in the 100k period
mentioned above is also clearly seen here. The G/IG ampli{70+18uatm). In the 40 k worlgpCO, varies only between
tude ins13C in the 100 k world reaches with 0.43%. for both ~220 and~260 patm. These amplitudes are rather small,
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Fig. 8. Simulation results of the Null Hypothesis (scenariakF84). (A) Stacked benthig18o (LRO4) for comparison(B) Simulated and
measured (grey)CO,. (D) Simulated and measured (gréyFC in the deep Pacific Ocea(C), (E) Contribution of individual processes to
changes ipCO; (C) and deep Pacifiel3C (E). The observed processes include changes in ocean temperature (Temp), sea level (Sealevel),
gas exchange through sea ice cover (Sealce), North Atlantic deep water formation (NADW), vertical mixing in the Southern Ocean (SO mix),
marine biology due to iron fertilisation of the Southern Ocean (MB) and terrestrial carbon storage (TB). Data sets as descridedRied=ig.

dots in (B, D) denote local minima/maxima within individual MIS, which were used to calculate G/IG amplitudes.

but we have to consider the known reduction of the G/IG am-the standard deviation (Tabt§. A conservative interpreta-
plitudes of 10% caused by our simplified LR0O4-based forc-tion of the data might therefore argue for more or less stable
ing. The relative size of the G/IG amplitudespO, in the G/IG amplitude in deep Pacifid3C over time. Results of the
40 k world is 44% of that in the 100 k world. This is smaller Null Hypothesis, however, show a rise in G/IG amplitudes
than the reduction in the G/IG amplitudes of the climate sig-by 150% (from 0.17%o (40 k) to 0.43%. (100k)). Based on
nal (f40k=51%) recorded in LR0O4 (Tabl®). this disagreement in deep ocesfC (see also time series
. i i e i in Fig. 8D) we have to reject our Null Hypothesis (climate
Similarly, the amplitudes in deep Pacific°C during ghe is similarly related to LRO4 before and after the MPT) to
MPT are in scenario £R04 further reduced than in t3é°C explain the observed variations in the carbon cycle over the
data set (T?‘b'é)- In the 40k world th_ey are reduced to only MPT. Furthermore, this implies that even the conservative
39%_ of th_elr 190k \_Norld values, which is about half of the data interpretation (stable G/IG amplitudes over time) asks
relative size given in the data set (72%), and also smallef, y,o contexts of changing climate as depicted by LR04 for
than the reduction in the LRO4 climate signal (51%). The 5, aqgitional process connected with the MPT, which pre-
increase in G/IG amplitude over time in the reconstructions, .o s the carbon cycle from changing.

from 0.40%. (40Kk) to 0.55%0 (100K) is not negligible, indi-
cating already to some changes in the carbon cycle. How- A spectral analysis (not shown) of the simulated deep

ever, this change is reduced by a factor two if only data fromPacific $13C finds orbital frequencies of about 20, 40, and
ODP846 are considered and are furthermore in the range af00 kyr in the simulation results, similar as in the paleo
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Fig. 9. Difference between $R04 and alternative scenarios @) atmospheripCO, and(B) deep Pacifié13C. Scenarios are described
in Table2.

record, but does not find any power in the low frequencytails can be learnt from this analysis: the variability in deep
component of~1/400-1/500 kyr®. This holds for SLR04 Pacific 5*3C is dominated by changes in terrestrial carbon
and all other scenarios discussed below. This discrepancy istorage, Southern Ocean vertical mixing and to a certain ex-
the power spectra between model results and reconstructiorent marine productivity. All these three processes contribute
can be explained if one follows a recent hypothesis on theto G/IG amplitudes in deep Paciféié3C which are larger in
explanation of the observed500 kyr cycle in benthié3C. the Early than in the Late Pleistocene. Furthermore, the con-
According toWang(2007) it is based on the variability of the tribution of Southern Ocean processes (vertical mixing and
monsoon and its long-term impacts on continental weathermarine export production) to G/IG amplitudes in both vari-
ing and riverine input of bicarbonate into the world ocean ables pCO,, §13C) was clearly reduced prior to the MPT
and thus the carbon cycle via the hydrological cycle. Be-(Fig. 8C, E). If one seeks a theory which brings simulations
cause the latter is not included ind@ cLE data and model of deep Pacifié13C in better agreement with the reconstruc-
are expected to disagree in this frequency domain. tions one might need to revise the temporal changes in one

