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Abstract.

The long-term variability in the terrestrial and oceanic uptake of

anthropogenic carbon is investigated. Ice core and direct observations of atmospheric
CO; and 3C are used for the last 200 years. An inverse method called double
deconvolution is applied. It is found that the biosphere turned from a carbon
source of about 0.5 Gt C yr~! into a sink of 1 Gt C yr~! during the first half of
this century. This is in qualitative agreement with earlier reconstructions based
on atmosperic CO9 data and implies a terrestrial sink to compensate land use
emissions during the last five decades. Oceanic and biospheric carbon uptakes are
estimated to be 0.941.0 and 1.14+1.0 Gt C yr~! as averaged over the 1970-1990
period. Hence ocean uptake is on the low side of current estimates, but our
results may be biased as §13C observations between 1956 and 1982 are missing.
Additional uncertainties in calculated carbon sinks are due to uncertainties in
model parameters and in fossil emission estimates. Prior to 1950, uncertainties
are primarily related to uncertainties in the ice core §'3C data; a Monte Carlo
analysis yields a 1-0 uncertainty in the terrestrial and oceanic uptake of +0.36 Gt
C yr~! when ice core data are smoothed over a 50 year period. The budget of
bomb-produced radiocarbon is reinvestigated. We could not find model solutions
that concomitantly match the bomb budget and the observed atmospheric §'3C and
prebomb AC decrease. The closure of the budget would require a relatively low
oceanic and biospheric #C uptake that conflicts with the relatively high isotopic
uptake rates required to simulate the observed decrease in §13C and AMC. We
conclude that recent estimates of bomb test productions and/or the stratospheric
14C decrease are not compatible with published 3C and 4C observations.

1. Introduction

An understanding of the mechanisms that govern the
uptake of anthropogenic CO2 by the ocean and bio-
sphere is required to link future carbon emissions, at-
mospheric CO5, and associated climate changes. Car-
bon sources and sinks vary on different time scales and
space scales. The reconstruction of these variations us-
ing observed data would provide an independent test for
models used to simulate future atmospheric CO2 con-
centrations. However, a reconstruction of the long-term
variability of the anthropogenic carbon uptake by ocean
and land biosphere is missing. Here we use observations
of atmospheric CO5 and 13C as well as “C to recon-
struct the oceanic and biospheric net sink (or source)
fluxes and their decadal to centennial variability for the
past 200 years.
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The classical method to estimate terrestrial and ocea-
nic carbon storage for the industrial period is by solv-
ing the budget for atmospheric CO2. The method by
which this is done is referred to as a “single deconvolu-
tion” [Siegenthaler and Oeschger, 1987]. In the single
deconvolution, oceanic uptake is calculated by an ocean
transport model. Then, the terrestrial sink flux is esti-
mated as the difference between the change in observed
atmospheric plus modeled oceanic carbon inventory and
fossil emission. Such analyses find that the terrestrial
biosphere acted as a net carbon source of the order of
0.5 Gt C yr~! before 1933 and as a net sink of about
0.3 Gt C yr~? after 1943 [Bruno and Joos, 1997]. This
implies an average biospheric carbon sink of 1.5 Gt C
yr~! during the last five decades to compensate for esti-
mated carbon emissions by land use changes [Houghton,
1993] and to close the budget of anthropogenic CO-.

The addition of atmospheric 13C observations per-
mits one to estimate carbon fluxes using an inverse
method referred to as a “double deconvolution.” Com-
bined observations of CO, and the carbon isotope *3C
have been used by two groups to quantify short-term
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interannual fluctuations of the air-sea and air-biota ex-
change fluxes for the last decade [Keeling et al., 1989a,
1995; Francey et al., 1995]. The double deconvolution
technique and related analyses have also been applied
to estimate local air-sea and air-terrestrial fluxes using
observations of the latitudinal gradients of CO5 and 3C
le.g., Pearman and Hyson, 1986; Keeling et al., 1989a;
Ciais et al., 1995; Enting et al., 1995]. Heimann and
Maier-Reimer [1996] have recently summarized three
other methods [Quay et al., 1992; Tans et al., 1993]
to determine the average oceanic and biospheric carbon
uptake from 2C observations. They estimate an aver-
age oceanic uptake rate of 2.1+ 0.9 Gt C yr~?! for the
1970-1990 period.

In this paper, we use a double deconvolution tech-
nique to reconstruct the magnitude of the oceanic and
terrestrial carbon sinks for the last 200 years. In such a
double deconvolution, atmospheric CO, and 3C, fossil
carbon, and '3C emissions are prescribed from observa-
tions. Then, the atmospheric budget equations for the
two tracers are solved for the unknown sink fluxes. Car-
bon exchange fluxes between atmosphere, ocean, and
biosphere result in a net transfer of 13C when the reser-
voirs are in isotopic disequilibrium even when no net
carbon transfer is involved. These disequilibrium fluxes
are important terms in the *C budget and thus cru-
cial in order to estimate the net terrestrial and oceanic
carbon storage. Here we employ models for the ocean
[Siegenthaler and Joos, 1992; Joos et al., 1996] and the
terrestrial biosphere [Siegenthaler and Oeschger, 1987]
to calculate disequilibrium fluxes between atmosphere,
ocean, and biosphere.

The dilution of the imprint imposed by adding **C-
free fossil carbon to the atmosphere (Suess effect) and
the redistribution of bomb-produced “C among the
carbon reservoirs are governed by the same mecha-
nisms as the dilution of the atmospheric *C perturba-
tion. The atmospheric **C Suess effect and the bomb-
produced *C budget are used to test the Bern model
and simulated 3C disequilibrium fluxes. On the basis
of an analysis of the global budget of bomb-produced ra-
diocarbon, Hesshaimer et al. [1994] concluded that the
oceanic uptake of bomb radiocarbon as reconstructed
from oceanic *C measurements has been overestimated
by about 20%. Consequently, they postulate that the
uptake of anthropogenic CO; as simulated using mod-
els calibrated or validated by the oceanic #C obser-
vations has been overestimated by a similar percent-
age. The budget problem has then been analyzed by
other authors as well [Joos, 1994; Broecker and Peng,
1994; Broecker et al., 1995; Lassey et al., 1996; Jain
et al., 1997], who all concluded that the budget is bal-
anced within the uncertainties in the production and
in changes of the oceanic, terrestrial, and stratospheric
inventories. Here we will analyze the budget of bomb-
produced 4C in the context of atmospheric and oceanic
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13C observations and the results of the double deconvo-
lution.

The outline of the paper is as follows. The double
deconvolution approach, models, input data, and data
treatment are described in the next section. Then, re-
sults are presented for the combined ice core and atmo-
spheric records. The budgets and relative importance
of different sink terms in the budgets of 13C and 4C
are investigated. Both errors in net carbon fluxes aris-
ing from uncertainties in the atmospheric *C and CO,
data as well as uncertainties due to model parameters
and the fossil fuel input data are investigated. The main
findings and their comparison with results of related
studies are presented in the conclusion section.

2. Methodology and Input Data
2.1. Double Deconvolution Method
The atmospheric CO2 budget is given by

Na(t) = Ffossil(t) - Fas,net(t) - Fab,net(t)- (1)

The change in atmospheric COy N,(t) equals the fos-
sil emissions Frossit(t) minus the net fluxes into the sea
Fis net, and into the biosphere Fip, net. Throughout the
text we will use the subscripts a, b, and s to refer to the
atmosphere, the biosphere, and the sea (ocean), respec-

_tively. The net fluxes are the sum of all gross fluxes into
the biosphere and ocean Fjy, i(t) and Fj j(t) minus the

gross fluxes from the biosphere and ocean Fjp, i(t) and
Fi, ;(t). Here the subscripts i and j represent different
biospheric and surface ocean reservoirs as resolved in a
carbon cycle model (Figure 1), i.e.,

Fas,net(t) = Z [Fas,j (t) - Fsa,j (t)] (2)
J

Fapnet(t) = Z [Fab,i(t) — Foai(t)]. (3)
As for carbon (equation (1)), we formulate a budget for
atmospheric 13CO, as

BN, (t) = Frossit(t) =2 Fasnet(t) —='° Fapnet(t). (4)

The net fluxes of '*C entering the ocean, 3 Fyg ; net,
and the terrestrial biosphere, 13Fab,i,net, are expressed
with the help of isotopic fractionation factors, o, and
isotopic ratios, R (*3C/12C),

13-Z'-'a,s,j,net (t) = Fas,j (t)aas‘jRa(t)
—Fia j(t)orsa,i Rs 3 (1) (5)
13Fab,i,net(t) = Fab,i(t)aab,iRa(t)

—Fha i(t)aba,i Ry i(1)- (6)

