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Abstract. Possible mechanisms for the 80 ppm 
reduction of atmospheric CO2 partial pressure 
during the last glaciation were investigated using 
the Hamburg Ocean Carbon Cycle Model. The 
three-dimensional carbon cycle model is based 
on the velocity field of the Hamburg Large- 
Scale Geostrophic Ocean General Circulation 
Model and uses the same grid as that model. 
The horizontal resolution (3.5 ø x 3.5 ø) is lower 
than the length scale of narrow upwelling belts 
which could not be represented adequately in 
this study, but the large-scale features of the 
ocean carbon cycle are reproduced rather well. 
Sensitivity experiments were carried out to in- 
vestigate the role of chemical and biological pa- 
rameters (nutrient cycling, composition of bio- 
genic particulate matter, CO2 solubility) and dif- 
ferent circulation regimes for the atmospheric 
CO2 content. The model responses were com- 
pared to deep-sea sediment core records and ice 
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core data from the last glaciation. Each experi- 
ment was compared with observed average tracer 
patterns during 18-65 kyr B.P. It was found 
that none of the sensitivity experiments alone 
could explain all observed tracer changes (atmo- 
spheric pCO2, A•13Cplanktonic_benthic, •13Cbenthic 
differences, CaCO3 corrosivity indices) simulta- 
neously, even in a qualitative sense. Thus ac- 
cording to the model none of the scenarios tested 
proves to be completely acceptable. The residual 
discrepancies between the observed and modeled 
tracer records can probably be attributed to the 
as yet inadequate reconstruction of the glacial 
ocean circulation. It is therefore suggested that 
more effort should be devoted to realistically re- 
producing the ice age ocean circulation field mak- 
ing use of the forthcoming glacial radiocarbon 
data base. The residuals between the realisti- 

cally modeled and observed carbon cycle trac- 
ers (5•3C, CaCO3 saturation) should then reveal 
more clearly the real cause for the observed pCO2 
decrease in the glacial atmosphere. 

1. INTRODUCTION 

Measurements of CO2 enclosed in air bubbles 
of Arctic and Antarctic ice sheets provide evi- 
dence for a reduction of atmospheric CO2 par- 
tial pressure (pCO2) during the last glaciation 
[e.g., Delmas et al., 1980; Neftel et al., 1982; 
Oeschger et al., 1985]. The Antarctic Vostok 
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ice core pCO2 curve [Barnola et al., 1987] cov- 
ering the last 160,000 years reveals pCO2 val- 
ues near 300 ppm at the last interglacial at 
about 130 kyr B.P. (kyr B.P. = 103 years be- 
fore present), a decrease to about 200 ppm at the 
last glacial maximum (about 18 kyr B.P.), and a 
sharp postglacial increase toward the preindus- 
trial level around 280 ppm. The correspond- 
ing local Antarctic air temperature record (ob- 
tained from deuterium measurements [Jouzel et 
al., 1987]) parallels the pCO• record, with a max- 
imum glacial-interglacial amplitude of about 12 
K. 

Small changes in the oceanic carbon cycle have 
generally been favored as an explanation for Qua- 
ternary pCO• variations in the atmosphere, be- 
cause the ocean is the largest quickly recycling 
carbon pool in direct exchange with the atmos- 
pheric reservoir (ocean:atmosphere carbon pool 
size ratio • 60:1; turnover time scales in differ- 
ent oceanic regimes from upper waters to bottom 
waters: 1-1000 years). 

To test some of the hypotheses which have 
been proposed to explain the observed atmos- 
pheric pCO• variations, we present in this paper 
a suite of sensitivity studies with a global high- 
resolution carbon cycle model based on the ve- 
locity field of an ocean general circulation model 
(OGCM). The experiments focus on the chem- 
ical, biological, and physical parameters of the 
ocean carbon cycle that affect the atmospheric 
GO2 partial pressure. The results of these ex- 
periments are considered relative to a control 
run. The deviations are compared with palco- 
climate data derived from ice core and sediment 

core records. 

Previous glacial ocean modeling studies have 
mostly been based on low-resolution kinematic 
box models [e.g., Knox and McElroy, 1984; 
Sarmiento and Toggweiler, 1984; Siegenthaler 
and Wenk, 1984; Broecker and Peng, 1987a; 
Boyle, 1988]. Box models enable many experi- 
ments to be carried out with modest computer 
resources. They are limited, however, by low 
horizontal and vertical resolution and the lack 

of a detailed velocity field constra/ned by fluid 
dynamics. 

The Hamburg Garbon Cycle Model applied 
here is based on the velocity field of the dynam- 
ical Hamburg Large-Scale Geostrophic OGGM. 
Although this model is of course still a simplifi- 
cation of the real ocean, many of the basic dis- 

advantages of purely kinematic models no longer 
occur. The model reproduces the complex three- 
dimensional structures of water mass properties 
rather than only basin-wide mean values for a 
certain depth range. The velocity field is suffi- 
ciently realistic to provide the basis for the simu- 
lation of chemical interactions and tracer distri- 

butions, which depend critically on the oceanic 
circulation. Sensitivity studies with the high- 
resolution model can take into account the com- 

plexity of the real ocean, thereby allowing a more 
reliable quantitative interpretation. Model re- 
suits can be directly compared with observed 
patterns of water mass properties and geologi- 
cal data as derived from sediment core analyses 
(which are often valid only for a restricted re- 
gion with special hydrographic conditions). Fur- 
thermore, different kinds of surface forcing can 
be applied in the dynamical OGCM that defines 
the velocity field, providing the opportunity to 
develop physically consistent oceanic circulation 
patterns under different meteorological and hy- 
drological boundary conditions. The price for 
these advantages• apart from the higher com- 
puter costs, is that a complex model is gener- 
ally more difficult to interpret than a simpler box 
model (cause-effect links may be less obvious). 

Three different oceanic carbon pumps influence 
the atmospheric CO2 partial pressure via the air- 
sea-gas exchange (Figure 1): 

1. The solubility of GO2 gas in sea-water rises 
with decreasing temperature and salinity [•,reiss, 
1974]. Gold and low-salinity water can store 
more carbon than warm or highly halinc water. 
Thus a cooling or freshening of the surface wa- 
ter effects a reduction of the atmospheric GO2 
partial pressure. 

2. Carbon and biolirrfiting nutrients are ex- 
tracted from surface waters by planktonic biota 
for the production of organic carbon soft tissue 
(particulate organic carbon, POC). The stronger 
the production of this biogerdc particulate or- 
ganic carbon, the lower the GO2 partial pressure 
within the surface waters and in the overlying air 
("biological pump"). 

3. Besides organic soft tissue, planktonic biota 
produce hard parts (shell material) of either opa- 
l• (S•O•)or ••o• (C•CO•) =•ri•. SiO• 
production and dissolution do not directly influ- 
ence the carbon cycle. Production of CaGOa• 
however• leads to a decrease of alkalinity by ex- 
traction of GO]- ions from the water column, 
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Fig. 1. Schematic diagram of the marine carbon pumps: the solution pump, the particu- 
late organic carbon pump, and the CaCOa counter pump. 

and the dynamical chemical equilibrium in the 
surface waters is shifted in the direction of higher 
CO2 partial pressure [e.g., Baes, 1982]. 

The renmants of planktonic organisms (organic 
soft tissue or POC, CaCO3 hard parts) sink 
through the water colunto, transferring carbon 
from the upper waters to the deep ocean. Due 
to remineralization of the organic carbon com- 
pounds, CO2 and nutrients reenter the water col- 
umn, and seawater pCO2 rises. The upper layers 
o'f the world ocean are oversaturated with respect 
to CaCO3. Dissolution of CaCO3 hard parts 
occurs only in deeper layers (increasing pres- 
sure, decreasing temperature). CaCO3 dissolu- 
tion counteracts the effect of soft tissue reminer- 

alization and reduces seawater pCO2. However, 
the CaCOa flux is only about a quarter of that of 
organic carbon on a mole to mole basis [Liet al., 
1969]. An increase of alkalinity due to CaCO3 
dissolution in deep •water may act as a process 
for the additional binding of atmospheric CO2 
with a strongly delayed response [Boyle, 1988]. 

Both CaCOa she•s and organic carbon com- 
pounds partly enter the sediment layer at highly 

varying rates and ratios depending on their his- 
tory in the upper water column. 

Interconnected with these marine carbon cycle 
mechanisms is the redistribution of carbon com- 

ponents, nutrients, oxygen, temperature, and 
salinity within the wind-driven and thermoha- 
line ocean circulation. The equatorial upwelling 
regions, for example, are net sources of atmo- 
spheric CO2 due to the warming and degassing 
of cold deeper water [Oudot et al., 1987], while 
the Arctic and sub-Arctic deep-water production 
areas represent sinks for atmospheric CO2. 

