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Abstract. Atmospheric CQ@ measured in Antarctic ice cores 1 Introduction
shows a natural variability of 80 to 100 ppmv during the last

four glacial cycles and variations of approximately 60 ppmv paleo-climatic records derived from ice cores revealed the
in the two cycles between 410 and 650kyr BP. We herepatural variability in Antarctic temperature (Jouzel et al.,
use various paleo-climatic records from the EPICA Dome1987), atmospheric dust contentifRlisberger et al., 2002),

C Antarctic ice core and from oceanic sediment cores coverand atmospheric CO(Barnola et al., 1987; Fischer et al.,
ing the last 740 kyr to force the ocean/atmosphere/biosphergggo: petit et al., 1999; Monnin et al., 2001; Kawamura et al.,
box model of the global carbon cycla®vcLE inaforward  2003; Siegenthaler et al., 2005) over the last glacial cycles.
mode over this time in order to interpret the natural variabil- The longest C@record from the Antarctic ice core at Vos-
ity of CO,. Our approach is based on the previous interpretatok (Petit et al., 1999) went back in time as far as about
tion of carbon cycle variations during Termination IqKer 410 kyr BP showing a switch of glacials and interglacials
et al., 2005a). In the absense of a process-based sedimejt 31| those parameters approximately every 100 kyr during
module one main simplification of IBYCLE is that carbon-  the |ast four glacial cycles with GOvarying between 180—
ate compensation is approximated by the temporally delaye@oo ppmv. New measurements of dust and the isotopic tem-
restoration of deep ocean [cgq. Our results match the low perature proxysD of the EPICA Dome C ice core cover-
frequency changes in GOneasured in the Vostok and the ing the last 740 kyr, however, revealed previous glacial cy-
EPICA Dome C ice core for the last 650 kyr BP40.75).  cles of reduced temperature amplitude (EPICA-community-
During these transient simulations the carbon cycle reachegembers, 2004). These new archives offered the possibility
never a Steady state due to the Ongoing Varlab|||ty of the OVertg propose atmospheric QOor the pre_VOstok time span

all carbon budget caused by the time delayed response qfs called for in the “EPICA challenge” (Wolff et al., 2004).
the carbonate compensation to other processes. The avaftere, we contribute to this challenge usingBCLE, a box
age contributions of different processes to the rise i, CO model of the isotopic carbon cycle which is based on the
during Terminations | to V and during earlier terminations jnterpretation of glacial/interglacial variability of the carbon
are: the rise in Southern Ocean vertical mixing: 36/22 PPMV,cycle during Termination | (hler et al., 2005a).

tEe rise @n o<l:)§an t_emEeraSr[urer:] 26/13 ppmy, ;r(())/rllllimitation of The quest of explaining the observed glacial/interglacial
the marine biota N the Southern cean. PPMV, Caly4 iations in atmospheric GOof about 80-100 ppmv (Pe-
bonate compensation: 15/7 ppmv, the rise in North Atlantic

. o tit et al., 1999) is challenging the scientific communities for
deep water formapon: 13/_0 ppmv, the rise in gas exchang%t least two decades (e.g. Archer et al., 2000; Sigman and
dye to a decreasing sea ice cover8/—7' ppmv, sea level Boyle, 2000). Processes which need to be included in solv-
rise. —12/-4ppmv, an_d rising terrestrial carbon sto_rage: ing this quest are the transport of organic and dissolved in-
—13/~6ppmv. According to our model the smaller inter- organic carbon (DIC) from the surface to the deep ocean via
glacial CQ values in the pre-Vostok period prior to Termi- its physical and biological pumps. Large changes in verti-

nation V are mainly caused by smaller interglacial Southern y :
) X cal mixing of the water column (Toggweiler, 1999), changes
Ocean SST and an Atlantic THC which stayed before MIS L the strength of the thermohaline circulation (THC) (Knorr

(before 420 kyr BP) in its weaker glacial circulation mode. and Lohmann, 2003), variations in sea ice cover in high lat-
itudes limiting gas exchange rates (Stephens and Keeling,

Correspondence td?. Kdhler 2000; Archer et al., 2003) together with well known tem-
(pkoehler@awi-bremerhaven.de) perature and salinity variations (Adkins et al., 2002) of the
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ocean are processes affecting the carbon cycle via the phys{CO,, §13C, A14C) during Termination | (16-20 kyr BP).
cal pump. The fertilisation of the marine biological produc- The model consists of ten oceanic reservoirs in three dif-
tivity through the aeolian input of iron in areas of high nitrate ferent depth layers and distinguishes Atlantic, Indo-Pacific
and low chlorophyll (HNLC) is one theory (Martin, 1990; and Southern Ocean (Fig. 1). The strength of the preindus-
Ridgwell, 2003b) which would reduce atmosphericQiDr- trial ocean circulation as seen in Fig. 1 was parameterised
ing glacial times through an enhanced biological export pro-with data from WOCE (Ganachaud and Wunsch, 2000). Ma-
duction to the deep ocean. The export of organic carbon itrine global export production of 10 PgCVr at 100 m wa-
self is closely coupled to the calcium carbonate productionter depth (e.g. Gnanadesikan et al., 2002) was prescribed for
of pelagic calcifiers by which CPis released in the sur- the preindustrial setting, depending on the preformed macro-
face ocean. Additionally to those processes which distributenutrient concentration of POn the surface waters. In the
DIC, alkalinity and nutrients in the different ocean reser- equatorial regions all macro-nutrients were utilised for the
voirs, fluxes of carbon between the terrestrial biosphere aneéxport production, while in the high latitudes the export pro-
the ocean/atmosphere system (e.g. Joos et al., 2004), riveduction flux was restricted to avoid a global export flux of
ine input of bicarbonate (Munhoven, 2002), and exchangecarbon which exceeds the prescribed 10 PgC.yiThis led
fluxes of DIC and alkalinity via dissolution and sedimenta- to unutilised nutrient concentrations especially in the South-
tion of CaCQ between ocean and sediments (e.g. Zeebe anérn Ocean, which can be used for increased marine produc-
Westbroek, 2003) need to be considered to fully understandivity during times of high aeolian iron input into these re-
glacial/interglacial changes in the global carbon cycle. gions. The global preindustrial export of Cag@as set
Previously we put forward a quantitative interpretation of to 1 PgC (e.g. Jin et al., 2006) with a constant rain ratio of
observed changes in atmospheric L&hd its carbon iso- exported organic matter to Ca@®@f 10:1 throughout all
topes §13C, A14C) using the multi-box model of the global our simulations. The remineralisation of organic matter in
carbon cycle, called BYCLE, applied to the last glacial ter- the abyss is assumed to follow the denitrification pathway if
mination (Kohler et al., 2005a). That study concluded that the deep ocean £concentration drops below @mol kg1,
the main processes impacting on £6uring Termination  which is in line with the Ocean Carbon-Cycle Model Inter-
| were an increase in vertical mixing rates in the South-comparison Project (OCMIP) 2 protocol. This implies that
ern Ocean and changes in the DIC and alkalinity inventoriegduring further remineralisation no molecular oxygen is con-
through sedimentation and dissolution processes. The timesumed and the model thus avoids unphysical conditions of
dependent atmosphersé3C record from the Taylor Dome hegative Q concentration. During the carbonate compensa-
ice core (Smith et al., 1999) used in that study contains valution (Broecker and Peng, 1987) the response of the sediments
able informations, which enabled us to reduce the uncertainto changes in the deep ocean ?O:oncentration ([C@T])
ties in determining the magnitude and timing of various pro-is prescribed with a variable temporal delay (e-folding time
cesses. These results are in that sense robust that the detailedvith © between 0 and 6kyr). In doing so we mimic the
magnitudes of individual processes might vary due to modeldissolution or sedimentation of Ca@@n the absence of a
limitation and data uncertainties, but all their contributions process-based module of early diagenesis (e.g. Archer et al.,
need to be taken into account for explaining the observedl997, 1998). This leads to net changes in the inventories of
variations in the atmospheric carbon records. The novelty oDIC and alkalinity and therefore implicitly includes changes
our approach is the simulation in a transient mode. Mostin the weathering inputs of bicarbonate through rivers. We
other approaches were comparing steady state simulatiorgre aware of the simplification of this approach, i.e. carbonate
for different boundary conditions. Assuming that these pro-compensation in general is a response to balance anomalies
cesses are of general nature, we simulated @®iations  in deep ocean [C§7] caused by carbon cycle variability of
with (nearly) the same model over the time period of the lastthe ocean/atmosphere/biosphere subsystem, the riverine in-
740 kyr covered by the EPICA Dome C records which repre-put of alkalinity and its removal by sedimentation. However,
sents our contribution to the “EPICA challenge” (Wolff et al., while there are evidences for temporal changes in the riverine
2005). To this end we forced our model by proxy data from input rates of bicarbonate (Munhoven, 2002) we are aware of
marine and ice core archives. We follow with a sensitivity no proxy which can prescribe these changes and have there-
analysis of the model and discuss its uncertainties. fore chosen to represent riverine inputs only implicitly in our
model. A globally averaged seven-compartment terrestrial
biosphere (Khler and Fischer, 2004) allows photosynthetic