The contribution of individual processes to both the varia- Of these processes in the model.
tions in atmospheripCO, and deep Pacifig'3C are identi-
fied through a factorial analysis. For this analysis the differ-3.4 Alternative scenarios supported by independent evi-
ences in both variables between the control ruh ®4) and dences
simulations in which the one process in question is passive
are calculated (Fig8C, E). The considered processes here To perform better than our Null Hypothesis alternative sce-
are changes in ocean temperature, sea level, gas exchangarios have to produce especially larger G/IG amplitudes in
rate via sea ice cover, the strength of the Atlantic merid-deep Pacifi13C before the MPT. Due to the missipg0,
ional overturning represented by the NADW formation, ver- reconstructions in the 40k world, the performance of sim-
tical mixing and iron fertilisation of the marine biology in the ulated atmospheripCO; is difficult to assess. Differences
Southern Ocean, and terrestrial carbon storage. GaoM- between the alternative scenarios and the Null Hypothesis
pensation is active in the whole analysis and the contributiondS_LR04) are summarised in Fi§.
of the individual processes therefore include the partial effect Enhanced marine export productionf the alternative
of the sediment/ocean interaction. Processes are thus callddrcing of aeolian iron flux to Antarctica/Southern Ocean is
to be “equilibrated with the sediments”. This factorial analy- used (SIRON) only small differences to 8R04 of up to
sis is a first order estimate of individual contributions which 10xatm in pCO, and of 0.05%. and Pacifig!3C are found
neglects nonlinear interacting effects. Some interesting dethroughout the simulation period. The relative size of the
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G/IG amplitudes in the 40 k in comparison to the 100 k world quey and Gersond@002 Venz and Hodell2002 indicate
are slightly increased to 49% and 44% fo€0, and§13C, independently and similar to our approach that G/IG ampli-
respectively. The discrepancy between simulated and recortudes in SST in the Southern Ocean might have been smaller
structed oceania!3C is still too large to assessIRON as  prior to the MPT (see EPICA Dome €D and and substi-
an acceptable scenario. tute in Fig.3H, which are taken as proxy for Southern Ocean
Northern Hemisphere glaciationThe differences of the SST). This has in EEYCLE direct consequences for South-
Null Hypothesis and scenarialSHICE, which implicitly as-  ern Ocean deep mixing which is a function of SST.
sumes that changes in sea level are mainly caused by north- The factorial analysis of the contribution of individual pro-
ern hemispheric ice sheets, are withb uatm for pCO, and  cesses to changes in atmosphesicO, and deep Pacific
~0.05%0 and Pacifis’3C small. f-ratios are with 42% §3C (Sect.3.3, Fig. 8C, E) has shown, that especially the
(pCO,) and 40% §13C) in the 40k world very similar to  G/IG amplitudes of processes situated in the Southern Ocean
those of the LR04-based scenario. differ largely between the 40k and the 100k world. Fur-
Effect of regolith erosion:Additionally to SNHICE, the  thermore, these processes have the largest potential, if re-
effect of ongoing silicate weathering input through the ero-vised, to bring simulated deep Paci$it®C in closer agree-
sion of the regolith layer beneath the northern hemispherignent to the reconstructions before the MPT. Based on this
ice sheets was investigated ilREGOLITH. The additional  understanding and the evidences on smaller Southern Ocean
and gradually declining input of bicarbonate into the oceanSST given above, we suggest, that before the MPT changes
via silicate weathering between 2 and 1 MyrBP (F2f) in the Southern Ocean vertical mixing rates were decoupled
leads to a long-term increase i€ O, of about 1Quatm dur-  from changes in SST and thus from the global climate change
ing the same period of time if compared with ®04. This  recorded in LR04. This Southern Ocean Decoupling Hy-
is consistent with other carbon cycle models on chemicalpothesis primarily focuses on ocean circulation, but a decou-
weathering unhoven 2002: Higher silicate weathering pling of other Southern Ocean processes (e.g. marine export
rates imply a drop in atmospherjgCOy, because not only production) from global climate is thinkable. An alterna-
DIC but also alkalinity in the ocean is changed by the river- tive development of this idea of a decoupling in the South-
ine input of bicarbonate. Again, results are very similar to ern Ocean might be that the functional relationship between
the Null Hypothesis with slightly smallef-ratios in the 40k  Southern Ocean SST and the oceanic mixing rates is kept un-
world. changed, but that Southern Ocean SST before the MPT can-
Combining all aboveEven if we combine these three al- not be extrapolated with linear regression functions out of
ternatives (scenario.SOM), the results are still notimprov- LRO4. This might be motivated with the large uncertainty in
ing in a way which leads to G/IG amplitudes in the 40 k world the G/IG amplitudes in Southern Ocean SST published so far
(f40k(813C)=44%) which are in the range seen in the data(€.9.Becquey and Gersond2002 Venz and Hode|l2002).
sets. However, this alternative is not developed any further in the
We can therefore summarise, that the improvementdollowing.
achieved through alternative scenarios well supported by Thedecouplinginthe Southern Ocean is proposed because
other studies are with respect to the simulated G/IG ampli-0f the impossibility of our carbon cycle model to generate
tudes in deep Pacifid3C in the 40 k world inadequate. None G/IG amplitudes in the 40 k world in deep PacifféC which
of the alternatives, which are based on either revised forcinggre comparable with data sets, however first evidences of a
due to known weak representation in the Null Hypothesis ap-different behaviour of the carbon cycle and the climate sys-
proach (SIRON), or on additional evidences how the car- tem emerged already from the analysis of G/IG amplitudes of
bon cycle might have changed during the MPTNBICE, ~ LR04 ands3C (Table4). So far, we have no in-depth idea
S_.REGOLITH), nor a combination of all (EOM) leads how the decoupling might operate based on physical princi-
anywhere near the reconstructed variability. We thereforePles, but some first estimates how it can be implemented in
will in the following revise some of our assumptions, in or- our carbon cycle model are described in this section and po-
der to suggest another scenario, whose results are in betté¢ntial physical mechanisms are discussed in 3eétor the

