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ABSTRACT. Marine transport of inorganic and organic carbon is
simulated by means of a computer model in which the oceans are
divided into a high and low latitude region. Water transport
(and with it carbon transport) is reproduced 1) as downwelling
of surface waters at low latitudes, and 2) in general,as
different depth-dependent turbulent diffusion ip,both deep-sea
regions. The model is calibrated with pre—b??b C and1xa1ida—
ted against perturbations of total carbon, C/C~ and  'C/C-
ratios; it is compatible with carbon release from fossil fuels
and from biogenic sources.

INTRODUCTION

In view of possibly serious climatic consequences of in-
creased atmospheric CO, (greenhouse-effect), efforts have been
made to model the cycling of carbon through the global environ-
ment. The reliability of a simulation model is increased
according to the number of independent observations it can
verify. A major problem is whether the terrestrial biota are
to be regarded as a source or a sink for additional atmospheric
CO,. The model presented here has been developed to account for
at least part of an additional CO, input into the atmosphere
resulting from forest destruction”and desertification.

ATMOSPHERE AND BIOSPHERE

The model atmosphere is subdivided into tropospheric and
stratospheric parts. The total atmospheric CO_, content in the
initial stationary state was taken to be 608Gt C (£ 285ppm).
Exchange between the two atmospheric compartments is linearly
donor-controlled with a stratosphere-to-troposphere exchange
time of 2 years (Machta, 1973). Data for fossil fuel input
into the troposphere is taken from Rotty (1981) f 3 the time
period 1860—197§4(Fig 1). Natural production of = C in the

stratosphere (P a (t)) is assumed time dependent according to
the variation of%Ka indices (Stuiver and Quay, 1980):
o -5
P (6) = P + (0.43 - 0.024 - Aa) & (1a)
nat o NA
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Tig 1. A((Sl?’c) in response to total carbon inputs into the troposphere

(solid lines

.... = fossil fuel release

0000 = net biogenic input as introduced into the model calculations
(Fb,net)

eeee = total biogenic release (Fb,tot)

OOO: 2 - Fh net as estimated in Kohlmaier et al (1981)

O : earth's surface 5.1'1018cm2, 0: 31.6f]06sec/a, N

A?ggadro's numbe 14 14
PO : stationary C production. The bomb C production (P, (t))
is taken from Killough (1980). The total ' 'C production is then

P14 14 . P14

(t) = Pnat(t) b

A:

(t) (1b)

Since the description of the oceanic part of the global
carbon cycle is our primary concern here, only a summary of the
terrestrial biosphere part will be given (see Kohlmaier et al,
1981, for details). The terrestrial biota are subdivided into
five major biomes (tropical forests, tropical grasslands, extra-
tropical forests, extra-tropical grasslands and deserts) each
consisting of living biomass and humus. In order to model
regrowth of cleared forest areas, the living biomass of these
biomes was further subdivided into 20 compartments that extend
over varying areas each representing a certain growth state.
Under such assumptions we can model a steady state for a
constant forest clearing rate. The total amount of CO, released

through the perturbation of the biota is Fb tot’ the net flux
b
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to the atmosphere resulting from deforestation (F net) is then
given by the difference between F and the ne%’ecosystem

production (F ) (fig 1). b, tot

b, NEP

Non-tropical forests are assumed to be affected by wild-
fires and clearings, whereas tropical forest areas are diminished
by commercial clearings and increased permanent agriculture.
Tropical forest areas cleared for shifting cultivation are
assumed to be regrown, and soil erosion and charcoal formation
are accounted for (Buringh, 1979; Seiler and Crutzen, 1980).
Former model calculations (Kohlmaier et al, 1981) yielded a
total net biospheric input of ca 2Gt C/a during 1980. Best
agreement with the measured atmospheric '~C data is obtained,
if 50 % of this input is introduced into the model calculations.

