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Synthesis Inversion of Atmospheric COz Using the
GISS Tlacer Tlansport Model

Abstract

The atmospheric CO2 budget for the period around 1986-7 is estimated using a Bayesian
synthesis analysis. The source strengths of a set of industrial, biotic and ocean processes
are estimated by matching observed concentrations to modelled concentrations calculated
using the GISS three-dimensional tracer fiansport model. The Bayesian synthesis uses
prior estimates of these process strengths to stabilise what is otherwise an ill-conditioned
inversion. The analysis gives preliminary estimates of the ranges of uncertainty arising
from the inversion.

The inversion uses observations of the concentration and 613C of atmospheric CO2.
The ability to estimate uncertainties makes it possible to compare the relative importance
of various data items in reducing these uncertainties. The main result is that global totals
of oceanic versus biotic exchange are determined primarily by the combined global budgets
for CO2 and 13COr. The atmospheric transport model constrains the regional sources and
sinks but these constraints make only a small contribution to rcducing the uncertainty in
the global budget. Our best estimate of the global net air-sea carbon flux is 1.4 + 1.0 Gt
C y-t. The net carbon storage by the oceans will be some 0.6 Gt C y-l greater than this
CO2 flux due to carbon transported into the oceans by rivers. The corresponding estimate
of air-to-biora CO2 flux is -2.5 + 0.9 Gt C y-t, implying a net storage of -1.3 Gt C y-t
after accounting for carbon lost from the biota via rivers or as CO.

We find that within the range of 11 Gt C y-t our estimate of air-sea flux is very
sensitive to the choice of data that are fitted. This confirms the appropriateness of our
formal error estimates that are based on a priori siatistics. These large uncertainties mean
that our budget estimates must be regarded as preliminary and indicate the need for a
refined statistical analysis of the observational data to assess their represenlativeness.

We present a simple preliminary study of oxygen distributions. The results indicate that,
once the CO2 distribution is fitted, the spatial gradient of oxygen does not give significant
additional discrimination between alternative carbon budgets and that the long-term trend
of atmospheric oxygen will make the greatest contribution to resolving carbon budgets.

L. Introduction

The atmospheric budgets of the major greenhouse gases are subject to very considerable
uncertainty (see for example IPCC, 1990). This uncertainty in the budget leads to cor-
responding uncertainties in projections of the future concentrations to be expected from
various possible release scenarios and thus complicates any choices regarding emission-
reduction strategies. Clarification of the atmospheric carbon budget is therefore highly
desirable.

For CO2 and CHa most recent estimates of the atmospheric budget have been based
on the use of atmospheric transport modelling to interpret the space-time distributions of
concentrations in terms of the space-time distributions of sources and sinks (Keeling et
al., 1989b; Tans et al., 1990a; Sarmiento and Sundquist, 1992:, Fung et al., 1991).
The principle is that, to the extent that the spatial distribution of sources and sinks can be
deduced from observations, the location will act as a consfaint on the possible processes.
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The determination of surface sources and sinks from observations of surface concen-
hations is a poorly-determined inverse problem (Newsam and Enting, 1988; Enting and
Newsam, 1990). As such, direct estimates of sources are subject to arbitrarily large errors
arising from errors in any or all of the observations, the transport model or the inversion
technique. In general, meaningful estimates can only be obtained in the context of a set of
prior constraints.

A range of inversion calculations estimating the spatial distribution of sources of trace
gases have been performed: for CO2 by Enting and Mansbridge (1989, 1991), Tans et al.
(1989, 1990a), Keeling et al. (1989b), Taylor (1989), Law et al. (1992); for CHa by Fung
et al. (1991), Brown (1992, 1993) and for CFCs by Hatrley (1992), Hartley and Prinn
(1992, 1993).

Most of the two-dimensional inversions have used some form of surface mass balance to
deduce sources from concentrations (Enting and Mansbridge, 1989, 1991; Tans et al., 1989;
Brown, 1992, 1993). This method does not readily generalise to three-dimensional models
because the observational data do not adequately specify the full surface concentration field
- see however some preliminary studies by Law et al. (1992). The solutions of such 'mass-

balance' inversions are generally stabilised by assuming some smoothness properties of the
concentrations and sources. Most of the inversions using three-dimensional transport models
have been based on some sort of synthesis approach (Keeling et al., 1989b; Tans et al.,
1990a; Fung et al., l99l). The method involves seeking a linear combination of source/sink
processes such that the corresponding linear combination of their calculated responses
matches the observational data. In synthesis calculations the solutions are stabilised by the
assumptions about the spatial distributions of the source components.

We present a new synthesis estimate of the atrnospheric CO2 budget, applying to 1986-
1987. Particular features of our calculation are: the use of a Bayesian estimation procedure,
and an attempt to obtain systematic (and realistic) estimates of the uncertainties in the
estimated budget. Our error analysis is preliminary - a full error analysis would include
the effects of uncertainties in spatial distributions (we discuss some possibilities in Section
6 but do not present any results) and the effects of transport model error (which we have
been unable to assess because a suitable methodology has not been developed).

The outline of the remainder of this report is as follows: Section 2 describes the
inversion technique that we adopted, firstly in general terms and then in terms of the specific
way in which the model calculations are combined to give estimates of the source/sink
strengths. Section 3 describes the way in which the source processes are divided into
distinct components for use in the synthesis analysis. It gives the values of the scale factors
involved in the various atmospheric responses to the processes and in addition gives the
prior estimates required by the Bayesian formalism. Section 4 describes the observational
data used in the studies. The results of the inversions are presented in Section 5. Section
6 discusses several possible extensions to the calculations, particularly extensions to the
error analysis. Section 7 concludes the body of the repoft, discussing the implications of
our results for understanding the global carbon cycle and considering the areas in which a
refinement of the present studies seem possible and desirable. The details of the transport
model are given in Appendix A. Appendix B describes the use of a simple biotic model to
estimate the amount of isotopic disequilibrium between the atmosphere and the terrestrial
biota. Appendix C defines our notation.
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2. Inversion techniques

2a Generic formalism

The synthesis process seeks to estimate the strengths, ou, of N source/sink processes by
comparing M observed concenfrations, ci, to responses calculated using an atmospheric
transport model. If the model response for observation j to a source p of unit strength is
Tiu then the fit is made on the assumption that

cj = 
t Ti,ro 1t lobservational noise

In the Bayesian formalism, the fit is constrained fo take account of prior estimates, su, of
the source strengths. In this report we consider only least squares fits. This corresponds
to assuming independent normal distributions for the prior estimates and the data. This
Bayesian inversion is obtained by minimising

M Iv, JV

s = f("i -Drruo)'1"? + f {"u - ') ' lo'u Q)
J _ L  P _ L It= L

where ur. is the strndard deviation of the observational noise of cy and ou is the standard
deviation of the prior estimate su. Taking if' > N allows for some additional 'pseudo-

sources' which we exclude from the fit to the prior estimates (see below).
Our implementation solves the minimisation problem as a weighted least-squares solu-

tion of the equations

N ,

o k = D A r p o p  f o r f t - l t o M + N

with the 'data' defined as:

( r )

(3)

with weights:

and responses:

r k = c k  f o t k <  M

ak  =  sk -M fo r  k>  M

d x , = u t ,  f o r k S M

d* :  ak -M fo r  k  >  M

A * p = T x p  f o r k l M

A r p = 6 h - M , p  f o r k > M

(4")

(4b)

(5")

( 5b)

(6")

( 6b)

The equations are solved using a modified version of routine SVDFIT (and the routines
which it calls) from Press et al. (1986). This produces estimates riu of the source strengtlrs.
The routine SVDVAR is used to calculate the covariance matrix Vu, for these estimates.
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2b Implementat ion

In order to apply the formalism from the previous section in a synthesis study, we need to
be more specific about the types of data that are fitted. For each j in the range 1 to M we
define 3 indicator functions:

u(j) - which takes values 1,2 or 3 to specify whether the data item refers to CO2,
13CO, or O, respectively;

pU) - which specihes the location of the observation;

,"(j) - which specifies the frequency of the time variation.

The frequency index takes values 0 for the annual mean, -1 and +1 for the sine
and cosine of 2rt and -2 and +2 for the sine and cosine of 4a-t. The special value
u(j) = 10000 refers to the global trend. In this case p(f) is undefined.

The trend data have:

Tiy = G"ol}t) if ,(r) = 10000 (7")

where the factors G"(p) specify the contribution of source p to the trend in constituent y.
The G"(p) are listed in Table 1, with p as a row index.

Another 'special case' involves the need to estimate a global mean offset for the concen-
tration of each constituent. These offsets are included in the formalism as 'pseudo-sources'

contributing to the data with a facton

Tiu = | it u(j) = 0 and pr is the 'pseudo-source' for constituent v(j) (7b)

The pseudo-sources for CO2, 13CO, and 02 are given indices F = N + 1, lY + 2, /V + g.
Thus the sum in (3) runs from I [o -l[' = lf + 3.

Each of the 'real' sources has a characteristic space-time distribution which in turn gives
a characteristic space-time distribution in the atmospheric concenffation. We define an index
60i to refer to the space-time distributions for process p since, in a few cases, several
processes have the same distribution (which implies that they can only be distinguished
on the basis of distinctions between the constituents). The distributions of responses are
denoted Bo.4 and so

Tir'= Rp(j),O00,\F,A(A for ,(f) e l-2,21and i^r < .l{ (7 
")

The factors F"(p) specify the relative responses for each of the constituents and are listed
in Table l.

In the present study, we have fitted each obsewational record to the model concentration
for the cell containing the observing site. We have not attempted any refined estimation
based on interpolation between grid-point values, although such an extension could be
readily incolporated within the formalism described here. Similarly, we have not adopted
the approach used by Fung et al. (1991) of fitting data to neighbouring grid cells for coastal
sites where the model will have a source that acts on the whole grid cell (with reduced
sfength) while the data will generally be selected for onshore transport. (We have tested
such 'corrections' and found that the changes in the solution are small compared to the
range of uncertainty.)

Figure 1 gives a schematic representation of the information flow in our analysis.
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Prior estimates of source strengths

Figure l: Information flow in the synthesis analysis. Double boxes denote processing,
single boxes denote information. The source distributions (described in Section 3b)
are used in the GISS transport model to produce sets of model responses) ft. These
are combined with source specificationr (.F(p), G(p) and /(p) from Table 1) and
data specifications (r(j), p(j) and ar(j)) (Section 4) to procluce the design matrix
A. The final stage of processing takes the prior estimates of the sources (su and ou
from Section 3e) and the data values (c1 and u1 from Section 4) to produce source
estimates &, and the covariance matrix V The *'s denote input f i les.

Atmospheric
transport

model
Source distributions x

File names
for responses

. 6r3C values

Data File *



Synthesis Study of Atmospheric CO2

2c Units and normalisations

o The observational data are expressed in ppmv (parts per million by volume) for CO2
and 02, except for the trend terms which are in ppmv per year;

. The 13CO2 data are expressed as a 13C anomaly, X, as dehned below with units of
%oPPmv.

o The pseudo-sources defining global mean concentrations are expressed in the units
of the corresponding concentrations, for convenience.

o Real sources, op, are in Gt C y-l (gigatonnes of carbon per year), specifying the
annual mean source strength, except for the seasonal component. We choose the sign
convention that sources to the atmosphere are positive.

o The calculated responses are in units of ppmv of co2 per Gt c y-l except for the
seasonal biotic flux. This means that the CO2 scale factors F (p) will generally
be equal to l. The other F"(p) convert the CO2 responses to responses for 13C

anomalies and 02 concentrations.

o The seasonal biotic source is expressed as a numerical multiple of the prior source
distribution which is based on the work of Fung et al. (1983) and which has a Npp
of  45.6 Gt  C y-1.

r The gross fluxes between atmosphere and biota and atmosphere and oceans are ex-
pressed as Gt C y-r for consistency, even though the gross flux terms do not appear
in the carbon budget, being required only in calculating the effect of isotopic dise-
quil ibrium.

Isotopic compositions are frequently expressed in terms of the '6' notation that expresses
the amount by which an isotopic ratio differs from a standard. For 13CO2 the definition is

613C - [13C:12C.r-pr"/13C:12Crr*a.ra - 1] x 1000 (8o)

in units of per mil (denoted %o). We denote the standard 13C.12C ratio by r"1*4*4. (ItS
measured value of 0.0112312 is not explicitly needed.)

