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Abstract. A terrestrial-biosphere carbon-sink has been included in global carbon-cycle models in 
order to reproduce past atmospheric CO2, I3c and I4c concentrations. The sink is of large enough 
magnitude that its effect on projections of future C02 levels should not be ignored. However, the 
cause and mechanism of this sink are not well understood, contributing to uncertainty of projections. 
The estimated magnitude of the biospheric sink is examined with the aid of a global carbon-cycle 
model. For C 0 2  emissions scenarios, model estimates are made of the resulting atmospheric CO2 
concentration. Next, the response of this model to CO2-emission impulses is broken down to give the 
fractions of the impulse which reside in the atmosphere, oceans, and terrestrial biosphere - all as a 
perturbation to background atmospheric CO2 concentration time-profiles that correspond to different 
emission scenarios. For a biospheric sink driven by the CO2-fertilization effect, we find that the 
biospheric fraction reaches a maximum of roughly 30% about 50 years after the impulse, which is 
of the same size as the oceanic fraction at that time. The dependence of these results on emission 
scenario and the year of the impulse are reported. 

1. Introduction 

Reconstruction of the global carbon cycle for the past 200 years balances emissions 
of C02 from fossil-fuel burning and land-use changes with the accumulation of 

1 C02 in the atmosphere and the dissolution of C02 in the oceans. Reconstruction 
efforts, however, leave a remainder that has come to be known as the Missing Sink, 
of a significant fraction of the emitted C02. As the name implies, the fugitive car- 
bon has not been accounted for although hypotheses for neglected effects have been 
proposed (Schimel et al., 1994). Foremost (Bazzaz and Fajer, 1992; Wigley, 1993), 
is the enhanced growth of the terrestrial biosphere by the increase in atmospheric 
C02 concentration, the C02-Fertilization Effect. Alternatively, Schindler and Bay- 
ley (1993) have suggested that anthropogenic fixation of nitrogen has enhanced the 
storage of carbon in both the marine and terrestrial biosphere and thus accounts 
for at least part of the missing carbon; indeed, there is evidence of anthropogenic 
nitrogen fixation's effect on phytoplankton growth (Owens et al., 1992). Another 
explanation proposed by Dai and Fung (1993) is that past variations of climate 
have led to a net growth of the terrestrial biosphere. Finally, regrowth of forests 
on previously deforested land (Dixon et al., 1994) and the buildup of soil carbon 
on pasture lands (Fisher et al., 1994) - not accounted for in estimates of land-use 

Climatic Change 33: 3 1-62, 1996. 
@ 1996 Kluwer Academic Publishers. Printed in the Netherlands. 



3 2 HAROON S. KHESHGI ET AL. 

change - are thought to account for part of the missing sink (Schimel et a]., 1994). 
In a recent Intergovernmental Panel on Climatic Change (IPCC) report (Schimel et 
al., 1994) C02  fertilization was listed as the largest potential carbon-sink of these 
contributors. However, it is not our intention to advocate the hypothesis that C 0 2  
fertilization is the primary cause for the missing carbon-sink, but rather to study 
the implications of this hypothesis. 

There is significant uncertainty in projecting the size of the future missing - 
sink when the mechanism by which it operates, let alone its cause, is unknown. 
Nevertheless, the estimated size of the current missing sink is large enough that 
it-is likely to be a significant contributor to the future C 0 2  budget; therefore the - 

missing sink should not be simply ignored in descriptions of future carbon cycle. 
So for analysis of the future C02-emissions scenarios - e.g., for the stabilization of 
greenhouse-gas concentrations - some modelers (e.g., see Enting et al., 1994) have 
opted to include, in global carbon-cycle models, submodels to estimate the size of 
the missing sink. The primary mechanism selected in model studies is the C02-  
fertilization effect. In fact, carbon-cycle models designed for analysis of emissions 
scenarios seem to fall into two categories: those that do not account for the missing 
carbon-sink and, therefore, cannot balance the past C 0 2  budget, and those that 
account for the missing sink by assumption of the C02-fertilization effect along 
with other proposed mechanisms. Intercomparison of these models does tell us the 
sensitivity of model estimates to the modeling assumption of the C02-fertilization 
effect; however, intercomparison does not imply the accuracy of the estimates. 

In this paper we estimate the size of the terrestrial-biospheric sink under the 
assumption that the past missing carbon-sink was due to the C02-fertilization effect. 
We use the carbon-cycle model contained in the Integrated Science Model (ISM) 
developed by Jain et al. (1994b) for use in analysis of C02-emission scenarios and 
integrated assessment models. This model has been included in the recent IPCC 
model intercomparison study (Enting et al., 1994; Schimel et al., 1994), and has 
been used to study the implications of a revised carbon budget and make projections 
of carbon-cycle's response to various scenarios for anthropogenic emissions of 
C 0 2  included in the IPCC Second Assessment Report (Houghton et al., 1996). 
Using this model which includes the C02-fertilization mechanism, the size of 
the future terrestrial-biospheric sink is estimated. These results show the size of 
future carbon-sinks implied by the modeling assumption that C02-fertilization is 
the primary cause for the missing sink of carbon. 

2. Model Description 

The extent to which a carbon-cycle model can reliably project the future behavior 
of the 'real world' remains severely limited given our lack of understanding of 
the mechanism responsible for the missing sink. The purpose of the model we use 
in this study is to represent the behavior of models intended for analysis of the 
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anthropogenic effects on the global carbon cycle with the assumption that the C 0 2  
fertilization is responsible for the missing sink. An intercomparison (Enting et al., 
1994) with 17 other carbon-cycle models intended for analysis of the anthropogenic 
effects on global carbon cycle found this carbon-cycle model response to lie well 
within the range of other model responses. 