agreement with the paleo data set. time being, we therefore implement in an additional scenario
(S_S0) a functional relationship between the Southern Ocean
3.5 The Southern Ocean Decoupling Hypothesis SST surrogate and vertical mixing rates, in which Southern

Ocean stratification during glacials is largely enhanced be-
One main reason for the use of the LR04-based forcing apfore 900 kyr BP (see Tabl@ for details, Fig.4C). The time
proach (our Null Hypothesis) is a lack of Antarctic ice core for switching this decoupling off was arbitrarily chosen to be
records, which represent Southern Ocean climate, extendingxactly the middle of our MPT time window. Other times
2 Myr back in time. However, there are good reasons to be-or a gradually transitions are certainly thinkable. As long
lieve, that the extrapolation of LRO4-based forcing of SST as we do not have evidences how this decoupling might op-
changes in the Southern Ocean to the 40 k world are reasorerate from first principles we have to acknowledge that this
able, as reconstructed planksittO and summer SSBec- approach here is mainly a first suggestion.
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Red and black dots in (B, C) denote local minima/maxima within individual MIS, which were used to calculate G/IG amplitudes.

If the Southern Ocean mixing/stratification is revised aslated pCO, before the MPT varies between 180-268tm
suggested (scenario.S0), the carbon cycle variability in  (Fig. 10). Although these values are a first guess of the vari-
the MPT and the 40k world becomes substantially largerability of atmospheric C@in the 40k world, they need to
by ~20uatm and 0.12%. (Fig9). The f-ratios increase be confirmed with either ice core data sets or reconstructions
to 78% and 51% for'3C and 76% and 56% fopCO, based on oceanic proxies, before they can be taken as re-
for the MPT and the 40k, respectively. Combining the liable. For this comparison of simulation results with paleo
Southern Ocean Decoupling Hypothesis with all other im-reconstructions one has to keep in mind the 10% reduction in
provements (scenario_BINAL) leads to further increases G/IG amplitudes of both atmosphep€ O, and deep Pacific
in the f-ratios to 84% and 66%5t3C: MPT or 40k, re-  §13C caused by the LR04-based forcing approach.
spectively) and 81% and 69% CO,: MPT or 40k, respec-
tively). Thus, especially the relative changes in the G/IG am-
plitudes in deep Pacifiél3C are now very close to those de- 4 Discussions and conclusions
tected in the ODP records in the MPT (80%) and the 40k
world (72%). In SFINAL atmosphericpCO, varies be-  This study focuses on the understanding of G/IG dynamics in
tween~180 and~260uatm throughout the 40k world and  the carbon cycle before, during, and after the MPT. For this
the MPT (Fig.10B). This range is similar to the CQob- aim, simulation results of atmospheniCO, and deep Pa-
servations measured in EPICA Dome C between 450 angific §13C achieved with the carbon cycle box modetB-

800 kyr BP Siegenthaler et gl2005 Luthi et al, 2008, al-  cLE are compared with reconstructions from sediment and
though the absolute minimum in the ice core data set drops téce cores.

170 ppmv in MIS 16. Pacifié'3C is approximately limited We find that a Null Hypothesis in which climatic changes
to variations between 0.0%o and —0.4%. (F1§C). are mainly represented by the LR04 bentieO stack can-

