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ABSTRACT

Five models of carbon depth distribution in the world ocean are compared with respect to
carbon transit-time distribution, age distribution, and integrated responses to histories of
fossil CO, and weapons “C. Two models represent the ocean as two well-mixed layers and
differ only in the relative sizes of these compartments. The remaining three models consider
19 well-mixed layers and differ in the patterns of carbon transfer among the layers. All five
models are required to be compatible with a preindustrial depth profile of natural '*C,
which is used to fix the values of transfer coefficients. Within this constraint the five models
exhibit significantly different responses to fossil CO, and weapons “C regimes. Of the
estimated 134 x 10! g of fossil carbon produced in the period 1860—1975, the models
estimate a net uptake range of 24 x 10! to 66 x 10'* gC by the ocean. For weapons “C
the range is 6.0 x 102 to 1.0 x 10° kg '*C. Each of these models shows shifts in the implied
role of the terrestrial biota between net carbon source and sink, with the latter role dominating
in the last years of the simulated period. The largest estimate of source strength for the five
models was 0.74 x 10 gC yr~), in contrast to the fossil CO, production rate of ~5 x 10"
gC yr~' in 1975. The five models were also used to predict atmospheric CO, levels during

the period 1975-2300 for a logistic source that would ultimately release 5000 x 10'* gC.

1. Introduction

Attempts to predict future atmospheric increases
of carbon dioxide that could result from fossil fuel
combustion depend on mathematical models of the
global carbon cycle. Such models generally divide
the cycle into reservoirs representing carbon in the
atmosphere, terrestrial biota, and the oceans. These
reservoirs are often further subdivided into well-
mixed boxes or compartments representing either
subsystems (e.g., photosynthesizing parts of plants,
woody tissue, litter, humus, and decomposers) or
discrete strata of spatial distribution (such as layers
of ocean water or geographical location of eco-
system types). The mathematical formulation of
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such a dynamic model of the carbon cycle takes
the form of a system of operator equations (usually
differential) which relate transfers of carbon among
compartments to the dynamic levels within the
compartments. Reviews of global carbon cycle
modeling have been given by Bolin (1975) and
Keeling (1973a).

In previous modeling efforts, the radioactive
carbon isotope *C has been used as a tracer for
total carbon cycling (Craig, 1957; Revelle and
Suess, 1957). Measurements of C activity in
various reservoirs both before and after the large
input of MC due to above-ground testing of
nuclear weapons since the 1940s, and particularly
in the early 1960s, have been used in calibration
and testing of global carbon cycle models. Recent
dynamic models of carbon circulation in the world
oceans have exploited *C depth distribution data
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for calibration (e.g., Broecker et al., 1960; Keeling,
1973a; Bacastow and Keeling, 1973; Oeschger
et al, 1975; Siegenthaler and Oeschger, 1978;
Bjorkstrom, 1979; Killough, 1980).

A box model determines distributions for the
transit time of carbon entering the ocean reservoir
and for the age of carbon resident in the ocean.
These model distributions are potentially helpful in
interpreting tracer measurements (e.g., natural or
man-made radioactive '4C) from ocean water.
The steady-state transit-time distribution is
particularly useful as a succinct picture of the
intrinsic dynamic characteristics of a model
reservoir and provides a basis for comparison with
the response of the corresponding reservoir of
alternative models. Transit-time and age distribu-
tions and their bearing on reservoir dynamics and
interpretation of tracers have been discussed in a
general setting by Eriksson (1961), Bolin and
Rodhe (1973), Nir and Lewis (1975), and Lewis
and Nir (1978).

We have formulated five models of carbon
circulation in the global ocean which, insofar as
their structures permit, are required to be consistent
with the same hypothesized depth distribution of
radiocarbon activity. The steady-state distributions
of transit time and carbon age are determined
explicitly for each model. Our calculations show
that predictions of the fate of CO, released to the
atmosphere can vary significantly, despite the
common 'C calibration. The models’ range of
estimates of historic uptake of fossil-fuel CO, by
the ocean is nearly three times the minimum
estimate. Moreover, the calculations suggest that
the role of the terrestrial biota in the cycle as
source or sink for excess carbon may have shifted
from one to the other several times during the
period 1860-1975, although the role of sink
appears to have become dominant in the years
immediately preceding 1975.

2. Structural definitions of models

The five models considered here divide the ocean
into a surface layer and a deeper portion, with all
carbon that is exchanged with the atmosphere
passing through the former compartment. For
convenience, the models are designated 1 (a and b),
2 and 3 (a and b).

Model 1 consists of a surface layer and a deep-
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water reservoir which exchange carbon by linear
donor-controlled fluxes. Model l1a (Fig. 1) is based '
on a surface-layer depth of 75 m (the mean depth
of the top of the thermocline; see Craig, 1957),
a choice that is consistent with Models 2 and 3.
In Model 1b (Fig. 1), the depth of the surface layer
is taken to be 260 m, which approximates a value
arrived at by Bacastow and Keeling (1979) in a
series of calibration exercises with a geochemical
model of the carbon cycle that incorporates a
similar two-box ocean.

The three remaining models consist of a single
75-meter surface layer and a deep reservoir that is
subdivided into 18 horizontal layers (Fig. 2 and
Table 1). These layered models differ from each
other only in the topological configuration of fluxes
among the layers.

Of the layered group, Model 2 injects carbon
from the surface layer directly into each of the
deep-water layers, and each deep layer returns it
directly to the surface layer; there is no direct
mixing of carbon among the deep layers. This
model might be interpreted as an extreme view that
the total downward transport of carbon is by the
sinking of cold surface water and its return to the
surface is exclusively due to upwelling.

Models 3a and 3b (Fig. 2), also in the layered
group, move carbon upward through the deep
water reservoir by transfers from layer to layer.
Model 3b represents downward transport in the
same way, with passage through successive layers,
whereas Model 3a uses direct injection from the
surface layer to the deep water layers as in Model
2. These downward pathways represent sinking
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Fig. 1. Two-box Models 1a and Ib. The numbers inside
the boxes are their masses of elemental carbon (units of
105 g) and 'C activities (parenthesized; normalized to
the atmospheric value) assumed for the preindustrial
steady state. These models differ only in the depths of
their surface layers.
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Fig. 2. Layered Models 2, 3a, and 3b. Assignments of carbon and 'C activity to the layers are given in Table 1
and are identical for the three models. Areas of the layers are proportional to the respective water volumes as
caiculated from Sverdrup et al. (1942). Patterns of carbon flow that distinguish the three models from each other

are indicated by the arrows.

polar waters as the transport vehicle in the latter
case and turbulent mixing combined with the flux
of organic particles in the former.