In accordance with these mechanisms the hy- 
potheses for causes of the glacial pCO2 reduc- 
tion in the atmosphere can be subdivided into 
four different groups concerned with: the solu- 
bility effect; the nutrient cycle; the CaCO3 cycle; 
and the transport of chemical compounds by the 
oceanic velocity field. 

An enhanced solubility for gaseous CO2 in sea- 
water during glacial times can be expected to 
explain at best a part of the CO2 reduction. 
Broecker and Peng [1987b] discuss the possibility 
of a freshening of the surface ocean due to an in- 
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crease of sea ice production and a corresponding 
transfer of high-salinity water to the deep ocean 
("salt pump"). Additionally, the mean glacial 
surface water temperature was about 1.7 K below 
the Holocene level [GLIMAP Project Members, 
1981]. Both effects would lead to an increase of 
GO2 solubility in seawater. On the other hand, 
the mean salinity during glacial times is esti- 
mated to have been about 4% higher than the in- 
terglacial level, due to enhanced storage of fresh 
water in the big ice sheets. A 4% salinity in- 
crease in surface waters would almost cancel the 

solubility increase due to the 1.7 K cooling of 
the sea surface temperature [Broecker and Peng, 
1986]. In summary, the solubility effects are not 
expected to account for more than a few tens of 
parts per million of the atmospheric pCO2 reduc- 
tion. 

Three different nutrient scenarios have been 

suggested. Two of these try to explain the CO2 
reduction by an increased nutrient inventory in 
the glacial ocean and a correspondingly stronger 
action of the biological POC pump. Broecker 
[1982] proposed an additional transfer of the bio- 
limiting nutrient phosphate into the ocean from 
shelf areas laid dry during glacial times and ex- 
posed to continental runoff. Correspondingly 
the biological organic carbon pump would have 
acted more strongly and would have transferred 
larger amounts of organic carbon to deeper lay- 
ers. Broecker [1984] himself, however, later ques- 
tioned this hypothesis in view of the short time 
scale of the order of 1000 years of the observed 
CO2 changes in the atmosphere. 

The effect of this mechanism could have been 

dampened considerably by the additional trans- 
fer of carbon (and not only nutrients) into the 
glacial ocean as pointed out by Berger and Keir 
[1984]. These authors presented instead the 
alternative denitrification hypothesis suggesting 
that a strong reduction of the nutrient nitrate in 
seawater and an associated weakening of the bio- 
logical organic carbon pump could have occurred 
at the end of the ice age. According to this sce- 
nario, nitrogen could have been expelled to the 
atmosphere from shallow anoxic shelf regimes to 
the atmosphere through denitrification. 

The third nutrient hypothesis suggests a pos- 
sible change of the ratio of nutrient elements to 
organic carbon, the Redfield ratio P:N:C, in par- 
ticulate biogenic organic matter (P. Weyl as cited 
by Broecker [1982]). In today's ocean, values of 
about 1:16:130 are observed for POG as well as 

for the dissolved substances in ocean water it- 

self [Takahashi et al., 1985; Peng and Broecker, 
1987; Minster and Boulahdid, 1987]. However, if, 
as suggested by Weyl and Broecker, more carbon 
atoms could be fixed to particulate matter for a 
given number of nutrient atoms, then more car- 
bon could clearly be extracted from the surface 
layer than at present. 

Two CaCO3 hypotheses have been proposed; 
they suggest a change in the oceanic CaCO3 in- 
yentory (corm reef hypothesis) or in the compo- 
sition of biogenic particulate matter (rain ratio 
hypothesis). According to the corm reef hypoth- 
esis [Berger and Keir, 1984] the abrupt atmo- 
spheric CO2 increase at the end of the glacia- 
tion was caused by strong CaCO3 precipitation 
in the newly formed shelf regimes after reflooding 
of the shelf areas that lay above sea level during 
the ice age. Alternatively, a decreasing relative 
production of CaCO3 hard paris in the surface 
ocean could also have lowered the atmospheric 
CO2 content during the glaciation (reduced rain 
ratio Cc•co3:Co•ic [Berger and Keir, 1984; Dy- 
mond and Lyle, 1985]). As an additional process 
coupled to a possible increase of the biological 
pump, dissolution of CaCO3 in response to en- 
hanced organic oxidation in deep waters would 
increase oceanic alkalinity and would therefore 
also contribute to a lowering of the atmospheric 
CO2 content during the glacial [Boyle, 1988]. 

The hypotheses concerned with a change in the 
oceanic velocity field may be introduced by be- 
ginning with the polar nutrient scenarios. While 
the surface waters of today's ocean show low 
concentrations of dissolved nutrients at low lat- 

itudes, high-latitude surface layers have a nu- 
trient potential that is only partially used by 
biota. This may be due to the combined ef- 
fect of convective overturning and more severe 
living conditions for marine organisms at high 
latitudes [Knox and McElroy, 1984]. If these 
nutrients could also be used for production of 
particulate organic carbon, then the ocean sur- 
face pCO2 would be lowered. As possible mech- 
anisms for a greater polar nutrient depletion an 
enhanced horizontal exchange of polar and sub- 
polar waters with waters of temperate zones or a 
decrease of deep-water production have been sug- 
gested [Knox and McElroy, 1984; Sarmiento and 
Toggweiler, 1984; Siegenthaler and Wenk, 1984]. 
Broecker and Peng [1989] favor instead an in- 
crease of surface water alkalinity in the Southern 
Ocean as the more probable polar scenario. 
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Besides the polar scenarios a general weakening 
of the deep-ocean circulation would also lead to a 
pCO2 reduction due to a more effective accumu- 
lation of biogenic particulate matter in deep lay- 
ers [Broecker and Peng, 1987a]. Measurements 
of •4C in planktonic and benthic foraminifera 
buried in the sediment provide evidence that a re- 
duction of deep-sea ventilation indeed took place 
[Shackleton et al., 1988; Broecker et al., 1988; 
Broecker et al., 1990]. These data, together with 
reconstructions of the 5•aC distribution in the ice 

age ocean and Cd/Ca analyses, furthermore sug- 
gest a shift in the advective pattern and a more 
pronounced vertical fracfionation between well- 
ventilated upper and intermediate waters and a 
less well ventilated bottom water regime [Dup- 
lessy et al., 1988; Boyle, 1988; Boyle and Keig- 
win, 1987] combined with a reduction [Curry and 
Lohmann, 1982] or even destruction [Shackleton 
et al., 1983] of the contrast between deep Pacific 
and deep Atlantic water masses. 

Sarnthein et al. [1988] discuss an intensification 
of low latitude upwelling induced by a strength- 
ening of the trade winds with a correspondingly 
enhanced nutrient supply to the surface ocean as 
an additional sink for atmospheric CO• during 
the last glaciafion. 

The observational evidence for a change of the 
ocean carbon cycle during the past is derived 
from •aC and CaCOa saturation analyses of sed- 
iment core samples. 
The marine 5•3C distribution is governed by frac- 
rionation effects and is generally inversely pro- 
porttonal to the nutrient distribution. Both the 
5•3C and the PO4 distributions depend on the 
efficiency of the biological POC pump, the pat- 
tern of remineralizafion in the water column, 
and the velocity field (increasing nutrient con- 
centration and decreasing 5•aC values with in- 
creasing age of a water mass). For •3C we 
consider two separate variables: vertical differ- 
ences in •aC (A•13Cplanktonic_bcnthi c or briefly 
A•13Cp_b) and horizontal differences in ben- 
thic 5•3C between separate deep water masses 
(A•13Cbcnthic(1)_bcnthic(2) or briefly A•13Cb(1)_b(2) ). 
The A•13Cp_ b values depend on the individual 
surface and deep-water species as well as on the 
specific surface and deep water growth conditions 
that vary regionally. Therefore A•13Cp_b data 
are more difficult to interpret than A•13Cb(1)_b(2) 
data. 

The deep-sea CaCOa record reflects several pro- 
cesses: the production rate of CaCOa in the sur- 

face ocean, the rain ratio Cc•co3:Co•g•ic (number 
of C atoms bound to CaCO3 hard parts divided 
by C atoms bound to organic matter) in plank- 
tonic biota, and the degree of CaCO3 saturation 
in the water column, which itself is a function of 
the remineralization rate of particulate organic 
carbon. Different CaCOa saturation indices are 
used, either the percentage of weight of CaCOa 
in the sediment or species dependent dissolution 
indices. 

All scenarios for the pCO2 reduction are sub- 
ject to considerable drawbacks and uncertainties 
(see Broecker and Peng [1986] for a comprehen- 
sive discussion). They either call for an improb- 
ably strong change in one of the carbon cycle pa- 
rmeters or are not directly supported by obser- 
vations and are based on untested assumptions. 
The modeling exercise in this paper is an attempt 
to provide a more quantitative assessment of the 
various hypotheses on glacial pCO2 reduction in 
the light of available data. 

