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Abstract. We have updated earlier deconvolution analyses using most recent
high-precision ice core data for the last millennium [Etheridge et al., 1996] and
direct atmospheric COy observations starting in 1958 [Keeling and Whorf, 1994].
We interpreted nonfossil emissions, that is, the difference between the increase in
observed atmospheric plus modeled oceanic carbon inventory and fossil emissions,
as biospheric carbon storage (release). We have assessed uncertainties in the COq
ice core data using a Monte Carlo approach and found a 2-o uncertainty for the
nonfossil emissions (20-year averages) of 0.2-0.4 GtC yr~!. Overall uncertainties
of the nonfossil emissions were estimated to be 0.5 GtC yr~! before 1950 and ~1
GtC yr~! during the last decade. We found a large and rapid change of -0.8 GtC
yr~! in the nonfossil emissions (approximate net air-biota flux) between 1933 and
1943. Before 1933, the land biota acted as carbon source of order 0.5 GtC yr—!
in agreement with independent estimates of carbon emissions by land use changes
[Houghton, 1993a). After 1943, the land biota was a net sink of about 0.3 GtC yr 1.
This implies an average biospheric sink of 1.5 GtC yr~! during the last 5 decades
to compensate estimated carbon emissions by land use changes. We could not
attribute this sink to a single mechanism. We found that the temporal evolution
of the required biota sink is not compatible with conventional modeling of CO4
fertilization. We estimated potential terrestrial carbon storage due to nitrogen
fertilization to be 1 GtC yr—! for 1960, that is, smaller than the required sink,
and 1.5-3 GtC yr~! for 1990. To assess the potential impact of climate variations,
we deconvolved the preindustrial COy concentrations which fluctuated around 280
ppm. We found a maximum nonfossil sink of 30 GtC within 50 years. Thus it seems
not likely that the cumulative sink of 76 GtC which is required to balance land use
emissions during 1935 to 1990 can be explained by climate variations only.

1. Introduction

High-precision ice core data [Neftel et al., 1985;
Etheridge et al., 1996] and direct atmospheric observa-
tions [Keeling and Whorf, 1994] show that atmospheric
CO2 concentration has increased from its preindustrial
level of about 280 Parts per million by volume (ppmv)
to 360 ppmv today. As a consequence, the radiative
properties of the atmosphere are changing significantly,
inducing global climate change [Houghton et al., 1994,
1996]. The growth in atmospheric carbon inventory be-
tween 1850 and 1990 (142 GtC) is less than half of the
carbon emitted due to fossil fuel use and cement pro-
duction (216 GtC) [Marland et al., 1995; Keeling, 1994]
and deforestation and other land use changes (98-128
GtC) [Houghton, 1993a]. The rest has been taken up



by the ocean and the terrestrial biosphere.

Understanding the processes controlling this redistri-
bution of anthropogenic CO; is a prerequisite to estab-
lish the relationship between future carbon emissions,
atmospheric COs2, and climate change. Carbon models
of various complexity have been developed for this task
to describe both oceanic uptake and carbon storage on
land.

The global oceanic uptake of anthropogenic carbon
at present climate conditions has been relatively well
established by ocean modeling studies. Further, al-
ternative reconstructions using as constraints observed
oceanic nutrient and carbon distributions [e.g., Chen,
1993; Gruber et. al., 1996], the observed distribution
of atmospheric CO2 [Enting et al., 1995; Heimann
and Keeling, 1989; Tans et al., 1990; Sarmiento and
Sundquist, 1992], measurements of surface ocean pCO,
[Takahashi et al., 1995; Tans et al., 1990] , the dis-
tribution of C in the climate system [Quay et al.,
1992; Heimann and Maier-Reimer, 1996; Tans et al.,
1993; Ciais et al., 1995], or the temporal trend of the
atmospheric O2/N; ratio [Keeling et al., 1996] support
the ocean model results in general. The 2-0 uncer-
tainty of the global ocean uptake during the 1980s is
estimated to be 40% [Schimel et al., 1994]. Modeled
surface-to-deep ocean transport, that is, the rate limit-
ing step for CO» uptake, can be independently validated
by comparing modeled and observed penetration of time
dependent tracers such as chlorofluorocarbons (CFCs),
natural, and bomb-produced radiocarbon [Revelle and
Suess, 1957; Toggweiler et al., 1989; Siegenthaler and
Joos, 1992]. On the other hand, it is difficult to validate
biosphere models on a global scale by using biospheric
observations with their large spatial and temporal vari-
ability. Thus the global uptake of anthropogenic carbon
by the terrestrial system has been mainly deduced by
difference to balance the global carbon budget given
estimates of emissions, atmospheric, and oceanic car-
bon storage [Siegenthaler and Oeschger, 1987]. More-
over, biosphere models used to predict future anthro-
pogenic CO» uptake are often validated or tuned in or-
der to match the carbon budget, for example, for the
last decade or for the historical period [Enting et al.,
1994; Friedlingstein et al., 1995; Sarmiento et al., 1995].

The classical method to calculate terrestrial carbon
storage over time is by deconvolving the observed atmo-
spheric CO» history [Siegenthaler and Oeschger, 1987].
Atmospheric COs is prescribed in an ocean-atmosphere
model, and the difference between the change in ob-
served atmospheric %Na plus modeled oceanic carbon
inventory %NOC and fossil emissions as deduced from



trade statistics, py, is set equal to a so-called nonfossil
emission term p, .

dN, dN,.
Pay(t) = e (1)

The term p,s is usually interpreted as a net terres-
trial carbon sink or source. This net flux between atmo-
sphere and biosphere is the sum of opposing processes.
Carbon is emitted due to deforestation and other land
use changes [Houghton, 1993a]. Additional carbon is
potentially sequestered on land due to elevated atmo-
spheric CO4 levels or enhanced nutrient input into the
world’s ecosystems, that is, fertilization [Schimel et al.,
1994]. It has been suggested [Kauppi et al., 1992; Dizon
et al., 1994; Kolchugina and Vinson, 1993] based on for-
est inventories that much more carbon has been stored
during forest regrowth in the northern hemisphere than
assumed by Houghton [1993a]. This additional land use
sink is neither included in the global figures of Houghton
[1993a] nor accepted by Houghton [1993b]. The addi-
tional carbon stored on land due to fertilization, forest
regrowth (as not already included in land use terms),
and climatic effects can be estimated by subtracting the
nonfossil emission term from the land use emissions.

