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ABSTRACT. Claims that forest cutting (luring the last few decades has contributed 
significantly to the buildup in atmospheric CO2 have cast doubt on the validity of 
models used to estimate CO. uptake by the ocean. In this paper we review the existing 
models and conclude that the box-diffusion model of Oeschger and his co-workers 
provides an excellent fit to the average distributions of natural and bomb-produced 
radiocarbon. We also take the first steps toward a more detailed ocean model which 
takes into account upwelling in the equatorial zone and deep water formation in the 
polar zone. The model is calibrated using the distribution of bomb-produced and 
cosmic ray-produced radiocarbon in the ocean. Preliminary calculations indicate that 
the fossil fuel CO2 uptake by this model will be greater than that by the box-diffusion 
model of Oeschger and others (1975) but not great enough to accommodate a signifi- 
cant decline in the mass of the terrestrial biosphere over the past two decades. 

INTRODUCTION 

Two problems of interest to this conference require models of the 
carbon cycles operating at the earth's surface. 1) The prediction of future 
atmospheric CO2 levels based on fossil fuel use scenarios. 2) The decon- 
volution of the zr4C changes for atmospheric CO2 (reconstructed from 
measurements on tree rings of known age) to yield the temporal history 
of the production rate of radiocarbon. 

The purpose of this paper is to review the status of existing models 
and to propose a strategy through which these models might be im- 
proved. In a sense, this paper is an update of the review of carbon cycle 
models published by Broecker and others (1979). 

The secret of successful geochemical modeling is to mimic the im- 
portant natural processes employing only transport parameters whose 
values can be reliably estimated. As our ability to pry loose the secrets 
of nature's kinetics has proven rather limited, the models we use are, by 
necessity, rather simple. 

Figure 1 shows five important earth surface carbon reservoirs nor- 
mally identified for the purposes of this modeling: 1) the atmosphere, 
2) the ocean, 3) the terrestrial biosphere, 4) soils, 5) sediments. 

Although the sedimentary reservoir contains the vast majority of the 
carbon, it does not play a significant role in the models currently in use. 
The reason is that the rate of transfer of carbon between this "passive" 
and the other four "active" reservoirs is quite small compared to the 
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566 Oceanography 

rates of cycling of carbon among the four active reservoirs. With one 
major exception the assumption is made that the transfer of carbon to 
and from the sedimentary reservoir is sufficiently small and sufficiently 
constant that the distribution of carbon between this passive reservoir 
and the composite of the four "active" reservoirs remains constant dur- 
ing the course of any of the perturbations of interest to modelers. The 
exception is, of course, the burning of fossil fuels which involves a trans- 
fer of sedimentary carbon to the atmosphere. 

The current sizes of the atmospheric and oceanic carbon reservoirs 
are accurately known; that of the living biosphere and of the soil reser- 
voir are known, respectively, to about 25 percent and 50 percent. 

The rate of transfer of carbon between the ocean and atmosphere is 
known to about ±20 percent. The rate of transfer between the atmo- 
sphere and terrestrial biosphere is known to perhaps ±50 percent, while 
that between soils and the atmosphere is little more than an educated 
guess. 

For most modeling applications the four active reservoirs must be 
subdivided. In the case of the atmosphere, the stratosphere must some- 
times be treated as a separate reservoir. It constitutes about 15 percent 
of the atmosphere and is ventilated with tropospheric air on the time 
scale of about five years (Machta, 1972). While for most applications this 
distinction can be neglected as discussed below, in the case of the bomb 
14C inventory the separation is important. At a minimum the terrestrial 
biosphere must be divided into at least two sub-reservoirs: wood and 
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Fig 1. Diagram showing the five major carbon reservoirs named in the text. The 
amounts of inorganic (upper number) and organic (lower number) carbon in each 
reservoir are given by the heavy type face numbers (in units of 1015 moles). The fluxes 
between the reservoirs are given by the light type face numbers (the units are 1014 

moles/year). 
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other living organic matter (small plants, and tree rootlets, bark and 
leaves). The former has a long response time (''30 years) and the latter 
has a short response time (<2 years). The soil reservoir should also be 
subdivided. Unfortunately, our knowledge of the replacement time of soil 
components is too primitive to permit a meaningful division (see Schle- 
singer, 1977, for a discussion of this problem). Much of the discussion 
which follows will be devoted to strategies for developing adequate sub- 
divisions of the ocean. 

To be acceptable, any model of the carbon system must adequately 
reproduce the following observations: 1) the distribution of natural 
radiocarbon, 2) the distribution of fossil fuel C02, 3) the distribution 
of bomb-produced 14C. 

As shown below, we have now gathered enough information regard- 
ing the distribution of these tracers to make this test a rather demanding 
one. 

The majority of the modeling done to date has been carried out 
using the three box atmosphere-ocean model of Craig (1957) or the box- 
diffusion model of Oeschger and others (1975). In the former, the ocean 
is divided into a well mixed surface and deep layer. In the latter, the 
well mixed surface layer is coupled to a deep layer through which ma- 
terial is transported by eddy diffusion. Both models employ well mixed 
atmospheres that interact with the well mixed upper ocean box by gas 
exchange. In both models the oceanic mixing parameter is chosen to fit 
the distribution of natural 14C within the sea (ie, the between-box trans- 
fer rate in the 3-box model and the vertical diffusivity in the box-diffu- 
sion model). In the box-diffusion model the thickness of the surface layer 
is taken to be that of the actual wind mixed layer (average thickness, 
75m). In the three-box model the surface layer has been given thicknesses 
ranging from 50m up to 500m. The rationale for adopting a thicker 
layer is that the midpoint between the temperature of surface water and 
that of deep water at any given place in the ocean ranges from 200 to 
600m. While this choice has only minor consequences in the original ap- 
plication of the three-box model (ie, establishing the mean ventilation 
time for the deep sea based on '4C data) it is important in connection 
with response of the model to the fossil fuel and solar induced transients. 

It is our conclusion that for the applications mentioned above the 
box-diffusion model is superior to the three-box model. Our reason is 
that the diffusion model reproduces the general depth distribution ob- 
served for bomb-produced tracers within the sea without resorting to an 
arbitrary thickening of the surface mixed layer. We were also influenced 
in this decision by the observation that the diffusivity which yields the 
proper deep water 14C age in the box-diffusion model also yields the 
proper mean depth distribution of the bomb-produced tracer 3H. 

