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Abstract. Distributions of chemical tracers in the world ocean are well reproduced
in an ocean general circulation model which includes biogeochemical processes
(biogeochemical general circulation model, B-GCM). The difference in concentration
of tracers between the surface and the deep water depends not only on the export
production but also on the remineralization depth. Case studies changing the
vertical profile of particulate organic matter (POM) flux and the export production

show that the phosphate distribution can be reproduced only when the vertical
profile of POM flux observed by sediment traps is used. The export production
consistent with the observed distribution of phosphate is estimated to be about
10 GtC/yr. Case studies changing the vertical profile of calcite flux and the rain
ratio, a ratio of production rate of calcite against that of particulate organic carbon
(POC), show that the rain ratio should be smaller than the widely used value
of 0.25. The rain ratio consistent with the observed distribution of alkalinity is
estimated to be 0.08 to approximately 0.10. This value can be easily understood in
a two-box model where the difference of remineralization depth between POC and

calcite is taken into account.

1. Introduction

The marine carbon cycle has an important role in
controlling the concentration of atmospheric CO;. It
has been widely studied by using various models such
as simple box models and three-dimensional general cir-
culation models.

A pioneering study on the ocean carbon cycle with
an ocean general circulation model which is extended
to include biogeochemical processes was made by Ba-
castow and Maier-Reimer [1990]. They showed that the
distributions of oceanic tracers, such as phosphate, dis-
solved oxygen, alkalinity, total CO,, and §'3C can be
roughly reproduced in their model, although there were
some features which are compared poorly with the ob-
servations (for example, the depth of phosphate maxi-
mum was too deep). Recently, Maier-Reimer [1993] im-
proved their model, and the calculated distributions of
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tracers have better resemblance with the observation of
Geochemical Ocean Sections Study (GEOSECS). Naj-
Jjar et al. [1992] studied phosphate cycling by using their
general ocean circulation model, and pointed out that
the concentration of phosphate in water under high-
productivity areas should be higher and the high pro-
ductivity is maintained by upwelling of this phosphate-
rich water. They called this positive feedback mecha-
nism “nutrient trapping”. However, since the thermo-
cline depth was unrealistically deep in their model, the
depth of phosphate maximum was also unrealistically
deeper than the observed.

Here, the results of simulations with general circu-
lation models are directly compared with observations.
In particular, a GCM which is extended to include ef-
fects of biogeochemical processes (B-GCM) can deal not
only with current field, temperature, and salinity, but
also with many biogeochemical tracers such as phos-
phate and dissolved oxygen. We can obtain much more
information about the ocean circulation from the study
using B-GCM, as these tracers have been measured ex-
tensively by oceanographic expeditions for a long time.
Furthermore, the model including isotopes like § 13Cisa
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useful tool to study not only the present ocean but also
the paleocean [Heinze et al., 1991]. It is, however, noted
that there are several disadvantages in the study with
GCMs: it requires computer resources and it is very
difficult to interpret the numerical results compared to
the study than simple models.

Biological activity also affects distributions of total
CO; and alkalinity. Carbon in the form of particulate
organic carbon (POC) as soft tissue of organisms is pro-
duced by biological activity in the surface water. As
POC sinks from the surface to the deep layer, the con-
centration of total CO, in the surface water decreases
and alkalinity slightly increases (the latter is due to con-
sumption of NO3 ). As a result, the partial pressure of
atmospheric CO, decreases. Similarly, carbon in the
form of calcium carbonate (mainly as calcite) as hard
parts of organisms is also produced by biological activ-
ity in the surface water. Calcite sinks from the surface
to the deep layer, and the concentration of total CO,
and alkalinity in the surface water decreases. As a re-
sult, the partial pressure of atmospheric CO; increases.
Both total CO; and alkalinity in the deep water are gen-
erally higher than those in the surface water, because
POC and calcite are remineralized while they are sink-
ing. Ocean circulation brings up the deep water rich
in total CO,, alkalinity, and also nutrients, which are
necessary to biological activity, to the surface layer by
upwelling and convection. In this way, the atmospheric
CO, level and the distributions of total CO; and alka-
linity in the ocean are determined by the balance be-
tween the biological activity and the ocean circulation.

As described above, the production and remineral-
ization of POC and calcite affect the carbon cycle in a
different way. The ratio of production rate of calcite
to that of POC is very important, and it is generally
called the “rain ratio”. When the rain ratio is large,
the partial pressure of CO, in the surface water would
be high. When it is small, the partial pressure of CO;
would be low. The rain ratio is estimated to be 0.25
by the two-box model [e.g., Broecker and Peng, 1982,
and this value has been widely used. However, recent
observations provide an estimate of the rain ratio to
be a much smaller value of 0.11 to approximately 0.03
[ Takahashi et al., 1990]. We will show that the value of
the rain ratio should be 0.08 to approximately 0.10.

As shown by Yamanaka [1995], the effect of dissolved
organic matter (DOM) on the carbon cycle is limited to
the surface layer, roughly above the depth of 400m, and
the effect of DOM on the distribution of the chemical
tracers in the deeper layer below 400m is much weaker
than that of POM. We will not treat DOM in this study,
because DOM hardly affects the global phosphate dis-
tribution, especially in the deep layer. The role of dis-
solved organic matter in the oceanic carbon cycle is still
controversial [Siegenthaler and Sarmiento, 1993].

In the next section, the model developed in this study
will be described. In section 3, the vertical transport
due to the biological pump is discussed by using a sim-

ple model. We will show that the smaller value of the
rain ratio is obtained by taking into account the depths
at which POM and calcite are remineralized. In sec-
tion 4, the distributions of tracers are obtained for the
model with the observed vertical profile of POM flux,
and the appropriate rain ratio is presented. In section 5,
the case studies changing the bioproduction efficiency,
the vertical profile of POM flux, the rain ratio, and cal-
cite flux are made, and the role of these parameters in
the carbon cycle is discussed. In the final section, the
results are summarized.

2. Model

We develop an ocean biogeochemical general circu-
lation model, which is basically similar to the model
of Bacastow and Maier-Reimer [1990]. The ocean bio-
geochemical general circulation model actually makes
use of flow fields and distributions of temperature and
salinity of the world ocean, which are obtained by the
general circulation model.

General Circulation Model

To obtain the circulation in the world ocean, we use
the Center for Climate System Research (CCSR) ocean
general circulation model. The CCSR model is almost
the same as the Geophysical Fluid Dynamics Labora-
toty (GFDL) model [Bryan, 1969] for the finite differ-
ence scheme except that the weighted upcurrent scheme
is adopted for the advection terms of temperature and
salinity [Suginohara et al., 1991]. The horizontal resolu-
tion is four degrees. There are 17 levels in the vertical,
whose grid size increases with depth, from 50m for the
surface layer to 500m for the deep layers. We adopt a
realistic ocean bathymetry, but the Arctic Sea and the
Mediterranean Sea are not included.