Next, we assume that the net carbon flux into the
ocean (Fys net) is partitioned between the different sur-
face boxes according to their percentage contribution
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Figure 1. Schematic diagram of the Bern model and
the carbon fluxes involved in the double deconvolu-
tion technique. In the Bern model a well-mixed atmo-
sphere is coupled to the High-Latitude Exchange / Inte-
rior Diffusion-Advection (HILDA) ocean model [Shaf-
fer and Sarmiento, 1995; Siegenthaler and Joos, 1992)
and a box model of the terrestrial biosphere [Siegen-
thaler and Oeschger, 1987]. The thick solid arrows de-
scribe the fossil emission fluxes (Fiossi1), gross carbon
exchange fluxes between the atmosphere and the sur-
face ocean (Fiq j,Fsa j), and the atmosphere and the bio-
sphere (Fyp i, Fba,i) as used in the budget equations for
atmospheric COy and '3C (equations 1 and 10). The
HILDA model includes two well-mixed surface boxes,
representing low- (LS) and high-latitude surface water
masses (HS), a well-mixed high-latitude deep water box
(HD), and a diffusive interior reservoir. The eddy dif-
fusivity (K) in the interior reservoir is described as a
function of depth. Ventilation of the interior ocean by
high-latitude waters is described by the parameter g,
mixing between the two high-latitude boxes is described
by the parameter u, and advective overturning is de-
scribed by w (Table 1). The biosphere model includes
four reservoirs representing short-lived vegetation and
leaves (ground, turnover time 7= 2.9 years), wood (1=
20 years), detritus(r= 2.2 years), and soil organic car-
bon (7= 100 years). Preindustrial carbon fluxes be-
tween reservoirs are indicated in units of Gt C yr—!.

Number in brackets give the preindustrial reservoir size
in Gt C.

Ds,j to the total ocean area. Similarly, the net flux into
the biosphere (Fyp net) is partitioned between biospheric
reservoirs according to the fraction, py;, of the total
preindustrial carbon input flux obtained by reservoir i,

Fupi(to)
;= opitie) 7
Do, S Fun (t0) (7)

where time ty refers to the preindustrial equilibrium.
Where exactly the net biospheric carbon flux Fyp net
is allocated is not relevant for the calculation of the
sinks, but a specification is needed to close the model.
Subscripts s and b are again added to the percentage
factors p to refer to the ocean and the biosphere, re-
spectively; indices i and ] again refer to individual bio-
spheric and oceanic reservoirs. Air-to-sea (Fjs;j) and
air-to-biosphere (F,p ;) carbon gross fluxes in (5) and
(6) are replaced by

Fas,j (t) =

Fapi(t) = Frai(t) + PoiFab net(t)- 9)

Then, the 13CO, budget (equation (4)) is reformulated
with the help of (5)-(9) by distinguishing terms involv-
ing net carbon fluxes (Fus net, Fab net) and gross carbon
fluxes into the atmosphere (Fya j, Fbai),

Fsa,j (t) =+ Ds.j Fas,net(t) (8)

13Na(t) = Ffossil(t)Rfossil(t)
—4'as,net (t) Zps,jaas,jRa(t>
J

—Fab,net (t) Z pb,iaab,iRa(t)
- Z Fsa,j (t) [aas,jRa(t> - asa,sz,j (t)]
- Z Fai(t) [ab,iRa(t) — aba,iRb,i(t)]. (10)

The gross carbon fluxes between sea and air Fg, j, and
biosphere and air Fi,; are multiplied by the isotopic
disequilibrium between atmosphere and sea and atmo-
sphere and biota, respectively. Thus we call the last
two terms in the 3C budget equations the sea-to-air
and biota-to-air disequilibrium flux. Note that these
definitions will be used in the following when referring
to disequilibrium fluxes.

The two budget equations (1) and (10) were solved
for the two unknown net air-sea, Fjs net, and net air-
biota, Fap net, fluxes at each time step. This requires
that all other variables in (1) and (10) be specified.

First, the change in atmospheric inventory of COa,
N,, and 13C, 3N,, as well as the atmospheric iso-
topic 13C/12C ratio R, are prescribed by observations.
The fossil emission flux Frossit and its isotopic signature
Riossil are prescribed according to Marland et al. {1995]
and Andres et al. [1996].

Second, the fractionation factors aus;j and g, for
air-sea exchange fluxes are calculated after Siegenthaler
and Minnich [1981] and Mook [1986] as a function of sea
surface temperature. Isotopic fractionation during pho-
tosynthesis is about 3 times larger for terrestrial plants
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following the C3 photosynthesis pathway than for those
following the C4 pathway. We assume that changes in
terrestrial carbon storage are related to C3 plants and
related soils only [Keeling et al., 1989a; Quay et al.,
1992; Tans et al., 1993; Enting et al., 1995; Francey et
al., 1995]. This is justified as long as results are not
sensitive to C4 plant productivity and if disequilibrium
fluxes via the C4 pathway are small. On the other hand,
potential long-term trends in the carbon inventory pro-
duced by the C4 pathway may alter calculated oceanic
and biospheric carbon storage. A release of such C4
carbon into the atmosphere will be partly attributed to
a release of oceanic carbon as the isotopic signature of
C4 material is heavier than that of C3 carbon. The sen-
sitivity of the calculated net fluxes on the fractionation
factor will be tested. No fractionation is assumed for
the respiration of biospheric carbon.

Finally, the disequilibrium fluxes (last two lines in
(10)) were calculated using the Bern carbon cycle model
(Figure 1), which consists of the High-Latitude Ex-
change / Interior Diffusion-Advection (HILDA) ocean
model [Joos et al., 1991a, b; Siegenthaler and Joos,
1992; Shaffer and Sarmiento, 1995] (version K(z)) and a
four-box biosphere model [Siegenthaler and Oeschger,
1987]. Both the Bern carbon cycle model and its pulse
substitute version [Joos et al., 1996; Joos and Bruno,
1996] were used. The behavior of a linear model or
model component is fully described by its pulse response
(Green’s) function. In the substitute model, surface-to-
deep tracer transport and biospheric carbon overturn-
ing are described by using a pulse response function.
The nonlinearities in air-sea exchange, the carbon chem-
istry, and terrestrial primary production are captured
by separate equations. Such nonlinear pulse substi-
tute models consist of a few equations only and require
only a modest amount of CPU time while still yield-
ing identical results for atmospheric concentrations as
the full model. Additionally, the HILDA model was re-
placed by pulse substitute versions of the box-diffusion
model (BD) [Oeschger et al., 1975], the Geophysical
Fluid Dynamics Laboratory (GFDL)/Princeton three-
dimensional (3-D) model [Sarmiento et al., 1992] and a
2.5-D model [Stocker et al., 1994]. The model param-
eters are listed in Table 1. They are the same as those
of Joos et al. [1996] except when mentioned differently
in the text.

The biosphere model is used to calculate the gross
carbon fluxes from the biosphere to the atmosphere and
its isotopic signature. This is done using a standard box
model approach. Carbon turnover between individual
boxes and the atmosphere is modeled to be proportional
to reservoir sizes.

The gross carbon flux from the surface box j to the
atmosphere is calculated as

Fsa,j(t) = as’jkngOQ’j(t), (11)

where ag j is the surface area of box j and kg denotes the
gas exchange coefficient. The partial pressure, pCOa j,
is calculated as a function of dissolved inorganic carbon,
¥CO, ;, using a carbon chemistry model [Fink, 1996].
Analytical relationships between pCO2 ; and ¥COy ; are
given elsewhere [Joos et al., 1996]. The changes in sur-
face water 2CO» and E3CO, are obtained as differ-
ences between net air-to-sea flux (into reservoir j with
area fraction ps ;) and removal by ocean transport

d
55C0y,

d
5213C021j ==

Thus the ocean model is used to calculate dissolved
inorganic carbon as well as its isotopic concentration,
¥!13CO0,, in surface water. This is necessary to cal-
culate the CO, partial pressure; the isotopic ratio of
YCOs, Rs,j; the gross fluxes from sea to air, Fg, 55 and,
finally, the sea-to-air *C disequilibrium flux in (10).

It may be noted that the net air-sea carbon flux is de-
termined by the 3C budget equation (10) and not by
the product of the gas exchange coefficient and air-sea
partial pressure difference. Thus the difference in air-
sea partial pressure combined with the prescribed gas
exchange coefficient is not necessarily consistent with
the net air-to-sea flux. We investigated this point by
considering two additional solutions of the budget equa-
tions.

In the first case we reformulated (10) in order to solve
for the sea-to-air instead of solving for the air-to-sea net
carbon flux, thereby using observed atmospheric CO»
values instead of modeled ocean surface pCO values to
calculate the oceanic disequilibrium flux. We found that
the magnitude of the disequilibrium flux as well as the
oceanic uptake increased compared to our standard case
where modeled surface pCO;y values and gross carbon
fluxes are relatively low. Deviations in net air-to-sea
fluxes for the two cases are smaller than 0.03 Gt C yr~*
before 1950 and rise up to 0.3 Gt C yr~! in 1990.

