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ABSTRACT

A quasi one-dimensional carbon cycle model is discussed. The ocean is divided into two
zones; thus the mixing processes can be parameterized in terms of both eddy diffusion and
advective circulation. All the model processes are parameterized so as to allow, so far as is
possible, for independent geophysical (or biogeochemical) estimates of the model parameters.
The model is then calibrated by using a constrained inversion approach in which the
independent estimates of the parameters act as the constraints. This calibration scheme has
proved stable and robust. The model is used for a number of studies in which various indirect
observations of the carbon cycle constrain the range of possibilities for the history of
biospheric change over the last 200 years. The estimates of current net releases of biotic
carbon are small and possibly negative and all the estimates give negative values for the
current rate of change of biotic carbon release. This is in conflict with results recently deduced
from analysis of Mauna Loa CO, data using the unjustifiable assumption of a constant

airborne fraction.

1. Introduction

This paper describes a one-dimensional carbon
cycle model that has been developed within the
Division of Atmospheric Research of CSIRO
(Australia). The model was developed for three
main reasons:

(i) to have a basis for interpreting the results
of the Division’s observational programs,
particularly those involving '3C;
to ensure that the air-sea exchange formal-
ism that is used in the Division’s
two-dimensional atmosphere/mixed-layer
model (Pearman et al.,, 1983; Pearman
and Hyson, 1986) is consistent with the
carbon cycle as a whole;
to establish boundary conditions for the
two-dimensional modelling studies.

In the course of the program, an additional aim
has emerged, viz,

(iv) to use the model to test the applicability
of the constrained inversion calibration
scheme proposed by Enting (1985a).

Some aspects of the program have been

(i)

(iii)

Tellus 39B (1987), 5

described previously. The present paper gives an
overview of the model, its calibration and its
current best estimates of biotic carbon releases.
An account of an early version of the model was
given by Pearman (1980). Enting and Pearman
(1986) gave an analysis of the relative utility of
the various data items used in the calibration. A
detailed technical description of the model is
given in the reports of Enting and Pearman
(1982, 1983).

The layout of the remainder of this paper is as
follows. Section 2 gives a summary of the struc-
ture of the model and the way in which the
various processes are represented. Section 3 de-
scribes how the constrained inversion scheme of
Enting (1985a) is used to calibrate the model.
Section 4 lists the data that are used in the
calibration. Section 5 describes a number of
results of the modelling studies, particularly those
concerning the interpretation of various indirect
observations of the carbon cycle. It also discusses
the reasons for the discrepancy between the
present estimates of biotic carbon releases and
the analysis of Elliott et al. (1985).
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2. The model

2.1. Structure

The structure of the model is shown sche-
matically in Fig. 1. It is a box model with a single
atmospheric reservoir, two biospheric reservoirs
and an ocean that is divided into warm and cold
regions each of which has a surface layer and M
sub-surface layers. All the calculations presented
here use M =6 in each region. The state of the
system at any time is defined in terms of the
amounts of '2C, '3C and '#C in each of the
reservoirs. The sources of '4C are cosmic rays
and nuclear testing. Radioactive decay is the sink
for *4C. Fossil fuel use is the source for !2C and
13C. The net release (or uptake) of biospheric
carbon due to agricultural changes is represented
by having a non-zero net flux between the
atmosphere and the biospheric reservoirs.

Mathematically the model is represented as a
set of ordinary differential equations giving the
rates of change of the amounts of each carbon
isotope in each reservoir. These equations have
the general form
dny

—— =g/ ({N}L{x} 0

a 2.1

where N! denotes the amount of isotope v
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Fig. 1. Structure of the global carbon cycle model.
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Table 1. Symbols used to denote model processes

Symbol Process Equations
ADV  QOcean advection (2.22-2.26)
ASE  Air-sea exchange (2.10-2.16)
BIO Terrestrial biotic processes (2.27-2.30)
BOM  Nuclear weapons '4C source 2.7

COS  Cosmic ray '*C source 2.8)

DEC '4C decay 2.9

DET  Ocean detrital flux 2.17)

FOS  Fossil carbon release (2.5a, b)
HDF  Horizontal eddy diffusion in ocean (2.18)
VDF  Vertical eddy diffusion in ocean  (2.19-2.21)

(v=12, 13 or 14) in reservoir i and x, denotes the
kth of K model parameters.

In order to specify the model equations we
expand (2.1) as

dN;

T = Z F;,-;u + Z S;'; 8 (2.2)
je 8
where F3  represents the net flux of isotope v

from reservoir j to reservoir i due to process a,
while S} ,; represents the net source/sink strength
for isotope v in reservoir i due to process 8. The
symbols F, ., S, , are used to denote the sums
over all the isotopes. In these generic equations &,
B represent the abbreviated labels assigned to the
various processes as specified in Table 1. In
specific equations, the general reservoir indices /,
j are replaced by initials ‘a’ for atmosphere, 'y’ for
young biota, ‘o’ for old biota, ‘r’ for general ocean
surface region, ‘c’ or ‘w’ for cold or warm surface
layers and ‘rn’, ‘cn, ‘wn’ for the respective nth
subsurface layers.

2.2. Initialization

For any given set of parameters the model is
integrated numerically from an assumed equilib-
rium initial state. This equilibrium state is
determined by the solution of the set of simul-
taneous equations

&N {x} 1) =0 (2.3)

for the N*. These equations are easily solved
since the functions F} are only weakly non-linear
in the N¥. The equations (2.3) do not determine a

" unique equilibrium state unless some of the initial

conditions are specified; it is necessary to specify
some aspect for each of the distributions of '2C

Tellus 39B (1987), 5
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and '*C. Since these tracers are conserved in the
model, it i1s possible to have a pre-industrial
equilibrium with any amounts of these isotopes.
We have chosen to specify the initial composition
of the atmosphere and express it as a CO, mixing
ratio and an atmospheric §'3C. These initial
values are regarded as being two of the model
parameters. With this usage, the set of par-
ameters {x,} (which we also write as a vector, x),
is sufficient to determine a unique equilibrium
initial state. It was, however, found by Enting
and Pearman (1982) that the convergence of the
iterative equilibration procedure could be im-
proved if the set of equations was made over-
complete by adding the specification of the
amount of '#*C present in the assumed natural
equilibrium, i.e.,

Y N4 =wii

(2.4)

Here w is the rate at which cosmic rays produce
'#C and 4 is the radioactive decay rate of '*C.
However, since eq. (2.4) can be derived from the
dynamical equations for !4C, the only new
parameters specifically required for initialization
are C,, the initial atmospheric CO, concen-
tration, and §,, the initial atmospheric §'3C.