Evaluation of the box-diffusion model 
As stated above, the values of the two free parameters in the Oeschger 

and others model were chosen to match the distribution of natural radio- 
carbon (the mixed layer thickness of 75m is selected to match that ob- 
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Fig 2. Relationship between vertical diffusivity and mean penetration depth of 
tritium in 1973 as calculated from the Oeschger and others model. The dashed lines 
show the mean penetration depth and corresponding diffusivity obtained from the 
GEOSECS tritium data. 

served in the sea). Subsequent work has verified the suitability of the 
values adopted for these parameters by Oeschger and his co-workers. A 
recent global survey using the radon method (Peng and others, 1979) 
yields an estimate of 16 moles/m2year for the mean CO2 invasion rate 
into the sea. This is somewhat smaller than the value of 21 moles/m2year 
adopted by the Swiss group. The vertical distribution of tritium in the 
ocean as obtained during the GEOSECS program can be used to make 
an independent estimate of the diffusivity. As summarized in tables 1 

and 2, the mean penetration depth of tritium (as of 1973) was about 
375m. Figure 2 shows the relationship between mean penetration depth 
and diffusivity for an Oeschger-type model (tritium is added to the sur- 
face ocean using the atmospheric delivery time history proposed by 
Weiss, Roether, and Dreisigacker, 1978). The value obtained in this way 
is 1.7cm2/sec as opposed to the 1.25cm2/sec value adopted by the Swiss 
group.1 

We do not mean to imply that the process of vertical eddy mixing actually 
occurs within the body of the main oceanic thermocline. Indeed, the values we require 
are an order of magnitude greater than those permitted by conventional oceanographic 
wisdom (see Garrett, 1979, for summary). The vertical eddy coefficients used here should 
rather be thought of as parameters that take into account all the processes that trans- 
fer tracers across density horizons. In addition to vertical mixing by eddies, these 
include mixing induced by sediment friction at the ocean margins and mixing along 
the surface in the regions where density horizons outcrop. 
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TABLE 1 

For each GEOSECS station at which tritium measurements were made 
the mean penetration depth of tritium was obtained by dividing the total 
water column tritium inventory (in units of TU-meters) by the mean 
mixed layer tritium content (mean of all measurements at depths less 
than 75m). The penetration depths marked with an asterisk are for sta- 
tions at which there is a sub-surface tritium maximum. The tritium 
measurements were made at the University of Miami (Ostlund, Dorsey, 

and Brescher, 1976; Ostlund and others, 1978). 

Mean 
Sta Surf 'H Inventory depth 
no. Lat Long TU TU-M M 

Atlantic >45°N 
17 74.9'N 1.U W W 5.1 
18 70.0°N 0.0° 7.3 
19 64.2°N 5.6°W 7.2 
11 63.5 ° N 35.2 ° W 6.6 
23 60.4°N 18.6°W 7.5 

5 56.9°N 42.6°W 7.8 
3 51.0°N 431°W 12.1 

Mean 1060 

Atlantic 45°N-15°N 
27 42.0 ° N 42.0 ° W 
29 36.0 ° N 47.0 ° W 

121 36.0 ° N 68.0 ° W 
120 33.3 

° N 56.5 ° W 
30 31.8°N 50.8°W 

117 30.7°N 39.0°W 
115 28.0 ° N 26.0 ° W 

31 27.0°N 53.5°W 
32 23.8 ° N 54.0 ° W 
33 21.0°N 54.0°W 
34 18.0°N 54.0°W 

Mean 700 

Atlantic 15'N-15'S 
37 12.0 ° N 51.0 ° W 
40 3.9°N 38.5°W 
48 4.0°S 39.0°W 
49 7.9 ° S 28.2 ° W 
54 15.0°S 28.2°W 

Mean 220 

Atlantic 15°S-45'S 
56 21.0°S 33.0°W 
58 27.0°S 37.0°W 
60 33.0°S 42.5°W 
64 39.0 ° S 48.5 ° W 
93 41.8°S 18.5°W 
67 45.0 ° S 51.0 ° W 

Mean 340 

Atlantic >45°S 
68 48.6 ° S 46.0©W 
91 49.6°S 11.5°E 
74 55.0° S 50.1©W 0.76 230 300 
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TABLE 1 (continued) 

Sta Surf 3H Inventory depth 
no. Lat Long M 

82 56.3°S 24.9°W 
76 57.7°S 66.1°W 
77 59.7°S 64.5°W 
89 60.0°S 0.0° 
78 61.0°S 63.0°W 

Mean 270 

219 53.1°N 177.3°W 
>45 ° N 

7.4 
218 50.4°N 176.6°W 
221 45.2°N 169.4°E 

M 310 ean 
Pacific 45N-15N ° 

217 44.6°N 177.0°W 
216 40.8°N 177.0°W 
222 40.2 ° N 160.5 ° E 
201 34.2°N 127.9°W 
202 33.1 ° N 139.6 ° W 
204 31.4°N 150.0°W 
212 30.0°N 159.8°W 
213 31.0°N 168.5°W 
214 32.0°N 177.0°W 
215 37.5°N 177.3°W 
223 35.0°N 151.8°E 
224 34.2 ° N 142.0 ° E 
225 32.6 ° N 161.9 ° E 
226 30.6°N 170.6°E 
347 28.5°N 121.5°W 
346 25.5°N 121.8°W 
227 25.0 ° N 170.1©E 
345 22.5 ° N 122.2 

° W 
228 19.0°N 169.4°E 
235 16.8°N 161.4°W 

Mean 490 

Pacific 15°N-15°S 
342 14.5°N 123.1°W 
231 14.1°N 178.5°E 
229 12.9°N 173.5°E 
237 12.5°N 165.4°W 
340 10.5°N 123.6°W 
238 8.2°N 167.1°W 
239 5.9°N 172.0°W 
337 4.8°N 124.1°W 
241 4.5°N 179.0°E 
336 3.0°N 124.4°W 
335 1.5°N 124.5°W 
244 1.0©N 178.9 ° E 
246 0.0° 179.0°E 
334 0.0° 124.6°W 
248 1.0°S 179.0°E 
333 1.5°S 124.6°W 
332 3.0°S 124.6°W 
331 4.6°S 125.1 °W 
251 4.6°S 179.0°E 
330 6.1°S 125.3°W 
328 9.3°S 125.5°W 
257 10.2°S 170.0°W 2.2 525 240 
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TABLE 1 (continued) 
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Sta Surf 3H Inventory 
Mean 
depth 

no. Lat Long TU M 

327 11.6 ° S 125.9 ° W 400 
326 14.0 ° S 126.2 ° W 425 
325 14.6°S 130.9°W 450 

Mean 225 

Pacific 15S-45S ° 

263 16.7°S 167.1°W 550 
316 18.8°S 126.6°W 550 
324 23.0°S 146.1°W 650 
317 23.6°S 127.2°W 725 
269 24.0 ° S 174.5 ° W 700 
310 27.0°S 157.1°W 707 
319 28.5 ° S 127.8 ° W 500 
306 32.8°S 163.6°W 500 
320 33.3°S 128.6°W 525 
278 36.5 ° S 179.6 ° W 650 
303 38.4°S 170.1°W 550 
321 38.6 ° S 129.4 ° W 400 
322 43.0 ° S 129.9 ° W 475 
296 45.0 ° S 166.6 ° W 550 