In the second case the disequilibrium fluxes were cal-
culated by running the Bern model in the single de-
convolution mode using observed atmospheric CO5 and
13C0, observations as boundary conditions. The dise-
quilibrium fluxes calculated in this way were then used
in the double deconvolution. This yielded lower net air-
to-sea fluxes than in the standard case; deviations are
in the range 0.01 to —0.21 Gt C yr~1.

These results indicate that the inconsistency between
air-sea partial pressure and the net air-to-sea flux does
not lead to significant errors in the calculated net fluxes
prior to 1950. After 1950, differences between our stan-
dard case and the first and second cases are notice-
able. These deviations in the calculated sinks could
be removed if the model was tuned to yield on av-
erage the same oceanic uptake in the single and dou-

Ds jFnet,as — transport  (12)

1B-Fnet,as,j — transport. (13)
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Table 1. Model Parameters

Value Unit
Air-Sea Gas Transfer Coefficients

Box-diffusion model 0.0626 mol m~? ppm~?! yr~!
HILDA model 0.0539 mol m™? ppm™?! yr7!
2.5-D model 0.0655 mol m~2 ppm~! yr~!
GFDL/Princeton 3-D model 0.0638 mol m ™2 ppm~ ! yr?

. 13 ¢ Practionation Factors
Air-to-sea flux (Fjys)

Ocean average (BD, HILDA, 2-D, 3-D) 1.7944 %o

HILDA, high-latitudes 1.7800 %o

HILDA, low-latitudes 1.8700 %o
Sea-to-air flux (Fsa)

Ocean average (BD, HILDA, 2-D, 3-D) 10.3624 %o

HILDA, high-latitudes 9.9800 %00

HILDA, low-latitudes 12.3700 %o
Air-to-biota flux (Fpp) 18.72 %o
Biota-to-air flux (Fba) 0 %0

Transport Parameters of the HILDA Model

Background eddy diffusivity (Ko) 465 m? yr~!
Eddy diffusivity at bottom of mixed layer 7561 m? yr~!
Eddy diffusivity at 1000 m 648 m? yr7!
High-latitude surface-to-deep exchange (u) 38 m yr—*
Upwelling velocity in interior box (w) 0.44 myr !
Inverse of exchange coefficient (¢™!) 538 years

between deep ocean reservoirs

Air-sea gas transfer coefficients of the four ocean models are such that the models
roughly reproduce the observed oceanic inventory of bomb-produced radiocarbon at time
of the Geochemical Ocean Sections Study (GEOSECS) survey. Isotopic fractionations for
air-sea exchange were calculated according to Mook [1986] and Siegenthaler and Minnich
[1981]. Transport equations in the spatially resolved three-dimensional (3-D) and 2.5-D
models are determined from first-order physical principles and by tuning the models to ob-
served tracer distributions. The box-diffusion and the High-Latitude Exchange / Interior
Diffusion-Advection (HILDA) models are spatially aggregated models. Eddy diffusivity
in the box-diffusion model is set to 7100 m? yr~' in order to match the observed pene-
tration of bomb-produced radiocarbon. The transport parameters of the HILDA model
(Figure 1) were determined by fitting the model to both the observed distribution of nat-
ural and bomb-produced radiocarbon. The eddy diffusivity in the interior reservoir is
described as a function of depth z below the bottom of the mixed layer (K (z)= [465 +
7096 exp(-z/253 m)] m? yr~!). It has been found that such a diffusivity parameterization
of the surface-to-deep transport is justified by analyzing results of the Geophysical Fluid
Dynamics Laboratory (GFDL)/Princeton 3-D model [Joos et al., 1997].

ble deconvolution simulations. However, we decided to
use model parameters (Table 1) determined by fitting
the model to the observed oceanic distribution of natu-
ral and bomb-produced radiocarbon [Siegenthaler and
Joos, 1992] and to accept the inconsistency between sin-
gle and double deconvolution approach in our standard
simulations. The main reason is that the atmospheric
§13C trend cannot be reliably established for the last
four decades as will be discussed in the following sec-
tion on atmospheric data. Thus a redetermination of
model parameters appears as premature.

Changes in the carbon fluxes related to the weather-
ing and sedimentation cycles, river fluxes, and the di-
lution of the atmospheric 6*3C signal by these fluxes
were neglected in the two budget equations (1) and
(10) and in the model. This is justified as the air-
sea and air-biota gross fluxes are 2 orders of magnitude
larger. The fluxes Fyp net and Fys net correspond then
to oceanic and biospheric carbon storage. One needs to
add the preindustrial net fluxes as driven by the weath-
ering /sedimentation cycle to compare the double de-
convolution fluxes with estimates of net air-sea and air-
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biota fluxes based on observations (see e.g., Sarmiento
and Sundquist [1992] and Heimann and Maier-Reimer
[1996] for a discussion). The dilution of the marine sur-
face 6'3C Suess signal by marine biological productivity
is neglected as well. A more fundamental assumption is
that changes in the isotopic ratio of surface water XCO
are mediated by the anthropogenic CO, transient only.
Thus natural fluctuations in the isotopic composition of
3 CO3 are neglected.

2.2. Atmospheric CO; and *C Data

Continuous COz and ¥CO, records are necessary as
boundary conditions for the carbon cycle model and
to derive the atmospheric growth rates and the atmo-
spheric 13C/!2C ratio. Data from the three Antarctic
cores DEO8, DE08-2, and DSS [Etheridge et al., 1996]
and direct atmospheric measurements from Mauna Loa
and south pole [Keeling and Whorf, 1994] were used
to reconstruct the history of atmospheric COs from
the year 1006 to 1992. Monthly, seasonally adjusted
Mauna Loa and south pole data were averaged to yield
a global mean record. Multiple ice core measurements
at the same time were averaged. Then, the discrete ice
core data and atmospheric mean values were combined
and spline fitted [Enting, 1987] to obtain a continuous
record. No corrections were applied to merge the two
data sets (Figure 2a). For 13C, data from the Antarc-
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Figure 2a. Atmospheric CO» history. Spline fit (solid
curve) through the Law Dome ice core data [Etheridge
et al., 1996] and direct atmospheric measurements of
COs starting in 1958 [Keeling and Whorf, 1994]. Data
points and 1-o uncertainties of the ice core data (£1.2
ppmv) and of the deseasonalized monthly averaged CO,
values from Mauna Loa and south pole (0.1 ppmv) are
indicated by error bars. The spline-fitting technique
used is that of Enting [1987]. Approximate cutoff pe-
riods of 50 years for the ice core data and of about
10 years for the atmospheric data were applied; thus
frequencies with shorter periods than the cutoff period
were attenuated by 50% or more.
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Figure 2b. Atmospheric §'3C history. Spline fit

(curve) through the Siple (solid circles) [Friedli et al.,
1986], Dye 3 (open squares) [Leuenberger, 1992] ice
core data, and direct atmospheric measurements around
1956 (open triangle) [Keeling et al., 1979] and at Cape
Grim starting in 1982 [Francey et al., 1996]. Cutoff
periods are as in Figure 2a.

tic core Siple [Friedli et al., 1986] and the Arctic core
Dye 3 [Leuenberger, 1992] were combined with a clean
air average of direct atmospheric measurements around
1956 [Keeling et al., 1979] and measurements from
Cape Grim [Francey et al., 1996]. The published Siple
measurements have been corrected by —0.1%o in order
to account for gravitational separation of 2C and 3C in
the firn layer and for an extraction effect [Leuenberger
et al., 1992]. These data were spline fitted to form a
continuous atmospheric *C record from the year 1744
to 1993 (Figure 2b). The spline fit method described
by Enting [1987] acts as a low-pass filter. Parameters
were selected to obtain approximate cutoff periods of
90 years prior to 1950 and of 10 years for the period of
direct atmospheric measurements. The 50 year cutoff
for the ice core data period is motivated by the scarcity
and quality of the Siple and Dye 3 *3C data. It is im-
portant to note that between 1956 and 1982 no §'3C
measurements are available. Thus results for this pe-
riod are unreliable. Model runs were started in 1744
A.D. at the beginning of the **C ice core record.

The direct atmospheric CO, and '3C observations
have been smoothed using a cutoff period that is sev-
eral times longer than the timescale of mixing northern
and southern hemisphere air. This is done to avoid the
following two problems. First, interannual variations in
C4 plant productivity are relatively large. This has the
potential to affect calculated terrestrial and oceanic sink
fluxes on an interannual timescale as the 3C discrimi-
nation of C4 plants is substantially lower than that of
C3 plants. Second, direct atmospheric measurements -
from different locations (Cape Grim for 3C, Mauna
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Loa and south pole for CO,) are used to reconstruct
the global atmospheric CO, and 13C history. The local
trends obtained from these data are then combined with
the global fossil emission data. Concentration trends
that are of local origin would be misinterpreted as global
interannual variations in carbon sources and sinks.