The two-box models, 1a and 1b, are simpler
than those employing multiple layer constructs,
making them amenable to analytical solution
(e.g., Keeling, 1973a). Keeling and Bacastow
(1977) and Bacastow and Keeling (1979) have

shown that for careful choice of model parameters
(in particular their choice of depth of the surface
layer approximates the 260-meter value in our
model 1b), the response of the two-box represen-
tation (at least with respect to atmospheric CO,)
is in fair agreement with the “box-diffusion” model
of Oeschger et al. (1975), in which the ocean can
be interpreted as a multiple-layer construct.
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Table 1. Distribution of nonradioactive carbon and natural **C for the five ocean models

Depth Nonradioactive carbon 14C activity
Layer i (m) y) (10" g) A;
la 1b la 1b
i 0 6597 0.9607]
2 75 432 0.959
3 125 643 | 2231 0957 | 0960
4 200 862_ 0.953_]
5 300 (2601 880" 0.9397]
6 400 895 0.925
7 500 895 0.914
8 600 895 0.909
9 700 895 0.904
S % 37,542 ggg 0.839 8:332
12 1000 ag37 | 359%0 085 | 0839
13 1500 4328 0.864
14 2000 4187 0.837
15 2500 4015 0.814
16 3000 3678 0.795
17 3500 3177 0.781
18 4000 2506 0.770
19 4500 | 3029 ] L0.723_|

M= 2y%= 38,201

Model 3b bears some similarity to the “box
diffusion” model of Oeschger et al. (1975) and is
structurally identical (except in the number of
layers) to a model used by Killough (1980) in
assessing worldwide population exposure to
releases of 'C from nuclear fuel cycles. The
“box diffusion” model, however, treats the ocean
as a cylinder in which the steady-state concentra-
tion of nonradioactive carbon is uniform with
depth, whereas the layered models treated in this
paper (Models 2, 3a, and 3b) take account of the
dependence of the ocean’s horizontal cross-
sectional area and carbon concentration on depth.
The “box diffusion” model also subdivides the
deep ocean into a larger numbeér of layers (42)
than the models described in this paper.

A model under development by A. Bjorkstrém
and others (Bjorkstrom, 1979; Bolin, 1975)
emphasizes carbon transport into the deep ocean
by way of sinking cold surface waters in the high
latitudes and in this respect resembles Model 3a.
However, (1) the Bjorkstrdom model explicitly
divides the surface waters into a warm and a cold
compartment, with only the latter supplying carbon
directly to the deep layers; (2) the Bjorkstrém
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model incorporates direct feedback from the two
layers with which it represents intermediate waters
(75 - 1000 m) to the cold surface-water compart-
ment; (3) the biotic particle flux is given explicit
treatment by Bjorkstrém. Model 3a must be viewed
as a simplified prototype which focuses attention
on the sinking water transport.

Notwithstanding the different patterns of
exchange, the five models are required to be
consistent with respect to hypothesized pre-
industrial distributions of nonradioactive carbon
and natural 'C activity among their compart-
ments. Each model’s nonzero transfer coefficients
(corresponding to the flows shown in its diagram
in Figs. 1 or 2) are uniquely determined from its
steady-state equations of carbon transfer and the
assumed carbon inventories and 4C activities. For
each layer, a pair of equations is written for the
steady-state: the first expresses the net rate of loss
(= zero) of nonradioactive carbon from the
compartment and the second that of naturally
produced C (= rate of radioactive decay) with
isotope fractionation eliminated. The transfer rate
coefficients obtained as solutions of these equations
are therefore compatible with the preindustrial
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fractionation-corrected '*C and the total carbon
depth distributions shown in Table 1.

Surface waters: layer I

N N
1—(n+ Zkl_,)y‘,’+2k,,.y}’=0 2.0
j=2 j=1

N N
1—(ﬂ+ > k._j)A',y? +2 ki Ajy] =410
Jj=2 j=2
(2.2)
Deep waters: layeri=2,...,N
(Note: [ ] means the enclosed term is omitted if
i=2;{ }isomittedifi=N.)

ke P+ ki vl — (kg + ‘k1.1+1} + 1k Do}

+ k=0 (2.3)

kIR + ki AL 0 — Ry + Yk )

+ [ki.ll)A:y? + {ki+l.iA;+1y?+l} = 'le{y?
2.9

For N = 2, egs. (2.1)-(2.4) define the steady state
for Models la and 1b; for Models 2, 3a, and 3b,
N = 19. The numbering of the layers (i = 1,...,N)
increases with depth. The notations used in the
foregoing equations are as follows:

I =total carbon invasion rate from the atmos-
phere in preindustrial steady state (= 97.2
x 101 g yr=1);

4 =total carbon evasion rate coefficient for

movement from surface waters to atmos-
phere (= 0.148 yr~! for Models la, 2, 3a,
and 3b; 0.0432 yr~! for Model 1b);

k; ;= transfer rate coefficient from compartment
itoj(yr');

y? =1C + BC inventory in compartment i in
preindustrial steady state (g; Table 1);

A, =preindustrial C/"2C ratio in layer i
corrected for isotope fractionation and
normalized to the atmospheric value
(dimensionless; Table 1);

A =radioactive decay rate coefficient for “C
(= 1.21 x 10~* yr~!, based on a half-life
of 5730 yr).

When those k; ; that do not appear in the model
under consideration are set equal to zero, egs.
(2.3) and (2.4) determine a linear algebraic system
of rank 2(N — 1), which may be solved for the
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model’s nonzero k; ;. From egs.- (2.1)-(2.4) one
may derive

N
A2 Ay}

j=1

B 2.5
T 2.5

I=uy1=

from which one verifies, with the aid of Table 1,
that the steady-state invasion rate / is the same
for all five models.