OCEANS

The model ocean consists of two regions of high (c) and low (1)
latitudes, respectively (fig 2).
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Fig 2. Compartments and fluxes in the atmosphere-ocean-sub-system of

the carbon cycle model

1 = ocean region of warm surface water or low latitudes

¢ = ocean region of cold surface water or high latitudes

s = surface ocean compartments

d = deep sea

Foeds Fbld = sinking of biogenic matter and dissolution in the high
and low latitudes deep sea, respectively

Fhe1l = horizontal flux due to water mass movement

W W o= sinking and upwelling velocities

KC, K, o= eddy diffusion constants in the deep sea of high and low
latitudes, respectively



462 Oceanography

The subdivision represents 1) different CO, uptake behaviors

of cold and warm surface waters resulting In a net flux of CO
from equatorial oceans via the atmosphere to high latitudes
surface waters, 2) different turbulent diffusivities in each
deep sea region, 3) advection, i e, the sinking of cold surface
water of high latitudes which spreads into low latitudes in the
deep sea where it upwells. The surface water compartments are
connected by fluxes in either direction, the difference of
which corresponds to the net deep circulation of water masses.
In the computer model it is possible to set the boundary
latitude between the two ocean regions alternatively at either
40, 50, or 60°N and S, respectively, but only one model with an
ocean subdivision at 40° is presented here. This model structure
does not take into account that regions of deep water formation
are rather restricted, nor does it show that at least part of
the surface water that sinks is not derived from horizontally
admixed surface water but from deeper layers and thus ¢qn only
pa;t}al}y reach .isotopic equilibrium with atmospheric c/c

an Cc/C.

The depth of both surface compartments is chosen as 75m.
The depth interval from 75 to 1000m has been subdivided into
37 compartments in each region, each extending over a depth of
25m. The deep sea from 1000 to 6000 m is represented by 10 com—
partments 500m deep in each region (Oeschger et al, 1975) . The
volume of each compartment in either region is determined from
the hypsometric curve according to Menard and Smith (1966).

Exchange between atmosphere and oceans is proportional to
the respective CO, partial pressures:

2
Ftc - Gc/vm'pt Fct - GC/Vm.pcs (2a,b)
Fip = 61/ Py Fip = 6/Vy Py (2¢,d)
Vm: olar volume, 0.0224m3/m01e, G, G,: total gas exchange (in
m~/a) in either ocean region, where GC + G1 = G.

The CO, partial pressures in the surface ocean compartments
are calculafed from the corresponding LC considering the
chemical equilibria which determine the pH in surface waters
(calculation procedure, see Bacastow, 1981). Temperatures of 11
and ZSOC, respectively, in either surface compartment directly
influence solubility and other equilibrium constants.

. 13 14 . .

Fluxes of 1sotopes C and C from compartment 1 to Jj are
generally formulated as
SN T
ij ij "1 ij ij

_oA 1
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13 . . 1
a.. = corrected fractionation factor for
H 13 13
ratio of mole numbers n ~/n or concentrations ¢ ~/c (n and ¢
refer to total carbon)

3C; Q13 = isotopic

Q14 = isotopic ratio for 14C/C from fractionation corrected
2" values: o' = (a'%c/1000 + 1)‘Q;id
Q;id = 1.176-10_12 (Karlén et al, 1964); Fij = total carbon flux

u?? is derived from a!? according to
1] 1]
13 _ 13,0, . 13,13
aij = uij/{1 (1 aij) Qio] (4)
0 = stationary state. u1% and a13 are calculated according to
Vogel, Grootes and Mook (1970), yielding corrected values of
0.99837 and 0.99842 for high and low latitudes, regpectivelgi
Considering isotopic equilibration among CO,, HCO. and CO ,
as given by Emrich, Ehhalt and Vogel (1970); leads to valués
13 13
for uct (0.98872) and alt (0.99028).
Variation of total carbon content (in mole numbers n) in
deep-sea compartment, i, of either region is described as:

ncd(i) - Fad,c(i) N Fad,c<i+1) - icl(i)

T Fairr, ) ¥ Fappp, o FD * Fy g (5a)
I;1d(i) = Fag, 1) = Fg 0+ Fp g )