Altogether, we can summarise that the Southern Oceamot explain the reduced G/IG amplitudes in Pacific benthic
Decoupling Hypothesis together with other improvementss3C in the 40 k world. This Null Hypothesis leads to reason-
of our LRO4-based approach leads to simulation resultsable simulation results in both atmosphepi€O, and deep
which are in their relative changes in the G/IG amplitudes inPacific $13C in the 100k world, in which an independent
deep Pacifié3C comparable with the reconstructions from validation with more complex forced simulations and atmo-
two ODP records in the equatorial Pacific. So far, simu-spheric CQ data from ice cores is possible. We used this
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validation as ground-truthing of the Null Hypothesis, which  The sensitivity of carbon cycle box models and continuum
gave us reasons to believe, that our assumptions might aimodels was compared in various studies (Brgecker et al.
ready be sufficient for the interpretation of the carbon cy-1999 Archer et al, 2000. It was shown that box models tend
cle during the last 2 Myr. However, even with improvements to be more sensitive to changes in the high-latitudes than
of our Null Hypothesis with evidences based on other theo-continuum models. Although, this behaviour is especially
ries the simulated G/IG amplitudes in deep Padit®C are  pronounced in models with three oceanic boxésdx and
not in agreement with data-based reconstructions. Only ifB.McElroy, 1984 Sarmiento and Toggweilet984 Siegen-
we revise the functional relationship between water columnthaler and Wenk1984), it is also manifested in box models
stratification and SST in the Southern Ocean, what we calWwith higher resolution, such asi®vcLE (10 ocean boxes).
the Southern Ocean Decoupling Hypothesis, the G/IG amNote, that BCYCLE's sensitivity to low-latitude changes is
plitudes found in benthié13C in the Pacific Ocean can be in the range of GCMs (for more details s&@®hler et al,
matched with our simulation results. 2009. Recently, the conclusions of these earlier studies were
This failure of the Null Hypothesis is remarkable. First brought into questionMarinov et al.(2008 analysed in de-
evidences for the decoupling of climate and the carbon cy4ail how ocean biology affect atmosphep€0O,. They con-
cle can already be gained from a comparison of the relativaradict the findings oArcher et al (2000 and show that one
sizes of the G/IG amplitudes before and after the MPT of themust be extremely careful when comparing different models
paleo records LR04 and benthi¢3C (Table4). The way  and when designing comparison indices. Accordinbl&wi-
how the G/IG amplitudes evolved differently over the MPT nov et al.(2008 preformed nutrient concentrations are most
in both records (increase by 100% and 40% in LR0O4 andimportant for marine biology and for atmosphepCO;.
benthics13C, respectively) is a first hind at different dynam- Small differences in ocean circulation might lead via conse-
ics in the climate system and the carbon cycle. Thus, this firsquently different preformed nutrient concentrations to large
evidence of a decoupling is independent of the used carbodifferences in the sensitivity ghCO, to high-latitude forc-
cycle model and therefore needs to be addressed to undeing.
stand the dynamics of the Earth during the MPT regardless In this respect it is difficult to judge if or how much of
