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Abstract

We construct a simple, vertical one-dimensional ocean model coupled with carbon biogeochemical cycle model in order to
study the carbon cycle in association with the glacial—interglacial cycle. The model is time-integrated by using the
atmospheric CO, concentration and the marine carbon isotope record of the surface and the deep water during the last 130,000
years. Temporal variation of the mean upwelling rate, productivity of organic carbon, productivity of carbonate carbon, and
the terrestrial carbon storage are obtained from the mass balances of the total carbon, the '*C of dissolved inorganic carbon
(DIC), the total alkalinity, and the dissolved phosphate. Variation of the terrestrial biomass size is similar to the 5'%0 curve
obtained from deep-sea sediments, suggesting that the terrestrial biomass change has been influenced by climate change. As
far as we know, this is the first attempt to reconstruct the temporal variation of the terrestrial carbon storage during the last
130,000 years. The obtained terrestrial carbon storage at the last glacial maximum is within the range estimated in previous
studies. Vertical mixing of the ocean is weakened and the bioproductivity decreases globally during the glacial intervals.
Although the obtained variations of organic carbon and carbonate productivities are similar to each other, remarkable increases
at the deglaciations are found only in carbonate productivity. The variation of nutrient concentration in the intermediate water
differs from that in the deep water, while the variations of the total alkalinity in the intermediate and the deep water are in
phase. The glacial ocean is characterized by higher alkalinity throughout the water column and lower gradient of DIC and
nutrient. This lower gradient, resulting from lower upwelling rate and organic carbon productivity, results in a redistribution of
DIC and nutrient between the intermediate and the deep water, but not change the total stock of DIC. On the other hand,
higher alkalinity in the glacial intervals results in an increase in the total stock of dissolved inorganic carbon in the ocean
because of increased solubility of atmospheric CO, from higher alkalinity throughout the water column. Temporal variations
in alkalinity are characterized by abrupt decreases corresponding to the deglaciations every 100,000 years, resulting from a
remarkable increase in carbonate productivity. This might indicate a relationship with the variation of atmospheric CO, level,
which shows a gradual decrease through the glacial interval and an abrupt increase at the deglaciations. Higher alkalinity in
the glacial intervals would be a result of an integral effect of the lower net carbonate burial rate during those periods. On the
other hand, the redistribution of nutrients and dissolved carbon between the intermediate and the deep water shows shorter-
term fluctuations. This would not change the atmospheric CO, level significantly, probably because the integral effect of net
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carbonate burial may not be enough to change the total alkalinity over the water column.

© 2002 Published by Elsevier Science B.V.
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1. Introduction

Carbon cycling within the Earth’s surface system
plays an important role in climate change through
controlling the atmospheric CO, level. Exchange of
atmospheric CO, using the surface ocean and bio-
sphere is the dominant controlling mechanism for the
atmospheric CO, level on short time scales (<107
years) (Oeschger et al., 1975; Siegenthaler and
Oeschger, 1978; Bolin et al., 1981), while silicate
weathering and burial of biogenic particles into the
seafloor sediments are dominant on longer time scales
(>10° years) (Walker et al., 1981; Berner et al., 1983;
Berner, 1997; Tajika, 1998). These problems have
been studied quantitatively by using numerical mod-
els, such as general circulation models (Heinze et al.,
1991; Yamanaka and Tajika, 1996) and box-models
(e.g. Berger and Keir, 1984; Knox and McElroy,
1984; Sarmiento and Toggweiler, 1984; Siegenthaler
and Wenk, 1984). However, although the atmospheric
CO, level also changed during the glacial —interglacial
cycles (Jouzel et al., 1993), there is no established
numerical model which can analyze the temporal
variation of carbon cycle system in such an inter-
mediate time-scale (10°—10° years). This might be
partly because the model for such an intermediate
time-scale should consider the processes of carbon
cycle both for the short time-scales and the long time-
scales. Although geological records such as 6'°C of
foraminifers have potential information for recon-
structing these changes, most of previous studies on
carbon isotope data seem to be limited to providing
qualitative discussion.