2. MODEL STUDIES 

2.1. Model Description 

The model used in this study is the annually 
averaged version of the Hamburg Carbon Cy- 
cle Model. This model is based on the three- 

dimensional velocity and thermohaline fields of 
the Hamburg Large-Scale Geostrophic OGCM 
and uses the same grid. Both models are de- 
scribed in detail elsewhere [Maier-Reimer and 
Hasselmann, 1987; Maier-Reimer et al., unpub- 
lished data, 1991; Maier-Reimer and Bacas- 
tow, 1990; Bacastow and Maier-Reimer; 1990]. 
Therefore only a brief outline of the models' de- 
sign is presented. 

The models use a 72 x 72 grid (approximate 
3.5 ø x 3.5 ø horizontal resolution) and 11 lay- 
ers (intercepts at 0, 50, 112.5, 200, 350, 575, 
850, 1500, 2500, 3500, 4500, and 6000 m). The 
OGCM velocity, temperature and salinity fields 
for the carbon cycle model were taken from 
a circulation model run (Maier-Reimer et al., 
unpublished data, 1991) with wind forcing us- 
ing Hellermann and Rosenstein [1983] monthly 
mean winds, surface salinity forcing with data 
from Levitus [1982] and a surface temperature 
forcing using air temperatures from the com- 
prehensive ocean-atmosphere data set (COADS) 
[Woodruff et al., 1987]. The circulation model 
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was integrated up to quasi steady state condi- 
tions (15,000 years, time step - 1 month). 

The circulation model uses the primitive equa- 
tions with an implicit integration scheme which 
retains baroclinic Rossby waves, as the climati- 
cally most relevant type of oceanic motion, and 
strongly damps fast propagating waves. A ther- 
modynamical ice model is included, providing 
brine release and a corresponding upper water 
density increase during freezing. Diffusion oc- 
curs mainly through numerical diffusion caused 
by the advection scheme. This yields a diffusion 
which increases proportionally to the current ve- 
locities (which is also observed in nature). Static 
instability is treated by convective adjustment: 
If the density in a lower layer is smaller than in 
the layer above it at any grid point, salt and heat 
are exchanged between the two grid cells under 
conservation of salt and heat. 

As the carbon cycle model uses a 1 year time 
step, annum mean values of velocity, tempera- 
ture, and salinity fields and annual sums of con- 
vective overturning intervals (integrated convec- 
tive adjustment parameters for each grid cell) 
were taken as input for the carbon cycle model. 
The velocity field for the control run differs from 
the original field presented by Maier-Reimer and 
Hasselmann [1987]; the updated circulation given 
by Maier-Reimer et al. (unpublished data, 1991) 
yields a more pronounced production of North 
Atlantic Deep Water and hence a more realistic 
flow pattern. 

The carbon cycle model is illustrated in Figure 
2. Three carbon reservoirs consisting of the at- 
mosphere, ocean, and sediment are considered. 
The atmosphere is treated as a zonally averaged 
single layer governed by a meridional diffusive 
CO2 transport and the ocean-atmosphere CO2 
exchange. The ocean-plus-sediment model con- 
sists of the inorganic part of the marine car- 
bon cycle as described by Maier-Reimer and 
Hasselmann [1987] and a simple trophic model 
(largely following Broecker and Peng [1982]; see 
also Bacastow and Maier-Reimer [1990]) includ- 
ing CaCO3 chemistry and interaction with sedi- 
ment pools [Maier-Reimer and Bacastow, 1990]. 

The model tracer variables include atmospheric 
pCO•, •.CO• (total dissolved inorganic carbon), 
total alkalinity, PO4 (as biolimiting nutrient), 
POC (particulate organic carbon, plankton soft 
tissue), and particulate CaCOa (plankton cal- 
careous hard parts). For all carbon species, three 

carbon isotopes (the stable •2C and •3C and ra- 
diocarbon •4C) are considered. 

The basic processes considered by the carbon 
cycle model are: gas exchange between ocean 
and atmosphere, advection (and mixing) by the 
oceanic velocity field, diffusive carbon transport 
in the atmosphere layer, new production of POC 
(defined as the amount of newly formed biomass 
which is transferred from the surface layer into 
deeper layers each year and is thereby removed 
from the seasonal ocean-atmosphere exchange 
cycle), calcite production, remineralization of 
POC, dissolution of CatO3, particle flux through 
the water column, sedimentation, and resuspen- 
sion from the sediment by bioturbation. Details, 
indicating also modifications relative to previous 
descriptions, are given in the appendix. 

2.2. 6'ontrol Run 

As reference base for the sensitivity experi- 
ments a control or reference run was carried out. 

The model parameters and tracer inventories for 
the reference run have been chosen in order to 

reproduce principal features of the preindustrial 
ocean (i.e., to represent the ocean without an- 
thropogenic disturbances like bomb radiocarbon 
and fossil fuel or land use carbon). The inven- 
tories of different tracers were adjusted so that 
the preindustrial value for atmospheric pCO• was 
achieved. The choice of the other parameters 
is given in the appendix. The model value for 
atmospheric pCO2 became stationary at 278.5 
ppm. As the development of some model pa- 
rarneterizations is not considered as finished, we 
do not judge this reference run as optimal. Nev- 
ertheless, it reproduces the basic tracer patterns 
in the ocean rather well. 

As examples from the control run, l*igures 3-6 
show 6•3C of total dissolved inorganic CO2 and 
CO•- concentration along sections close to po- 
sitions of the GEOSECS Western Atlantic and 

Western Pacific meridional sections [Bainbridge, 
1981; Broecker et al., 1982; Kroopnick, 1985]. 
The calcite lysocline calculated from the model 
[CO•-] value and the critical CO•- concentra- 
tion given by Broecker and Takahashi [1978] is 
also shown in the CO•- plots. The principal pat- 
terns of the present ocean are reproduced in the 
model sections. The relatively young North At- 
lantic Deep Water (NADW), which originates in 
the sub-Arctic and Arctic regions of the North 
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Fig. 2. Schematic diagram of the model concept showing the reservoirs and processes that 
are considered. 

Atlantic, shows relatively high 5•3C values be- 
cause it has not yet been exposed to large 
fluxes of reminerMized organic carbon (Figure 3). 
NADW correspondingly shows high CO•- con- 
centrations, i.e., a tendency toward high CaCO3 
preservation (Figure 5). Antarctic Bottom Wa- 
ter in the abyssal South Atlantic shows increased 
corrosivity for CaCO3 and lower 5•3C values, as 
its primary source is not young surface water 
[Weiss et al., 1979]. Proceeding from the south to 
the deep waters of the northern Pacific, the 5•3C 
level sinks more and more, indicating a growing 
level of organic matter remineralization (Figure 
4). As acidity oœ seawater increases in associ- 
ation with this process, more deep-water C0•3 - 

ions, together with the free carbon dioxide, are 
transformed into bicarbonate, resulting in a shal- 
lower CaC03 saturation level in the deep Pacific 
compared to deep Atlantic waters (Figure 6). 

2.3. Sensitivity Ezperiments 

The model's sensitivity to changes Axj in the 
parameters xj which were regarded as the most 
critical for regulating the atmospheric pC02 was 
determined by a set of nine sensitivity experi- 
ments. Each of the sensitivity runs was inte- 
grated for 20,000 years to a stationary state. The 
computing time was 20 CRAY-2S cpu hours per 
run. The long integration time was necessary to 
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equilibrate the CaCO3 sediment pool. In each ex- 
periment one parameter (parameter changes Axj, 
j -- 1,..., 9) was changed as follows: 

j = 1 Increase of biological productivity at high lati- 
tudes: 

Ax• = 2.0; 
_> 50 ø) = 

I1(•) cønt'ø1 q- AX1-(II(•)cmøanx trø1-- I1(•) cønt'ø1) 
(I1 is a parameter characterizing plankton growth 
growth conditions, see appendix.) 

j - 2 30% reduction of the Redfield ratio P:C: 
P 1 

Ax2 -- 36.6; x2 -- U -- 122-FAx2 

j - 3 30% increase of the P04 inventory (30% increase 
of the initial P 0 4 concentration)' 
Ax3 -- 0.3; x3 -- [rO4]control q- [rO4]control' Ax3 

j - 4 Additional input of 1231 GtC POC (this corre- 
sponds to the same number of P atoms as ad- 
ded in the P04 inventory experiment): 
Ax4 -- 1231 GtC; x4 - f [POC]cont,o1 dV + Ax4 

j - 5 Additional input of 2462 GtC CaC03 (this cor- 
responds to twice the amount of additional C 
input into the ocean as in the POC inventory 
experiment): 
Ax5 - 2462 GtC; x5 = f [CaCOs]cont,ol dV q- Axs 

j - 6 50% decrease of the rain ratio Cc•co3:Co•g•m½: 

Ax6--0.125; x6- (Cc•cø')co•t•ol 
j = 7 2 K reduction of sea surface temperature (this 

implies a change of all temperature dependent che- 
mical constants, including the solubility coeffici- 
ents for gaseous C02): 
Ax7 = -2.0 K; x7 = SSTcontrol q- Ax7 
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j - 8 50% reduction of ocean ventilation (50% reduc- 
tion of current velocities): 
Axs - -1.0; x8 =•control '2 a• 

j - 9 Change of the advective circulation pattern to 
an alternate paleoocean regime: 
Ax9- 1.0; 
X 9 -- V control -•-AX9' ( V "palco" -- •control) 

The first experiment simulates polar nutrient de- 
pletion. Experiments 2-4 address changes in the 
nutrient cycle corresponding to the Redfield ra- 
tio scenario (experiment 2), the PO4 inventory 
(or inverse denitrification) scenario (experiment 
3), and the POC inventory scenario (PO4 plus 
•CO2 increase, experiment 4). Experiments 5 
and 6 are CaCO3 experiments representing, re- 
spectively, the (inverse) corm reef and the rain 

ratio scenario. Scenario 7 is a test of a (temper- 
ature induced) change of the solution pump. 