2.3. Single Deconvolution and Radiocarbon
Simulations

For comparison, the atmospheric CO4 record (cutoff
periods of 50 and 10 years) has also been deconvolved
by the classical single deconvolution method. Ocean
uptake was calculated by the HILDA model, and the
biospheric carbon storage (Fab net) is calculated by dif-
ference using (1).

Radiocarbon simulations were performed by prescrib-
ing the input of *C-free fossil fuel and the observed
CO4 history in the Bern model to calculate the at-
mospheric decrease in A'C until 1950. After 1950,
atmospheric A'¥C was prescribed according to obser-
vations [Stuiver and Quay, 1981; Nydal and Lovseth,
1983; Broecker and Peng, 1993] as compiled by Enting
et al. [1994]. All radiocarbon results were obtained by
using the single deconvolution methodology to close the
atmospheric CO2 budget.

3. Results

3.1. Oceanic and Biospheric Carbon Storage

A remarkable finding of the double deconvolution is
that the trend in biospheric carbon storage between
1900 and today is similar to the trend of the single
deconvolution approach (Figure 3a). The single decon-
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Figure 3a. Biospheric carbon release obtained by a
double deconvolution of atmospheric COy and *CO,
(solid curve) using the Bern carbon cycle model. Also
shown is the biospheric carbon release calculated with
the single deconvolution method (dashed curve).

volution yields a large and sudden breakdown in the
biospheric source at around 1930. On a 20 year average
basis the magnitude of the biospheric source changed
by about 0.8 Gt C yr~! from a level of 0.5 to -0.3 Gt C
yr~! (sink) [Bruno and Joos, 1997). This change is also
present in the double deconvolution results; the magni-
tude of the biospheric source changed from a level of
0.5 Gt C yr~! to values around -1 Gt C yr~!. This sink
varies between 0.6 and 2.1 Gt C yr—! for the 1940-1990
period.

Cumulative biospheric carbon released between 1800
and 1950 is estimated to be 64 Gt C in the single de-
convolution and 18 Gt C in the double deconvolution
approach (Table 2). Between 1950 and 1990, biospheric
carbon uptake is estimated to be between 11 (single de-
convolution) and 43 Gt C (double deconvolution). Re-
call, however, that between 1956 and 1982, no isotopic
data are available and the atmospheric data point at
1956 is not well connected to modern data. Results of
the double deconvolution need therefore to be consid-
ered as preliminary and are not very reliable for these
decades. This is also true for the most recent years be-
cause the calculation depends on the overall history of
atmospheric 613C.

The oceanic storage is considerably larger for the sin-
gle deconvolution approach, and its evolution is much
smoother (Figure 3b). The double deconvolution yielded
substantial anticorrelated fluctuations in the ocean and
terrestrial uptake. The ocean is even releasing carbon
to the atmosphere between 1850 and 1878. We do not
consider this release nor the large fluctuations as real-
istic but as an artifact induced by the relatively large
uncertainty of the '*C data. Estimated oceanic carbon
uptake at 1990 is about 1 Gt C yr~! (double decon-
volution) as compared to 2 Gt C yr~! (single decon-
volution). Cumulative ocean uptake is almost 3 times
as large for the single deconvolution method as for the
double deconvolution.

A detailed error analysis for the single deconvolution
has been presented earlier by Bruno and Joos [1997].
The 1-0 error for biospheric carbon storage was esti-
mated to be about 0.2 Gt C yr~! (on a 20 year average
basis) for the 1800-1950 period and about 0.5 Gt C yr—!
during the last decade. Uncertainties for the double de-
convolution are larger and will be presented in section 4.
First, the budgets of the carbon isotopes will be exam-
ined to study the importance of modeled disequilibrium
fluxes and to test the Bern model.

3.2. Atmospheric Budget of 13C

The budget of atmospheric *C as given in (10) is
numerically evaluated. Between 1970 and 1990, 0.056
Gt 13C yr~! were on average emitted by fossil fuel
use. The average atmospheric increase was 0.033 Gt-
13C yr~!. This corresponds to an airborne fraction of
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Table 2. Comparison of the Results From a Single and Double Deconvolution

Biospheric Carbon Release,

Oceanic Carbon Uptake,

Gt C yr~* Gt Cyr~!
Single Double Single Double
Period Deconvolution Deconvolution Deconvolution Deconvolution
1800-1990: 50 Year Intervals
1800-1850 0.256 0.253 0.172 0.169
1850-1900 0.652 0.173 0.371 —0.108
1900-1950 0.369 —0.061 0.722 0.293
1950-1990 —0.266 —1.077 1.413 0.603
Whole Period
1800-1990 0.280 —0.131 0.630 0.220

Results are obtained by using the Bern model and prescribed atmospheric CO2 and

1300, history. The atmospheric CO» history was reconstructed using the Law Dome
ice core data from FEtheridge et al. [1996] and atmospheric measurements at Mauna Loa
and the south pole from Keeling and Whorf [1994] (see Figure 2a). The atmospheric
13C0O; history was reconstructed from the Antarctic ice core Siple [Friedli et al., 1986]
and the Arctic ice core Dye-3 [Leuenberger, 1992] in combination with direct atmospheric
measurements around 1956 [Keeling et al., 1979] and from Cape Grim [Francey et al.,
1996] (see Figure 2b). Cutoff periods of 50 and 10 years were applied for the ice core and

atmospheric data, respectively.

59% when defining the fraction as the atmospheric in-
crease divided by the fossil emission. The rest entered
the ocean (0.010 Gt *C yr~!) and the biosphere (0.013
Gt 13C yr=! ). The disequilibrium fluxes added only a
marginal amount of 0.00044 (ocean) and 0.00025 Gt 13C
yr~! (biosphere) to the atmosphere. This corresponds
to 1% of the fossil *C emission.

Why are the disequilibrium fluxes important although
they are so small? The budget equation of 13C is almost
linearly related to that of anthropogenic COz. The rea-
son is that the 13C/12C of different reservoirs and fluxes
deviates by only a few per mill from a standard ratio.
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Figure 3b. Oceanic carbon uptake obtained by a dou-
ble deconvolution of atmospheric CO, and 3CO4 (solid
curve) using the Bern carbon cycle model. When decon-
volving atmospheric CO3, the oceanic carbon uptake is
calculated by the HILDA ocean model (dashed curve).

These small deviations and those induced by the dise-
quilibrium fluxes are crucial. These deviations contain
the information that allows one to distinguish between
different carbon sources. Usually, the 13C budget equa-
tion as given in (10) is therefore recast to analyze the
information of the 3C budget that is independent of
the information of the CO, budget. The important
step in the transformation is that the budget of anthro-
pogenic CO; is subtracted from that of anthropogenic
13C, thereby removing the correlation between the 3C
and COy budget.

Isotopic ratios, R, are usually expressed by the § no-
tation, which gives the deviation with respect to a stan-
dard, R4, as measured in per mill

§13C = R — R4
std
The '*C budget (equation (10)) is transformed by ex-

pressing isotopic ratios, R, in ¢ notation and fraction-
ation factors, a, [e.g., Mook, 1986] using the same per
€

mill units,
_— 15
1000%o0 (15)

Then the the budget equation for carbon (equation (1))
is subtracted to obtain the following approximate bud-
get for atmospheric 6*3C:
d
a(Naél?’Ca) ~
+ Frossit6"3 Crossil

- as,net((slgca + Eas)

—Fab et (63Ca + €ab)

—Fy, [(683Ca + €as) — (63Cs + €a)]
—Fpa [(51303 + 5ab) - ((513Cb + Eba)]

1000%o . (14)

a=1+

(16)
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Table 3a. Budgets of §'3C and A'#C Obtained With the Bern Model

§13C, 1970-1990. AYC, 1860-1950

Term %0 Gt C yr? %0 Gt C yr~t

1 Flossil * 6Chossil —143 —659

2 —N.-ZsC, 22 143

3 —£N, 8C, 21 6

4 _Fas,net . (6Ca + Eas) 9 7

5 —Fs- [(60a + 53.5) - (605 + 553.)] 39 306

6 “Fab,net : ((SCa, + Eab) 30 -5 .