There may be various fluctuations related to the
carbon cycle during the glacial—interglacial cycle.
The most prominent variation during the glacial—
interglacial cycle would be the variation of atmos-
pheric CO, concentration, which is characterized by a
gradual decrease through the glacial period and an
abrupt increase corresponding to deglaciations, with
about 100 ka periodicity (Jouzel et al., 1993). This

might be the most typical climatic variation for the
glacial—interglacial cycle, as suggested by marine
0'®0 record in most of major areas in the world
ocean. On the other hand, short time-scale variations
(~ 20 ka) seem to be prominent in the 4'°C records of
planktonic and benthic foraminifers, and much shorter
time-scale variations, such as Dansgaard—Oeschger
cycles, have been found during the glacial period
(Dansgaard et al., 1984; Oeschger et al., 1984).
However, variations of marine chemistry and pro-
cesses for the carbon cycle during these time-scales
have not been well studied using numerical models.

In this study, we try to develop a simple, numerical
model of the carbon cycle during the last glacial cycle
based on physical and biogeochemical processes
within the ocean combined with the carbon isotope
record, and to reconstruct the temporal variations of
various processes that might have affected the carbon
cycle during the last 130,000 years. Variations of
marine chemistry corresponding to the fluctuations
seen in the glacial—interglacial cycle will be also
discussed.

2. Model and methods

We constructed a simple, vertical 11-layered one-
dimensional ocean model which includes diffusive
and advective transport of dissolved materials, dis-
solution equilibrium with atmospheric CO,, biopro-
duction of particulate carbonate and organic matter in
the surface ocean, regeneration of organic matter and
dissolution of biogenic carbonate in the deep ocean,
and carbon isotope fractionation in each process (Fig.
1). We treat the total dissolved inorganic carbon
([ZCO,]), the '*C in total dissolved inorganic carbon
([£"3CO,)), the total alkalinity ([Alky]), and dissolved
phosphate ([PO4]).

A one-dimensional ocean model might be too
simple to represent the world ocean, because marine
chemistry ([XCO,], [£"°CO,], [Alky], and [PO,]) is
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Fig. 1. Schematic illustration of the carbon cycle model used in this
study.

different in regions owing to accumulation of the light
carbon through the horizontal transport of deep water
masses and regional difference in the temperature
fields. However, such a model might be useful to
investigate the global trend of variations in the carbon
cycle system, because the patterns of the temporal
variations of 0'°C in the surface and the deep oceans
are similar in most of the major areas in the world
ocean in time-scales of longer than thousands of years.

Mass balance equation in each layer of the ocean
except the ocean mixed layer is

0CT R CT Ofy 0 aC
gy C —Wic,’;+—<1<(z) C)

at 0z 0z 0z dz
e e
—qza—;Pc—qf)a—;Po (1)

where z is the water depth, K(z) is diffusion coefficient,
C” is the concentration of each component x ([XCO,],
[213C0,], [Alky], and [PO4]), C.: is the concentration
of each component x in the ocean mixed layer, W is the
global mean upwelling rate, f,, is the vertical profile of
upwelling (0 at the sea bottom and 1 for other depth), f.
and f; are the vertical profiles of the vertical fluxes of
carbonate carbon and organic matter (Yamanaka and
Tajika, 1996), P, and P, are the export production of
particulate carbonate and organic carbon, and ¢ and

g, are the coefficients for dissolution of each tracer in
biogenic particles (Table 1).
Mass balance equation in the ocean mixed layer is
aCc aCr

iy == = WCi+ WC* (2 = ) + K ()

0z o=,

_quc_quO_Fle/AJ’_Fx/A (2)

where Ay, is the depth of ocean mixed layer, and 4 is
the area of model ocean. Fi" is the net input flux from
the terrestrial biosphere to the ocean—atmosphere
system via photosynthesis and decomposition. The
relationships between Fy* are