The globally averaged model for carbon cycle we use is depicted in Figure 1 
and consists of four carbon reservoirs: the atmosphere, the terrestrial biosphere, 
the mixed layer of the ocean, and the deep ocean. The atmosphere and mixed 
layemare modeled as well mixed reservoirs. The deep ocean, however, is treat- 
ed as an advective-diffusive medium with a continuous distribution of dissolved 
inorganic carbon described by a one-dimensional conservation of mass equation 
characterized by eddy diffusivity K and upwelling velocity w (Hoffert et al., 198 1 ). 
Jain et al. (1 995a) determined parameter values K = 4700 m21yr and w = 3.5 mlyr 
by calibration of model results to the estimated global-mean pre-anthropogenic 
depth-profile of ocean-14c concentration. Water upwells through the deep-ocean 
column to the mixed layer from where it is returned, presumably through the polar 
sea, as bottom water to the bottom of the ocean column thereby completing the 
thermohaline circulation. The response of bottom-water carbon concentration to 
changes in mixed-layer concentration is modeled parametrically by the parameter 
n = 0.5 as described in detail by Jain et al. (1995a). Air-sea exchange is mod- 
eled by an airlsea exchange coefficient in combination with the buffer factor < 
that summarizes the chemical re-equilibration of sea water in response to C 0 2  
variations (Jain et al., 1995a). An additional carbon-source term is added to the 
deep-ocean model to account for the oxidation of particulate organic carbon (POC). 
An equivalent sink of carbon due to new production of POC in the mixed layer and 
the source of carbon due to particulate oxidation at intermediate depths contribute 
to a 5-10% lower concentration of dissolved inorganic carbon (CC02) in surface 
waters compared to deep waters. The buffer factor is calculated from the set of 
equations for borate, silicate, phosphate, and carbonate equilibrium chemistry and 
the temperature-dependent equilibrium constants as given by Peng et al. (1987). 

To estimate terrestrial biospheric fluxes, a six-box globally-aggregated terrestri- 
al biosphere sub-model is coupled to the atmosphere box. The six boxes represent 
ground vegetation, non-woody tree parts, woody tree parts, detritus, mobile soil 
(turn-over time 75 years), resistant soil (turnover time 500 years). The mass of 
carbon contained in the different reservoirs and their turnover times as well as the 
rate of exchange between them have been based on the analysis by Harvey (1989b) 
with additional references cited in that paper. The rate of photosynthesis by ter- 
restrial biota is thought to be stimulated by increasing atmospheric carbon dioxide 
concentration. The increase in the rate of photosynthesis, relative to preindustri- 
al times, is modeled to be proportional to the logarithm of the relative increase 
in atmospheric C02  concentration from its pre-industrial value of 278 ppm. The 
proportionality constant /3, known as the C02-fertilization factor, is chosen to be 
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Atmosphere-Ocean-Biosphere System Model of 
The Carbon Cycle 
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Figure I .  Schematic diagram of the global carbon-cycle model. 

0.42. The rate coefficients for exchange to and from terrestrial biosphere boxes are 
modeled to depend on global mean temperature. 

This model does contain temperature feedbacks on the carbon cycle through the 
prescription of the temperature-dependent buffer factor <, and exchange (respira- 
tion and photosynthesis) rates to and from the biosphere boxes which follow the 
'Qlo formulation' described in the Appendix. Increases in either temperature or 
C02  lead to an increase of Net Primary Productivity (NPP) and Net Photosynthesis 
(NP) for the boxes for ground vegetation and non-woody tree parts, respectively. 
For the ground vegetation box, the equilibrium biomass is assumed to increase by 
the same factor as the change of NPP from changes in both C02  and temperature. 
For the non-woody tree part box, the equilibrium biomass is assumed to change by 
the same factor as the change of NP due to changes in C02  alone; this is because 
temperature change also leads (in this model) to a change of translocation from 
non-woody to woody tree parts. With this model parameterization, changing from 
a translocation-rate coefficient which is temperature-enhanced to one which is 
temperature-independent causes the temperatue effect on the terrestrial biospheric 
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carbon-sink to change from a sink to a source of atmospheric carbon. Further- 
more, there remains significant controversy concerning the strength of the effect 
of temperature on respiration and net primary productivity - a succinct discussion 
is given by Rotmans and Den Elzen (1993). The temperaturetbiospheric sink feed- 
back used in this model is, however, a gross simplication of the climatelbiosphere 
feedbacks that have been suggested (Prentice and Fung, 1990; Dai and Fung, 1993). 
Furthermore, the additional effect of climate on the nitrogen cycle, which in turn 
affects the carbon cycle, may well be an important feedback in regions where there 
is nitrogen limitation of primary production (Melillo et al., 1993; Hudson et al., 
1994). Moreover, nitrogen limitation of terrestrial systems is widespread in forests 
of the northern temperate zone, where the missing sink is thought to be located 
(Tans et al., 1990; Sarmiento and Sundquist, 1992; Cias et al., 1995). In interpreting 
the results of this model, these factors should be kept in mind. 

In this model, global-mean surface temperature is estimated with an energy- 
balance model (Harvey and Schneider, 1985) driven by the radiative forcing change 
caused by C02  and other greenhouse gases. For the cases shown in this study, how- 
ever, only the radiative forcing of C02 is included. Including the forcing of the 
other gases, and aerosols which are thought to have significant effects especially 
over land, would require scenarios for their emissions as well as a consideration of 
their connection with the emissions of C02  in the study of impulse responses which 
follows. In this study, the prescribed climate sensitivity (equilibrium temperature 
change for doubled C02  partial pressure) is AT2, = 2.5 OC. While results of 
this simple energy-balance model does show global warming with increased atmo- 
spheric C02, this model is not capable of reproducing the complicated variations of 
climate seen in the past records. Variations in precipitation and temperature could 
affect the storage of carbon in the terrestrial biosphere. 

The model does include the effects of carbon emissions caused by changing land 
use by specification of a scenario. Land-use emissions are assumed to come from 
each of the terrestrial biosphere boxes in proportion to the mass of carbon in the box. 
Photosynthesis and respiration rates are adjusted so that the terrestrial biosphere 
model will not exhibit regrowth from a previously specified land use emission. 
The net terrestrial biosphere emission dNbldt is equal to the model calculated sink 
Sbiospheric feedbacks due to biospheric feedbacks (C02 fertilization and temperature 
effects) minus land-use emissions Eland use: 

dNb 
dt 

= Sbiospheric feedbacks - Eland use . 