The 13C anomaly used in the calculation is

x = ([13c]/8,.f - [c]) x 1000 ( 8b)

where -R,"1 is a reference 13c:c ratio. x acts as a conservative tracer. If we used Erer =
ftrtandrd (where Eetandard = rstildild/(1* r"tr.a"ra) is the standard 13C:C ratio for a
613C of zero), then X would be equal (to a very good approximation) to [C] x 613C. This
choice of anomaly definition is used in Section 4d when discussing global budgets. For
the purposes of the inversion calculation however, rather than choose ftr"1 to correspond
to a 613c of zero, we choose ftr"1 to conespond to a 613c of -8, close to the observed
atmospheric mean. With this definition, we have, to a good approximation

X = ( 6 1 3 C + 8 ) p l (8")

The approximation in our calculations arises from the fact that the 613C quantification of
isotopic variations is expressed in terms of l3C:12C ratios while the present calculations
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need lsC:C ratios. We assume that all the ratios are sufficiently close to the shndard ratio

0.0112372 that we can convert from 1sC:12C ratios (denoted by lower case'r') to 13C:C

ratios (denoted by upper case 'R') by multiplying by l/(l * r.t*a-a). We shall use this

approximation without further comment'
The reason for the choice of offset in defining X can be seen when we consider the

trend in X. We have:

d . , ^ d d .

f tx 
= (613c + 8);tcl  + [c];613c (e)

By choosing R."1 So that the factor (613C + 8) is close to zero, the uncertainty in the

Eend in X is almost entirely due to the uncertainty in $613C. Similarly, for seasonal and

spatial variations abut the mean atmospheric isotopic composition, the uncertainties in X

can be fieated as due solely to the uncertainties in the 613C measurements. This simplifies

the calculations of the effect of these uncertainties on the estimated sources.

The COz conversion factor 0.471 ppmv per Gt C is the ratio of the number of moles

(* x 1015; in a gigatonne of carbon to the number of moles of dry air in the atmosphere

(iiirfus of 512.4x l0le g, Trenberth, 1981, divided by a mean molecular weight ot28.9644)

with the ratio multiplied by 106 to convert the mixing ratio to ppmv.

2d Supplementary analYsis

Beyond the regression analysis that forms the basis of our inversion technique there are

three additional calculations that assist in the interpretation of the results and which we

have implemented as routine parts of the inversion calculation.

The first is the ability to look at the covariances of linear combinations of the data.
perhaps the most obvious example is the relation between the estimates of summed biotic

exchange and summed ocean exchange. The formalism is straightforward. For a set of K

quantities defined by the linear combinations EF = Dpe1po*, the covariance of ap and

c, is given by Du, VseBpgn.' 
Secondly, *Efi'ctuOe the capability of calculating theresiduals Di = ci -DuAiuau

and the normalised residuals Dilri.
The final related feature is the ability to look at the concentration distributions implied

by the inversion. In particular we consider the zonal means. For each response calculated

using the GISS model, we have included the zonal mean response. These zonal mean

responses are then combined using the solution coefficients, ou, and the weights, F", to

givi zonal mean distributions of concentration, 13C anomaly and oxygen. The anomaly

distribution is combined with the concentration to produce the 613C distribution.
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3. Source components

Table 1: Summary of source components used in the synthesis studies. Regional
suffices for oceans refer to Far north (B for boreal), North (N) and South (S). Prefices
'n:' and'g:' refer to the contributions of net air-seaflux and gross air-seaflux (through
isotopic disequil ibrium) respectively. The effect of CO on the spatial distributions of
oxygen (marked with '* ') is discussed in the text.

3a Summary

Table I summarises the source components that we use in the synthesis studies. Each line
represents a distinct process with a source strength to be estimated. (The first three lines are
'pseudo sources' - we need to ht these quantities as part of the estimation process even
though they are not of interest.) Each process, p, is characterised by a specified space-time
distribution of surface flux. Column 2 specifies the distribution for erch process. The
details of these distributions are given in Section 3b below.

Each process will have a characteristic response factor, F"(p), for CO2, the 13C anomaly
and for 02 (denoted by v = I,2,3). These factors are listed in columns 3 to 5 and are

Process Distr ib. F' F2 F3 G1 G2 G3 Prror sd
Mean COz
Mean 13CO2

Mean Oz

Un
Un
Un

form
form
form

I

0
0

0
'I

0

0
0
1

0
0
0

0
0
0

0
0
0

n .a .

n .a ,

n.a.

n.a ,
n .a .
n .a ,

Fossil
Land-use
Bio. uptake
CO oxid.
Seasnl. bio.
Bio. diseq
n:Atlant(B)
n:Paci(B)
n:Atlant(N)
n:Pacif(N)
n:Eguat.
n:Atlant(S)
n:Paci(S)
n:Indian(S)
n :South .
g:Atlant(B)
g:Pacif(B)
g:Atlant(N)
g:Pacif(N)
g:Equat.
g:Atlant(S)
g:Pacif(S)
g:Indian(S)

c :South .

Fossil
Land-use
Bio-uptake
CO
Season
Bio-release
Atlant(B)
Paci(B)
Atlant(N)
Pacif(N)
Equatorial
Atlant(S)
Pacif(S )
Indian(S)
Southern
Atlant(B)
Pacif(B)
Atlant(N)
Pacif(N)
Equatorial
Atlant(S)
Pacif(S)
Indian(S)
Southern

1
1
I
I

I
0
1
1
I
I

I

I
1

I

I

0
0
0
0
0
0
0
0
0

-19
-r7
-17
- l  I

- r  I

0.30
-1 .70
-1 .?0
-1 .45
-1 .45
-1 .45
- 1 . 4 5
-1 .45
-1 .45
-1 .45
-0 .94
-1 .08

0.67
0.32
1 . 5 3
0.43
0.74
0.46

-1 .50

-1 .41
-1.05
-1 .05
-0.5*
-1.05

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

o.471
0.47L
0.477
0.471

0
0

0.471
0.477
0.471
0.47r
0.471
0.477
o.477
0.4?1
0.477

0
0
0
0
0
0
0
0
0

-8.95
-8.01
-8.01
-8.01

0
0 .141
-0.80
-0.80
-0.68
-0.68
-0.68
-0.68
-0.68
-0.68
-0.68
-0.44
-0.51

0.32
0 .15
0.72
0.20
0 .35
0 .21

-0.71

-0.664
-0.495
-0.495
-0.47t

0
0
0
0
0
0
U

0
0
0
0
0
0
0
0
0
0
0
0
0

5 .3
2 .2

-2.8
0.9
1 .0
100

-0.2

0 .2
-0.3
-0.3

t . 7
-0.5
-1 .0
-0.?
-o.2
2 .7
2.5
5 .1
8 .7

17.2
4.0
8 .4
D . l

22 .3

0 .3
1 . 0
1 .0
0 .2
0.5
50

0 .5
0.5
1 .0
1 .0
1 . 5
1 .0
1 . 5
1 .0
1 .0
1 . 4
1 . 3
2 .6
4.4
8 .6
2.O
4.2
2 .9

11 .0
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discussed in connection wifh each process in Section 3c below. Columns 6 to 8 give the
response factors G"(p) for the three trends. The final 2 columns give the prior estimate,
su, and standard deviation, ?r,r, as required for the Bayesian formalisrn. The basis of the
choices made for these values is described in Section 3e below.

3b Space-t ime distr ibut ions

The GISS Facer-transport model (see Appendix A for further details) is used to simulate the
space-time distribution of CO2 concentrations due to a number of source components. In
performing the model runs, we are interested in the spatial and temporal distributions of the
source components, rather than the actual magnitudes. To simplify calculations, the annual
global sources are scaled to I Gt C y-t for all source components except the seasonal
biospheric source which has zero annual mean net source. Taking each source component
separately, the model is run for four simula{ed years from an initial zero concentration in
order to let a stable north-south gradient develop, and concentrations from the fourth year
are recorded for analysis. The detrended series for year 4 from each site are fitted with
Fourier components to define the responses Rno, for the various space-time distributions
of sources.

Fossil Carbon

The fossil fuel source is based on estimates of the global distribution of CO2 emissions due
to fossil fuel burning, and cement production, for 1980 (Marland et al., 1985). The source
is given on a 50 x 5o grid and re-mapped onto the tracer model's 80 x l0o grid. Seasonal
variation is incorporated into the source by distributing the annual release totals throughout
the year using monthly fossil fuel CO2 emissions for 1982. These are given for six major
world regions by Rotty (1987).

Oceans

The oceans are divided into 9 regions as shown in Figure 2. Each region is assumed to
be essentially uniform. The characteristics are summarised in Table 2. The regions are
defined mainly to reflect different temperature ranges, as many of the variables affecting
total carbon and isotope fluxes are either temperature-dependent or follow similar patterns
to the temperature. Sources in each of the ocean regions are modelled separutely. The
tracer model was run with a source arbitrarily set at I Gt C y-t and distributed evenly
throughout each ocean region. No seasonal variation in the source is considered in this
study.

Biotic uptake and release

The distribution of net primary production (NPP) or CO2 uptake by plants is used in calcu-
lating fluxes between the atmosphere and the biosphere. The NPP distribution is calculated
using source estimates from Pearman and Hyson (1986) for 10 different vegetation types,
combined with vegetation maps at l0 x 1o from Matthews (1985). The annual NPP in each
model cell is calculated as the sum of contributions from each of the lox lo cells in the
model cell. The global NPP derived in this way is 45.6 Gt C y-1.

1 0
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Figure 2: Locations of our g ocean regions: A = Far north Atlantic, B = Far north
Pacific, C= North Atlantic, D = North Pacific, E = Equatorial, F = South Atlantic,
G = South Pacific, H = South Indian, I= Southern.

The spatial distribution of NPP is used in the simulation of both uptake and release by
the biota. The uptake and release components have different seasonal variations. Uptake
by the biota is concentrated in the summer months when most growth occurs while release
is spread more evenly through the year. The seasonal variations of uptake and release are
taken to be functions of latitude and are based on the curves used by Fung et al. (1983)
which were taken from the thesis of Azevedo (1982). We include an additional annual
cycle for latitudes greafer than 70o. We assume that upllke is concentrated over 2 summer
months and release over 6 months centred in summer. The time variations of uptake and
release for various latitudes are shown in Figure 3.

The standard runs use only the two uptake utd relesse distributions. The uptake drstri-
bution is used for the 'fertilisation' term and the release distribution is used for the biotic
disequilibrium. The difference between release and uptake defines the seasonal distribution.

11
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Figure 3: Time variation of release (solid) and uptake (dashed) of COz by the terres-

trial biota. Shaded regions indicate net f luxes. Based on Azevedo (1982). Curves are

shifted by 6 months for the southern hemisphere.

Land-use changes

The source of carbon due to land-use changes (the net effect of clearing of forests for
agriculture, forest regrowth etc.) is discussed in Houghton et al. (1987). The estimated net
release of carbon to the atmosphere in 1980 was 1.791 Gt C y-t, and is given by major
world region. We distribute these totals within each region in proportion to the spatial
distribution of net primary productivity described above, but redefine the seasonality. A
peak of 20Vo in the source is imposed during the 3 driest months of the year in the tropics to
reflect increased biomass burning in the dry season. Rainfall statistics are used to determine
which are the driest months for each region.
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CO oxidation

This source differs from the others in that it is spread throughout the entire depth of
the troposphere. The source is taken as uniform in time and longitude and vertically
uniform through the troposphere. The latitudinal distribution (which we take from Enting
and Mansbridge, 1991) peaks in the tropics reflecting the role of photochemistry in the
oxidation of CO.

3c Conversions

In analysing the atmospheric carbon budget, we need to consider 3 distinct quantities
associated with carbon reservoirs:

o CO2 fluxes to or from the atmosphere;

o Carbon fluxes to or from the atmosphere;

o Carbon loss or storage by the reservoir.

The distinctions arise in two ways. CO2 fluxes differ from carbon fluxes due to fluxes
of other gases, mainly CO and CH4, together with organic compounds that are rapidly
oxidised to CO. Carbon fluxes to and from the atmosphere differ from carbon storage
because of other inter-reservoir transfers. The most notable of these is the transport of
carbon from the terresfrial biota into the oceans via rivers.