Finally, to investigate the influence of the ocean 
circulation on the atmospheric pCO2, two car- 
bon cycle model runs were carried out with the 
same carbon chemistry as in the control run but 
with different velocity fields (experiments 8 and 
9). First, a general decrease of the current veloc- 
ities by 50% was investigated. Second, the cir- 
culation field for another stable mode of ocean 

operation was taken as input. This circulation 
was achieved using the same surface forcing as 
in the control run but with a different choice of 

salinity initial conditions. Before starting that 
model run, 1 per rail of salinity was subtracted 
at all ocean grid points north of 30øN. Exactly 
the same amount of salt was added to the grid 
points south of 30øS, so that the total salinity in- 
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ventory of the control run was conserved (Mikola- 
jewicz, personal communication, 1990). The sur- 
face forcing was retained as for the control run. 
The existence of different stable modes of ocean 

circulation for the same surface forcing but dif- 
ferent initial conditions has been predicted the- 
oretically by Storereel [1961], Rooth [1982] and 
Marotzke et al. [1988] and has been found in ear- 
lier model experiments by Bryan [1986]. 

While the field of motion with a 50% reduction 

in current velocities has an identical pattern to 
the control run but a more sluggish circulation 
(and hence a decreased ventilation), the second 
stable mode velocity field is marked by a basi- 
cally different advective pattern, with significant 
reduction of North Atlantic Deep Water produc- 

tion. This is illustrated by the control run values 
and the anomaly fields for the conventional radio- 
carbon ages shown in Figures 7-12. A reduction 
in deep-sea ventilation and a change in the ad- 
vective pattern have been inferred from isotopic 
analyses of sediment core samples [e.g., Duplessy 
et al., 1975; Shackleton et al., 1983] and are sub- 
stantiated by recent sedimentary investigations 
[e.g. Boyle and Keigwin, 1987; Curry et al., 1988; 
Duplessy et al., 1988; Shackleton et al., 1988; 
Broecker at al., 1988, 1990]. The 6•aC Atlantic 
Ocean cross sections for both circulation exper- 
iments are given in Figures 13 and 14 (all 613C 
values were calibrated so that 6•3C: -6.5 per 
rail for the model atmosphere). 

Tables I and 2 and Figure 15 summarize the 
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sensitivity study results for atmospheric CO2 
partial pressure and new production. 

The control run yields a global new produc- 
tion rate of 8.99 GtC/yr. This value is higher 
than the rate of 3.4-4.7 GtC/yr deduced by Epp- 
ley and Peterson [1979] from observations. How- 
ever, Packard et al. [1988] compute a new pro- 
duction value of 21.9 GtC/yr from ETS measure- 
ments which is close to estimates of total primary 
production [see Romankevich, 1984; De Vooys, 
1979]. On the basis of marine nitrogen studies, 
Longhurst and Harrison [1988] suggest a possible 
new production rate which is twice the value re- 
ported in Eppley and Peterson [1979]. The mod- 
eled absolute new production rate lies within this 
broad range of observational results, which are 

not yet able, however, to provide a critical test 
of the model. 

For the nutrient cycle scenarios the reduction 
in pCO2 is a direct consequence of an increase 
in biological production (Figure 15). The POC 
inventory experiment yields the same change in 
new production as the PO4 inventory experiment 
but only a weak pCO2 decrease. This experiment 
clearly shows that the impact on atmospheric 
pCOa predicted by the PO4 inventory scenario 
[Broecker, 1982] breaks down if not only PO4 
but also organic carbon compounds are trans- 
ferred from the shelf regions (which lie dry dur- 
ing glaciation) into the open ocean [cf. Berger 
and Keir, 1984]. By rerninera!ization of these 
organic compounds, additional carbon is intro- 
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duced into the inorganic oceanic carbon reser- 
voir, thus counteracting the strengthening of the 
biological organic carbon pump due to the in- 
crease in nutrient availability. 

The rain ratio, CaCOa inventory, and solubil- 
ity (sea surface temperature reduction) scenarios 
show a reduction of atmospheric pCO2 without 
changing new production. 

The circulation scenario with a change in the 
advective pattern leads to a slight pCOs reduc- 
tion and an only negligible change in global new 
production. The ventilation reduction experi- 
ment, in contrast, yields a lowering of the atmo- 
spheric COs with a parallel decrease in new pro- 
duction. This result is interesting, as most glacial 
pCOs scenarios argue from an increased biologi- 
cat pump and an associated increase in new pro- 
duction. Two effects may lead here to the parallel 
decrease in atmospheric pCO2 and new produc- 
tion. First, the slower global ocean circulation 

causes a higher accumulation of carbon and nu- 
trients in deeper layers than in the control run. 
This causes a reduction of pCOs for a given level 
of new production. However, new production is 
actually also decreased (but not as much as the 
velocities) due to the slower supply of nutrient 
rich waters from the deep. Second, the increase 
of total COs in the deep ocean leads to an in- 
crease of alkalinty due to the enhanced dissolu- 
tion of suspended particulate CaCO3 and CaCO3 
sediment. This alkalinity increase inhibits out- 
gassing of CO2 in upwelling areas, thereby also 
contributing to a pCO2 reduction in the atmo- 
sphere. 

3. COMPARISON OF MODEL RESULTS WITH 
PALEOCLIMATE DATA 

The results of the sensitivity studies were com- 
pared with observational data from marine sed- 
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iment core and ice core analysis. We considered 
four types of paleo-climate records: (1) atmo- 
spheric pGO2, (2) ASXaGp_ b (SxaG difference be- 
tween upper and deep waters), (3) 
(Sx3G difference between different deep water 
masses), and (4) GaGO3 saturation. 

We compared the deviations of the modeled 
tracer distributions from their control run val- 
ues with the deviations of observed tracer distri- 

butions from their preindustrial, or interglacial, 
values. 

3.1. Data Base 

The sources for compilation of the observed 
data base are listed in Table 3 and 4 for the x3C 
records and in Table 15 for the CaCO3 records. 

For atmospheric pCO2 the Vostok ice core (east 
Antarctica) data were used [Barnola et al., 1987]. 

As error bounds we adopted the maximum of 
the upper and lower error boundaries cited by 
Barnola et al. [1987] (Figures 16 and 17). 

For •3C a number of A813Cp_ b and A813Cb(1)_b(2) 
curves from the Atlantic and Pacific Oceans were 

used (Table 4 and Figure 16). Both the AS•SCp_b 
and the AS•3Cb(•)_b(2) curves were considered in 
the form of difference curves between two water 
masses and not as absolute values. 

The observed planktonic 5•sC values were 
taken from analyses of calcareous tests of the 
foraminiferal species Globigerinoides sacculifer 
and, for the equatorial Pacific core V19-30, of 
Neogloboquadrina dutertrei. These species have 
different habitats. Globigerinoides dwells in the 
surface layer, while Neogloboquadrina dutertrei 
prefers a less nutrient depleted subsurface habi- 
tat and lives in a larger depth range, extending 
from the surface to below the thermocline [Fair- 
banks et al., 1982]. Globigerinoides sacculifer is 
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therefore a more reliable indicator of surface wa- 

ter 513C. 

For benthie 5x3C, analyses of the of the epi- 
œaunal Cibicidoides spp. shells reflect the $xaC 
of the ambient bottom water in a more reliable 

way than data based on the infaunal Uvigerina 
spp. These organisms live within the uppermost 
sediment layer. The 5x3C content of their she• 
materiM may therefore be influenced by de'grada- 
tion of organic matter within the sediment and 
reflect the 5•3C value of the pore water rather 
than that of the overlying oceanic bottom wa- 
ter [e.g., Alienbach and Sarnthein, 1989]. The 
Uvigerina-based records [Shackleton et M., 1983; 
Shackleton and Pisias, 1985] are used here only 
for illustrating the quantitative •differences to the 
correspon&ng Cibicidoides records. 