F1[213C02] _ 6IFI[ZC02] (3)
FM =0 )
FI[PO4] — qul[ZCOZJ (5)

where J; is the carbon isotope fractionation due to
photosysthesis of the terrestrial biosphere and ¢ is the
P/C ratio for the terrestrial biosphere. F* is the input
flux of each component x to the ocean—atmosphere
system due to weathering of continental silicate rocks
and weathering and metamorphism of carbonate and
organic carbon (Berner, 1991). Values for the param-
eters used at the control case are listed in Table 2. It
should be noted that C'*"C%) is defined here as
S13C % (13C01

In addition, we consider the output flux due to
burial of carbonate and organic carbon into seafloor
sediments. The ocean mixed layer is assumed to be in
dissolution equilibria with the atmosphere for [XCO5]
(Edmond and Gieskes, 1970) and [Z'3CO,] (Yama-
naka and Tajika, 1996). The simple geometry of deep
water circulation, downwelling in the high-latitude

Table 1

Coefficients for dissolution of each tracers from biogenic particles
x [ZCO,] [Z13C0,] [Alk] [PO4]
qe 1 s 2 0

q; 1 (Ss - aorg qc dm

The b, 0torg, gm Tepresent the 8'3C value in the surface water, the
fractionation via photosynthesis (Berner, 1991), and the Redfield
Ratio (Redfield et al., 1963), respectively.
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Table 2

Values for the parameters used in this study

Parameter Value Citation

K (z<400 m) 8000 m*/year This study

K (400 m<z) 2000 m*/year Wigley and Raper
(1987)

D 75 m Bolin et al. (1981)

Oorg 21.8 %o Berner (1991)

) — 25 %o Crowley (1995)

qc —16/106 Redfield et al. (1963)

dm 1/106 Redfield et al. (1963)

q1 1/800 Jahnke (1992)

FI2C0 25% 10" mol/year Berner (1991)

FlzPco —8.75 % 10" mol/year ~ Berner (1991)

FlAl 4.0 X 10" mol/year Berner (1991)

FIPO 6.05 X 10" mol/year This study

and upwelling in the middle-to-low latitude, is
assumed in the model. Although the deep water
circulation pattern might have changed during the
glacial—interglacial cycle, this assumption might be
a first approximation because lower circulation rate
would be almost equivalent to the shallower ventila-
tion for the 6'°C in surface, intermediate, and deep
water in this model. Deep water forming region is
separated from the rest of the ocean in order to adopt
lower sea surface temperature for dissolution equili-
bria with the atmosphere. The schematic illustration of
the model is shown in Fig. 1.

We use some geological information from the last
130,000 years as boundary conditions of the model
(Fig. 2): (1) variation of atmospheric CO, concentra-
tion estimated from Vostok ice cores (Jouzel et al.,
1993), (2) variation of 3'>C of surface water estimated
from planktonic foraminifers (Mulitza et al., 1998), and
(3) variation of 6'C of bottom water estimated from
benthic foraminifers (Mulitza et al., 1998). Because
this model is one-dimensional, we should adopt the
global mean §'°C data for the surface and bottom
waters to the boundary conditions of the model. In this
study, however, we adopt the 6'°C data obtained from
the deep-sea sediments at the equatorial Atlantic core
GeoB 1523-1 (Mulitza et al., 1998) and the equatorial
Pacific (Shackleton and Pisias, 1985) separately.
Although the Atlantic Ocean occupies only a quarter
of the whole ocean, the patterns of the temporal
variations of 8'°C in the surface ocean and the deep
ocean are similar to those for most of the major areas in
the world ocean. In the Pacific, the amplitude of 9'*C is

less than that in the Atlantic, but the pattern of the
variation is very similar. We calculated the model with
the 8'3C record of the Pacific Ocean and found that,
although amplitudes of variations are smaller, the
patterns of variations are very similar to those obtained
from the model with the 6'°C record of the Atlantic.
Therefore, we will show the results only for the
Atlantic case in this paper. This could be regarded as
a first approximation of the world ocean variations,
although the amplitudes of variations might be larger
than those for the average of world oceans.