Mean 340 

294 50.6 °S 180.0 ° 
>45 S 

0.90 425 
293 52.7°S 178.1°W 675 
291 56.0°S 175.6°W 550 
280 56.0°S 170.0°E 425 
282 57.6°S 169.6°E 375 
290 58.0 ° S 174.0 ° W 310 
285 61.5°S 170.0°E 165 

Mean 475 

TABLE 2 

Summary of the mean tritium penetration depths as of 1973 for various parts of 
the ocean. The numbers in the right hand column are the product of the mean 
penetration for a given zone times the fraction of ocean area covered by the zone. 
The penetration depths for the Indian Ocean are taken to be the averages for 

the Atlantic and Pacific. 

Atlantic 
m 

Pacific 
m 

mean 
m 

ocean 
area 

to global 
mean depth 

m 

Antarctic (>45°S) 270 475 
South temperate (45°5-15°S) 340 340 
Equator (15°S-15°N) 220 225 
North temperate (15N-45N) 700 490 
North Pacific (>45 ° N) - 310 - 9 
North Atlantic (>45°N) 1060 - - 
Arctic (->70°N) - - 6 

Global mean 375 

https://doi.org/10.1017/S0033822200009966 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200009966


572 Oceanography 

As first shown by Suess (1955), the 14C/C ratio in the atmosphere 
decreased by 2.5 percent between 1850 and 1950 (subsequent measure- 
ments lie in the range 2.3 ± 0.3 percent). Suess attributed this decrease 
to the dilution by 14C-free fossil-fuel CO2. Stuiver (pers commun) con- 
cludes that the tree-ring-based estimate for the fossil fuel effect is a 
maximum, since part of the observed reduction must be due to a sun- 
spot-induced reduction in the production rate of 14C. As the amount of 
C02 added to the atmosphere as of 1950 was about 10 percent of the 
C02 present in the atmosphere at that time, the effective mass of carbon 
into which the fossil fuel CO2 molecules had been mixed must in 1950 
have been about at least four times the mass of atmospheric carbon. 
Models of the living terrestrial biosphere suggest that it could provide a 
carbon mixing mass about 1.0 ± 0.3 the atmospheric mass.2 Thus, the 
atmospheric and living biospheric carbon reservoirs taken together pro- 
vide a dilution factor of 2.0 ± 0.3. The contribution of the soil reservoir 
to the dilution is likely small as soil organic molecules on the average 
are replaced very slowly. However, if a substantial fraction (-l0 percent) 
of this reservoir turns over at a high rate (once every few years) a signifi- 
cant contribution ('0.3 atmospheric masses) would be made to the dilu- 
tion. Unfortunately, we do not have the information required to quantify 
the dilution by soil. 

In any case, it appears that the ocean must contribute at least two 
atmospheric carbon masses to the dilution pool. The Oeschger and oth- 
ers (1975) ocean model predicts an ocean dilution mass of four times the 
atmospheric value. Hence, it passes the Suess effect test. 

Druffel and Linick (1978) and Druffel (1980) have measured a de- 
cline of about 1.1 ± 0.2 percent in the 14C/C ratio in surface ocean water 
over the period 1850 to 1950 (ie, the surface ocean Suess effect is about 
0.45 ± .10 the atmospheric Suess effect). The Oeschger model predicts, 
as of 1950, a ratio of surface ocean to atmosphere Suess effect of .36 (this 
ratio is independent of assumptions made in connection with the bio- 
sphere and with regard to the contribution of the decrease in 14C pro- 
duction to the 14C decline). Again, the agreement is satisfactory.3 

Bomb tests carried out during the period 1954-1963 produced about 
700 X 1026 14C atoms. Measurements carried out in the troposphere pro- 
vide good inventories of the bomb 14C content of this reservoir over the 
entire period of interest from 1950 to the present. Machta (1972) pub- 
lished inventories of bomb 14C in the stratosphere for the period 1965 
through 1969. The GEOSECS survey provides an ocean inventory as of 

2 The mass of living biospheric carbon has been estimated by Whittacker and 
Likens (1975) to be 1.25 times the mass of carbon in the atmosphere. 

3 Nozaki and others (1978) made similar measurements on a coral from Bermuda. 
They give an oceanic Suess effect about three times larger than that found by Druffel 
and Linick (1978) or by Druffel (1980). However, their coral showed a large decrease 
in X14C from 1800 to 1860 followed by an increase from 1860 to 1900. Such changes are 
not expected and were not seen in the Florida Straits or the Belize coral. Whatever 
caused them may well be responsible for giving a false impression of the magnitude of 
the oceanic Suess effect. 
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1973. This information provides another series of checks for carbon 
models. 

The first such test is to determine whether the ocean bomb 14C in- 
ventory measured as part of the GEOSECS program is consistent with 
the model value. To check this, we have done the following. First the 
Oeschger and others model was run, using the observed atmospheric 
time history for Q14C during the "bomb" era (see fig 3). Second, inven- 
tories of excess 14C (over that in 1955) were determined for each GEOSECS 
station (see table 3). These values were regionally averaged and a global 
inventory was made. The result of the box diffusion model calculation 
using a diffusivity of 1.25cm2/sec and a gas exchange rate of 21 moles/ 
m2yr is 290 X 1026 atoms (for 1973). The observed ocean inventory was, 
at that time, 314 ± 30 X 1026 atoms (see table 4). 

The second test was to see whether the model yields a mean 014C 
value equal to the mean observed during the GEOSECS program for 
surface ocean water. As summarized in table 5, the observed average is 
160 ± 15% higher than that for the pre-bomb era. The box-diffusion 
model value for 1973 is 195%. The agreement is satisfactory. 