The model is driven by the wind stress and buoy-
ancy forcing at the sea surface. The wind stress used
in our model is taken from the annual mean data set
of Hellerman and Rosenstein [1983]. As for the buoy-
ancy forcing, temperature and salinity at the sea surface
level are restored to the reference values taken from the
annually averaged data sets of Levitus [1982]. However,
since the North Atlantic Deep Water (NADW) becomes
weak under the annual mean condition of the sea surface
temperature, we take a reference temperature which is
4K cooler than the annual mean condition at 60°N (this
corresponds to the midwinter condition) and decreases
linearly from 50°N to 60°N. As a result, we obtained
the transport of NADW comparable with the observa-
tion (see section 4).

Initial conditions are no motion and horizontally uni-
form distributions of temperature and salinity. After
carrying out the time integration for 10,000 years, we
obtain flow fields and distributions of temperature and
salinity which can be regarded as a steady state.
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Biogeochemical General Circulation Model

Prognostic variables and mass conservation.
Prognostic variables in our B-GCM are concentrations
of atmospheric CO,, oceanic total CO,, alkalinity, phos-
phate, and dissolved oxygen. Concentrations of these
tracers are calculated as the forms normalized by salin-
ity of 35 practical salinity unit (psu). The fact that
the mixing process of CO, in the atmosphere is much
faster than that in the ocean allows the atmosphere to
be treated as one box.

Carbon 13 is treated as an individual tracer, and
hence 3CO, in the atmosphere and total 1*CO, in the
ocean are also prognostic variables. Although 4C is not
dealt with as an individual tracer, we consider it in the
form of A!*C according to the method of Toggweiler et
al. [1989).

As will be described, sedimentation processes and
river input due to the continental weathering are not
included in our model. Therefore, the total amounts
of 12C and !3C are conserved in the atmosphere-ocean
system. Similarly, the total amounts of phosphate and
alkalinity are conserved in the ocean.

Dynamic process. Dynamic processes such as ad-
vection and diffusion of tracers in our B-GCM follow an
equation similar to that used in the general circulation
model:

2

% +u-VC = AgyV%C + AHV??TS +S¢, (1)
where C represents the concentration of each tracer, S¢
represents a source term due to biological process, and
u is current velocity. Ayy and Apy are horizontal and
vertical diffusion coefficients, respectively. We assume
the same values for Agy and Ay as those in the cir-
culation model.

Kuo and Veronis [1970] estimated Agy = 6x10?m? /s
from the horizontal distribution of dissolved oxygen in
the abyssal layer, although the value on the order of

_pco2 |
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103 ~ 10*m?/s is usually adopted in the GCM to avoid
numerical instability. We take Agg = 8 x 102m?/s in
our model. The distributions of tracers are sensitive to
the thermocline depth, because most of particulate or-
ganic carbon is remineralized at depths shallower than
the thermocline. It is well known that the thermocline
depth is dependent on Agy [Bryan, 1987]. Therefore,
it is important to adopt an appropriate value for Agy.
In our model, we take Agy = 0.2 x 10~*m? /s, which is
comparable with observations [e.g., Ledwell et al., 1993].

Chemical process and gas exchange. The chem-
ical and biological processes considered in our model are
illustrated in Figure 1. The surface partial pressure of
carbon dioxide pCO; is derived from alkalinity, total
CO,, temperature, and salinity under the condition of
chemical equilibrium. Alkalinity is determined in the
carbon-borate-water system, where the total amount of
borate is given as a linear function of salinity. The ap-
parent dissociation constants for carbon, borate, and
water are taken from Dickson and Millero [1987], Jo-
hansson and Wedborg [1979], and Dickson and Riley
[1979]. The solubility of carbon dioxide is taken from
Weiss [1974]. Gas exchange of CO, through the sea
surface is assumed to be proportional to the difference
of pCO; between the atmosphere and the surface ocean.
The gas exchange coeflicient is assumed to be globally
uniform at K = 0.06 mol/(m? yr patm) [Maier-Reimer,
1993).

The partial pressure of carbon dioxide in the atmo-
sphere is not locally in equilibrium with that in the
ocean. Therefore, we do not consider an equilibrium
fractionation factor but consider one-way fractionation
factors for carbon exchange from the ocean to the atmo-
sphere and from the atmosphere to the ocean as func-
tions of temperature and concentrations of carbon diox-
ide, bicarbonate ion, and carbonate ion. The details
of treatments of fractionation process of carbon isotope
through the gas exchange are described in the appendix.

The concentration of dissolved oxygen in the surface
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Figure 1. Chemical and biological processes considered in the biogeochemical general circulation
model (B-GCM). Processes of sedimentation and river input are not included.
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water is restored to be saturation level in a restoring
time of 17 days [Broecker and Peng, 1982]. The value
of saturation is taken from Weiss [1970].

Export production. Photosynthesis and hence bi-
ological production takes place only in the surface layer
of the ocean. Export production EP is firstly consid-
ered as a function of phosphate concentration [PO,} and
light factor Ly as follows:

[PO,]

EP =1Ly [PO4]m]‘ Zb (2)

where h is a half-saturation constant, r is a propor-
tional factor (we call this “bio-production efficiency”),
and 2, is the surface layer depth. The light factor Ly
is proportional to an annually averaged solar radiation,
which is a simple function of latitude and is normal-
ized to be 0 < Ly < 1. The dependency of phosphate
concentration on EP is assumed to follow Michaelis-
Menten kinetics [Maier-Reimer, 1993]. However, since
phosphate concentration in the surface water is usu-
ally much larger than the half-saturation constant of
0.02pmol /L [Maier-Reimer, 1993], we approximate EP
to be a linear function of L;[PO,] for simplicity. In
this study, we use r = 0.8 yr~!, which is obtained by
fitting the observed phosphate distribution. The de-
pendency of the observed phosphate distribution and
atmospheric CO; level on the bioproduction efficiency
will be described in section 5.

Composition of POM is assumed to follow the classi-
cal Redfield ratio,

P:N:C:-0,=1:16:106:138. (3)

As will be discussed in section 3, the value of the rain
ratio R, a ratio of production rate of calcite to that of
POC, is assumed to be 0.08 in the control case, which
is much smaller than 0.25 estimated from the two-box
model [e.g., Broecker and Peng, 1982]. We also calculate
cases changing the rain ratio, R = 0.06 through 0.20.

Organisms consume 2C preferentially to 3C to form
their soft tissue through photosynthesis. The value of
the fractionation factor for this process is assumed to be
—22%, [Tans et al., 1993] (the definition for the fraction-
ation factor is given in the appendix). However, when
the biota form their hard parts (calcite), the value of the
fractionation factor is assumed to be 0%, [Tans et al.,
1993]. This is because the effect of carbon fractionation
is very small in this process.

Remineralization. POM is assumed to be rem-
ineralized instantaneously below the euphotic zone. Hor-
izontal advection of POM will be negligible, as the set-
tling speed of POM is about 100m/day [Suess et al.,
1980], which is much faster than horizontal advection.

