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ABSTRACT

Amn ocean carbon cycle model driven by a constant flow field produced by a two-dimensional thermohaline cireu-
iation model is developed. Assuming that the biogenic carbon in the oceans is in a dynamic equilibrium, the inorganic
carbon cycle is investigated. Befors the oceanic uptake of CQ, is carried out, the investigation of ¢ distributions in
the oceans, including natural and bomb-produced '*C, is conducted by using different values of the exchange
coefficient of CO, for different flow fields (different vertical diffusivities) to test the performance of the model. The
suitable values of the exchange coefficient and vertical diffusivities ar¢ chosen for the carbon cycle madel. Under the
forcing of given preindustrial atmospheric CO, concentration of 280 ppmy, the carbon cycle model is integrated for
seven thousand years to reach a steady state. For the human perturbation, two methods including the prescribed at-
mospheric pCO, and prescribed industrial emissions are used in this work. The results from the prescribed atmospher-
ic pCO, show that the oceans take up 36% of carbon dioxide released by human activities for the petiod of
1980~ 1989, while the results from the prescribed industrial emission rates show that the oceans take up 34% of car-
bon dioxide emitted by industrial sources for the same period. By using the simple method of subtracting industrial
emission rate from the total almospheretocean accumulating rate, it can be deduced that before industrial revolution
a non-industrial source exists, while after 1940 an extra sink is needed, and that a total non—industrial source of 45
GtC is obtained for the period of 1730-1990.
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1. INTRODUCTION

Since industrialization the carbon dioxide content in the atmosphere has been increasing.
If all carbon dioxide emitted by human activities remained in the atmosphere, including the
emission of fossil fuel combustion, cement production and land—use change, the concentra-
tion of atmospheric carbon dioxide would be increased by 60%. It has been generally consid-
ered that the oceans have taken up about half of anthropogenic emissions of carbon dioxide.
There are three main reservoirs for the calculation of transport of anthrepogenic carbon, in-
cluding the atmosphere, the oceans and terrestrial ecosystems. Although the ocean carben cy-
cle model has been studied for over 30 years, the development of global carbon cycle model
has been constrained. In addition to the difficulty of evaluating the role of terrestrial
biosphere, one of the reasons is that the present ocean carbon cycle model is not sufficiently
satisfactory.

The ocean carbon cycle model can be mainly divided into the box models with the simple
description of oceanic mixing and flow movement, and the circulation model based on the
ocean dynamics. In the early one~dimensicnal upwelling—diffusion models, natural and
bomb-produced *C were often used to calibrate the models so that some observed features
can be reproduced. However, the mechanism of formation of the thermohaline circulation
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cannol exactly be described in this kind of models. Toggweiler et al. (198%a, 1989b) used
American GFDL three—dimensional ocean circulation model to study the distribution of '*C
and ventilation processes in the oceans. Maier—Reimer and Hasselmann (1987) used German
Hamburg three—dimensional ocean circulation model to study the carbon cycle including

*C and gave the results of oceanic uptake of CO,. Sarmiento et al. (1992} used GFDL 3D
model to study the anthropogenic carbon cycle in the oceans in terms of perturbation method,
and compared their results with those from box model and Hamburg model. Because of dif-
ferent circulation models, the results from two 3D models have some differences, and also
have some differences with the observed data. Stocker et al. (1994) used a zonally averaged
global ocean circulation model to investigate the oceanic role to anthropogenic emissions of
CO, in terms of industrial emission souices. Here we use a two—dimensional thermohaline
circulation model to further study the problem in terms of two different forcing methods in-
cluding the prescribed atmospheric pCO, and the prescribed industrial emission rates, which
will provide the basis for the investigation of the role of the terrestrial ecosystem in the glabal
carbon cycle. This work docs not consider the sources and sinks related to the marine biology,
marine sedimentation, and the river runoff. Maire—Reimer and Hasselmann (1987) gave three
reasons of using this kind of basic inorganic carbon cycle model.

II. MODEL DESCRIPTION

The zonally-averaged two—dimensional thermohaline circulation model used in this
work was originally developed by Wright and Stocker {1991), With some modifications, Jin
and Zhang (1994) used the model to study the global warming induced by the increase of
greenhouse gases in the atmosphere. The circulation model and carbon cycle model are briefly
described as follows.