The importance of this second test is that it shows the ratio of the 
air-sea interface resistance to the vertical mixing resistance within the 
sea to be of the right magnitude. While a wide range of combinations of 
gas exchange rate and diffusivity could match the observed inventory, 
this range is greatly narrowed if a match of both the inventory and the 
surface value is demanded. Figure 4 shows the combination of gas ex- 
change rate and diffusivity which adequately reproduce both the inventory 
and surface Q14C. This approach restricts the gas exchange rate to the 
range 18 to 25 moles/m2yr and the vertical diffusivity to the range 1.9 to 
3.3cm2/sec. 

1965 

YEAR 
Fig 3. Atmospheric 14C as a function of time. The 1962-1975 portions of the 

curves are based on data by Nydal, Lovseth, and Gullikscn (1979). The early por- 
tions of the curves are based on published results by a number of laboratories. 
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TABLE 3 

Excess 14C inventories for the GEOSECS stations at which 'C samples 
were collected. The procedures used to calculate these excesses are de- 
scribed in Peng and Broecker (ms in preparation). The measurements 
upon which these estimates are based were made by Ostlund at the Uni- 

versity of Miami and Stuiver at the University of Washington. 

Sta 
no. 

Total excess 14C 

Lat Long 10° atoms/CM2 

Northern Atlantic (>45 ° N) 

17 74.9°N 1.1°W 12.4 
18 70.0°N 0.0°W 24.0 
19 64.2°N 5.6°W 20.2 
11 63.5°N 35.2°W 17.1 

23 60.4°N 18.6°W 17.5 

5 56.9°N 42.6°W 18.6 

3 51.0°N 43.1°W 20.6 

Mean 18.6 

North Temperate Atlantic (45 ° N-15 ° N) 

27 42.0° N 42.0° W 17.9 

29 36.0° N 47.0° W 18.4 
120 33.3°N 53.5°W 16.4 

117 30.7°N 39.0°W 14.8 

115 28.0°N 26.0°W 12.1 

31 27.0°N 53.5°W 16.9 

33 21.0°N 54.0°W 10.5 

Mean 15.3 

Equatorial Atlantic (15 ° N-15 ° S) 

37 12.0°N 51.0°W 
113 11.0°N 20.5°W 
40 3.9°N 38.5°W 

111 2.0°N 14.0°W 
48 4.0°S 29.0°W 
49 7.9°S 28.2°W 

107 12.0°S 2.0°E 

Mean 3.3 

South Temperate Atlantic (15 ° S-45 0S) 

54 15.1°S 29.5°W 
56 21.0°S 33.0°W 

103 24.0°S 8.5°E 
58 27.0°S 37.0°W 
60 33.0°S 42.5°W 
64 39.1 ° S 48.5 ° W 
93 41.8°S 18.5°E 
67 45.0°S 51.1°W 

Mean 9.1 
Mean (excluding sta 54) 9.5 

Antarctic Atlantic (>45°S) 

68 48.6°S 46.0°W 
74 55.0°S 501 °W 
82 56.3°S 24.9°W 3 
76 57.7'S 66.1 ° W 
89 60.0°S 0.0° 

Mean 5 
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TABLE 3 (continued) 

Sta 
no. 

Total excess "C 
Lat Long 109 atoms/CM2 

Northern Pacific (>45 ° N) 
219 53.1°N 177.3°W '-'5 
218 50.4°N 176.6°W '-'6 

North Temperate Pacific (45 ° N-15 'N) 

Mean -6 

217 44.7°N 177.0°W 
222 40.2'N 160.5'E 
224 34.2'N 142.0'E 
223 35.0°N 151.0°E 
225 32.6'N 161.9'E 
226 30.6°N 170.6°E 
214 32.0°N 177.0°W 
213 31.0°N 168.5°W 
204 31.4°N 150.0°W 
202 33.1 °N 139.6°W 
201 34.2°N 127.9°W 
227 25.0°N 170.1 °E 
235 16.7°N 161.4°W 
343 16.5°N 123.0°W 

Mean 13.1 
Mean (excluding stas 235 and 343) 14.2 

Equatorial Pacific (15°N-15°S) 
231 14.1°N 178.6°W 9.1 
229 12.9°N 173.5°E 8.5 
239 5.9°N 172.0°W 5.3 
337 4.8°N 124.1°W 4.6 
334 0.0 124.6°W 4.2 
331 4.6°S 125.1°W 4.4 
326 14.0°S 126.2°W 8.3 

Mean 6.3 
Mean (excluding stas 326 and 231) 5.4 

South Temperate Pacific (15°S-45°S) 
324 23.0°S 146.1 °W 9.9 
317 23.6°S 127.2°W 11.0 
310 27.0°S 157.1°W 11.6 
306 32.8°S 163.6°W 7.3 
320 33.3°S 128.6°W 8.3 
303 38.4°S 170.1 °W 8.4 
322 43.0°S 129.9°W 12.3 
296 45.0°S 166.7°W 8.7 

Mean 9.7 
° Antarctic Pacific (>45 S) 

293 52.7°S 175.1 °W --17 
282 57.6°S 169.6°E X11 
290 58.0°S 174.0°W 7 
287 69.1°S 173.5°W - 2 

Mean - 9 
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A final test provided by the bomb 14C data set is to determine 
whether the decrease in atmospheric inventory over the period 1965 to 

1969 is adequately compensated by ocean plus biosphere uptake. As sum- 
marized in table 6, the atmospheric excess 14C inventory decreased by 
130 X 1026 atoms in this four-year period. The Oeschger model predicts 
an ocean uptake of 89 X 1026 atoms over this same period, leaving 41 X 

1026 atoms to be accounted for by uptake by the terrestrial biosphere. 
If 15 percent of the matter in the terrestrial biosphere is assumed to 

turn over on a time-scale of less than two years, then the decline in the 

TABLE 4 

Summary of the excess 14C inventories for various regions of the ocean 
(based on data in table 3) 

Atlantic Pacific Mean 
lobal ocean 14C 

CM' 0° 
g - atoms F-- atoms/ 1 

Antarctic (>45 ° S) 5 '--9 
South temperate (45 ° S-15 ° S) 9.5 9.7 
Equator (15°S-15°N) 3.3 5.4 
North temperate (15'N-45'N) 15.3 14.2 
North Pacific (>45 ° N) - ^'6 - 028 
North Atlantic (>45'N) 18.6 - - 
Arctic Ocean - - 5 

314±35 

TABLE 5 

Summary of surface bomb 14C excess (as of 1973) 

No. of 
Measured' 

C 14C 'gc 
Region stas 

North polar 8 

ATLANTIC 
50 

North temperate 8 145 

Equator 6 85 
6 
6 - - 

North polar 4 

PACIFIC - - 
North temperate 15 163 

5 61 
7 141 

Antarctic 4 - - 
North polar (.096) 

WHOLE OCEAN 

North temperate (.192) 205 

Equator (.281) 140 

South temperate (.264) 185 

Antarctic (.169) 110 

Mean 160±15 

Measured by Stuiver or by Ostlund as part of the GEOSECS program. 
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RADON BASED 
C02 EXCHANGE RATE 

3.5 

CO2 EXCHANGE RATE (moles/m2/yr) 
Fig 4. Excess a14C for surface water (/o) and total bomb 14C absorbed by the ocean 

(10 atoms) as functions of CO2 exchange rate and vertical diffusivity. An elipse is 
drawn to show the most probable range of surface Q14C and integrated bomb 14C of the 
ocean as of the end of 1973. The corresponding CO2 exchange rate is in the range 
between 19 and 24moles/m2/yr, and the vertical diffusivity is in the range between 1.9 
and 3.3cm2/s. 