of our model-based Southern Ocean Decoupling Hypothesisour Southern Ocean Decoupling Hypothesis is dependent on
It was furthermore surprising to find in the simulation results the box model architecture ofiByCLE. The detailed model
of our Null Hypothesis (3.R04) that in the 40k world the response is to a certain degree model dependent, as in ev-
f-ratio in$13C was even smaller than in LRO4, thus opposite ery simulation experiment, even with more complex models.
than in the data sets. Various model-intercomparison project have shown that even
The proposed Southern Ocean Decoupling Hypothesis isnodels of similar complexity behave differently, e.g. the 11
additive and not mutually exclusive to those simulations carbon cycle-climate models of thék@IP intercomparison
which are based on other theories and which were alreadgalculated atmospheric GQalues at the end of this century
combined in one of our scenarios (3OM). So far, it seems ranging between 730 and 1020 ppniriédlingstein et a.
that where climate evolution over the MPT is of interest, pub-2006. However, more complex models are still not available
lished hypotheses do not consider similar processes as tHer the investigations on these long time scales and box mod-
Southern Ocean decoupling proposed here. Only if the carels are therefore state-of-the-art for these long integrations.
bon cycle becomes in focus further assumptions on temporal What independent evidences or alternative theories do we
changes have to be considered. From our model-based umave to support our Southern Ocean Decoupling Hypothe-
derstanding we believe that the Southern Ocean is a key aresis? Most approaches on the interpretation of the MPT pub-
also for the interpretation of carbon cycle dynamics over thelished so far are concentrating on changes in the Northern
MPT, as it has already been identified to be a major player foHemisphere (e.gClark et al, 2007 Bintanja and van de
atmospheric C@during G/IG dynamics (e.gStephens and Wal, 2008, although the approach &intanja and van de
Keeling 200Q Watson and Naveira-Garabaf®06 and for ~ Wal (2008 already considers a 15% contribution of global
recent and future uptake of anthropogenic carbon emissionsea level change from Greenland and Antarctic ice sheets
(e.g.Le QLer€ et al, 2007 Lovenduski et al.2007). How- (Bintanja et al. 2002. Recently,Raymo et al(2006 pro-
ever, we have to acknowledge that our understanding of th@osed that changes in climate and ice volume in both the
climate and the carbon cycle in the Southern Ocean is incomNorthern Hemisphere and Southern Hemisphere, each con-
plete and sometimes contradictofjoggweiler et al.2006 trolled by local summer insolation, need to be considered
Tschumi et al.2008. In this respect, we argue that those ad- between 3 and 1 Myr BP for the interpretation of the LR04
ditional information hidden in the proxies of the carbon cycle §180 stack. During this time window Earth’s orbital pre-
need more attention and can be used to sharpen theories @ession and thus midsummer insolation are out of phase be-
climate evolution. tween hemispheres. This implies that 20-kyr changes in ice
volume in each hemisphere cancel out in globally integrated
proxies such as the oceamit?O or sea level leaving the in-
phase obliquity (40-kyr) component of insolation to domi-