We summarize here some of the limitations of
the five models, expressed in terms of processes or
features not taken into explicit consideration:

downward flux of particulate biotic material;

dissolution of mineral carbonates as the uptake
of CO, lowers the pH of ocean water (Keeling

and Bacastow, 1977);

spatial disaggregation that would permit con-

sideration of nonuniformly distributed properties

(e.g., warm vs cold surface waters; separation of

Atlantic and Pacific Oceans);

calibration or validation with distributed tracers

other than radiocarbon (e.g., '3C-—Stuiver,

1978; oxygen profiles—Bjorkstrom, 1979; Kuo

and Veronis, 1973; other isotopes—H, *°Sr,

222Rp, 226R a— Broecker, 1963; Broecker et al.,

1979);

exchange of carbon with marine sediments;

river input of carbon;

clear distinction between dissolved organic and

inorganic carbon, with the former constituting

about 4% of dissolved carbon in the ocean

(Keeling, 1973a).

3. Mass distribution of natural “C activity
in the ocean

Data on which our model calibrations are based
are expressed in terms of the quantity A '4C. The
value of A 'C for a carbon sample is interpreted as
the per-mil (%,) depletion of the '*C/!2C ratio of
the sample from that of average 19th century wood
(corrected for *C decay from the time of fixation
to January 1, 1958) with the effect of isotope
fractionation being removed by comparison with
the sample’s !*C/!2C ratio (Broecker and Olson,
1959). Thus A *C = 0 for a typical sample of 19th
century wood and for CO, in the 19th century
atmosphere.
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The quantity A4' introduced in section 2 is
related to A *C as follows:

AMC

A =1+ 3.D
1000

so that A’ = 1 for the preindustrial atmosphere.

For natural radiocarbon in the ocean, we seek to
estimate the cumulative distribution of A’ with
respect to carbon mass:

M- F(A') = mass of carbon in the ocean for which
14C activity is less than 4’ 3.2)

where M denotes the total mass of carbon in
ocean water and F(A4') is the normalized cumu-
lative distribution function. Direct sampling to
establish this distribution could have been
accomplished in the 19th century but is no longer
possible because of the dilution of natural “C
activity by the fossil carbon dioxide taken up by
the ocean and, more importantly, because of the
ocean’s uptake of significant quantities of excess
4C produced by detonations of nuclear weapons
since the 1940s. For calibration of the five models,
we have used the procedure described below to
estimate the distribution (3.2) of 4'.

Our first concern was to select data to minimize
the contamination by penetration of the weapons-
produced 'C. Bien and Suess (1967) extrapolated
from samples of comparable depth profiles of *C
activity over time and concluded that as of the mid-
1960s weapons 'C had not penetrated signifi-
cantly below 200 m in the waters of the Pacific.
For our calibration we extended this hypothesis to
all oceans and selected only those samples taken
at depths equal to or greater than 200 m reported
by Bien et al. (1965) for the Pacific and Indian
Oceans, and by Broecker et al. (1960) for the
Atlantic. More recent data have been deliberately
excluded in view of evidence of deeper incursion of
the weapons C (Stuiver and Ostlund, 1980;
Ostlund and Stuiver, 1980). Our data base for the
waters below 200 m consists of 191 sample points:
81 from the Atlantic, 62 from the Pacific, and
48 from the Indian Ocean.

To obtain a carbon mass distribution of A "C
(and hence A') in the ocean, we must determine
suitable weights for the sample AMC, values.
We assume the entire sampling plan to have been
stratified, such that each A!4C, is representative
of the carbon mass in the stratum from which it
is drawn. The strata are taken as horizontal layers
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of water, six each in the Pacific and Indian Oceans
and seven in the Atlantic. As defined by arbitrary
depth intervals, the strata are given in Table 2. The
weight or “frequency,” f,,, of sample point A '4C,, is

1 Mg
fn:_._"_

Ngm

(3.3)

where S(n) denotes the stratum from which the nth
sample point was drawn, Ng,, the number of
sample points taken in S(n), Mg, the mass of
carbon in S(n), and M,,, the total carbon mass in
the ocean below the 200-meter depth. Summed
over the 191 sample points, these weights add to
unity. Estimates of the fractions Mg, /M,
(Table 2) are based on hypsographic data
(Sverdrup et al, 1942) and on concentration
profiles for dissolved inorganic carbon (e.g.
Broecker, 1974). The estimate of surface concen-
tration, 2.056 mol m~3, is based on equilibration
of dissolved CO, with assumed preindustrial
atmospheric partial pressure of 290 ppm by volume
at temperature 292.75 K (Keeling, 1973a).

The empirical cumulative distribution function
Fpo(A") for carbon in the ocean below 200 m
may now be defined:
FZOO(A’) = Z fn

{n:A,<d"}
where A’ is related to A'C by eq. (3.1). The
notation in braces indicates that the sum is
to be taken over those n for which the con-
dition A} < A’ is satisfied. For those A’ less
than all 4, the sum is defined as zero.

3.4)

Table 2. Estimated fractional distribution of
carbon in the deep oceans, stratified by depth
intervals

Depth interval

(m) Atlantic Pacific Indian
200-500 0019 (11)* 0.037 (6) 0.016 (9)
5001000 0.031(12) 0.064 (8) 0.027 (3)

1000-2000 0.060 (18) 0.127(12) 0.054 (9

2000-3000 0.054 (14) 0.120(15) 0.051 (7)

3000-4000 0.044 (4) 0.103(19) 0.041 (14)

4000-5000 0.027 (6)

>5000 0.009 (16)} 0.087 (2)} 0.029 (6)

Totals 0.244 (81) 0.538(62) 0.218 (48)

* Numbers in parentheses give the numbers of A C
sample points in the respective strata.
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Fig. 3 shows the empirical distribution (3.4)
of A’. Superimposed on this graph is a coarser
step function that adapts the distribution to the

resolution permitted by the 16 layers of
Models 2, 3a, and 3b that correspond to
depths of 200 m and below.

Table 1 extends the distribution of 4’ to the
upper 200 m of the ocean, which in the layered
models consists of the surface layer (0 — 75 m)
and two intermediate layers (75 - 125 and
125 — 200 m). We assign 4’ = 0.96 to the
surface layer (Keeling, 1973a; Broecker et al.,
1978) and use linear interpolation to complete
the assignment for the two intervening layers.
The allocations of A4’ and carbon mass
between the layers of the two-box models (la
and 1b) are also indicated in Table 1.