7  —Fba - [(6Ca + €ap) — (6Ch + €ba)] 23 205
Airborne fraction (vy) 0.20 0.22

The contribution to total budget of the fossil production (term 1), the change in atmo-
spheric composition (term 2)+(term 3), the ocean and biospheric uptake as attributed to
carbon net fluxes (term 4)+(term 6) and the isotopic disequilibrium fluxes (term 5)+(term
7) are listed separately. The '*C budget was calculated by applying the double deconvo-
lution methodology; the A'*C budget was calculated by a single deconvolution of atmo-
spheric CO3 and prescribed atmospheric A C. Indices a, s, and b denote the atmosphere,
the surface ocean, and the terrestrial biosphere, respectively. Fiossit represents the fossil
carbon source. N, represents the atmospheric carbon content, F}; and F}j net denote car-
bon gross fluxes or net fluxes from reservoir i to j, and §C refers either to §13C or AMC;
fractionation factors, i, are zero for the budget of the fractionation corrected AM™C. The
airborne fraction is the fraction of the total fossil perturbation in the atmospheric isotopic
ratio as expressed in units of per mill, which is still found in the atmosphere. It was calcu-
lated as described in the text using (19). The airborne fraction, -y, can be approximated
using the absolute values of the above budget terms. It is roughly term 2 divided by the
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difference of term 1 and term 3 (e.g., for AM™C, v=143/(659-6)).

Here 13C fluxes are expressed as the product of carbon
fluxes and its isotopic signature in the ¢ notation. The
units are then %o Gt C yr~! . This budget is now not
anymore correlated with that of anthropogenic CO, and
allows one to investigate the importance of the different
fluxes and reservoir changes. Again, we call the last two
terms in this §'3C budget isotopic disequilibrium fluxes.

Table 3a shows the atmospheric budget for fossil §13C
for the 1970-1990 period. The net carbon fluxes con-
tributed 27% to the redistribution of the fossil §'*C
signal and the disequilibrium fluxes contributed 43%
during this 20 years. This illustrates that the disequi-
librium fluxes are indeed important terms that need to
be taken carefully into account when the 3C budget is
used to determine the oceanic and terrestrial sinks. Dis-
equilibrium fluxes of 3C in units of %o Gt C yr~! are
small prior to 1950 (Figure 4). During recent decades,
atmospheric 6'3C decreased more rapidly and disequi-
librium fluxes became large. We conclude that un-
certainties in model parameters or differences between
oceanic and terrestrial models have a small impact on
the calculated net fluxes prior to 1950 but are signif-
icant for the most recent decades. This conclusion is
supported by the sensitivity analysis presented in sec-
tion 4.

The change in the atmospheric product can be further
divided into components of the temporal change in §13C
and CO,,

d d d
Z(Nad'3Ca) = Ny 2612C, +619C 2N (17)

The two components are of roughly equal size (see Ta-
ble 3a)

As for fossil carbon and *C, we define an airborne
fraction for 6*3C to further illustrate the importance of

(GtC Yoo yr™)

-100 —— 1) fossil
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Figure 4. The budget of §'3C as obtained by a double
deconvolution of atmospheric COy and 3CO5 using the
Bern model. The individual contribution to the budget.
is as listed in (16) and described in section 3.2.
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the disequilibrium fluxes. First, we calculate the maxi-
mal change in the atmospheric signature d/dt6'3Ca,max
that would result if the fossil input only affected the
atmospheric 6*3C signature and the atmospheric car-
bon inventory. In such a case the atmospheric change
in isotopic composition equals the fossil isotopic input;
the change in the atmospheric carbon inventory d/dtN,
equals the fossil input Frossii- Using (17) and replacing
the change in atmospheric carbon inventory d/dtN, by
the fossil carbon input Fiegssil, One obtains

d
Na?lzdlgca,max + 6130aFfossil = Ffossil513cfossil- (18)

Equation (18) is solved for the maximal change of the
isotopic signature. The airborne fraction of §'3C, is
then

. 4sc, N, Z613C,
%513Ca,max Ffossil (513Cfossil - 513Ca) ’

(19)

Integration of (19) over time indicates that the air-
borne fraction of the fossil §'3C signal is only 20% for
the 1970-1990 period. The fraction of the fossil CO2 and
13C amount that remained airborne is 3 times larger
(59% ) for the same period. Thus a perturbation in
the atmospheric §'3C signature is removed much faster
than a perturbation in the atmospheric carbon and 13C
inventory as noted earlier [Siegenthaler and Oeschger,
1987]. This is because the disequilibrium fluxes sub-
stantially mute the atmospheric perturbation in the iso-
topic ratio but not the perturbation in the *C concen-
tration.

The oceanic *C uptake changed the 3C/*2C of dis-
solved inorganic carbon. We compare modeled results
with observations to test our approach. The Bern
model simulates a depth-integrated change of -8.02%0m
yr~! during 1970-1990 as compared to an estimate of -
10.442.3%0m yr—! based on observations in the Pacific
[Quay et al., 1992].

3.3. Atmospheric Budget of *C

Atmospheric A™C has decreased by about 20%o be-
tween 1860 and 1950: 17.3%o are attributed to the in-
put of radiocarbon free fossil fuel (Suess effect), and the
remainder is thought to be caused by variation in the
cosmic ray production of 14C [Stuiver and Quay, 1981].
The atomic bomb tests in the late 1950s and early 1960s
have added substantial amounts of radiocarbon to the
natural background (*4C/*2C =~ 10712), leading to max-
imum tropospheric concentrations around 1964. Once
test ban treaties were set in place, atmospheric con-
centration decreased as bomb radiocarbon became ab-
sorbed by the biosphere and the biota. Atmospheric ex-
plosions were relatively rare after the test ban in 1963,
so that the global radiocarbon budget should have re-
mained roughly constant [Hesshaimer et al., 1994].
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A similar budget equation as (16) is also applica-
ble for the fossil A™C perturbation when concentra-
tions are expressed in fractionation corrected A units.
Table 3a shows the atmospheric A*C budget for the
1860-1950 period (Suess effect). Forty-eight percent of
the fossil source entered the ocean, 30% entered the
biosphere, and the rest remained airborne (22% ). Al-
most the entire flux into ocean and biosphere is caused
by the disequilibrium fluxes, whereas net carbon fluxes
transport only a marginal amount (0.4%) of the A4C
signal.

For the bomb budget (Table 3b) the numbers of
atoms of '*C in different reservoirs are considered. Dur-
ing 1965-1989, 88% of the 4C atoms which entered
the ocean and 95% which entered the biosphere are at-
tributed to the disequilibrium fluxes in the Bern model.
The conclusion is that the AC Suess effect and the
bomb budget provide information on the sum of the
disequilibrium fluxes into ocean and biosphere. On the
other hand, the budget and the Suess effect do not pro-
vide direct information on the net carbon fluxes. Then,
the near constancy of the global bomb 4C budget [Hes-
shaimer et al., 1994] as combined with observations of
the atmospheric '4C decrease and *C production es-
timates as well as the A4C Suess effect are two ad-
ditional constraints for modeled disequilibrium fluxes.
Another important carbon cycle constraint, the distri-
bution of natural and bomb-produced radiocarbon as
observed during the Geochemical Ocean Sections Study
(GEOSECS) campaign, has already been used to deter-
mine the oceanic mixing parameters and the air-sea gas
exchange coefficient of the HILDA ocean model [Siegen-
thaler and Joos, 1992].

In the standard case the bomb-!*C budget imbal-
ance is 90x10%% atoms between 1965 and 1989 if an
atmospheric decrease in *C of 250x10%% atoms and a
production of 53x10%¢ atoms [Rath, 1988; Hesshaimer
et al., 1994; Joos, 1994] are assumed. The modeled
oceanic bomb inventory is 315x10%¢ atoms on January
1, 1975, in agreement with observations. The simulated
decrease in atmospheric A C is 20%o between 1860 and
1950 if the Bern model is forced by fossil fuel input and
observed atmospheric CO5 and ¥*CQO,. This is within
uncertainty as our ability to reconstruct variability in
the cosmic ray production is limited.

In one test of the model the gas exchange coeffi-
cient was increased by 46% in order to exactly match
the estimated 17.3%o decrease (1860-1950) in A4C at-
tributed to the fossil signal. The simulated oceanic
bomb-radiocarbon inventory in 1974 amounted then to
400x10%¢ atoms, i.e., 30—35% higher than observed
[Broecker et al., 1985, 1995]. The modeled budget im-
balance increased from 90x10%¢ to 160 x 10%¢ atoms be-
tween 1965 and 1989. In turn, the oceanic carbon stor-
age as modeled by the double deconvolution is increased -
by 60% and averages 1.6 Gt C yr~! during 1970-1990.
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Table 3b. Budgets of Bomb-Produced *C Obtained With the Bern model

Changes in C Inventory, 10°® Atoms

Mid-1965 to Mid-1989

January 1974 to January 1992

Changes in Reservoir Size

Biosphere
_Fab,net(Raaab)
—Fpa(Raoab — Ry)

Ocean
“Fas,net(RaOlas)
—Fsa(RaaaS - Rsasa)

Troposphere

Stratosphere

Total

Production by nuclear industry
Radioactive decay
Production by bomb detonations

Total

Sources and Sinl§s

5 1.7

85 0.3
35 28
268 107
—145 —65
—105 —34
143 38

Overall Budget

Total changes in reservoirs
Total sources minus sinks
Imbalance

3

-2 -2
52 23
53 24
143 38
53 24
90 14

The decrease in tropospheric **C inventory is derived from atmospheric CO2 and A**C
observations. The increase in oceanic and terrestrial storage is calculated by using the
Bern model; the isotopic fluxes are attributed to net carbon fluxes and carbon exchange
fluxes (disequilibrium fluxes). Bomb test production is estimated based on bomb test
statistics [Hesshaimer et al., 1994]. Prior to 1969, the stratospheric decrease is prescribed
according to data published by Tans [1981] (original measurements corrected downward

by 17%). For 1990 an average stratospheric A™C of 200%0 was assumed on the basis of
observations above Japan [Nakamura et al., 1992, 1994]. Between 1969 and 1992 these

data were exponentially interpolated.