2.3. Sources and sinks

The sources and sinks of carbon into the
system are from fossil carbon which gives a
source of '>C and '3C only and cosmic rays and
nuclear testing which form '*C from '*N in the
upper atmosphere. There is also a sink of '*C in
all reservoirs due to natural radioactive decay.

The release rate of carbon from fossil sources
has been estimated by Keeling (1973a) and Rotty
(1981). This function is denoted f(¢) and is shown
in Fig. 2. The ratio of '3C to '2C in the release
f(t) is based on a piece-wise linear approxi-
mation to the data given by Tans (1981). Thus

S %05 = (1= r(1)) £(0), (2.5a)
airos = r() f(1), (2.5b)

where r(r) is related to the §'3C data of Tans
(1981) by

o) =(r()/((1 —r(t) R) — 1) x 1000, (2.6}
and the standard ratio R,=0.0112372. The

approximation &(z) is shown in Fig. 3. Thus we
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Fig. 2. Fossil carbon release function used in the
model. Based on Rotty (1981) and Keeling (1973a).

have not introduced any free parameters into our
description of the fossil carbon release.

The production of “C from nuclear testing is
related to energy yields estimated by Enting
(1982). The input function is expressed as a
function n(r) representing the energy yield over
each 3-month period and is converted to '4C
production using a scale factor A. Thus

Satsom = An(1). 2.7

The source of '*C by cosmic rays is described by
a parameter , giving the production rate which
1s taken as constant in time in the reference

version of the model. Thus
S;rcos =w.

(2.8)

The natural radioactive decay of '*C occurs in all
reservoirs at a known rate so that

S'ec=—ANM, foralli 2.9)

where A7 = 8267 years.
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Fig. 3. Linearized approximation to the §'3C of fossil

fuel based on the data by Tans (1981) which is shown as

triangles. Note that the extrapolation beyond Tans’

data does not influence the calibration.
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The sources and sinks in the model have thus
been described in terms of the two free
parameters w and A with all other aspects being
regarded as relatively well-known quantities. The
effects of changing agricultural practices are
not regarded as a net source or sink for
the atmosphere-ocean-biosphere system but are
treated as a biosphere-atmosphere transfer in
Subsection 2.5 below.

2.4. Air-sea exchange

The air-sea exchange formalism is based on the
work of Deacon (1977). If the reservoir index r is
used to denote the ocean surface in the warm (w)
or cold (c) region and a denotes the atmosphere,
then the gross air-sea flux (in mol m=2) is

¢, =k C, (2.102)
with a return flux
é.=k.P, (2.10b)

where C, and P, are the CO, partial pressures in
the atmosphere and region r of the ocean surface
respectively, both expressed in atmospheres. The
quantity k. is usually expressed as a transfer
velocity or piston velocity. However, following
Deacon, we put

k,=0.011(1 +0.007T,)u* molm~2s', (2.11)

where T, is the ocean surface temperature in °C
and u?* is the effective friction velocity for region
r in ms~!. This form of &, is a piston velocity
multiplied by a density factor. The effective
averaging of u* is discussed in Section 4 below.

The gross fluxes are required for the purpose of
calculating the effect of isotopic fractionation.
We put

Flase = —Filase

= A($. L NJIN, — & fu NPIN,), (2.122)
Fiiase = —Fiiast

= A&, S NN, — ¢, fI N;Y/N ), (2.12b)
Filase = —Filase

=A($ — ) — Filase — Fufase (212¢)

The quantity A, is the surface area of region r
and the f,, f.,, /.¥, f.} are isotopic fractionation
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factors. The fractionation factors for '3C and '“C
are connected by

=261
@=2/.— L

The ocean partial pressures P,, expressed in
atmospheres, are calculated from

B (2[¥ co,). —[4])?
T AT (T){41- [T CO,L)

(see Broecker, 1974). In this expression o is the
CO,; solubility, [4] is the alkalinity and ., is the
equilibrium coefficient of the reaction

H,0 + CO, + CO; = 2HCO; .

For the temperature dependence we use

(2.13a)
(2.13b)

(2.14)

Keo(T)=1780 — 20T (2.15)
(from Broecker and Peng, 1974) and
o = 65.0/(1 + 0.0387T + 0.000456T2)

mol m~3 atm™! (2.16)

(Broecker, 1974; Hodgman, 1958).

It is through these expressions (and to a lesser
extent through k) that the ocean surface tem-
perature affects the behaviour of the model.

The free parameters in the formulation are
thus 7, and T, the temperatures, u¥ and u} the
effective wind-stresses, [ 4] the alkalinity, f,; and
/.. the fractionation factors and 4, the mixed
layer depth which is used in relating the carbon-
ate contents N,, to the concentrations [} CO,],
required for relation (2.14).

2.5. Ocean mixing

The ocean mixing of carbon occurs by a
detrital flux, a vertical eddy diffusion, a diffusive
flux between the two surface layers and an
advective circulation parameterized in terms of
two velocities.

If the surface layer of region r is indexed by r
and the nth subsurface layer by rn, the detrital
flux is
Fr.m,DET = —Frn‘r;DET = D‘Ax/M(Ac + Aw)’

n=1, M. 2.17)

The quantity D* represents the total detrital flux
from the surface layers. As indicated by eq.
(2.17), the detrital flux is assumed to be divided

Tellus 39B (1987), 5
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between regions in proportion to their area and to
contribute equally to each subsurface layer. The
isotopic composition of this flux is determined
from the isotopic composition of the surface
reservoir, depleted by a factor dpe; for '3C and
20pgr for 14C.

The diffusive mixing between the surface
layers is regarded as diffusion between two
reservoirs with centres a distance A, . apart,
mixing across a rectangular boundary of dimen-
sions d,, by L3, and is written as

Fluvor = = Ficnor = Ki(C2 = C)dy Lyg/Ay 45
= Ky(N[A.— NyJA) Lyg/Bg.as, (2.18)

where C! is the carbonate concentration for
isotope v in region r, Ly, is the length of the 30°
parallels separating the ocean regions and A, ,; is
the distance between the ‘“‘midpoints” (0° and
45°) of the regions.

The vertical eddy diffusion formulation allows
for a depth dependence in the diffusion coef-
ficient. We put

K(2)=K,+zK, (2.19)

where the depth z is measured from the ocean
surface, and the diffusion coeflicient is required
at points z; representing the midpoint between
the centre of layer i and the layer above it (i.e.,
layer i — 1, the mixed layer being taken as layer
Z€ro).