The vertical profiles of vertical fluxes of POM and
calcite assumed in our model are shown in Figure 2. In
each case, the vertical profile of POM flux is represented

YAMANAKA AND TAJIKA: VERTICAL FLUXES OF ORGANIC MATTER AND CALCITE

a=-2.0 a=-09 a=-04
0 \:. / /
Y L e — oy gy -
- M“ /“““ e
1 4 / -"'.'“‘V/’ - //"
|/ -

depth
~

4 / / s

7 : / |
5 / =5500m]
/A, d_!—
&km) g 02 04 06 08 1.0

Figure 2. Vertical profiles of POC and calcite fluxes
used in the B-GCM.

in the form of (z/100m)®. Case studies are performed
for the three profiles : a = —0.9 (POM control profile),
a = —2.0 (POM shallow profile), and a = —0.4 (POM
deep profile). The control profile yields a vertical flux
intermediate between particulate organic nitrate (a =
—0.988) and POC (a = —0.858) fluxes obtained from
the sediment traps [Martin et al., 1987]. This profile
is also similar to the profile of POC flux observed by
Suess et al. [1980]. All POM which reaches the bottom
is assumed to be remineralized.

Dissolution of POM under anoxic condition may be
important for the distribution of tracers especially in
the eastern equatorial Pacific and the Gulf of Guinea.
The dissolution of POM in these regions is not due to
oxygen utilization but it is due to denitrification. We
consider the following treatment for POM dissolution
under such a condition. The POM is always remineral-
ized even in the anoxic or the euoxic layer. If dissolved
oxygen concentration has a negative value during the
time integration, the value is reset to zero to represent
the effect of denitrification.

The calcite downward flux obtained by many sed-
iment traps in the world ocean [Tsunogai and Noriki,
1991] suggests that calcite is hardly remineralized in the
water column. On the other hand, analysis of the ob-
served data by Anderson and Sarmiento [1994] suggests
that a significant amount of CaCOQj is remineralized at
much shallower depths in the Indian and Pacific Ocean.
Since the vertical profile of calcite is uncertain, we use
a simple exponential form exp (—z/d), where d is an e-
holding length scale of calcite flux, which is assumed to
be 1500m(calcite shallow profile), 2500m, 3500m(calcite
control profile), and 5500m(calcite deep profile), respec-
tively. The vertical profile of calcite downward flux in
our control case (¢ = —0.09, R = 0.08, and d = 3500m)
is consistent with the observation by Anderson and
Sarmiento [1994]. The remineralization ratio of calcite
against total carbon is 15% at the depth of 1000m and
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Table 1. Summary of Parameters and Results of Numerical Experiments in This Study

Parameters Results
Experiment
a d R T CO2 §13C EP
1 -0.9 3500 0.08 0.8 299 —6.60 9.9
2 -2.0 3500 0.02 2.5 302 —6.68 32.7
3 -04 3500 0.18 0.35 285 —6.50 4.2
4 -0.9 1500 0.14 0.8 301 —6.60 9.9
5 -0.9 5500 0.07 0.8 300 —6.61 9.9
6 -0.9 3500 0.08 1.0 289 —6.50 10.4
7 —-0.9 3500 0.08 0.6 313 —6.75 8.9
8 -0.9 3500 0.08 0.3 352 ~7.10 6.3
9 -2.0 3500 0.02 1.25 337 -7.01 22.3
10 -2.0 3500 0.02 0.75 364 -7.23 16.2
11 -0.4 3500 0.18 0.25 302 —6.67 3.7
12 ~-04 3500 0.18 0.125 342 -7.05 2.7
13 -0.9 5500 0.05 0.8 291 —6.59 9.9
14 -0.9 5500 0.08 0.8 305 —6.61 9.9
15 -0.9 3500 0.06 0.8 291 —6.59 9.9
16 —-0.9 3500 0.07 0.8 295 —6.60 9.9
17 -0.9 3500 0.10 0.8 308 —6.62 9.9
18 -0.9 3500 0.16 0.8 335 —6.64 9.9
19 -0.9 2500 0.06 0.8 288 —6.59 9.9
20 -0.9 2500 0.08 0.8 294 —-6.60 9.9
21 -0.9 2500 0.10 0.8 301 —6.61 9.9
22 -0.9 2500 0.11 0.8 305 —6.61 9.9
23 -0.9 2500 0.16 0.8 324 —6.63 9.9
24 -0.9 1500 0.08 0.8 ' 287 —6.58 9.9
25 -0.9 1500 0.10 0.8 291 —6.59 9.9
26 -0.9 1500 0.16 0.8 306 -6.61 9.9
27 -0.9 1500 0.20 0.8 317 —6.62 9.9
28 no biota 483 -7.99 0

Here, a is an exponent appeared in the POC flux profile, d is e-holding length scale of calcite
vertical flux (m), R is the rain ratio, r is the bioproduction efficiency (per year), CO; is the partial
pressure of CO; in the atmosphere (micro atmospheres), §'*C is *C in the atmosphere (per mil),
and EP the export production(gigatons carbon per year). Experiment 1 is the control case.

45% at 4000m (Anderson and Sarmiento [1994] sug-
gested 25% at 1000m and 50% at 4000m).

Initial condition and time integration. As an
initial condition, the concentration of tracers is assumed
to be homogeneous in the whole ocean. The concentra-
tion of phosphate is taken to be 2.1 pmol/kg, which
corresponds to the average of observed values in the
world ocean [Levitus et al., 1993]. Similarly, the alkalin-
ity is taken to be 2374 peq/kg [Takahashi et al., 1981].
The total CO, is assumed to be 2235 pmol/kg, which
is slightly smaller than the preindustrial level (c.f., the
present value of 2254 pmol/kg [Takahashi et al., 1981]).
The partial pressure of atmospheric CO, is assumed to
be the preindustrial value of 280 gatm. The amount of
13C is also assumed to be the preindustrial value, which
is equivalent to §'3C= —6.5%, in the atmosphere and
6'3C= 0.4%. in the ocean [Kroopnick, 1985]. Dissolved
oxygen is assumed to be 200 pmol/kg.

We performed 28 case studies. Parameters and re-
sults in these cases are listed in Table 1. We obtain the
distribution of tracers for each case, after carrying out
the time integration for the 3000 years, which is consid-
ered to be long enough for achieving a steady state.

3. Biological Pump

Before showing the numerical results, we discuss the
vertical transport of biogenic particulates such as POM
and calcite. This is generally called the biological pump.

Strength of Biological Pump

An efficiency of vertical transport due to the biologi-
cal pump is determined not only by the export produc-
tion but also by the depth where biogenic particulates
are effectively remineralized. In other words, this effi-
ciency depends on the amount of particulate produced
by biological activity and also on the effective length of
vertical transport.

We define the strength of biological pump I, which
is an index for the efficiency of vertical transport, as

follows: = 4F(z)
° z
I = /;b ZT dZ, (4)

where z represents depth (z = 2, is the bottom of eu-
photic layer, and z = 2 is the bottom of the ocean), and
F(z) is the downward vertical flux of settling biogenic
particulate matter.
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biological pump surface layer

deep layer

Figure 3. Two-box model for understanding the bio-
logical pump.

We also define the average remineralization depth L
as the strength of biological pump divided by the export
production, that is,

(5)

where EP is the export production. In the control
case (e = —0.9, d = 3500m), the average remineral-
ization depths of POC and calcite are Lpoc = 680m
and Lc,icite = 2820m, respectively.