The estimate of the net biospheric sink term is af-
fected by various uncertainties. A fundamental assump-
tion is that the natural carbon exchange between ocean
and atmosphere is at balance on a decadal timescale.
This assumption is roughly supported by the relatively
small (<10 ppmv) preindustrial fluctuations of atmo-
spheric COy during the last millennium [Etheridge
et al., 1996; Siegenthaler et al., 1988; Barnola et al.,
1995] and by comparison between simulated and ob-
served decrease in §'®C during industrial times [Siegen-
thaler and Joos, 1992]. Usually, the geochemical ocean
models do not include interannual variability in the
ocean-atmosphere exchange, for example, due to Fl
Nifio-Southern Oscillation (ENSO) events. Thus esti-
mated nonfossil emissions should only be interpreted as
biospheric fluxes on timescales larger than decades. Of
minor importance are carbon fluxes in connection with
volcanic activities and the weathering/sedimentation
cycle which are assumed to be in balance as well [Siegen-
thaler and Sarmiento, 1993]. As it appears from equa-
tion (1), uncertainties in the estimated biospheric net
fluxes are also due to uncertainties in fossil fuel emission
estimates which are about 6-10% [Marland and Rotty,
1984; Andres et al., 1996], in model estimates of oceanic
uptake of anthropogenic CO», and in the atmospheric
CO» observations.

Uncertainties in land use emissions translate into un-
certainties in the estimated fertilization fluxes. Land



use emissions which are derived by modeling the dis-
turbance of terrestrial ecosystems by deforestation and
other land use changes are highly uncertain. The mag-
nitude of land use emissions has been revised substan-
tially (order -40% ) in the last 13 years [see, e.g., King
et. al., 1995].

The scope of this paper is to provide an update
of earlier deconvolution simulations [Siegenthaler and
Oeschger, 1987; Sarmiento et al., 1992; Siegenthaler and
Joos, 1992]. We use most recent high-precision COq
measurements obtained from firn and ice at a high ac-
cumulation site at Law Dome Antarctica [Etheridge
et al., 1996] combined with direct measurements of at-
mospheric CO2 from Mauna Loa and south pole [Keel-
ing and Whorf, 1994]. We estimate the uncertainty of
the deduced terrestrial sink term due to uncertainties
in atmospheric CO, data by using Monte Carlo statis-
tics. Further, we compare results obtained by using the
Law Dome data with those from the well-known Siple
ice core COy data [Neftel et al., 1985]. To assess un-
certainties in ocean uptake, we use four different ocean
models: two box-type models, that is, the box-diffusion
model [Oeschger et al., 1975] and the High-Latitude
Exchange/Interior Diffusion-Advection (HILDA) model
[Siegenthaler and Joos, 1992], a two-dimensional (2-D)
model [Stocker et al., 1994], and a three-dimensional
(3-D) model [Sarmiento et al., 1992]. The models are
used in their mixed-layer pulse substitute representa-
tion [Joos et al., 1996] to save computing power and to
allow us to run the model several thousand times for the
Monte Carlo simulations. We compare our estimates of
the net terrestrial sink term with estimates of histori-
cal land use emissions and discuss implications for the
global carbon cycle.

2. Input Data and Methodology

We calculated nonfossil emissions p, s by solving the
deconvolution equation (equation (1)). The fossil emis-
sions have been prescribed according to Marland et al.
[1995]. We do not explicitly prescribe emissions due
to land use changes in our model runs. For further
analysis, the land use term is subtracted from the non-
fossil emission term after model simulations. This is of
no importance as all source and sink terms are addi-
tive. Data from the three Antarctic cores DE08, DE08-
2, and DSS [Etheridge et al., 1996] and direct atmo-
spheric measurements from Mauna Loa and South Pole
[Keeling and Whorf, 1994] were used to reconstruct the
history of atmospheric CO4 from year 1006 to 1992 (Fig-
ure la). 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 are averaged. Then, the discrete ice core data and
atmospheric mean values are combined and spline fit-
ted [Enting, 1987] to obtain a continuous record. No
corrections were applied to merge the two data sets.
The continuous record is used as boundary conditions
for the ocean model and to calculate the atmospheric
growth rate (Figure 1a). For comparison, we also ana-
lyzed the Siple ice core CO2 record [Neftel et al., 1985]
supplemented with measurements from the Antarctic
cores D47 and D57 [Barnola et al., 1995].

The spline fit method described by Enting [1987] acts
as a low-pass filter. The cutoff period Tgp5, that is,
the period at which the signal is attenuated by 50%,
is a function of the approximated data spacing At, the
weights given to individual points d;, and of a parameter
A

Ty = 21 (AAts2) "% (2)

Data spacing At is 1 month for the atmospheric data
and about 4 years for the ice core data. Note that the
cutoff period depends only weakly on the exact data
spacing. We selected the parameter (A=25.66) and the
relative weights between the ice core data (Jjce=1) and
the atmospheric data (44, =0.069) to obtain approxi-
mate cutoff periods of 20 years for the ice core data and
of 2 years for the period of direct atmospheric measure-
ments. For the ice core data the 20 year cutoff period is
motivated by the similar width of the age distribution
of air in individual bubbles [Etheridge et al., 1996]. Re-
sults are also presented for cutoff periods of 60 and 9
years, respectively.

The ocean carbon uptake was calculated with the
HILDA model [Siegenthaler and Joos, 1992]. For com-
parison, we also calculated ocean uptake using the box-
diffusion model [Siegenthaler and Oeschger, 1987], a
2-D model [Stocker et al., 1994], and the Geophysi-
cal Fluid Dynamics Laboratory (GFDL)/Princeton 3-D
model [Sarmiento et al., 1992]. All models were run in
their mixed-layer pulse response representation [Joos
et al., 1996]. Model runs were started at the year 1006
A.D. (beginning of the ice core record). Here we focus
on results for the post-1800 period as data coverage is
relatively sparse during preindustrial time and atmo-
spheric CO4 has varied relatively little before the onset
of the industrial revolution.

We performed Monte Carlo simulations to assess the
uncertainties in the nonfossil emission term as intro-
duced by uncertainties in the ice core and atmospheric
CO2 measurements. 1-o uncertainties are 1.2 ppm for
individual ice core measurements and 0.1 ppm for the



monthly atmospheric values. The Monte Carlo Analysis
was done in the following way. In a first step a random
data set was produced. For every point of the original
data set a corresponding random data point was created
using a random number generator [Press et al., 1989,
pp. 196-197, 202-203, functions RAN1 and GASDEV].
The Gaussian distribution of the generator for a specific
data point corresponds to the value and the standard
deviation of the original point. Next, the set of ran-
dom data points was spline-fitted [Enting, 1987] and a
deconvolution [Siegenthaler and Oeschger, 1987] using
this spline fit to the random data as boundary condi-
tion in the HILDA model [Joos et al., 1996; Siegen-
thaler and Joos, 1992] was performed. This procedure
was repeated 2000 times for one Monte Carlo Analy-
sis. At every point in time and for every model output
variable, a 1-o-confidence interval was obtained by re-
quiring that 68% of the calculated values are within this
interval. Such an analysis which corresponds to about
2 millions of model years required typically 9 hours of
CPU time on a workstation (DEC 2100/500).