For region r, the vertical eddy diffusion flux is

Fr isvivor = = Fri s 1.ci,vDF
=Kz, NC) — rv(i+l))Ar/]7(di+di+1)
=2Kv(zi+l)(eri/di—er{i+l)f[d¢+1)/(di+di+l)’

(2.20)
where d, is the thickness of layer i, i.e.,
dy=d.,, (2.21a)
d.;=(3730—-d_)/M, i#0. (2.21b)

The advective flux is regarded as a sum of two
components which are described in terms of their
two upwelling parameters. Their combined effect
is to have the upwelling velocity decrease linearly
with depth but, at any depth, be the same in each
region. For each component of the circulation,
the cold surface box is regarded as connected to
all the cold subsurface layers as shown in Fig. 1.
One component of the circulation injects water
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into the lowest cold layer, from which there is a
further transport into the lowest layer of the
warm region. This contribution is characterized
by the upwelling velocity, ¢, being the same in
each region and at each depth. The fluxes in
regions ¢ and w are in the ratio
0.9A4.:A4,. The upwelling in the cold region is
taken as only 909 of the area as the other 109 is
regarded as a region of downflow.

The second component of the circulation
injects equal amounts of cold surface water into
each cold subsurface layer. Some of each injec-
tion flows on to the corresponding warm
subsurface layer so that the upwelling velocity
from this component is the same in each region
and directly proportional to the distance from the
ocean floor. Its value at the bottom of the mixed
layer is denoted v*.

Thus the two components of the circulation are
parameterized by the contribution that they make
to the upwelling velocity at the bottom of the
mixed layer. In each case there is a return flux
from the warm surface layer to the cold surface
layer. This is given by

Ficaov = —Flyapy = @+ v*) Ni/d,,. (2.22)
The injections into the cold layers are
Fi cnapv = — Foyc.apy
=1v*N(A,+094)/A.d M,
n=1toM~-1,
=+ v*/M)NIA,+094)/A d,,
forn=M.

(2.23a)

(2.23b)

The transfer from cold to warm regions in
subsurface layers is

chn.wn:ADV = _F:’vn.cn;ADV
=v*N, A, /MA.d, n=1toM—1, (224a)
=(+v*/M)N, A, JA.d,, n=M.  (2.24b)

In the warm region, the flux associated with
upwelling is

win + D, m ADV = — Fom win+ 1 ADV
= (U + v‘(M_ n)/M)(N;m/dn + Nv‘;(n+l)/dn+l)/2
forn=0to M —1, (2.25)

using a centred differencing scheme.



464

In the cold region, the flux associated with
upwelling is

v —_ _ Y
Fc(n+ .cn,ADV — Fcn.c(n+ 1). ADV

= 0.45(v + v*(M — m){ M)(N,/d,

+Nv(n+l)/dn+1) (226)
The free parameters for ocean mixing are D¥,
dpers> Ky, K, K, v and v*. The use of centred-
differencing is accurate to second-order in the
inter-layer spacing and so our results will be only
weakly dependent on M, the number of layers.
Although centred-differencing is more accurate
than upstream-differencing, it is more prone to
instability in both the integration of the equations
and in the equilibration of the model. Our
centred-difference treatment of vertical advection
is only stable because there is a vertical diffusion
in the model. In order to ensure stability in the
horizontal advection, upstream differencing was
required. This is effectively equivalent to includ-
ing an extra horizontal diffusive mixing. Since we
never change the horizontal resolution in our
model, there is always a fixed relation between
the advective velocity and the ‘*‘numerical
diffusion” and so no additional parameters are
needed to describe the diffusive behaviour.

2.6. The biosphere

The terrestrial biosphere is modelled by two
reservoirs denoted ‘“‘young” and “old”. The
atmospheric CO, taken up by the biosphere all
passes into the “young” reservoir initially and
some passes on to the old reservoir. The natural
return rates to the atmosphere from each reser-
voir are chosen to balance the uptake. In addition
there is an anthropogenic flux b(z) from the *“‘old”
biosphere to the atmosphere. This represents the
net results of processes such as forest clearing.
The flux b(¢) is an unknown function of time and
1s parameterized as a quadratic spline by putting

7
b)=) aB(),

i=1

2.27m

where the B.(r) are quadratic B splines (de Boor,
1978). The splines have nodes at 25-year intervals
from 1815 with the ith B-spline being zero
outside the range 1790+ 25i <1< 1865+ 25i.
The splines are normalized, each having a time
integral of 1, so that the g, represent the amounts
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of carbon that each B-spline pulse contributes to
the release.

The carbon uptake, i.e., the net primary
production (NPP) is taken as a constant B.
However the transfer, Q, through the old bio-
sphere is taken as proportional to the size of this
reservoir by giving it a fixed natural turnover
time 7. Thus

=Q=N,/1,
=Q+b(1).

The isotopic composition of these two total fluxes
is the isotopic composition of the source reser-
voir. The exchange between the ‘‘young” bio-
sphere and the atmosphere must be separated
into gross fluxes in order to allow for fraction-
ation effects. Thus:

13 N Al K]
Fay;BlO - Fya;BlO

uont(£)
+(Q-B) N,”/(Z N;),

v

(2.28)
(2.29)

Fyo;BlO oy BIO —

Foa;BIO ao BIO

(2.30a)

14 14
F ay; BIO — Fya;BlO

=(2f,— 1)BN (Z N: )
/

+(Q- BN} <ZN;>, (2.30b)

12 — . Fl12
Fay.BlO - Fya;BIO

=0- (2.30¢)

The size of the young biosphere N, thus remains
constant. The old biosphere is specified by its size
after the forest clearing (i.e., roughly as at
present) as N, and so it is initialized to N, + ¥ a,.

The free parameters in the description of the
biosphere are thus f,,, B, 7, N,, N, and a,for i =1
to 7.

13 —_ Fl4
Fay;BIO Fay;BlO‘

3. Constrained inversion calibration
The general principles of using constrained
inversion techniques to calibrate carbon cycle

models have been given by Enting (1985a). The
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discussion in that paper was in terms of a modi-
fied verison of the model of Oeschger et al. (1975)
but some preliminary results from the present
model were given, based on the technical report
of Enting and Pearman (1983).