The model equations are time-integrated with the
boundary conditions of the time series of geological
data described above. Global mean upwelling rate,
productivity of organic carbon, productivity of carbo-
nate carbon, and the size of terrestrial biosphere are
predicted internally. Among these, productivity of
organic carbon is determined corresponding to nu-
trient supply into the ocean mixed layer (Yamanaka
and Tajika, 1996), while global mean upwelling rate,
productivity of carbonate carbon, and the size of
terrestrial biosphere are determined by the mass
balance of [£CO,], [£'*CO,], and [Alky]. Note that
carbonate productivity and organic carbon productiv-
ity are determined independently in the model. The
initial conditions and parameters are given by the
values of observed [¥CO,], [Alky], and 5'3C of the
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Fig. 2. Input data used in this study. (a) 6'°C in the ocean mixed
layer (Mulitza et al., 1998); (b) 6'*C in the bottom ocean (Mulitza et
al., 1998); and (c) atmospheric CO, partial pressure (Jouzel et al.,
1993).
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surface and bottom water at present (Broecker and
Peng, 1982), and the model is integrated for several
tens thousands years before 130 ka BP to avoid
influences of initial conditions.

3. Numerical results

Fig. 3 shows the numerical results of temporal
variations of (a) organic carbon productivity, (b)
carbonate carbon productivity, (c) global mean
upwelling rate, and (d) size of terrestrial biosphere
(difference in the terrestrial carbon storage from the
pre-industrial value). Note that productivities of car-
bonate and organic carbon represent the export pro-
duction at 100-m water depth.

The temporal variation of the terrestrial biomass
suggests that the terrestrial carbon storage would have
been reduced under cold climates, such as the marine
isotope stages (MIS) 2 and 4 (Fig. 3d). The estimated
value for the last glacial maximum (LGM) is about
630 GtC smaller than that at present, which is con-
sistent with the range estimated from reconstruction of
the global vegetation at that time (Crowley, 1995;
Franc,ois et al., 1998; see Fig. 3d).

Global mean upwelling rate defined in this model
would be regarded as the strength of deep water
circulation. The result indicates that the deep water
circulation would have been weaker during the cold
stages (stages 2 and 4) and the cold substages within the
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stage 5 (Fig. 3c). Change in the circulation rate affects
the distribution of nutrients between the intermediate
and the deep water. As a result, the deep water would
have been richer in nutrient during cold stages. Fig. 5a
illustrates the results of vertical profiles of [PO4] within
the ocean at the stage 4, the LGM, and the Holocene.
Some geological evidences suggest that the deep water
would have been richer in nutrients at the LGM (Oppo
and Fairbanks, 1990; Beveridge et al., 1995). However,
the characteristics of the glacial ocean (nutrient richer
in the deep water as a result of lower circulation rate) is
clearly seen at the stage 4 and, to a lesser extent, at the
LGM (Figs. 3 and 5a). At the LGM, not only the deep
water but also the intermediate water would have been
richer in nutrient. This is because the nutrient influx to
the ocean would have increased at the LGM due to the
reduced terrestrial biosphere at this time.

Temporal variations of the reconstructed produc-
tivities of carbonate and organic carbon are similar to
each other except for the MIS 5 and 6, although these
quantities are calculated independently. However, it
should be noted that only the carbonate productivity
shows remarkable increases at the deglaciations (18
and 130 ka BP). The results imply that decreased deep
water circulation results in less organic carbon pro-
ductivity due to less nutrient supply to the ocean
mixed layer during the cold stages (stages 2 and 4)
and in the cold substages within the stage 5. Some
previous studies suggest higher organic carbon pro-
ductivity in the equatorial Pacific during the glacial

0 20 40 60 80 o 150
Age (kyr before present)