3. Results

Figure 1b shows the output of our standard decon-
volution run in which a fit through the Law Dome ice
core data and the atmospheric CO2 measurements is
used as boundary conditions in the HILDA model. The
atmospheric growth rate as derived from this fit (Fig-
ure 1b, solid line) fluctuates approximately between 0
and 1 GtC yr—! during the last century. Remarkable
is its large breakdown at 1930. As noted by Etheridge
et al. [1996], this anomaly may be linked to an un-
usually large ENSO event. The growth rate after 1960
exhibits large interannual variability. One should recall
that a cutoff period of about 2 years was applied for the
temporally better resolved atmospheric data as com-
pared to 20 years for the ice core data. These short term
variations are probably linked to ENSO events [Keeling
et al., 1989; Siegenthaler, 1990] and natural variations in
both the atmosphere-ocean and atmosphere-land CO»
exchange [Francey et al., 1995; Keeling et al., 1995].
The noticeable peak around 1959 may be an artifact
caused by a small offset in ice core data and atmo-
spheric measurements which start at 1958. The atmo-
spheric CO5 concentration (Figure 1a) and the modeled
ocean uptake (Figure 1b) are relatively smooth. Mod-
eled ocean uptake is only marginally reduced during pe-
riod of low atmospheric growth as the uptake is rather
a function of the atmospheric CO5 concentration his-
tory and not of the instantaneous atmospheric growth
rate. In other words, typical timescales of oceanic CO2



uptake are longer than a few years. Natural interan-
nual variability in air-sea exchange is not included in
the ocean model. Fossil emissions are negligible before
1850 and increase about exponentially afterward.

The calculated nonfossil emissions follow approxi-
mately the atmospheric growth rate until 1940, while
the difference between ocean uptake and fossil emissions
are small. Most remarkable is that the nonfossil source
of order +0.5 GtC yr~! turned into an average sink
of about -0.3 GtC yr—! between 1933 and 1943. Total
nonfossil emissions amount to 64 GtC during 1800-1940
(Table 1) and to 49 GtC during 1800-1992. The inter-
annual fluctuations in p,s after 1950 are linked to the
mentioned interannual variability in the atmospheric
growth rate and reflect perturbations in air-sea and air-
biota exchange. We want to assess first uncertainties of
pny before we further interpret these results.

3.1. Error Analysis

Uncertainties of the nonfossil production estimate
pnys are due to (1) uncertainties in the CO, data, (2)
uncertainties in the modeled ocean uptake, and (3) un-
certainties in the fossil emission estimate. Table 1 and
Table 2 show nonfossil production rates as averaged over
different time periods and associated uncertainties.

3.1.1. Uncertainties in the CO, data. We have
performed 2000 runs using Monte Carlo statistics to in-
vestigate the link between uncertainties in the atmo-
spheric CO, data and p,y. We found for the Law
Dome data a 1-o uncertainty interval for the atmo-
spheric growth rate (and thus for p,y) of around +0.3
GtC yr~! (Figure 2). Uncertainties in growth rate as
deduced from the seasonally adjusted atmospheric CO2
measurements are small (0.01 GtC yr=!). 1-o uncer-
tainty intervals are between £0.1 and 0.2 GtC yr—!
for 20-year averages of p,. ¢, £0.05 GtC yr ! for 50-year
averages, and 4+0.015 GtC yr—! for the period 1800-
1990. Thus the uncertainty of the nonfossil emissions
as induced by the Law Dome data is about 20% for
20-year averages but only 6% for the whole historical
period (1800-1990). The error for this 190-year period
due to CO» data is small because the total change in
atmospheric CO5 between 1800 and 1990 is well known
and the ocean uptake is not very sensitive to changes
in the CO4 history. Estimated ocean uptake is 120 +
1.4 GtC for 1800-1990. For 20-year averages, ocean up-
take is uncertain by less than 4+ 0.1 GtC yr—! due to
uncertainties in the CO, data only.

The deconvolution of the Siple [Neftel et al., 1985] ice
core data (Figure 3) using the HILDA model has been
performed in an earlier study [Siegenthaler and Joos,



1992]. Here we extended this analysis by applying our
Monte Carlo method. To reconstruct the evolution of
past atmospheric CO2, we apply the same spline-fitting
technique and the same cutoff period as above, namely
20 years for the ice core data and 2 years for the direct
atmospheric measurements. We found similar results as
for the Law Dome data. However, the 1-0 uncertainty
band is about twice as wide for the Siple data (Figure 4).
The improved precision of the Etheridge et al. [1996]
CO; data is thus necessary to obtain accurate results
for, for example, 20-year periods.

We further investigated the influence of the cutoff
period on calculated nonfossil emissions. Alternative to
our standard simulation, we applied in the spline-fitting
procedure larger cutoff periods of about 60 years for
the Law Dome data and of 9 years for the atmospheric
measurements. In Figure 5 the 1-0 uncertainty band is
compared with the results of the standard simulation.
The larger cutoff period leads to a smooth band but
with the same general structure as found in the stan-
dard simulation. The interannual fluctuations during
the last decades are suppressed by the stronger smooth-
ing of the atmospheric data. Similarly, the shift in p,;
around 1940 appears less pronounced. The larger cutoff
period results in a 1-¢ error band of £0.1 GtC yr~—! for
the Law Dome data, that is, about 3 to 4 times smaller
than for the standard case. This demonstrates that de-
duced nonfossil emissions as well as their uncertainties
must be interpreted within the context of applied data
smoothing. We recall that a filtering period of 20 years
was chosen for the standard case in accordance with
the age distribution of air bubbles in the Law Dome ice
cores.

3.1.2. Uncertainty in modeled ocean uptake.
Uncertainties in the modeled ocean uptake are directly
linked to uncertainties in the nonfossil production term.
The results of the Monte Carlo Analysis include the
(small) uncertainties in ocean uptake which are due to
uncertainties in the CO5 history; however, uncertainties
in surface-to-deep ocean mixing are not included. In
Figure 6 the oceanic CO5 uptake as calculated by four
different ocean models are compared. The box-diffusion
model (BD) shows the largest CO5 uptake and the 3-D
model shows the lowest. The HILDA model and the 2-
D model give similar results and represent an average of
the models considered here. A dip in the oceanic CO4
uptake during the period from 1940 to 1960 is present
in all four models. This feature is a consequence of the
CO2 plateau during the 1940s. The relative offsets be-
tween individual models are similar during most of the
time. Differences between HILDA, 2-D, and 3-D mod-



els vanish only during periods of reduced atmospheric
growth (e.g., around 1890 and 1940). We conclude that
the choice of the model structure (box-type, 2-D, or
3-D) does not affect the temporal pattern of the de-
duced nonfossil production in a relevant way. How-
ever, the ocean model strongly affects the magnitude
of p,y. We find a cumulative nonfossil production be-
tween 1800 to 1990 of 44 GtC for the 3-D model, of
50 GtC, 51 GtC, and of 63 GtC for the 2-D model, for
HILDA, and for the box-diffusion model, respectively.
Cumulative ocean uptake for the four models are 113
(3-D), 119 (2-D), 120 (HILDA), and 132 GtC (BD). It
may be noted that the four models presented here do
not span the uncertainty currently associated with the
oceanic uptake of anthropogenic COs, that is 2.0 + 0.6
GtC yr=! (30%) [Siegenthaler and Sarmiento, 1993] to
2.0+ 0.8 GtC yr ! (40%) [Schimel et al., 1994] for the
1980-1989 decade. All ocean models considered here do
not include any natural variations of the ocean carbon
cycle.