TABLE 6 

Global bomb' C inventories for the years 1965 and 1969 
(units 1026 atoms) 

1965 1969 1969-1965 

Stratosphere* 155 93 
Troposphere 267 199 
Atmosphere 422 292 
Oeschger Ocean** 141 230 89 
Net (terrestrial biosphere) - - 
Rapid turnover terrestrial biosphere 53 40 
Net (wood + soil) - - 
Wood -F- soil - - 
Net (ie, unaccounted for) _ __ 

As given by Machta (1972). 
** K = 1.25cm2f sec, E = 2lmoles/m2yr. 
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TABLE 7 

Summary of oceanic fossil fuel CO2 inventories obtained through the use 
of various sets of parameters for the box-diffusion model* 

K 
cm2/sec 

E 
moles/m2yr 1014 moles 

Oeschger and others 
Best case 1.25 

Radon based E 
Tritium based K 1.7 

Bomb 14C 

Upper limit 3.3 
Best fit 2.6 21.5 
Lower limit 1.9 19 

Best estimate 
this paper 2.2 

K = vertical diffusivity. 
E = CO2 exchange rate. 

bomb 14C content of this matter (paralleling that for the troposphere) 
must have released about 13 X 1026 bomb 14C atoms. This raises the total 
to be taken up by the remaining biosphere (wood and soil) to 54 X 1026 

atoms. That this uptake is not out of the required range can be seen as 
follows: wood production averages about 2.5 X 1015 moles of carbon per 
year (ie, half the total photosynthesis). If soil organics are replaced at 
the rate of one part in 300 per year and if the soil carbon biomass is 

three times the atmospheric carbon mass, then about 0.5 X 1015 moles of 
carbon are stored this way each year. Thus, a total of 3 X 1015 moles of 
carbon is stored each year in the combined wood-soil reservoir. Neglect- 
ing the release of bomb 14C from these reservoirs (it should be small) the 
net uptake would be 52 X 1026 atoms (ie, 96 percent of the unexplained 
bomb 14C). Again, the ocean model nicely passes the test.5 

From the above, it is clear that the parameters used by Oeschger 
and others might be revised a bit in the light of the radon and bomb 
tracer data obtained as part of the GEOSECS program. Table 7 com- 

pares the fossil fuel CO2 uptake by the box-diffusion model assuming 
1) the Oeschger and others parameters, 2) the GEOSECS radon based 
gas exchange, and the GEOSECS tritium penetration based diffusivity, 
3) the restrictions set by the bomb 14C data, and 4) our best estimates. 
These calculations were made using the model calibration atmospheric 
CO2 curve described below. 

In this calculation we assumed that no man-made production of 14C occurred 
during the 1965 to 1969 period. As pointed out by Nydal at this meeting there were 
Chinese and French tests during this period. Nydal (pers commun) estimates that the 
tests during this period totaled 17.4 megatons (TNT equivalent) in energy. The total 
prior to the August 5, 1963 test ban was about 510 megatons. If the 14C yield (per 
megaton) of the tests carried out from 1965 to 1969 was the same as that for the tests 
carried out prior to the test ban, then the amount of bomb 14C present on the earth 
was increased by about 3.5 percent during the 1965-1969 period. Inclusion of this pro- 
duction in table 6 would increase the net 14C unaccounted for from 2 to 13 x 1028 atoms. 
Nydal's estimates are based on data given by Zander and Araskog (1973) and in the 
SIPRI Yearbook (1975, .1976). 
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Because the fossil fuel uptake is rather insensitive to the choice of 
the CO2 exchange rate and depends on the square root of the diffusivity, 
the range in uptakes is quite small. As of 1973, 107 X 1014 moles of fossil 
fuel CO2 had been produced. If, as suggested by the data of Keeling and 
his co-workers, 55 percent of this CO2 resided in the atmosphere, then 
48 X 1014 moles must have resided in the ocean (or in the terrestrial bio- 
sphere). None of the values in table 7 exceeds this value. 

This observation provides one last test of the Oeschger and others 
model. Figure 5 shows that the increase in atmospheric CO2 content from 
1958 to the present is close to half that expected if all the fossil fuel CO2 
produced accumulated in the air. As the CO2 not found in the air must 
be largely in the ocean, the obvious test is to see whether the box diffu- 
sion model can remove to the sea an adequate amount of excess CO2. 
As pointed out by Oeschger and his co-workers, their model can explain 
only about 80 percent of the missing CO2. In their modeling they were 
forced to introduce a terrestrial biosphere growth term to make the fossil 
fuel CO2 budget balance. It is here that the major criticism of the 
Oeschger and others model comes. Baes and others (1976), Bolin (1977), 
Adams, Montovani, and Sundell (1977), Woodwell and Houghton 
(1977), Woodwell and others (1978), and 'along (1978a,b) all conclude 
that the terrestrial biomass has decreased over the past 20 years (ie, the 
time period covered by Keeling's measurements). If the direct estimates 
of the terrestrial biomass change are used to estimate the amount of fos- 

a) 
E 

0 > 

E a a v 
O 

Q 
L r z 
U 
U 
Z 
O 
U 

O 
U 

1960 (965 (970 1975 

YEAR 
Fig 5. Measurements of the atmospheric CO2 partial pressure at Mauna Loa, 

Hawaii, by Keeling and Bacastow (1977). In the 16-year period between 1958 and 1974 
the pCO2 rose from 316 to 331 X 10 atmospheres. This l5ppm increase can be com- 
pared to the value of 27ppm expected if all the CO2 produced by fossil fuel consump- 
tion during this period remained airborne. This yields an atmospheric fraction of .56. 
The uncertainty in this value is probably no larger than .07 (ie, 15%). 
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sil fuel CO2 which has entered the ocean, far larger ocean inventories 
are obtained than given by the Oeschger and others model or, for that 
matter, any existing ocean model. As summarized in table 8, the differ- 

ences lie well beyond any reasonable uncertainty in the parameters in 
the Oeschger and others calculation, either the ocean model or the bio- 
mass inventory estimates must be seriously in error. In the sections which 
follow, we will first give a general critique of the terrestrial biomass calcu- 

lation and then make a first attempt at an "improved" ocean model. Our 
conclusion will be that the error lies in the biomass estimates rather than 
in the existing ocean models. 