*Paipr, 1D T Fagep 1 () F Fyp g (3b)
Vertical advection fluxes are denoted by F horizontal fluxes

b
being icl; are turbulent diffusion ??uxes and F
represent the transport of biogenic matter to the deep sea and
its subsequent dissolution. Indices, i, refer to the upper
boundary of compartment, i. The individual fluxes are
Flg o) =w,{) ccd(1—1) Pad,l(l) =W () ey () (6a,b)

ad, td

(i) = N, (1) = W G+ e () (6c)

(1) =k 0, h(i) Kc(i)[ccd(i) - ccd(i—1)]/Az(i) (6d)

icl

Faifs,c
Fdiff,l(l) = (=)0 h(i) K (D) [e (1) - ¢ gi-n1/az(G) (6e)
wdii) is the water mass passing through the upper boundary area
0 h(i), such that W. (i) = k 0O h(i) w (i) = (1-k) OS h(i) wl(i)
where K is the ratio of high Tatitudes region to total ocean
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surface area (0.332); w (i) and w, (i) are downwelling and up-
welling velocity, respectively. K (i) and K, (i) are turbulent
diffusion constants. The boundary conditions for the two bottom
compartments are:

wd(i+1) =0, Kc(i+1) =0, Kl(i+1) =0 (7a-c)
The related differential equati?gs for 13C and 14C differ sig-
nificaqgly in two ways: 1) for C, the decay term An_ (i)
and An, ,(i) must be added, 2) the isotopic composition of the
biogenic flux is always assumed proportional to the respective
biotic isotopic ratios.

The time behavior of the surface compartments can now be
described by:

ncs - Ftc - Fct * Flcs - Fcls N Fad,c(1> * Fdiff,c“) - chb
Ng = Fo T Fe F Fags T Fres t Faa, 1t Faiee 1 (D 7 Frgy
(8a,b)
where F and F denote the horizontal fluxes connecting the
surface c%mpartme%ts.
Fcls - wcls s Flcs - wlcs “1s (9a,b)
wlcs h wcls - wd(1) (9¢)
Fosb = f Frea ) Fleb = f Fpa) (9d,e)

According to equations (5a,b) and (6a-e), the concentrations

for the stationary state (n 40 = n = 0) in compartments

(i-1) can be derived from the stationary concentrations in
compartments i gnd (i+1). Under consideration of the additional
decay term for C analogue equations yield the stationary
concentrations for the rare carbon isotopes. From boundary
conditions (7) follows that, once a set of bottom concentrations
for each of the state variables is given, all stationary deep-
sea and surface-ocean compartment concentrations can be com-—
puted subsequently.

The calibration of the model deep-sea proceeds as follows:
1) D?Rth—dependent functions for W,(i) and K (i) are1issumed.
2) A C(47) 1is varied so that a certain valﬁe for A C

Ego 1s0
results.
3) Fb d(%% is varied to reproduce data for c 4 (z).
4}3 c4s OC(47) is varied in such a way thaf he resulting
6CSOC fai?s within the range of 1.5-2.57%o0.
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5) K, (i) is determined for each compartment separately by vary-
ing }Es numerical value to agree with a prescribed depth profile
of AldOC(i) (fig 4).
6) F 1d(i) is varied to approx%wately reproduce c¢ do(i) which
may ?ead to major changes in AldOC(i) so that 5) %as to be
repe?ged. 13
7) & 7,C(47) is varied to reproduce a prescribed .- C(i) depth
C?O 140
profile.
1) W,(z) is assumed a function with two inflection points,
one at 1080 and one at 4000m, reflecting both intermediate and
deep water spreading into the low latitudes deep sea. Equal
volumes of intermediate and deep water are formed per unit time.
A value of 158v for the deep-water formation is adopted here
which is on the low end of the respective estimation range
(Dietrich et al, 1975; Arons and Stommel, 1967; Weiss, Ostlund
and Craig,1%9§9; Broecker, Peng and Engh, 1980). On the whole,
30Sv (2 10 "m™/a) are assumed to sink down in high latitudes
resulting in an upwelling velocity of ca 5m/a in low latitudes
just below the surface compartment.