1. Circulation Model

The zonally—averaged thermohaline circulation model equations are

p=p., —alT— Ty )+ p(S— 5, )]
2, 0
200 = —;ﬁ-% +%(KA2—; : (s)
Ea-x—(cv]+a—i(aw)=0, (6}

where all quantities are zonal averages; 4 indicates temperature T or salinity S; ¢ is latitude,
x=sing, £=cose, and z is the vertical coordinate, increasing from —H at the bottom to 0 at
the surface; £ and a are the angular velocity and the radius of the Earth; P and p denote pres-
sure and density, respectively; u,v and w indicate horizontal and vertical velocity components,
respectively; K, is the vertical eddy viscosity coefficient; X, and K, represent horizontal and




372 Advances in Atmospheric Sciences Vol 15

vertical diffusivities, respectively. In the linear equation of state, the values of parameters are
taken as: p, =1027.79 kg m™’, T,=4°C, 55=135 psu, a=0.223 kg m 'K " and $=0.796 kg
m *psu”'. The reader is referred to Jin and Zhang (1994) for the detailed description of other
parameters and parameterization treatment,

Model ocean consists of the Atlantic, the Pacific, and the Southern Ocean that connects
the Atlantic and the Pacific. The Atlantic has an east—west angular extent of 60 degrees and
south—-north extent from 55°S to 80°N, while the Pacific 120 degrees and from 55°S to S0°N.
The extent of 55°S to 68°S is the Southern Ocean. The water depth H is taken to be 5000 m,
Both the Atlantic and the Pacific have 14 water columns with the same area in the horizontal
spatial discreteness, and the Southern Qcean is treated as a single water column. Ten
unequally spatial vertical layers are adopted. The northern and bottom boundaries are solid,
while the southern boundary is an exchange interface. Variables on the meridional plane are
arranged based on the Arakawa—C grid.

The circulation model is forced by relaxing the simulated temperature and salinity to the
prescribed values at the surface, and integrated over 4000 years from the ocean with a homo-
geneous and motionless state to reach the quasi—steady state. Results are used in the carbon
eycle model.

2. Carbon Cycle Model

The transport, distribution and storage of inorganic carbon are considered in the model.
The ocean is divided into the upper layer and the internal ocean. The upper layer is consid-
ered to exchange with the atmosphere. The atmosphere is treated as a well-mixed box
approximately. The exchange of carbon dioxide between the atmosphere and the oceans is
driven by their concentration (or partial pressure) difference. Therefore, the air—sea exchange
flux of CO, can be written as follows:

F,, =5,ApCO, = §,(pCO, (0) — pCO, (a)), (7

where pCO,{a) and pCO,(#) indicate the partial pressure of carbon dioxide in the atmos-
phere and the oceans, respectively, in which pCO, (0} can be calculated from the known tem-
perature, salinity, total alkalinity and total carbon dioxide (TC) (Xu, 1992} and pCO, (a) is
calculated on the basis of prescribed mixing ratic (ppmyv) of atmospheric CO, by assuming
the water vapor saturated air at the temperature of the surface water; S s is the exchange
coefficient of CO, at the air—sea interface.

Total carbon dioxide (7°C) in the oceans satisfies an advection—diffusion equation:
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where TC is zonally averaged.

I1I. RESULTS AND DISCUSSION
1. Naturaf and Bomb—Produced 1'C

Before the oczanic uptake of anthropogenic CO, is studied, the distributions of natural
and bomb-produced 'C in the oceans have been respectively investigated by using the dif-
ferent values of S, and K, to see the performance of the circulation model. Since the
dynamical equilibrium was reached between the atmosphere and the oceans before human
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perturbation, the content of atmospheric C can be used to force the oceans to obtain the
steady state distribution of "“C in the oceans. Under the forcing of atmospheric A™C = 0%,
the influence of different values of 5, on the distributions of Y in the oceans has been
extensively discussed for different flow fields (different vertical diffusivities). Through the
comparison of simulated results with the observations, it has been found (hat &, from
Broecker et al.’s equation (Broecker et al., 1985) and K, from the following equation are rea-
sonably good, thal is,

S, =0.01270¢ — 2.0), (9)

where W is wind speed at the height of 10 m above sea surface in units of m / s, and annual
mean wind speed data used here arc taken from Broecker et al. (1985), and

+9.5><|0*5
m

K =10x%x10""* arctan(4.0 x 10 ~(Z — 1000)), (10)

where Z is the depth in units of meter, so K, increases with depth from 0.6 cm? / s at the sur-
face to 1.45 cm® / 5 at the bottom.