Critique of attempts to reconstruct changes in terrestrial biomass 
for the last two decades 

Estimates of terrestrial biomass change are based almost entirely on 
the rate of forest cutting and burning. Although Bolin attempts to ac- 

count for reforestation of previous agricultural land none of the esti- 

mates takes into account the rate of regrowth of previously cut forests. 
The importance of this is shown diagrammatically in figure 6. The large 
expansion of agricultural land referred to by Wilson (1978) as the "pio- 
neer effect" was largely complete early in the present century. Since then, 
most of the forest cutting and burning has been on lands dedicated to 
forestry. As the regrowth of previously cut forests requires many decades, 
any adequate terrestrial biomass budget must account for this regrowth. 
None has. In a sense, we are concerned with the differential cutting rate 
rather than the absolute cutting rate. Unfortunately, we know far too 

little about the details of the response function shown diagrammatically 
in figure 6 to permit this calculation to be carried out reliably. 

A further complication is that the CO2 build-up in the atmosphere 
may have significantly increased the growth rate in forests. This in turn 
may also have increased the standing crop of terrestrial organic matter 
over that which it would have been in the absence of this excess CO2. 

This has been the basis for the explanation of the unaccounted for fossil 

TABLE 8 

Comparison of global anthropogenic CO2 budgets for the period 1955 to 

1973 inferred from ocean modeling and from forest assays. In the ocean 
model inventories the change in terrestrial biomass is obtained by differ- 

ence. In the forest biomass assays the ocean uptake of CO2 is obtained by 

difference. The values in the table are given in units of 0.46 X 1014 moles 
of carbon. 

Woodwell Bolin 
Geochemical 

models 

Fossil fuel CO2 produced 100 100 

Release of CO2 from terrestrial biomass reduction 100 20 

Total input of anthropogenic CO2 200 120 

Observed atm increase 55 55 

Ocean uptake 145 65* 

Calculated by difference. 
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fuel CO2 in geochemical models. Unfortunately, there is, as yet, no wa 
to quantify this effect. Like regrowth in cut forests it 

y 
previously will re- duce the estimates of inventory change based on cutting and burning. 

Stuiver (1978), Freyer (1979), and Freyer (in press) have pointed out that the change in the 13C /12C ratio as recorded by tree rings might be 
used to determine the sum of the contributions of fossil fuel CO. and 
terrestrial biomass CO2. Keeling, Bacastow, and Tans (in press) have 
pointed out, however, that when the possibility that an isotope separa- 
tion of magnitude similar to that for photosynthesis occurs when CO2 
invades the sea is considered, this approach becomes ambiguous. Also, 
because the noise in tree ring 13C/12C data due to factors other than the 
change in the 13C /12C ratio in atmospheric CO2 appears to be as large as 
the signal of interest, more work has to be done before the tree-ring 
record can be accepted as a valid proxy for the atmospheric record. 

1 DECAY 

o 

FOREST TO FARM 

TOTAL BIOMASS 

NEW GROWTH 

TIME AFTER CUTTING 

TIME AFTER CUTTING 
Fig 6. Hypothetical curves for biomass as a function of time after forest cutting.. 
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Thus, at this point, we can only say that the potential for significant 
C02 transfer between the atmosphere and terrestrial biosphere is certain- 
ly large enough that it must be accepted as a significant term in any car- 
bon budget. However, in our estimation it is not possible to say whether 
the change over the last two decades has been positive or negative. Thus, 
the terrestrial biomass data can be used neither to support nor to cast 
doubt on the ocean models. 

Toward an improved ocean model 
Anyone familiar with the water mass structure and ventilation 

dynamics of the ocean will quickly realize that the box-diffusion model 
is by no means a realistic representation. No simple modification to the 
model will substantially improve the situation. To do so we must take a 

giant step in complexity to a new generation of models that attempt to 
account for the actual geometry of ventilation of the sea. We are as yet 
not in a position to do this in a serious way. At least a decade will pass 
before a realistic ocean model can be developed. 

As an interim strategy we propose to concentrate on a model which 
emphasizes those processes in the ocean that operate on time scales up to 

about 30 years. The reason for this choice is that the mean age of 
fossil fuel CO2 molecules is now about 30 years and will remain close to 
this value as long as our fossil fuel use rises at the rate of several percent 
per year (see fig 7). Thus, for predictions of atmospheric CO2 content over 
the interval during which we are heavily dependent on fossil fuels (ie, 

the next 50 to 90 years) there is no need to consider processes in the 
ocean which operate time scales much larger than 30 years. Only a very 
small fraction of the fossil fuel CO2 molecules will by chance become 
involved in these long-time scale processes. 

On the time scale of 30 years the processes to be considered are the 
ventilation of the main thermocline, the formation of new deep water, 
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YEAR 
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80 2000 20 2040 

Fig 7. Mean age of fossil fuel CO2 molecules as function of time. Future mean ages 
for various fossil fuel use scenarios are also given (dotted lines). 
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ir 28% 

583 

NADW 

19% 1 10% 
Fig 8. Diagram shows the patterns of the flow within the ocean. Upwelling occurs in the equatorial zone, downwelling occurs in the temperate zone and polar zone. The ocean area in each zone is shown as percentage of total ocean area. 

and the ventilation of the intermediate water masses. As on this time 
scale the deep sea acts as an infinite reservoir, the details of its ventilation 
pathways need not be known. Also, the rate at which fossil fuel CO2 interacts with the CaCO3 in deep sea sediments need not be considered. 
The approximate time scales for various oceanic processes are summa- 
rized in table 9. 

The processes needing consideration are shown diagrammatically in 
figure 8. For the purposes of modeling, we have divided the waters of 
the oceans into three major categories: equatorial (<15°), temperate 
(15°-45°), and polar (>45°). The logic behind this division will become 
apparent in the sections which follow. 