Kc(z) is described by
Kc(z) = 105m2/a + exp(-z/500m) (10)
yielding a depth-averaged Ec = 8330 mz/a,

2) As disc*zsed below, the model requires the assumption
of a value of A~ .C = -3570. This can be explained by the fact
that the model ddes not allow for relatively "old" high-lati-
tude deep water to upwell and become part of the surface water
in this region.

3) ¢ (z) is taken from Takahashi, Broecker and Brainbridge
(1981, tag?g S-14, GEOSECS Antarctic data). A mean watgr density
of 1.026g/cm” was used to convert mmoles/kg to moles/m”. Fbcd(i)
and Fbld(i) are normalized exponential functions (table 1),

4) A stationary value of 613 OC = -20 %, is used.

5) A14 C(i) for the depth rgﬁée from 1000 to 6000m is cal-
culated as an area weighted mean of the GEOSECS data (Stuiver,
Ostlund and McConnaughey, 1981) for the Atlantic and Pacific
ocean (50°N to 50°S). These layers are probably, ]eft essentially
unaffected by perturbations of the a?wospheric C/C ratio.

From the pre-industrial values for A C estimated by Stuiver
(1980) (-40%o0) and determined from co%als (Druffel and Linnick,
1?18) (=507%0) the average of —45%0 is adopted here. To obtain
AldOC(i) for 75 to 1000m depth, a smooth curve connecting the
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TABLE 1. Transfer coefficients of deep-sea model for 75 and

1000m
z gc 2K1. Y1
(m) (m”/a) (m”~/a) (m/a)
75 100,000 8000 5
1000 16,500 800 3.1
F.gp = 246t C/a 757 NPP
Flsb = 8.4Gt C/a
6000m
Z=1oéom Fbcd(z)dz = 1.25Gt C/a
6000m 3.3% NPPOC
/  F,. . (z)dz = 0.18Gt C/a
z=1000m °1¢

NPP : marine net primary production (De Vooys, 1979: 43.5GtC/a)
257 NPPOC are dissolved in the surface ocean.

A14 C values of the lower layers with A14 C is constructed.

T%gg curve can be varied %2 obtain a K %?9 distribution that
best reproduces the bomb C input into the thermocline.

6) < O(Z) is taken as an area weighted mean of the data
of Takahasﬁl, Broecker and.Bainbridge (1981). As in 3), a mean
water density of 1.026g/cm” is used. 7) According to Craig
(1970), a mean § 1 C = -15%0 is inserted, which means that ca
30% of the disso?vgg material is CaC03.

The stationarXastate assumption for the entire ocean with
respect to LC and  C is then used in calibrating atmosphere
ocean exchange:

0= G/Vm.paO B GC/Vm.pcsO B Gl/vm.plso (11a)
_ A 14 _ A1E _ A1 _ 14
0= G/Vm QtO Pao0 Gc/Vm QcsO Peso Gl/vm Q180 P1s0 Anoc,O
(11b)
14 . 14 . .
(nOC 0° total stationary = C inventory in the oceans)
bl
Because of G = G, + G.» equations (11a,b) yield:
_ U LN R _ 14 _
G = Vm A noc,O {QtO Pa0 [QCSO (plsO paO)pCSO
14 -1
* leO (paO pcsO)plsO]/(plsO pcsO>} (12)

The water mass transport from low %2 high latitudes is calcula-
ted using a stationary state for noot
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_ oo 14 - 14 14
wlcs B {FctO FtcO KOs h(1)/bz (1) Kc(1) [Ccd0<1) CcsO]
14 14 14 14
A Tes0 * csb}/(clsO N CCSO) (13)
Since p S and p <0 are essentially unknown, an iterative pro—
cedure %eginning with arbitrary values for p _ and p is

employed to obtain stationarity for atmosp?gré and surfgce

ocean compartments with respect to ZC and ' 'C. The entire at-

mosphere-ocean model is they run without perturbation for 360

years to yield stationa C/C ratios which may also slightly
ift .

shif P50’ Pls0’ and AO C values

The calculated atmosphere ocean exchange time T = 6.7a
corresponds to a stationary exchapge flux of 90.9Gt a or a
mean CO, exchange of 20.9 moles/m”/a. The value for T given
here is"to be compared with 5 to (15+5)a (Broecker and Peng,
1974; Oeschger et al, 1975; Peng et al, 1979), the center of
estimates being between 6-8a. For the stationary state
F - F = 3.9G6t C/a is calculated.