Given these distinctions it is important to be clear about which type of quantity is being
estimated. Inversions of atmospheric CO2 data give estimates of CO2fluxes.

By analysing the processes that lead to these distinctions, we can estimate the exchange
that needs to be added to convert one type of quantity to the other. We advocate the use
of the term conversion from one type of quantity to another rather than the term correction
which has often been used. It is not that any of the three quantities is 'wrong' (and thus in
need of conection) but rather that three different quantities are involved.

The conversion terms need to be taken into account both in the interpretation of re-
sults from inversion calculations and in the determination of prior fluxes for the Bayesian
estimation.

Sarmiento and Sundquist (1992) pointed out the significance of the natural transport
of carbon via rivers from the tenestrial biota to the oceans. The consequence of this
transport is that net carbon uptake or loss for the ocean and biotic reservoirs differs from
the net carbon fluxes between the atmosphere and the reservoirs. Sarmiento and Sundquist
estimated the difference as about 0.6 Gt c y-t.

The conversion between CO2 fluxes and carbon fluxes is more complicated, as described
by Enting and Mansbridge (1991). The estimated 0.86 Gt C y-1 CO2 source from CO
oxidation in the free atmosphere represents the balance of estimated sources of 0.3 Gt C
y-1 from fossil carbon,0.56 Gt C y-t as CO from biotic sources,0.0-5 Gt C y-1as CH4
from wetlands and 0,12 Gt C y-1 from other CHa sources, less a sink of 0.17 Gt C y-t
due to surface oxidation of CO.

Taking a 0.86 Gt C y-l CO oxidation source of COz corresponds to taking a fossil
CO2 source 0.3 Gt C y-r lower than the fossil carbon source and a biotic CO2 uptake flux
that is 0.56 Gt C y-r more negative than the biotic carbon uptake flux. The river carbon
term will imply that the biotic carbon uptake flux would in turn be 0.6 Gt C y-l more
negative than the biotic carbon storage rate.

13
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Conversely, to convert the CO2 fluxes obLained from the inversion into estimates of
carbon storage requires adding to the net CO2 flux from the terrestrial biota 0.6 Gt C y-r
for river carbon and 0.56 Gt C y-t for CO (or a modified value based on the estimated
CO source).

3d  Processes

carbon

The release of CO2 from fossil carbon is characterised by thepssil space-time distribution

described above. The source scaling factor for CO2 is I by definition. We apply a factor

of -1.41 for oxygen in our preliminary studies, based on the work of Keeling (1988)'

Keeling and Shertz (1992). The additional 0.41 reflects the uptake of oxygen during

combustion of the hydrogen in hydrocarbon fuels. For 13CO2 we use a 613C of -270/.o

based on the data from Tans (1981) in the absence of more recent estimates. The question

of incomplete combustion (releasing CO) needs to be adffessed in connection with the

distinctions between CO2 fluxes and carbon fluxes, as discussed in Section 3c.

Air-sea flux

The standard cases of our air-sea flux assume no seasonal variation. As a consequence,

we assume that no oxygen fluxes occur. The net CO2 flux is the difference between two

gross fluxes:

and

( 104)

( l 0b )

where o is the area of the ocean region and rc is a gas-exchange coefficient. Thus the net
flux is

5 N = ( D * . - O . - - a K L ' P s o 2 (10c)

The determination of the net flux from direct measurements is limited by (a) uncertainties
(of a factor of 2) in the gas-exchange coefficient and (b) the limited scope of the ocean
pgs2 data set.

The 13CO2 flux is given by

5* = c-.ft*O*. - ou*.R"O.-

The ocean contribution to the isotopic anomaly X is

( l  l o )

Sy = (S* lR "r  
-  SN) x 1000

- lo,o R^f R 
"r 

- 1][O-o - O*] x 1000

fO-.[a*"R* - d.^E ] x 1000/8..1 ( 1 1 b )

Thus the isotopic response splits into a component proportional to the net CO2 flux, 5p,

and a component proportional to the gross sea-to-air flux, O*". This second component is

driven by the degree of isotopic disequilibrium d*.R* - o.*8, between the atmosphere

and the mixed layer.

Qam = dKPa

O*" = aKPcoz
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In dealing with the
Keeling (1989, Section
fractionation.

and

Heimann and Keeling (1989) used

fractionation factors, we follow the approach of Heimann and
5) and only consider the effect of temperature on the equilibrium

l5

dm = 0.9982

dma = camdeq

(r2a)

(r2b)

(I2c)

The basis for such a parameterisation is that it is through the ratio or difference of o"*
and o-. that temperature has most influence on the isotopic fluxes and so it is reasonable
to use the factor a.o to parameterise this influence.

In summary, each ocean region is represented by fwo source components: a net flux
term affecting both total CO2 and the 13C anomaly and a gross-flux term affecting only
the 13C anomaly. In each region, the same response distribution is used for the gross flux
and net flux components.

For the net flux term the contribution to the isotopic anomaly involves the factor
fa*Ruf R 6 - 1] which we obtain from the atmospheric 613C data and the fractiona-
tion factor given by (l2a). The resulting response factors F2 are listed in Table 1.

The disequilibrium contributions involve the product of gross flux and isotopic dis-
equilibrium. For each region we have a product whose two factors can not be estimated
independently. Formally; we fix the isotopic factor and adjust the gross flux; since the
factors need to be discussed together, we defer the details until Section 3e.

Approaches such as that of Tans et al. (1990a) which estimate ocean fluxes need a
'conversion' term to give oceanic uptake. Similarly, the synthesis approach is estimating
fluxes rather than storage; consequently the river carbon term must be added to determine
net uptake. Our approach to the treatment of r3C is consistent with this since, by using
observed ocean 13C data as the basis for calculating anomaly fluxes, we are using a 'flux'

representation rather than an 'uptake' representation.

Biotic fluxes

The source of carbon due to the terrestrial biota is split into 3 components - a seasonal
component, the 'land-use' component and the biotic uptake component. For each of these
three components, we &ssume a 613C of -25o/.o. Again we follow the work of Keeling
(1988), Keeling and Shertz (1992) in using a stoichiomefic faoor of 1.05 for relating
carbon exchanges to oxygen exchanges between the atmosphere and biota. An extra con-
tribution to the atmospheric r3CO2 budget arises from an isotopic disequilibrium between
the atmosphere and biota as described below.

Seasonal biotic exchange: The seasonal biotic component represents a steady-state
biota where, over a full year, there is no net carbon flux to the atmosphere. The
seasonal source is dehned as the difference between the 'release' and 'uptake' dis-
tributions defined above, each having an amplitude of 45.6 Gt C y-1.

e.483
ceo = 1.02389

T + 273.15
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Land-use change: In the analysis by Enting (1992) the deforestation term is essentially
defined as the net carbn flux associated with changes of land-use. This is the quantity
that was estimared by Houghton et al. (1983), Houghton (1993). T\e land-we space-
time distribution is described above. The relative influences on CO2, 13CO2 and
oxygen are as for the other biotic components.

Biotic uptake of COz: This term represents those biotic sinks of CO2 that are not
balanced by natural CO2 sources at the point of uptake. Such uptakes occur when
there is either storage of carbon in the ecosystem or a transport of carbon away from
the system in a form other than atmospheric CO2.

The storage term is generally equated to the effect of stimulated plant growth due to
increased levels of atmospheric CO2. However, if the 'land-use' term represents c//
the net CO2 flux arising from change in land-use then, for a complete description,
the 'uptake' term must include all other changes in terrestrial biomass. This will
include both additional upuake from the effects of nutrient changes and reduced
uptake resulting from toxihcation.

The contributions from carbon transported in forms other than atmospheric CO2 are
those that lead to the distinctions between CO2 fluxes, carbon fluxes and carbon
storage (see Section 3c). The first is the carbon that enters the atrnosphere either as
CO or as compounds that ale oxidised to CO; the second is the component that is
transported to the oceans via rivers.

We use the uptake distribution, i.e. the spatial distribution of NPP with the 'uptake'

seasonal cycle. We run this terrn as a source for consistency with the sign convention
of other components, even though COz-fertilisation and the imbalances arising from
river transport and CO production represent sinks.

fsotopic disequilibrirrrn of the terrestrial biota: The d13C of the terrestrial biota
is changing due to the changing 613C of the atmospheric carbon taken up in photo-
synthesis. However this change will lag behind the afinospheric change and so the
613C of carbon released as CO2 from the biota will be higher than that of carbon
taken up. The disequilibrium term involves only the isotopic changes and does not
appear in the total carbon budget. The effect of the isotopic disequilibrium will be
proportional to the gross fluxes between the atmosphere and the tenesfial biota. For
this component we use the release distribution, i.e. the spatial distribution of NPP
with the 'release' seasonal cycle. (Appendix B describes a simple model used to
quantify the isotopic disequilibrium effect.)

Carbon monoxide

The significance of atmospheric transport of CO was pointed out by Enting and Mansbridge
(1991), following an analysis of the inversion problem by Enting and Newsam (1990). We
take the 613C of the CO2 produced as being characteristic of biotic and fossil carbon, on
the basis that in a quasi-steady-state situation (i.e. time-scales longer than the CO lifetime
of weeks to months), the isotopic compositions of sources and sinks of atmospheric CO
must be the same. (The contribution of CH4 to the CO oxidation source is very small.)

The issue of oxygen is more complex. The effect on the global oxygen budget will be
given by the factor I (or 1.05) times the 0.471 factor converting from Gt C y- I to ppmv y- 1,
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Region
Units

Code Lati tudes
Degrees

Area
1012m2

,t

molf m2 f yrf p,atm
SB

G t  C  y - 1
6"c - 5,

Atlant(B)
Paci(B)
Atlant(N)
Pacif(N)
Equatorial
Atlant(S)
Pacif(S)
Indian(S)
Southern

A
B
c
D
E
F
G
H
I

48N-90N
48N-90N
16N-48N
16N-48N
16s -16N
48s-r 6 s
48S-1  6  S
48s-16s
90s-48s

8.547
{ . 6 1 b

23.829
40.508

108 .32  8
22.465
46 .43 I
31 .870
51.624

+4 .b  x1o - '
*4 .b  x1o -2
3.0 x 10 -2

3.0 x 10-2
2.2 x10-2
2 .5  x !O-2
2.5 xI0-2
2 .5  x10 -2
*6.0 x lo-2

-o.2
0 .2

-0.3
-0.3

7 . 7
-0.5
-1.0
-0.7
-0.2

-0.94
-1 .08

0 .67
0 .32
1 .53
0.43
o.74
0.46

-1 .50

Table 2: Ocean regions used bo define the spatial distributions of gross and net ocean
flux terms. Code letters refer to Pigure 2. Gas exchange coefficients, rc, e from Liss
and Merlivat (1986): the *'s indicate large seasonal variations. Empirical f luxes,  ̂ 98,
from Tans et al. (1990a) are about afactor of 2larger than implied by the rc values.

since the CO oxidatron is the end point of a 2-stage process of oxidising biotic (or fossil)
carbon to give CO2. When considering the spatial distributions, it is necessary to account
for the fact that the 2 stages of oxidation can occur at different locations. Table 1 lists the
factor ,t'3(CO) = 0.5 corresponding to the oxidation of CO for which our calculated response
applies. The calculations in Section 6c use F3(CO) = 1.0, treating the CO oxidation and
production as producing oxygen at the same locations. A refined calculation would require
a separate distribution for the effect of CO production on the oxygen distribution.

3e Prior estimates

Fossil: The value 5.606 Gt C y-1 is the average of 1986 and 1987 as reported in CDIAC
(1991). The standard deviation of this prior estimate is taken as 5Vo of the total.
Since the inversion is estimating CO2 fluxes, we reduce the prior estimate to 5.3 Gt
C y-1 to take account of CO emissions from incomplete combustion.

Net oceau flux: The estimation of air-sea fluxes from pgo2 data is subject to significant
uncertainty, mainly due to uncertainties in the gas exchange coefficient - the rc of
equations lOa-c. The difficulty is that 'empirical' estimates of the mean global
exchange rate, based on uptake of laC (e.g. Broecker et al., 1980) differ by a factor
of 2 from rates based on actual measurements of gas exchange (Liss and Merlivat,
1986). The 'emprical' estimates .98 in Table 2 ue taken from Table 2 of Tans et
al. (1990a) without colrection for the changes in regional boundaries. The exception
is that we have the northern Pacific split into 2 zones. On the basis of the pss2 maps
of Tans et al. (19904), we suggest that, as a first approximation, the near-zero flux
estimated by Tans et al. (1990a) represents a near-cancellation of two larger fluxes
with the uptake comparable to that in the north Atlantic.