The error of the 5'xaC difference records was es- 

timated from the anMysis error. The totM anMy- 

sis error of one $xaC dh/erence pair is then given 
by e = x/ex + e2, where ex and e2 are the ana- 
lytical errors of the single Planktonic or benthic 
values (Table 4). To allow for uncertainties in 
the chronology, the final error estimate was taken 
as twice e (Figure 16). 'For the stacked record of 
Atlantic A'$•3Cp_b the standard deviation of 0.15 
per • was used as total error [Curry and Crow- 
ley, 1987]•. 

The $xaC records were synchronized with the 
corresponding 5•80 signals by application of the 
reference time scale of Martinson et M. [1'987]. 
An exception is the benthie 5x3C record-of core 
Sonne 12-98. As this core has a relatively poor 
time resolution, a chronology suggested by M. 
Sarnthein 'and K. Winn (petsohM communica- 
tion, 11990) was adopted. :The time scMe adjust- 
.ment using the Martinson et al. [1987] reference 
curve should result in a satisfactory relative syn- 
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chronization of different time series but may not 
represent the optimum absolute time scale, espe- 
cially for the postglacial period [cf. Bard et al., 
19901. 

In order to compare changes in CaCO3 satu- 
ration between model and observations, we con- 
sidered estimates for the variations of the cal- 

cite lysocline depth levels (Figure 17). The In- 
dian Ocean lysocline curve [Peterson and Prell, 
1985] is based on species-dependent dissolution 
indices (CDI, composite dissolution index). The 
Pacific Oce-om lysocline time series was estimated 
from the average depth variations of the 40%-, 
60%-, and 80%-CaCOa isolines as given by Far- 
rell and Prell [1989]., The resulting average curve 
was adjusted to a mean lysocline depth lower- 
ing of 700 m during glacial conditions (18-65 
kyr B.P.). For the northwestern Atlantic Ocean 
the lysocline depth curve suggested by Balsam 

[1983] was used. To estimate the northeastern 
Atlantic lysocline variations (Canary Basin), the 
variations in percentage of fragments of plank- 
tonic forami•fera and percentage of benthic 
foraminifera in the sediment reported by Crowley 
[1983] were taken as CaCO3 dissolution indices. 
The curves were adjusted to allow for the esti- 
mated shallowing of the Canary Basin lysocline 
of about 300 m relative to Holocene values during 
oxygen isotopic stages 2 and 4 [Crowicy, 1983]. 

The error boundaries for the lysocline change 
records (Figure 17) were estimated from the ver- 
ticM core spacing for the Indian Ocean and the 
NW Atlantic. FOr' the Pacific Ocean curve the 

error was assumed to be +/- 250 m. The error 
for the NE Atlantic record was estimated from 
the •fferences between the two dissolution index 

curves,. but it was taken to be at least +/- 100 
m. 
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No chronology adjustment was carried out for 
the CaCOa and pCO2 records. For the CaCOa 
records this should not lead to severe errors, since 
the lysocline depth variations show less variabil- 
ity on short time scales than do the •aC time se- 
ries. The Vostok ice core •80 chronology differs 
from the marine sediment core •80 chronolo- 

gies [Lorius et at., 1985]; these differences are 
large only for the last in•erglaciat period and the 
interglaciM-glacial transition, while for the re- 
mainder of the last climatic cycle the correspon- 
dence between the marine and ice core chronolo- 

gies is quite good. The chronology of the Vostok 
pCO2 record [Barnola et al., 1987] is based on 
the Vostok $180 chronology and additional as- 
sumptions that may lead to further minor devi- 
ations from the marine time scales. At present 
there is no reliable method of deciding whether 
the differences between the time scales are due 

to different time evolutions of the different envi- 

ronments (and are therefore correct) or to errors 
in the dating method. 

The A$13(Jp_b curves show strongest signals 
around 70 kyr B.P., where the p(JO2 curve 
also exhibits a pronounced decrease (Figure 16). 
Both Pacific A$1a(Jp_ b curves show elevated ver- 
ticat $•3C contrasts during glaciation. This 
is also true for the Cibicidoides-based Atlantic 

AS•3Cp_b record (core 13519 [Sarnthein et at., 
1984; Zahn et at., 198•]) for most of the full 
glaciation period. The stacked record for equato- 
rim Atlantic AS•3Cp_b [Curry and Crowley, 1987] 
is marked by a strong negative trend near 70 kyr 
B.P. and values around the interglacial level be- 
tween 50 and 18 kyr B.P. For this record, how- 
ever, the benthic •3C reference record of Pacific 
core V19-30 (and not an Atlantic benthic record) 
was used by Curry and Crowley [1987]. It should 
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be stressed again that the A&•3Cp_b signal is dif- 
ficult to interpret because of the complex depen- 
dency on the individual growth conditions of the 
species used. 

The two A$13Cb(Atl)_b(Pac) curves indicate a 
reduced 5xaC contrast between the deep wa- 
ter masses of the Atlantic and Pacific oceans 

during full glaciation. The amplitude of the 
Cibicidoides-based record is only half that of the 
•vi#erina-based curve. 

The calcite lysocline reconstructions also pro- 
vide evidence for marked changes in the marine 
carbon cycle around 70 kyr B.P., where the most 
prominent atmospheric pCO2 decrease occurred 
(Figure 17). The Indian Ocean record shows a 
strong dissolution spike during this period. The 
Indian Ocean and the Pacific Ocean records give 
evidence for an improved CaCOa preservation 
(high saturation) during glacial conditions. The 

two North Atlantic lysocline time series indicate 
an enhanced corrosion of CaCOa during glacia- 
tion, with two almost coherent oscillations. The 
amplitude of the NW Atlantic record, however, 
is almost 1 order of magnitude larger than that 
of the NE Atlantic curve. 

Model tracer distribution changes were deter- 
mined at the model grid points closest to the 
locations of the observed variations (except for 
atmospheric pCO2, of course, where the global 
average model value was taken). /•513Cp_b val- 
ues were calculated by subtracting the respective 
model surface and bottom layer values. The Pa- 
cific planktonic 5•3C vdue was calculated from 
the local average of model layers I and 2, since 
the corresponding observed data were derived 
from the subsurface species Neoitloboquadrina 
dutertrei. 

Calcite lysocline depth levels were calculated as 
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the intercept of the critical [CO•-] depth profile 
[Broecker and Takahashi, 1978] and the modeled 

[co]-] if of 
rated water appeared in the upper water column, 
only the lowermost transition zone between dis- 
solution and preservation of calcite was deter- 
mined. 

3.2. Comparison With Mean Observations for the 
Period 18-65 kilt B.P. 

During 18-65 kyr B.P. the Vostok ice core pCO2 
time series shows the strongest reduction of at- 
toospheric COa during the last climatic cycle 
[Barnola et al., 1987]. The differences between 
the ice age tracer values and the observed data 
of the preindustrial situation were averaged over 
this time interval 18-65 kyr B.P. and compared to 

the corresponding results for the different sensi- 
tivity studies. The comparisons are summarized 
in Table 6 and Figure 18. In a separate investi- 
gation the simultaneous fit of a linear response 
model to ice core pCOa and AS•aC data proved 
to be better for the benthie Cibicidoides records 

than for the Uvigerina data. For direct compari- 
son with the single experiments only the more re- 
liable benthie 5x3C records based on Cibicidoides 
CaCOs shell material were considered. 

The observed data pattern (Figure 18, Table 
6) shows the strong glacial pCOa reduction, a 
marked increase in the AS•aCp_b values in equa- 
torial Pacific and Atlantic waters, and a reduc- 
tion in the A$13Cb(Atl)_b(Pac) value compared to 
preindustriM times, indicating a reduced age con- 
trast between Atlantic and Pacific deep waters. 
For the calcite lysocline depth changes, reversed 
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trends are observed for the Atlantic and the In- 

dian plus Pacific oceans: a shallowing in the At- 
lantic and a deepening .in the Indian and Pacific. 

The productivity and nutrient cycle experi- 
ments (high-latitude productivity, Redfield ra- 
tio, PO4/POC .inventory) all show increased 
AS•3Cp_b values. There is also good agreement 
with the Pacific Ocean lysocline shift, in contrast 
to that of the In&an and NW Atlantic oceans. 

The Redfield ratio and the POC inventory sce- 
narios show the highest qualitative consistency 
with observed data. The difference between the 

PO4 inventory and the Redfield ratio scenario 
seen in the change of the NW Atlantic lysocline 
depth level is probably due to the additionM 
Change in alkalinity during biomass production 
in the Redfield ratio experiment. (Though not 
explicitly modeled, the effect of a changed hi- 

trate consumption with a changed Redfield ratio 
is accounted for in the model.) 