3.1.3. Uncertainties in fossil emissions. Fi-
nally, uncertainties in fossil emissions translate into un-
certainties of the deduced nonfossil emissions. The ac-
curacy of the fossil fuel data depends on the complete-
ness of the compiled statistics on fossil fuel trade and
energy consumption. Marland and Rotty [1984] and An-
dres et al. [1996] assume an uncertainty of 6-10% on a
90% confidence level for the postwar period. Uncertain-
ties are probably much larger and are estimated to be
around 20% (90-95% confidence level) for the pre-1950
period [Keeling, 1973]. Although, results of a recent
compilation by Andres et al. [1996] agree within 5%
with data published by Keeling [1973] for the years 1860
to 1953. Keeling [1973] provides results of five different
studies which yielded cumulative emissions in the range
13.5-20.3 GtC for the years 1940-1949. Keeling’s own
estimate is the lower limit.

3.1.4. Overall uncertainty. We estimated total
uncertainty (2-o) associated with a 20-year average of
the estimated nonfossil emission to be roughly equal or
smaller than 0.5 GtC yr~! for the period prior to 1950
(Table 2). This estimate was obtained by quadratic er-
ror addition, thereby assuming that uncertainties aris-
ing from the ice core measurements and uncertainties
in ocean uptake and fossil emissions are independent.
Uncertainties of 40% for estimated ocean uptake and of
20% for the fossil emissions were assumed. Individual
2-0 uncertainties range between 0.12 and 0.46 GtC yr—!
for uncertainties associated with the ice core data, be-
tween 0 and 0.31 GtC yr ! for the ocean uptake (40%)
and between 0 and 0.2.4 GtC yr—! (20%) for the fossil



fuel data. For the last decades, only uncertainties as-
sociated with modeled ocean uptake and fossil emission
estimate contribute significantly to the overall uncer-
tainty. This is of order £1 GtC yr~! for the 1980s.

3.2. Discussion

We interpreted the short-term variations (after 1960)
in the atmospheric growth rate and in the nonfossil
emission term as natural fluctuations of both air-sea
and air-biota exchange. These interannual variations
of several GtC yr~! can only be reconstructed from the
direct atmospheric measurements as the process of bub-
ble close off during ice formation acts as a low-pass fil-
ter. Analyses of recent CO, and §'*C measurements
suggest that these interannual variations are due to
both atmosphere-ocean and atmosphere-land COs ex-
change [Francey et al., 1995; Keeling et al., 1995]. Sim-
ilarly, field studies [Inoue and Sugimura, 1992,1995;
Wong et al., 1995] show a large year-to-year variability
in ocean surface pCO2 and in deduced air-sea fluxes.
Winguth et al. [1994] find in their general ocean cir-
culation model a temporary oceanic carbon uptake of
0.6 GtC and a concurrent terrestrial carbon release of
about 2 GtC during the ENSO year 1983. Several other
studies suggested also an enhanced CO4 uptake by the
oceans during ENSO events [Volk, 1989; Siegenthaler,
1990; Keeling et al., 1989)].

We interpreted the decadal trend of the nonfossil term
as net biospheric source or sink. This interpretation is
in general supported by a preliminary analysis (dou-
ble deconvolution [Keeling et al., 1989]) of unpublished
0'3C measurements at the Law Dome site (R. Francey
and M. Leuenberger, personal communication, 1994).

The most pronounced feature in the nonfossil emis-
sion history is the abrupt shift between 1933 and 1943
(Figures 2 and 7). After 1940 and the century before
1930, there is no clear trend visible in p,; (Figure 7).
On a 20-year average basis the magnitude of the nonfos-
sil emission changed by about 0.8 GtC yr—! from a level
of +0.5 GtC yr~! to -0.3 GtC yr~!. This is of about
equal size as the estimated ocean uptake and about two
thirds of the fossil emissions at this time. The peak-
to-peak difference between 1933 and 1943 is 1.5 GtC
yr~1. Thus the shift is clearly larger than associated
uncertainties. However, around 1940 ocean uptake was
probably enhanced due to a strong El Nifio (1939-1942)
and the transition of the net-biota sink might be less
sharp than it appears in Figure 2 or 7.

Various earlier deconvolution analyses [Sarmiento
et al., 1992; Siegenthaler and Oeschger, 1987; Siegen-
thaler and Joos, 1992] yield not such an abrupt change
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in the nonfossil emission rate. The difference arises be-
cause the atmospheric input data are smoothed more
extensively in these previous studies as the uncertain-
ties of the Siple data are larger than those of the Law
Dome data. We found a similar shift for the Siple
data when applying the same filtering technique as used
for the Law Dome data (Figure 4). Sarmiento et al.
[1995] linearly interpolated individual Siple ice core
measurements and deseasonalized monthly averaged at-
mospheric measurements for a deconvolution analysis.
They found a similar terrestrial net uptake until about
1940 and then a brief transition period between 1940
and 1950 and a roughly constant terrestrial uptake af-
terward in agreement with our results. However, large
variability due to their data treatment obscure the real
trend before the onset of the direct atmospheric mea-
surements.

In Figure 7 and Table 1 our nonfossil emission es-
timates are compared with independent estimates of
global carbon emissions due to deforestation and other
land use changes [Houghton, 1993a]. To ease interpre-
tation, the nonfossil emission output has been filtered to
remove the interannual variations (low-pass filter with
a cutoff period of 5 years). The land use data indicate
a biospheric source of slightly more than 0.5 GtC yr—!
between 1850 and 1950, afterward land use emissions in-
crease to reach about 1.7 GtC yr=! in 1990. Emission
data from changing land use have large uncertainties
(Table 2). Houghton estimated a cumulative emission
from 1850-1990 of 98-128 GtC [Houghton, 1993a] and
of 122 £ 40 GtC (as cited by Schimel et al. [1994]).
For the last decade, land use emissions are estimated to
be 1.6 £ 1.0 GtC yr—!. Prior to 1930, our estimated
nonfossil emissions agree within their uncertainty with
the land use data. This suggests that no additional sink
or source is required to balance the carbon cycle. After
1940, the difference between p,y and land use data is
substantial. If the land use data are accepted, an ad-
ditional average sink of 1.5 GtC yr—! is needed for the
1950-1990 period to balance the carbon budget. The
cumulative difference between land use data and p,y
increases from a value close to zero in 1935 to about 76
GtC in 1990.

How can the difference between the land use data and
the deduced net biospheric sink be explained? Several
postulated mechanisms of biospheric carbon uptake can
be found in the literature. These include (1) plant fer-
tilization due to the increase in atmospheric CO3, (2)
fertilization by enhanced nitrogen deposition, and (3)
climate induced variations [Schimel, 1995]. In the fol-
lowing paragraphs, we will discuss these mechanisms
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based on literature. We will present fertilization fluxes
calculated with a 4-box biosphere model and compare
the results with the additionally required sink, calcu-
late upper bounds for historical carbon storage due to
nitrogen fertilization, and finally investigate potential
climatic effects on carbon storage by deconvolving the
preindustrial CO2 history.