Fig. 3. The model results. (a) Organic carbon productivity, (b) carbonate productivity, (c) global mean upwelling rate, (d) difference in the
terrestrial carbon storage from the present-day amount (hatched area represents the estimate by Crowley (1995), (e) observed 613C in deep
dwelling foraminifer, G. truncatulinoides (Mulitza et al., 1998), (f) calculated 5'3C in 100 m depth.
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periods (e.g. Farrell et al., 1995), and the variation of
non-seasalt sulphate profile obtained from the Vostok
ice-core indicates larger dimethyl sulfide emission
from the marine biosphere, which implies world-wide
increase in marine bioproductivity (Legrand et al.,
1988). Although it remains unknown whether organic
carbon productivity during the glacial periods was
larger not only in some restricted areas but also in the
global ocean (Crowley and North, 1995), the model
result might be somewhat controversial. Reduced
terrestrial biosphere could have resulted in an increase
of the nutrient supply to the ocean, and thus organic
carbon productivity. However, this effect would not be
sufficient because the C/P ratio of the terrestrial bio-
sphere is usually greater than that of marine biosphere
(that is, Redfield ratio) (Jahnke, 1992). If the global
organic carbon productivity were really large, it might
be because the nutrient utilization in the ocean as a
whole would have been higher in glacial stages for
some reason (e.g. Martin, 1990).

The 6"3C value in deep dwelling planktonic fora-
minifer Globorotalia truncatulinoides, which may
record the change of intermediate water chemistry, is
also measured in the same core from which we adopted
the 6'C values for the surface and the deep waters
(Mulitza et al., 1998). The temporal variation of d'°C
in 100 m water depth calculated in this model (Fig. 3¢)
is compared with the 6'°C value from G. truncatuli-
noides (Fig. 3f). Although the isotope fractionation of
G. truncatulinoides is not well known, the pattern of
the variation would reflect the variation of the 6'*C
value in the intermediate water. The result seems to be
roughly consistent with the observation. The temporal
variation of the intermediate water 5'°C shows the
higher values in the cold stages and lower values at the
transition from the cold to the warm stages. This trend
is quite opposite to the 6'°C variation in the deep
water. This is caused mainly by the nutrient redistrib-
ution between the intermediate and the deep water and
change in the supply of the light carbon from the
terrestrial biosphere to the ocean. The agreement of the
calculated 0'°C variation of the intermediate water
with the observation may support the validity of the
results for the variations of the deep water circulation
rate and the terrestrial biomass.

We assumed the fixed reverline silicate weathering
flux in our model. However, it may be climatically
controlled during the glacial—interglacial cycles (Froe-
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Fig. 4. Sensivity test for effect of change in the continental silicate
weathering flux. Solid, dashed, and dotted curve represent the
carbonate productivity in the cases of silicate weathering flux to be
constant, 50% higher at the LGM, and 50% lower at the LGM,
respectively.

lich et al., 1992; Gibbs and Kump, 1994). We therefore
made a sensitivity test (Fig. 4), in which reverline
silicate weathering fluxes vary in proportion to the
seawater '°0 variation. The results indicate that
higher weathering flux at the cold stages reduces the
amplitude of the variation in bioproductivity, although
its pattern does not change greatly. Therefore, if rever-
line silicate flux was really higher at the LGM (Gibbs
and Kump, 1994; Munhoven and Frangois 1996), the
control case would overestimate change in the bio-
productivity. In this respect, our results can be
regarded as a maximum estimate of change in the
bioproductivity during the glacial—interglacial cycles.

4. Atmospheric CO, variability

Atmospheric CO; level is estimated to be about 80
ppm lower at the LGM than that of preceding anthro-
pogenic perturbation (Jouzel et al., 1993). One of the
main interests concerning the carbon cycle during the
glacial—interglacial cycle would be the cause for the
atmospheric CO, variability. The ocean is believed to
have played an important role in determining past
atmospheric CO, level (Broecker and Peng, 1982).
The vertical one-dimensional model used in this study
might be too simple to clarify the change of the past
atmospheric CO, level, because the atmospheric CO,
level of 80 ppm corresponds to only 0.5% of the total
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dissolved carbon in the ocean, and so regional
changes, such as the change in the Southern Ocean
outcrops of CO, (e.g. Frangois et al., 1997), could
have been as important as global change. However,
the vertical profile of the marine chemistry obtained
from the model may provide some important impli-
cations.