As expected from the negligible fractionation 
of carbon .isotopes for CaCOa production, the 
CaCOa cycle experiments (CaC03 inventory, 
rain ratio) yield smaller changes in the 5xaC 
records than most of the nutrient cycle exper- 
iments. These experiments cannot explain the 
decreasing pC02 parallel to the decreasing con- 
trast in AgXaCb(At])_u(p•c) during glaciation. Fur- 
thermore, the result of the rain ratio scenario 
contradicts the interglacial-glacial trends for all 
lysocline depth level records. The CaCO• inven- 
tory change yields qualitatively correct lysocline 
shifts in the Indian and Pacific oceans. The shal- 

lowing of the lysocline depth level in the Indian 
and Pacicfic oceans for the rain ratio scenario 

can be readily explained by the reduced CaCO• 
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flux to the deep water and the corresponding 
lower CaCO3 saturation in the deep layers be- 
low the high-fertility regions of the central Pa- 
cific. However, the increase in calcite saturation 
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Pig. 15. Results of the sensitivity studies. De- 
viations in atmospheric 002 partial pressure (in 
parts per million) versus deviations in POC new 
production (in GtO/yr- 10 •5 g carbon per year) 
from the reference run. 

for a decrease in CaCO3 production in the North 
Atlantic is at first sight surprising. It is caused 
by the direct transfer of carbonate ions to the 
deep water by deep-water production in the sub- 
Arctic North Atlantic. This alternative path of 
injecting COl- into deep layers is more efficient 
than the normal route of calcite production in 
surface waters, sinking of the aggregates through 
the water column, and subsequent dissolution in 
undersaturated regions. 

For the solubility pump or sea surface reduc- 
tion experiment the tracer changes are compara- 
tively small. Qualitative agreement between ob- 
served and modeled changes is achieved only for 
the /•13Cp_ b signals and the Indian Ocean lyso- 
cline. 

The sensitivity experiments involving changes 
in the velocity field (change in ventilation or ad- 
vective pattern) both show a reduction of 002 
partial pressure in the atmosphere but also re- 
veal distinct changes in tracer patterns. The 
ventilation reduction experiment shows qualita- 
tive agreement with observed changes only for 
the A51aOp_ b shift in the Pacific and the Indian 
Ocean lysocline. In contrast, the experiment 
with a change in the advective pattern repro- 
duces all tracer changes qualitatively, with the 
exception of the Pacific A•13Cp_ b change. 

Table 7 summarizes the results of all sensitiv- 

ity experiments. Results which are in qualitative 
agreement with the observations are represented 
by a "+" those contradicting the observations 
with a "-". It is found that none of the sensitivity 
experiments alone is able to 'reproduce the com- 
plete tracer pattern observed for average glacial 

TABLE 1. Absolute Values of Sensitivity Experiment Results for 
pCO2 and POC new production 

pCO2, 
No. Scenario ppm 

New 

production, 
GtC/yr 

0 Control run 

1 High-latitude productivity increase 
2 Redfield ratio reduction 

3 PO4 inventory increase 
4 POC inventory increase 
5 CaCO3 inventory increase 
6 Rain ratio reduction 

7 Solubility increase (SST decrease) 
8 Ventilation reduction 

9 Change of advective pattern 

278.5 

246.9 

206.7 

217.9 

273.4 

261.5 

250.0 

257.0 

252.2 

269.5 

8.99 

9.73 

12.62 

11.55 

11.55 

8.99 

8.99 

9.00 

5.39 

8.96 
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conditions satisfactorily. However, the experi- 
ment with a changed ocean circulation regime ap- 
pears promising and can explain at least qualita- 
tively most of the signatures of the observed fea- 
tures. Better agreement with observations could 
clearly have been obtained by combining differ- 
ent hypotheses. This will be pursued in a sepa- 
rate study. 

4. CONCLUSION 

Our sensitivity studies show that simple changes 
in the biological and chemical parameters of the 
marine carbon cycle can in principle explain the 
strong pCO2 reduction during the last glaciation, 
but the model results are not consistent with 

other data from marine sediment cores. A sim- 

ilar statement can be made for the two circula- 

tion experiments. A change in the strength of 
the current velocities (ventilation change), or a 
change in the structure of the global ocean circu- 
lation can both induce an atmospheric pCO2 re- 
duction, but both experiments fail to reproduce 
all other observed carbon cycle tracer changes 
simultaneously. Qualitatively, the switch in the 
structure of the ocean circulation to the second 

stable mode yields the best agreement with the 
observations. However, none of the experiments 
in isolation can explain the ice core pCO2 records 
and the marine •3C and CaCO3 records com- 
pletely. 

The anomaly signature for the experiment with 
the second stable ocean circulation mode violates 

the observations qualitatively only for the Pacific 
AS•3Cp_ b signal. However, it yields only 9 ppm 
reduction in atmospheric CO2 content, i.e. only 

TABLE 2. Differences From the Control Run for 

Sensitivity Study Experiment Results for pCO2 
and POC New Production 

pCO2, 
No. Scenario ppm 

New 

production, 
GtC/yr 

0 (Control run) 
I High-latitude produtivity increase 
2 Redfield ratio reduction 

3 PO4 inventory increase 
4 POC •nventory increase 
5 CaCO3 inventory increase 
6 Rain ratio reduction 

7 Solubility increase (SST decrease) 
8 Ventilation reduction 

9 Change of advective pattern 

(o.o) (o.o) 
-31.6 +0.74 
-71.8 +3.63 
-6O.6 +2.156 
-15.1 +2.156 

-17.0 0 

-28.5 0 

-21.5 +0.01 
-26.3 -3.60 

-9.0 -0.O3 

TABLE 3. Sediment Cores That Were Used for the Comparison With the Modeled $xaC Values 

Identification Author(s) Core(s) Position Water Depth, m 
Shackleton and Pisias [1985] 

Shackleton et al. [1983] 
Winn (unpubl. data, 1990) 
Curry and Crowley [1987] 

Sarnthein et al. [1984] 
Zahn et al. [1986] 
Shackleton [1977] 

V19-30 03ø23'S 83ø21'W 3091 

V19-30 03ø23'S 83ø21'W 3091 

Sonne 12-98 10ø32'S 109ø45'W 3371 

"stacked record" of 

EN066-38GGC 04ø55'N 20ø30'W 2931 

13519 05ø40'N 19ø51'W 2862 

KNRl10-43PC 04ø43'N 43ø39'W 3436 
KNRl10-82GGC 04ø20'N 43ø29'W 2816 
DSDP 502B 11ø29'N 79ø23'W 3051 

13519 05ø40'N 19ø51'W 2862 
13519 05ø20'N 19ø51'W 2862 

12392 25ø10'N 16ø51'W 2575 
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TABLE 4. The 5•aC Records From Marine Sediment Cores That Have Been Compiled 
for Comparison With Model Results 

Record Error Estimate, 
Identification Record Type Location Foraminifera Species per rail 

1 ASX3Cp_b Pacific planktonic +/- 0.057 

1, 3 At•13Cp_ b Pacific 

4 At•13Cp_ b Atlantic 

5, 6 At•13Cp_ b Atlantic 

2, 7 A•13Cb(Atl)_b(Pac) Atlantic 
minus 

Pacific 

3, 5 A•13Cb(Atl)_b(Pac) Atlantic 
minus 

Pacific 

Neoglob oquadrina dutertrei 
benthonic 

Uvigerina senticosa 
planktonic +/- 0.064 

Neoglob oquadrina dutertrei 
benthonic 

Cibicidoides wuellerstorfi 

planktonic ( +/- 0.15) 
Globigerinoides sacculifer 

bentronic 

Uvigerina senticosa 
planktonic q-/- 0.071 

Globigerinoides sacculifer 
bentronic 

Cibicidoides wuellerstorfi 

Atlantic +/- 0.13 
Uvigerina peregrina, 
Planulina wuellerstorfi, 
Melonis pompilloides 

Pacific 

Uvigerina senticosa 
Cibicidoides wuellerstorfi +/- 0.071 

See Table 3 for record identification numbers. 

Parentheses around error estimate value indicates that estimate includes dating error. 

10 % of the observed reduction during glaciation. 
A weak "nutricline" appears in the North At- 
lantic (Figure 14), reproducing in part the frac- 
rionation of the nutrient inventories between sur- 

face plus intermediate waters and deep water de- 
duced from the observed 5•3C and Cd/Ca distri- 
bution [Boyle, 1988]. 