3.2.1. CO, fertilization. COQO- fertilization is
widely accepted to play a role in the current terres-
trial carbon budget [Schimel et al., 1994]. A stimu-
lation of leaf photosynthesis and plant growth by ele-
vated CO- levels is found in many pot studies. How-
ever, it is much less clear whether elevated COs levels
also result in an increased carbon storage on an ecosys-
tem level [Korner, 1993; Bazzaz, 1990]. Field stud-
ies and studies in artificial ecosystems show decreasing,
small or statistically insignificant responses [D’Arrigo
and Jacoby, 1993; Kérner and Arnone 111, 1992; Norby
et al., 1992; Oechel et al., 1993]. A recent modeling
study of King et al. [1995] does also suggest that COx
fertilization can only explain a small portion (~20%)
of the difference between land use and nonfossil emis-
sions, whereas other model studies suggest a significant
COs, fertilization [e.g. Esser, 1987; Friedlingstein et. al.,
1995; Ludeke et. al., 1995]. We have estimated car-
bon uptake by CO, fertilization using a 4-box biosphere
[Siegenthaler and Oeschger, 1987] in combination with
a logarithmic 3 factor relationship between additional
photosynthesis and atmospheric CO, (8=0.38 [Joos
et al., 1996]). A Michaelis-Menten type, hyperbolic
function has been suggested as more appropriate to de-
scribe the relationship between atmospheric CO5 and
stimulated photosynthesis . However, the difference be-
tween the two formulations is of no importance in the
present context [Friedlingstein et al., 1995]. The S fac-
tor has been tuned in order to balance an average land
use flux of 1.6 GtC yr~! during the 1980s. This simple
biosphere model has also been used for the reference In-
tergovernmental Panel on Climate Change (IPCC) sce-
nario calculations linking anthropogenic emissions and
atmospheric COy [Schimel et al., 1996]. It shows a sim-
ilar temporal pattern in carbon storage as more complex
models [Esser, 1987; Friedlingstein et al., 1995]. In Fig-
ure 8 modeled carbon storage by CO. fertilization and
our deduced biospheric carbon sink are compared. The
temporal trend in the modeled fertilization flux is sub-
stantially different from the trend in our deduced sink,
that is, the difference between land use and nonfossil
emissions. For example, a sink term larger than 1 GtC
yr—! is necessary as early as 1940 to balance the land
use flux, whereas the modeled fertilization flux exceeds
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a value of 1 GtC yr~! about 30 years later. The re-
sults suggest that conventionally modeled CO fertiliza-
tion alone cannot explain the deduced biospheric sink.
However, it was shown that the mismatch between re-
quired sink and modeled fertilization can be overcome,
if a logistic growth function is applied instead of a log-
arithmic dependency of net primary production (NPP)
on atmospheric COy (e.g.  [Moore III and Braswell,
1994; Sarmiento et al., 1995]).

3.2.2. Nitrogen fertilization. We next address
the question whether nitrogen fertilization has the po-
tential to support a carbon storage of 1.5 GtC yr—!
during the last decades. Presently, about 140 TgN
yr~! are fixed by anthropogenic activities [Galloway
et al., 1995; Kinzig and Socolow, 1994] such as fertil-
izer production (80 TgN yr~!), planting of leguminous
crops (40 TgN yr1), and fossil fuel combustion (20
TgN yr—!). Some of this nitrogen might stimulate ad-
ditional plant growth as many ecosystems are nitrogen
limited [McGuire et al., 1992]. Peterson and Melillo
[1985] suggest an additional carbon storage of the order
0-0.2 GtC yr—! and Schindler and Bayley [1993] esti-
mated that there is a possible carbon sink of 1-2.3 GtC
yr~! based on nitrogen deposition due to fossil fuel use
alone. Townsend et al. [1996] using a spatially resolved
terrestrial biosphere model and maps of fossil fuel nitro-
gen deposition find that fertilization due to fossil fuel
nitrogen only accounts for 0.44-0.74 GtC yr—! carbon
storage in 1990 and for a cumulative sink of 18-27 GtC
for the 1845-1990 period. They further find that fertil-
ization is most important north of 30°N. Schimel et al.
[1994] attributed a sink of about 0.5+ 0.5 GtC yr~! to
northern hemisphere forest regrowth for the last decade
based on forest inventories [Kauppi et al., 1992; Dizon
et al., 1994; Kolchugina and Vinson, 1993]. This sink
might be due to nitrogen fertilization. Recall that such
a large midlatitude sink is in conflict with the data set
of Houghton [1993a] [Houghton, 1993b].

We are not aware of global nitrogen fertilization es-
timates for earlier decades which consider all anthro-
pogenic N sources. Thus we estimate in the following
based on literature data upper bounds for past carbon
storage by nitrogen fertilization. How much carbon has
been sequestered by nitrogen fertilization depends (1)
on how much of the anthropogenically fixed nitrogen
has been deposited to the world’s ecosystems, (2) how
much of the deposited nitrogen has been converted to
organic matter, and (3) in what proportion carbon and
nitrogen has been built into organic matter.

1. Peterson and Melillo [1985] and Schindler and
Bayley [1993] assumed in their estimates that only a
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small amount, that is, 6 and 13 TgN yr~—!, of the an-
thropogenically fixed nitrogen is available for nitrogen
fertilization. On the other hand, Galloway et al. [1995]
estimate that presently 80 TgN yr—! out of 140 TgN
yr~! anthropogenically fixed carbon are reemitted to
the atmosphere and that 60 TgN yr—! is deposited again
on continents either in the form of NH, (40 TgN yr—!)
or as NO3 (20 TgN yr1).

2. Kinzig and Socolow [1994] suggest that about 80
TgN yr~! are presently taken up by living organisms
or stored in the most labile part of the dead organic
matter pool. Schindler and Bayley [1993] cite several
studies which indicate that around 90% of locally de-
posited nitrogen is retained in the investigated ecosys-
tems. Galloway et al. [1995] remarks that enhanced
denitrification on continents has the potential to be as
large as 50-110 TgN yr—!. However, no firm data on
denitrification of anthropogenic nitrogen on land exist.
A substantial amount of the deposited nitrogen (up to
40 TgN yr—!) may be exported to coastal areas by river-
ine transport [Galloway et al., 1995].