For the standard deviations of each ocean region we use a set of conservative esti-
mates, generally *1 Gt C y-1. The two smaller'Boreal'regions are assigned *0.5
Gt C y-1. The large equatorial region is assigned +1.5 Gt C y-l and the southern
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Pacific is assigned +1.5 Gt C y-1 on the grounds of limited pcoz d^ta.

The division of the isotopic flux into 'net flux' and 'gross flux' terms means that
the 'net flux' contribution of the isotopic anomaly is fully specified as a multiple of
the net carbon flux on the basis of the fractionation factor and the atmospheric 613C
without the need to estimate any further parameters.

Gross ocean flux efrect: This term affects only the isotopic distribution and arises from
the isotopic disequilibrium between the atmosphere and the ocean. As implied by
our terminology, these terms are proportional to the gross ocean-to-atmosphere CO2
flux rather than the net flux. The gross flux term is expressed as

p . l p . ' l

^56 = O*.[a*"&- - c^*ft"] x 1000/fi,"1 = O*"c.*# l*"oi3 - I I x 1000
J ( r e f  L  

' K a  
,  

, r '

Thus estimation of this term requires:

r The gross sea-to-air flux. This is subject to the same uncertainties regarding
gas exchange coefficients as were described in connection with estimating net
CO2 fluxes from p6s2 differences;

o Data for the isotopic composition of ocean surface carbon;

o The temperature dependence of the fractionation factors.

Each of these factors involves significant uncertainties. However by formulating the
isotopic flux so that all these uncertainties affect only one term, we are in a position to
assess the consequences of these uncertainties. Since the various contributions to the
disequilibrium effect can not be deduced independenfly from the atmospheric daha, we
take approximate values of the isotopic factors, regard these as fixed and incorporate
any errors into the dehnition of an effective sea-to-air flux, (D"6 = O-"c*-Ro/Rr"r.
Thus the estimation problem becomes one of estimating an unknown flux with a
specified isotopic influence and no effect on the total carbon budget. However, the
assignment of standard deviations to the prior estimates must take into account the
uncertainties in each of the components contributing to the product.

As prior estimates of 0"6 we use equation (10) in the form o x 300 x2rc8, with the
,cE values taken from Etcheto et al. (1991) as listed in Table 2 and with the factor of 2
included to make the fluxes comparable to the 'empirical' (l4C-based) flux estimates
(Broecker et al, 1980). We take a 507o standard deviation as a relatively conservative
estimate of the uncertainties in these estimates.

For the isotopic disequilibria, we use the data presented by Tans et al. (1993), con-
verted to our grid using an area-weighted average. The values are listed in the
final column of Table 2 and appear as the F2 in Table I (with the G2 obtained by
multiplying the F2 values by 0.471 ppmv/Gt C).

Seasonal biotic flux: For our slandard case, we use a prior value of I, since we have
not normalised the response to a I Gt C y-1 source (since the net annual source is
zero). The response is calculated (in ppmv) for our standard case with NPP of 45.6
Gt C y-1 and the seasonal variations of uptake and release as shown in Figure 3.
We use an initial standard deviation of 0.5 to reflect the uncertainty in the NPP and
in the relative timing of uptake and release.
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Land-use change: The most detailed studies of the carbon flux due to land-use changes
are rhose of Houghron er al. (1983, 1987), Houghton (1993). We follow the approach
described by Enting (1992) taking an average of recent 'high' and 'low' estimates
frorn Houghton (personal communication) and ascribing a nmge in proportion to that
used in his earlier analyses, giving 2.2 + 1.0 Gt C y-1.

Biotic CO2 uptake: As in the study by Enting (1992) our estimates for the biotic stor-
age, which we attribute primarily to CO2-enhanced growth, draw mainly on the study
by Kohlmaier et al. (1987). We also note more recent work by Gifford (1993) and
Polglase and Wang (1992). We use the range -1.6 + 0.8 Gt C y-1 that was used
by Enting (1992).

In addition to the extra carbon storage attributed to CO2 fertilisation, this term has to
include the 'unbalanced uptake' - the amount of CO2 taken up that is not returned to
the atmosphere as CO2 but either enters the ocean via rivers or enters the atmosphere
as CO. These terms contribute l.2GtC y-r - we take an overall prior estimate of
the 'unbalanced' biotic CO2 uptake as 2.8 * 1.0 Gt C y-1.

CO oxidation: The inversion only needs the net CO2 production rate from CO oxidation.
We use the value 0.86 Gt C y-t (Enting and Mansbridge, i991), rounded to the
nearest 0.1 Gt C y-t as for all other prior estimates. The standard deviation of 0.2
Gt C y-t reflects the proportional uncertainty in the average OH concentration (and
hence the CO sink) based on the study by Prinn et al. (1987).

Isotopic disequilibriurn of the biota: The 613C of the terrestrial biota is changing
due to the changing 613C of the atmospheric carbon taken up in photosynthesis.
However this change will lag behind the atmospheric change and so the 613C of
carbon released from the biota will be higher than that of carbon taken up. In
their analysis, Quay et al. (1992) estimated this term as the gross flux times the 613C
change over the residence time of biotic carbon. For short periods, the disequilibrium
expression can be expressed as 'flux x residence time x rate of change of 613C'.
Quay et al. (1992) used 60 Gt C y-r x l0 yr x0.02o/ooy-1: l2o/ooGt C y-1. From
the definition of the residence time, the effect of isotopic disequilibrium could be
expressed as reservoir content x rate of change of 6l3C (with the rate of change
taken as the average over the residence time). On this basis we use values rather
higher than Quay et aL, since the shorter-lived components will be reflecting a rate
of change closer to 0.030/..y-1 and the longer-lived components involve a reseryoir
that should include soil carbon and so be much larger than 60 x 10 - 600 Gt C.

In Appendix B, we use the biotic model of Emanuel et al. (1981) combined with the
ice-core 613C data from Friedli et al. (1986) to estimate a biotic disequilibrium factor
of 26.5o/,oGt C y- t.

As with the ocean isotope disequilibrium, the effect is a product of gross flux times
isotopic disequilibrium, both of which are unceftain. Since we can not estimate
the two factors separately, the estimation treats the problem in terms of a specified
disequil ibrium times an unknown gross flux. We use O.3ofoox 100 + b0 Gt C y-1.

1 9
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4. Data sets

4a Time-averaging

The synthesis analysis presented in this repofi is intended to give estimates of the atmo-
spheric carbon budget representative of the period 1986-1987. The mathematical procedure
described in Section 2 assumes periodic sources leading to a concentration distribution in
which a uniform global rate of increase is superimposed on a space-time distribution that
has an annual periodicity. The results presented in Figure 4 show that the period around
1987 is one for which the assumption of a globally uniform increase appears justifiable.

The trend estimated for each site will reflect measuremenf errors, sampling inadequacies,
small-scale source variations and longer-term globally coherent variations, most notably the
ENSO signal. The influence of sampling problems, measurement errors and small-scale
variations can be reduced by time-averaging. However, increasing the averaging time to
reduce these errors will imply an averaging over more of the global-scale long-period
variations and so the average becomes less representative of the chosen times.

These diffrculties were addressed by Keeling et al. (1989b) in their synthesis analysis
of atmospheric COz. They chose to look at the long-terrn averages, and ensured this by
taking the global totals of reservoir fluxes from a box-diffusion model study that ignored
the ENSO-scale variations. Consequently their atmospheric budgeb that were nominally
for particular years did not necessarily match the CO2 growth rates for those years, but
rather matched long-term growth rates around those years.

Our choices for averaging are somewhat arbitrary, but are based on a subjective assess-
ment of the variability in the data. For seasonal cycles, we average over the entire length
of the records. Apart from Mauna Loa, where the amplitude seems to have undergone a
'step' increase over the period 1975-1980 and remained high (e.g. Enting and Manning,
1989), there is little evidence of systematic long-term change in seasonal cycles of CO2.

For ttre CO2 trend we use a 4-year averaging as described in the next section. This
seems to produce a set of estimates that are little affected by ENSO-scale variations. For
tlre 613C trend we average over the available length of the CSIRO record (Francey et
a1., 1990), avoiding the last few yean where a systematic change has become apparent.
The spatial distribution of CO2 shows considerable year-to-year variation whose nature is
unclear. We have averaged over only 2 years - a compromise between error reduction
and our desire to produce estimates representative of 1987.

4b co2

Our analysis of the atmospheric COz cycle in terms of a quasi-steady-state means that there
are three types of COz data that are required:

o A globally representative rate of increase;

o A seasonal cycle for each site - this is assumed not to vary from year to year;

r The spatial distribution of de-seasonalised concentrations. We use the 1986-7 mean
so that our reference time is Jan. I 1987. Again we ignore interannual variability.

As well as needing estimates for these quantities, we also need a measure of the un-
certainty of each estimate. Formally, the requirements are well-defined - we require a
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Figure 4: The rate of change of atmospheric COz estimated from monthly flask data,
using a 4-year smoothing period (CDIAC, 1991; Conway and Tans, 1990; Beardsmore,
personal communication).

statistical model of each time series, formulated so that the estimation procedure can be
analysed to produce the requisite error estimates. However, in spite of some preliminary
work (e.g. Surendran and Mulholland, 1987), statistical modelling of COz time series is a
poorly explored area. Much statistical analysis of CO2 data relies on regression analysis
- the underlying statistical model: 'specified functions plus white noise' will often be too
unrealistic to produce valid estimates of uncertainties. In the absence of detailed statistical
modelling, we have adopted some cd hoc choices for the present study.

Our procedure for obtaining the trend term follows:

i. Perform a regression analysis to monthly mean data, fitting a qua&atic function of time
plus a fixed seasonal cycle.

ii. Subhact the seasonal cycle from the original series.

iii. For each time point at which the gradient is required, take a 4-year segment of the
de-cycled series, centred on the time period of interest, and fit a sfaight line. The
gradient of the line provides the estimate of the CO2 trend.

Figure 4 shows the results of applying this procedure to the NOAA monthly mean flask
daLr from Mauna Loa, the South Pole, Barrow, Samoa, Ascension Is., Amsterdam Is., Key
Biscayne (as reported in CDIAC, 1991; see Conway and Tans, 1990 and references therein
for furfher details) and CSIRO aircraft data (D. Beardsmore, personal communication).
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Except for Barrow, these records show particularly coherent trends over the years 1986-7.
We use the range 1.80 + 0.15 ppmv y-t on the basis of this figure. This may be a l itt le

too large to be truly representative of 1986-7, since there is some evidence that 1988 and
1989 had anomalously high CO2 concentrations.

The seasonal cycles are obtained by a regression analysis of monthly mean concentra-
tions for the various sites. The assumption of a fixed cycle means that the components can
be estimated quite precisely since the full record is available for each fit. In this case we
use the standard deviations as estimated by the regression analysis.