The ventilation change experiment for the Pa- 
cific Ocean leads to a stronger reduction of at- 
mospheric pCO2 (-26 ppm). However, in this 
experiment the nutrient or $xaC contrast between 
upper and deeper waters is not marked by a "nu- 
tricline" between intermediate and deep layers 
(Figure 13). The Atlantic $xac pattern (Figure 
13) is in fact very similar to the control run. It 
appears that both circulation fields, ventilation 
change and change of advective pattern (second 
stable mode) alone, casmot reproduce the real 
situation during the last glaciation. However, a 
combination of a circulation mode intermediate 

between the advective pattern change scenario 

and the ventilation change scenario is promising. 
By slowing down the second stable mode veloc- 
ity field, an improved simulation of the Pacific 
•$13Cp_ b increase and a further reduction of at- 
mospheric pCOa can be expected. However, a 
decrease of the glacial atmosphere pCOa level of 
80 ppm by this circulation change still appears 
questionable. 

Due to the comparatively high resolution of the 
model used in this study, any measurement of 
any oceanic palaeoclimate tracer will be of use 
to support further investigations as an additional 
constraint. In general, it would be desirable to 
have observational data that fulfil the following 
requirements' high signal/noise ratio, represen- 
tativeness, and linear independency from one an- 
other. In addition to the fairly large data base 
for •aC and calcite saturation data, sources of 
separate information about the physical and bio- 
geochemical status of the ocean would be use- 
ful. As can be seen from our sensitivity experi- 
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TABLE 5. Sediment Cores That Provide the Basis for the Comparison of the 
Calcite Lysocline Depth Level Between Model and Observations 

Lysocline Depth 
Record Author(s) Core(s) 

Indian Ocean Peterson and Prell [1985] 

Pacific Ocean Farrell and Prell [1989] 

NW Atlantic Balsam [1983] 

NE Atlantic Crowley [1983] 

Position 

V34-55 06ø02'S 88ø57.4'E 
V34-54 06ø05'S 89ø10'E 
V34-48 06ø15'S 90ø33'E 
V34-53 06ø07'S 89ø35'E 
V34-52 06ø10'S 89ø48'E 
V34-49 06ø22'S 90ø36'E 
V34-51 06ø11'S 89ø58'E 
V24-55 02ø03'N 134ø38'W 
W8402A-14GC 00ø57'N 138ø57'W 
DSDP hole 573A 00ø30'N 133ø19'W 
SDSE59 03ø05'N 133ø06'W 
RCll-209 03ø39'N 140ø04'W 
RCll-210 01ø49'N 140ø03'W 
PLDS 130 and 131 04ø00'N 136ø00'W 
V24-58 02ø16'N 141ø40'W 
V28-179 04ø37'N 139ø36'W 
SDSE60 01ø35'N 134ø57'W 
DSDP hole 574 04ø13'N 133ø20'W 
V24-59 02ø34'N 145ø32'W 
RC12-66 02ø37'N 148ø13'W 
V24-62 03ø04'N 153ø35'W 
RC12-65 04ø39'N 144ø58'W 
RC12-63 05ø58'N 142ø39'W 
A164-44 33ø57'N 62ø39'W 
A173-4 33ø52'N 62ø32'W 
E2D-79-1 34ø28'N 63ø55'W 
E2D-79-2 33ø55'N 62ø33'W 
E2D-79-3 33ø24'N 61ø40'W 
E2D-79-9 33ø26'N 61ø31'W 
E2D-79-12 33ø24'N 61ø37'W 
E2D-79-15 33ø22'N 62ø30'W 
E2D-79-16 33ø23'N 62ø38'W 
E2D-79-17 33ø26'N 62ø29'W 
E2D-79-24 33ø36'N 62ø20'W 
E2D-79-30 33ø35'N 62ø23'W 
E2D-79-31 33ø55'N 62ø42'W 
RC8-145 33ø35'N 62ø23'W 
V23-100 21ø18'N 22ø41'W 
A180-32 29ø07'N 26ø15'W 

(V26-41) (19ø19'N 26008 ' W) 
(V27-171) (21ø44'N 32034 ' W) 
(V26-37) (16ø38'N 31006 ' W) 
(A180-39) (25ø50'N 19018 ' W) 

Parentheses indicate that the information from those cores was used only for calibration. 

merits, calcite saturation and 5•3C are influenced 
approximately to an equal extent by biogeochem- 
ical parameters and the oceanic field of motion. 
We consider a better radiocarbon data coverage 
for the glacial ocean over the last 120 kyr B.P. to 
be the most useful additional information that 

is goverened primarily by the circulation. This 
time interval is necessary to consider also the 
early stages of the glaciation. Critical regions 
would be the deep-water production areas in the 
North Atlantic, the combined upwelling and deep 
convection regimes of the Southern Ocean, the 
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Fig. 16. Ice core and marine 13C sediment core records that were considered for com- 
parison with model results (cf. Table 4). The shaded areas indicate the error estimate 
(see text). Only Cibicidoides based records (CIB.) were directly used for comparison with 
model results. Curves based on Uvigerina shell materiM (UVI.) are shown for illustration 
of the differences from the Cibicidoides records. 
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Fig. 17. Ice core and marine CaCO 3 saturation (lysocline depth) sediment core records as 
used for comparison with model results (cf. Table 5). The shaded areas indicate •he error 
estimate (see text). 
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Fig. 18. Results of the sensitivity studies. The bars in the left column denote the observed 
average tracer change for the 18-65 kyr B.P. interval. The solid axeas represent the 
modeled changes in tracer distributions resulting from the different sensitivity experiments 
that are in qualitative agreement with the observations. 
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North Pacific, and all equtorial upwelling areas. 
In order to produce more realistic oceanic model 
velocity fields for the glacial ocean a very detailed 
ice age surface salinity field and also glacial wind 
stress data (both as global data sets) are neces- 
sary. When the ice age circulation can once be 
fixed by these data, the carbon cycle data provide 
a further basis to constrain this model result. On 

the other hand, the effect of a separate change of 
biogeochemical parameters could probably be es- 
timated from the residual of the 6•aC and CaCOa 
saturation observations and a carbon cycle model 
run with a realistic ice age ocean velocity field. 
The effect of a primarily ecologic change, i.e., a 
change in the chemical and biological parameters 
of the carbon cycle, could potentially be decisive 
for an understanding of the glacial pCO2 draw- 
down. Also for the carbon cycle tracers, three- 
dimensional global data sets would be most use- 
ful •o constrain the model results. As the lyso- 
cline depth level provides important independent 
information, the latitudinal variation of this pa- 
raxneter at least for one cross section through 
each of the Atlantic, Indian, and Pacific oceans 
would be most useful. For the North Atlantic, 
it turns out that a considerable scatter exists for 

the reaction of the oceanic biogeochemical sys- 
tem on changes in physical as well as ecologi- 
cal parameters between the eastern and western 
part. Therefore both sides of at least the Atlantic 
Ocean must be documented thoroughly by palco- 
climatic observations besides the other critical 

regions that are listed above in the radiocarbon 
data discussion. 

For further investigations it is thus essential to 
compile a more detailed consistent proxy record 
data base. The simplification in considering only 
global changes in the carbon cycle parameters 
should be abandoned in further studies. A re- 

gional differentiation of the carbon cycle param- 
eters should be introduced into the model, if the 
parameters can be firmly established as functions 
of fertility and hydrographic conditions. 

The development of marine velocity fields for 
glacial conditions seems to be the most promis- 
ing effort toward explaining the glacial pCO• re- 
duction and the corresponding climatic impact. 

The results of this study should be considered 
as a first step. As the most prominent parame- 
ter changes appear to have taken place around 70 
kyr B.P., preceding the period of strongest pCO• 
reduction, glacial ocean studies should concen- 

trate on the corresponding events with at least 
the same emphasis as spent on termination I. 

APPENDIX- MODEL DETAILS 

Gas Ezchange Ocean/Atmosphere 

Gas exchange between ocean and atmosphere 
is performed with a simple bulk formula: 

r = X. (rCO•(•) - rCO•(w•)) 

where F is the gas exchange flux and A is the gas 
exchange coefficient. For ), a value of 19 mol m -• 
yr -x at 270 ppm is adopted [cf. Broecker et al., 
•98•]. 

Tracer Advection and Biological Productivity 

All tracers are transported with the ocean ve- 
locity field. An upstream formulation of the 
tracer equation (continuity equation for amount 
of matter) is applied: 

tracer equation 
dc 

aq: -div(•' .c) - q 
upstream formulation 

ct+At _ c t •t+At _ ct+At 

VIitax' (ct+At) 2 
--a ß I1 ß 

where 

(1) 

c: tracer concentration 

v' velocity vector 

q: term for sources and sinks 

vi' velocity component in the direction of grid 
point i 

Axi: distance to neighboring grid point i 

C i ß tracer concentration at neighboring grid 
point i 

a: 1 if c is nutrient concentration in the surface 

layer, 0 otherwise 

Ii' light factor (dependent on latitude) 
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Vm,,,: maximum velocity of nutrient uptake 

K,' half saturation constant (P04 concentra- 
tion, where a•/at - •. Vm,•/2) 

Uptake of P04 as biolimiting nutrient by phy- 
toplankton in the surface layer is the only ad- 
ditional process included in the tracer transport 
equation (second term on the right-hand side of 
(1)). The advection equation is solved iteratively 
by a single-level scheme. Uptake of nutrients by 
organisms is included in this equation to allow a 
shorter time constant for phytoplankton growth 
compared to the time step of 1 year. All the other 
chemical interactions are calculated in separate 
routines (time splitting method). 