2 Methods production of G and G pathways differing in their isotopic
fractionation, and a climate and G@ependent fixation of

2.1 The BcycLE model carbon on land. A more detailed description of the model is
found in Kohler et al. (2005a).

The Box model of the Isotopic Carbon cYCLEI®/CLE It should be noted that carbon dioxide measured in ice

(Kohler et al., 2005a) was developed and applied for quancores is in general given as volume mixing ratio in parts
titative interpretation of the atmospheric carbon recordsper million by volume (ppmv), while carbon cycle models
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Fig. 1. Geometry of the Box model of the Isotopic Carbon cYCLEGBCLE). Carbon fluxes between different reservoirs are shown in

black. Biosphere compartments: C4; @round vegetation; C3: £ground vegetation; NW: non-woody parts of trees; W: woody parts of

trees; D: detritus; FS: fast decomposing soil; SS: slow decomposing soil. Ocean: Recent fluxes of ocean circulatione('m%/_'—ll@re

shown in blue based on the World Ocean Circulation Experiment WOCE (Ganachaud and Wunsch, 2000). Bold arrows indicate those fluxes
in ocean circulation which are changed over time (NADW formation and subsequent fluxes; Southern Ocean vertical mixing).

calculate the atmospheric partial pressys€Q;, in patm). less, we discuss the potential impact of Heinrich events in
Only in dry air and at standard pressure, they are identicaBect. 3.3. (2) While we previously prescribed the variability
(Zeebe and Wolf-Gladrow, 2001). For reasons of simplic-in the depth of the calcite saturation horizon we now assume
ity we use throughout this article for both carbon dioxide a time delayed response of the carbonate compensation to
data and simulation results the ice core nomenclature, (COchanges in the deep ocean [§Cp (3) The aeolian input of

in ppmv) and assume equality between both. This simplifica-iron into the Southern Ocean is now prescribed with an iron
tion neglects a relatively constant offset between both quanflux record published recently (Wolff et al., 2006), and not

tities of a few ppmv. by the atmospheric dust concentration. The time-dependent
forcing used here differs also in some aspects from our initial
2.2 Time-dependent forcing ofiByCLE contribution to the EPICA challenge (Wolff et al., 2005).

Because various records that were used to force our model

We forced BcycLE forward in time using various paleo- .
o . . had a rather coarse resolution we have chosen to smooth all
climatic records (Fig. 2). The model applied here used the

L2 . Lt -~ . _“forcing records and all simulation results and concentrate on
same parameterisation as for its application on Termination \! W fr n han inth rbon |
(Kdhler et al., 2005a) with some exceptions: (1) We did not owrequency changes € carbon cycle.
consider a complete shut-down of the North Atlantic Deep The relevant model forcings were used as described in the
Water (NADW) formation during Heinrich events. This following:
change is based on productivity results (Sachs and Ander-
son, 2005) and sea level fluctuations (Siddall et al., 2003)0cean temperature: Reconstructed summer SST at
that indicate that Heinrich events during MIS 2 and 3 may ODP980 (McManus et al., 1999; Wright and Flower, 2002)
have caused different perturbations to the ocean circulation(using modern analogue techniques in the times before
It is therefore not possible to generalise changes in NADW500 kyr (Wright and Flower, 2002)) was used as proxy for
formation throughout the EPICA Dome C period. Neverthe- SST changes in the North Atlantic (north of°3Q) scaled
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Fig. 2. Paleo-climatic records which were used to force theY&LE model(a—i) and measured and simulated £(@) . Ice rafted debris IRD

(a), SST reconstructions (b), and bentst€O in foraminifers (c) from the sediment core drilled at the site ODP98028MN, 14°42 W)

(McManus et al., 1999; Flower et al., 2000; Wright and Flower, 2002). (d): Plask#o of ODP677 (212 N, 8344 W) (Shackleton

et al., 1990). Reconstructed (e) temperature changes over land in the northern hemisph&®e Ng0(f) variability in deep oceadl80

caused by deep ocean temperature changes, and (g) sea level changes, (e—g) after Bintanja et al. (2005). Sea level correctéd deuterium
(h) and atmospheric iron fluxes to Antarctica (i) as measured in the EPICA Dome C ice core (EPICA-community-members, 2004; Wolff
et al., 2006). (j): Measured COrom Vostok (grey circles) (Petit et al., 1999) plotted on the orbitally tuned age scale (Shackleton, 2000),
from EPICA Dome C (grey squares) (Siegenthaler et al., 2005), and simulatedli@€, 3 kyr running mean) of scenarios with different
response time of the carbonate compensation: S0.0K: instantaneous response: S1.5K, S6.0K: response delayed by an e-folding time of 1.
and 6 kyr, respectively. Data prone to high frequency fluctuations (b, c, d, h) were used as 3 kyr running means. Fe fluxes used as publishec
as 2 kyr averages. Numbers in panel (h) label interglacial MIS, the Latin numbers in panel (j) count the last eight terminations. Horizontal
lines (in a, c and i) mark certain thresholds.
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to a glacial/interglacial amplitude during Termination | et al., 2004; Watson and Naveira-Garabato, 2006). It was
of 4K (Fig. 2b). SSTs of equatorial surface oceans wereshown (Flower et al., 2000) that the depth gradient%fC
estimated from planktics'80 measured in ODP677 in which is an indicator for the strength in NADW formation
the equatorial Pacific (Shackleton et al., 1990) scaled tds highly correlated with benthié'80. To rely on as few
a glacial/interglacial amplitude during Termination | of different cores as possible and thus to minimise timing
3.75K (Visser et al., 2003) (Fig. 2d). Southern Oceanuncertainties we therefore used bentd{€O in ODP980
(south of 40 S) SST with a glacial/interglacial amplitude (McManus et al., 1999; Flower et al., 2000) as a proxy for
during Termination | of 4K was estimated frofD of the  the strength in NADW formation bearing in mind that this
EPICA Dome C ice core (EPICA-community-members, might introduce a possible phase shift of the contribution of
2004) (Fig. 2h). The EPICA Dome 6D was corrected changes in NADW formation on CQ(Fig. 2c). We defined
for the effect of sea level changes (Jouzel et al., 2003)8180NADW=2.8%0 as a threshold for changes in the Atlantic
using a normalised record of sea level change from Bin-thermohaline circulation. The strength of NADW formation
tanja et al. (2005). Deep ocean temperature changes af 16Sv (1Sv=10m3s1) during interglacial periods
based on the temperature residual of the bentifO (6180<2.8%0) was based on the World Ocean Circulation
(Fig. 2f) calculated by Bintanja et al. (2005) and scaled toExperiment WOCE (Ganachaud and Wunsch, 2000), the
a glacial/interglacial amplitude of 3K (Labeyrie et al., 1987). strength of 10Sv during glacial times$0>2.8%.) on
various modelling studies (e.g. Meissner et al., 2003). The
Sea ice: Varying sea ice coverage will influence the net vertical water mass exchange fluxes in the Southern
gas exchange rates between the atmosphere and the surfa®eean was coupled linearly to Southern Ocean temperature
ocean. We coupled time-dependent changes in the seehanges (which is itself prescribed by the EPICA Dome C
ice area in the North Atlantic and the Southern Ocean on$D record) with 29 Sv during preindustrial SST and 9 Sv
the assumed temperature changes in the respective surfadering the LGM. Southern Ocean deep water ventilation
ocean boxes. Present day annual mean sea ice area was s&tuld also be reduced due to the glacial reduction of NADW
to 10x102m? in each hemisphere (Cavalieri et al., 1997). formation by 6 Sv and its subsequent fluxes. Changing ocean
During the LGM the annual average area covered by sea iceirculation fluxes are depicted by bold blue arrows in Fig. 1.
increased to 1410”m? in the North and 2210 m? in
the South based on various studies (Crosta et al., 1998a,Ijlarine biota: Due to the prescribed export produc-
Sarnthein et al., 2003; Gersonde et al., 2005). In additiortion fluxes in our reference scenario there exist unutilised
to changing surface box area due to sea level change thismiacro-nutrients in the Southern Ocean surface waters. In
results in a relative areal coverage of 50 and 85% in thethese HNLC areas an increased export production in times of
North Atlantic box and 13 and 30% in the Southern Oceanhigh aeolian iron input might occur as described in the iron
box during preindustrial times and the LGM, respectively. fertilisation hypothesis (Martin, 1990; Ridgwell, 2003b).
Because of the very low snow accumulation rates in EPICA
Sea level: We used the results of Bintanja et al. (2005) Dome C, the dominant process for aerosol deposition is
on changes in sea level (Fig. 2g). This modelling study isdry deposition (Legrand, 1987). Therefore, the flux rather
based on a benthig!80 stack from 57 globally distributed than the concentrations of an aerosol species measured in an
sediment cores covering more than the last 5 million yeardce core is expected to be a measure for its changes in the
(Lisiecki and Raymo, 2005). The sea level process com-Antarctic and Southern Ocean atmospheric concentration.
bines what is normally called the “salinity effect” (glacial We therefore used the recently published iron flux measured
salinity which is about 3% higher than at preindustrial in the EPICA Dome C ice core (Fig. 2i) (Wolff et al., 2006)
times) with a change in the concentration of DIC, alka- as proxy for the aeolian input of iron into the Southern Ocean
linity, nutrients, and oxygen in the ocean due to variablewhich might enhance marine biological productivity there if
reservoir sizes. For each change in sea level the geomallowed by macro-nutrient availability. The impact of iron
etry (volume, surface area) of the oceanic reservoirs isnput onto the carbon cycle was deduced for Termination |
revised based upon realistic bathymetric profiles calcu(Kohler et al., 2005a): C@starts to rise at 18 kyr BP, thus
lated from the Scripps Institute of Oceanography data setll reductions in the iron proxy prior to that point in time do
(http://dss.ucar.edu/datasets/ds750.1), which has a resolutiorot imply any iron limitation in the Southern Ocean marine
of 1°x1° and 1 m in the vertical direction. biota. The value at 18 kyr BP for the iron proxy is taken
as threshold, above which marine export production in the
Ocean circulation: There are data- and model-based Southern Ocean was not limited by iron. If the iron proxy
evidences for a reduced ocean overturning in the Atlanticfalls below this threshold it was assumed that iron would
and the Southern Ocean, while the glacial circulation inbe a limiting factor. Thus, the export production exceeding
large parts of the Pacific Ocean seemed to have been simildhe interglacial global flux of 10 PgCyt was then coupled
to today (Meissner et al., 2003; Hodell et al., 2003; Knorr linearly to iron input. Through this threshold approach the
and Lohmann, 2003; Broecker et al., 2004; McManusvariability in the iron proxy during full glacial conditions (no
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Time (cal kyr BP
( y ) CaCO3 chemistry: All changes in the carbon cycle