Here we discuss the relation between the strength of
biological pump and the difference in the concentration
of tracers such as phosphate between the surface and the
deep layer, by using a two-box model (Figure 3). We
divide the ocean into two boxes: the surface and the
deep layer. We can roughly consider that the biological
pump affects the concentration of tracers in the deep
layer shallower than the average remineralization depth
L, but does not change the concentration in the layer
deeper than L. Therefore, we take the length of the
deep layer to be the average remineralization depth L.

The fluxes between the two boxes are assumed to be
due to the biological pump and vertical diffusion. The
equation of mass conservation of tracer in the deep layer
is

ac EAC
L pra EP 7 (6)
where AC is the difference of concentrations of tracer
between two boxes, and k represents the vertical diffu-
sion coefficient. Then, in a steady state, we obtain the
following relation,

I=EPxL=EkAC. (M

The strength of biological pump is proportional to the
difference of concentrations between the surface and the
deep layer. This means that the difference in concen-
tration depends not only on the export production but
also on the depth where biogenic particulate matter is
remineralized. Note that the export production must
be large to keep the same difference, when the averaged
remineralization depth is shallow. The large export pro-
duction must be balanced by large vertical diffusion,
as the biological pump with a shallow remineralization
depth makes a steep vertical gradient of concentration.

Although the effects of vertical advection and horizon-
tal diffusion/advection are not considered in the above
discussion, this expression will be appropriate for the
real ocean, as discussed in section 5.

Rain Ratio

The ratio of the difference of total CO5 concentratio-
ns between the surface and the deep layer ( = A[T'CO;))
to that of alkalinity (= A[AlK]) is 3~4. It is known that
this ratio is accounted for by the two-box model with
the rain ratio of 0.25 [e.g., Broecker and Peng, 1982].
The differences in both total CO; and alkalinity are
determined by dissolutions of POC (= ACpoc) and
calcite (= ACcaicite) in the deep water as follows:

AC'POC + ACcalci':e

8
AlAlL] = _%ACPOC +  2ACcaicites (8)
that is,
ACnicte _ 16/106(A[AIK)/A[TCOL) +1 _
ACpoc ~ 2(A[AIK]/A[TCO,)—1 ~ 7

(9)
Figure 4 shows the widely used two-box model and
ours. In the two-box model proposed in Figure 4a,
the average remineralization depth of POC and that
of calcite are implicitly assumed to be the same (i.e.,
Lpoc = Lealite)- However, in the real ocean, Lpoc is
much shallower than L.,cjte, and thus we must consider
the difference of the average remineralization depths
(Figure 4b). We therefore modify the rain ratio R as
follows:

R = EPca.lcite — Icalcite LPOC
~  EPpoc Iroc Lealcite
ACeaite Lroc ~ 0.25 x Lpoc .

A CPOC Lcalcit.e Lcalcite

(10)

Only when the average remineralization depth of calcite
is equal to that of POC, the rain ratio is 0.25. However,
Leacite = Lpoc 1s an unrealistic assumption, because
Lealcite 18 at least two or three times deeper than Lpog
. Therefore, the rain ratio R is < 0.12 at most. Since
Lpoc in the control case is estimated to be 680m and
Leaicite is estimated to be 2820m, the rain ratio is ex-
pected to be about 0.06, which is much smaller than
the value of 0.25 estimated by the widely used two-box
model. Bacastow and Maier-Reimer [1990] used the
rain ratio of 0.15. This is probably because their POC
flux was assumed to be remineralized at the depths
deeper than those estimated from the observed POC
flux.

For application of this result to the real ocean, we
must note the following two points. First, the two-box
model is too simple to be directly applied to the real
ocean. The effect of solubility pump which tends to un-
derestimate the rain ratio is ignored in the discussion
above. Also, the complexity of real ocean circulation
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Figure 4. The difference between the widely used model and ours.

may increase uncertainty of the estimation of the rain
ratio in the two-box model. However, the most rea-
sonable estimate from our B-GCM in section 5 yields
R = 0.06 ~ 0.08, which is slightly different from R esti-
mated in the two-box model. Second, the sedimentation
and the river input processes are not included in our
model. At first glance, one might consider that, even
when we take into account these processes, the total
amount of tracers in the ocean is conserved in a steady
state, as the river input rate is balanced with the sedi-
mentation rate. However, since the production rate of
calcite is balanced with its remineralization rate (which
is included in our model) and its sedimentation rate
(which is not included), the production rate of calcite
obtained in our model should be underestimated. Thus
we must include the contribution of calcite sedimenta-
tion to the rain ratio in order to apply our model to
the real ocean. The sedimentation rate of calcite is es-
timated to be 0.2 Gt /yr for the world ocean [Sundquist,
1985]. With the export production of 9.9 Gt/yr esti-
mated in our model, this is equivalent to the rain ratio
of 0.02. This must be added to the value of 0.06 to ap-
proximately 0.08 which is obtained from our B-GCM.

Thus we find that the rain ratio should be 0.08 to
approximately 0.10 in the real ocean. This estimate is
consistent with the observations [ Tsunogai and Noriki,
1991; Takahashi et al., 1990]. From the sediment trap
data [Tsunogai and Noriki, 1991], we estimate the ra-
tio of calcite flux against POC flux at the depth of
1lkm to be 0.51 as the weighted mean by using calcite
flux. This is equivalent to the rain ratio of 0.07 defined
at the bottom of the euphotic layer. Takahashi et al.
[1990] reported from the Joint Global Ocean Flux Study
(JGOFS) site at 47°N-20°W that the ratio of produc-
tion rate of POC against that of calcite (i.e., 1/R) is
912, which is equivalent to the rain ratio of 0.114+0.03.
All these observational estimates roughly coincide with
our estimate of 0.08 to approximately 0.10, which is ob-
viously much smaller than the value (= 0.25) estimated
by the widely used two-box model.

4. Results

In this section, we describe the results of the con-
trol case (experiment 1) of our biogeochemical general
circulation model. Figures 5 through 7 show that merid-
ional mass transport and distributions of temperature
and salinity in the Atlantic and the Pacific meridional
sections.

Physical Fields

Stream function of meridional mass transport in the
Atlantic and the Pacific is shown in Figure 5. In the
Atlantic, the maximum transport of NADW is 24Sv
(= 24 x 10°m3/s), and the outflow to the Southern
Ocean is 17Sv. As was stated in section 2, we use the
reference sea surface temperature lower than the an-
nual condition for the northern North Atlantic so that
the transport of NADW may be comparable with the
observation [e.g., Rintoul, 1991]. The maximum trans-
port of the Antarctic Bottom Water (AABW) is 4Sv.
In the Pacific, the inflow below the depth of 2km is
6Sv. This is considered to be slightly smaller than the
real ocean, as the meridional contrast of A'*C in the
deep water is stronger than the GEOSECS observation,
which will be discussed later. The Ekman circulation, a
meridional circulation driven by wind stress, is limited
to the layer above the depth of 500m.

Distributions of temperature along GEOSECS sec-
tions in the western Atlantic and the western Pacific
are shown in Figures 6. The isotherm of 10°C lies at
about 500m depth in the Atlantic and the Pacific, and
the isotherm of 5°C lies at about 1000m in the Pacific.
The thermocline depth in the Atlantic and the Pacific
(see Figure 15) is reproduced better than that in the
previous studies [e.g., Toggweiler et al., 1989], although
it is deeper than the observed, which is due to the small-
value for the vertical diffusion coefficient adopted in our
model.