An alternative to specifying a land-use emissions scenario Eland use, is to model 
the emissions that result as a response to a scenario for the actual changes in land 
use. By doing so, Rotmans and Den Elzen (1993) were able to explicitly model 
the effects of changing land used on each of the biospheric carbon reservoirs. This 
alternative approach may prove useful for calculating, for example, the effects of 
forest regrowth. Implicit in our approach is that forest regrowth be accounted for 
in the land-use emission scenario. 
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The magnitude of the modeled biospheric sink is dependent on the chosen 
value of the C02-fertilization factor (Harvey, 1989a, b; Wigley, 1993; Wuebbles 
et al., 1995). By varying the ambient C02  partial pressure for individual plants in 
controlled experiments under ideal growing conditions, a C02-fertilization effect 
has been demonstrated and found to lead to C02-fertilization factors ranging from 
0.2 to 0.8 (Gates, 1985; Kohlmaier et al., 1987). Nutrient limitation and community 
competition for resources may, however, severely diminish ecosystem response to 
changing atmospheric C02  partial pressure (Bazzaz and Fajer, 1992). The value 
used here of p = 0.42, however, is not prescribed by C02-fertilization experiments. 
The modeled magnitude of the C02-fertilization effect is chosen here to lead to a 
reconstruction of the past carbon cycle, described below, that matches the land-use 
emission estimate (Schimel et al., 1994) of 16 GtC (gigaton carbon GtC = 1012 
kgC) for the decade 1980-1989. While exact parameter values (e.g. 0, k and w) 
are used in this model, their values are derived by means of parameter estimation 
from the past reconstruction of the cycles of carbon and its isotopes (13C and 
14c) and are highly uncertain based on the uncertainty of the past data records 
(Enting and Pearman, 1987; Kheshgi et al., 1995). Uncertainty of the estimated 
model parameters is one contributor to the uncertainty of future projections of 
atmospheric C02. 

3. Reconstruction of the Past Carbon Cycle 

The atmospheric and oceanic data that make up the past records of carbon dioxide 
and carbon isotopes form one basis for our understanding of anthropogenic influ- 
ences on the global carbon cycle. This data is augmented by our understanding 
of (1) ocean transport, chemistry and biology, (2) plant physiology, ecosystem 
response and soil carbon, and (3) isotopic fractionation. While the reconstructions 
of the past records do give us information on where the sinks were (e.g., oceanic 
vs. biospheric) and the time history of their strengths, the reconstructions provide 
only circumstantial evidence as to the cause for the sinks. While detailed models 
of plant physiology have been developed, a 'bottom-up' approach, their extension 
to a global response of the terrestrial biosphere compounds uncertainty contributed 
at each level of detail. Whether a detailed model or a simple parametric model is 
used, a constraint on a carbon-cycle model is that it reproduces the past records of 
carbon dioxide and carbon isotopes. In this section we review the comparison of 
our carbon-cycle model with an assumed carbon-sink due to the C02-fertilization 
effect to past records before using this model to study the implications of this 
assumption to future scenarios. 

The past variation of atmospheric C02 concentration is reproduced in the model 
by adjusting the magnitude of the C02  emissions due to changes in land use. The 
past variation of atmospheric C02 concentration and fossil-fuel emissions are 
well-known (Boden et al., 1991), whereas estimates of C02  from changes in land 
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Year 
Figure 2a. 

use contain great uncertainty (Schimel et al., 1994). The observed record of C02 
concentration from 1765 to 1959 is obtained from infrared-laser spectroscopy 
measurements based on air taken from different layers of the Siple ice-core (Friedli 
et al., 1986), and thereafter it is from atmospheric measurements at the Mauna 
Loa Observatory in Hawaii (Keeling et al., 1989a; Keeling and Whorf, 1993). 
The global emission rate of C02 by burning of fossil fuels, Efossil fuel, based on 
Boden et al. (1991) is shown in Figure 2(a). The model is used to calculate the 
rate of accumulation dNoldt of carbon in the oceans, and the rate of accumulation 
Sbiospheric feedback of carbon in the terrestrial biosphere (not including the effects 
of land-use change) by specifying the mass of carbon in the form of C02 in the 
atmosphere N,. The model estimate of the global emission rate of C02 from 
changes in land use is determined by 

dN, dNo 
Eland use = - + - + Sbiospheric feedback - Efossil fuel . dt dt 

The rate of land-use emissions Eland use calculated in this way is shown in Figure 
3 to be well within the error bounds (f 1GtCIyr) of estimates of land-use emissions 
summarized by Enting et al. (1994). The estimate of land-use change (Enting et 
al., 1994) shown in Figure 3(a), however, is based primarily on change of land 
use in tropical regions, and may not account for the effects of forest regrowth at 
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Year 
Figure 2b. 

mid-latitudes. Regrowth at mid-latitudes are thought to lead to a net sink of carbon 
of 0.5 f 0.5 GtCiyr for the 1980s (Schimel et al., 1994) which would modify 
the global land-use emissions estimate (Enting et al. 1994) to a lower value. This 
suggests that the value of P = 0.42 which is calibrated to give land-use emissions 
of 1.6 GtCIyr for the 1980s - in compliance with Enting et al.'s (1994) model 
intercomparison guidelines - is higher than our best estimate. Furthermore, the 
time-variability of Eland use calculated from (2) - which is related to the variability 
in measured atmospheric C02  - may well be caused by sources other than the 
variability of land-use emissions. Analysis (Keeling et al., 1989a; Tans et al., 1993; 
Jain et al., 1994a) of C02 and I3c records shows that the variability in measured 
atmospheric C02  is due in part to the variability of both the oceanic and net- 
biospheric sinks; such variability in these sinks is not represented in this model nor 
any of the carbon-cycle models designed for scenario analysis. 

Variations in oceanic and biospheric sinks inferred from atmospheric C 0 2  and 
"C records have been shown to correlate with both ENS0 events and the observed 
(not modeled) record of global temperature (Keeling et al, 1989a). In addition, the 
quaternary record of atmospheric C02  variations also correlates with temperature, 
although cause and effect remain uncertain (Prentice and Fung, 1990; Saltzman 
and Verbitsky, 1994). However, Dai and Fung (1993) used detailed temperature 
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and precipitation data to show that climate changes may have caused an uptake 
of carbon by the terrestrial biosphere during the 1980s when there was a net 
global warming - the opposite sign effect than would be expected from the cor- 
relations to globally aggregated temperature. It is interesting to note that despite 
our poor understanding of the net effects of climate on the terrestrial-biospheric 
sink, Schimel et al. (1994) attributed a carbon sink of from 0 to 1 GtC/yr to this 
feedback during the 1980s. In our model, the choice of Qlo parameters leads to the 
result that increase in global temperature results in a small sink of carbon, similar 
to the IPCC estimate (Schimel et al., 1994). In our view, however, the uncertainty 
in the climate/biospheric feedback is so great that our modeled feedback should 
be viewed as only illustrative. These apparent effects can explain some of the dis- 
crepancy between the model-inferred and observation-based estimates of land-use 
emissions shown in Figure 3. 