30 2,5 2,0 15 10 5 alter [C@*] in the deep ocean. As a consequence the
saturation horizon of CaCfvaries, which then induces
— 7= 1.5kyr Qn N . : , . ,
K O m changes in either the dissolution or sedimentation rates until
7= 6.0 kyr Ss a new equilibrium is established and the previous deep ocean
20 ¢ X< o . : ) .
. O3 [CO57] is obtained again. This process is known as carbon-
\\ P ate compensation (Broecker and Peng, 1987). In the absence
eed of a sediment model of early diagenesis, which would cover
10 ¢ these processes, we here calculated sediment/deep ocean

fluxes of calcium carbonate (changing deep ocean DIC and
alkalinity in a ratio of 1:2) by the application of an additional
boundary condition. All anomalies in deep ocean ECD
from its preindustrial steady state reference values produce
CaCQ; fluxes between sediment and deep ocean to coun-
terbalance these anomalies. This sedimentation/dissolution
of calcite reacts not instantaneously to the changes in
[CO37]. Their time delayed response to bring [€Q back
: to its initial value can be approximated by an e-folding
‘ ‘ ‘ ‘ time 7, which is so far not determined accurately. While
100 80 60 40 20 0 modelling studies (Archer et al., 1997, 1998) suggestod
Depth (cm) approximately 6 kyr, an e-folding time calculated from the
paleo reconstruction of deep Pacific variability in [ﬁtp
Fig. 3. Reconstructed changes in deep Pacifitgceoncentrations (Marchitto et al., 2005) covering the last glacial/interglacial
after measurements of Marchitto et al. (2005). Vertical lines corre-transition is of the order of 1.5kyr (Fig. 3). We therefore
spond to age control points to which the time scale was adjustehow simulations with different: In the scenario S0.0K
to. The original radiocarbon ages were transformed into calendag5rhonate compensation responses instantaneousiy (
ages using INTCAL04 (Reimer et al., 2004). Relaxation o,CO  yy) "the sedimentary response is significantly delayed in
anomalies based a¥i=Ng-¢ /7 with t=1.5 or 6.0 kyr. the scenarios S1.5Kt€1.5kyr) and S6.0K 1=6.0 kyr).
This approach covers changes in the net fluxes of DIC
and alkalinity, and thus implicitly includes riverine inputs
of bicarbonate through weathering (Munhoven, 2002),
iron limitation) is negligible and other iron proxies such as however, there potential temporal variability is not covered
dust fluxes or concentrations (EPICA-community-members here and might be an area for future improvements.
2004) which were used previously lead to similar simulation

o

ACO;> (umol kg™

10 +

8.3 K BP T ]
9.4 cal kyr BP

results.
3 Results
Terrestrial biosphere: The changing terrestrial carbon
storage depends on the internally calculated,@®ncen-  In the following the results of simulated atmospheric O

tration (CQ fertilisation) and average global temperature, with different response time of the carbonate compensa-
the latter calculated as 3:1 mixture of northern and southernion (scenarios S0.0K, S1.5K, S6.0K) are analysed first
hemispheric temperature with glacial/interglacial amplitudes(Sect. 3.1), followed by a closer look onto the Cafxbem-

of 8 and 4K, respectively (e.g. Kutzbach et al., 1998).istry (Sect. 3.2), before we deepen the understanding of our
Temperature changes were forced by simulation results fronmodel with a broad sensitivity analysis (Sect. 3.3).

Bintanja et al. (2005) for the North, who calculated the av-

erage northern (40-8™) hemispheric temperature changes 3.1 Simulated low frequency changes in atmospherig CO
as a function of sea level variations and thus northern land ice

sheet distribution based on the stacked bentHi© record  The simulated atmospheric GOin our three scenar-

of Lisiecki and Raymo (2005) (Fig. 2e), and by EPICA ios (Fig. 2j, Fig. 4) shows a similar variability as the
Dome C4D for the South (Fig. 2h). Glacial/interglacial CO, data sets measured in Vostok and EPICA Dome C
fluctuations in terrestrial carbon is with 40800PgC  (r?=0.75-0.76) (Petit et al., 1999; Siegenthaler et al., 2005).
well in the range predicted by various modelling and dataThe main difference between the scenarios is a shrinking
based studies (see review indKler and Fischer, 2004). glacial/interglacial amplitude with growing e-folding time of
Alternative larger glacial/interglacial changes in terrestrial the sedimentary response. S1.5K and S6.0K show rather
carbon storage are investigated in a sensitivity study. similar results for glacial climates, but simulate glacial CO
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Fig. 4. A detailed view on atmospheric GO(a): 740 to 600 kyr BP(b): 600 to 400 kyr BP(c): 400 to 200 kyr BP(d): 200 to O kyr BP.
Comparing three different scenarios which differ in the response time of the carbonate compensation: S0.0K: instantaneous response: S1.5K
S6.0K: response delayed by an e-folding time of 1.5 and 6 kyr, respectively. Vostok (grey circles) and EPICA Dome C (grey sqgpares) CO
data for comparison. See Fig. 2j for details. Simulations are shown as 3 kyr running mean, dynamics prior to 740 kyr BP (vertical line) are
due to model equilibration. MIS of interglacial periods and Terminations (I to VIII) are labelled.

which is up to 15 ppmv higher than during the instantaneous In detail, our model simulates a glacial/interglacial vari-
response assumed in S0.0K. During the last five interglacialgbility in CO;, as follows (scenario S1.5K): In the Vostok pe-
all three scenarios differ by about-30 ppmv with S0.0K  riod simulations vary between 19095 ppmv during glacial
simulating the highest, S6.0K the lowest atmospherie.CO maxima and 266275 ppmv during interglacials in MIS 1,
For reasons of simplicity we concentrate in the following on 5, 7, 9, and 11 (Figs. 4c, d). In the pre-Vostok period both
the scenario with moderate(S1.5K) and discuss its results the regularity and the amplitude in atmospheric,@© mea-

in detail. An in-depth analysis of the causes for the differentsured in the EPICA Dome C ice core and as simulated with
results of the three scenarios is compiled later-on (Sect. 3.2)our model differ from those of the Vostok period (Fig. 4a, b).
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pre-Vostok : Vostok amplitudes simulated across the Terminations | to V; the CO
130 : : — ‘ : ‘ amplitude during Termination VII is of average magnitude
120 t 1 (Fig. 5). Termination VIl (CQ rise of 30 ppmv in S1.5K,
110 | O | not yet covered by ice core data) has to be taken with caution
3 O as EPICA Dome GD data prior to 740 kyr BP (J. Jouzel et
100 O O | al., unpublished data) reveal that minimum temperatures and
< 90 i 1 thus full glacial conditions in MIS 18 are reached in even
g_ 80 | O ] older times. The tendency of cooler interglacials as seen in
g 70! | v i ] the EPICA Dome GD data (EPICA-community-members,
) : 2004) is also mirrored by the measured and simulated CO
2 60 | I records. The C@concentration in the pre-Vostok period re-
ON 50 ¢t g mained longer at relatively high levels, but with smallerCO
O 40! during interglacials and thus smaller glacial/interglacial am-
: plitudes compared to the Vostok period.
30 m 4 ‘sumof all-but-one | Some major features seen in the £@cords, however,
20 ¢ % ¢ isum of one-at-a-time {  are not found in the simulations:
10 | B :scenario S1.5K ] (A) The timing in the simulation of C®reductions during
‘ ‘ ‘ Q?VQStOk and EDC data some glaciations is incorrect. This might be caused by an ear-
VI VL VIV IV 11l [ lier decrease in the Antarctic ice core temperature pradies
o than in the Southern Ocean sea surface temperature (SST).
Number of Termination From the deuterium excess record in the ice (Vimeux et al.,

2002) it is known that the temperature change in the source

Fig. 5. Estimating the rise in C@between minima and maxima. e4inns of the precipitated moisture lags Antarctic tempera-

across Terminations | to VIII by various methods. Vostok and ture during glaciations.