Using the interaction of observed atmospheric '*C with the oceans and the steady state
results obtained by above parameter values, the mode] was integrated with respect to time to
study the penetration of bomb—produced ¢ into the oceans. Except for a large difference at
the surface layer of the Atlantic, there is a good agreement between the simulated resulis and
the GEOSECS observations. The difference at the surface layer is probably due to the model
driven by thermohaline circulation. Wind stress likely has some influences on the surface lay-
er. This further demonstrates that the present model is reasonable for the investigation of
oceanic uptake of CO,. The detailed results and discussion for *C distributions in the oceans
can be found in Xu et al. (1997).

2. Steady State Results

For the simulation of steady state TC, there is an important variable, that is,
pre—perturbation pCO, in the atmosphere, Ice core measurements show that during 1000
years before 1800, atmospheric CO, remained at the level of 280 ppmv with the variation of
no more than 10 ppmyv (Siegenthaler et al., 1988). Therefore, atmospheric pCO, of 280 ppmv
is used to force the carbon cycle model. The model is integrated for 7000 years to obtain a
steady state. Fig. 1 shows the difference of pCO, between the atmosphere and the oceans,
Negative values indicate the transfer of CO, from the atmosphere to the oceans, opposite for
the positive values, [t is obvious that the North Atlantic is an important sink of atmospheric
CO,, and the Southern Ocean is also a sink while the tropics and most areas in the subtropics
are the sources.

3. Perturbation

For the investigation of oceanic uptake of CO,, there are two ways including the pre-
scribed atmospheric pCO, as a force and the prescribed industrial sources with the combined
model of the atmosphere and the oceans. Here the year of 1790 is defined as the steady state
time, that is, initial time for the perturbation run. The steady state 7C is used as an initial
condition.
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Fig. I. Variations of ApCQ,{pCO,(s) — pCO,{(e)) with latitudes at steady state.
3.1 Prescribed atmespheric CO,

The atmospheric pCO, for 179019358 was from the Fig. 1 of Sarmiento et al. (1992). The
curve was plotted according to the spline fit to Siple ice core data. After 1958, Mauna Loa
annual mean data were directly used, in which atmospheric pCQ, in 1990 was 353 ppmv. The
absent data were supplemented in terms of linear interpolation and extrapolation. The pre-
scribed atmospheric pCO; for 1800—1990 is shown in Fig. 2.

Fig. 3 shows the variations of JApCO, (relative to steady state, ApCO,
(1990)-ApCO, (1790), where ApCO, = pCO, {0} — pCO,(a)) with latitude. Negative values
indicate that the oceans are a sink of atmospheric CQ,. Compared with Fig. 1, it can be
known that the source in the tropics and subtropics is decreased while the sink in the mid—
and high latitudes is increased. Fig. 4 shows the penetration of anthropegenic €O, into the
oceans. [L can be seen that CO, mainly enters the oceans from the high latitudes of the North
Atlantic. Because of strong convection, CO, almost penetrates into the bottom of the oceans.
1n the Southern Ocean it reaches the depth of 2000 m, whereas in the other areas it reaches the
depth of only about 1000 m.
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Fig. 2. Atmospheric pCO, for 1800-19%0,

L 0 .&4@2"“4"-1 A

|



No.3 Xu Yongfi and Wang Mingxin 375

O T r T T T T 7 T 7T

= ]

o —107

2

0 20

2 . .

4 ] -- Pacific _‘

© Atlantic

_30 T 1T 7 17 17 1 v 75§11 T 71

—-80 —40 0 40 80

latitude (deg?