The model involves 31 free parameters, (e.g.,
u*, K, etc.) as described in Section 2 and as listed
in Table 2. The constrained inversion formalism
is designed to obtain estimates of the parameters
(which are denoted generically as x,, k =1, K) by
fitting a set of observations m;, j=1,J. The
observations will correspond to carbon concen-
trations and isotopic ratios in various reservoirs
at various times. In other words the model pre-
dictions (denoted generically as y;} are functions
of the N}(¢). Given a model that predicts each m,

to have a value y,(x) for a given set of parameters
x, the estimates £ are the parameter values that
minimize:

0= (=) —mPli+y Y (x,—q)/wi. (3.1)

j=1 k=1

In eq. (3.1), v, is the standard deviation of
observation v, ¢, is an independent prior esti-
mate of x, and w, is the standard deviation of the
estimate ¢,. In all calculations presented here the
additional weighting factor y will be 1. The use of
other y values is discussed by Enting (1983).

The use of parameter estimates based on
minimizing (3.1) can be justified in a number of
ways:

Table 2. Parameters used in the model, together with prior estimates q,, standard deviations u, for these
estimates and posterior (calibrated) parameter values X,

Symbol  Quantity Units Prior g, s.d. w, Best-fit value x,
Co Preindustrial CO, ppmv 270 50 264.32
A 14C from weapons x 10?¢  atoms/megaton 2.00 0.50 1.401
6 Preindustrial §13C %o —6.00 3.0 —5.896
a, Gt 0.0 10.0 0.07
a; Gt 15.0 20.0 15.14
a, Biospheric Gt 325 40.0 31.38
a, release Gt 37.5 60.0 15.40
as coefficient Gt 57.5 80.0 27.08
a Gt 102.5 100.0 —~35.08
a, Gt 87.5 100.00 —20.37

T, Cold ocean temperature °C 10.3 5.0 10.80

T, Warm ocean temperature  °C 25.2 2.0 26.47
A Alkalinity mol m~3 2.369 0.021 2.351
v Uniform upwelling m yr! 1.8 1.35 0.210
v* Varying upwelling myr-! 25 2.0 0.526
K, Vertical diffusion m? yr~! 3,500 2,000 5,283

K, % (vertical diffusion) m yr~! 0 1.0 0.242
K, Horizontal m?s™! 25,000 20,000 23,807
@ 14C from cosmic rays mol s~! 1.484 x 10-3 3.7 x10-¢ 1.3307 x 10-3
u* Ut ms™! 1.7 1.2 1.569
u¥ Uem ms™! 0.8 0.5 1.308
D* Detrital fallout Gt yr! 20 3.0 3.537
N, Young biosphere Gt 140 70 169

N, Old biosphere Gt 1,400 700 1,040
B NPP Gt yr! 100 50 103.2
T Old biosphere turn-over yr 60 30 67.0

time

[ J— 4,3 depletion of detritus %o -20 10 —20.07
d, Mixed layer depth m 100 60 100.06

s — 0.99795 0.00025 0.99795
S } Fractionation factors — 0.99005 0.0025 0.99005
o — 0.982 0.004 0.9828
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(i) it is treating the independent estimates as
simply additional data, to be regarded on the
same footing as the carbon cycle data m, (cf.
Rodgers, 1977).

(ii) It is a form of Bayesian estimation (Box
and Tiao, 1973) with the g, and w, defining a
multivariate normal prior distribution for the x,.

(iii) It 1s a form of constrained inversion
(Twomey, 1977) based on ridge regression (Hoerl
and Kennard, 1970) which is a particular form of
biased estimation (Goldstein and Smith, 1974).
This constrained inversion approach to cali-
bration has a number of specific advantages over
various other calibration techniques. In par-
ticular it stabilizes poorly-posed calibration prob-
lems, it gives a natural way of handling the
determination of unknown functions, and it leads
to a convenient unified approach to sensitivity
analysis. Each of these advantages has been
described in general terms by Enting (1985a) and
each is illustrated by some aspect of the present
calculations.

The stabilization of the calibration problem is
illustrated by comparing the results presented by
Enting and Pearman (1982) with the later results
presented here and in greater detail by Enting
and Pearman (1983). The earlier calibration did
not use any constraints and used carbon cycle
data to obtain estimates of 13 of the model
parameters. The unconstrained calibration was
found to be relatively unstable even though many
fewer parameters are involved.

In constrained inversion it is common to look
at what Jackson (1972) calls *‘the marginal utility
of data” or the extent of the influence that the
observations have on the statistical fit. Such
considerations can be applied to unconstrained
fits but they are most commonly confined to a
consideration of the influence of “‘outlier” data
points. In order to consider the influence of the
observations in a quantitative manner it is neces-
sary to specify the quantity on which potential
influences act. In the notation of Enting (1983)
we denote this quantity by Z, or Z(x) to indicate
its dependence on the model parameters. As a
concrete example Enting and Pearman (1986)
considered Z to be the predicted atmospheric
CO, concentration in the year 2050 assuming a
fossil carbon release that grows at 2.25% per year
from 1979 to 2000 and is constant thereafter.

The quantities of interest in studying the influ-
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ence of data are how much Z can vary without
giving more than some specified degree of dis-
agreement with the observations. If this disagree-
ment is specified as a restriction of 8, the sum of
squares of residuals (see 3.1), then one can intro-
duce a Lagrange multiplier f# and minimize

¢(x) = 0(x) — 2BZ(x). (3.2)

Enting (1983) has shown how to use this
Lagrange multiplier form to calculate Var(Z).
The statistical uncertainties are taken as defined
by {w,} and {v,} with y = . In this case, if £(8) is
the value of x that minimizes ¢(x) for a given f,
then

Var(Z) = (Z(#(B)) — Z(£(O))/B (3.3)

to within a linear approximation. This formalism
essentially extracts a particular projection of the
covariance matrix for the estimates £, i.e., it
identifies those aspects of the uncertainty in £
that are important in a given context (Enting,
1983).

Enting and Pearman (1986) described two dif-
ferent criteria by which the utility of data can be
measured. The first criterion is to look at the size
of each contribution to 6. Because of the quad-
ratic form of 6, the largest residuals will have the
largest influence on the best fit parameter values
and thus on the predictions Z. The definition of 8
ensures that this comparison will be comparing
different data (m, and ¢,) in terms of the
dimensionless scale defined by their prior
uncertainties (v, and w,). The second, and more
useful, criterion looks directly at the influence of
the data on a prediction Z and quantifies the
change of the residuals with the variational par-
ameter f. Enting and Pearman (1986) have given
a ranking of the parameters and the observations
according to each of these criteria, assessed
according to their importance in predicting
future CO, concentrations. They also pointed out
that the study of the influence of data could be
extended to a consideration of the potential
utility of measurements that have not yet been
made. In other words the calculations of utility
are to act as a form of experimental design. They
performed a number of such studies by including
hypothetical data into the calibration process and
determining the extent to which the value and
precision of the hypothetical data influenced the
value and precision of the model predictions.
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4. The data used in the calibration

Calibration of the model requires a set of
observations {m,} to which the corresponding
calculated quantities {y,} are fitted. An optimal
weighting requires that the {v7}, ie., the
variances of the {m}, be used as weights as
indicated in (3.1). The constrained inversion pro-
cedure supplements these data by taking the {q,},
prior estimates of the x,, as additional data to be
fitted. As for the m;, an optimal estimation
requires that the {w}}, i.e., the variances of these
prior estimates, are to be used as weights.