Deviations in net carbon fluxes are smaller than 0.13
Gt C yr~! prior to 1950. For comparison, simulated
ocean uptake by the single deconvolution is 1.8 Gt C
yr~! for the 1970-1990 period. Hence the carbon sinks
calculated by the single and double deconvolution are
roughly in agreement. Unfortunately, a large imbalance
in the bomb-14C budget is found in this case. More gen-
erally, the 1*C budget imbalance is large when model
parameters are changed to yield an ocean uptake as
high as that obtained by the single deconvolution.

An improvement of the bomb budget estimates re-
quires that the uptake of radiocarbon by ocean and bio-
sphere be reduced. On the other hand, a reduction in
the modeled Suess effect requires an increased radiocar-
bon uptake by the ocean and biota. This seems hard
to achieve, though the timescales involved are differ-
ent for the two signals. We have tried to match best
estimates for the bomb budget and the Suess effect si-
multaneously by allowing variation in oceanic and bio-
spheric model parameters in a least squares optimiza-

tion procedure [Press et al., 1989]. Besides the four-
box biosphere, a seven-box biosphere was also imple-
mented in order to allow for a wider range of overturn-
ing timescales. We could not find improved model so-
lutions. We have also tried to match simultaneously
the observed decrease in §'3C between 1800 and 1990
and to balance the bomb budget using the model in the
single deconvolution mode. Again, we could not satisfy
the two constraints by applying the same least squares
procedure [Joos et al., 1994].

In order to match the best estimate for the bomb-14C
budget for the 1965 to 1989 period, the gas exchange
coefficient was reduced by a factor of 2. The mod-
eled cumulative budget imbalance between 1965 and
1989 was always less than 13x10%6 atoms. The sim-
ulated oceanic bomb-radiocarbon inventory in 1974 is
176x10%¢ atoms; that is 40% lower than observed. The
modeled A™C decrease is 26%o between 1860 and 1950.
The reduced gas exchange leads to smaller disequilib-
rium fluxes and an unrealistically low oceanic uptake
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of 0.1 Gt C yr=! (1970-1990) in the double deconvo-
lution. Also, much lower than observed is the mod-
eled decrease of the 13C/12C in dissolved inorganic car-
bon. This suggests that estimates of bomb test pro-
ductions and/or the stratospheric *C decrease [Hes-
shaimer et al., 1994; Joos, 1994] are not compatible with
13C and C data.

For the period between GEOSECS and the World
Ocean Circulation Experiment (WOCE) (1974-1992)
the estimated production and stratospheric decrease are
55 and 67% lower than during the 1965 to 1989 period
(Table 3b), and associated errors are reduced. Then,
the bomb budget imbalance is reduced to 14x10%6 in
the standard version of the Bern model while simu-
lated oceanic uptake is 135x10%% atoms. Eighty per-
cent of the oceanic uptake of bomb-produced C is at-
tributed to the isotopic disequilibrium flux. The emerg-
ing WOCE *C data will therefore allow one to narrow
uncertainties of the air-sea gas exchange rate and the
disequilibrium fluxes [Key et al., 1996; Key, 1996].

4. Error Analysis
4.1. Uncertainties in the CO, and *C Data

We performed Monte Carlo simulations to assess the
uncertainties in the net fluxes as introduced by uncer-
tainties in the ice core data. Uncertainties of 1-o are
1.2 ppm and 0.1%eo for individual ice core measurements
and 0.1 ppm and 0.02%o for the atmospheric values.
The uncertainty in the §'3C value at 1956 was set to
0.1%0 . This is higher than the measurement precision,
but the calibration of the mass spectrometer used by
Keeling et al. [1979] cannot be easily related anymore
to modern data. As 6'3C data are missing between
1956 and 1982, results are presented for the period prior
to 1950 only. The Monte Carlo analysis was done as
described by Bruno and Joos [1997]. 2000 runs using
Monte Carlo statistics were performed to investigate the
link between uncertainties in the atmospheric CO5 and
13CO, history and calculated biospheric (Figure 5) and
oceanic carbon storage. One may note that uncertain-
ties are the same for oceanic and biospheric storage.
We found for the 1800-1950 period a maximum 1-¢ un-
certainty in the terrestrial and oceanic sink of +0.36
Gt C yr~!. This is considerable as the data have al-
ready been smoothed applying a 50 year cutoff period.
Estimated overall uncertainty in the net biota uptake
for the single deconvolution approach (including uncer-
tainties in ocean model and fossil emissions) are around
0.2 Gt C yr~! for the same period. Thus a substantial
fraction of the difference between single and double de-
convolution results can be explained by uncertainties in
the atmospheric 1*CO, (and CO;) data.

For the most recent decades we estimated a 1-o er-
ror in the trend of atmospheric §**C of approximately

+0.01 %o yr~!, which yielded an uncertainty in the
sinks’ distribution of £0.4 Gt C yr~!. One may re-
call that no §'3C data are available for the 1956-1982
period. This may potentially induce a larger error in
the sinks than +0.4 Gt C yr~1.

4.2. Uncertainties in Fossil Emissions

Fossil emissions have a similar isotopic signature as
carbon of the terrestrial biosphere. Thus one may view
the double deconvolution as a discrimination between
oceanic uptake and the sum of the fossil plus the bio-
spheric source. For the fossil fuel data, 1-o uncertainty
is estimated to be 10% prior to 1950 and 5% for the
most recent decades [Marland and Rotty, 1984; Andres
et al., 1998; Keeling, 1973]. At 1980 this translates into
a 1-0 uncertainty of £0.30 Gt C yr~! in net terrestrial
carbon storage for an uncertainty in fossil emissions of
0.26 Gt C yr~! when taking into account minor differ-
ences in the isotopic signature of fossil and biospheric
carbon fluxes.

The isotopic signature of fossil fuel has varied through
time. Its 6'3C decreased from —24 to —28.4%0 . Upper
error bounds for §'3C of coal, oil, gas, and cement are
viewed to be 0.3, 2.0, 5.0, and 1.0%o , respectively (G.
Marland, personal communication, 1996). This yields
for the 1980 fuel mix a maximum uncertainty of 41.2%o
when applying Gaussian error propagation. An uncer-
tainty of £1.0%o translates into an error in the ter-
restrial storage of 0.3 Gt C yr=! (1980). Following
Heimann and Maier-Reimer [1996], a 1-0 uncertainty
of £0.5%o is assigned to the fossil §!3C signature.

Biospheric Carbon Release [Gt C yr‘l]

-5 1 .
1800 1850 1900 1950

Year

Figure 5. Confidence interval of 1-o (dashed curves) of
the biospheric carbon release reflecting the influence of
the uncertainties in the CO5 and 3CQ, data. The 1-¢
confidence interval is a result of a Monte Carlo analysis
including 2000 runs. The best estimate (solid curve)
corresponds with the solid curve in Figure 3a.
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4.3. Uncertainties in Fractionation Factors

Fractionation factors are prescribed as constant in the
standard case. Air-sea and sea-air fractionation factors
are relatively well known for a given temperature, and
related uncertainties in calculated net fluxes are small.
However, sea surface temperature and thus fractiona-
tion factors have varied with time. In a sensitivity run,
fractionation factors were calculated by prescribing the
variations of the global mean sea surface temperature
according to observations [Jones, 1994]. Deviations
between the standard case and this sensitivity run are
generally small and always less than 0.2 Gt C yr—!.

As a standard, we assumed that C; plants are in-
volved in the biospheric carbon storage process and that
the fractionation factor of biospheric carbon is about
18%o0 . Lloyd and Farquhar [1994] calculated a global
average 0'3C discrimination of 14.8%o¢ when consider-
ing both C3 and C4 plants. We employed this value
in our model and found deviations in calculated net
fluxes up to 0.2 Gt C yr~! prior to 1940 and up to 0.5
Gt C in 1990 (Figure 6). Applying a global mean dis-
crimination factor of 14.8%o in the four-box biosphere
corresponds to an extreme case, as C4 plants contribute
predominantly to short-lived material, whereas most of
the long-lived material originates from Cs plants.