Our estimate of the distribution of A4’, to
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Fig. 3. Cumulative distribution of '“C activity in the
ocean below 200 m. This region is assumed to be typical
of pre-bomb steady state, and '“C activity 4’ is
normalized to the preindustrial atmospheric value. The
empirical distribution curve is based on 191 observations
of AMC reported by Broecker et al. (1960) for the
Atlantic and Bien et al. (1965) for the Pacific and Indian
Oceans. The coarser graph is an adaptation to the
resolution permitted by the 19-layered Models 2, 3a,
and 3b. The horizontal numbers are cumulative
fractions of carbon mass below 200 m that correspond
to cumulation of these layers’ carbon content from the
bottom upward (4’ decreases with increasing depth).
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the resolution of our layered models, may be
given as

Fay= %

{i:4;<A't

yYiIM (3.5)
where y¥/M is the estimated fraction of the
ocean’s carbon mass in layer i, with y} and
M as given in Table 1. The notation 4] in
eq. (3.5) means the activity assigned to layer i,
in contrast to a similar notation with subscript
n used earlier to denote sample values.

For the vertical-transport models under
consideration, eq. (3.5) establishes an effective
depth profile of natural C activity. Fig. 4
shows our effective profile superimposed on
tracings of observed profiles in the Pacific
and Indian Oceans by Bien et al. (1965) and
ranges of activity in various depth zones in the
Atlantic from the data of Broecker et al.
(1960).

The foregoing method for assigning MC
activities to the layers of Models 2, 3a, and 3b
enforces two requirements: (1) activity must

decrease monotonically with increasing depth,

@

and the carbon-mass distribution of
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Fig. 4. Calibration profile of C activity for the layered
models (step function). The irregularly shaped shaded
areas are traced from graphical presentations of Bien
et al. (1965) of profiles taken at various locations in the
Pacific and Indian Oceans, and the rectangles give
ranges of samples from the indicated depth zones of the
Atlantic Ocean reported by Broecker et al. (1960).
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activity must agree as closely as the model’s
structure permits with that estimated for the
real ocean. The mathematical structure of
Model 3b imposes the first requirement, and
the second would seem a desideratum for any
model of carbon in the ocean. Application of
these two constraints to the layered models,
however, forces us to discard the observed
depth information for the data points and to
allow the depth distributions to be determined
by eq. (3.5). Since the two-box models cannot
approximate the real ocean’s carbon-mass
distribution of activity as closely as the layered
models, we determine their distributions by
requiring  that Z’,.V:lA_; y?  must be the
same for them as for the layered models (i.e.,
the mean activities must agree} and 4, = 0.96.
These requirements, in view of eq. (2.5), set
the same mean transit time for all of the
models.

The between-ocean variation of A4' indi-
cated by Fig. 4 raises the question of how
the model ocean’s dynamic characteristics
would be affected by the inclusion of separate
reservoirs calibrated to the distinct A’ profiles
of the Atlantic and Pacific (and possibly
Indian) Oceans. An examination of this
question is beyond the scope of the present
report, but we expect to return to it in a
subsequent paper.

4. Distributions of carbon transit time and
age in the ocean models

In this section we state without proof the
formulas used to compute carbon transit-time
and age distributions for the five ocean models at
steady state. Concepts and general results are
discussed by Eriksson (1961), Bolin and Rodhe
(1973), and Nir and Lewis (1975). See Zimmerman
(1976) for a detailed example of a derivation of
transit-time and age distributions and means from
initial-value problems for a system of finite-
difference equations corresponding to a box model.

If a unit mass of carbon is introduced into the
surface-water compartment at time zero, we
assume that the resultant excess amounts of
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carbon, 7, i = 1, ... N, satisfy the perturbation
equations
dn N N
— == g+ 2k gim+ 2 ok
dr - j=1 j=1
4.1)
dn, N N
—t = k. n+ 2 ki np
” Q;L)nghnl
e J#i
i=2,..,N 4.2)
where the transfer coefficients k; ; and evasion
coefficient g have been calculated from

egs. (2.3)-(2.5). The initial conditions for the
system (4.1)-(4.2) are

lfori=1

mwﬁ:{MMZSisN @.3)

representing the initial pulse of carbon in the
surface-water compartment.  Therefore, the
fraction of the initial pulse remaining in the
ocean at time ¢ is

N
RWO=2 m, =0 4.4)
i=1
The distributions of transit time and age may
be stated in terms of the function R, and thus
their calculation from the solution of the
system (4.1)—(4.3) is specified.

For transit time t:

®(t)=1—R(1) 4.5)

where @ is the normalized cumulative distribution
function. Graphs of @(r) for the five models are
shown in Fig. 5.

ForageT:
iy R()dt
Jo " RGdt
where W is the normalized cumulative distribution
function. Graphs of W(T) for the five ocean models
are displayed in Fig. 6.

Elimination of R between egs. (4.5) and (4.6)
gives a general result proved by Bolin and Rodhe
(1973).

The mean, 7, of the transit time of carbon
entering the ocean at steady state is known to be

T=M/I 4.7

¥(T) = (4.6)
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Fig. 5. Cumulative distribution of transit time of carbon
entering the ocean from the atmosphere for each of the
five ocean-reservoir models. The mean transit time is the
same for all five: T = 393 yr, while the median transit
times range from 5.6 to 39 yr, indicating the dynamical
differences among the models and the relative impor-
tance of the rapid-turnover carbon pools.

where [ is the invasion rate and M is the total
carbon mass in the ocean (Eriksson, 1961; Bolin
and Rot}he, 1973; Nir and Lewis, 1975).

Let T denote the mean age of carbon in the
ocean at steady state and 7, the mean age of
carbon in compartment i (= 1, ..., N). Then

N
T=M"13 T, (4.8)
i=1
and the T,- may be calculated by solving the
following linear algebraic system:

N N
_(/“’ 2 kl._i)y(l’Tl + 2 k)T,

ji=2 j=2
= 0 4.9)
N _ N _
—(2 ki._i)y? T, + ; ki iy T
= J
=—y0, i=...N (4.10)

Table 3 shows the T, and T for each of the
five models. The “apparent age,” given by

—A~"1In A}, is tabulated for comparison.