www.clim-past.net/4/311/2008/ Clim. Past, 4, 3332 2008



328 P. Kohler and R. Bintanja: The carbon cycle during the Mid Pleistocene Transition

30— 300

— 050-270 kyr BP
100k world 4 -
y=189+17x, r’=95% 280 [  y=263+68x, - TS

N
(0]
o

T 260 = 260
.% 240 % 240 000-050 kyr BP -
~ 220 ¢ — e 050-270 kyr BP
S > 220 | i
Q 200t S e

40k world " 650-800 kyr BP,

160 y=164+24x, ’=92% 180 & |y =257+8.0x, 1'=82% |
-3 2 l 0 l 2 3 4 5 -10 8 6 4 -2 0 2 4 6
SO SST[°C] AT [K]

Fig. 11. (A): Correlation between Southern Ocean (SO) SST and atmospi@@sg in our best guess scenarioFBNAL. Data and linear
regression for the time windows 40k world (1.8-1.2 Myr BP, red) and 100 k world (0.6—0 Myr BP, black) are shown for comg&jison.
Correlation between Antarctic temperature anomslyand atmospheric C£as measured in Vostok and EPICA Dome C ice cores. Vostok
COy, (Petit et al, 1999 on the orbital tuned age scal8iackleton2000, EDC CG (Siegenthaler et gl2005 Lithi et al, 2008 on the
EDC3 gasa age scaldoulergue et al.2007 Parrenin et a)20078, AT (Jouzel et a].2007) on the EDC3 age scal®érrenin et a)20073.
CO,/AT data are divided and colour-coded in time windows of two glacial cycles each dighinet al.(2008.

nate those records. They further hypothesised that beforeulation in the 40 k world with the periodicity of the preces-
the MPT the extent of the East Antarctic Ice Sheet (EAIS)sion (20-kyr). Related to this we cannot detect an increase
during interglacials was largely reduced due to higher tem-in spectral power in this frequency band in the 40-kyr world
peratures. Furthermore, at the MPT marine-based ice she€Fig. 6D—F).

margins should have replaced terrestrial ice margins around Another theory which focuses on processes in the South-
the perimeter of East Antarctica, resulting in a shift to in- ern Hemisphere is theirfsolation canon hypothesisof
phase behaviour of northern and southern ice volume. Thé&chulz and Zeebf&006. It also proposes a connection of
consequence of thi€AIS hypothesisthat ice shelfs might the precession cycle and the occurrence of glacial termina-
shrink and disappear completely during G/IG cycles in thetions. They analysed the midsummer insolation &Nand

40 k world, would certainly have consequences for deep and5° S over the last 2 Myr (which both vary mainly with the
bottom water formation rates, however, their magnitude is20-kyr of the precession) and argued that only when the inso-
difficult to assess. Existing modellingdélimer, 2004 and lation in both high latitudes increased simultaneously, led by
data-based studies (elguhn et al, 2008, which focus on  the south, and contained a certain amount of energy a large
the Weddell Sea, highlight that changes in both the ice shelf/IG transition was triggered. This approach gives hints that
area and melting at the base of the ice shelf would impacinsolation changes in both northern and southern high lati-
on sea ice and deep ocean properties. In detail, a reductiotudes are important for triggering Terminations 1-VII. Fur-
in both parameters would, accordingHellmer(2004, lead  ther back in time (before the MPT) the insolation regime
to a decrease in the stability of the water column, enhancehange: The increase in midsummer insolation was not led
deep convection and the formation of dense bottom waterby the south or the amount of energy supply corresponding
It is difficult to estimate if and how changes in the ice shelf to the insolation increase was smaller than after the MPT and
areas around the EAIS would lead to similar consequencedess than a proposed energy threshold necessary for trigger-
However, based on these studies it can be expected that largeg a deglaciation. This is no direct evidence that and how
changes in Antarctic ice sheet volume and shelf ice extent (aslimate in the southern high latitudes differed between Early
proposed byraymo et al.2006 would also impact on ocean and Late Pleistocene, but it indicates that the southern high
circulation. Accordingly, a decoupling of Southern Ocean latitudes played a different role during G/IG transitions in the
circulation and SST seems to be a reasonable assumption fd0 k and in the 100 k world.