An open issue is how much the distribution of C3 ver-
sus C4 plants and the related terrestrial carbon reser-
voir have changed over time. Here this question is left
to future studies. Similarly, we do not address possible
changes in fractionation factors due to changes in land
temperature and precipitation. From the above sensi-
tivity studies it is concluded that 1-o uncertainties due
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Figure 6. Biospheric carbon release obtained by a dou-
ble deconvolution using the Bern carbon cycle model
with a modified biospheric §'3C discrimination. The
fractionation factor of biospheric carbon was set to
14.8%0 following Lloyd and Farquhar [1994] (dashed
curve) and the result compared with the standard case
(solid curve, £,,=18.72%0 ).
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Figure 7. Oceanic carbon uptake obtained by a dou-
ble deconvolution using four ocean models, each com-
bined with the four-box biosphere model: A dynamical
two dimensional (2-D) model (dashed curve) [Stocker
et al., 1994], the box diffusion model (dotted curve)
[Oeschger et al., 1975], the Geophysical Fluid Dynam-
ics Laboratory (GFDL)/Princeton ocean general circu-
lation model (dotted-dashed curve) [Sarmiento et al.,
1992], and the HILDA model (solid curve) [Siegenthaler
and Joos, 1992].

to uncertainties in fractionation factors are around 0.1
Gt C yr~! prior to 1950 and may be as large as 0.3 Gt
C yr~! in recent decades.

4.4. Uncertainties in Modeled Disequilibrium
Fluxes

4.4.1. Results obtained by different ocean
models. The calculation of the disequilibrium fluxes
(last two terms in (10)) requires a model. Figure 7
shows the result for the biospheric carbon release for
four different ocean models (HILDA, BD, 2-D, and 3-D
models) plus the four-box biosphere model. Differences
in net fluxes are up to 0.1 Gt C yr~! prior to 1950 and
rise then to 0.5 Gt C yr~! in 1990. Next, the air-sea gas
exchange rate was set equal in all models. This reduced
deviations in net fluxes by a factor of two. The 2-D and
the BD models yielded the lowest net air-to-biota fluxes;
HILDA yielded a slightly higher biota uptake (0.1 Gt C
in 1990), and the 3-D model yielded the largest uptake
as it has the least efficient surface-to-deep transport of
the models considered here. The deviations in results
obtained by the HILDA, the BD, and the 2-D models
can be explained almost entirely by different gas ex-
change coefficients. Here k' is 7.46, 7.66, 7.80, and
9.06 years for the 2-D, 3-D, BD, and HILDA models,
respectively. The sensitivity of calculated net fluxes to
differences in ocean transport is much smaller than to
differences in the gas exchange coefficient (Table 4).

Gas exchange coefficients used in the four ocean mod-
els are all based on observations of the oceanic inven-
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Table 4. Sensitivity Study Regarding a Range of Ocean Models and Model Pa-

rameters in the Bern Model

Disequilibrium Fluxes (1970-1990),

Carbon Sinks (1970-1990),

Gt C%o yro? Gt Cyr!
Model Sea to Air Biosphere to Air Ocean Biosphere
Four Ocean Models and Four-Box Biosphere
HILDA —-39.2 —-22.5 0.98 1.14
3-D —40.9 —22.5 1.08 1.04
2-D —45.9 —22.4 1.37 0.75
BD —44.2 —22.4 1.27 0.85
Sensitivity Analysis (HILDA and One-Box Biosphere)
Standard —39.3 —23.0 1.02 1.10
€ab £ 20% +0.43 +0.12 +0.27 F0.27
kg £+ 20% F5.53 +0.12 +0.32 F0.32
Ny £ 20% +0.14 F2.35 +0.13 F0.13
NPP +20% +0.16 F2.55 +0.14 F0.14

The disequilibrium fluxes and oceanic and biospheric carbon uptake were calculated
using the approximate '*CO2 budget equation (equation 16, double deconvolution). Re-
sults obtained by four different ocean models as applied in their non-linear pulse response
representation [Joos et al., 1996] are presented. The atmosphere to biosphere fraction-
ation factor, e,pn; the gas exchange rate, kg; the biospheric mass, Np; and the terrestrial
net primary productivity, NPP, have been varied by £20% around their standard value
in HILDA model coupled to a one-box biosphere.

tory in bomb-produced radiocarbon. It is known that
the parameterization of the exchange coefficient on wind
speeds by Liss and Merlivat [1986] leads to a globally
averaged gas exchange coefficient for CO that is almost
30% smaller than the values inferred from studies of the
oceanic uptake of bomb-produced *C. The reason of
this discrepancy is not clear. However, gas exchange
rates for oxygen as inferred from O2/N2 observations
[Keeling et al., 1997] are in general agreement with the
bomb-derived CO5 transfer rates. The value used in
HILDA (0.054 mol m~2 ppm~! yr~!) is at the lower
end of the range inferred by other authors using radio-
carbon data (e.g., 0.063 molm~2 ppm~! yr=! [Broecker
et al., 1985], 0.067 mol m~2 ppm~! yr=! [Tans et al.,
1990], and 0.061 mol m~2 ppm™! yr=! [Wanninkhof,
1992]) but well within the overall uncertainties of the
underlying radiocarbon observations and the functional
dependency of the transfer coefficient on wind speed or
related quantities.

4.4.2. Sensitivity analyses. Individual param-
eters of the Bern model have been varied while keep-
ing all other parameters fixed. The four-box biosphere
has been replaced by a one-box biosphere to reduce the
number of parameters. This one-box biosphere (net pri-
mary production: 60 Gt C yr~!, mass: 1200 Gt C)
yielded very similar results as the four-box biosphere;
deviations in net fluxes are less than 0.2 Gt C yr—!.
Varying the air-biota fractionation factor (as expressed
in units of per mill), the air-sea gas exchange coefficient,

the biomass, and the net primary production by £20%
yielded deviations in the net terrestrial sink as com-
pared to the standard case in the range +0.31 to £0.15
Gt C yr~! in 1980 (Table 4). Prior to 1950, deviations
are also less than 0.1 Gt C yr~! except for the air-to-
biota fractionation factor (deviations less than +0.33
Gt C yr7!). The air-to-biota fractionation factors af-
fect directly the amount of !3C transported by the net
air-to-biosphere flux Fyp net. The disequilibrium flux is
hardly affected as the isotopic disequilibrium does not
depend on the preindustrial isotopic difference between
different reservoirs. Varying all other parameters by
+40% leads to deviations of less than 0.1 Gt C yr—!.
Parameters which determine the modeled disequilib-
rium fluxes most are the air-sea gas exchange coeflicient,
the primary productivity, and the biospheric overturn-
ing time. On the other hand, modeled disequilibrium
fluxes are not very sensitive to parameters describing
surface-to-deep mixing [Keeling et al., 1989]. This is
in contrast to the single deconvolution approach where
the oceanic and biospheric sinks are mainly determined
by modeled surface-to-deep mixing while the prescribed
gas exchange rate is not very relevant. Variations in gas
exchange coefficient by +20% changed modeled CO.
uptake in a single deconvolution by only 0.06 Gt C in
1990. This illustrates that the single and double de-
convolution as set up here are independent methods to
estimate terrestrial and oceanic carbon storage. On the
basis of above results the 1-o error in net fluxes as in-
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duced by uncertainties in modeled disequilibrium fluxes
is estimated to be around 0.6 Gt C yr~! for the recent
decades and 0.2 Gt C yr—! prior to 1950.

4.5. Overall Uncertainty in Terrestrial and
Oceanic Carbon Storage

Using Gaussian error propagation, a 1-o uncertainty
in net oceanic and terrestrial carbon storage of roughly
1 Gt C yr~! is obtained for the most recent decades.
Estimated uncertainties due to uncertainties in the *C
(and CO3) data (£0.4 Gt C yr~!), fossil emissions (£0.3
Gt C yr—1), the fractionation factors (£0.5 Gt C yr~1),
and modeled disequilibrium fluxes (£0.6 Gt C yr~1)
are all relevant. Prior to 1950, overall uncertainty in
net fluxes is of similar size but mainly due to the lack
of precise *C measurements.

5. Discussion and Conclusion

In the double deconvolution the ocean model is not
used to calculate net air-sea carbon fluxes; the bud-
get equation for 1¥CO, provides the necessary informa-
tion to attribute oceanic and biospheric carbon uptake.
Thus the assumption of a steady state natural carbon
cycle as used in the single deconvolution can be dropped
for the COy budget, and it is possible to investigate
the long-term variability in the carbon sinks. The sin-
gle and double deconvolution methods as used here are
almost independent, although in both approaches an
ocean model is used. Ocean circulation and surface-to-
deep mixing is the rate-limiting process for carbon up-
take as calculated in the single deconvolution, whereas
calculated isotopic disequilibrium fluxes (double decon-
volution) depend on the air-sea gas transfer rate but de-
pend only weakly on ocean transport. Results for both
methods indicate that the biosphere acted on average as
a source during the last century and the first decades of
this century in agreement with independent estimates of
carbon emissions by land use changes [Houghton, 1993].
Then, the biosphere turned into a sink. This implies
that a terrestrial sink compensated land use emissions
during the last decades. In earlier work we could not
attribute this sink to a single mechanism such as CO,
fertilization, nitrogen fertilization, or climate variations
[Bruno and Joos, 1997].