5. Integrated responses to atmospheric
inputs
For the simulations described in this section,

the time axis has been divided into two intervals
as follows:

Interval 1: 1860 <t < 1975
Interval 2: 1975 <t <2300
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Fig. 6. Cumulative distributions of age of carbon in the
steady-state ocean as represented by each of the five
models. The step function represents “apparent age”
distribution for the layered models (2, 3a, and 3b) and is
constructed from 'C activities of the layers. The
discrepancy between this distribution and that of age for
any of the models is due to the extent of mixing
simulated by the model.

Each ocean model has been incorporated into a
larger framework representing the world carbon
cycle.

For integration over Interval 1, the historic
release rate of fossil carbon and the atmospheric

Table 3. Carbon age means (yr) for the five
reservoir models

Model
Apparent
Layer la 1b 2 3a 3b age*
1 393 393 393 393 393 337
2 1585 1585 401 403 403 346
3 419 422 422 363
4 454 462 462 398
5 578 601 601 520
6 706 741 740 644
7 809 852 850 743
8 857 903 900 789
9 905 955 950 834
10 944 997 990 871
11 983 1039 1031 908
12 1093 1152 1142 1010
13 1311 1380 1358 1208
14 1607 1677 1640 1471
15 1875 1940 1884 1701
16 2108 2167 2088 1896
17 2287 2345 2241 2043
18 2432 2503 2363 2160
19 3102 3102 2900 2681
Reservoir 1564 1514 1611 1663 1607 1450
mean

* Apparent age = —A~! In 4] for layer i.

Tellus 33 (1981), 3
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level of CO, are treated as known functions of
time, as is the atmospheric '“C activity from
weapons testing. The purpose is to compare the
five models with respect to their simulation of the
ocean’s uptake of CO, and weapons C.
Integration over Interval 2 is different in the

following respects: (1) Only nonradioactive carbon’

is simulated. (2) The atmospheric CO, level
becomes one of the state variables rather than an
exogenous function of time. It is driven by a fossil
CO, release rate scenario to be described in this
section. (3) Initial (¢ = 1975) conditions for all
compartments were obtained from the companion
integrations over Interval 1. (4) After 1975, net
exchange of carbon with the terrestrial biosphere is
assumed to be zero, except for a transitional period
of a decade during which the exchange rate is
varied from the initial value inherited from Interval
1 to zero.

The quantity of interest for Interval 2 is the
resultant atmospheric level of CO, for each of the
ocean models.

Interval 1:
The differential equations are

ar, P §k Y
d[ - xm.a m 5 1.7 1

N
+ Z kf.l Y.i+ka.mYa (51)
j=2
dXx,
7 ==y s Kmq P,,,(XI/YI)
N N
_(Z kit A)X, + 2 ki X,
Jj=2 j=2
+ @Gy mkamAs Y, (5.2)
Fori=2,...,N:
dy; N N
— = _(% k,__,) Y+ T ki,
J#i J#i (5.3)
a, % k,,+ Al X
il S 4
dt j=| t.J i
J#i
N
+ 2 ki X; (5.4)
i |

where ¥ and X denote mass units of non-
radioactive carbon ()C +' C) and weapons
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14C, respectively, and. 4 is the decay constant
for “C. The k;; for the five models were
derived as indicated in Section 2. The flux
KpoP, from the surface layer to the atmos-
phere is expressed in terms of the partial
pressure, P,, of dissolved CO, in the surface
water, which is calculated from Y, at each
integration step by a thermodynamic procedure
(Keeling, 1973a; Bacastow and Keeling, 1973;
Killough, 1980). With uY, equated to «,,P,,
one may solve for a state-dependent coefficient
4 = u(P,,) whose initial value is that of the linear-
model coefficient derived previously (¢ = u° =
0.148 yr~! for Models la, 2, 3a, and 3b; and
0.0432 yr~! for Model 1b); the indicated variation
of 4 (nonlinear in Y,) expresses the shifting
carbonate-bicarbonate chemistry of the surface
water as carbon dioxide is added or removed. We
denote atmospheric levels of nonradioactive carbon
and “C by Y, and A}Y,, respectively, where
A? denotes atmospheric !*C activity due to
weapons testing. Isotopic fractionation of *C with
respect to '2C in transfers between the atmosphere
and surface waters is represented by the co-
efficients «, ,, and a,, ,, estimated as 0.972 and
0.955, respectively (Keeling, 1973a).

Initial conditions for egs. (5.1) and (5.3) are
Y, (t,) =y} i =1, ... N, where the y? are grams
of carbon assigned to the layers as shown in Table
1. For egs. (5.2) and (5.4), the levels of weapons
radiocarbon are set initially to zero.

The mass of airborne carbon, Y,, is supplied
to the model as an exogenous function of time:

Y,=P,x 514 x 102! x (12.011/28.964) x 1078,
(5.5)

P, =P+ d-expla(t — 1958)], (5.6)

where P2 = 290, d = 24.64, and a= 12 x 0.00247
yr~—.. These units express the atmospheric CO,
partial pressure, P,, in parts per million by volume;
107¢ converts P, to a mixing ratio, and the mass of
the atmosphere (5.14 x 102! g) and the ratio of
gram-molecular weights of carbon and dry air
(12.011/28.964) convert the mixing ratio to grams
of airborne carbon. Equation (5.6) (Rust et al,,
1979; Rust, private communication) is fitted to the
atmospheric CO, data monitored at the Mauna
Loa Observatory since 1958 by Keeling and his
co-workers (Keeling et al., 1976).

Representation of the atmospheric *C from



284

detonations of nuclear weapons is based on data
taken at several latitudes and summarized by
Nydal et al. (1976). Our input function is an
average of their time series for Nordkapp
(71°06’N, 23°59' W) and Madagascar (21°27'S,
47°05'E), which we have interpolated linearly and
sampled the interpolates at the interval 0.25 yr
(Fig. 7).

Cumuiative uptakes of nonradioactive carbon
and MC are calculated from the integrations over
Interval 1 as

Fa.m(t) = f:sao [ka.m Ya(t') - Km,a Pm(t,)] dt,

5.7
and
F2, = Visas {@a mba,m ASE)Y (1)
@ o K o Prt)) LX)/ Y (]} a1 (5.8)

respectively; F, , and F*  are plotted vs time in
Figs. 8 and 9, respectively.