The temperature of NADW is about 2K warmer than
the observed because the cold overflow water across the
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Figure 5. Stream function of meridional mass transport for (a) the Atlantic and (b) the Pacific.

Contour interval is 2Sv (1Sv=10%m?3/s).

straight of Iceland-Scotland is not reproduced in our
model. The temperature of the Pacific bottom water is
about 1°C, which is consistent with the observation.
Distributions of salinity along the GEOSECS sections
are shown in Figure 7. In the Atlantic, the salinity min-

imum water is well reproduced due to the small values
for the vertical and horizontal diffusion coefficients. On
the other hands, AABW is far less saline than the ob-
served. This is because the reference value of sea sur-
face salinity was taken as the annual mean condition

temperature
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Figure 6. Temperature distributions along the Geochemical Ocean Sections Study (GEOSECS
sections in the western Atlantic (left-hand side) and the western Pacific (right-hand side): (a,b
observation and (c,d) model results. Contour interval is 1K and 2K (> lkm).
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Figure 7. Salinity, as in Figure 6. Contour interval is 0.1psu. and 0.2psu (> 1km)

for the Ross and Weddell Seas (the reference sea sur-
face salinity higher than the observed is often used to
take into account the effect of the brine rejection by sea
ice formation in midwinter [e.g., England, 1993]). Since
AABW is less saline, the salinity of the Pacific deep
water becomes lower than the observed, and Antarc-
tic Intermediate Water (AAIW) does not appear in the
Pacific. The depth and strength of the North Pacific
Intermediate Water (NPIW) is compared with the ob-
servation.

Although some features such as the warmer NADW
and the less saline AABW require further improvement
of the model, the flow fields and the distributions of
temperature and salinity seem to be well reproduced
on the global scale. The maximum value of meridional
heat transport is 1.4 PW (= 10!°W) for the northern
hemisphere and 1.6 PW for the southern hemisphere,
which are comparable with the observations. Figures 8
through 13 show the distributions of the various chemi-
cal tracers along the GEOSECS sections in the western
Atlantic and the western Pacific.

Distribution of A*C

The distributions of A'*C along the GEOSECS sec-
tions are shown in Figure 8. Here A!*C is a passive

tracer and its distribution is determined only by the
flow fields and decay time, although the gas exchange
between the atmosphere and the ocean has some influ-
ence. Therefore, the distribution of A!*C is useful for
understanding the abyssal circulation.

The values of A'C of the deep water in the North
Atlantic and the North Pacific are —60%, and —250%,
, respectively, which are well compared with the ob-
servation [Stuiver and Ostlund, 1980; Ostlund and Stu-
iver, 1980]. Since the flow is slightly stronger in the
Atlantic, the value of A%C in the Southern Ocean be-
comes younger than the observed. The value of the
model result above the depth of 750m is lower than the
observed because the bomb A!C is not taken into ac-
count in our model.

Distributions of Phosphate and Dissolved
Oxygen

Figure 9 shows the distributions of phosphate along
the GEOSECS sections. The phosphate maximum is
found at about 1200m depth in the Pacific and at about
800m depth in the Atlantic, which is well compared
with the observation. In the Atlantic, this maximum
seems to spread as a tongue from the Southern Ocean.
The maximum value of 3.4 pmol/kg is found in the
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Note that the nuclear bomb 4C is not taken into account in our model.

northern part of the North Pacific. This is compara-
ble with the observed value of >3.2 pmol/kg [Levitus
et al., 1993]. There are regions of high phosphate con-
centration above the thermocline depth of about 500m,
which corresponds to the area of high export produc-
tion. This is explained by the mechanism of the nutri-
ent trapping [Najjar et al., 1992]. Below the thermo-
cline depth, phosphate concentration increases gradu-
ally from the North Atlantic to the North Pacific with
increase in age of the water (which is estimated from
AM™C value).

The dissolved oxygen minimum exists in the Atlantic
and the Pacific (see Figure 10). The depth of the dis-
solved oxygen minimum is shallower than that of the
phosphate maximum, as the deep water formed at high
latitudes is colder and richer in oxygen than a normal
surface water is. The minimum value of about 10.0
pmol/kg is found in the northern part of the Northern
Pacific, which is comparable with the observed value
[Levitus, 1982].

Distributions of Total Carbon Dioxide and
Alkalinity

Figure 11 shows the distributions of total CO, along
the GEOSECS sections in the western Atlantic and the

western Pacific. The total CO, maximum is found at
about 2km depth in the Pacific and in the layer of the
phosphate maximum in the Atlantic. The maximum
value in the North Pacific is about 2400 pmol/kg, which
is well compared with the GEOSECS observed value
[Craig et al., 1981].

The distributions of alkalinity along the GEOSECS
sections are shown in Figure 12. The alkalinity max-
imum is seen at about 2 to approximately 3km depth
in the Pacific. The distribution of alkalinity is mainly
determined by the vertical transport of calcite. In gen-
eral, calcite is effectively dissolved in the layer deeper
than POC is. The alkalinity maximum appears in the
layer much deeper than the phosphate maximum. Hori-
zontal contrast of alkalinity between the North Atlantic
and the North Pacific is comparable with its vertical
contrast between the surface and the deep water. The
reason will be discussed in the next section.

Distribution of 613C

The distributions of §'*C along the GEOSECS sec-
tions are shown in Figure 13. The 6'3C minimum values
in the Atlantic and the Pacific are 0.7%. and -0.6%, , re-
spectively, which are well compared with the GEQOSECS
observation [Kroopnick, 1985]. The distribution of §!3C
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Figure 9. Phosphate, as in Figure 6. Contour interval is 0.2umol/kg.

is roughly considered to be the mirror image of the dis-
tribution of phosphate as these distributions are deter-
mined mainly by the vertical transport of POC although
there is an effect of gas exchange on §'3C. The atmo-
spheric §'3C becomes —6.60%, , which is consistent to
the preindustrial value [Kroopnick, 1985].

Horizontal Distribution of ApCO,

The partial pressure of CO; in the atmosphere is
299uatm. Figure 14 shows the distribution of ApCO,
which represents the difference in partial pressure of
CO; between the atmosphere and the ocean. Figures
14a and 14b are for the observation by Tans et al
[1990], and Figure 14c for our results. Since the sim-
ulation is performed under the annual mean condition
and that for the preindustrial state, direct comparison
of ApCO;, between the model results and the observa-
tion may be difficult. The following rough features in
the observed ApCO, distribution is simulated by our
model. In the equatorial Pacific, pCO; in the ocean is
>100gatm higher than that in the atmosphere due to
the upwelling of the deep water with high pCO,. In
the subtropical region, the oceanic pCO; is lower than
the atmospheric pCO; by the effect of biological pump.
In the northern North Atlantic, pCO, of the seawater
is much lower than that of the atmosphere, as NADW

exports the total CO, out of this region in association
with the formation of deep water [Broecker and Peng,
1992]. The high and the low pCO, regions appear to
spread, somewhat randomly, over the other area at high
latitudes. In the area of high pCQ,, the CO,-rich water
is brought up from the subsurface layer by convection.