Fig. 3. Yariations of 84 pCO, (ApC0,(19%0) — ApCO, (1790})) with latitudes.
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Fig. 4. Disteibutions of excess carbon (TC(1990)- TCLIT90)) in the Atlantic () and the Pacific (b}
in units of gmol 7 kg,

Because the model does not include the Indian Ocean, the model ocean is much smaller
than the real world ocean. Here the weighted flux of CQ, from the Atlantic and the Pacific is
used to represent the one for the global ocean to calculate the oceanic uptake of CO,. An area
of 3.52 x 10%*m? for the global ocean is used. Table 1 lists the comparison of the modelled re-
sults with those from other models (Sarmiento et al., [992), Here the airborne fraction is de-
fined as the ratio of the amount (3 X, of the accomulated COQ; in the atmosphere to )’
X, plus the amount (¥, X,) of oceanic uptake of CO, for the period of ¢ to 5, that is:

X,
AFG) —ty)=F"— {1
2, +X,)

Ll

where X, and X, indicate the accumulating rate of CO, in the atmosphere and the rate of
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oceanic uptake of CO,, respectively. It can be seen from Table 1 that our model takes up less
CO, than the box model and 3D model. The differences with BD and 3D are about 16% and
4% for the period 1790-1980, respectively, Except that wind—driven circulation has likely an
impact on the oceanic uptake of atmospheric CO,. the extrapolation of {iux for the calcula-
tion of global uptake probably causes some differences. The Southern Ocean may be
underestimated because the model treats it as only one single column.

Table 1. Airborne Fraction (Prescribed Atmospheric pCO;)

Model
BD 3D(GFDL) This work
Period
1790~ 1980 0.510 0.582 0.607
1959-1983 0.581 0.642 0.636
1930- 1989 0.63 0.644

3.2 Industrial sources

Industrial sources from 1860 10 1984 were based on the energy consumption (coal, oil
and gas) and cement preduction (Rotty, 1981; Rotty, 1987), while from 1790 to 1860 the
sources were obtained by extrapolation of emission data of 1800-1900 in terms of exponential
function. The data from 1984 to 1990 were from the IPCC report (Houghton et al., 1992). The
industrial sources (3,) for 1800-1990 are shown in Fig. 5.

Using the industrial emission rate of CO; in Fig. 5 and a coupled model of the atmos-
phere and the oceans, the model is integrated from the steady state. Fig. 6 shows the evolution
of simulated atmospheric pCO,. It can be seen from the comparison of Fig. 6 with Fig. 3 that
the values of simulated pCO, are smaller than the observations, indicating that the CO, in the
atmosphere is not merely from industrial sources. The marginal airborne fraction AF,, is de-
fined by ihe ratio of the amount of the accumulated CQ, in the almosphere 1o the amount of
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Fig. 5. Industrial sources for 1300—199).
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industrial emissions for the period of ¢; to ¢,, that is:

XX,
AF, {1, — 1) =2—. (12)

L]

xS,

AF,, in Fig. 6 (relative to 1790, that is, 1, = 1790) decreases with time from the value of
0.84 in 1800. This is due to delay effect of oceanic uptake of atmospheric CO,. Aboul 50 years
later, the variation of AF,, is relatively small, between 0.71 and 0.64. In 1990, AF,, is 0.66.
Table 2 gives the results and those from other models (Sarmiento el al., 1992) for the different
periods of time. The so—called observation in Table 2 is the ratio of the increase in observed
atmospheric CO, from Fig. 2 to the industrial sources. The observation value larger than the
simulated one demonstrates that the CO, in the atmosphere is not only from the industrial
sources, which means thal a non—industrial source exists. On the contrary, an extra sink is
needed. The results in Table 2 are quite similar to those in Table 1. The airborne fraction from
our model is larger than that from the box model or 3D model (GFDL), indicating that our
model has the smaller capability of taking up CQ, than other models. In fact, the differences
with 3D model (GFDL) and box model are about 4% and 8% (1790-1980), respectively,
which are not large. This further confirms the important role of thermohaline circulation in
the ocean.