One departure that we have made from this
optimal weighting scheme concerns certain
poorly known parameters. In these cases we have
artificially increased the w, so as to reduce the
risk of biasing the estimation with incorrect
information. Our aim is to approximate what a
Bayesian analysis (Box and Tiao, 1973) would
call a “‘non-informative prior distribution”. We
have also used unreasonably large w, in cases
where a reasonable prior distribution would be
highly skewed about a preferred value. In such
cases we have taken w, to cover the plausible
range in both directions. These changes make the
calculations simpler by assuming that the prior
estimates are effectively normally distributed.
However this simplicity is achieved at the
expense of a slightly reduced efficiency of par-
ameter estimation. The choice of the sets {y,},
{v,}, {g,} and {w,} is described in detail by Enting
and Pearman (1983). The various data items that
are used are as follows.

(i) Biospheric Suess effect data

This is taken from Lerman et al. (1970) and has
the biosphere A'*C as 0%, —5%., —12%, and
—22%, in 1890, 1910, 1930 and 1950 with stan-
dard deviations of 5%, in each case.

(11) Atmospheric CO, concentration

This is based on Keeling et al. (1982) with a
correction of 1.9 ppmv (Fraser et al., 1983) to
approximate an atmospheric average. Data from
the period 1964-1969 is omitted because of the
problems described by Keeling et al. (1982). The
corrected values used (in ppmv) are 313.76,
316.81, 323.61, 327.92, 331.73 and 334.46 at
1959.5, 1963.5, 1970.5, 1973.5, 1977.5 and 1980.5
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years AD, with standard deviations of 0.3 ppmv
for each point.

(iii) Atmospheric radiocarbon levels

This data is taken from Nydal et al. (1980).
The period of major nuclear testing is deliberately
excluded because at that time the atmospheric
'4C distribution can not be adequately rep-
resented by a single well-mixed reservoir. The
values that were used are 6509, 580%,, 500%,,
450%,, 420%, and 3509%, at times 1967, 1969,
1971, 1973, 1975 and 1977. Standard deviations
of 509%, are taken for each value.

(iv) Atmospheric 6'3C

The values used are —~7.24 +0.05%, at time
1978.5 and —6.69 + 0.13%, for 1956.2 (Keeling et
al., 1979). These values, particularly that of 1956,
involve significant corrections to remove the
effects of seasonal variation and other sampling
effects. (A subsequent revision of the 1956 value
by Keeling et al., 1980, makes no significant
change to our calibration).

(v) Ocean carbonate levels

The Y CO, levels for the cold and warm
surface regions are taken as 2.132 +0.102 mol
m~3 and 2.009 + 0.041 mol m~3 for time 1973.5.
The Y. CO, levels for the cold and warm regions
of the deep ocean are taken as 2.337 + 0.041 mol
m~3 and 2.358 + 0.062 mol m~3 again for 1973.5.
These numbers are based on GEOSECS data
given by Takahashi et al. (1981).

(vi) Ocean radiocarbon

The ocean A'4C is based on the work of
Broecker et al. (1960) which gives —58 + 10%,
for surface waters in both cold and warm regions
in 1955, and Nydal et al. (1980) which gives
150 + 70%, and 100 + 50%, for warm surface
regions at 1968.5 and 1978.5. The GEOSECS
program (Stuiver and Ostlund, 1980; Ostlund
and Stuiver, 1980) gives values at 1973.5 of
— 150 + 50%, for the deep oceans in both regions
and 120+ 50%, for the warm surface and
150 + 50%, for the cold surface.

(vii) Initial conditions

The values of the initial conditions (and ail the
subsequent data items) are the ¢, +w, of eq.
(3.1). The other items above were the m, + v, The
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two types of data are listed together because the
calibration scheme treats both types of infor-
mation on an equal footing. The initial conditions
require the two quantities C, and J,. Both of
these are given broad (i.e.,, relatively non-
informative) prior distributions so as to avoid
biasing the model results. We initially take
Co =270+ 50 ppmv and 6, = —6 + 3%,.

(viii) Sowurces and sinks

The fossil carbon source is assumed to be
known exactly in the present modelling study so
that the only free parameters concern the sources
of *C. In the present study the cosmic-ray
production rate is taken as a constant w although
the computer routines provide for time-varying
functions (). Following the discussion by
O’Brien (1979) we take o =(1.482+0.370)
x 1075 mol s~!. The production of !'*C from
nuclear testing is modelled using the energy-yield
data compiled by Enting (1982) (Fig. 4). The sole
free parameter is nominally the number of 4C
atoms produced per megaton energy yield but the
deviations must also allow for the uncertainties in
the yields. We put A = (2 + 0.5) x 102¢ '*C atoms
(megaton yield)™'.

(ix) Air-sea exchange
The ocean mixed layer depth is taken as
100 + 60 m. The fractionation factors are:

.o = 0.99795 + 0.00025,
Jf.a = 0.99005 + 0.00025,

200 F a
100 |

orrectec energy yeeld, Yegatons TNT equiv
-
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202
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Fig. 4. Estimated energy yield of nuclear weapons tests
over 3-month periods. Based on compilation by Enting
(1982) and including corrections for surface effects.
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based on the work of Siegenthaler and Miinnich
(1981). The ocean temperatures were constructed
by averaging values in Table 65 of Defant (1961)
and are taken as 7,=103+5°C and T,
=25.2+42°C. The uncertainties represent the
degree of spatial variability but do not take
seasonal variability into account. The alkalinity,
[A], 1s taken as 2.369 + 0.0021 mol m~3 based on
Takahashi et al. (1981).

The friction velocities u* and u¥ must be
treated with some care. The model uses the linear
u* dependence discussed by Deacon (1977) but
later work (see Liss, 1983) suggests a more rapid
growth at larger «* values. Enting and Pearman
(1983) describe the use of averaging procedures
that lead to effective values

u¥=17+12ms7!,
u*=08+05ms .

The uncertainties reflect both the uncertainties in
the determination of mean wind stresses by
Hellerman (1965, 1967) and the uncertainties in
the actual dependence of the gas exchange rate
on u*.