Fig. 5b and c illustrates the results of vertical
profiles of [XCO,] and [Alky], respectively, within
the ocean at the stage 4, the LGM, and the Holocene.
The vertical [XCO,] profile (Fig. 5b) indicates that the
total stock of the dissolved CO, would have increased
at the cold stages (the LGM and the stage 4). The
change in the dissolved CO, in the glacial ocean
relates with two factors: one is the lower gradient of
[XCO,], which resulted in the redistribution of the
dissolved CO, between the intermediate and the deep
water; and another is the increased atmospheric CO,
solubility (increased [XCO,] at the top of the ocean
mixed layer). The former does not change the total
stock of dissolved inorganic carbon in the ocean. This
could be understood as follows: lower deep water
circulation rate in the glacial intervals would increase
residence time of the deep water, resulting in lower
atmospheric CO,, while lower organic carbon produc-
tivity would have resulted in higher atmospheric CO,,
and so these effects would be canceled out, although
both would result in the [XCO,] redistribution
between the intermediate and the deep water. How-
ever, increased [XCO,] at the top of the ocean mixed
layer results in change in the total stock of dissolved
inorganic carbon in the ocean. This results from the

increased alkalinity at the ocean—atmosphere boun-
dary, corresponding to an increase in alkalinity over
the water column in the ocean (Fig. 5c). The increased
alkalinity over the water column is achieved in this
model by the integral effect of lower rate of net
carbonate burial due to decreased carbonate produc-
tivity in the cold stages (Fig. 3b).

Nutrient redistribution between the intermediate
and the deep water during the glacial stages might
also result in an increase in the alkalinity due to
carbonate dissolution owing to change in sedimentary
calcite preservation (Boyle, 1988a), which is not
expressed directly in this model. As described above,
the model result indicates the nutrient redistribution
between the intermediate and the deep water, which
implies that carbonate dissolution would be acceler-
ated in the cold stages (Boyle, 1988b). Carbonate
productivity is estimated here as a net burial of
carbonate constrained from the surface and the deep
water 6'°C values. Therefore, the obtained amplitude
of the carbonate productivity might be too large.
However, the pattern of the model result of the
carbonate productivity should be consistent with the
net burial flux of carbonate into the seafloor.

5. Abrupt change in marine chemistry during the
last glacial cycle

Fig. 6 shows the temporal variations of the vertical
profiles of (a) the dissolved phosphate concentration
([PO4]), (b) the total dissolved inorganic carbon
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Fig. 5. Vertical profiles of (a) dissolved phosphate ([PO4]), (b) total dissolved inorganic carbon ([3CO,]), and (c) total alkalinity ([Alkr]) in the
ocean at the stage 4 (dotted line), at the LGM (dashed line), and at the Holocene (solid line).
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Fig. 6. Vertical profiles of (a) dissolved phosphate ([PO.]), (b) total dissolved inorganic carbon ([XCO5,]), and (c) total alkalinity ([Alkr]) in the
ocean during the last 130,000 years.
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([3CO0,)), and (c) the total alkalinity ([Alkr]) during
the last 130,000 years, respectively.

The temporal variation of the dissolved phosphate
concentration (Fig. 6a) is characterized by short-term
fluctuations which correspond to the 5'*C variation in
the surface and the deep water. As described above,
this would be attributed to change in the deep water
circulation rate and the productivity of organic carbon.
Therefore, the phase relationship between the inter-
mediate and the deep water is opposite for the
dissolved phosphate and the 5'>C. On the other hand,
the temporal variation of the total alkalinity (Fig. 6c¢)
is characterized by abrupt decreases corresponding to
the deglaciations (after 18 and 130 ka BP). Abrupt
decrease in the total alkalinity is seen every 100 ka
during the glacial cycle, but the short-term fluctuation
is not clearly seen. The variation is found to be in the
same phase throughout the water column. Note that
the signal for the abrupt change at the deglaciations is
not found in the [PO4] variation. The conspicuous
increase in alkalinity during the stage 4 (60—70 ka)
might be attributed to the low net carbonate burial
rate, possibly due to the dissolution of sedimentary
calcite corresponding to the very low upwelling rate.
In fact, Mulitza et al. (1998) reported a low carbonate
accumulation rate and high foraminiferal fragmenta-
tion during this interval. The temporal variation of the
total dissolved inorganic carbon (Fig. 6b) is affected
by redistribution between the intermediate and the
deep water and also by change in solubility of CO,
due to change in the alkalinity over the water column.
Therefore, the variation of the total dissolved inor-
ganic carbon shows these two features: abrupt
decreases over the water column at the deglaciations,
and the redistribution of [XCO,] between the inter-
mediate and the deep water.