EPICA Dome C (EDC) C@data are compared to scenario S1.5K, . . . .
and to the summation of the two different single process identifica-(B) We fail to'SImuIater the Comaxima above 280 ppmv |n'
the last four interglacials (MIS 1, 5, 7, 9). As our model is

tions methods used in Fig. 6 (one-process-at-a-time vs. all-but-one* ™ ! \ ’ ! ~l
processes). driven by various paleo-climatic archives plotted on their in-

dividual age scales and of low temporal resolutieri kyr)
especially the simulation of peak values in £@epends

o ] ) ] on the temporal matching of these driving records. There-
Peak values during interglacial periods in MIS 13, 15, and 17¢5re our results here have to be understood as an estimate

reach~250 ppmv, with 70 to 120kyr elapsing in-between. o 1oy frequency fluctuations in C Furthermore, coral
Atmospheric CQ drops during glacials in MIS 12, 14, and  eef growth which increases G@uring sea level high stands
16 to 190-200 ppmv. The agreement of our simulation ré-ecsei and Berger, 2004) is not considered so far leaving
sults with the measurements in terms of timing is especiallygpace for interpretation during interglacial times in which sea
good during most terminations (I, Ill, IV, V, V1), but 10kyr  |eye| rose above 70 m below present and the main shelfs were
too late (early) at Termination Il (VII). However, it has to foded.

be kept in mind, th_at the uncertainty in the age models of(C) CO; rises steep (70 ppmv within 10 kyr) across Termina-
the ice cores are still of the order of_thousand years (Mostokion v into MIS 11 at~420 kyr BP in the EPICA Dome C
CO, data are here used on the orbitally tuned age scale Ofi5ta  |n the simulation the steep increase is restricted to
Shackleton, 2000), and the problem of using different paleoys homy followed by a slower rise to full interglacial GO
records on their individual age scale might introduce crossyg js partially again mirroring the dynamic of the Antarc-
d_atlng unce_rtal_nn_es into our resul'_[s_. Accordingly significant 4 temperature proxy, which shows a slower relative rise than
differences in timing are not surprising. CO, during the second half of Termination V (Fig. 2h, j). But
The glacial/interglacial amplitudes in G@cross the last this is also caused by the timing of the switch from glacial
five terminations vary between 70 and 85 ppmv in simula-Atlantic THC to its interglacial strength, a process which is
tion S1.5K (Fig. 5). This is on average 280 ppmv smaller  responsible for 15 ppmv of the GOncrease (Fig. 6). This
than in the ice core data, with the best and worst agreementiitter process depends on the North Atlantic temperature
for Termination V A ~10 ppmv) and IV A~40 ppmv), re-  proxy whose relative timing in respect to the paleo-climatic
spectively. The offset between simulations and data is mainlychanges recorded in the Antarctic ice cores might be incor-
caused by smaller interglacial values in S1.5K. Some peaksect.
in the CQ data are represented by single points (e.g. LGM, (D) Finally, we do not simulated fast fluctuations in £&s
MIS 7, 9) and might therefore not be representative. Scenarigeen in the EPICA Dome C GQecord in MIS 15 around
S1.5K simulates the smallest glacial/interglacial rise i,CO 600 kyr BP. At least 20-30 ppmv, about half of the ampli-
of 50 ppmv across Termination VI, about two thirds of the tudes seen in the CQrecord, can be explained, if a more
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Fig. 6. Impact of different processes on glacial/interglacial changes ip @@®ng the last eight terminations. We estimate single process
contributions by either the time-dependent forcing of one process only (open symbols), or by calculating the differences between simulation
S1.5K and the simulation which excludes the time-dependent forcing of the process in question (filled symbols). Shown here are the
contributions to the C@rise between minima and maxima crossing Terminations | to VIII. Full time-dependent results underlying our
analysis here are found in Fig. 7 and Fig. 8. The processes are sub-grouped into physics (excluding ocean circulation), ocean circulation,
and biogeochemistry and include changes in ocean temperature, sea level, gas-exchange through sea ice, NADW formation, Southern Ocec
vertical mixing, iron (Fe) fertilisation of marine biology in the Southern Ocean, terrestrial biosphere, and DIC and alkalinity fluxes between
deep ocean and sediment (Ca_¢hemistry). Differences between filled and open symbols highlight the high non-linearity of the system.
CaCQ; chemistry (carbonate compensation) is a response process to all other changes in the carbon cycle and cannot be analysed as sing
effect. The terrestrial carbon storage in the one-at-a-time approach underestimates the effediofil3@tion.

accurate and higher resolved record of EPICA Domé&DC In two sensitivity analyses the importance of individual
(J. Jouzel et al., unpublished data) for the earlier parts of theorocesses were investigated by (a) forcing only one process
ice core record is taken to force the model. The uncertaintyat a time (Fig. 7) and (b) excluding one process from time-
in the age model in this time period (Brook, 2005) might also dependent forcings (Fig. 8). From these analyses we estimate
be responsible for parts of the offset. the contributions of individual processes to the rise in,CO
As mentioned by Brook (2005) the EDC2 age model during the last eight terminations (Fig. 6) keeping in mind
(Schwander et al., 2001) which has been used for all EPICAhe limited validity of the absolute values due to the high non-
Dome C records here, might need a revision in the times covlinearities of the simulated system. In the second approach
ering MIS 13 to 15. Our simulations point in the same direc- (Simulating all but one processes simultaneously) the process
tion: In general, sea level maxima occur during warm in- contributions contain also the amplification of the carbonate
terglacial periods, while sea level minima fall together with compensation. Carbonate compensation itself is only a re-
minimum temperatures. This is the case for the sea levesponse process to all other changes in the carbon cycle and
reconstruction based on bent®t20O data (Bintanja et al., cannot be analysed in the one-at-a-time approach. Carbon
2005) andsD from EPICA Dome C for the last 450kyr storage on land is a function of atmosphericGfrough the
(Fig. 2). During MIS 13 to 15 these two records are out of CO; fertilisation of photosynthesis. The one-at-a-time ap-
phase, which is probably caused by chronological uncertainproach, therefore, depict only changes in the terrestrial car-
ties in the EPICA Dome C records caused by anomalies irbon pools caused by changes in global temperature, but not
ice flow. An updated chronology correcting for these mis- by those of the C@concentration. For most processes the
matches is currently developed (F. Parrenin et al., unpubtwo approaches agree within 5ppmv, only the contribution
lished manuscript). The implication of this chronological of the terrestrial carbon pools (12 ppmv) and of the ocean
artefact in the Dome C data sets is, that our reconstructioriemperature (21 ppmv) have higher uncertainties (Fig. 6).
of CO, across Termination VI is biased. For example, the The contributions (estimated by excluding one process
contribution from sea level rise during Termination VI is pos- from time-dependent forcings) in decreasing order to the rise
itive, opposing its signal during all other glacial/interglacial in CO, are given by Southern Ocean vertical mixing (on
transitions (Fig. 6). average 36 ppmv during Termination | to V and 22 ppmv
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‘ ‘ ‘ prior to Termination V, the absolute contribution of iron fer-
280 TEMP 1 tilisation changes only slightly. Thus, the relative importance
260 | of biogeochemical processes is enhanced fred0% (Ter-
240 t ] mination V) to ~40% during earlier terminations. Ocean

; * * * * * * circulation contributes about 60% during all terminations to
280 %ﬂ«/\/\/\f—v\jﬂ\/\ﬂ\ the CQ rise while the contributions of other physical pro-
260 | ] cesses (SST, sealevel, seaice) is less than 10% during Termi-

240 t ] nations IV and on average neutral earlier (Fig. 6). Accord-
ing to our model the smaller interglacial G®alues in the

280 W pre-Vostok period prior to Termination V are mainly caused
260 f ] by smaller interglacial Southern Ocean SST and an Atlantic

240 t ] THC which stayed before MIS 11 in its weaker glacial circu-

= : : ‘ ‘ | | | lation mode.