This schematic model for the carbon cycle is constructed to be consistent with 
current understanding of the global carbon cycle, Validation of the capability of the 
model to represent this understanding is partially based on the analysis of tracer 
records such as those for I3c and I4c; therefore, in addition to reproducing the past 
record of C 0 2  concentration it is important that a carbon-cycle model also be able 
to reproduce tracer records. Different tracers are sensitive to different components 
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Figure 2 .  Emissions of COz from the burning of fossil fuels and changes in land use. (a) Past record of 
land-use emissions (calculated from the atmospheric record using an inverse model), and fossil-fuel 
emissions. (b) IPCC (Leggett et al., 1992) emissions scenario IS92a. (c) IPCC (Leggett et al., 1992) 
emissions scenario IS92c. (d) Extrapolation of IPCC emission scenarios beyond 2100. 

of the model. For example, the modeled absorption of C02 by the oceans is 
closely related to the ocean inventory of bomb-produced I4c from atmospheric 
nuclear testing in the 1950s and early 1960s (Siegenthaler and Joos, 1992). The 
past variation of I3c is related to the emission or uptake of C02 by the terrestrial 
biosphere and fossil-fuel burning, because of the significant isotopic fractionation 
of terrestrial-biospheric and fossil-fuel carbon which occurs during photosynthesis. 
Earlier studies (Jain et al., 1994a, 1995a, b) have demonstrated that the model is 
able to reproduce the depth-dependence of I4c and dissolved inorganic carbon in 
the oceans, the dilution of I4c by fossil-fuel emissions (the Suess Effect), the ocean 
inventory of bomb-produced 14c, and variations of past atmospheric C02, '" and 
bomb-I4c. 
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= Enting et al. (1994) I 

Year 
Figure 3. Comparison of land-use emissions calculated from equation (2) by model reconstruction 
of past carbon cycle (solid line) is compared to the IPCC (Enting et al., 1994; Schimel et al., 1994) 
estimates of emissions from changes in land use (dashed line). 

For the period 1765-1 989 and 1980-1 989 Table I lists the net changes and 
emissions reconstructed using this model. These results for 1980-1 989 are nearly 
identical to those determined by Rotmans and Den Elzen (1 993), given in their Table 
4, as well as those listed by Schimel et al. (1 994). The magnitude of the biospheric 
feedback is sizable, compensating for land-use emissions over the decade 1980- 
1989 to give a net terrestrial-biospheric accumulation of close to zero (+0.9 GtC in 
our analysis). The atmosphere accumulates the greatest fraction of emitted carbon 
over these time scales, followed by the oceans. 

Tracer responses could determine future carbon-cycle response if(i) the carbon- 
cycle system were linear, and (ii) there were not other poorly understood drivers 
of the carbon cycle. In our model, we include several important nonlinearities in 
which we have varying degrees of confidence. The ocean buffer factor is well 
determined by independent measurements of ocean chemistry (Peng et al., 1987). 
And the logarithmic dependence of direct radiative forcing on C02 concentration 
is a firm conclusion of studies of radiative heat transfer. If these were the only 
nonlinearities present in the system (and there were no unknown or unprecedented 
drivers) then the response of the carbon-cycle system could be well characterized 
by past responses (Kheshgi and White, 1995). Other nonlinearities that are includ- 
ed are the logarithmic dependence of C02 fertilization on C02 concentration, and 
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Table I 
Model reconstruction of the past carbon budget for the period from 1765 to 1989 

1765 to 1989 1980 to 1989 1980 to 1989 
IPCC 1994 Rotmans and 
(Schimel et al., Den Elzen 
1994)~ (1993)~ 

Fossil-fuel 212.8 Gt C 54.4 Gt C 5 5 f  5 G t C  5 4 G t C  
emissionsa 

Atmospheric 159.4 Gt C 33.2 Gt C 3 2 f  2 G t C  34GtC 
accumulationb 

Modeled ocean 124.2 Gt C 20.3 Gt C 20 8 Gt C 2 1.5 Gt C 
accumulation 

Net biospheric -70.8 Gt C +0.9 Gt C -1.5 Gt C' 
accumulationC 

Modeled Bio- 105.3 Gt C 16.9 Gt C 
spheric feedbacke 

Land-use 176.1GtC 16.0GtCe l l * l l G t C g  
emissionsd 

a Fossil fuel taken from Boden et al. (1991). 
Atmospheric accumulation is calculated from the changes in atmospheric COz con- 

centration measured from the Siple ice core (Friedli et al., 1986) and at the Mauna Loa 
Observatory (Keeling et al., 1989a; Keeling and Whorf, 1993) over the time periods listed 
in the Table. 

Net biospheric accumulation calculated by subtraction. 
Land-use emissions calculated by subtraction. 
The magnitude of the modeled biospheric feedback is adjusted by choice of P to result in 

16. Gt C land-use emissions for the time period 1980-1989. 
The uncertainty is meant to represent a 90% confidence interval. 
This value is the sum of the estimate of the carbon source due to changes in tropical land 

use (I 6 10 Gt C), and the carbon sink due to Northern Hemisphere forest regrowth (5 * 5 
Gt C). 

The case given by Rotmans and Den Elzen (1993) with feedbacks to balance the carbon 
budget is shown. 
' Rotmans and Den Elzen (1 993) have labeled this value as emissions from land-use change, 
while with our nomenclature this is the net biospheric accumulation. 

the Qlo formulation of the response of the terrestrial biosphere rate coefficients 
on global temperature. While there is some empirical evidence to support the 
nonlinearities used in the terrestrial-biospheric model (Harvey, 1989a), there are 
alternative formulations which would give different responses when conditions 
change enough to make the nonlinear effects evident. For example, instead of a 
logarithmic dependence of C02-fertilization on C02  concentration, some studies 
(Wigley, 1993; Sarmiento et al., 1995) have opted to use a Michaelis-Menten for- 
mulation which exhibits an absolute saturation (with increasing COz concentration) 
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of rates of carbon fixation at a prescribed level. While the near term response of 
the two different C02-fertilization formulations are similar, their responses would 
depart at high CO;! concentration. Other potential drivers of carbon cycle could 
be future changes in precipitation or nitrogen cycle (Galloway et al., 1995), and 
prediction of either is currently problematic. For these reasons the tracer records 
alone are insufficient to determine the future response of the carbon cycle. 