TABLE 9 

Ocean processes to be considered 
on various time scales 

3-30 years 
Main thermocline ventilation 
Formation of new deep water 

10-100 years 
Intermediate water ventilation 

100-1000 years 
Ventilation of the deep sea 

1000-10,000 years 
Calcite dissolution in the deep sea 
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A further aspect of our strategy is to develop an analogue model 
designed to match the distribution of the bomb-produced tracers. As of 

the time of the GEOSECS survey, these isotopes had had, on the average, 

10 years to penetrate into the sea (see fig 9). As of 1980, they will have 

had, on the average, 17 years to penetrate the system. Thus, any model 
that properly distributes the bomb-produced tracers 14C, 3H, 3He, 85Kr 

... which are readily measured in the sea should adequately distribute 
fossil fuel CO2 currently not measurable in the sea. As time passes, the 
characteristic times for the bomb tracers and for fossil fuel CO2 will be- 

come more nearly equal. 

Equatorial and temperate thermocline 

Taken together, the equatorial and temperate zones cover 73 per- 

cent of the ocean area. Penetration of waters from the surface into the 

thermoclines underlying this area constitutes, in our estimation, the most 

important short term (ie, 30-year time scale) sink for fossil fuel CO2. 

Broecker, Peng, and Stuiver (1978) indicated that the oceanic pene- 

tration of the bomb-produced tracers is quite different in the equatorial 
than in the temperate zones of the Atlantic and Pacific Oceans. The 
excess Q14c over the pre-nuclear value is greater in the temperate zone 

than in the equatorial zone (fig 10). The penetration depth of excess 14C 

is much greater in the temperate zone than in the equatorial zone (fig 

11). These two observations lead to higher water column inventories of 

bomb 14C in the temperate than in the equatorial zone (fig 12). 

These observations are consistent with the view of most oceanog- 

raphers that upwelling of intermediate depth water occurs in the equa- 

torial zone. Such upwelling is expected from the divergence of the sur- 

face currents driven by the trade winds (fig 13). It expresses itself by a 

shoaling of the isopycnal surfaces under the equatorial zone (fig 14) and 

by high CO2 partial pressures in equatorial surface waters (fig 15). 

0 

12 

w 
GEOSECS 
SURVEY 

1955 1960 1965 1970 1975 

YEAR 

Fig 9. The mean penetration time for the bomb produced tritium present in the 
ocean as a function of time. 

https://doi.org/10.1017/S0033822200009966 Published online by Cambridge University Press

https://doi.org/10.1017/S0033822200009966


Modeling the carbon system 585 

We have made a simple mixing model that is consistent with these 
observations. It involves upwelling of water that, as of 1973, was not yet 
contaminated with bomb products. Upon reaching the surface, this up- 
welled water flows poleward, along the surface, and downwells in the 
adjacent temperate zones. Superimposed on the upwelling in the equa- 
torial zone and the downwelling in the temperate zone is vertical eddy 
mixing. The absolute rate of these processes is fixed from our indepen- 
dent knowledge of the rate of CO2 invasion. That this model adequately 
explains the distribution of bomb produced 14C in the equatorial and 
north temperate Atlantic is seen in figure 16, where the model profile 
and mean observed profiles, for 1972-1973, are compared, and in figure 
17, where the time trend in north temperate Atlantic surface water is 
contrasted with the measurements made by Druffel and Linick (1978) on 
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Fig 10. Surface water 014C value as function of latitude in the Pacific and Atlantic 
Oceans. The measurements were made by Stuiver, University of Washington, and 
Ostlund, University of Miami, on samples collected as part of the GEOSECS program 
(1972-1974). The prebomb Q14C trend is given by the solid lines. 
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Fig 12. Water column inventories (10° atoms/cm2) of bomb produced 14C at various of the GEOSECS stations in the Atlantic (upper panel) and Pacific (lower panel). The measurements upon which these inventories are based were made by Stuiver and Ostlund. 
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Fig 13. Trade winds converging from the northeast and southeast toward the equator drive the surface waters toward the northwest and southwest causing a diver- 

gence of water at the equator. This water is replaced from below through upwelling. 
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Fig 16. Comparison of the model produced profiles of excess bomb-produced '4C 
in the equatorial and north temperate zone with the average observations (from fig 11). 
The parameter values (CO2 invasion rates, upwelling rate, and vertical diffusivity) are 
given on the diagram. 
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Fig 17. Comparison of the time trend of 014C/o in a growth ring dated coral (as 

measured by Druffel and Linick, 1978) from the Florida Straits with the prediction 
(solid line) based on our model for the north temperate Atlantic. A better fit curve 
(dashed) would require an exchange rate of about 28moles/m2/yr and a pre-bomb sur- 
face 14C of -50%,. 
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a ring-dated coral from the Florida Straits. Further support of the model 
comes from its ability to generate the observed profiles of 3H and 3He in 
the north temperate and equatorial Atlantic (fig 18) and the time trend 
of tritium observed for the north temperate Atlantic (fig 19). The model- 
ing was done using the tritium delivery function to the surface Atlantic 
ocean suggested by Weiss, Roether, and Dreisigacker (1978). 

Polar Ocean 
Three processes must be considered in the polar oceans: the pene- 

tration of fossil fuel CO2 into the polar thermocline, the formation of 
intermediate water, and the formation of deep water. All three are likely 
to be significant in the current uptake of fossil fuel CO2 by the ocean. 
For the purposes of this discussion, the polar sea will be subdivided into 
three parts: the northern Atlantic, including the Arctic, the northern 
Pacific, including the Bering Sea, and the Antarctic. Intermediate waters 
form in all three regions, and deep waters in just two, the Antarctic and 
northern Atlantic. The Antarctic constitutes 17 percent of the ocean 
area, while the high latitude North Atlantic and Pacific constitute 10 
percent. 

The process of intermediate water formation is not well under- 
stood. We have only limited bomb tracer data for these water masses. 
For this analyses we exclude their role in removing fossil fuel CO2 from 
the air. The error in the overall total sustained by this omission is prob- 
ably not large. 
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Fig 18. Comparison between the model generated (1973) and observed (GEOSECS) 
profiles of tritium and its daughter product 3He for the equatorial and north tem- 
perate regions of the ocean. The observations are for GEOSECS Stations 40, 48, and 49 
in the equatorial zone and for GEOSECS Station 30 in the north temperate zone. The 
data was obtained by Jenkins and Clark (1976) at McMaster University in Canada. 
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In order to assess the importance of deep water formation in the 
removal of fossil fuel CO2 from the atmosphere, we need to know the 
flux of waters to the deep sea from the source regions and the extent to 
which these waters reach equilibrium with the atmosphere prior to their 
descent to the abyss. In the calculations below, we will use a flux of 30 
Sverdrups for deep water formation in the North Atlantic (Broecker, 
1979) and of 40 Sverdrups (Gill, 1973; Gordon, 1975; Killworth, 1974; 
1977; Carmack, 1977) for the deep water formation in the Antarctic. 
Both figures lie at the high end of the range of literature values. 