Since we are not analysing the seasonal cycle in detail, we have included only a single
function describing the natual seasonal exchange with the biota. It is thus inappropriate

to attempt to fit a large body of seasonal observations. (As discussed below, if we attempt
to do so, the solution is severely distorted.) We therefore choose to fit only I site and
use a mid-latitude northern hemisphere site as giving a representative reflection of the
seasonal exchange component. Our 'standard' choice is to use the Azores data, for which
we represent the seasonal cycle as

C"u*o. = (1.443 * 0.182) cos(2zt)  + (4.146 + 0.182) sin(2zr)

+(0.395 + 0.182) cos(42' f)  + (-  1.535 + 0.182) sin(4zr) (Azores)

Location Code Mean COz Lati tude Loneitude

Alert,  El lesmere Is.
Mould Bay, Canada
Barrow. Alaska
Ocean Station M
Cold Bay, Alaska
Shemya Is., Alaska
Cape Meares, Oregon
Terceira Is.,  Azores
Sand Is., Midway Islands
Key Biscayne, Florida
Cape Kumakahi, Hawaii
St. Croix, Virgin Is.
Guam Is,
Christmas Is.
Mahd Is.,  Seychelles
Ascension Is.
Cape Matatula, Samoa
Cape Grim, Tasmania
Palmer Station
South Pole

ALT
MBC
BRW
STM
CBA
SHM
cMo
LZP.
MID
KEY
KUM
AVI
GMI
CHR
SEY
ASC
sMo
CGO
PSA
SPO

348.?5
349.20
349.05
348.00
348.90
3 49.45
349.30
348.70
348 .65
348 .55
347.50
347.30
348.40
347.40
347.50
346 .95
346.25
J 4 D . D D

3 4 5 . 8  5
345.70

82.50N
76.23N
71 .32N
66.00N
55.20N
52 .75N
45.00N
38 .75N
28.20N
25 .67N
19 .52N
17.75N
13 .43N
2.00N
4.67S
7 .92s

14.25s
40.68s
64 .92s
89 .9  8S

62 .33w
119 .33w
156 .60w

2.00E
762.72w
174.08E

124.00w
27 .08w

177 .38W
80 .17W

154 .82w
64.85w
144.78E

157.30W
55 .1  ?E

74.42w
770.57W
r44.73E.
64.00w
24.80w

Table 3:  CO2 data-  averages of  1986-1987 dataf rom GMCC (1988).  Each value is
assigned a *0.3 ppmv uncertainty. In arlclit ion we use a global tnean rate of change
o f  1 . 8 0  +  0 . 1 5  p 1 ' m v  y - 1 .

The main CO2 data set that we use is the mean concentrations tiom the NOAA flask
sampling network. We use the average of the 1986 and 1987 annual means, es tabulated in
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GMCC (1988). The values are listed in Table 3. The range of unceriainty is taken as 0.3
ppmv for each data point. This range is based on the work of Tans et al. (1990b) who used
a simulation approach to explore the statistical characteristics of the NOAA flask sampling
protocol. They simulated the statistical characteristics of the flask record by randomly
sampling from the records of their continuous analyser records.

4 c  r 3 C O 2

The atmospheric 6r3C data come from the CSIRO global flask network. Air ftom the
'clean-air' sectors of the WMO baseline stations listed below is chemically dried on col-
lection, and returned to the laboratory in 5 lihe glass flasks at 100 kPa above ambient
pressure. CO2 is extracted cryogenically and analysed on a VG Micromass 602D mass
specfometer. The methods used in the selection, correction and conversion of these data
to the intemational PDB scale are given in Francey and Goodman (1986, 1988). A sum-
mary of the early results is given in Francey et al. (1990). The annual averages in this
paper have been obtained by first 'de-seasonalising' the data to minimise problems associ-
ated with uneven sampling (typically I sample per month, determined by conditions). The
'de-seasonalising' process consish of subtracting the seasonal cycle of the CO2 record,
multiplied by -0.05"/""ppmv-1. It should be pointed out that the inter-annual variability in
the CSIRO data set over the 1982 to 1988 period is 3 to 5 times smaller than that reported
by Keeling et al. (1989a). The reasons for this discrepancy have not yet been uncovered.

The values used in the inversions are averages over 1985--88, in "/", Barrow: -7.899+
0.027; MaunaLoa -7.686*0.017; Samoa: -7.638+0.013; CapeGrim: -7.644*0.010;
South Pole -7.669 + 0.010; with a global trend of -0.030 + 0.00b o/ooy-l, based on our
long 613C record from Qape Grim. The anomaly values, X, (in %oppmv) are Barrow:
3 5 . 2 5 + 1 0 . 1 ;  M a u n a L o a : 1 0 9 . 0 8 * 5 . 9 ;  S a m o a :  1 2 5 . 3 1 * 4 . 5 ;  C a p e G r i m : 1 2 3 . 0 1 + g . b ;
South Pole 114.4 + 3.5; with a trend of -10. L t t.7 %oppmv y-1.

4d The rate of change of d13C of atmospheric CO2

In the early stages of our study, it became apparent that the most important aspect of the
r3COz data for constraining the global budget was the global frend in atmospheric 613C.
In this section we analyse this trend, in conjunction with the CO2 trend - in addition we
re-analyse the studies of 13C data by Quay et at. (1992) and Tans et at. (1993).

Table 4 gives the various estimates of contributions to the 13C anomaly budget, ex-
pressed relative to a d13C of zero, i.e. following Tans (1980) and using 613CxtCl as a
conserved facer. The atmospheric 13C anomaly budget is:

dfo""6fo", - (Qr- - O-.)(a^*Ru/ R"t^a^ra - 1) x 1000

f O*.c",,,-Ru(a"rR^f Ru - l) * 1000 + (oa"r * or"rt)(eu * 6")

+BG(6b - €b - o") - o"*lr" - lr"*0" = o
d,t dt

For comparison the atmospheric budget for total carbon is written as

(Laa)

23

oross - (Q"- - O-.) * (oa"r * dfert) -  4"" = O
dL

(r4b)
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In principle, these two equations enable us to solve for any two unknown components of
the atmospheric budget so Iong as all other components are known and as long as the two
components have distinct isotopic signatures. Most interest has been in the case where the
two components that are estimated are the net air-sea flux .9N = O.,, - O*, and the net
biotic flux BN = od"r * dfert.

The equation for total carbon balance (l4b) is generally interpreted as an equation for
net carbon storageAoss, but it can equally well be regarded as an equation representing
net fluxes - as discussed above, the transport of carbon via rivers implies a distinction
between net fluxes and net storage. We use Bfr and .9fr to denote net biotic carbon loss
and net ocean carbon storage. (In considering global budgets, the distinction between CO2
fluxes and carbon fluxes disappears since essentially all CO is oxidised to CO2.) In these
lerms the tolal carbon balance is

( rDo )

(15b )

(16o)

d
Br.r -SN*dfo"" - *N. = 0 (carbon flux)

dT

B$ - S$ * oroee - 
fi*" 

= O (carbon storage)

The 'flux' form of the 13CO2 balance follows directly from equation (l4a) as:

oro""6fo". - SN(."* + 6") + o*.(6"c - 6") + Bw(eu * 6")

*86(d6 - €b - o^1 - o^fin^ - n,fia^ = o
Given the distinctions described above, we can now calculate the various terms in the

balance as presented in Table 4.

r For 1987 the rate of change of atmospheric CO, is 1.8 ppmv y-I (3.8 Gt C y-1)
and the 613C is -7.8oloo. For the period 1970-90, Quay et al. (1992) use 2.9 Gt C
y-l and -7.56%".

e For 1987 we use iV" = 739 Gt C (348 ppmv) and f;6" 
- -0.03%oy-1. For

1970-1990 Quay et al. use 717 Gt C and -0.02%oy-t.

o The fossil6r3C is taken as -27.2%o, with sources of 5.606 Gt C y-l for 1987 and
5.1 Gt C y-r for 1970-90.

o Quay et al. use a biotic disequilibrium term of T2ofooct C y-t. For the basis of
comparison, Tans et al. (1993) use the same value. As discussed above, we believe a
larger value is appropriate. We use 30%"Gt C y-1 rounded from the value calculated
in Appendix B.

o The isotopic effect of the net air-sea flux is Sp(e",, * 6.) - 9.6.SN.

r The effect of isotopic disequilibrium between the atmosphere and ocean is taken as
0.43ofoo x 85 Gt C y-t by Tans et al. (1993). As discussed above, the difficulty in
determining this term comes from the fact that it involves a weighted average over
both positive and negative values of air-sea disequilibrium, with some uncertainty in
both the 613C and the weighting factors.
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o An alternative analysis of ocean 13C in terms of uptake (i.e. storage) rather than
fluxes was given by Quay et al. (1992).

The new feature introduced by Quay et al. (1992) was the use of the temporal change
in depth-integrated ocean 613C to obtain terms related to the ocean carbon uptake. They
used the 'storage' form of the atmospheric 13CO2 budget:

oro""6ro"" - 
"* | 

6^e)c(z)dz + B$(e5 1 6")

+Bc(6b - €b - s^1 - 6fiw^ - w^fi;^ = o
The ocean 13C change was expressed as:

, !  [ " C ( z l '  " \ ' t  
o d  f "  -  d  t 2

dt Jo ,6^(" ' )dz '  = aci  
Jo 

o^(" ' )dz '+a6^f i  
Jo 

c{z ' )ar '

^ d ,  f '  .= aC fi Jn 
o^(r') dz' + 6^5rt

Quay et al. (1992) used:

o A mean ocean 613C of 6* - 1.7%o:

"* I"' 
c(z)6^(z')d,z' - -8e.e+ 1.7s$

(16b)

(17a)

A mean ocean carbon content of C = 2.0 mol ^-s 124 g m-3);

An ocean area of a = 360 x 1012 m2;

A change in depth-integrated 613C of -208"/o.m over 20 years, i.e. an average rate
of  change of  -10.40/oom y-r .

so that the ocean 13C anomaly storage term is (in o/ooGt C y-t)

a

a

a

(  17b)

The values in Table 4 provide the basis for determining Bn and .9N (or B$ and s$).
The total anomaly, which has to sum to zero, will depend (weakly in the case of the
Quay et al. analysis) on .9p .and BN. The constraint from the total carbon budget is that
BN - 5N = Bfr - SS = Ir" - dro"". The solutions defined by the two constraints are
shown in the last two lines of the table.

Table 4 illustrates the discrepancy between the approaches of Quay et al. (1992) giving
B$ = -0.2 (BN r: -0.8) and Tans et al. (1993) giving BN = -1.8 (B$ nv -1.2).
The discrepancy is about 1.0 Gt C y-l after including the conversion between fluxes and
reservoir storage (approximately 0.6 Gt C y-l due to transport of carbon through riven).

The process of using the combination of isotopic data with constraints on total carbon
can be represented graphically as shown in Figure 5. Each component is represented as a
vector. The vertical component of each vector represents the carbon flux, the horizontal
component represents the isotopic anomaly flux. Thus the effective 613C of the fluxes
is represented by the angle of the vector. Figure 5 is plotted using anomalies relative to
a 6r3C of 0. A change of reference ratio would correspond to a horizontal shearing of
the plot (an affine transformation) but would not change the relations between the vecton.
(This type of diagram is a two-component generalisation of the carbon budget diagrams
introduced by Enting, 1993.)
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Process
Period

Expression Qu.y
1970-90

Tans
l 970-90

This report
I  987

ATMOS.

#co'
t t6t3C
FOSSIL
Fossil
BIOTA
Net
Diseq.
OCEAN
Diseq.
Net flux
Total

-6^*!^
-N"#6"

dfor"6fo""

Bc(6u - .u  -  6 . )

o*,(6.q - 6")
-Sw(e'* * 6")

"$, ! a^1'1cP1a,

2 t . 9
1 A ' )

-  138.7

-25.Bfi
1 2 . 0

8e.e - 1.7S$

o 1  |

14.3

- 1 3 6 . 0

-26.6.Br.r
I  2 . 0

36.6
9.6^9N

29 .8
22.2

-r52.5

-25Brl
26.5

36.6
9.6.9H

Total
anomaly - n

-0.6 - 1.7sfr
_25,B*

-50 * 9.6.5r.r
-26.6.Br'r

-38 .1+ 9 .6^9N
-25.BN

B n - S N
B-l - s*

= N" - olo""

= JV. - ofo.. -2.2
-2 .0 - 1 . 8

Ocean
Biotic

5S = 2.0
B$ = -0.2

SN = 0 '2
B N  =  - 1 . 8

SN = 0'4
Bry = -1.4

Table 4: Comparison of alternative interllretations (Quay et al., 1992; Tans et al',

1g93 and the present study) of the atmospheric ttcOr budget, expressed as anoma-

lies relative to a reference 613C of 0. Units are fioGt C y-l except for the last four

rows which give (in Gt C y-1) the two forms of extra constraints from the total car-

bon budget una in" solutions obtained by combining the appropriate carbon budget

constraint with the requirement that the total 13COz anomaly is zero.