A particularly interesting aspect of the historical
integrations over Interval 1 is brought out by
considering the response of a terrestrial biotic
reservoir that would be required to close the
system for each of the five ocean models. It is
possible to calculate the cumulative net flux of
nonradioactive carbon between the atmosphere and
this reservoir as follows:

¢ d
Fa_,,([)=“f I:T Ya(l')—f(t')]dt'
1860

—F, 0, (5.9)
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Fig. 7. Carbon-14 activity in the atmosphere due to
weapons testing (fraction above natural level). Sample
points: O Nordkapp (71°06'N, 23°59'E); A
Madagascar (21°27'S, 47°05'E); (Nydal et al., 1976).
The solid curve is a cubic spline fitted to points
interpolated between the levels at these stations. The
curve was used for the simulations to compare uptake
of bomb-produced “C by the five ocean-reservoir
models.
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Fig. 8. Cumulative net uptake of the excess CO, by the
five ocean-reservoir models for the period 1860—1975.
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where F, ,(f) is the net uptake by the ocean to
time ¢ as given by equation (5.7); f(¢') is the
historic rate of release of fossil CO, (units of 10"
gC yr~1), which we have spline-interpolated from
data of Keeling (1973b) and Rotty (1975) [see
Killough (1980) for a table of the annual releases
as compiled from these sources]. The time
derivative, dY,(¢')/dt', is computed from egs.
(5.5) and (5.6). Fig. 10 shows the graphs of (5.9)

for the five models.
Interval-2 calculations are based on a logistic

future release scenario for CO,:

d,
& o p—plpy), Pty =pe (5.10)

dt

where p(¢) is the cumulative release of fossil carbon
to time ¢ and  is an initial rate parameter (= 0.043
for these simulations). The initial condition specifies
the cumulative release of fossil carbon (= 134 x
10'% gC) from 1860 to the year ¢, = 1975. The
parameter p_ represents the limiting release
achieved as ¢ — +oo; the value p,, = 5000 x 10'
gC was adopted as a reference value (Perry and
Landsberg, 1977). The ocean surface temperature
was held constant for these simulations, even
though it would be expected to rise with increasing
atmospheric CO,, further reducing the ocean’s
capacity for uptake. But with the current range of
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Fig. 9. Cumulative net uptake of “C from weapons
tests by the five ocean-reservoir models for the period
1945-1975. Atmospheric levels were based on the solid
curve of Fig. 7.

estimates (AT = 2.5 - 3 °C per doubling of CO,;
Manabe and Wetherald, 1975), our calculations
and those of others (Bacastow and Keeling, 1979)
show that the maximum effect on the simulated
atmospheric CO, levels is a few percent. Fig. 11
shows the cumulative release and atmospheric
response curves for the five models.

6. Discussion and conclusions

Our principal goal in performing the analyses
reported here was to initiate a study of inherent
structural differences in comparably calibrated
mathematical models used to represent carbon
dynamics in the ocean as those differences
influence the larger system. In the present paper,
we have limited our attention to one-dimensional
models of the ocean.

Tellus 33 (1981), 3

285

ORNL -OWG 80- 9390

30 T T T T T

BIOTA SINCE 1860

CUMULATIVE COp UPTAKE (40'%9C) BY TERRESTRIAL

1 | | ] 1
1860 1880 1900 1920 1940 1960 1973
YEAR

Fig. 10. Cumulative net uptake of excess CO, by
terrestrial ecosystems for the period 1860-1975,
estimated as the residual after the ocean’s uptake is
simulated by each of the five models, with atmospheric
level given by an empirical fit to data [eq. (5.6)] and
fossil fuel combustion history as estimated by Keeling
(1973b) and Rotty (1975). The biota reservoir would be
interpreted as a net sink for CO, in periods where the
cumulative uptake curves have positive slope, such as in
the years immediately preceding 1975. For possible
confounding factors in the interpretation, see the text.
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Fig. 11. Atmospheric response levels of CO, based on
cumulative release as shown. Net exchange with
terrestrial biota was assumed to be zero after an
asymptotic transition period within the decade after
1975. The shifting CO,-carbonate-bicarbonate balance
is simulated for the ocean surface waters so that the
evasion rate coefficient g4 increases as a superlinear
function of the surface waters’ burden of excess CO,.
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A large part of the scientific debate concerning
carbon-cycle dynamics has centered on the
component of “excess” carbon that neither remains
airborne nor is taken up by reservoir models of
the ocean that have been proposed to date.
Terrestrial-plant reservoirs have been added to the
total cycle models to furnish a sink for this
residual component, but this view of the land biota
qua sink has been vigorously challenged (see
Woodwell, 1978; Woodwell et al, 1978, and
Broecker et al, 1979 for contrasting views of the
terrestrial biota in the role of carbon sink). More
elaborate representations of the ocean have been
put forward, with response characteristics that
have been reported to deal more successfully
with the range of time constants in their forcing
functions (historic fossil-fuel CO, production and
4C from nuclear weapons tests) than their
predecessors (Oeschger et al., 1975; Siegenthaler
and Oeschger, 1978; Bjorkstrom, 1979). The
“box-diffusion” model described by Oeschger et al.
(1975), however, postulated a terrestrial reservoir
which, within the context of the model’s calibration,
played the role of sink in the historic simulation
(1860-1970), but Siegenthaler et al. (1978)
experimented with scenarios of historic anthro-
pogenic transfer of carbon from biota to atmos-
phere. The model discussed by Bjorkstrom
(1979) appears to be designed to facilitate similar
exercises.

The complexity of these and other models and
the lack of a common calibration scheme tend to
obscure the contribution of individual reservoirs
resulting from the intrinsic dynamic properties of
their mathematical representations. Therefore,
comparisons among the models are very difficult.
The kind of limited exercise that we have carried
out with several ocean-reservoir prototypes is
suggestive of procedures that might be undertaken
in lieu of attempts to make direct comparisons of
existing models.