These tracer records, nevertheless, provide important guidance in determining 
the past size of the oceanic and terrestrial-biospheric sinks; these records tell 
where the sink lies, but do not indicate the mechanisms by which these sinks 
operate. Projections of future atmospheric CO;! levels depend on the mechanisms 
for these sinks assumed in a carbon-cycle model. Being able to reproduce past 
tracer records does not explicitly prove the accuracy of a model to project future 
values. However, reproduction of past tracer records is a requirement for carbon- 
cycle model analysis; such validation does constrain the range of possible model 
results. 

4. Carbon-Cycle Response for Scenarios of Future Emissions 

Estimates of future C02  concentration depend on the scenario for C02  emissions 
as well as the size of the ocean and biosphere sinks. Two scenarios for future 
C02 emissions are considered in this study. Figure 2b and 2c show the emissions 
from 1990 to 2100 for CO;! corresponding to Scenarios IS92a and IS92c of the 
IPCC (Leggett et al., 1992). Scenario IS92a is a close approximation to the earlier 
IPCC (Houghton et al., 1990) Business as Usual Scenario. In scenario IS92a, CO;! 
produced from fossil-fuel burning and cement production increases by factor of 
three from 1990 to 2 100. For the low emissions IPCC scenario IS92c, CO;! produced 
from fossil-fuels and cement production show a 23% reduction from 1990 to 2100. 
Both scenarios share the same emissions from land-use change. CO;! emissions 
from forest burning are considerably reduced by 2100. In the late 21st century 
there is a small rate of CO;! absorption from the atmosphere due to reforestation 
that brings the net emissions from land-use change to zero by 2100. 

For the two IPCC scenarios the carbon-cycle model, with CO;! fertilization 
accounting for the missing sink, is used to estimate the amount of carbon that is 
transferred to the oceans and terrestrial biosphere. Over the period from 1990 to 
2100, the atmospheric concentration of CO;! increases, as shown in Figure 4. This 
causes the magnitude of the ocean and biospheric-feedback sinks to both increase, 
as can be seen by comparing Tables I and 11. The reason for the increase of the 
ocean sink is that the atmospheric partial pressure of CO;! continues to increase 
relative to the deep-ocean partial pressure of C02; since the ocean sink is limited 
by mixing between water below and above the thermocline (for time periods on 
the order of a century), the magnitude of the ocean sink is related to the difference 
in partial pressures adjusted for the effects of the biological pumping (which is 
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Year 
Figure 4. Model calculated atmospheric CO2 concentration as a response to the record of past 
emissions (with land-use emissions calibrated to match the atmospheric record of CO2 concentration) 
and scenarios for future emissions. 

assumed to be unchanging in time) of carbon by particulate settling (Volk and 
Liu, 1988) through the thermocline. The reason for the increase in the biospheric 
feedback sink is the logarithmic dependence of the net primary productivity (NPP) 
on the partial pressure of C02 (pC02): 

The temperature-enhanced productivity (NP and NPP) of plants is a weaker 
effect, in the model, than the C02-fertilization effect and adds to the biospheric 
feedback sink. The temperature-enhanced respiration (see Appendix) is yet a small- 
er effect that leads to a small decrease in the biospheric sink. What is noticeable 
in Tables I and I1 is that previous to the 1980s the net biospheric accumulation of 
carbon was negative, whereas following the 1980s it is positive. This is due to emis- 
sions from land-use change being overwhelmed by the increasing C02-fertilization 
effect; this is in large part due to the model assumptions that the land-use emissions 
will decrease from the 1980s (contained in the scenario), and that the missing sink 
is accounted for, primarily, by the C02-fertilization effect which is assumed to 
follow (3). 
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p Table I1 
The net changes and emissions reconstructed using this model for the period from 1990 
to 2100 

Fossil-fuel emissions 1446.2 Gt C 705.3 Gt C 
scenario 

Land-use emis- 83.4 Gt C 83.4 Gt C 
sions scenario 

Modeled atmospheric 656.6 Gt C 226.5 Gt C 
accumulation 

Modeled ocean 501.4 Gt C 334.4 Gt C 
accumulation 

Modeled biospheric 37 1.6 Gt C 227.8 Gt C 
feedback 

Net biospheric 288.2 144.4 Gt C 
accumulation 

To examine the long term ( ~ 5 0 0  yr) response of the carbon-cycle model to 
I impulses of carbon to the atmosphere requires long-term scenarios for carbon 

emissions. These scenarios are extrapolations of the two IPCC scenarios which 
end at 2100 and are not meant to be predictions. After the year 2100 we assume 
that there are no emissions from land-use change. Emissions from the burning of 
fossil-fuels are extrapolated by functions that match the emissions rate and its time 
rate of change at the year 2 100. 

For the emissions scenario IS92a, which is increasing at 2100, we extrapolate 
with a logistic function - similar to that used by Siegenthaler and Oeschger (1978) 
- given by 

d 5,000 GtC 
~fossil(t) = { 1 + 2.5 eo.02yr-1 ~ ( 2 ' r n - t )  

} fort  > 2100. 

This scenario eventually leads to 5,000 gigatons of carbon emissions. The intent 
of the scenario, as with those of Siegenthaler and Oeschger (1978) and Sundquist 
(1986, 1990), is to represent a case where emissions exhaust roughly the world's 
supply of recoverable fossil fuels. 

For the emissions scenario IS92c, which is decreasing at 2100, we extrapolate 
with an exponential function given by 

While this scenario has lower emissions in the 22nd century than the IS92a extrap- 
olation, the IS92c extrapolation exceeds the IS92a extrapolation in the late 24th 
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centue as can be seen in Figure 2d. The more rapid decrease of the IS92a extrap- 
olation is intended to be due to the depletion of fossil-fuel reserves, whereas in the 
IS92c scenario extrapolation cumulative emissions do not reach that extent. 