Figure 5 is plotted using a biotic disequilibrium of 300/ooGt C y-r rounded from the

estimate 26.5%oct C y-1 used in Table 4. The solutions are obtained by equating the

oceanic uptake to the sum of non-oceanic 'inputs'. The sum is taken as including a

biotic release or uptake whose magnitude is unknown. The 'inventory' solution is where

the inventory constraint describing oceanic carbon and 13CO2 increase crosses the biotic

release line. The 'flux' solution is found from the point where the ocean contribution,

expressed as disequilibrium plus net flux at -9.6%", crosses the biotic uptake line' In_each

caie, the use of a biotic disequilibrium of 3O"/ooGt C y-1 rather than 120/"oGt C y-r has

led to a larger estimate of oceanic uptake than in the original analyses but has not greatly

reduced the discrepancy. (Note that a difference of about 0.6 Gt C y-l between the 'flux'

and .inventory' solutions is expected because of the distinction between flux and storage.)
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4

3

Gt Cy' l
Inventory
solution
(Quay)

FIux
solution
(Tans)

-140 -r20 -100 -80 '60 -40

olooGt Cy-r

Figure 5: Vector representation of the atmospheric budgets for 13CO2 and total car-
bon. Each vector represents asorlrce component with the gradient indicating the 613C
of the flux. The 13COz and COz budgets are expressed as fossil f lux - atmospheric
change * isotopic lag of biota * net biotic terrr = net ocean uptake. The circles show
the solutions with oc.eanic uptake defined by the 13C inventory ('Quay'solution) and
the 13CO2 f lux ( 'Tans '  so lut ion) .
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5. Synthesis results

5a Inversion of CO2 distr ibut ions

Table 5 gives the estimates of the components of the atmospheric carbon budget, derived
by applying the synthesis analysis to the data sets described in Section 4. An important
feature of the table is the extent to which each level of analysis contributes to reducing the
uncenainties. (fhe isotopic disequilibrium components were included in each calculation
but are not tabulated, since they do not contribute to the carbon budget.) Firstly, we list the
prior estimates of the various sources. Secondly, we give the least-squares estimate using
only the priors and the global CO2 trend. It will be seen that only small changes are required
from the priors in order to achieve a balanced budget. Thirdly, we include the 613C trend
as well as the CO2 trend. This analysis is comparable to that shown in the last column of
Table 4, except that we are allowing for the uncertainties in each of the components, both
in the trend data that we fit and in the disequilibrium conlributions which we adjust to help
fit the data. Fourthly, we include the COz data from the global network. At this stage,
significant reductions in the range of uncertainty are obtained for many of the components.
The final column gives estimates based on the CO2 concentration data (trend plus spatial
distribution) without the use of the 613C trend. We can compare the importance of the
spatial distribution of CO2 relative to the 6r3C trend by comparing the uncertainties. It can
be seen that while the inversion of the spatial distribution greatly reduces the uncertainties in
the regional fluxes, this improved knowledge does not translate into a comparable reduction
of uncertainty in the global total. At the levels of data uncertainty used here, a knowledge
of the 613C trend gives the better estimate of the global net air-sea flux.

The solutions presented in Table 5 suffer from considerable instability. In many cases
the changes are large compared to the estimated uncertainties. This implies that the es-
timated uncertainties are probably underestimates - i.e. that the sfatistical analysis is
inadequate. The problem appears to be that there are two distinct solutions. The spatial
distribution of CO2 appears to imply a large oceanic sink - this is a similar result to that
obtained by Keeling et al. (1989b). The 6r3C trend (interpreted in terms of air-sea fluxes)
seems to imply a small ocean sink. The least-squares approach gives a set of 'compromise'

estimates without really resolving the problem.
One noticeable point of the fit to the spatial distribution of CO2 is that several of the

residuals are larger than seems probable under the assumption of normal enors with 0.3
ppmv standard deviation. In order to explore the significance of this, we repeat the fits to
the spatial data with the CO2 data from KUM, CMO and AZR effectively excluded by the
process of assigning large uncertainties. The results of the fits are tabulated in Table 6.
Comparing Tables 5 and 6, and in particular the North Atlantic sink, it will be seen that,
as expected in a least squares fit, data with large residuals have a very great influence on
the solution when they are included.

5b 13CO2 gradient constraints

Before discussing the fit to the spatial distribution of 613C, we consider the latitudinal
gradient of 613C resulting from the sources estimated in Table 6. Figure 6 shows 4 cases
together with data from the CSIRO sampling program. Each model result is calculated
with the CO2 outliers excluded. The dotted curve (the 'CO2 only' column of Table 6) uses
only CO2 data. The curve with the short dashes uses CO2 data and the 613C rend (the
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Table 5: Estimates of strengths of source components derived using the Bayesian
synthesis technique with the standard priors from Table l The headings of columns
2 to 5 inclicate the clata from which the estimates are obtained. Regional suffices for
oceans refer to far north (B for boreal), north (N) and south (S). Prefix 'n:' refers to
the contributions of net air-sea flux. Note that these estimates refer to COz fluxes
rather than either carbon fluxes or carbon storage.

Process Prior Ttends&COz COz only
Fossil
Land-use
Bio uptake
CO oxid.
Seasnl. bio.
n:Atlant(B)
n:Pacif(B)
n:Atlant(N)
n:Pacif(N)
n:Equat.
n:Atlant(S)
n:Pacif(S)
n : Ind ian(S)
n:Southern

5 .3  +  0 .3
2 . 2  + 1 . 0

- 2 . 8  +  1 . 0
0.9 + 0.2
1 .0  +  0 .5

-0 .2  +  0 .5
0 .2  +  0 .5

-0 .3  +  1 .0
-0 .3  +  1 .0

l . l  r  - t . o

-0 .5  +  1 .0
- 1 . 0  +  1 . 5
-0 .7  +  1 .0
-0 .2  +  1 .0

5 .21  +  0 .29
1 .60  +  0 .86

- 2 . 9 5  + 0 . 8 2
0 .89  +  0 .20
0.73 + 0.04

-0.76 + 0.26
0 .42  +0 .20

-1 .43  +  0 .41
0.26 + 0.54
2 . 5 2  + 0 . 8 4

-0 .53  +  0 .81
- 1 . 8 3  +  1 . 0 1
-0.27 + 0.74

0.66 + 0.45

5 .26  +  0 .29
2 .15  +  0 .93

-2 .48  +  0 .88
0 .91  +  0 .20
0.74 + 0.04

-0.84 + 0.27
0 .37  +  0 .21

-1 .59  +  0 .43
0 .11  +  0 .55
2 .11  +  0 .87

-0 .62  +  0 .81
-1 .94  +  1 .02
-0.32 +0.74

0.67 *  0.45
D Ocean - 1 . 3  +  3 . 2 -0 .96  +  1 .03 -2 .05  +  1 .24

Table 6: Estimates of strengths of source componenbs clerivecl as for Table 5 except
that  the CO2 datafor  KIJM, AZRand CIMO has been ef fect ive ly  ignorecl  by assigning
large uncertainties.

Process Pr io r *Coz Tlends Tlends&CO2 CO2 only
Fossil
Land-use
Bio. uptake
CO oxid.
Seasnl. bio.
n :A t lan t (B)
n:Pacif(B)
n:Atlant(N)
n:Pacif(N)
n:Equat.
n :A t lan t (S)
n :Pac i (S)
n:Indian(S)
n :Southern

5 .3  +  0 .3
2 .2  +  7 .0

-2 .8  +  1 .0
0 .9  +  0 .2
1 .0  +  0 .5

-0 .2  +  0 .5
0 .2  +  0 .5

-0 .3  +  1 .0
-0 .3  +  1 .0

r . t  a  t . D

-0 .5  +  1 .0
- 1 . 0  +  1 . 5
-0 .7  +  r . 0
-0 .2  *  1 .0

5.30 + 0.30
2 .16  +  0 .96

-2 .84  +  0 .96
0 .90  +  0 .20
1 .00  +  0 .50

-0 .21  +  0 .49
0 .19  +  0 .49

-0 .34  +  0 .96
-0 .34  t  0 .96

1 . 6 1 +  1 . 3 6
-0 .54  +  0 .96
-1 .09  +  1 .35
-0.74 + 0.96
-0.24 + 0.96

5.24 + 0.30
1 .63  +  0 .88

-3 .36  +  0 .88
0 .88  +  0 .20
1.00 + 0.50

-0 .18  +  0 .49
o.22 + 0.49

-0 .23  +  0 .95
-0 .23  +  0 .95

1 .86  +  1 .34
-0.43 + 0.95
-0 .84  +  1 . s4
-0 .63  +  0 .95
-0 .13  +  0 .95

5 .18  +  0 .29
1 .43  +  0 .85

-3 .14  +  0 .81
0.88 + 0.20
0.71 + 0.04

-0 .78  +  0 .26
0 .54  +  0 .19

-0 .55  +  0 .36
-0 .19  +  0 .43

2 . 2 2  + 0 . 8 2
-0 .50  +  0 .81
-1 .76  +  1 .01
-0 .19  +  0 .74

0.65 + 0.45

5.21 + 0.30
1 .89  *  0 .93

-2 .77  +0 .87
0.90 + 0.20
0 .72  +0 .04

-0.84 + 0.27
0.50 + 0.19

-0.66 + 0.37
-0.31 + 0.44

1 .88  +  0 .86
-0 .57  +  0 .81
-1 .85  +  1 .02
-0.23 +0.74

0.66 + 0.45
E Ocean -1 .3  *  3 .2 - 1 . 6 9  +  1 . 3 5 -0 .58  +  1 .09 -0 .56  +  1 .02 -r.42 *. t.23
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Figure 6: Zonally-averaged 613C comesponding to the source estimates from Tables

6 and 7. All the estimates use the spatial distribution and trend of COz. The dotted

curve uses no other data, the short dashes add only the 613C trend to the data fitted,

the long dashes include all 5 sites frorn the CSIRO network (as well as using the

trend), the solicl curve excludes Mauna Loafrom the fit. The clata from the CSIRO

network are also shown with the uncertainty ranges usecl in the inversion.

,Trends & CO2' column of Table 6). Clearly the model predicts too small a gradient in

the northern hemisphere. The calculated values are too low for Mauna Loa and too high

for Barrow.

The comparison is complicated by 2 factors. Firstly, Mauna Loa is not a surface

site. It is unclear whether there should be a significant vertical gradient in 613C - the

data presented by Keeling et al. (1989a, Table 6) show a significant interannual variation

in the difference between Cape Kumakahi and Mauna Loa' 1986, the first year of our

nominal analysis period, was one for which the 61sC observations showed one of the largest

differences between Mauna Loa and Cape Kumakahi (0.04%"). Adjusting the Mauna I-oa

data by -0.04ofoo would improve the fit to the model.

Secondly, the discrepancy is even greater for Barrow than is suggested by the figure

since the model exhibits considerable longitudinal variation at high northern latitudes and

the model calculation for Barrow lies well above the zonal mean. The longitudinal variation

arises from a covariance between the seasonal biotic source and seasonal variations in

fansport. Apparently the main effect is the seasonal variation in convection. In winter,

more stable conditions over the Eurasian sector retain air with high CO2 and low 613C near

the surface so that sites in the American sector have COz below the zonal mean and 6l3C

90O U
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Process Prior AII E x 6 Ex COz Ex 6 ,  COz
Fosst

Land-use
Bio uptake
CO oxid.
Seasnl, bio.
n:Atlant(B)
n:Pacif(B)
n:Atlant(N)
n:Paci(N)
n :Equat .
n :A t lan t (S)
n:Paci(S)
n : Ind ian(S)
n :Southern

5 .3  +  0 .3
2.2 +.  r .0

-2 .8  +  1 .0
0 .9  +  0 .2

1 .00  +  0 .5
-0 .2  +  0 .5

0 .2  +  0 .5
-0 .3  +  1 .0
-0 .3  +  1 .0

1 . 7  +  1 . 5
-0 .5  +  1 .0
- 1 . 0  +  1 . 5
-0 .7  +  1 .0
-0 .2  +  1 .0

5 .26  *  0 .29
0 .90  +  0 .84

-2 .56  +  0 .78
0 .87  +  0 .20
0 .72  +0 .04

-0 .86  +  0 .26
0 . 5 1  +  0 . 1 9

-0 .59  +  0 .35
0.30 + 0.42
2 .32  +  0 .81

-0 .48  +  0 .81
-1 .72  +  1 .01
-0.22 + 0.74

0.66 + 0.45

5 .35  +  0 .29
0.99 + 0.84

-2 .35  +  0 .78
0.88 + 0.20
0.73 + 0.04

-0 .91  +  0 .26
0 .47  +  0 .19

-0 .66  +  0 .35
0.32 *  0.42
2 .19  +  0 .81

-0 .48  +  0 .81
- 1 . 8 2  +  1 . 0 1
-0 .22  +0 .74

0.69 + 0.45

5 .29  +  0 .29
1.05 + 0.84

-2 .39  +  0 .78
0.87 *  0.20
0.74 + 0.04

-0 .87  +  0 .26
0.40 + 0.20

-1 .47  +  0 .41
0 .13  +  0 .53
2 .65  +  0 .83

-0 .51  +  0 .81
-1 .78  +  1 .01
-0.29 +0.74

0.66 + 0.45

5 .39  +  0 .29
1 .14  *  0 .84

-2 .18  +  0 .78
0.88 + 0.20
0.75 + 0.04

-0 .88  +  0 .26
0.36 + 0.20

-1 .56  +  0 .41
0 .13  +  0 .53
2 .52  +  0 .83

-0.51 + 0.81
-1 .88  +  1 .01
-0.30 + 0.74

0.69 + 0.45
E Ocean - 1 . 3  +  3 . 2 -0 .68  +  0 .95 -1 .07  +  0 .96 -1 .03  +  0 .96 -1 .43  +  0 .9?