The biological POC production is assumed to 
follow Michaelis-Menten kinetics for nutrient up- 
take (e.g. Parsons and Takahashi, 1973). For the 
light factor I• the same latitudinal profile as in 
Bacastow and Maier-Reimer (1990) is used. It 
is coherent with the latitudinal distribution of 

the annual sum of solar radiation incident on the 

ocean surface layer (Figure A1). The latitudinal 
profile for the light factor I• as prescribed in the 
sensitivity experiment with an increase of bio- 
logical productivity at high latitudes is given in 

Figure A2. For uptake of inorganically dissolved 
carbon by phytoplankton a Redfield ratio of P:C 
= 1'122 [Takahashi et al., 1985] is prescribed. 

CaCO3 production is set proportional to the 
production of POC according to the rain ratio 
(Cc•cos'Co•g•ic) chosen. A maximum of 1:4 is 
used with strong reduction of calcite production 
(close to zero) at temperatures below 2øC (Fig- 
ure A3). 

Particle Fluz Through the Water Column 

Biogenic particulate matter is produced only 
in the uppermost model layer and is immedi- 
ately redistributed within the water column in 
amounts decreasing with depth. The immedi- 
ate redistribution is a reasonable assumption, 
because the time scale for the particles sinking 
through the water column is shorter (about 100 
m/day [e.g., Suess, 1980]) than the time step of 1 
year. 20% of the CaCO3 production is assumed 
to fall immediately to the bottom layer, while 
the remainder is distributed according to an ex- 
ponentially decreasing vertical flux: 

- 

(P cco3 - Scco3)- exp(ZpZ ) + Scco3 

0.9 

0.8 

0.7 
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0.3 

0.2 

0.1 

0.0 I . I . I . : , _ .! , I , I , I . , I 
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S EQ N 
LATITUDE [DEG_] 

Fig. A1. Latitudinal profile for the light factor I•, which is used for the parameterization 
of the growth conditions for phytoplankton (control run). 



•4 Heinze et M.: Hamburg 'C,•bon CyCle Model 'and pCO2 Reduction 

where 

z: depth 

Pc.cos' annum production of CaCOs 

Sc,coa: part of Pc.cos that sinks immediately 
to the bottom layer (here 20%) 

dr: e-folding-depth for CaCOs flux (here 4000 
m) 

1. $ 1.4• 

: . 

• 0.8 
0,6 

0.,4, 

80.0 60.0 40.0 20.0 0.0 ;•0.0 40.0 60.0 80.0 

s •.•t N 
LATITUDE [DEG] 

Fig. A2. Latitudinal proffie for the hght factor I1, that is used .for the parameterization of 
the growth conditions for phytoplankton as prescribed in the sensitivity experiment with 
an increase of biolo•cal productivity at high latitudes (heavy line) (hght line: control run 
values). 
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:Pig. A3. Temperature dependency for the rMn ratio Cc•coa:Co-•,•ic as used ::in ::the model. 
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By this formulation of the vertical redistribu- 
tion of newly formed CaCOs no degradation of 
CaCOa is included yet, that is performed sepa- 
rately in another step (see below). 

POC flux is assumed to follow the 1/z-law af- 
ter Suess [1980], with a modification of distribut- 
ing about one third of the POC new production 
(28.7% = Peoc- F•(50 m), see below) like the 
newly formed CaCO•. This addition is intro- 
duced to account for organic materiM coated by 
hard shells: 

Feoc = F, + F• 

with 

PPOC 
F• = 0.0238. z + 0.212 

F 2 • 

-z) (Peoc - F1(50 m)- S?oc)' exp( dr + S?oc 
where 

z: depth 

PPoc' annual production of POC 

Spoc: part of P.,,oc that sinks immediately to 
the bottom layer (here 5.7%; that is 20% 
of those 28.7% of total POC produced that 
are not considered by the 1/z-formulation 
of Suess [1980]) 

dp' e-folding-depth for CaCOa flux (here 4000 
m) 

Dissolution of CaCOs Particles 

Degradation of CaCO3 is controlled by the de- 
gree of undersaturation of seawater with respect 
to ca/cite. The destruction of axago•te (the 
roetastable modification of marine CaCOa) is ac- 
counted for in the model by allowing paxtiM de- 
struction of CaCOa even in cases of calcite su- 
persaturation. After the vertical redistribution 
of newly produced CaCOs particles, at first the 
deviation ACOs from the saturation concentra- 
tion is calculated. (Since in seawater the cal- 
cium concentration is Mmost constant and much 

higher than the COl- concentration, the marine 
CaCOs saturation is Mmost entirely determined 

by the amount of CO•- ions in solution.) Then 
the amounts of total CaCOa available in the re- 
spective grid box that are dissolved (Dpot) or can 
be precipitated (E) are determined and the con- 
centrations for •COa and CaCO3 at the new 
time level are accordingly: 

co,: [cor]'- 

Dpot = [CaCO3] t ß 0.5. (x - 
ACOs 

+ laCOl ) 

E = max(O, ACOa) 

[E co,] [E co]' + ½,. 

= 
where 

- Drot + ca ß E 

ACOa' deviation of carbonate concentration 
from the saturation value 

[COa•-] t' carbonate concentration at old time 
level 

[CO•-],,,' saturation concentration of carbon- 
ate 

Dpot: amount of CaCOa that reenters solution 

E: amount of CaCO3 that can be precipitated 

[• COal: total dissolved inorganic COa at new 
and old time levels respectively 

[CaCOa]: calcium carbonate concentration at 
new and old time levels respectively 

c•, ca: adjustable constants (here c• = 10 -4 
pmol/L, ca = 1 in bottom layer and zero 
else) 

Remineralization of Organic Matter 

Re•nerMization of organic matter and corre- 
spon&ng oxygen consumption are ,,nodded ac- 
cor&ng to a fixed Redfleld ratio P:AO2 of 1:-172 
[Takahashi et M., 1-985]. O2 concentration is not 
Mlowed to become negative. In the case of full 
Oa consumption, POC degradation stops at the 
respective grid point. After the determination of 
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the amount of POC that is remineralized during 
one time step (APOC) the POC, PO4, and O2 
concentrations for the new time level are calcu- 
lated: 

xPOC = [Poc]') 

[POC] [Poc]' - xPoc 

[PO4] t+at = [PO4] t + APOC 

where 

APOC 

RR•d 

APOC: amount of POC that can be remineral- 

ized during one time step 

r: remineralization rate (here 1.0 year -x in the 
surface layer, 0.05 year -x elsewhere) 

RRed: Redfield ratio P:AO2 

[02]: oxygen concentration at the new and old 
time step respectively 

[O2]•: threshold value of oxygen concentration 
for bacterial decomposition 

[PO4]: phosphate concentration at the new and 
old time step respectively (normalized to 
a POC concentration by the Redfield ratio 
P:C) 

[POC]: particulate organic carbon concentra- 
tion at the new and old time step respec- 
tively 

Interaction Between Water Column Concentra- 
tions and Sediment 

CaCO3 and POC are allowed to enter the sed- 
iment pool in an amount proportional to their 
concentration in particulate form in the bottom 
layer. This step is carried out after the reminer- 
alization (POC) and dissolution (CaC03) steps. 
The system is closed by resuspension of sedi- 
mented matter into the bottom layer at a fixed 
rate proportional to the sediment content of the 
respective grid cell. Resuspension occurs in re- 
ality due to bioturbation in the uppermost sedi- 
ment. 

Inorganic Carbon Chemistry 

For the inorganic carbon chemistry relations 
(see summary by MMer-Reimer and Hasselmann 
[1987]) the dissociation constants for carbonic 
and boric acid, Ki, K2, and KB, are taken from 
Mehrbach et al. [1973], and Edmond and Gieskes 
[1970], with pressure dependency according to 
Culberson and Pytkowicz [1968]. The solubil- 
ity coefficients for CO2 and 02 are adopted from 
Weiss [1974] and Weiss [1970]. The apparent 
CaCO3 solubility product is used here exclusively 
for calcite, making use of the formulations of In- 
gle [1975] with corrections for hydrostatic pres- 
sure after Edmond and Gieskes [1970]. 
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