g_ 280 NADW 1 _

% 260 _ B i 3.2 Acloser look onto the CaG@hemistry

gqaop - ¢ A deeper understanding of the differences in the three scenar-
280 ISOX ] ios with variable e-folding time of the sedimentary response
260 K/WVMMWM is obtained by a closer look onto the simulated ECD'n the

deep Pacific Ocean and the total carbon content of the simu-

240 | ‘ ‘ ‘ ‘ ‘ ‘ ‘ ] lated system (Fig. 9). We additionally compare these results
280 IFE ' ' ' ' ' ' | with the scenario without carbonate compensationG3)

and expected changes in [§q during the past 150 kyr

260 rr\\mrhﬁw based on the conceptual understanding of the carbonate com-

240 | ‘ ‘ ‘ ‘ ‘ ‘ ‘ ] pensation (Marchitto et al., 2005). For the latter case details
- ' ' ' ' ' ' ] and timing have to be taken with caution.
280 (1B X . :
260 “\'WW The instantaneous responding sediments (S0.0K) preserve
a constant [C@] of 63 umol kg~1(Fig. 9a). This constancy
2401 | | | | | | 1 is paid for by large fluctuations in the total carbon content
Time (kyr BP) riods, which is about 2/3 of the amount of dissolvable CgCO

for modern times (1600 PgC) (Archer, 1996) In the other ex-
Fig. 7. Analysis of the effect of single processes on atmospherictreme case of no CaGQrhemistry (S-CA) total C is pre-
CO,. One process at a time was forced externally while all otherserved, butthe [Cb] of the deep Pacific ocean drops during
forcings were held constant at preindustrial level. Consideredfull glacial conditions by almost 25 mmol kg. Both scenarios
processes depict changes in ocean temperature (TEMP), sea lewalith reasonable e-folding time of the carbonate compensa-
(SEAL), sea ice (SICE), NADW formation (NADW), Southem tion lead to variability in total C and deep Pacific [EQ

Ocean vertical mixing (SOX), iron fertilisation in Southern Ocean somewhere between those of the extreme Cases:g—[po

(FE), carbon storage in terrestrial biosphere (TB). Additionally, a =~ . 1 . .
scenario with variable NADW formation including its shut-down varies up to 10 and 14molkg™" around the preindustrial

during Heinrich events is shown (dashed in sub-figure NADW). In V@lue in S1.5K and S6.0K, respectively. The variability in to-
TB the effect of CQ fertilisation is underestimated due to only tal Cis restricted to 700 PgC (S1.5K) and less than 350 PgC
small variability in CG. Carbonate compensation is a response (S6.0K), which is about 2/3 and 1/3 of the variability during
process to all other changes in the carbon cycle and cannot be anahstantaneous response. The total €= kyr BP is still 50,
ysed as single effect. All simulation results are shown as 3 kyr run-100, and 400 PgC higher in S0.0K, S1.5K and S6.0K, respec-
ning mean. tively, than during steady state for preindustrial conditions.
In other words, in the transient simulations which include
the carbonate compensation the carbon content at preindus-
earlier (36/22 ppmv)), ocean temperature (26/11 ppmv), irortrial times differs from observational-based estimates by up
fertilisation in the Southern Ocean (20/14 ppmv), the car-to 1%. At the end of the glacial or interglacial periods the
bonate compensation (15/7 ppmv), and NADW formation simulated system in S1.5K and S6.0K is yet not in equilib-
(13/0ppmv). Changes in gas exchange caused by sea iggum due to the delayed sedimentary response.
cover (-8/—7 ppmv), sea level{12/—4 ppmv), and terres- Based on a conceptual understanding of the Cacin-
trial carbon storage{13/—6 ppmv) were processes enlarg- pensation mechanism the variability in deep oceanaqo
ing the observed Cgxise by up to 33 ppmv during termina- should start during large changes in the carbon cycle
tions. While most processes are reduced in their magnitudée.g. during terminations) with a sharp change (rise during
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Fig. 8. Analysis of single processes on atmosphericoc@®comparison to the C®data (grey markers). All processes (scenario S1.5K,

bold black) and all but one process at a time (dash red) were forced externally. Processes depict changes in ocean temperature (S—-TEMP

sea level (S—SEAL), sea ice (S—SICE), NADW formation (S—-NADW), Southern Ocean vertical mixing (S—SOX), iron fertilisation in the

Southern Ocean (S—FE), carbon storage in terrestrial biosphere (S—TB), carbonate compensation (S—CA). Additionally, a scenario with all
processes at work and a complete shut-down of NADW formation during all Heinrich events as indicated by IRD in the North Atlantic

was simulated (short-dash blue in sub-figure S—-NADW), As the inclusion of exchange fluxes between sediment and ocean is converting
our modelled carbon cycle to an open system in which total carbon and alkalinity are not conserved anymore a direct comparison between

individual simulations becomes difficult due to variations in the overall budgets. All simulation results are shown as 3 kyr running mean.

terminations, drop during glaciations) of up to 3ol kg1 [CO%‘] (the three species which add up to DIC) from [gO
caused by other processes, which are followed by a retowards [CG]. Dynamics are in the opposite direction dur-
laxation over the following several millenia (Broecker and ing glaciations (input of DIC in the deep ocean; decrease
Peng, 1987). An initial rise in [Cb] during terminations  of pH shifts the species equilibrium away from [@Q)-

is caused by the extraction of DIC from the deep watersThe following relaxation is the response of the sediments
by any of the other processes operating on the global carto changes in deep ocean [€Q by either increased sed-

bon cycle. This increases the pH of the deep ocean whichyenation (if [CG ] is increased which shifts the calcite
than moves the equilibrium between [€IO[HCO;], and
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Fig. 9. Carbonate compensation mechanism. Besides the scenarios with different e-folding time of the carbonate compensation (S0.0K,

S1.5K, S6.0K) a scenario without CagChemistry (S—CA) is shown. Conceptual changes in the deep Paci@‘c Canhcentration expected
from measurements (Marchitto et al., 2005) and the understanding of thej@a@{pensation are also shown(&). (a) CO%‘ concentration

in the deep Indo-Pacific ocean bdk) Total carbon of the simulated ocean/atmosphere/biosphere sysiefmospheric CQ. CO, data
as described in Fig. 2 as grey markers. All simulation results are shown as 3 kyr running mean.

saturation horizon towards deeper waters) or increased digo a further rise in surface [CQ Thus, carbonate compen-
solution (if [C@_] is decreased which shifts the calcite sat- sation is a positive feedback. It always acts as an amplifier to
uration horizon towards shallower waters) of CaCORe- ongoing processes operating on the global carbon cycle.
cent measurements on three cores in the equatorial Pacific Fq; this interpretation it has to be kept in mind, that the
('V'agﬁh't_to etal., 2005) support this dynalmlc, the change infjyerine input of bicarbonate was not explicit formulated, and
[CO57] is of the order of 25-3@molkg™, although the  herefore not allowed to vary over time. Improving this short-
gradients at the beginning of individual events are not aScoming together with the use of a process-based sediment
steep as theoretically predicted and the sedimentary respongodel might substanitally alter our current understanding
seems to be faster than concluded from process-based mogj ihe importance of the CaGQrhemistry for atmospheric

els (Fig. 3). CO,.

All-together, this means, that a rise in surface waters In conclusion, we have to state that the contribution of the

[CO,] (similar to a rise in atmospheric GPimplies also the ~ carbonate compensation to the rise in atmospherig GO
extraction of carbon from the deep ocean. This extractiononly be roughly estimated with our approach. The ampli-
causes increased sedimentation, which is another loss terides in deep Pacific [CP] in our simulations are about half

of carbon. However, due to the ratio of alkalinity:DIC=2:1 as large as in observations. A constant deep ocealfﬂ]:O

in all carbonate fluxes the overall effect of sedimentation iscaused by instantaneous reacting sediments (S0.0K) is caus-
a pH reduction in the deep ocean which again shifts the caring a contribution of the carbonate compensation of approxi-
bonate system from [C@)] towards [CQ], leading finally ~ mately 35 ppmv (Termination I) which seems to be an upper
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estimate. A time-delayed response of the CgCfemistry
reduces this contribution by a factor of two. An ocean car-
bon cycle model with higher vertical resolution together with

a process-based sediment module are needed for a refined

quantification of this number.

. . 10¢.(Without circulation)
3.3 Model sensitivity E ~~~~~~~~ 3
In the following subsection we will investigate the sensitiv- é
ity of BiCYCLE by the variation of the glacial/interglacial -
amplitudes of all processes and analyse specific parts of ou8 5t
model in greater detail. These parts (sea ice, ocean circulaz]/

tion, marine biota, terrestrial biosphere) need some in-depth
analysis due to the simplicity in which they are embedded in

our model.