Table 7: Estimates of C,jO2 fluxes derived using the Bayesian synthesis technique with
the standard priors from Table I for the CO2 fluxes and fitt ing the spatial distribution
of  613C. The'Al l 'co lumn uses the spat ia l  c l is t r ibut ions and t rencls  of  COz and 613C.
The exclusions in the other columns are Coz: the outl iers KtlM, CMo and AZR:
and 6:  the Mauna Loa 613C.

above the zonal mean. While this mechanism is qualitatively reasonable, it is harder to
check quantitatively. A similar systematic variation is not found when the model described
by Law et al. (1992) is used with our seasonal sources (R. Law, personal communication).

The difficulty in fitting the northem hemisphere 613C gradient has been a persistent
problem. Pearman and Hyson (1986) produced a similarly small gradient, although at that
time there were insufficient data to indicate a problem. Keeling et al. (1989b) found similar
difficulties as have recent 2-D model studies by Tans (personal communication).

Our attempts to fit the 613C gradient have brought out further instability in the analysis
- as before this presumably reflects the attempt to fit inconsistent information. The curve
with long dashes in Figure 5 is the 'Ex CO2'column of Table 7 where we fit all the 13CO2

data but exclude the CO2 outliers.

Table 7 lists the estimates that are obtained for the carbon budget when we include the
spatial distribution of 613C. The cases cover fits with and without the 'outlier' CO2 data
and with and without the Mauna Loa 613C data - so that all 4 combinations are shown.
The reason for considering fits that exclude the 613C for Mauna Loa, is that our fits are
only for surface concentrations.

The solid curve in Figure 5 shows the zonal mean 613C from the final column of Table
7, i.e. the case in which the Mauna Loa 613C and the 'outlier' CO2 data are excluded. The
fit is clearly improved and we take this case as our 'preferred' solution. Equally clearly,
a better fit would be desirable. The Barrow data are still below the zonal mean, even
though the model has the Barrow grid cell higher than the zonal mean. Similarly, Mauna
Loa lies above the zonal mean by an amount that exceeds the largest annual mean vertical
differences (KUM vs. MLO) measured by Keeling et at. (1989a).
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6. Extensions

The results presented in the previous section suggest a number of possible extensions to
the calculations that lie beyond the scope of this report.

6a Disaggregating biotic fluxes

The assumption underlying the synthesis approach is that the space-time distribution of each
of the source components is known apart from an overall 'source-strength' factor. There is
however the risk that this assumption can 'overspecify' the problem. As an example, our
first calculations with the present algorithm used a more comprehensive set of seasonal data.
The resulting estimates for mean source components were extremely unrealistic - since
the single seasonal source component used in the invenion did not have the flexibility
to completely explain the observations, the data were fitted with combinations of time-
invariant sources whose seasonal response happened to fit the 'unexplained' palt of the
observed seasonal variation.

For ocean inverse problems, Wunsch and Minster (1982) recommend that for a realistic
treatment of unceriainties, an underdetermined formulation of the problem is required. The
principle is that in an ill-conditioned problem the data will specify only a small number
of degrees of freedom in the solution but that the problem should be formulated so that
the resolution is determined by the data and not by some arbifary initial prescription of a
restricted solution space.

In this section we consider possible disaggregations of the biotic source/sink contribu-
tions. The consideration of explicit 'noise' contributions representing departures from the
assumed space-time distributions is the topic of Section 6b.

The most obvious form of disaggregation is in terms of spatial components. The biotic
data set that we used suggests the decomposition of the uptake and release distributions into
8 distinct components each, conesponding to (i) Tropical forest - America; (ii) Tropical
forest - Africa; (iii) Tropical forest - ,qsia; (iv) Temperate evergreen: (v) Temperate
deciduous; (vi) Boreal forest; (vii) Grassland; (viii) Other.

For land-use change, a natural decomposition is into 4 distinct componenfs correspond-
ing to: (i) Tropical forest - America; (ii) Tropical forest - Africa; (iii) Tropical forest
- Asia; (iv) Temperate and boreal forests.

However an alternative to the spatial decompositions would be a further decomposition
on the basis of processes. Some possibilities are:

i. The uptake term could be broken down on a process basis, firstly separating the CO
terms and the 'river flux' terms from the net carbon storage component and then
separating the 'fertilisation' component from other effects such as toxification.

ii. The 'land-use' term could be broken down on a process basis, separating the effects of
biomass burning, release of soil carbon, regrowth etc.

iii. It may also be relevant to consider a spatial disaggregation of the terms describing
isotopic disequilibrium of the biota if more 613C data becomes available.

iv. Disaggregation of the seasonal biotic source. This could improve the fit and also
exploit data on seasonal variations of 13COr.

The exploration of these various disaggregations is beyond the scope of this report.
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6b Extended error analysis

In their discussion of CO2 observations, Enting and Pearman (1993) described the various
contributions to the observed variability. They noted any variability that can not be treated
within a model has to be regarded as 'noise' and that much of such 'noise' represents actual
sources that are neglected.

This consideration is pafiicularly relevant to synthesis studies since the basis of the
synthesis is that the space-time variation of the various source components is known apart
from a single scale factor. Any variafions from this assumption are generally neglected.
As noted above, Wunsch and Minster (1982) suggest that such overspecification of the
solution can lead to unrealistic results. In particular, error estimates are likely to be too
small.

Formally, the uncertainties in the spatial (and/or temporal) distributions can be dealt with
by further disaggregation. However this can lead to a significant increase in computational
complexity. In addition, it may be inappropriate to assume independent prior uncertainties
for components in a finely divided source region.

We have performed some preliminary calculations exploring the possibility of using
alternative representations of source variability. We consider an expansion of the source
distribution in terms of spatial moments, in analogy with the multipole expansion in elec-
trostatics. The approximation that we consider is to represent a souce as a 'total' with a
specified spatial distdbution with the 'correction' being the 'dipole moment'. This dipole
source has zero net flux since it consists of a matched source and sink. Such a'dipole'
will influence atmospheric concentrations by an amount proportional to the product of the
source/sink strength and the distance between them. Strictly, this will be true only on
average and only in the limit as the spacing goes to zero. However we have performed
numerical tests with spacings of 8o and 24o of latitude and found sufficient agreement to
suggest that the dipole approximation will be a useful way of characterising source un-
certainty. (We have also confirmed that the greatest influence comes for the north-south
componenl of the dipole moment vector, as would be expected on the basis of more rapid
longitudinal mixing).

In a Bayesian formulation, the 'total' would be the best estimate of the source so that the
prior expectation of the dipole component would be zero. Its standard deviation would be
the root-mean-square dipole moment. In cases where the statistics of the source distribution
can be characterised by a random field, the mean-square dipole moment is proportional to
the second spatial moment of the autocorrelation.

The dipole approach has the potential for reducing the computations and also allowing
the incorporation of more complex statistical characterisations of the prior source esti-
mates. Further investigations of the approach are currently in progress and will be reported
elsewhere.

6c The role of oxygen data

The response factors listed in Table I include factors describing the influence of the various
source components on atmospheric oxygen. It has recently become possible to measure
atmospheric oxygen with a precision that is, in principle, sufficient to provide useful con-
straints on the atmospheric carbon budget (Keeling, 1988; Keeling and Shertz, 1992). rn
practice, we encounter a difficulty similar to that involved in the interpretation of the
isotopic data: additional effects occur, involving additional quantities to be estimated.
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Figure 7: Interhemispheric gradient of oxygen (plotted relative to the South Pole)
implied by the estimated source distributions for the same 4 cases a^s Figure 5. These
estimates omit the contrillutions from marine productivity and have an irrcomplete
representation of the effects of CO production on the oxygen clistribution.

Probably the most important new process is the oxygen release from the marine biota.
The low solubility of oxygen relative to CO2 means that seasonal variations in marine
productivity give an atrnospheric oxygen signal that is much larger than the atmospheric
CO2 signal from marine productivity. Similarly, the spatial gradient in mean production
will affect the spatial gradient of oxygen concentradons. The analogy with 613C suggests
that the most important aspect of oxygen data for constraining the atmospheric carbon
budget would be the long-term ffend. This implies the need for high quality standards.

Figure 7 shows the inter-hemispheric gradient for oxygen predicted on the basis of
the estimated sources for the same 4 cases as shown in Figure 6. These calculations are
incomplete since we would expect an additional component to the gradient, arising from the
effect of seasonal variations in transport acting on the strong seasonal cycle from marine
production as well as the direct effect of annual mean marine production. The prediction
in Figure 7 also neglects the complexities arising from the oxidation of those components
that pass through CO.

These results indicate that once the COz distribution has been fitted, the spatial gradient
of oxygen provides very limited discrimination between alternative budgets; even though
the four cases shown have total ocean sinks ranging from 0.96 to 2.05 Gt C y-r, the
oxygen profiles are very similar. On the other hand, this similarity means that departures
from these curves can be interpreted in terms of marine production with little ambiguity.
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7. Concluding remarks

Tables 4, 5, 6 and 7 present a wide range of estimates of the atmospheric CO2 budget.
Our preferred estimate is the final column of Table 7. As noted above, the least-squares
estimate is a compromise between data sets that appear to imply distinct pictures of the
carbon budget. In this regard it seems worth noting the comments of Claerbout and Muir
(quoted by Tarantola, 1987) comparing least squares (12 norm) with robust approaches (11
norm): When a traveler rear:hes a Jbrk in the roacl, Ihe 11 norm tells him to take either
one way or the other, but the 12 norm instructs hirn to head off into the bushes.

The significance of our estimates of the atmospheric budget can be assessed by com-
parison with similar estimates compiled in Table 8.

Ref Year Fossi Ocean Bio ia Oc(N) oc(T) Oc(S) Clear Fert
IPCC
AIPCC
KPH
KPH
KPH
KPH
KPH*
TFT
s&s
AS&S
Quav

80-90
80-90

62
68
EO
84
80

80-7
80-?
80-7

70-90

5.4
+0.5
2 .66
3 .51
5 .30
5 . 1 9
5 .30
5 .30
5 .3

5 .1

-2.0

*0.8
-1 .3  9
-1 .6  2
-2.22
-2.30
-2.4
-0.4

- r .  I

+0.?
-2.0

?

0 .27
0 .13

-0.31
-0.46

0 .7
-1 .9
-0.4

+0.?
-0.2

-2.20
-1 .84
-2.54
-2.30
-2.46
-0.6

-0.38

1 .78
1.00
1 .28
1 . 1 1
1 . 1 4
1 . 3

-0.48

-0 .96
-0 .78
-0 .96
- 1 . i 0
-0 .93
- 1  . 1

-0 .83

1 . 6
+1.0
1 .69
1.73
1.79
1 .81
2 .8
L.4

?