(x) Ocean mixing

The detrital flux is put at 2 + 3 Gt yr~!, again
using a relatively non-informative prior distri-
bution. The calculations deriving this, using data
from Broecker (1974), are given by Enting and
Pearman (1983). The stable isotopic depletion is
given as 20 + 10%, based on Sackett et al. (1965).

The horizontal diffusion constant is K, =
(2.5 +2) x 10* m? s~! based on work by Okubo
and Ozmidov (1970) who studied the scale
dependence of horizontal diffusion coefficients.
For the component of advection involving injec-
tion into the bottom layer, we use v =1.80 + 1.35
m yr~! based on an estimated rate of formation of
Antarctic Bottom Water of (20 + 15) sverdrup
(1 sverdrup = 10° m*® s~!). Various estimates of
this quantity ranging from 2 sv to 40 sv are listed
by Enting and Pearman (1983). The modelling
study by Kuo and Veronis (1973) suggests an
upwelling velocity of 4.7 m yr~! immediately
below the thermocline. To bring our total up
towards this figure we use v*=25+2 m yr '
The vertical eddy diffusion is taken as K,
= 3500 + 2000 m? yr~! based on a variety of
estimates listed by Enting and Pearman (1983). It
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should be noted that the higher values suggested
by Broecker et al. (1980) are for a purely diffusive
mixing. Some of this mixing will be achieved in
our model by the advective processes. There is
virtually no information concerning an appropri-
ate value for K, especially in a model that
includes advection. We put K, =0+ 1 m yr~!.

(xi) The biosphere

Enting and Pearman (1982) show how to
choose the biospheric reservoir sizes and transfer
rates so that the form with transfer only into the
young biosphere had the same age distribution
(Bolin and Rodhe, 1973) as the model used by
Keeling (1973b) which has short-lived and long-
lived biospheric reservoirs connected to the
atmosphere with no connections between the two
biospheric reservoirs. On the basis of that analy-
sis we use

N, =140 + 70 Gt

¥

B =100+ 50 Gt yr!
N, = 1400 + 700 Gt

Size of young biosphere,
NPP,

Size of old biosphere,
Turnover time of old

biosphere, T =60%+ 30 yr.

The estimates by Olson (1982), Schlesinger
(1977), Woodwell et al. (1978) and Whittaker and
Likens (1973) were considered when estimating
the uncertainties. The prior estimates of the
anthropogenic flux, b(t), are based on the work of
Moore et al. (1981). In each case we choose the
uncertainties to be comparable to the values
themselves. The spline fit causes some distortion
of the curve of Moore et al. We use g,=0 + 10,
15 + 20, 325 + 40, 37.5 + 60, 57.5 + 80,
107.5 + 100 and 87.5 + 100 (in Gt for i=1 to 7
respectively).

5. Results of the calibration:
release

biospheric

The result of applying the constrained inver-
sion formalism to the data listed in the previous
section is the set of parameters estimates given in
Table 2. Also listed are the prior estimates and
their standard deviations. Table 3 gives the
corresponding information for the observations
and the model predictions. In each case the
agreement is very good with far fewer values
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lying outside the +1 sd range than would be
expected for independent errors. This agreement
is a partial validation of the internal consistency
of our modelling procedure. The various dis-
crepancies in the fit are discussed below. As
described by Enting (1985a) the estimation pro-
cedure proved to be numerically stable unlike the
earlier unconstrained estimation of a subset of 13
parameters (Enting and Pearman, 1982). Enting
and Pearman (1986) give a ranking of the
parameters according to the influence that the
prior estimates have and according to the extent
to which these prior estimates influence predic-
tions of future CO, levels. They also describe a
similar ranking of influence of the carbon cycle
data.

The history of CO, concentrations corre-
sponding to the parameter estimates is shown as
the solid line in Fig. 5. For comparison we also
show the recent measurements of CO, concen-
trations in polar ice obtained by Neftel et al.
(1985) and Pearman et al. (1986). We also show
(as the dashed curve) the CO, concentration
history obtained by using Cy = 280 + 10 ppmyv, to
correspond to the values measured in ice-cores. It
shonld be noted that apart from the initial value
of the dashed curve, the ice-core data has not
been included in the data set used for calibration
mainly because of the remaining uncertainties
concerning the effective age of the gas. In
particular the occurrence of anomalous imper-

T
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g 3

CO; Concentrations {ppmv}
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W0 0 1860 880 W00 1920 1960 1960 1980

Year
Fig. 5. Atmospheric CO, concentration for standard
set of parameters (solid curve) and parameters esti-
mated with the initial concentration set to 280 + 10
ppmv (dashed curve). The ice-core data from Neftel et
al. (1985) (ellipses) and Pearman et al. (1986) (triangles)
are shown for comparison.
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Table 3. Data fitted in model calibration, m, with assumed standard deviation u,; for the estimated
parameters X as listed in Table 2, the model prediction of m, is y (%)

Quantity Reservoir Units Date Data m, s.d. u, Prediction y,(£)
C, Atmosphere ppmv 1959.5 313.76 0.30 313.63
C, Atmosphere ppmv 1963.5 316.81 0.30 317.06
C, Atmosphere ppmv 1970.5 323.61 0.30 323.74
C, Atmosphere ppmv 1973.5 327.92 0.30 327.25
C, Atmosphere ppmv 1977.5 331.73 0.30 332.26
C, Atmosphere ppmv 1980.5 336.46 0.30 336.35
AMC Atmosphere %o 1967.0 650 50 655
AYC Atmosphere %o 1969.0 580 50 594
AC Atmosphere %o 1971.0 500 50 525
AC Atmosphere %o 1973.0 450 50 451
A'#C Atmosphere %o 1975.0 420 30 393
A'4C Atmosphere %o 1977.0 350 30 347
A*C Young biosphere %o 1890.0 0 S 0.8
A4C Young biosphere %o 1910.0 -5 5 -49
A4C Young biosphere %o 1930.0 -12 5 -12.6
A*C Young biosphere %o 1950.0 -22 S -19.7
A4C Cold ocean surface %o 1955.5 —58 10 —65.9
A#C Cold ocean surface %o 1973.5 100 50 132.9
A*C Warm ocean surface %o 1955.5 —58 10 -6l1.1
AC Warm ocean surface %o 1968.5 150 70 144.7
A4C Warm ocean surface %o 1973.5 120 50 134.9
ASC Warm ocean surface %o 1978.5 100 50 105.6
A“C Cold deep %o 1973.5 —-150 50 - 141.5
AYC Warm deep %o 1973.5 —150 50 -1839
613C Atmosphere %o 1956.2 —6.69 0.13 -6.75
o13C Atmosphere %o 1978.5 -7.24 0.05 -7.23
[¥ CO,] Warm surface mol m-3 1973.5 2.009 0.041 2.093
[¥CO,] Cold surface mol m—3 1973.5 2,132 0.102 2.173
[XCO,] Warm deep mol m~3 1973.5 2.337 0.041 2.328
[ CO,) Cold deep mol m~3 1973.5 2.358 0.062 2.357