3.3.1 \Variation of the glacial/interglacial strength of indi-
vidual processes

We investigated the sensitivity of our model to the am-
plitudes in the different processes contributing to the
glacial/interglacial CQ rise. We therefore varied their
glacial/interglacial amplitudes by up t®50% from their
standards and compared the relative impacts op f6OTer-
mination | (Fig. 10). The sensitivity of the simulated €0

69
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Fig. 10. Sensitivity analysis of the impact of the glacial/interglacial
amplitudes of the individual processes on the rise in atmospheric
CO, during the last glacial/interglacial transition covering Termi-
nation | (30—0kyr). The figure shows the differences in the rise in

to changes in the amplitude of one process is rather linealco, petween scenarios (all processes included) with variable am-
Varying the amplitude of a single process by less than 20%jitude in one process and scenario S1.5K. Processes depict changes

would result in less than-7 ppmv deviation in C@. We

in ocean temperature (Temp), sea level, gas-exchange rate through

therefore evaluate our model as rather robust to the detailegea ice, NADW formation, Southern Ocean vertical mixing, Fe fer-
knowledge of individual processes. This, however, neglectdilisation in the Southern Ocean, and carbon storage in terrestrial
nonlinear effects from combined changes for alternative scebiosphere. Note, that the carbonate compensation is a response pro-
narios in which more than one process is operating with a€ss and cannot be modified in its amplitude. Glacial/interglacial

different glacial/interglacial amplitude.
3.3.2 Seaice

Our approach proposes a decline of {4y ~10 ppmv dur-
ing terminations contributed by changes in the gas exchang

amplitude of sea level change was varied o#l#0% due to high
reliability of known sea level change. The glacial/interglacial am-
plitudes of iron (Fe) fertilisation, and Southern Ocean vertical mix-
ing (Southern Ocean mixing) could only be reduced as they were
operating on their possible upper limit.

e

rate through the shrinking of sea ice coverage. This would

contradict a previous modelling study (Stephens and Keel

of the Southern Ocean south of°55 would reduce C®by
67 ppmv. Although the reliability of this previous study was

questioned because of the proposed very high sea ice COV;
erage (Morales-Maqueda and Rahmstorf, 2001) the questio
remains why our model responses in the opposite direction
It was shown (Archer et al., 2003) that a model response to
a fully Southern Ocean sea ice coverage is especially highly

model dependent.
In our study the decline in COduring deglaciations is

2006). Therefore, reducing gas exchange during glacials in

She North is increasing the glacial atmosphericZCThe net

effect of sea ice coverage in the Southern Ocean is negligi-

ble and reaches the magnitude of the North only when the
outhern Ocean surface box is nearly fully covered by sea

n . )

ice (Fig. 11). However, our data based assumption proposes

only an average annual glacial sea ice coverage of 30% in
our Southern Ocean surface box.

Measurements on gas exchange through sea ice of differ-
ent temperature come to the conclusions, that gas exchange

caused by larger gas exchange rate in the North Atlantids not totally prevented by a complete sea ice cover, (Gosink
Ocean which itself is caused by the decrease in the northet al., 1976; Semiletov et al., 2004). Furthermore, in our sin-

ern sea ice cover. The preindustrial North Atlantic is a sinkgle process analysis we consider only the effect of sea ice on
for CO, while the Southern Ocean is a source, both in ourgas exchange rates, while in the previous studies the overall
model and if recent gas exchange estimates are corrected feffect of sea ice on both gas exchange and ocean circulation
anthropogenic C® (Takahashi et al., 2002; McNeil et al., schemes was analysed.

www.clim-past.net/2/57/2006/ Clim. Past, 2, 57-78, 2006



70 P. Kbhler and H. Fischer: Simulating atmospheric Gfdiring the last 740 kyr

280 — : : : : : : similar features during 500-740 kyr BP (Wright and Flower,
2002) suggesting an at least regional distribution of the IRD
< signals measured in ODP980 and the changes in freshwater
g 2/0¢ discharge indicated by them.
@ A shut-down of the NADW formation occurring during
S 260 KRy the Heinrich events, which were identified by the relative
O e gizlci/?so% coverage) IRD record, reduces atmospheric £@uring glacial climate
---- S only (60% coverage) conditions by about 1020 ppmv (Fig. 8). Only a Heinrich
o5 L. Son(00% coyerage) ‘ ‘ ‘ event around 550 kyr BP happening during intermediate cli-
700 600 500 400 300 200 100 O mate conditions and those events in the glacial maximum
Time (kyr BP) proceeding Termination V (420 kyr BP) lead to drops inZCO

by 30-40 ppmv. The selection criteria for Heinrich events
Fig. 11. Northern and southern contributions to the impact of sea(IRDHzlo%) was varied in a sensitivity study (Fig. 12b),
ice cover on atmospheric GOn a single processes analysis. In and showed rather unchanged response of fo0a thresh-
the reference run (N and S) nearly no contribution comes from the0ld increase by a factor of two, and an extension of Heinrich
Southern Ocean sea ice, which covers 30% of the Southern Ocea@vents if IRDy was lowered.
surface box area during LGM. Increasing this Southern Ocean sea The impacts of the threshobd®Onapw in ODP980 which
ice areal cover up to 90% coverage shows opposing trends (reduceiddicates a switch from glacial to interglacial circulation pat-
CO; during glacial times) from the northern contribution (increased terns in the Atlantic Ocean (strength of NADW formation)
CO, during glacial times). This Southern Ocean behaviour is in was also tested. During interglacial times this strength in
Ii_ne with previous investigations (Stephens_, and Keeling, 2000). All yaDW depends to a certain extent on the chosen threshold
simulation results are shown as 3 kyr running mean. (Fig. 12a). During warm periods around 200, 570, 610, and
690 kyr BP the Atlantic THC is only switching into its inter-
glacial mode (16 Sv of NADW formation) and leads to a rise
3.3.3 Ocean circulation in CO, by about 10 ppmv, when the threshéftfOnapw is
increased. This implies that in our standard scenarios the
In our reference scenario we have chosen to keep NADWNADW stayed in its glacial mode during these times. In
formation unchanged during Heinrich events as there are evether words, the Atlantic THC stayed constant over time in
idences from productivity (Sachs and Anderson, 2005) andts glacial mode before MIS 11 (743120 kyr BP) and would
sealevel (Siddall et al., 2003) reconstructions, that the impacswitch only to its interglacial mode in the pre-Vostok period
may differ. Here, we estimate the maximum impact throughif a slightly colder temperature threshold is assumed (higher
a complete shut-down of NADW formation during Heinrich 8180NADW) than in the standard case.
events identified by ice rafted debris (IRD) in the North At-  For the understanding of the consequences of a reduced
lantic sediment record ODP980 measured on the same comglacial ocean circulation through either a (partly) shutdown
than two other paleo records used already in our study (Norttof the Atlantic THC or reduced Southern Ocean vertical mix-
Atlantic SST and benthig®0) (McManus et al., 1999; ing one has to keep in mind that our analysis with the\B
Wright and Flower, 2002). IRD in percentage of sedimentcLE model covers only the direct effects of a reduced wa-
grains larger than 150m (relative IRD) is a proxy for the ter transport on the dissolved chemical species (DIC, alka-
occurrence of Heinrich events (Heinrich, 1988). We used thdinity, nutrients). In more sophisticated models changes in
relative strength IRR=10% as threshold indicating large ocean circulation lead also to changes in the temperature,
iceberg and thus freshwater discharges occurring in the Nortland salinity. Temperature and salinity are prescribed exter-
Atlantic which result in a complete shut-down of the NADW nally within BiCyCLE. A reduced strength of the NADW
formation during glacial times in our model. This threshold formation would lead to a temperature drop in the North At-
was derived from the analysis of IRD and known Heinrich lantic which is spread over large parts of Eurasia and a rise
events during the last glacial cycle (Heinrich, 1988). During in Southern Ocean temperatures following the concept of a
two time intervals relative IRD data were missing in ODP980 bipolar seesaw (e.g. Stocker and Johnsen, 2003). The direct
(740-700 and 543-500kyr BP). The absolute IRD recordeffect of these temperature anomalies om;®@uld lead to
(lithics/g) spanned our whole simulation period (Wright and an outgassing of C&in the Southern Ocean and a higher sol-
Flower, 2002) and showed no major excursions in the in-ubility and a down draw of C®in the north Atlantic. As a
complete periods of the relative IRD record apart from onefollow-up effect the sea ice cover in the North would increase
large peak during the period 740-700 kyr BP. However, thiswhile that in the South would shrink. Because of the opposite
absolute record is unsuitable for the predictions of Heinricheffects of sea ice on atmospheric £@ both hemispheres
events as known events occurring during the last glacial cyclg¢see above) the northern sea ice expansion and the southern
(Heinrich, 1988) would have been overestimated. IRD in adecline would both lead to a rise in atmospheric@Dring
second core approximately 1000 km apart (ODP984) shows reduced Atlantic THC. Additionally, the millennial scale
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Fig. 12. Variation of fixed threshold values used during simulations. Simulation results were shown as 3 kyr running mean. Bold depicts
always the standard simulation S1.5K using the standard values, data (grey markers) as described itefig/a2ying the threshold
8180napw in ODPI80 which indicates changes in the strength in the NADW formastiOyapw =2.4, 2.6, 2.8, 3.0, 3.2%.). (b): Varying

the threshold in IRD as the indicator for Heinrich events measured in ODP98Q&H8D10, 15, 20%). Note, that in our standard scenario

the NADW formation during identified Heinrich events is not shut-dogej. Varying the threshold in the atmospheric iron flux as measured

in EPICA Dome C which is a proxy for the onset of iron fertilisation in the Southern Ocegi(EB, 71, 138 205 271ugm~—2 yr—1).

temperature anomalies during Heinrich events would als@3.3.4 Marine biota

impact on the terrestrial carbon cyclediler et al., 2005b).