Analysis of transit-time and age distributions
of material moving through a model reservoir has
long been advocated as fundamental to the
interpretation of measurements of one or more
tracers in a corresponding real system in order
to discern its dynamic properties (Eriksson, 1961;
Bolin and Rodhe, 1973; Nir and Lewis, 1975).
Related “influence functions™ also have been used
to characterize and contrast reservoir models with
respect to intrinsic dynamic properties (e.g.,
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Welander, 1959; Eriksson, 1961, and their
“frequency-response diagrams” in the complex
plane). Such analyses provide valuable insight but
need to be supplemented by investigations of
reservoir behavior in the larger system when the
object of investigation is the global carbon cycle.
It is the combined examination of intrinsic
reservoir properties and integrated responses to
historic forcing functions, controlled by common
calibration, that constitutes our point of view in the
work reported here.

Fig. 5 shows the cumulative distribution curves
for transit times of carbon entering the ocean at
steady state—one curve for each of the five
models. All five distributions have the same mean
transit time: 7 = 2 y¥/I = 393 yr [egs. (4.7), (2.5),
and Table 1I. Yet the distribution curves dis-
criminate rather sharply among the models, with
the exception that little difference is indicated
between Models 3a and 3b, despite their structural
difference. As an indication of extremes, we note
that Model la returns 50% of the invading
carbon to the atmosphere within 5.6 yr, while
Model 3a requires 39 yr to return the same
fraction. More generally, the curve for Model 3a
lies below that of 1a for 7 < ~400 yr. Hence, at
any time within that range, 3a will have returned
a smaller fraction of an initial pulse than la. Thus,
at the end of any given history of atmospheric
carbon spanning no more than 400 yr, Model 3a
will retain more of the invading carbon than la.

Model 1b, with its deeper surface layer (260 m),
has its transit-time distribution curve in fair
agreement with those of Models 3a and 3b for
1 < 7 < 8 yr, but the separation becomes pro-
nounced as 7 increases. Since the curve for 1b lies
above those for 3a and 3b over the longer period
10 < t < 400 yr, one expects 1b generally to
retain less carbon than 3a and 3b in simulations
that extend at least over several decades. We shall
see that this expectation is confirmed.

Comparison of the five distributions of transit
time is of particular importance in the range
7 < ~120 yr for studying the history of the ocean’s
uptake of carbon in response to rising atmospheric
levels. As Fig. S5 shows, the contrasts among the
transit-time distribution curves are particularly
pronounced over much of this range, raising the
possibility of quite different simulated allocations
of carbon among ocean, atmosphere, and terrestrial
biota, according to which ocean model is chosen.

Tellus 33 (1981),3



COMPARISON OF SEVERAL MODELS OF CARBON TURNOVER IN OCEAN

This possibility, as we shall show, is in fact realized.

The carbon age distributions shown in Fig. 6
offer little contrast among the models but differ
markedly from the “apparent age” distribution
(step function, Fig. 6) computed from the C
activity estimates 4] of the layers: apparent age
of carbon in layer i = —A7!In A4}. The discrepancy
between the apparent age distribution and those of
the models is a measure of the mixing simulated
by the latter, which reduces the variance of the
activity distribution and distorts estimates of age
(Nir, 1964; Eriksson, 1961). Thus, if any of the
models represents a close approximation to the
true age distribution, Fig. 6 demonstrates that
direct estimation of age of water samples and
flow rates by radiocarbon dating techniques is
potentially inaccurate (cf. Kuo and Veronis, 1970).

Fig. 8 compares cumulative uptake of carbon
by the five ocean models in response to a common
history of atmospheric carbon in the period
1860-1975 legs. (5.5) and (5.6)]. Fig. 9 makes
the analogous comparison for the weapons-
produced *C (1955-1975; Fig. 7). Models 3a and
3b emerge by a significant margin as leaders in
uptake capacity. For Model 3a, the cumulative
net uptake of nonradioactive carbon is 66 x 10
gC, while Model 1b leads Model 2 and Model la
with a cumulative net uptake of 44 x 10 gC.
For radiocarbon, Models 3a, 1b, and 3b are
closely clustered, with 1.0 x 10¢, 0.96 x 10% and
099 x 10 g of weapons MC, respectively,
removed from the atmosphere. Both calculations
place two-box Model la in last place with respect
to carbon uptake: for nonradioactive carbon,
24 x 10 vs 66 x 10 gC, a factor of 2.8. In the
light of the previous discussion of the cumulative
distribution curves of transit time, the contrast in
relative behavior of the models for nonradioactive
carbon on the one hand and weapons “C on
the other may be partially understood in terms
of comparisons of the curves in Fig. 5 in relation
to the different time scales of the source histories
(115 vs 20 yr). The fundamentally different shapes
of the forcing functions, Y,(f) and X,(¢) (increasing
vs decreasing exponential), accentuate the
difference. The nonlinear dependence of the CO,
partial pressure, P,, on the carbon content, Y,
of the surface waters may be expected to exert a
lesser influence.

The residual carbon not taken up by the ocean
models and not remaining airborne, which we
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formally attribute to the terrestial ecosystem
reservoir, is plotted in Fig. 10, for each of the five
models, as a cumulative net uptake curve. The
extremes represented by these curves emphasize
the potentially critical role of the terrestrial biota
in complementing calculation. Whereas many
previous modeling approaches have prescribed
deterministic mechanisms for the compartments
associated with the terrestrial biota (often
assuming a priori that the reservoir must act as a
sink for the excess CO,), no such assumptions
have been made in this calculation. It is essential
to remember, however, that each of the curves of
Fig. 10, which we are interpreting as cumulative
net biotic uptake, also contains a residual error
composed of the effects of (1) the model ocean’s
deviation from the real ocean’s historic exchange
of carbon with the atmosphere, (2) the departure of
egs. (5.5) and (5.6) from the true record of total
CO, in the atmosphere, and (3) errors of
estimation of past and present releases of fossil
CO,. Moreover, the atmospheric CO, history [eq.
(5.6)| is based entirely on a least-squares fit of an
exponential curve to data taken at the Mauna Loa
Observatory during the period 1958—1975, subject
to the assumption of a primordial level of
290 ppmv. Therefore, the relationship between this
curve and the annual fossii CO, production
data before 1958 could differ significantly from the
true (but essentially unknown) record.