meable layers in the firn may limit the precision
with which dates can be assigned to gas samples
(see Schwander and Stauffer, 1984; Neftel et al.,
1985; Enting and Mansbridge, 1985). Each of the
concentration curves obtained from the model
lies somewhat lower than the concentrations
measured in the ice cores, particularly for the
period around 1950. This result reflects our use of
the ecosystem model calculations (Moore et al.,
1981) as prior estimates of b(t). The ice-core data
would be fitted better if the peak in the release
was somewhat later than in our reconstructions.
Figs. 6 and 7 give further details of the agree-
ment between the model predictions y; and the
observations m, that are fitted. Fig. 6 is an
enlargement of the last 35 years of the atmos-
pheric CO, records shown in Fig. 5. The error
bars denote the ranges m, + u; for the times at

which observed concentrations were fitted. Simi-
larly, Fig. 7 shows that model values for atmos-
pheric A'+C for the period 1945-1980. The model
predictions for A!+C all pass within the 1 s.d.
ranges shown. For CO, concentrations some of
the model predictions lie outside the s.d. range.
Fig. 6 indicates that this discrepancy is due to
short time-scale fluctuations in the atmospheric
CO, that are not represented in the model.

Fig. 8 shows the various estimates of the biotic
release b(¢). The prior estimate (based on Moore
et al., 1981) is shown as the chain curve. The
reference calibration, corresponding to the par-
ameters in Table 2, is shown as the solid curve.
This corresponds to the CO, history shown as the
solid curve in Fig. 5. The calibration using a
modified prior estimate of the concentration in
1800 gives the dashed curve for b(t). This corre-
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Fig. 6. Enlargement of Fig. 5 showing the period 1950~
1980. The error bars show the atmospheric CO, data
m; + u, that were fitted in the calibration procedure.
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Fig. 7. Model results for A'*C of the atmosphere for the
period 1950-1980. The error bars show the A'*C data
that were fitted in the model calibration.
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Fig. 8. Biospheric release history b(1) corresponding to
the two concentration histories in Fig. 5. The prior
estimate is shown as the chain curve.

sponds to the concentration history given by the
dashed curve in Fig. 5. It must be remembered
that these are low resolution descriptions of b(t)
since almost 200 years of possible change are
represented using only 7 parameters. The
common feature is that the current value of b(t) is
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relatively small and each of the curves has a
current negative gradient of about —0.07 Gt
yr~2. Similar gradients occur in the other cases
considered by Enting and Pearman (1986) when
they incorporate various other possible data items
into the calibration. This result of a negative
gradient disagrees with one of the conclusions of
Elliott et al. (1985) who claim to show that b(z) is
currently near zero and that a decreasing b(¢) is
highly unlikely. They analysed the CO, record
from Mauna Loa assuming that a constant
proportion of the total fossil plus biospheric
release remains in the atmosphere. Laurmann
and Spreiter (1983) considered this assumption of
a constant airborne fraction in detail and showed
it to be appropriate for assessing the impact of
increasing releases of fossil carbon. However,
Elliott et al. neglect two important qualifications
in the work of Laurmann and Spreiter. Firstly,
the constant airborne fraction assumption breaks
down for releases that grow more slowly than a
29 per annum exponential increase. Laurmann
and Spreiter consider this to be unimportant for
their study because such slower growth rates
would have less serious consequences than the
faster exponential increases and so accuracy was
less important. Secondly, Laurmann and Spreiter
specifically emphasize that their results do not
apply to interpreting the current state of the
global carbon cycle.

We show the extent of possible violation of the
assumption of a constant proportion of CO,

release remaining in the atmosphere. The
relevant quantity is

ée |
<I>=E/(b(t)+f(t)), (5.1)

where © is denoted F by Elliott et al. (1985).
Fig. 9 shows a smoothed approximation to the
quantity ® for the two CO, histories shown in
Fig. 5. The smoothing consists of taking the con-
centration change over a 10-year period and
dividing by the integrated source over the period.
Following Elliott et al., this ratio is divided by
0.471 ppmv Gt~! to give the approximation to @
in dimensionless terms. It will be seen that ® has
ranged from 0.54 to 0.74 in these dimensionless
units. The degree of variability of ® shows how
the uptake of CO, exhibits a strong “‘memory”
effect so that the uptake at any time can be
strongly influenced by imbalances due to past
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Fig. 9. True airborne fraction, i.e., &c/dt/(b(t) + f(2)) in
dimensionless terms, calculated for the two CO,
concentration histories of Fig. 5.

sources. General mathematical relations de-
scribing this influence were given by Oeschger
and Heimann (1983) and Enting (1985b). The
examples presented here show that these “mem-
ory” effects can cause ® to change much more
rapidly than the 0.001 yr~! change considered (on
the basis of changing the buffer factor) by Elliott
et al. (1985).

In connection with the biosphere release b(z), it
is of interest to recall two of the results presented
by Enting and Pearman (1986), as part of their
study of the utility of possible additional data. In
exploring the utility of measurements of atmos-
pheric §'3C and of determinations of the current
biospheric release b(r) they found that the model
calibration could not incorporate values of d/dt
8'3C that differed greatly from —0.03%, yr~! or
positive values for the current biospheric release.
The conclusion is that the additional §!3C infor-
mation is redundant in that, within the context of
the model with '*C used in the calibration, it
duplicates other information already available
but with lower precision. Keeling et al. (1980)
reached a similar conclusion regarding the utility
of measurements of d/dz '3C on rather different
grounds.

There are a number of possible explanations
for the discrepancy between our estimated func-
tion b(t) and the calculations of Moore et al.
(1981). Moore et al. only considered biomass
changes associated with land-use changes; any
biomass changes due to imbalance between up-
take and release in undisturbed ecosystems would
not appear in their results. One possible cause of
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such an imbalance would be enhanced biotic
growth due to increasing CO, concentrations.
This type of effect was considered in the model of
Oeschger et al. (1975). Alternatively, enhanced
biotic growth might be associated with climatic
changes.