3. Carbon to nitrogen ratio in organic matter pro-
duced on land vary over more than 2 orders of mag-
nitude [Kinzig and Socolow, 1994; McGuire et al.,
1992; Peterson and Melillo, 1985; Schindler and Bayley,
1993]. Soil C:N ratios vary between 4 and 50, whereas
C:N ratios in vegetation are generally higher and can
reach values up to 400 or more. Peterson and Melillo
[1985] assume that about 90% of the nitrogen load is re-
tained in soil compartments with a C:N ratio of about
10. Schimel et al. [1994] concludes that estimates of
carbon storage higher than 1 GtC yr—! are unrealistic
because they assume that all of the N is stored in forms
with high C:N ratios. On the other hand, Schindler and
Bayley [1993] believe that the effective C:N ratio is in
the range of 50-150. NHJ seems to be stored mainly
in soils, whereas a substantial portion of the deposited
NOj is stored in aboveground vegetation. All of the
nitrogen fixed by energy production is deposited in the
form of NOs, but only 20% of the nitrogen fixed by
fertilizer and legume production is reemitted and de-
posited as NOs [Galloway et al., 1995].

To estimate the potential of nitrogen fertilization, we
accepted that 30% of N fixed by fertilizer and legume
production is redistributed on land as NH,, 5% as NO3,
and 100% of the N fixed by energy production is de-
posited as NO3 [Galloway et al., 1995, Figures 1 and 2].
We further assumed that the deposited NH, (39 TgN
yr~!) is incorporated into organic material with a C:N
ratio between 10 and 20 and deposited NO3 (22 TgN
yr~!) with a ratio of 50-100. This yields a present po-
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tential for carbon storage of 1.5-3 GtC yr—!. For 1960
emissions the maximum potential fertilization is then
between 0.8 and 1.6 GtC yr—!.

Anthropogenic nitrogen deposition in the open ocean
may stimulate new production of order 0.1-0.2 GtC
yr~!. This is to small to have a significant impact on
the atmospheric carbon inventory [Joos et al., 1991].
Similarly, nitrogen input into coastal areas has probably
a minor impact on atmospheric COy [Berner, 1992].

To summarize, uncertainties in the link between the
carbon and nitrogen cycle are very large. Under opti-
mistic assumptions, nitrogen fertilization has the poten-
tial to support carbon storage of the order 1 GtC yr—!
during the last decades. However, it seems not likely
that N fertilization alone stimulated a carbon storage
of order 1 GtC yr~! before 1960.

3.2.3. Climate variations. Different studies
[Houghton, 1993a; Dai and Fung, 1993] suggested that
climate variability may have contributed significantly
to the carbon budget of the last decades. If climate
variability has indeed a significant effect on terrestrial
carbon storage, then atmospheric CO, must have var-
ied in the past. In Figure 9, atmospheric CO2 as recon-
structed from several ice cores in Antarctica is plotted
for the last millennium. The data vary between 272 and
287 ppm prior to the onset of the industrial revolution.
A large part of this variation can be attributed to un-
certainties in measurements and dating. Results of dif-
ferent ice cores are somewhat conflicting. Siegenthaler
et al. [1988] and Barnola et al. [1995] suggested from
their results (south pole and Adelie Land) that about
40 GtC of biospheric carbon were emitted to the atmo-
sphere between 1200 and 1350. On the other hand, the
Law Dome data (DE08 and DSS) do not show a signifi-
cant CO» increase during that time. The ice core results
suggest a decrease in atmospheric COs of perhaps 4-8
ppm between 1550 and 1770. We have performed a de-
convolution for the spline-fitted Law Dome data alone,
thereby assuming that the observed CO» decrease is due
to a terrestrial sink only. We found a cumulative sink of
30 GtC and a peak “biospheric” uptake of 1 GtC yr—!
between 1550 and 1620 . This suggests that it is not
likely that climatic variations, such as little ice age type
events, the medieval optimum, or the present warming,
can stimulate a change in biospheric carbon inventory
much larger than 40 GtC within 50 years.

3.2.4. Combinations of factors. If we accept a
conventional logarithmic relationship between primary
productivity and atmospheric CO2 then no single factor
can explain the difference between nonfossil emissions
and estimated land use data. Most likely, terrestrial
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carbon storage during the last decades was enhanced
due to a combination of different mechanisms, like those
mentioned above. Unfortunately, the above analysis is
also hampered by the large uncertainties in the land use
data (Table 2).

4. Summary and Conclusion

We have performed a deconvolution of high-precision
ice core data from Law Dome site, Antarctica [Etheridge
et al., 1996]. The combined uncertainties of the deduced
nonfossil emission term due to errors in CO4 measure-
ments, modeled ocean uptake, and fossil fuel data are
estimated to be about 0.5 GtC yr—! before 1950 and
about 1 GtC yr—! for the last decade. By applying a
Monte Carlo technique we found a 2-o uncertainty for
the nonfossil emission (20 year average) to be 0.2-0.4
GtC yr~! due to uncertainty in the ice core data. We
interpreted the nonfossil emission term as a net bio-
spheric sink or source. For the period 1800-1930 the
deduced net biospheric source is around 0.5 GtC yr—!
in agreement with independent estimates of land use
changes [Houghton, 1993a]. Thus the global carbon
cycle appears to be balanced for this period.

We found a rapid change in the magnitude of the
nonfossil term in the decade 1933-1943. After 1943, the
deduced net biospheric uptake is around 0.3 GtC yr—!.
This implies an average biospheric sink of 1.5 GtC yr—!
during the last 5 decades to compensate carbon emis-
sions by land use changes. We cannot easily attribute
this sink to a single mechanism. The temporal pattern
of this additional sink is not compatible with conven-
tional estimates of carbon storage stimulated by ele-
vated CO; levels. As an upper boundary, we estimated
the potential terrestrial carbon storage induced by an-
thropogenic nitrogen loading to be around 1 GtC yr—!
for 1960 and between 1.5 and 3 GtC yr—! at present
time. It seems unlikely that anthropogenic nitrogen in-
put into the world’s ecosystems leads to carbon storage
as large as 1 GtC yr—! before 1960. Between 1935 and
1990 the cumulative biospheric sink is estimated to be
76 GtC. For comparison, we have analyzed observed
CO» variability during the last millennium. Changes
in biospheric carbon storage were found to be less than
40 GtC if assuming that the land biosphere alone is
responsible for the observed CO variations.

A proper understanding of the mechanism responsi-
ble for carbon storage on land is necessary to allow a
credible estimate of the future magnitude of the terres-
trial sink (or source). Our results suggest that the dif-
ference between the land use fluxes and the biospheric
net uptake is probably due to a combination of fac-
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tors. These may include climate variability, COs and
N fertilization, northern hemisphere forest regrowth, as
well as uncertainties in the land use data and decon-
volution analysis. While our study cannot explain the
observed differences between land use data and nonfos-
sil emissions, our results may serve as a constraint for
future modeling studies of biospheric carbon storage.
The study highlights also the need to better quantify
historical land use emisssions including forest regrowth
and the impact of changes in forest managment on at-
mospheric COx.