The carbon-cycle model is used to estimate the atmospheric C 0 2  response to 
these scenarios of fossil fuel and land use emissions; results are shown in Figure 3. 
The high C02 levels (over 1,200 ppm) reached in the IS92a extrapolation scenario 
leads to significant nonlinear effects: high values of buffer factor (greater than 
30) and some saturation of the C02-fertilization effect due to the logarithmic 
dependence of (3). These effects are evident in the system responses described 
next. 

5. Impulse Response for Scenarios of Future Emissions 

When an impulse of C 0 2  is added to the atmosphere, fractions of the C02  will 
leave the atmosphere to be incorporated in the terrestrial biosphere and the oceans. 
The remaining C 0 2  in the atmosphere is known as the airborne fraction. We study 
the model response of a small impulse of carbon to the background of each of 
the emissions scenarios which are large-amplitude perturbations to the carbon- 
cycle system and definitely outside of the linear regime. If the size of the impulse 
is small enough, however, then the modeled response of the mass of carbon in 
the atmosphere, oceans and terrestrial biosphere can be approximated as a linear 
function of the impulse mass 6. In this limit the response of the carbon reservoirs 
to an impulse at time tpemrbed is 

where, Na, No, and Nb are the mass of carbon in the atmosphere, oceans, and 
terrestrial biosphere (including soils). In the results that follow we use an impulse 
size of 6 = 1 GtC; we have used the model to test the accuracy of using a finite 
size pulse and have concluded that this contributes an error, compared to the small 
impulse limit, in airborne fraction fa of no greater than 0.0001 for results shown. 

The impulse response is useful in calculating the effect that an incremental 
change in C02 emissions will have over the time after the impulse. Impulse- 
response functions have been used in past studies to define global warming poten- 
tials for greenhouse gases. While some gases, such as CFC's, decay exponentially 
with time with a clearly defined half-life, C02  does not. Summaries of carbon-cycle 
results, as was given by e.g., Moore and Bradswell (1994), in terms of atmospheric 
half-life must, therefore, be interpreted with care. The airborne fraction of C 0 2  is 
dependent on the atmospheric C02  concentration, and therefore on the scenario 
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for C 0 2  emissions. Of course, the airborne fraction will also depend on the size of 
the modeled ocean and terrestrial-biospheric sinks. In the following we consider 
several cases. 

The primary dependence of the atmospheric, ocean and biospheric fractions, 
fa, f,, and fb is on the time after impulse t - tperturbed : see Figure 5. Initially the 
atmospheric fraction is one. Over the first couple of years the ocean fraction grows 
faster than does the biospheric fraction, with the atmospheric fraction decreasing 
accordingly. Over the next few decades the biospheric fraction grows more rapidly 
than the ocean fraction to the point at which they both are of similar size. Over the 
following centuries the biospheric fraction decreases in size because of the satura- 
tion of the C02-fertilization effect with the higher background C02  concentration 
estimated for the future for the two emissions scenarios considered. (The biospheric 
fraction could decrease even more with time if a Michaelis-Menten formulation of 
the C02-fertilization effect were chosen with a low NPP-saturation level.) While 
ocean C 0 2  solubility also becomes more saturated because of the increase of the 
buffer factor for higher future C 0 2  concentrations, the ocean fraction continues to 
increase due to continued transport of carbon down to the deep ocean. 

As can be seen in Figure 5 the atmospheric, ocean and biospheric fractions 
depend on both the time of the impulse and the scenario for C02  emissions. The 
largest ocean and biospheric fractions develop at low C 0 2  conditions, as in the 
1930 pulse for the IS92c scenario. And the smallest ocean and biospheric fractions 
develop at high C 0 2  conditions, as in the 2050 pulse for the IS92a scenario. This 
is because the modeled capacity of the oceans and the biosphere to take up carbon 
decreases, the greater the level of atmospheric C02.  In the oceans this is caused by 
a buffer factor that increases with increasing pC02. In the biosphere this is caused 
by a Net Primary Productivity that increases withpC02 less rapidly at higher levels 
of pC02 than at lower levels of pC02; and this is, of course, a consequence of the 
hypothesis that the missing carbon-sink is due to C02-fertilization. 

The nonlinear dependence of the modeled ocean and biospheric carbon-sinks 
on pC02 are remarkably similar to each other. This can be seen by comparing 
the ratio of biospheric to ocean fraction of the impulses at different times and 
for different emission scenarios, as shown in Figure 6. At high background pC02 
conditions, the response of the ratio of fractions seems to approach an asymptote - 
for example, compare the 1990 and 2050 impulses for scenario IS92a. And so the 
strength of the modeled nonlinear dependence on pC02 is quite similar for both 
the ocean and the biospheric sinks. Also evident in Figures 5 and 6 is that the ocean 
C02 sink responds initially faster than does the biospheric sink. This is because the 
mixing of CO:! into the ocean-surface waters is a faster process than the increased 
rate of photosynthesis at short times after the impulse. After about a decade, the 
biospheric fraction has reached roughly the same size as the ocean fraction. If the 
C02-fertilization effect is used to account for the missing carbon-sink, then the size 
of the biospheric sink is as large as the ocean sink. This is in contrast with many 



Impulse Fraction Impulse Fraction Impulse Fraction 
B 0 0 o y K X b o , o  E g g b o r o  



ACCOUNTING FOR THE MISSING CARBON-SINK 

1 Biosphere B 
1 H Oceans B 

0 8 8 8 8 0 
rl 

0 
N 0 w V) 

Time After Impulse 
Figure 5b. 

Figure 5 .  Model calculated response to a small (one Gt carbon) impulse of COz to the atmosphere. 
Fraction of the impulse that resides in the atmosphere, terrestrial biosphere, and oceans are estimated 
for impulses emitted to the atmosphere at three different times: 1930, 1990 and 2050. The background 
COz level, shown in Fig. 4, changes in response to the past record and future scenarios for COz 
emissions. -0 scenarios for future emissions are considered: (a) the IPCC (Leggett et al., 1992) 
emissions scenario IS92a with a logistic function extrapolation beyond the year 2100, and (b) the 
IPCC (Leggett et al., 1992) emissions scenario IS92c with an exponential function extrapolation 
beyond the year 2100. 
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Time After Impulse 
Figure 6a. 