The results in Tables 2 and 3 indicate two other
minor discrepancies that are not directly related
to the rdle of the biosphere. The first is associated
with the factor A which is the scaling factor to
convert from estimated effective energy yields to
14C production. Thus a possible explanation of
our low estimate of A is that the corrected energy
yields in Fig. 4 are overestimates.

The other discrepancy concerns the warm
ocean surface layer where the model predicts too
high a surface concentration, [} CO,]. Our inter-
pretation for this is that our ocean circulation
scheme is unrealistic in forcing about half of the
global upwelling to pass through the warm ocean
surface rather than having a return flow at inter-
mediate levels. The excess upwelling of water
with high [} CO,] raises the surface concen-
tration to an unreasonably large extent. Inspec-
tion of the parameter estimates in Table 2 indi-
cate that the calibration procedure is trying to
compensate for this by increasing u}, . (to
increase the rate of equilibration with
the atmosphere) and reducing the upwelling
velocities.

6. Conclusions

This paper has presented an account of a
calibration of a global carbon cycle model using
the techniques of constrained inversion. The
results presented here go well beyond the prelimi-
nary applications of constrained inversion to the
box-diffusion model presented by Enting (1985a).
In particular the present study attempts to work
with b(¢) as a genuinely unknown function. The
results suggest that currently the biosphere
release is small and negative (0 to —1 Gt yr~}),
i.e., a probable small net uptake of carbon by the
biosphere. In addition there is a strong suggestion
of a negative derivative for b(¢). This result must
be treated with caution because the low
resolution description of b(¢) restricts the vari-
ations on short time scales. In spite of this
restriction, the range of possible functions that
we have considered is much wider than has
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normally been considered in carbon cycle model-
ling. The importance of avoiding arbitrary
restrictions on the possible history of biospheric
release is shown by the results presented in Fig. 9.
The relatively large variation in the fraction of
emissions remaining in the atmosphere reflects
the large extent to which the current CO, uptake
by the oceans can be influenced by the past
history of atmospheric changes. Any discussion
of the present behaviour of the carbon cycle must
allow for such influences from the past (Oeschger
and Heimann, 1983). Discussion cannot be
validly restricted io contemporary data as
assumed by Elliott et al. (1985).

Our study has shown the need for careful
consideration of the variability of the history of
biospheric changes. An appropriate study to test
the reliability of our results would be to model
b(t) as a spline function with more nodes and
apply a smoothing constraint to the spline. A
more general study of this type would examine, in
more detail, the utility of ‘“indirect” determi-
nations of past CO, histories through techniques
such as ice-core analysis, tree-ring 4'3C, archived
spectroscopic data and re-examination of late
19th century measurements.

Our results are, of course, subject to the val-
idity of our model. The model has been shown to
be consistent with a diverse set of geophysical
and biogeochemical information, the main excep-
tion being that we are unable to fit in the
biospheric release estimates from Moore et al.
(1981). We believe that the consistency which we
have demonstrated between all the other data
argues in favour of the validity of our model and
of the conclusions that we have drawn concern-
ing biospheric changes.
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8. Appendix

Notation
Latin
a Reservoir index denoting the

atmosphere
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Coefficient of ith B-spline, B;, giving
size of biotic release pulse due to forest
clearing

Ocean surface alkalinity

Area of ocean region r, i.e., either 4, or
AW

Net anthropogenic flux of carbon from
biosphere to atmosphere

Net primary production

Quadratic B-spline over range

1790 + 25i to 1865 + 25i

Reservoir index for cold surface layer
For n=1 to M reservoir index for layer
n in cold region

Initial value of C,

Atmospheric CO, concentration in
ppmv, and atmospheres respectively
Total inorganic carbon concentration in
layer n of region r

depth of surface mixed layer
Thickness of layer 7 in oceans (n =0 is
mixed layer)

Total detrital carbon flux from ocean
surface reservoirs to all subsurface
reservoirs

Fractionation factors for transfer of
13C, '%C from atmosphere to biosphere
Fractionation factors for transfer of
13C, '*C from atmosphere to ocean
surface

Fractionation factors for transfer of
13C, '*C from ocean surface to
atmosphere

Fossil carbon release rate (see Fig. 2)
Net flux from reservoir i to reservoir j
due to process a

Generic function giving rate of change
of N’

General reservoir index

General reservoir index or general index
for carbon cycle data

Number of items of carbon cycle data
m;

General index for model parameters
Density weighted piston velocity in
region r

Number of free parameters in model
Horizontal eddy diffusion coefficient for
surface layer

= K, + zK;, vertical eddy diffusion
coefficient at depth z
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L;, Length of 30° parallels over oceans, i.e., x K-dimensional vector of model
length of boundary between regions parameters
m Jjthitem of carbon cycle data to be fitted y Reservoir index for young biosphere
by model ¥ Model prediction for m,
M Number of subsurface ocean layers. Set 2z, Depth of midpoint between ocean
to 6 for all numerical calculations layersiand i+ 1
quoted here Z Prediction of model, especially of future
n Index for ocean layers CO, concentration
n(1) Energy yield from nuclear tests (see
Fig. 4)
N, Size of long-lived biosphere after forest ~ Greek
cleaning o Process index, see Table 1
N/ Number of moles of carbon isotope vin  a(T) Solubility of CO,
reservoir i B Lagrange multiplier
o Reservoir index for old biosphere y Weighting factor in constrained
P, CO, partial pressure in ocean region r, inversion
in atmospheres dpetT 13C depletion of detritus relative to
4 Prior estimate of parameter x, mixed layer
Q Rate of carbon transfer from young do Initial atmospheric 6/3C
biosphere to old biosphere Ag.45 Distance between 0° and 45° parallels of
r General index for ocean regions, either latitude
corw 0 Quantity minimized in constrained
r(r) 13C:(12C 4 '3C) ratio in fossil fuel inversion calibration
R, Standard '3C:'2C ratio Keq Equilibrium constant for
A Source of carbon isotope v in region i H,CO; + CO; = 2HCO;
due to process o A Decay rate for '*C
! Time A Production rate of '*C, atoms per
T Temperature in degrees Celsius megaton yield
u? Effective friction velocity in region r U, v Isotope index, 12, 13 or 14
v, v* Velocities parameterizing upwelling: T Turn-over time for old biosphere
upwelling at bottom of layer m is .. &, Gross air-sea fluxes per unit of surface
v+ v*(M—m)/Mform=0to M —1 area
v, Standard deviation of m, @ Airborne fraction in dimensionless
w Reservoir index for warm ocean surface terms
layer ¢ Quantity minimized in determining
w, Standard deviation of g, influence of data on predictions
X; kth model parameter w Rate of cosmic ray production of '4C
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