The double deconvolution technique is similar to the
budget method of Tans et al. [1993]. Tans et al. [1993]
use GEOSECS observations of the 13C/12C of dissolved
inorganic carbon in surface water to estimate the air-
sea disequilibrium to be 0.43%o for the 1970-1990 pe-
riod. Unfortunately, it is very difficult to accurately de-
termine the global air-sea disequilibrium in §*3C from
oceanic observations; the low average oceanic uptake
rate of 0.2 Gt C yr~! during 1970-1990 as calculated
by Tans et al. [1993] is unrealistically low as it can
only account for the increase in surface layer carbon

storage. Furthermore, Tans et al. [1993] used a con-
stant disequilibrium for the whole 1970-1990 period. In
this study, the temporal evolution of the disequilibrium
fluxes is modeled by ocean models constrained by ra-
diocarbon observations. This allowed us to calculate
temporal variations in the disequilibrium fluxes for the
whole industrial period.

Mean oceanic uptake is 0.95 Gt C yr~! during 1982-
1992 as found by our double deconvolution. Francey
et al. [1995] find a mean uptake of about 1.1 Gt C
yr~! during the same period. This agreement is to be
expected as in both studies, similar techniques and the
same 6'3C data are used. On the other hand, Heimann
and Maier-Reimer [1996] obtained an average ocean up-
take of 2.1 Gt C yr~! between 1970 and 1990 based on
various 613C observations. This is more in line with
estimates based on a hierarchy of ocean models that
suggest an oceanic uptake rate of 2.0 Gt C yr~! dur-
ing the 1980-1989 decade [Orr, 1993; Siegenthaler and
Sarmiento, 1993; Schimel et al., 1996].

We have set up the single and double deconvolution
as two independent methods to calculate the anthro-
pogenic carbon sinks. Thereby we neglect in the dou-
ble deconvolution the information about oceanic car-
bon uptake obtained by analyzing the oceanic distri-
bution of natural and bomb-produced radiocarbon and
other transient tracers like CFCs in the framework of
the HILDA model [Joos et al., 1991a, b; Siegenthaler
and Joos, 1992]. In principle, one can combine the two
approaches by adjusting model parameters to yield sim-
ilar results for the oceanic and terrestrial carbon sinks.
For example, increasing the air-sea gas exchange coeffi-
cient, the air-biota fractionation factor, and net primary
productivity by 20% above their standard values yields
for both the single and double deconvolution an aver-
age oceanic uptake of 1.9 Gt C yr~! during 1970-1990.
However, the imbalance in the bomb-14C budget is then
even larger as in our standard case. In an earlier study
[Joos et al., 1994], we have analyzed most recent but
unfortunately still preliminary *C data [Leuenberger
et al., 1993]. Oceanic carbon storage was then gener-
ally found to be higher for the double deconvolution
and more in agreement with estimates based on various
ocean models. This suggests that the discrepancy be-
tween single and double deconvolution results as found
in this study is a consequence of the missing 3C data
for the 1956-1982 period and is not primarily related to
our choice of model parameter values. The mismatch
between the two methods will hopefully be resolved in
the future when more and more reliable 13C data are
available.

The Monte Carlo analysis yielded large error bars for
the calculated oceanic and terrestrial carbon net fluxes
due to uncertainties in the ice core §'3C data. These er-
ror bars have to be viewed in the context of the smooth-.
ing applied to the 6*3C data (cutoff period of 50 years).
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Table 5. Comparison of Carbon Cycle Quantities

Period Value Source
Oceanic Carbon Uptake

1970-1990 21 GtCyr! Heimann and Maier-Reimer [1996]

1.8 GtCyr! Bruno and Joos [1997]

091 Gt C yr! this study
1982-1992 1.1 Gt Cyr? Francey et al. [1995]

0.95 Gt C yr! this study
1980-1989 20 Gt Cyr! Schimel et al. [1996]

Biospheric ' C Disequilibrium Flux

1970-1990 23.4 Gt C %o yr~! Heimann and Maier-Reimer [1996]

12.0 Gt C %o yr-
22.5 Gt C %¢ yr-
1987 25.8 Gt C %0 yr~
26.4 Gt C %o yr~
17.8 Gt C %o yr~

1970-1987

1

1
1
1
1

Quay et al. [1992], Tans et al. [1993]
this study

Francey et al. [1995]

this study

Wittenberg and Esser [1997]

Oceanic 13 C Disequilibrium Flux

1970-1990 50.6 Gt C %o yr~
36.6 Gt C %o yr~
39.2 Gt C %o yr~
1987 43.8 Gt C %o yr~

50.4 Gt C %0 yr~

1
1
1
1

Heimann and Maier-Reimer [1996]
Tans et al. [1993]

this study

Francey et al. [1995]

this study

Air-Sea 3 C Disequilibrium

Tans et al. [1993]
this study

Air-Biota ' C' Disequilibrium

Tans et al. [1993]
this study
Fung et al. [1997]
this study

Vertically Integrated Rate of Change of '3C/*2C in DIC

Quay et al. [1992]
Heimann and Maier-Revmer [1996]
this study

Oceanic Bomb 4 C Inventory

Broecker et al. [1995]
this study
this study

Bomb ' C Budget Imbalance

Joos [1994]
this study
this study

AY™C Suess Effect

1970-1990 0.43%o0
1980 0.60%0
1970-1990 0.20%0
1980 0.38%0
1988 0.33%o0
1988 0.43%0
1970-1990 —10.40%0 m yr~*
—8.94%0 m yr~!
—8.02%0 m yrt
1975 305% 10%° atoms
315x 102 atoms
1992 435% 10%® atoms
1965-1989 82x 10% atoms
90x% '10%® atoms
1974-1992 14% 10%® atoms
1860-1950 17.3%o0
20%o0

Stuiver and Quay [1981]
this study

DIC is dissolved inorganic carbon
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We conclude that the uncertainty of 0.1%o¢ in the §'3C
ice core measurements must be reduced to yield more
reliable results in a double deconvolution approach. We
found a negative correlation between oceanic and bio-
spheric carbon storage on a decadal timescale prior to
1950. We attribute this correlation to the uncertainty
in the 13C ice core data and do not consider the low
oceanic uptake rates as realistic. Note that also Keel-
ing et al. [1995] find such a negative correlation on an
interannual timescale. These authors interpret the ac-
cording interannual variations as real and related to El
Nifio events.

Table 5 summarizes some of the key results of this and
related studies. Our disequilibrium fluxes are within
the published range. The vertically integrated rate of
change of the 13C/*2C in dissolved inorganic carbon, the
oceanic bomb radiocarbon inventory, the global budget
of bomb-produced radiocarbon, and the A#C Suess ef-
fect are reproduced by the Bern model within the un-
certainties of the observations.

The analysis of §'3C data and the 4C Suess effect
confirms the high gas exchange rate as derived from the
oceanic bomb radiocarbon inventory. Applying a re-
duced gas exchange yields an unrealistically low oceanic
carbon storage for the double deconvolution approach,
a too large reduction in A'C prior to 1950, and a too
small change of 13C/2C in oceanic ¥CO; as compared
to observations. Our results suggest that a downward
revision of the oceanic bomb inventory as suggested by
Hesshaimer et al. [1994] is not compatible with the 13C
data and the A C Suess constraint. A narrowing of the
uncertainties in the bomb budget requires (1) refined
estimates of the 14C production by weapons test after
the atomic bomb test ban treaty has been set in place,
and (2) a better quantification of the stratospheric 14C
history.

Calculated disequilibrium fluxes induce small uncer-
tainties prior to about 1950. For the more recent
decades, uncertainties in ¥C disequilibrium fluxes must
be reduced to better quantify the carbon sinks. Emerg-
ing radiocarbon data as sampled during the World
Ocean Circulation Experiment (WOCE) combined with
the GEOSECS results will provide additional informa-
tion on the oceanic disequilibrium fluxes [Key et al.,
1996; Key, 1996].

The double deconvolution technique allows one to re-
construct the long-term variability in the carbon cycle.
The quality of the reconstruction could substantially be
improved if high-precision 6'3C measurements on air
entrapped in ice and firn are released, the data gap be-
tween 1956 and 1982 is closed, and the temporal trend
in atmospheric 6'3C during the last decades is estab-
lished accurately.
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