5. Discussion

To extend an ocean general circulation model to
include biogeochemical processes, we must introduce
many biogeochemical parameters. Although these pro-
cesses appear to be complicated, distributions of bio-
geochemical tracers are determined mainly by the fol-
lowing four parameters: the exponent of vertical profile
of POM flux a, the bioproduction efficiency =, the e-
holding length scale of calcite flux d, and the rain ratio
R. In this section we will discuss about these parame-
ters.

Case Studies for Various Vertical
Profiles of POM Flux

We study an effect of change in the prescribed pro-
file of POM flux. We calculate the following 10 cases:
a = —0.9 (POM control profile; experiment 1, 6 through
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8), a = —2.0 (POM shallow profile; experiment 2, 9,
10), and @ = —0.4 (POM deep profile; experiment 3, 11,
12). The phosphate distribution depends only on two
parameters, the exponent of POC flux ¢ and the biopro-
duction efficiency r. In this subsection we will discuss
the dependency of phosphate distribution on two pa-
rameters. Values of parameters for each case are shown
in the Table 1.

Vertical phosphate distribution. We discuss the
vertical distribution of phosphate in the three cases, ex-
periment 1 (POM control profile), experiment 2 (POM
shallow profile), and experiment 3 (POM deep pro-
file). Figure 15 shows the horizontally averaged ver-
tical distributions of temperature and phosphate at the
GEOSECS locations in the world ocean. With given
a, the estimate of 7 in the three cases of Figure 15b is
obtained by fitting the observed difference of phosphate
concentration between the surface and the deep layer,
because this difference is roughly determined by a and
7 as was discussed in section 3 (see equation (7)). How-
ever, vertical distributions of phosphate concentration
in these cases are not same. The depth of phosphate
maximum is 700m (POM shallow profile), 1300m(POM
control profile), and 5500m(POM deep profile), respec-
tively. As clearly seen in Figure 15b, the vertical profile

of phosphate concentration for the POM control profile
is well compared with the observation. The gradient of
phosphate concentration at the thermocline depth for
the POM control profile is sightly smaller than the ob-
served, as the temperature at this depth in our model
is warmer than the observed. Thus, the optimal esti-
mates of a and 7 can be determined by comparing the
vertical phosphate distribution in our model with the
observation.

Horizontal phosphate distribution. We discuss
the horizontal distribution of phosphate in the three
cases, experiment 2 (POM shallow profile), experiment 1
(POM control profile), and experiment 3 (POM deep
profile). Figure 16 shows the distributions of phosphate
along the GEOSECS western Atlantic and western Pa-
cific sections. For the POM shallow profile, the nutrient
trapping occurs excessively above the depth of 500m,
as the very high concentration is found at the depth
of 200m in the equatorial Pacific. Below the depth of
1000m, on the other hand, the horizontal contrast of
phosphate concentration is much weaker than the ob-
served. In experiment 3 (POM deep profile), there is
no phosphate maximum layer in the North Pacific.

The phosphate concentration in the North Atlantic
decreases with an increase of the average remineraliza-
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Figure 11. Total CO;, as in Figure 6. Concentration of total CO, is normalized by salinity
of 35psu. Contour interval is 20pmol/kg. Note that the anthropogenic carbon is not taken into

account in our model.

tion depth (a = ~2.0 = —0.9 — —0.4). In the North
Pacific, on the other hand, it increases with an increase
of the average remineralization depth. Horizontal con-
trast of phosphate in the deep water also depends on
the vertical profile of POM flux. The horizontal con-
trast increases with an increase of the average reminer-
alization depth. The reason is as follows: although the
export production for the POM deep profile is smaller
than that for the POM control profile, the amount of
remineralization of POM in the deep water is larger.
Besides, the horizontal advective-diffusive flux is domi-
nant in the deep layer. Then, the deep water becomes
rich in phosphate due to the remineralization of POM
in the course of advection from the North Atlantic to
the North Pacific. Therefore the horizontal contrast of
phosphate concentration increases with an increase of
the remineralization depth. The horizontal contrast of
phosphate for the POM control profile (the observed
profile of POM flux by sediment trap is a = —0.9) pro-
vides the most appropriate result among the three pro-
files. Thus, the optimal estimates of a and r can be also
determined by comparing the horizontal phosphate dis-
tributions in our model with the observation.

The ratio of the horizontal against vertical contrast
of phosphate concentration increases with an increase
of the remineralization depth of POM downward flux.
For example, when a is large (POM shallow profile), the
horizontal contrast is smaller than the vertical. When
it is small (POM deep profile), the horizontal contrast
is on the same order of magnitude as the vertical. The
results of case studies for using various 7 (experiment 1
and experiment 6 through 8) show that both the verti-
cal and the horizontal contrasts become stronger with
an increase of r while roughly keeping a constant ver-
tical against horizontal contrast ratio. Using the above
features of a and r, we can determine the optimal set
of these values as was discussed above. The optimal
value of a determined from the phosphate distribution
coincides with the value obtained from many sediment
trap observations [e.g., Martin et al., 1987; Suess et al.,
1980]. This means that the observed value of a can rea-
sonably explain the observed phosphate distribution.

Export production. Figure 17 shows a plot of the
export production against the concentration of atmo-
spheric COj3 in each case. In the control case, the export
production is estimated to be 9.9GtC/yr, correspond-
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35psu. Contour interval is 20pueq/kg.

ing to the atmospheric CO, level of 299uatm. Since
the atmospheric CO; reflects the concentration of total
CO; in the surface water, the atmospheric CO, level
also represents the global average concentration of to-
tal CO; in the surface water. With fixed atmospheric
CO; level at 280 to approximately 300uatm (shaded
area in Figure 17), the export production decreases with
an increase of the average remineralization depth. As
was discussed by using the two-box model in section 3,
the difference in total CO, concentration between the
surface and the deep layer depends on both the ex-
port production and the remineralization depth. Thus,
equation (7) roughly holds also on the B-GCM. The
export production for the POM shallow profile rapidly
increases with a decrease of the atmospheric CO, level,
because the phosphate concentration under the high-
productivity area increases due to the nutrient trapping.

The value of the export production is automatically
determined from the optimal estimates of a and r. The
export production consistent with the observed distri-
bution of phosphate is estimated to be about 10GtC/yr
(when we include DOC in our model, it is estimated
to be about 9GtC/yr [ Yamanaka, 1995]). This value is
within the observed estimates which range from 3.4 to
approximately 7.4GtC/yr [Eppley, 1989] to 20GtC/yr
[Packard et al., 1988].

Case Studies for Various Vertical
Profiles of Calcite Flux

Next, we study an effect of change in the prescribed
profile of calcite flux. We calculate the following 18
cases: d = 1500m (calcite shallow profile; experiment
4, 24 through 27), d = 2500m (experiment 19 through
23), d = 3500m (calcite control profile; experiment 1,
15 through 18), and d = 5500m (calcite deep profile;
experiment 3, 13, 14).