the climatic shifts connected with the MPT. The EAIS hy-  Our findings, especially the fact that a decoupling between
pothesis would then imply impacts on Southern Ocean circlimate and carbon cycle dynamics is seen in the LR6®
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and benthics13C data without the use of any model, sug- betweenpCO, and SST is increased in the 40k world. This
gests that a revised interpretation of the MPT is necessaryneans that the same anomaly in Southern Ocean SST would
in which changes from the 40k to the 100k world in cer- coincide with a larger amplitude in the 40 k world compared
tain processes are required. This conclusion would implyto the 100 k world. This trend is already seen if similar re-
that the interpretation dfluybers(2007) on the MPT might  lationships are analysed in the ice core records for different
need some refinement. Huybers proposed that there mighime windows (Fig.11B). If the relation between Cfand
have been no major abrupt change in the climate system ovekntarctic surface temperature anoma{ are analysed, we

the MPT. He argued that the glacial variability as seen inalso find steeper slopes further back in time. Although the
a 8180 stack dated independently from orbital forcing can differences in the slopes are rather small, they indicate to
be explained solely by the obliquity cycle given by a 40-kyr similar changes in the carbon cycle/climate system over the
periodicity during the last 2 Myr. This hypothesis suggestsMPT than our Southern Ocean Decoupling Hypothesis.

that the glacial cycles were and are continuously governed In summary, our approach suggests that Southern Ocean
by obliquity pacing, but that late Pleistocene glaciations re-climate and ocean circulation might be the variables to look
peatedly skip one or two obliquity cycles, thus resulting in at in the Early Pleistocene and across the MPT. Similar to
80 or 120 kyr (on average 100-kyr) periodicity. This would Wang et al(2004) we propose that the information contained
solve both the questions what drove the 100-kyr variability ofin the carbon cycle needs to be addressed to get a full picture
the late Pleistocene and how the climate system shifted fronof Earth’s climate variability.

the 40-kyr towards the 100-kyr variability during the MPT. .
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Fig. A2. Correlation of stacked benthi¢®O (Lisiecki and Raymo, 2005) with the reconstruction of of temperathemges in the northern

hemisphere (Bintanja et al., 2005). Note the reversed scale of thab&ht® stack in A.
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Fig. A3. Correlation of stacked benthit®0O (Lisiecki and Raymo, 2005) with the benthit®O part correlated to deep sea temperature
changes (Bintanja et al., 2005).
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Fig. A4. Correlation of stacked benthit®O (Lisiecki and Raymo, 2005) with the sea level corrected and smog@&iegt running mean)
6D from the EPICA Dome C ice core over the last 800 kyr (EPICA-comityemembers, 2004; Jouzel et al., 2007) on the EDC3 age scale
(Parrenin et al., 2007). Note the reversed scale of the bestth@ stack in A.
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Fig. A5. Correlation of stacked benthid®O (Lisiecki and Raymo, 2005) with the Fe flux record from the EPICA Bdinice core (Wolff
et al., 2006) on the EDC3 age scale (Parrenin et al., 2007).
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Fig. A6. Correlation of stacked benthi®O (Lisiecki and Raymo, 2005) with the smoothed (3 kyr running meanktilas 0 record
ODP667 over the last 2 Myr (Shackleton et al., 1990).