In this study we have interpreted the nonfossil emis-
sion to be of biospheric origin, thereby assuming that
the natural carbon exchange between ocean and atmo-
sphere is at balance on a decadal timescale. For the fu-
ture we plan to include 63C data from the Law Dome
site and atmospheric §'3C data into our analysis. The
isotopic signal will hopefully allow us to quantitatively
disentangle the terrestrial and the oceanic carbon sink
for the last 2 centuries using a different approach.
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Figure 1. (a) Spline fit (solid curve) through the Law
Dome ice core data [Etheridge et al., 1996] and di-
rect atmospheric measurements of CO3 starting in 1958
[Keeling and Whorf, 1994]. Data points and 1-¢o uncer-
tainties of the ice core data (+1.2 ppmv) and of the de-
seasonalized 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 periods of 20 years for the
ice core data and of about 2 years for the atmospheric
data were applied; thus frequencies with shorter peri-
ods than the cutoff period were attenuated by 50% or
more. (b) Results from a model deconvolution of the at-
mospheric CO5 concentration history. The atmospheric
growth rate (solid curve) is deduced from the spline fit
of Figure la. Ocean uptake (long-dashed curve) is cal-
culated with the HILDA model (version K(z) [Siegen-
thaler and Joos, 1992]) using the spline fit of Figure
la as boundary condition. The fossil CO2 production
(dashed curve) is taken from Marland et al. [1995] and
updated following personal communications. The non-
fossil production rate (dotted curve) is the difference
between the total increase in atmospheric and oceanic
carbon inventory and the fossil production. It corre-
sponds to the net contribution (emission minus uptake)
of the terrestrial biota.

Figure 1. (a) Spline fit (solid curve) through the Law Dome ice core data [Etheridge et al., 1996)
and direct atmospheric measurements of CO, 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 periods of 20 years for
the ice core data and of about 2 years for the atmospheric data were applied; thus frequencies with
shorter periods than the cutoff period were attenuated by 50% or more. (b) Results from a model
deconvolution of the atmospheric CO5 concentration history. The atmospheric growth rate (solid
curve) is deduced from the spline fit of Figure 1a. Ocean uptake (long-dashed curve) is calculated
with the HILDA model (version K(z) [Siegenthaler and Joos, 1992]) using the spline fit of Figure
la as boundary condition. The fossil CO5 production (dashed curve) is taken from Marland et al.
[1995] and updated following personal communications. The nonfossil production rate (dotted
curve) is the difference between the total increase in atmospheric and oceanic carbon inventory
and the fossil production. It corresponds to the net contribution (emission minus uptake) of the
terrestrial biota.

Figure 2. 1-oconfidence interval (dashed curve) of the
nonfossil production rate reflecting uncertainties in the
CO2 data only as obtained by a Monte Carlo Analysis
for the Law Dome ice core data and the atmospheric
measurements (1958 and following). The best estimate
(solid curve) corresponds to the dotted curve in Figure
1b. The Monte Carlo Analysis includes 2000 runs. For
each run all measurements were varied within their un-
certainties using a random number generator. Then a
spline fit through the new randomly produced record is
calculated, and a deconvolution is performed using the
spline fit as model input. Approximate cutoff periods
of 20 years for the ice core data and of 2 years for the
atmospheric data were applied for the spline filtering.
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Figure 2. 1-oconfidence interval (dashed curve) of the nonfossil production rate reflecting uncer-
tainties in the CO4 data only as obtained by a Monte Carlo Analysis for the Law Dome ice core
data and the atmospheric measurements (1958 and following). The best estimate (solid curve)
corresponds to the dotted curve in Figure 1b. The Monte Carlo Analysis includes 2000 runs.
For each run all measurements were varied within their uncertainties using a random number
generator. Then a spline fit through the new randomly produced record is calculated, and a
deconvolution is performed using the spline fit as model input. Approximate cutoff periods of 20
years for the ice core data and of 2 years for the atmospheric data were applied for the spline
filtering.

Figure 3. As for Figure la, but ice core data are those
from Siple [Neftel et al., 1985] plus measurements from
the Antarctic cores D47 and D57 [Barnola et al., 1995].
Approximate cutoff periods of 20 years were applied for
the ice core data and of 2 years for the atmospheric
measurements. These ice core data have a typical 1-0
uncertainty of +3 ppmv.

Figure 3. As for Figure la, but ice core data are those from Siple [Neftel et al., 1985] plus
measurements from the Antarctic cores D47 and D57 [Barnola et al., 1995]. Approximate
cutoff periods of 20 years were applied for the ice core data and of 2 years for the atmospheric
measurements. These ice core data have a typical 1-¢ uncertainty of +3 ppmv.

Figure 4. As for Figure 2, but ice core data are those
from Siple and D47/D57 as shown in Figure 3. The
1-0 confidence interval (dashed curve) is about twice
as large using the Siple data as compared to the Law
Dome ice core data.

Figure 4. As for Figure 2, but ice core data are those from Siple and D47/D57 as shown in
Figure 3. The 1-0 confidence interval (dashed curve) is about twice as large using the Siple data
as compared to the Law Dome ice core data.

Figure 5. As for Figure 2, but the 1-o confidence in-
tervals of the nonfossil emissions for cutoff periods of
60 years for the ice core data and of 9 years for the at-
mospheric data (solid curve) are compared to the stan-
dard case (dashed curves, cutoff periods: 20 years and
2 years). The confidence interval reflects uncertainties
in the Law Dome ice core and atmospheric data only.

Figure 5. As for Figure 2, but the 1-¢0 confidence intervals of the nonfossil emissions for cutoff
periods of 60 years for the ice core data and of 9 years for the atmospheric data (solid curve)
are compared to the standard case (dashed curves, cutoff periods: 20 years and 2 years). The
confidence interval reflects uncertainties in the Law Dome ice core and atmospheric data only.

Figure 6. Ocean uptake of anthropogenic CO, as cal-
culated with the box diffusion (dotted curve [Oeschger
et al., 1975]), the HILDA (solid curve [Siegenthaler
and Joos, 1992]), a dynamical 2-D model (dashed curve
[Stocker et al., 1994]), and the Princeton/Geophysical
Fluid Dynamics Laboratory(GFDL) ocean general cir-
culation model [Sarmiento et al., 1992]. All results are
obtained by using the mixed-layer pulse response tech-
nique [Joos et al., 1996].

Figure 6. Ocean uptake of anthropogenic CO» as calculated with the box diffusion (dotted curve
[Oeschger et al., 1975]), the HILDA (solid curve [Siegenthaler and Joos, 1992]), a dynamical 2-D
model (dashed curve [Stocker et al., 1994]), and the Princeton/Geophysical Fluid Dynamics
Laboratory(GFDL) ocean general circulation model [Sarmiento et al., 1992]. All results are
obtained by using the mixed-layer pulse response technique [Joos et al., 1996].
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Figure 7. The nonfossil emissions (solid curve), that
is, the net carbon release/uptake of the land biota, are
compared to an independent estimate of carbon emis-
sions due to deforestation and other land use changes
(dotted curve [Houghton, 1993a]). The nonfossil emis-
sions are as in Figure 1a (dotted curve) but filtered with
a low-pass filter (cutoff period: 5 years) to remove in-
terannual variability. The peak at 1959 is probably an
artifact arising by linking the atmospheric and ice core
data. The difference between net biota uptake and land
use emissions (dashed curve) corresponds to a biotic
sink (or source) required to balance the anthropogenic
carbon budget.