The degree to which these waters achieve CO2 equilibrium with the 
atmosphere is not known. Table 10 shows that the time required for a 
surface water mixed layer to chemically equilibrate with the atmosphere 
is on the order of one year. In both the Antarctic and northern Atlantic 
the source for deep water is not water from the adjacent surface ocean 
but rather intermediate or deep water. These waters presumably enter 
the source zone largely free of fossil fuel CO2 and must gain it during 
their residence in the source region (fig 8). Because of its long equilibra- 
tion time, 'CO2 4is not the ideal analogue for CO2 (table 10). However, 
the fact that there is little evidence for 14CO2 uptake from the air by 
newly formed Antarctic Bottom Water (Wiess, Ostlund, and Craig, 
1979) suggests that CO2 equilibration is far from complete for these 
waters. Waters descending in the northern Atlantic are also deficient in 
'CO2 4(d14C - -7O%). As it is not possible to say what Q14C value they 
had upon entering the source region, it is not possible to say to what 
extent equilibration occurred. In the calculations below, we use guesses 
of 25 percent the equilibrium fossil fuel CO2 content for deep waters 
forming in the Antarctic and 75 percent the equilibrium fossil fuel CO., 

Fig 19. Comparison of the time trend of tritium observed for the surface north 
Atlantic (Dreisigacker and Roether, 1978) with that predicted by the model given here 
for the north temperate zone of the Atlantic. 
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content for those forming in the northern Atlantic. Only when both 85Kr 

and bomb 14002 data are available for recently formed deep waters will 
it be possible to improve the estimates of the degree of equilibration 
(Broecker, Peng, and Takahashi, in press). 

Figure 20 shows that the penetration of bomb produced isotopes in 
the high latitude regions varies considerably from region to region and 
even from station to station. As we have not yet given serious attention 
to these areas, we are forced to make very rough approximations of their 
fossil fuel CO2 uptake. This is done by adopting a vertical diffusion 
coefficient of 3.Ocm2/sec for the entire region. 

Preliminary estimate of fossil fuel GO2 uptake by regional model 
Based on the above assumptions for the equatorial, temperate, and 

polar oceans, we have attempted to determine whether use of a regional 
ocean model significantly alters the amount of fossil fuel CO2 taken up 
by the ocean (over that obtained using the box-diffusion model). In this 
endeavor we avoid the need for a biospheric model by using what we 
refer to as a model intercomparison atmospheric CO2 history. This input 
function (fig 21) is a reconstruction of the atmospheric CO2 content over 
the last 100 years. It is based on the observations of Keeling and 
Bacastow (1977) back to 1958. Prior to this, the assumption is made that 
the atmospheric increase during any given year was half the CO2 pro- 
duction during that year. While this function cannot be used to deter- 
mine the absolute uptake of CO2 by the ocean, it can be used to deter- 
mine the relative uptakes achieved by different models. 

Using this input function we calculate the ocean uptake by the 
Oeschger and others model and by our regionalized analogue model. 
Table 11 summarizes the assumptions used. The resulting fossil fuel CO2 
uptakes, as of 1973, are also given in this table. The depth distribution 
of excess fossil fuel CO2, in 1973, for the temperate and equatorial zones 
are compared to that for the Oeschger and others ocean in figure 22. The 

TABLE 10 

Equilibration times between the surface ocean mixed layer 
and the atmosphere for various gases 

where 

Kr'5 

CO2 (chemical) 

14C02 (isotopic) 

h 
T= 

7 

30 clays 
v 

h (ICO.2] 1 

h [ICO2] 

s = 350 da y v [002] R 

s = 4500 da y v [COQ] 

h = mixed layer thickness = 75m 
v = piston velocity = 2.5m/day 

[ICO2] 2100 

[C02] - 14 = 150 

R = Revelle factor = 13 
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Fig 20. Composite profiles of tritium in the polar regions as measured by the GEOSECS 
groups. The tritium is expressed relative to the concentration in surface water. 
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TABLE 11 

Comparison of fossil fuel CO, uptake by box diffusion and regional ocean models 

Mixed CO2 
layer invasion UPwell Vertical 
thick rate velocity diffusion Revelle 

Region m moles m2Yr m Yr cm2 sec factor 

Whole ocean 

Equator 

Temperate 

Polar 

Box diffusion best estimate 
75 19 0 

Regional ocean model 
100 19 16 8 

150 22 --5.6 

0 3 

North Atlantic (30 SverdruPs carrying 75% of fossil 
deep water fuel CO2 capacity) 

Antarctic 40 SverdruPs carrying 25 0 of fossil 
deep water fuel CO2 capacity) 

14 

14 

Fossil fuel 
CO2 standing Fossil fuel 

crop Area CO2 uptake 
moles m2 1014m' 1014 moles 

8.6 3.61 35.1 

3.3 1.01 3.3 

15.5 1.62 25.1 

9.4 0.98 9.2 

4.3 

- 1.7 

3.61 43.6 
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Fig 22. Comparison of the depth distributions for the temperate and equatorial 
zones of the regional model with that for the Oeschger and others box-diffusion model. 
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result is that the uptake by our regional ocean model is 44 x 1014 moles, 
while that for the box-diffusion model as calibrated by Oeschger and 
others is 29 x 1014 moles and as calibrated here is 35 x 1014 moles (table 7). 

CONCLUSION 

Based on this analysis, we conclude that the box-diffusion model 
gives an excellent representation of atmosphere-ocean CO2 and 14C0 
interactions on time scales up to several tens of years. It very likely gives 
adequate short-term predictions of the increase in atmospheric CO2 to 
be expected for any given fossil fuel CO2 use scenarios. When coupled 
with an adequate model for the replacement of living terrestrial bio- 
spheric and soil carbon with atmospheric carbon, it will also provide the 
best current means of deconvolving the 14C production rate changes 
needed to account for the temporal changes in 14C/C ratio observed in 
the tree-ring record (Stuiver and Quay, 1980). We suggest, however, that 
a somewhat higher diffusivity (2.2 rather than 1.25cm2/sec) be used in 
this model. 
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