It is clear from the cases depicted in Figure 5 that there is not a single atmospheric 
lifetime for carbon emitted to the atmosphere. In some cases, over some periods 
of time after impulse, the airborne fraction of carbon even increases with time - 
see, for example, impulse responses shown in Figure 5a for times 200 years after 
impulse. Again, this is because of the nonlinear effects included for both the ocean 
and biospheric sinks. Including the biospheric sink both decreases the airborne 
fraction and increases the extent to which the airborne fraction will increase with 
time due to higher background C02  levels. 

Different amounts of the carbon taken up by the biosphere goes into the different 
carbon reservoirs depicted as the six boxes in Figure 1. For the impulse responses, 
Tables I11 and IV list the fraction of carbon that goes into each box at times 20, 
100 and 500 years after the impulse. Up to 100 years, more than half of the carbon 
uptake by the biosphere resides in the woody parts of trees. The turnover time of 
the woody-tree reservoir is constrained by estimates of Net Primary Productivity 
of forests and forest biomass (Schlesinger, 1991), supporting our assumed model 
turnover time. Initially there is an increase in soil-carbon fraction followed by a 
reduction in the soil fraction caused by both temperature-enhanced respiration and 
saturation of the C02-fertilization effect. Nevertheless, the soil fraction continues 
to increase relative to the woody biomass. In the IS92a case the soil fraction 
becomes as large as the woody fraction after 500 years. In the IS92c case the soil 
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Figure 6. The ratio of the fraction of an atmospheric C02  impulse that resides in the terrestrial 
biosphere to the fraction that resides in the oceans is estimated with the global carbon-cycle model 
shown in Fig. 1. Estimates given for impulses emitted to the atmosphere at three different times: 
1930, 1990 and 2050. Biospherelocean ratio reaches a maximum about 30 years after the impulse. The 
background C02 level, shown in Fig. 4, changes in response to the past record and future scenarios 
for CO2 emissions. W o  scenarios for future emissions are considered: (a) the IPCC (Leggett et al., 
1992) emissions scenario IS92a with a logistic function extrapolation beyond the year 2100, and (b) 
the IPCC (Leggett et al., 1992) emissions scenario IS92c with an exponential function extrapolation 
beyond the year 2100. The biospheric fraction is of comparable size to the ocean fraction, except at 
short time periods (less than ten years) after the impulse. 

fraction becomes larger than the woody fraction 500 years after the impulse. Of 
course there can be many other effects that could impact soil-carbon over such 
long time-scales, especially if these soils are under cultivation. 

In the modeled cases the biosphere fraction accounts for a maximum of roughly 
30% of the impulse. This reaches a maximum about 50 years after the impulse, 
and rises to near the maximum after about ten years. This time scale is important 
if these results are to be used in integrated assessment models (at least the current 
conceptualization of them) because many of these models weight the benefits of 
reduced C 0 2  levels more heavily in the near future than in the distant future 
by use, for example, of a discount rate. For example, Nordhaus (1992) uses an 
annual discount rate of 4% which will weight the airborne fraction over the first 
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Table 111 
Atmospheric, oceanic and biospheric fractions of a small COz impulse to the atmosphere for the 
emissions scenario IS92a 

t-tpenurbcd * 20 years 100 years 500 years 

tpnurbed * 1930 1990 2050 1930 1990 2050 1930 1990 2050 

Atmosphere 
Oceans 
Terrestrial biosphere 

Ground vegetation 
Non-woody tree parts 
Woody tree parts 

Detritus 
Mobile soil 

Resistant soil 

Table IV 
Atmospheric, oceanic and biospheric fractions of a small COz impulse to the atmosphere for the 
emissions scenario IS92c 

t - t p n u r ~  * 20 years I 0 0  years 500 years 

tpenurted * 1930 1990 2050 1930 1990 2050 1930 1990 2050 

Atmosphere 

Oceans 
Terrestrial biosphere 

Ground vegetation 

Non-woody tree parts 

Woody tree parts 

Detritus 
Mobile soil 
Resistant soil 

several decades more heavily than the remaining time. A very similar approach 
has been used by Haraden (1993) in estimating the shadow cost of C 0 2  emissions. 
The biospheric fraction does increase rapidly enough, and is strong enough to 
affect estimates of the economic impact of C 0 2  emissions generated by integrated 
assessment models. These findings are a result of several model assumptions: (i) 
C02-fertilization is the primary cause for the missing sink which is budgeted 16 
GtC for the 1980s; (ii) the nonlinear dependence of the C02-fertilization effect 
follows (3); and (iii) the turnover times for the biosphere carbon reservoirs. There 
is some support for these assumptions, especially over time scales of decades. 
The carbon budget is constrained by C 0 2  and isotopic records. We do not expect 
the near term (several decades) response to be highly dependent on the form of 
nonlinearity (3). And the turnover time for plants, which are expected to respond 
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first, is constrained by observations. The primary assumption that remains is that 
C02-fertilization is responsible for the missing sink. 

6. Alternative Causes for the Terrestrial Biosphere Carbon-sink 

Other mechanisms for the terrestrial biosphere carbon-sink will lead to differing 
magnitudes of biospheric feedback to C02  emission. The implications of the uncer- 
tainty in the nature of the feedback is explored by comparing the impulse responses 
of the carbon-cycle model to a C02 impulse when two different models are assumed 
for the biospheric feedback: (i) the C02-fertilizationltemperature-dependent-rate 
model described in the Appendix, and (ii) a model with no biospheric feedback. 
The impulse responses are compared in Figure 7 for a 1990-impulse perturbation to 
emission scenario IS92a. In both cases the unperturbed biospheric sink is taken to 
be equal to that of the C02-fertilizationltemperature-dependent- model so that 
the unperturbed atmospheric concentration and the past carbon cycle (and tracer) 
reconstruction are identical for both model assumptions. Of course, when there 
is no biospheric feedback, then there is no biospheric fraction of impulse carbon. 
The thick curve in Figure 7 divides the airborne fraction of the impulse (below 
the curve) from the oceanic fraction (above the curve). The thick curve shows that 
the carbon that would go to the biosphere with the C02-fertilizationltemperature- 
dependent-rate model is partitioned (in the model without biospheric feedback) 
between the atmosphere and oceans to maintain an atmospherelocean fraction ratio 
(as a function of time after impulse) that is nearly the same for the two model 
assumptions. Both models show a decrease in airborne fraction for roughly the first 
100 years after the impulse, followed by an increase caused by the saturation of 
ocean and biospheric sinks with rising background C02, followed by a decrease 
corresponding to decreasing C02-background concentration as seen in Figure 4. 