Two other aspects of the biotic uptake curves of
Fig. 10 should be noted. First is the range:
Model la predicts a gain of 26 x 10! gC between
1860 and 1975 vs a loss of 17 x 10" gC estimated
by Model 3a. Second is the return of each curve
to a positive slope in the years preceding 1975.
The interpretation of the latter phenomenon, if real,
is the shift of role of the biotic reservoir from that
of a net source for atmospheric CO, to that of a
sink. The maximum predicted net uptake rate
for the beginning of the year 1975 is 1.6 x 10'
gC yr~' (Model 1a) vs 0.39 x 10" gC yr!
(Model 3a) for the minimum. It remains to be
demonstrated more directly whether the upturn in
the cumulative uptake curves of Fig. 10 represents
a real shift of role in the participation of the
biotic reservoir in carbon-cycle dynamics. The loss
of carbon biomass estimated by Model 3a is
gradual, at an average rate of (17 x 10! gC)/
(115 yr) = 0.15 x 10" gC yr~, with a maximum
loss rate of 0.74 x 10" gC yr~! at the beginning
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of the year 1946. Such loss rates are moderate
by comparison with some estimates. For example,
(4 - 8 x 10 gC yr! was the estimate
presented by G. M. Woodwell to the U.S. Senate
Committee on Governmental Affairs July 30,
1979 (U.S. Senate, 1979). Also see Woodwell
(1978) and Woodwell et al. (1978). Estimates of
~(I = 2) x 10" gC yr~! have been presented
by Bolin (1977), Stuiver (1978), and Chan et al.

(1979).
Fig. 11 compares the atmospheric response CO,

levels for the future scenario of release that is
shown there as a cumulative plot [eq. (5.10) with
Py = 5000 x 10' gC]. The maximum ordinates
on the response curves of Models 1a and 3a differ
by about 350 ppmv, roughly the quantity of CO,
in the atmosphere at present. We caution that
Fig. 11 is offered only as a comparison of the
models’ responses over a long integration period
that includes steeply rising and ultimately
declining source-function behavior. We cannot
enter here into the question of its validity as a
forecast of fossii CO, release or consequent
atmospheric levels.

The analysis of ocean models for carbon
turnover with different one-dimensional structures
for representing the circulation of carbon in the
ocean as presented here is not meant to identify
a single structure or parameter set as best in the
sense of passing various tests of conformity of
predictions with observations (Broecker et al.,
1979). Models that separate the Atlantic and
Pacific Oceans or that consider variation with
latitude have not yet been included in our compari-
son, nor have we discussed sensitivity of the
predictions to variations in parameters. We expect
to deal with these matters in subsequent papers.

At the present stage of our experience, we
believe that empirically calibrated box models offer
a flexible and powerful tool for exploring a variety
of hypotheses relating to carbon-cycle dynamics.
Ultimately we expect that general-circulation-type
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models that incorporate detailed patterns of water
transport, air-sea gas exchange, and improved
quantification of dynamic chemical and biological
processes will become the research tools of choice.
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CPABHEHUE HEKOTOPBIX MOJEJIEV NEPEHOCA VIJIEPOJA B OKEAHE B
OTHOIIEHUU UX PACMPEJAEJIEHUA BPEMEHU MEPEHOCA WU BO3PACTA U UX
PEAKIIMU K ATMOC®EPHBIM CO, U “C

CpaBHHBAIOTCA NATh MOAeNed pacrpeaeneHHs yrie-
pona no riyOHHE B MHPDOBOM OKeaHe B OTHOILICHHH
pacnpeneneHHs BpeMeHH [lepeHoca yriepona, pacnpe-
nmeNleHMs Mo Bo3pacty M peakuud Xk CO, OT Mcko-
naeMblx TOmMB K '“C OT aTOMHBIX B3pLIBOB. [iBe
MOJENH NpeACTaBIAIOT OKeaH Kak [Ba XOpOiUO
nepeMellIaHHBIX CNOoA H OTJIMYaloTCA ApYr OT Apyra
JIMIIb OTHOCHTE/NBHBIMH OOBEMaMM 3THX 4acTel.
Ocrarommecs TpH MOJENA paccMarpuBapor 19
XOPOILIO CMEIIAHHBIX CNOEB H OTNMYAIOTCA THOAMH
nepeHoca Mexay ITuMH ciosamu. Bee 5 Mogpeneit
AOMKHBI OBITH COBMECTHMBIMH ¢ MpodHSieM IpH-
poasHoro '¢C HONMPOMBILUICHHON 3pbl, KOTOPBIH
HCMOMBb3YETCA [UIA ONpeAelieHHS BeIUYMH KO3(-
duuuentos mepesoca. B pamkax 3Toro tpeGoBaHUA
3TH 5 Mogenelf NarOT peakuuH, 3HAYMTENBHO OTIH-
yaiolMecs aApyr ot aApyra, Ha CO, OT HcKomaeMbix
ToeB M !*C ot B3phiBoB. M3 oOLeHHBaeMBIX

134 x 103 r HckOmaeMoro yriaepoaa, NPOH3BEAEHHBIX
B 1860-1975 rr., Momenu HalOT OLEHKH YHCTOTO
MOIJIOLIEHHsT YrJiepola OKeaHOM B JHama3’oHe
24 x 10'5-66 x 10'5 r C (yraepona). Hna *C or
B3pLIBOB AMANA30H Kojebnercs B npeaenax 6 x 10%-
1 x 10% xr '*C. Kaxpaas M3 3THX MOfeJicH IOKa3bl-
BAaeT K3MEHEHHA B MpEANOIaraeMol poiH Ha3eMHOH
6HOTHI—OT MCTOYHMKA OO CTOKA Yrjiepoaa, NpHYeM
NMOCNeHAs pONib MpeoOiafaer B MOCHEAHHE IOAbI
mepHoja MoaenupoBaHuA. Ilo camolt BBICOKO#M
OlicHKe B MOJENAX BeIMYHHA MCTOYHHMKA Yriepona
6bu1a pasua 0.74 x 10'* r C B rom, 4ro ciemyer
CONMOCTAaBUTL ¢ Npou3BoacTBOM CO, OT HCKOMAEMBIX
TonmuB 5 x 10! r C B rog B 1975 r. D18 DATH
Mozellel HMCNOMB30BaNMCh TaKXe JMUIA Npeacka-
3auuit ypoBHe#t atmochepHoro CO,; B TeueHHe
1975-2300 rr. AJ1s HEKOTOPOTO HCTOYHMKA, KOTOPBIA
B KOHEYHOM HTOTE BHIIyCTHT 5000 x 10'S r C.
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