Figure 7. The nonfossil emissions (solid curve), that is, the net carbon release/uptake of the
land biota, are compared to an independent estimate of carbon emissions due to deforestation and
other land use changes (dotted curve [Houghton, 1993a]). The nonfossil emissions are as in Figure
la (dotted curve) but filtered with a low-pass filter (cutoff period: 5 years) to remove interannual
variability. The peak at 1959 is probably an artifact arising by linking the atmospheric and
ice core data. The difference between net biota uptake and land use emissions (dashed curve)
corresponds to a biotic sink (or source) required to balance the anthropogenic carbon budget.

Figure 8. The temporal pattern of modeled carbon
storage due to COj fertilization (thick solid curve)
does not match the land biosphere sink (solid curve)
in Figure 7 which is required to balance the land use
emission estimate of Houghton [1993a]. The dashed
curves show the 1-o uncertainty band of the required
sink as given in Table 2, column 7. CO fertiliza-
tion is modeled using a 4-box model [Siegenthaler and
Oeschger, 1987; Joos et al., 1996] and a logarithmic de-
pendency of primary productivity on atmospheric CO2
(npp = B1n(CO,/280ppm)) . The coupling parameter
B (=0.38) is tuned in order to balance an average land
use emission of 1.6 GtC yr~! during the last decade.

Figure 8. The temporal pattern of modeled carbon storage due to CO. fertilization (thick solid
curve) does not match the land biosphere sink (solid curve) in Figure 7 which is required to
balance the land use emission estimate of Houghton [1993a]. The dashed curves show the 1-o
uncertainty band of the required sink as given in Table 2, column 7. CO, fertilization is modeled
using a 4-box model [Siegenthaler and Oeschger, 1987; Joos et al., 1996] and a logarithmic
dependency of primary productivity on atmospheric CO2 (npp = S1ln(CO5/280ppm)) . The
coupling parameter 8 (=0.38) is tuned in order to balance an average land use emission of 1.6
GtC yr—! during the last decade.

Figure 9. A reconstruction of the atmospheric CO2
history for the last millennium as obtained by analyz-
ing enclosed air bubbles in seven Antarctic ice cores
[Barnola et al., 1995; Etheridge et al., 1996; Neftel et al.,
1985; Siegenthaler et al., 1988]. Data scatter is due to
both inaccuracies in individual measurements as well as
to dating errors.

Figure 9. A reconstruction of the atmospheric CO5 history for the last millennium as obtained
by analyzing enclosed air bubbles in seven Antarctic ice cores [Barnola et al., 1995; Etheridge
et al., 1996; Neftel et al., 1985; Siegenthaler et al., 1988]. Data scatter is due to both inaccuracies
in individual measurements as well as to dating errors.
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Table 1. Nonfossil Emission Calculated by Deconvolving the Atmospheric CO4
History as Reconstructed From the Law Dome Ice Core Data and Atmospheric
Measurements at Mauna Loa and South Pole

Period Average Nonfossil Average Land Difference Equal
Emission, Use Emission, to Required Sink,
GtC yr ! GtC yr ! GtC yr !

1800-1990: 20- or 10-Year Intervals

20-year intervals

1800-1820 0.431 + 0.202
1820-1840 —0.073 + 0.229
1840-1860 0.365 + 0.178
1860-1880 0.621 + 0.154 0.574 0.047
1880-1900 0.778 £+ 0.135 0.673 0.105
1900-1920 0.607 + 0.131 0.771 —0.164
1920-1940 0.513 £ 0.111 0.785 —0.272
1940-1960 —0.268 + 0.058 0.888 —1.156
10-year intervals
1960-1970 —0.233 £ 0.013 1.296 —1.529
1970-1980 —0.515 + 0.011 1.308 —1.823
1980-1990 —0.094 £ 0.011 1.577 —1.671

1800-1990: 50-Year intervals

1800-1850 0.231 + 0.063

1850-1900 0.618 + 0.053 0.599 0.019
1900-1950 0.368 + 0.043 0.771 —0.403
1950-1990 —0.244 £+ 0.030 1.304 —1.548

Whole Period
1800-1990 0.269 £ 0.015

The Law Dome ice core data are from Etheridge et al. [1996], and atmopsheric mea-
surements at Mauna Loa and south pole are from Keeling and Whorf [1994] (see Figure
1 and 2). Cutoff periods of 20 and 2 years were applied for the ice core and atmospheric
data, respectively. The 1-o confidence interval reflects uncertainties in the COy data only
as obtained by a Monte Carlo Analysis. Ocean uptake was calculated using the HILDA
model [Siegenthaler and Joos, 1992]. The global carbon emissions due to deforestation
and other land use changes are taken from Houghton [1993a]. The nonfossil emission is
interpreted as net carbon uptake (or release) of the land biosphere. The difference between
the nonfossil emission and carbon emission by land use changes is then the required sink
(or source) to balance the global carbon cycle.



Table 2. 1-0 Confidence Intervals for Different Carbon Fluxes

27

1-0 Uncertainties, GtC yr~

1

1 2 3 4 5 6
14243 4+5
Period CO3 Data Fossil Fuel Ocean Nonfossil Land Use Required
Data Uptake Emission Data Sink
20-year intervals
1800-1820 +0.202 0 +0.057 +0.21
1820-1840 +0.229 0 +0.018 +0.23
1840-1860 +0.178 +0.004 +0.034 +0.18
1860-1880 +0.154 +0.015 +0.058 +0.17 +0.18 +0.24
1880-1900 +0.135 +0.034 +0.106 +0.18 +0.20 +0.27
1900-1920 +0.131 +0.076 +0.130 +0.20 +0.24 +0.31
1920-1940 +0.111 +0.104 +0.159 +0.22 +0.25 +0.33
1940-1960 +0.058 +0.119 +0.155 +0.20 +0.28 +0.34
10-year intervals
1960-1970 +0.013 +0.156 +0.231 +0.28 +0.41 +0.49
1970-1980 +0.011 +0.235 +0.317 +0.39 +0.41 +0.57
1980-1990 +0.011 +0.273 +0.417 +0.50 +0.49 +0.70

The uncertainty of (4) the nonfossil emission term is calculated by quadratic error addition of the uncertainties arising
from uncertainties in (1) the CO, data, uncertainties in (2) fossil emissions, and (3) modeled ocean uptake. The uncertainty
due to CO» data was obtained by a Monte Carlo Analysis. For the fossil emission a 1-0 uncertainty of 10% prior to 1950 and
of 5% after 1950 was assumed [Keeling, 1973; Marland and Rotty, 1984]. 1-0 uncertainty of ocean uptake was estimated to
be 20% [Schimel et al., 1994]. 1-0 uncertainty of (5) land use emissions was estimated to be 31% which corresponds to a
2-0 error of 1 GtC yr~! for the 1980-1990 period [Schimel et al., 1994]. The overall uncertainty of (6) the required carbon
sink was obtained by quadratic error additions of the uncertainties in (4) non-fossil emissions and (5) land use emissions.
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