1t0 t10

TABLE 2. Quantities related to atmosphere-ocean-exchange

Piso = 242ppm Plso = 302ppm

e = 26Gt C/a Ft10 = 64.9Gt C/a

FCtO = 22.1Gt C/a FltO = 68.8Gt C/a

Tig = 5.7a Tos = 6.7a

Woo=0.179-10"m%a  w. = 1.309-10"%03/a
cls lcs

RESULTS AND DISCUSSION

As stated above, the atmospheric initial partial pressure
and the biospheric input were13chosen to reproduce the tropo-
sheric partial pressure and § ~C. The average CO, partial
pressure as measured at Mauna Loa and at the Sou%h Pole (Ba-
castow and Keeling, 1981) was 316ppm in 1959 and 334.3ppm in
1978. The model calculations yield values of 314.2ppm for 1959
and 337.1ppm for 1978. Whereas the measured average airborne
fraction with respect to fossil input was 49.3%7, the airborne
fraction as obtained from the model is 42.2%. For the entire
calculation (1860-1980), an airborne fraction of 49.6% results.

6]3C shows a difference of -0.57%0 between 1956 and 1978
which Is within the uncert §nty range of (-0.65 + 0.13)%0 "as
obtained from atmospheric C measurements (Keeling, Bacastow,
and Tans, 1980) 3Clearly, the biogenic model input can be in-
creased for A(S§_7C) to closer approach -0.65%0 for the period
in question, buf then agreement with the atmospheric CO2 par-
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*/ee 1000 1

Fig 3. aléc in troposphere (A,IZZ'D) and low latitudes surface ocean
(AMC) in response to bomb l4c input (solid lines); envelopes of
sigfificant data for the troposphere (....) and for surface ocean
(- - - =) (Nydal, Lovseth, and Skogseth, 1980); coo = coral measure-
ments (Druffel and Linick, 1978).

tial pressure data would be decreased. The A(613C) for the
period 1860 - 1940 is —0.48%0 which neither agrees with
Freyer's (1979) tree-ring measurements (-1.6%0) nor with
Francey's (1981) (0%0).

The model response, to the 14C bomb input is shown in
figure 3, which shows A 'C in the troposphere and the low la-
titudes surface ocean as calculated. The agreement with data
observed for the troposphere seems good although the12alcula—
ted values lie at the lower end of the data range. A, C is
significantly lower than the coral measurements. In view of
the broad band of data, however, higher reli? ility cannot be
expected. In general, the model response to C perturbations
is characterized by a more pronounced relaxation than is ob-
served. This may be explained by, at least, one of the follow-
ing: 1) K is assumed too large; 2) in contrast to the real
ocean, coTd surface water is described as attaining nearly
perfect isotopi?hequili?gium with the atmosphere,12hereby
taking up more 'C and ~C than observed; 3) the ~'C bomb in-
put, as estimated by Killough (1980), is too small. 1) and 2)
lead to an overemphasized uptake capacity of the high latitudes
deep sea.
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Fig 4. Depth distribution of A14C in low latitudes for a stationary
stage (solid line) and for the year 1973 (_._. .) as compared to
averages of the GEOSECS data (Stuiver and Quay, 1980) (,’ , ).

The behavior of bomb 14C in the low latitudes deep sea as
calculated from the model is given in figure 4; the agreement
with the GEOSECS ?Zta for 1973 seems good.1Zhe Suess effect is
calculated as A(A 'C) = -18.6%0 in 1950 (A C = 0.6%0) which
should be compared to the results of tree-ring measurements of
=21%Zo (Lerman, Mook, and Vogel, 1970) and ca -23%0 (De Jong
and Mook, 1982).
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