-1.43
-  1.60
-2.10
-2.27
-2.1
-3.3

Tab7
ATabT

86-7
86-7

5.4
+0.3

1 .4
+1 .0

-1 .0

+1 .0
-2.0 2 .5

t0.8
-2.0 1 . 1

+0.8
-2.2

+0.8

Table 8: comparison of atmospheric carbon budgets. Units are Gt c y-1. The lines
denoted A give the ranges of uncertainty (if available) of the values in the preceding
l i n e .  I P C C r e f e r s t o l P C C ( 1 9 9 0 ) , K P H l ; o T a b l e l 0 ( a n d F i g u r e s 6 s t o T l ) o f K e e l i n g
et al. (1989b), KPH* to the last l ine of Table 7 of Keeling et al. (1989b) where the
budget is adjusted to match the short-term iucrease, TFT to scenario 7 of Tans et
a l .  (1990a),  S&S to Sarmiento and Sundquist  ( I992) .  The TFT budget  is  a CO2 f lux
budget, the KPH budgets have their totals determinecl as storage budgets with the
regional distribution corresponding to CO2 fluxes. The IPCC budget is apparently
meant to refer to carbon storage as is the S&S budget. The regional distribution of
'ocean storage'in the S&S buclget refers to the estirnatecl clifference between present
and pre-inclustrial air-sea fluxes. The buclget in the last two lines is the CO2 flux
buclget from the final column of rable 7 ancl is balanced with a 0.89 Gt C y-r
contr ibut ion f rom CO

In comparing these budgets, we need to keep in mind the distinctions between CO2
fluxes, carbon fluxes and carbon storage as described in Section 3c. The Tans et al. (1990)
budget was in terms of CO2 fluxes which were deduced from a combination of inversions
of CO2 data and ocaut pso2 data. The Sarmiento and Sundquist budget is an estimate of
carbon storage, consffucted from the estimate given by Tans et al. (1990a) supplemented
by three terms described as corrections: (a) the effect of ocean surface skin temperatures
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on pcoz, (b) the fansport of atmospheric carbon as CO, and (c) the transport of carbon
through rivers. Of these terms, we would regard only the skin temperature effect (Robertson
and Watson, 1992) u a genuine correction to the COz fluxes estimated by Tans et al. The
other two terms are those that convert CO2 fluxes to carbon fluxes (the CO term) and
then carbon fluxes to carbon storage (the river carbon term). As noted in Section 4d, the
analysis by Quay et al. (1992) represents an attempt at obtaining a budget of ocean carbon
storage directly.

The budgets presented by Keeling et al. (1989b) are more difficult to assess. The
partition of net fluxes between reservoirs is derived from a global carbon cycle model and
so presumably reflects carbon storage. The spatial distribution of fluxes is obtained by
fitting atmospheric CO2 data and so presumably reflects CO2 fluxes. This lack of internal
consistency in the Keeling et al. budgets precludes comparison with other estimates.

In assessing the results of our inversion calculations it is important to keep in mind
the results of Section 4d and the comparisons between the columns in Table 5. On a
global scale, the relative roles of the oceans and biota as sinks of anthropogenic CO2 are
determined primarily by the atrnospheric CO2 and 13CO2 budgets. The spatial distributions
play a lesser role in constraining the possibilities. Essentially the same conclusion results
from tie analysis by Enting (1992) using a regional decomposition (as opposed to a process-
based decomposition) incorporating inversion results from two-dimensional modelling.

Our posterior estimates of the uncerfainties in the sources are derived from a priori
estimates of the uncertainty in the data. Our results that show the estimates varying within
roughly the range of our quoted uncertainties as we make changes in the choice of data
set indicates that our error estimates are realistic. This could be investigated further by
comparing our a priori estimates to estimates obtained by the 'jack-knife' procedure which
considers the spread of estimates based on different subsets of the data.

Consequenfly, the precision to which the atmospheric carbon budget can be determined
will depend critically on the precision with which the atmospheric 13CO2 budget can be
established. hogress in this area will require a more precise knowledge of the isotopic
disequilibrium effects of the biota and more importantly, the oceans.

The spatial distributions, as interpreted by transport modelling, serve to resolve the
relative contributions of the various ocean regions and the various processes that comprise
the net biotic flux. The results in Tables 5, 6 and 7 show consistent regional patterns of
ocean releases. Even in cases with quite different global budgets, the differences arise from
a combination of relatively small changes in the regional components. In part this reflects
the fact that the net air-sea CO2 flux is the sum of regional contributions of both signs and
so the proportional error in the sum can be much greater than in the components. Thus
the strengths of atmospheric transport modelling will be in constraining regional sources,
for example in investigating possibilities such as the carbon release from tundra proposed
by Oechel et al. (1993). The present analyses seem to clearly identify the North Atlantic
as a CO2 sink and the North Pacific as being most likely a CO2 source. At high southern
latitudes, the ocean is a CO2 source while at mid southern latitudes the oceans are sinks.
The equatorial oceans appear as a stronger source than estimated in other studies but a
valrc 30Vo higher than the prior which was based on ps62 data is not unreasonable.

A corresponding decomposition of biotic CO2 fluxes will require a disaggregated rep-
resentation of the biota. Such disaggregation will lead to larger (and more realistic) values
for the ranges of uncertainty that apply to the regional air-sea fluxes. This work is cunently
m progress.
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Appendix A: The transport model

The calculations were performed using the GISS tracer transport model described by Russell
and Lerner (1981), Fung et a]. (1983). We used the'low-resolution'version with an 80 x
l0o grid. A year of 4-hourly-averaged winds and monthly-averaged convection generated
by the GISS GCM (runningat40 x 50 resolution) is used to specify the model transport.
The model also includes a 'diffusive' transport, as described by Prather et al. (1987).

The GISS model works with facer masses rather than concentrations. One consequence
of this is that even if the model is initialised with constant concentrations, it will generate
concentration fluctuations due to truncation errors in the transport scheme. (In addition a
somewhat larger fluctuation occurs at day 90 due to the discontinuity in the wind helds.)
These fluctuations can be about 0.5Vo or more of the mean concentration (Enting and
Trudinger, 1993). Therefore it is important to subtract an 'offset' concentration and compute
with the residuals.

As noted above, for periodic sources a steady-state (i.e. an annually periodic cycle plus
a globally uniform trend) is achieved after 3 years. Therefore we use the fourth year's
results to define our response functions R,.6.

Appendix B: Model l ing the isotopic disequi l ibr ium
of the biota

In Section 4d, we have noted the importance of the isotopic disequilibrium of the terrestrial
biota in interpreting the atmospheric 13C budget. We also noted that the estimate of l2"fooGt
C y-1 used by Quay etal. (1992) and adopted for comparison purposes by Tans et al. (1993)
seemed too low. In order to refine the estimates we have used the compartment model of
the terrestrial biota described by Emanuel et al. (1981) with the atmospheric 6r3C specified
by the ice-core data of Friedli et al. (1986).

The biotic model is characterised by 6 reservoirs: the atmosphere (which provides
a specified boundary condition), ground vegetation, the non-woody pafis of trees, wood,
detritus and soils. The 6 reservoirs are characterised by their carbon contents Ci (in Gt
C), theh r3C contents Xj expressed as Gt C times the standard ratio, .R"5*6*6, and the
inter-reservoir carbon fluxes o1*r in Gt C y-1. The Ci and oi*; remain fixed at the
values given in Table 9. We model the evolution of the 13C content of the biota.

The equations describing this evolution are

d ,

Axi 
= f"1of o:i-r - D#.***t tor j - 2 to 6.

; ' u 1 s  
-  

T u i

where oir = 1 unless k = 1, cir = 0.982 and the atmospheric 13C.12C ratio y1f C1 is
specified from the ice-core data. The system is initialised with Xi = 0.982 x 0.9986 x Ci
and integrated from 1800 to 1990.

The isotopic disequilibrium is given by

4T

(0n,,;.,,,-i t.,-,)
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Table 9: Characteristics of the biotic rnodel of Ernanuel et al. (1981). The C; are
the carbon contents of the reservoirs in Cit C, the rernainder of the table holcls the
inter-reservoir  carbon f luxes in Gt C y-r.

where <D.1'e1. = Di Oi*r.
We represent the ice-core 613C data as a piece-wise linear function connecting the

points (1800, 0.9936), (1840, 0.9936), (1900, 0.9933), (1960, 0.9930), (1980, 0.9924),
(1990,0.9922).

The standard case of the model gives a 1987 disequilibrium of 26.5%oct C y-r. For
comparison we halved all the fluxes in the model while retaining the same reservoir sizes.
The disequilibrium effect was reduced to lg.2ofooGt C y-t.

Appendix C: Notation

a - Area of an ocean region.

Aiu - Matrix dehning the relation between source components and data that are fitted.
Equal to response matrix ? augmented by an identity matrix in order to fit priors,
sp, and by additional columns to include 'pseudo-sources' specifying mean levels.

86 - Gross CO2 flux from the tenestrial biota to the atmosphere.

BN - Net biotic carbon flux to atmosphere.

Bfr - Net biotic carbon loss.

ci - ith item of observational data.

C(") - Ocean carbon concentration as function of depth.

C - Average of C(z).

Ci - Carbon content of biotic reservoir j (Appendix B only).

di - Weight for jth item fitted, equal to uj or uj-M.

Di - Residual cj -DpAiutu for jth observation.

F"(p) - Scale factor for the effect of source p on constituent rz.
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G"(p) - Scale factor for the effect of source p on the global trend in constituent y.

j - Generic index for the data that are fitted.

k - Index for equations to be fitted, range from I to M + N,
each data item and one for each prior estimate.

one equation from

M - Number of observations fitted.

^lf - Number of real source components.

N' - Number of source components estimafed - includes 'pseudo-sources'.

N" - Atmospheric carbon content in Gt.

eop - Factor defining linear combination of source components - the amount of the
prth source in the cth combination, co,

rstildild - Standard r3C'12C ratio (from PDB) - 0.0112372.

R, - Atmospheric 13C:C ratio ( = 13C/(12C+ 13C) 
).

R* - Mixed layer 13C:C ratio.

&tandad - Standard 13C:C ratio = rst*dud/(l * r^s*4*6).

R".r - Reference r3C:C ratio used for defining isotopic anomalies.

Rp.o - The atmospheric CO2 response at location p at frequency index r..' for a unit
source with space-time distribution {.

su - hior estimale [or ou.

.98 - Empirical estimate of regional net sea to air CO2 flux. Used as prior estimate.

.911 - Net air-sea carbon flux - Oo* - Q*o.

.9fr - Net ocean carbon uptake.

S* - Net sea-air 13C flux = a*RoO-, - c,r..RrrOrrr.

Sx - Net sea-air 13C anomaly flux.

t - Time (in years).

? - Mixed layer temperature in degrees Celsius.

Tju - Contribution to observation j from source p.

ui - Standard deviation of observation ci.

ou - Standard deviation of prior estimate su.

Vu, - Covariance of the estimates ou and on.

aa - Linear combination of source components, o,,.



44 CSIRO Division of Atmospheric Research TeL:httit'al Paper No. 29

X - Isotopic anomaly. X = ([ttC]/Rr"r- [C]) x 1000

z - Ocean depth coordinate.

dm - Kinetic air-sea 13C:C fractionation factor. (The numerical values are taken from
r36't26 fractionation factors because the differences are negligible in the present
context).

oma - Kinetic sea-air 13C:C fractionation factor.

ceq = o,mz/o,am.Equilibrium 136't2g pafiitioning factor for atmosphere and mixed
layer.

6" - 613C of atmospheric CO2.

6u - 6r3C of the terrestrial biota.

6eq The 613C of ocean water in equilibrium with the atmosphere.

6- - 613C of inorganic carbon in the ocean mixed layer.

6 ; , i  Kroneckerde l ta :  = | i f  i -  r ,=0otherw ise .

e, - (d" - l) x 1000. Isotopic shift (in 0/oo) for process o.

€b - Isotopic shift for biotic uptake.

rc _- Air-sea gas exchange coefficient for CO2, in mol *-2t-rpntm-r.

p - General index for source components

v(j) - Constituent index for data item j, indicating whether it refers to COz, r3CO, or
O2.

pi - I-ocation index for data item j.

op - pth source component.

Ap - Estimate of ou.

djt) - Index denoting the space-time distribution of sotuce process p.

O-n - Gross air-sea CO2 flux.

(D-" - Gross sea-air CO2 flux.

Ot*j - Carbon flux from biotic reservoir j to reservoir i (Appendix B).

Xi - Normalised 13C content of biotic reservoir j (Appendix B).

tr)j - Frequency index for data item j.