Table 2. Marginal Airborne Fraction (Prescribed Industrial Sources)

Model BD IDMGFDL) ID(Humburg} This work Observation
Period
L790—- 1980 0.612 0.638 0.662 0.775
1955-1975 0.66 0.672 0.68 C0679 0.566
19591983 0.625 0.666 0.677 0.578
19801989 0.658 0.558

In general, the airborne fraction is always lower in simulations forced by a prescribed
atmospheric CO, than that in simulations forced by a fossil fugl CQ;. The main explanation is
due to the early biospheric input (Sarmiento et al., 1992). Effect is much larger in BD models
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Fig. 6. Variations of sitmulated atmospheric pCO, and marginal airborne fraction with time.
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than in 3D models and our models. For the period 1959-1983, the difference between using
the prescribed atmospheric CO, and using the industrial sources in our models is 0.055, com-
pared with 0.102 for BD models and 0.056 for 3D models. It has been explained that the dif-
ference in behavior between BD and 3D models results from the simplification of BD models
(Sarmiento et al., 1992). The difference between our models and 3D models is very small,
which implies that the 21} thermohaline circulation models can basically maintain the most
important features of 3D models.

4, Estimate o f Non—Industrial Sources

It can be known from the above discussion that an additional sink or source is needed
besides the industrial source and oceanic sink in order to balance carbon budget. To identify
(he evolution of this sink or source, here a simple calculation is made, that is, the atmospheric
CO, increasetoceanic uptake (from the results of prescribed atmospheric pCO,)-industrial
emission. The results are shown in Fig, 7. It can be seen from Fig. 7 that pre—-1860 a small
non-industrial source (S,) exists, and that at about the end of nineteenth century and eatly in
the twenticth century the emission reaches a maximum, whereas after 1940 the curve fluctu-
ates strongly and displays negative and positive values, a main reason of which is referred to
the data used in the model. Atmospheric CO, increases quickly and interannual variation is
large but the data used are annual mean values. In general, after 1940, the increase of CO; in
the atmosphere plus oceanic uptake is smaller than industrial emissions. This demonstrates
that after 1940 there is an unknown sink for the present carbon cycle model. For the period of
1790-1990, on the average, besides the industrial sources, it needs a net non—industrial source
with a total carbon amount ol 45 GtC (10" g of carbon). It is generally considered that this
non-industrial source is the terrestrial ecosystem, which is mainly due to the land-use
change. These conclusions are basically in agreement with those [rom the box model by
Siegenthaler and Oeschger (1987) and from 3D-OGCM by Sarmiento et al. (1992).

From 1958 to 1990, there was a good record of atmospheric CO,. For this period, at-
mospheric increase plus oceanic uptake is smaller than the industrial emission. In order to ex-
plain this industrial source, the oceans would take up more carbon dioxide or there would be
another sink with an equivalent order. Furthermore, the emissions frem the land—use change
must be explained. Therefore, the atmospheric increase plus oceanic uptake cannot explain
the carbon amount from the industrial source and land~use change. In order to balance the
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Fig. 7. Variation of non—industrial sources with time.
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global carbon budgel, besides the oceanic sink, an additional sink is needed, which is so called
“missing sink”, At present, il is generally thought that the “missing sink” is in the terrestrial
ecosystem. The likely explanation includes the carbon dioxide fertilization, nitrogen fertiliza-
tion and climatic feedback, which still needs to be further studied.

IV. CONCLUSION

Using a zonally averaged thermohaline circulation model, it is found that the depth—de-
pendent vertical diffusivity and the exchange coefficient from Broecker et al.’s equation can
make the simulated results of natural and bomb-produced '*C reflect the observations well
by several numerical experiments. The chosen values of parameters are used for the
simulation of the oceanic uplake of carbon dioxide emitted by human activities. The steady
state of TC is obtained by a forcing of atmospheric pCO, of 280 ppmy in 1790. The results
from the prescribed atmospheric pCQ, show that the oceans take up 36% of anthropogenic
emission of carbon dioxide for the period of 1980-1989 while the results from the prescribed
industrial emission rate show a marginal airborne fraction of 0.66 in 1990. Some results from
the comparison of these two methods are helpful for the further investigation of the role of
terrestrial ecosystems in the global carbon cycle.
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