Since the optimal estimates of a and r are determined
by comparing the phosphate distribution in our model
with the observation in the previous subsection, distri-
butions of the other chemical tracers except alkalinity
are automatically determined in our model. The alka-
linity distribution depends only on two parameters, the
e-holding length scale of calcite flux d and the rain ra-
tio R, with fixed @ and 7. In this subsection, we will
discuss the dependency of alkalinity distribution on the
two parameters. Values of parameters for each case are
shown in the Table 1.

Vertical alkalinity distribution in the world
ocean. We discuss the vertical distribution of alka-
linity in the three cases: experiment 4 (calcite shallow
profile), experiment 1 (calcite control profile), and ex-
periment 5 (calcite deep profile). Figure 18a shows the
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horizontally averaged vertical distributions of alkalinity
at the GEOSECS locations in the world ocean. With
given d, the estimate of R in the three cases of Fig-
ure 18a is obtained by fitting the observed difference of
alkalinity between the surface and the deep layer be-
cause this difference is roughly determined by d and R.
However, vertical profiles of alkalinity in the three cases
are not same. The alkalinity maximum in experiment 4
is found at the depth of 1500m. The value of alkalinity
in experiment 5 monotonously increases with increasing
depth.

The vertical profiles of alkalinity for the calcite con-
trol profile provide the most appropriate results among
the three profiles. As clearly seen in Figure 18a, the
alkalinity for the calcite shallow profile is distributed at
much shallower depths than the observation. Thus the
rough optimal estimates of d and R can be determined
by comparing the vertical alkalinity distribution in our
model with the observation.

Vertical alkalinity distributions in the Atlantic
and the Pacific. We discuss the horizontal distribu-
tion of alkalinity in the three cases, experiment 4 (cal-
cite shallow profile), experiment 1 (calcite control pro-
file), and experiment 5 (calcite deep profile). Figure 18b

shows the horizontally averaged vertical distributions
of alkalinity at the GEOSECS locations in the Atlantic
and the Pacific.

For the calcite shallow profile, the remarkable alka-
linity maximum in the Pacific is found at the depth
of 1500m. The value of alkalinity below the depth of
2200m in the Pacific is much less than the observed.
The value of the shallow maximum at the depth of
1000m in the Atlantic is the same as the deep maxi-
mum at the depth of 4000m. For the calcite deep pro-
file, the value of alkalinity in the Pacific monotonously
increases with increasing depth. For the calcite control
profile, the alkalinity maximum in the Pacific is found at
the depth of 2250m, which is slightly shallower than the
observed. The vertical distributions of alkalinity both
in the Pacific and the Atlantic for the calcite control
profile are best compared with the observation among
the three profiles. The horizontal contrast of alkalin-
ity between the Atlantic and the Pacific increases with
an increase of d or with an increase of R. When the
horizontal contrast is kept constant, R decreases with
an increase of d. Therefore, the estimate of R for the
calcite deep profile is smaller than that for the calcite
shallow profile.
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Thus the optimal estimate of d and R can also be
determined by comparing the vertical alkalinity distri-
bution in both the Pacific and the Atlantic in our model
with the observation.

Rain ratio. Figure 19 shows horizontally averaged
vertical contrast of alkalinity between the surface and
the deep waters (= AJ[AIk]) at the GEOSECS loca-
tions in the world ocean for each case. As clearly seen,

this contrast increases with an increase of the rain ratio
R or with an increase of the e-holding length scale d.
When the vertical contrast is kept constant, R increases
with an decrease of d, because the vertical contrast is
mainly determined by d (which determines Lpoc) and
R (which determines production of alkalinity) as was
discussed in section 3 (see equation (7)). Since the ob-
served A[Alk] is about 70pmol/kg and the optimal es-
timate of d is about 3500m as was discussed above, the
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@ (b) shaded area in Figure 19 represents the best fit to the
observed alkalinity distribution. Therefore, the optimal
0 > = estimate of rain ratio R is 0.06 to approximately 0.08.
SN Figure 20 shows a plot of alkalinity against total CO,
1 v in the surface and the deep water along the GEQOSECS
//\ obs. \ locations in the world ocean. This figure is usually used

” F to illustrate the relation between the rain ratio and the

distributions of alkalinity and total CO, [Broecker and
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face and the deep water increases with an increase of the
rain ratio as seen in Figure 20(a, b, c).

The results of experiment 4 (calcite shallow profile,
Figure 20e), experiment 1 (calcite control profile, Fig-
ure 20b), and experiment 5 (calcite deep profile, Fig-
ure 20d) are roughly compared with the observation
(Figure 20f), as the values of d and R in these cases are
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obtained by fitting the contrast of alkalinity between
the surface and the deep water, respectively. However,
the slope of alkalinity against total CO, in the deep wa-
ter in each case is different from the others. The slope
of the deep water reflects the ratio of calcite remineral-
ization against POM remineralization. For the calcite
shallow profile, the range of alkalinity in the deep wa-
ter is smallest among the three profiles, and the slope
of alkalinity against total CO, is also smallest. On the
other hand, both of the range and the slope for the
calcite deep profile are largest. As clearly seen in Fig-
ure 20, both of the range and the slope for the calcite
control profile are well compared with the observation.

In this way, the optimal estimate of d and R can be
determined by comparing various results in our model
with the observations. The optimal estimate of the rain
ratio R is 0.06 to approximately 0.08. This value coin-
cides with the value estimated by using our two-box
model in section 3, which is about 0.06.

Thus, the optimal estimate of four parameters are
a = -09, r = 0.8yr!, d = 3500m, and R = 0.08,
respectively. The distributions of other chemical trac-
ers, such as dissolved oxygen, total CO,, and alkalinity,
are well compared with the observation only when the
optimal parameter values are used in the model.

6. Conclusion and Remarks

The realistic distributions of tracers have been re-
produced by using a biogeochemical general circulation
model (B-GCM). The depth of the phosphate maximum
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Figure 18. Horizontally averaged vertical profiles of alkalinity at the GEOSECS locations (a)

in the world ocean and (b) in the Atlantic and

the Pacific. Thick solid lines, thick dotted lines,

and thick dashed lines are for the results in experiment 1 (calcite control profile), experiment 4

(calcite shallow profile),
are for the GEOSECS observations.

and experiment § (calcite shallow profile), respectively. Thin solid lines
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Figure 19. Horizontally averaged difference of al-
kalinity between the surface and the deep water at
GEOSECS locations in the world ocean in the cases
changing the rain ratio R and e-holding length scale of
calcite vertical flux d. The alkalinity in the surface wa-
ter is that at the depth of 25m. The alkalinity in the
deep water is that vertically averaged over the depths
of 1600 to 5500m. Shaded area represents the best fit
to the observation. Double circle represents the control
case (experiment 1).

in the Atlantic and the Pacific is well compared with the
observation. Especially, the observed phosphate maxi-
mum in the northern part of the North Pacific is well
reproduced by our model.

The difference in the concentrations of tracers be-
tween the surface and the deep water depends not only
on the export production but also on the remineraliza-
tion depth. The vertical profile of POM downward flux
affects not only the vertical contrast of concentration
of tracers between the surface and the deep water, but
also on the horizontal contrast within the deep water.