Atmospheric CO, variation (Fig. 2c¢) shows an
abrupt increase at the deglaciations. This would cor-
respond to the abrupt decrease in the [>CO,] through-
out the water column at these times (Fig. 6). This
implies that the variation of atmospheric CO, might be
controlled by change in the total alkalinity of the
ocean. The abrupt decrease in the total alkalinity in
the ocean at the deglaciations might have related with
the higher rate of net carbonate burial at the deglaci-
ation (Fig. 3b). On the other hand, the short-term
fluctuation found in marine '*C records would reflect
the change in deep water circulation and productivity

of organic carbon (Fig. 3a and c), which would have
influenced the distribution of [PO4] and [XCO;]
between the intermediate and the deep water, but not
the alkalinity over the water column, and thus the
atmospheric CO, change.

Recent studies on Greenland ice cores indicate
much shorter-term fluctuation of atmospheric temper-
ature over Greenland during the glacial intervals,
called Dansgaard—Oeschger oscillation (Grootes et
al., 1992). This might be related to the freshwater
inflow to the North Atlantic (Heinrich, 1988) resulting
in a change in deep water production rate (Broecker et
al., 1990). Although its climatic impact might com-
pare with the glacial—interglacial variation (Taylor et
al., 1993), the simultaneous variation of the atmos-
pheric CO, is not clearly seen in the ice core record. It
is suggested that this might be because the atmos-
pheric CO, would not depend strongly on the deep
water circulation rate as described above, although
such millennium scale fluctuations could not detected
in this study because millennium scale variations are
not found in the input data used in the model. Change
in the total alkalinity over the water column is a result
of the integral effect of change in the net carbonate
burial through the time. The millennium scale oscil-
lation might be too short to cause the alkalinity
change significantly over the water column, even if
the carbonate productivity might have changed in this
time-scale.

6. Summary

We developed a carbon cycle model with a vertical
one-dimensional ocean and tried to reconstruct tem-
poral variations of deep water circulation rate, bio-
productivities of organic carbon and carbonate carbon,
and the size of terrestrial biomass, using the atmos-
pheric CO, variations and the carbon isotope record of
the surface and the deep water during the last 130,000
years. Results and implications are as follows.

(1) The temporal variation of the carbon storage in
the terrestrial biosphere reconstructed from this model
suggests that the terrestrial biosphere would have been
reduced under the cold climate (the oxygen isotope
stages 2 and 4). The estimated value for the LGM is
consistent with the estimated ranges obtained from the
previous studies.
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(2) During the cold stages (stages 2 and 4) and the
cold substages within the stage 5, the deep water
circulation rate would have been lower and the
productivity of organic carbon would also have been
lower. Both factors would have resulted in the redis-
tribution of nutrient and [XCO,] between the inter-
mediate and the deep water.

(3) The calculated 5'*C variation at the 100 m water
depth of the ocean seems to be roughly consistent with
the observed 6'*C variation of intermediate water.

(4) The temporal variations of productivity of
carbonate are similar to that of organic carbon, but
the remarkable changes at the deglaciations are found
only in carbonate productivity.

(5) The atmospheric CO, level was lower during
the glacial period probably because the ocean would
have stocked much carbon due to the increase in
alkalinity over the water column. This would be
attributed to the integral effect of the lower rate of
net carbonate burial during the glacial period.

(6) Change in the alkalinity over the water column
is characterized by the abrupt decrease corresponding
to the deglaciations in every 100 ka, while the redis-
tribution of nutrient and dissolved carbon between
intermediate and deep water shows shorter-term fluc-
tuations.
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