During cold periods the treeline in Eurasia would shift south- )

wards, and soil respiration would decrease. Io®LE the It was argued recently based on the knowledge gained from
nutrient distribution is also affected by a change in ocean cir-OP&n ocean experiments that only 0.5 to 15% of the the
culation. But only a reduction in the NADW formation below 9lacial/interglacial rise in C&can be caused by iron fertil-
the glacial strength of 10 Sv causes a decrease in the marigation of the marine biota (de Baar et al., 2005). However,
export production due to macro-nutrient depletion and causef€ir estimate was based on the assumption that the glacial
arise in atmospheric GO This change in the marine biota is aeolian iron mpu_t into the Antarctic region was 11-fo|d_|ts
in line with other studies (Schmittner, 2005). A more detailed Modern flux, while recent data from EPICA Dome C find

investigation of the NADW strength and G@ BICYCLE is a 25- to 34-fold increase in iron fluxes from interglacial to
found in Kéhler et al. (20086). glacial periods (Gaspari et al., 2006; Wolff et al., 2006). In

our simulation results, which use the higher iron flux changes
measured in Antarctic ice cores the contribution of this pro-
cess to the C@rise covers approximately 25% of the ob-

served signal. This is within the range covered by the iron
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Fig. 13. Additionally to the simulation S0.0K, S1.5K, S6.0K an alternative pathway of terrestrial biosphere regrowth was considered with
greater climate and C{dependency leading to higher glacial/interglacial amplitudes in the terrestrial carbon stocks (S0.0KTB+, S1.5KTB+,
S6.0KTB+). Different e-folding time of the calcite compensation as given in the scenario n@neégmospheric CQ, data (grey markers)

as described in Fig. Ab): Terrestrial carbon storagéc): Total carbon storage in the atmosphere/ocean/biosphere system. All simulation
results are shown as 3 kyr running mean.

fertilisation experiments. Additional to the data evidencesmospheric CQ throughout most of the simulation period.
for an enhanced glacial marine biology as reviewed previ-The threshold approach neglects details in the dynamics of
ously (Kohler et al., 2005a) new data of extensive phyto-the different iron proxies for full glacial conditions and is
plankton blooms in the Atlantic sector of the glacial Southernpartly responsible for the similar responses of our model to
Ocean were published recently (Abelmann et al., 2006), givthe use of the three different iron proxies.

ing further support for our assumptions.

The impact of Southern Ocean iron fertilisation on£O 3:3.5 Terrestrial biosphere
was also a threshold-dependent process. Changes in sim-
ulated CQ occur for a two fold reduction of the thresh- To cover the estimated range in the glacial/interglacial rise in
old during times of high iron flux fluctuations, e.g. around terrestrial carbon storage of 300-1100 Pg®@lfker and Fis-
150-180 kyr BP. Simulated atmospheric g@aried signif-  cher, 2004) an alternative pathway with increased sensitivity
icantly (>20 ppmv) if the threshold in the EPICA Dome C of the terrestrial biosphere to G@nd climate change was
iron flux on which the marine export production depends isconsidered. Terrestrial carbon storage varies during Termi-
reduced by one order of magnitude (Fig. 12c). This wouldnation | by 400 to 500 PgC in the previous scenarios (S0.0K,
imply that the marine biota in the Southern Ocean is nearlyS1.5K, S6.0K) and 8061100 PgC alternatively (S0.0KTB+,
never iron limited and global export production reduces at-S1.5KTB+, S6.0KTB+) (Fig. 13b). The parameterisation of
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the sensitivity of the terrestrial module on climate and2CO which we alternatively prescribed the changes in the lyso-
is the same within the two sets of experiments. The existcline as additional boundary condition. These lysocline vari-
ing difference in the amplitudes within a set of simulations is ations, however, are less well known over the whole 740 kyr
caused by the internal feedback of the Gf@pendent terres-  period for the different ocean basins (Farrell and Prell, 1989)
trial NPP (CQ fertilisation). The change in the amplitude in and the interpretation of available data is highly discussed
terrestrial carbon storage leads also to different CafiQes (Archer, 1991). The previous approach of a variable lyso-
between sediment and deep ocean and thus to different flucline leads to results similar to those of the scenario with
tuations in the overall carbon budget. While the change in thanstantaneously responding sediments (S0.0K). The missing
total carbon of the simulated ocean/atmosphere/biosphersesponse time in this approach was therefore a reason to re-
system is 1000, 700, and 350PgC in S0.0K, S1.5K andvise and update our model here.
S6.0K, respectively, this amplitude is increased to 1700, The missingtemporal variability of the riverine input of bi-
1000, and 500 PgC in S0.0KTB+, S1.5KTB+ and S6.0KTB+ carbonate and its subsequent response by the carbonate com-
(Fig. 13c). In S1.5KTB+ and S6.0KTB+ the total C con- pensation might be one of the main simplifications of our
tent atr=0kyr BP is 250 and 500 PgC higher than in steady study. The input of HCQ through rivers is estimated to
state simulations for this climate period. This offset in the to- vary on glacial/interglacial timescale by about 25% (Jones
tal C budget between transient simulations and preindustriaét al., 2002; Munhoven, 2002). This reduced interglacial
steady state makes the upper end of the proposed range iverine input leads to a rise of atmospheric £6i the or-
the variation of the terrestrial carbon content very unlikely. der of 10 ppmv, however, uncertainties in both the variability
As overall effect glacial atmospheric G@& about 15 ppmv  of the input fluxes itself and the response of the carbon cycle
higher in the STB+ scenarios than in the corresponding sim-are with about 100% large.
ulations with lower terrestrial variability (Fig. 13a). There are several hypothesis on possible changes in the
carbon cycle found in the literature, which we did not follow
up here for various reasons, because they are either too com-
4 Discussion and conclusions plex to be followed in detail with our model (silicic acid leak-
age hypothesis), because of recent evidences arguing against
In this study we simulate low frequency changes in the car-them (rain ratio hypothesis), or because we expect only small
bon cycle during the late Pleistocene. Our standard scenacontributions to the change in G@North Pacific biology).
ios match observed atmospheric £€uring the last 650kyr  They are discussed in greater detail intfer et al. (2005a).
rather well ¢2~0.75). The novelty of our approach is the The potential of a change in the rain ratio of organic to inor-
fact that our interpretation how the global carbon cycle in- ganic marine export production, for example, is one theory
cluding its isotopes is operating during Termination | seems(Archer and Maier-Reimer, 1994; Klaas and Archer, 2002;
to be sufficient to interpret the variations in atmospherioCO Ridgwell, 2003a), whose impact on GG limited to less
not only during the regular variations observed in the Vos-than 15 ppmv in BcycLE. The silicic acid leakage hypothe-
tok ice core but also to simulate smaller glacial/interglacial sis (Brzezinski et al., 2002; Matsumoto et al., 2002) involves
amplitudes prior to Termination V. The application of our shifts in phytoplankton communities and operates via a com-
model on these long timescales is a confirmation that our asbination of iron fertilisation in the Southern Ocean and lo-
sumptions made for and our interpretation gained from thecal changes in the the rain ratio. Other HNLC regions of
simulation of the carbon cycle during Termination Igider  the world ocean apart from the Southern Ocean have also the
et al., 2005a) are not restricted to this very narrow time win-potential for an enhanced glacial export production, although
dow, but are of general nature. The time-delayed responswith less capacity for atmospheric GDne of these promi-
of the carbonate compensation is an important detail of thenent regions is the North Pacific where a higher glacial export
CaCGQ chemistry which was not considered in earlier appli- production might result in a decrease in £ up to 8 ppmv
cations of this model. The e-folding timeof the relaxation  (Rothlisberger et al., 2004). A recent interpretation of proxy
of any perturbation of the deep ocean @tpestimated from data (Jaccard et al., 2005) makes this region also a candidate
data and models is still large, however, the consequences afer a highly stratified water column in glacial times. This
even with a moderate response time-(L.5 kyr) that the car-  physical effect might be even more important for £than
bon cycle in our model never reaches an equilibrium withinthe change in the biology.
the last 740 kyr; the total carbon budget is constantly varying Our results are further supported by reconstructed pH in
due to sedimentation or dissolution. Carbonate compensahe equatorial Atlantic surface waters, which are based on
tion with moderate response time (1.5 kyr) contributes abou$'B measurements from planktic foraminifersiisch and
15 ppmv to the rise of C&during the last five terminations. Hemming, 2005). As we calculate the whole carbonate sys-
This is of the order suggested by Joos et al. (2004) during théem in our model, we are able to compare our simulated
Holocene as a consequence of the reorganisation of the capH variations in the surface water box of the equatorial At-
bon cycle over Termination I. It is about half of the amount lantic with these measurements (Fig. 14). Although the data
suggested by our previous studydier et al., 2005a), in  set is sparse our model predicts a similar glacial/interglacial
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8.35 — ‘ ‘ ‘ ‘ ‘ ‘ To our knowledge, there exist so far two transient mod-
elling approaches which try to explain the variability of at-
8.3 mospheric CQ during the late Pleistocene both using con-
8.25 ceptual models (Gildor et al., 2002; Paillard and Parrenin,
T 2004) and concentrate on changes in ocean physics. These
82+t two approaches differ widely, one (Gildor et al., 2002)
815 being purely theoretically and trying to explain the typi-