The phosphate distribution depends only on two pa-
rameters, the exponent of POC flux ¢ and the biopro-
duction efficiency . These values have been determined
by comparing the vertical and horizontal phosphate dis-
tributions in our model with the observation. The opti-
mal estimates of a and r are —0.9 and 0.8yr™!, respec-
tively. The phosphate distribution can be reproduced
only when the profile of POM flux observed by sediment
traps is used. The export production is estimated to be
about 10 GtC/yr, which is consistent with the observed
distribution of phosphate. With determined e and r,
the distributions of the chemical tracers except alka-
linity are automatically determined in our model, and
the alkalinity distribution depends only on two param-
eters, the e-holding length scale of calcite flux d and the
rain ratio R. These values have be also determined by
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Figure 20. Alkalinity and total CO, in the surface and the deep water at the GEOSECS
locations in the world ocean: (a) the rain ratio R =0.06 and e-holding length scale of calcite
flux d = 3500m (experiment 15), (b) R =0.08 and d = 3500m (experiment 1), (c) R =0.16
and d = 3500m (experiment 18), (d) R =0.07 and d = 5500m (experiment 5), (¢) R =0.14 and
d = 1500m (experiment 4), and (f) GEOSECS observation. Plus sign represents the surface water
(0 to 50m depths) and circle represents the deep water (2500 to 3000m depths). Total CO, and
alkalinity both in our model results and the observation are normalized by salinity of 35psu.
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comparing the vertical and horizontal alkalinity distri-
butions in our model with the observation. The optimal
estimates of d and R are 3500m and 0.06 to approxi-
mately 0.08, respectively. The determined vertical pro-
file of calcite downward flux is consistent with the data
observed by Anderson and Sarmiento [1994]. When the
carbonate sedimentation on the deep seafloor is taken
into account, we found that the value of the rain ratio in
the real ocean is expected to be 0.08 to approximately
0.10, which is consistent with the recent observation
by Takahashi et al. [1990]. The classical value of the
rain ratio (= 0.25) should be modified by taking into
account the difference of the average remineralization
depth between POC and calcite.

Our conclusion that the phosphate distribution can
be reproduced by using the profile of POM flux ob-
served by the sediment trap is different from Najjar et
al. [1992]. This difference is probably due to the dif-
ference in circulation field. As shown Figure 15a, the
depth of thermocline in our model is much closer to the
observation compared with that in their model [Togg-
weiler et al., 1989)]. In fact, Matear and Holloway [1995]
suggested that the result of the model with only POM
transport is consistent with the observed phosphate dis-
tribution when only a small modification is made on the
circulation field of the Hamburg LSG model. However,
in order to simulate more realistic tracer distributions,
we should further improve our circulation field, which
is a physical oceanographic problem.

Manabe and Stouffer [1993] suggest that the ocean
circulation will drastically change owing to global warm-
ing when atmospheric CO; level becomes 4 times larger
than the present one. In such a case, only a B-GCM
can predict the distribution of tracers even when the
ocean circulation may change from the present state.
How will it affect the carbon cycle in the ocean? Will
the carbon cycle provide a negative feedback mechanism
against climate change? We should answer these ques-
tions in the future by using the biogeochemical general
circulation model.

Appendix: Treatment of *C in Our
Model

In the gas exchange process (Figure Al), gas ex-
change rate is controlled by diffusion in the boundary
layer at the air-sea interface [Broecker and Peng, 1982].
In the following discussion, we assume *R = 13C/C ~
13C/12C, which is considered to be a good approxima-
tion [Keeling, 1981].

Gas exchange between the atmospheric CO; and
CO3(aq) at the top of the boundary layer is faster than
diffusion within the boundary layer. Therefore we can
assume a dissolution equilibrium. A relationship be-
tween concentration of atmospheric CO; (= C,) and
that of CO»(aq) at the top of diffusion layer (= C,) is
expressed as,
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Figure Al. Schematic diagram of gas exchange for
CO,. The a represents a fractionation factor of 1*C to

IZC.

ocean

chemical equilibrium

C,=K,C,, (A1)

where K, represents an apparent solubility constant.
In the ocean, CO,, HCOj;, and CO3™~ are in the chemi-
cal equilibrium. When the alkalinity, temperature, and
salinity are given, concentration of CO»(aq) at the bot-
tom of the boundary layer (= Cs) can be expressed by
concentration of total CO, (= Cr) as

Cs = KrCr, (A2)

where a coefficient K1 is determined by solving the
chemical equilibrium as a function of alkalinity, total
CO,, temperature, and salinity. A net exchange flux of
CO; from the atmosphere to the ocean can be written
as

F = Fa, - F,a = w(Co - Cs) = w(KaCa — KTCT),

(A3)

where w represents a piston velocity for CO; gas ex-

change. Similarly, a net exchange flux of }3*CO, can be

written as

F = lsFas _ laFaa

— 13,w13C _ 137.01305
o
13,waaKa13Ca _ 13waTKT130T

l3w 13Ca 13w 13CT
= aa?(wKaCa)—Ca— - aT7(’wKTCT) CT
= aasFaslaRa - asanalaRT, (A4)

where 3w is a piston velocity for 13CO, gas exchange,
a, represents a fractionation factor for dissolution equi-
librium, a7 represents a fractionation factor for the
chemical equilibrium between CO,, HCOj3 and CO%",
3R, is 13C/'2C of atmospheric CO;, and ¥Rr is
13C/12C of total CO;. Also, a,, and a,, represent one-
way fractionation factors, which are defined as follows:
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13
aa,s = aa—w, (A5)
w
13
w
sa = —_—. A6
a ar— (AS)

A relation between the piston velocity 3w/w and
the diffusion coefficient 13D /D depends on a presumed
gas exchange model. For example, it is represented by
w o v/D for the film replacement model, or w « D for
the stagnant film model [Broecker and Peng, 1982]. A
ratio of diffusion coefficient of 13C to 12C is 13D/12D =
0.9991 [Schénleber, 1976; see Siegenthaler and Miinnich,
1981]. According to Siegenthaler and Minnich [1981],
we assume that a ratio of piston velocity of !3C to that
of 12C is s

2 = 0.9991. (A7)
w

The temperature dependencies of fractionation fac-
tors are

(lsc/lzc)coz(aq) 103
ag, = =0.19 - 0.373 %o (A8
(130/120)002(g) T ( )
(lsc/lzc)coz(aq) 103
a; = = 24.12 — 9.866 %o (A9)
(130/120)1{00; T
(130/120)002(8q)
== - - .1 Y 0 o A.l
Q2 (°C/™C) gz T1% (A10)

which are taken from Mook et al. [1974] and Siegenthaler
and Miinnich [1981]. Therefore, ar is

_ [COz] + o [HCO;] + as [CO?,‘] (A].].)
[CO,] + [HCO; ] +[CO3™]

In this way when alkalinity, temperature, and salinity
are given, a,, and ¢, can be calculated. For example,
Qas = —2.0%. and a,, = —10.4%, are obtained for the
global sea surface average conditions of T' = 18°C and
S = 35psu. Similarly, fluxes of 3F,, and '3 F,, are also
calculated under given conditions.
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