cal amplitude and seesaw shape of Cébserved in Vos-
1L ‘ ‘ ‘ ‘ ‘ ‘ tok, while the other (Paillard and Parrenin, 2004) is forced
700 600 500 400 300 200 100 O by insolation over the last 1000 kyr. However, both pin-
Time (kyr BP) point reduced glacial vertical mixing in the Southern Ocean
as one mechanism which contributes significantly to the
Fig. 14. Comparison of simulated pH in the equatorial Atlantic sur- 9lacial/interglacial rise in C& While we here support the
face box with pH reconstruction (circles) based on boron isotopedmportance of changes in Southern Ocean vertical mixing,
811B measured in planktic foraminifers {isch and Hemming, Wwe also want to point out that especially those processes
2005). Simulation results are shown as 3 kyr running mean. Num-which modify the overall budgets of DIC and alkalinity in
bers denote marine isotope stages during interglacial periods.  the ocean need consideration (Archer et al., 1997) and a re-
stricted view onto the ocean/atmosphere carbonate system
amplitude of up to 0.15 pH units (scenario S0.0K; less thanonly is of limited validity for a complete understanding of
0.10 pH units in S1.5K and S6.0K) in this area, although min-the observed changes in the carbon cycle as recorded in the
ima during interglacial periods are smaller in the data than inice cores.
the model. The chosen model design, that Southern Ocean vertical
These simulation results are an in-depth description of oumixing is a function of Southern Ocean temperature and thus
contribution to the “EPICA challenge” (Wolff et al., 2004, of EPICA Dome CSD, might be questioned. It was moti-
2005). The other seven entries to the “EPICA challenge”vated by the observed vertical and temporal gradiestie
(Wolff et al., 2005) were either based on a conceptual mod4in the Southern Ocean sediment cores (Hodell et al., 2003).
elling approach (Paillard and Parrenin, 2004) or on differ- It turns out that this process is the most important one for
ent correlation functions of the two EPICA Dome C records atmospheric C@variability. As a consequence this process
(dust, D) and others paleo-climatic archives. Thus, they alone together with its amplification through CagZ€bm-
all tested different hypotheses, but were per se unable tpensation can explain 40 ppmv of the rise inQfDring Ter-
validate their hypothesis by the comparison of other vari-mination I. To support this assumption we argued previously
ables of the carbon cycle with additional reconstructions.(Kdhler et al., 2005a) with additional evidences from nutri-
Nevertheless, all other approaches using existing Antarctie@nt reconstructions (Francois et al., 1997) and the salinity-
temperature proxies and simple regression functions werériven stratification of the glacial ocean (Adkins et al., 2002).
able to predict CQwith similar high accuracy (Wolff et al., Further support came from the two conceptual models men-
2005). Can we understand this coupling of atmospherig CO tioned earlier (Gildor et al., 2002; Paillard and Parrenin,
and Antarctic/Southern Ocean temperature from our process2004) and a box model study which investigates the role of
based modelling approach? SST of the Southern Ocean itSouthern Ocean mixing and upwelling on £@Vatson and
self (which is a function of EPICA Dome @D) is accord-  Naveira-Garabato, 2006). In the meantime, another physi-
ing to our model responsible for half of the rise in £0 cally based hypothesis was added to the scenarios which pro-
caused by ocean temperature, which would~dE5 ppmv ~ pose a glacial stratified Southern Ocean. Toggweiler et al.
during Termination |. Changes in sea ice cover and Southeri2006) hypothesised that a northward shift in the westerly
Ocean vertical mixing are in BYCLE functions of South-  winds during glacial climate would prevent wind-driven up-
ern Ocean SST and thus of EPICA DomesD, causing  welling in the Southern Ocean. Their carbon cycle response
Oppmv and 35ppmyv, respectively. Furthermore, CaCO to this change in ocean ventilation is a glacial decrease in
compensation as amplifying process will contribute aboutatmospheric C@of 35 ppmv, very similar to our results.
5-10ppmv. Summarising, we are able to explain a rise in  The various simplification of the carbon cycle in terms of
COy of 55—-60 ppmv during Termination | only by direct and spatial and temporal resolution and the degree to which pro-
indirect effects of Southern Ocean temperature changes ancesses are modelled have to be kept in mind in the interpreta-
thus by the evolution of the EPICA DomesD record. How-  tion of the results. Furthermore, the detailed response of the
ever, these are incomplete solutions, because other importactrbon cycle differs if omitted feedbacks which would arise
changes in the carbon cycle are known to have happenedtom carbon cycle-climate interactions would be considered.
such as changing concentration of DIC due to sea level variThe rise in CQ leading to enhanced terrestrial photosynthe-
ations or changing carbon storage on land which would bothsis is in principle but very simplisticly covered within our ap-
operate in the opposite direction. proach, however, details on the various effects are still matter
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of debate (e.g. Bender, 2003; Friedlingstein et al., 2003)Archer, D., Kheshgi, H., and Maier-Reimer, E.: Multiple timescales
The overall effect of temperature variations on soil carbon for neutralization of fossil fuel CQ Geophys. Res. Lett., 24,
storage is not yet resolved (Davidson and Janssens, 2006). 405-408, 1997.

The feedback loop of climate, dust and £@idgwell and ~ Archer, D., Kh.esh.gi, H., and.Maier-Reimer, E.. pynamics of fossil
Watson, 2002) is another example for the complexity of the ‘;‘fi nf;trz"’;_i'gza;'gg %gr;;arme CaGOGlobal Biogeochem. Cy-
SySt?m' Labor_atory EXpenme:ntS |nd|_c_ate a2€_t@pendent Archer: D.,’ Winguth,,A., Lea, D., and Mahowald, N.: What caused
calcite production rate of marine calcifiers (Riebesell et al.,

) the glacial/interglacial atmospherigCO, cycles?, Rev. Geo-
2000). These are some examples of the complexity of the phys., 38, 159-189, 2000.

carbon cycle-climate system, whose detailed investigation is\rcher, D. E.: Equatorial Pacific calcite preservation cycles: pro-
needed for an in-depth understanding. Nevertheless, from dyction or dissolution?, Paleoceanography, 6, 561-571, 1991.
our simple approach here the potentials of various globallyArcher, D. E.: An atlas of the distribution of calcium carbonate in
important processes can be highlighted, and thus the choice sediments of the deep sea, Global Biogeochem. Cycles, 10, 159
of foci for future investigations is possible. 174, 1996.

This box model study provides an interpretation of low fre- A”;(her’ %-E'hMag tiln,cP.. ?/i’ (';’”'lo"i‘:h'_tt]-_’tB_ro‘t’Ei“’ f\f/ Tle:‘tfzetr’ Gt"-
quency changes in atmospheric £@uring the past 740 kyr - andAshender, t... Model sensitivity In the efiect of Antarctic
. sea ice and stratification on atmosphesicO,, Paleoceanogra-
based on a carbon cycle box model forced by various paleo-

i . ds qin i h ol ibuti phy, 18, 1012, doi:10.1029/2002PA000760, 2003.
climatic records forward in time. The potential contributions Barnola, J. M., Raynaud, D., Korotkevich, Y. S., and Lorius, C.:

of important physical and biogeochemical processes t9 CO  \jstok ice core provides 160000-year record of atmospheric

variability were investigated. As this study is based on a co,, Nature, 329, 408-414, 1987.

rather simplistic model which highlights also the uncertain-Bender, M.:  Climate-biosphere interactions on glacial-

ties embedded within the approach its results should be un- interglacial timescales, Global Biogeochem. Cycles, 17,

derstood as an invitation to more complex coupled carbon 1082, doi:10.1029/GB001932, 2003.

cycle-climate models to be cross-checked as a whole or iBintanja, R., van der Wal, R., and Oerlemans, J.: Modelled atmo-

specific parts. spheric temperatures and global_ sea levels over the past million

years, Nature, 437, 125-128; doi:10.1038/nature03975, 2005.
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