The effects of C02-fertilization and temperature-dependent rate coefficients 
in the biosphere model (see Appendix) are shown separately in Figure 8 for a 
1990-impulse to the IS92a emission scenario (as in Figure 7). Three curves are 
shown that represent the effects of combinations of the biospheric feedbacks: (i) 
both the C02-fertilization and temperature-dependent rate-coefficient feedbacks, 
(ii) the C02-fertilization feedback alone, and (iii) the temperature-dependent-rate- 
coefficient feedback alone. The temperature-dependent rate-coefficient feedback 
contributes a net carbon-sink for the biosphere that is smaller than that contributed 
by the C02-fertilization effect; this is consistent with estimates (Schimel et al., 
1994) of the magnitude of the C02-fertilization feedback (0.5-2.0 GtCIyr for the 
1980s) and the climate/biospheric feedback (0-1 GtCIyr for the 1980s). While both 
processes contribute to the total biospheric fraction, their fractions are not exactly 
additive. The C02-fertilization effect accounts for the decrease in impulse fraction 
following the maximum in biospheric fraction; this is due, in the model, to the 
logarithmic dependence of the C02-fertilization effect on the partial pressure of 
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Figure 7. Model calculated response to a small (one Gton carbon) impulse of CO2 to the atmosphere. 
The background CO2 level, shown in Figure 4, changes in response to the past record and the future 
scenarios for CO2 emissions which follows the IPCC (Leggett et al., 1992) emissions scenario IS92a 
with a logistic function extrapolation beyond the year 2100. The fraction of the impulse that resides in 
the atmosphere, terrestrial biosphere, and oceans are shown for an impulse emitted to the atmosphere 
in 1990 for two different model assumptions. First, where the biospheric feedback is given by the 
C02-fertilizationltemperature-dependent- model; this model result is shown by the patterns in 
this figure, and is identical to that shown in the Figure 5a center panel except that it is plotted with 
a logarithmic time scale. And second, where the missing sink is modeled by some process in which 
terrestrial carbon storage is not affected by the concentration of CO2 so that the biospheric fraction 
is zero (no biospheric feedback); this model result is shown by the thick curve which indicates the 
split between the atmospheric fraction (below the curve) and the oceanic fraction (above the curve). 

CO2. The temperature feedback also shows a similar time evolution due to the 
logarithmic dependence of radiative forcing on C02 concentration; the maximum 
and minimum, however, occur at greater times after the impulse due to the thermal 
inertia of the modeled ocean which causes the background temperature to lag 
changes in C 0 2  concentration. 

Forest regrowth (Dixon et al., 1994) or soil buildup (Fisher et al., 1994) that 
happens as a response to human-induced changes in land use or vegetation, and 
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Figure 8. Model calculated response to a small (one Gton carbon) impulse of C02 to the atmosphere. 
The background C02 level, shown in Fig. 4, changes in response to the past record and the future 
scenarios for C02 emissions which follows the IPCC (Leggett et a]., 1992) emissions scenario IS92a 
with a logistic function extrapolation beyond the year 2100. The fraction of the impulse that resides 
in the terrestrial biosphere is shown for an impulse emitted to the atmosphere in 1990 for three 
different model assumptions for the biospheric feedback. First, where the biospheric feedback is 
modeled by the C02-fertilization effect alone. Second, where the biospheric feedback is modeled by 
temperature-dependent biospheric rate coefficients alone. And third, where the biospheric feedback is 
modeled by both the C02-fertilization effect and temperature-dependent biospheric rate coefficients 
(this is the same size biospheric fraction as is shown in Fig. 5a). 

are not compensated for in estimates of net C02 emissions attributed from land- 
use change (Schimel et al., 1994), would probably not have a great sensitivity to 
atmospheric C02 concentration although land-management practices would likely 
have a strong effect. In this case, the biospheric feedback to atmospheric C02 
would probably be negligible as in the alternative model whose impulse response 
is shown in Figure 7. 

The fertilization of the biosphere by anthropogenic emissions of nitrogen- 
containing compounds is not directly related to atmospheric C02 concentration, 
and so is not expected to have a strong biospheric feedback to C02 emissions; 
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however, emissions of NO,, for example, are produced by many of the same activ- 
ities that emit C 0 2  and would, therefore, indirectly lead to a biospheric feedback. 
The changes in climate that are estimated to result from C02  emissions could have 
effects on the biosphere not accounted for in the model used in this report. For 
example, an additional feedback mechanism is the incorporation of soil nitrogen 
released as a result of climate change by plants which have a higher CIN ratio than 
the soil, and this would lead to a net biospheric sink of carbon; the interactions 
between climate change, and nitrogen and C02  fertilization and the resulting effects 
on carbon cycle have been modeled by more complex models for the terrestrial 
biosphere (Hudson et al., 1994). 

The difference between the results of the two model assumptions shown in Fig- 
ure 7 does imply the magnitude of one component of our uncertainty in estimating 
carbon-cycles response to emissions of greenhouse gases. Similarly, studies which 
have looked in detail at the sensitivity of model results to model parameters such 
as p (Harvey, 1989a, b; Wigley, 1993; Wuebbles et al., 1995) do characterize one 
component of uncertainty, but not all the uncertainties. Clearly there are variations 
in the C 0 2  record, both seasonal and interannual (Keeling et al., 1989a), that are 
of a magnitude greater than the uncertainty that can be explained by this model 
intercomparison. We do not suggest that this type of comparison alone be used to 
quantify the magnitude of our uncertainty in estimates of the future carbon cycle. 

Implicit in this model for the carbon cycle and the use of the impulse responses 
to illustrate model behavior is the premise that the rate of carbon uptake by the 
oceans and terrestrial biosphere is determined by the history of the atmospheric 
concentration of C02. For the oceans, one basis for this is the relation between 
the solubility of C 0 2  and the atmospheric concentration of C02. For the terrestrial 
biosphere, the model representation of the C 0 2  fertilization effect, likewise, is 
consistent with this premise. There are, however, observed correlations between 
the inferred uptake of C02 and phenomena such as ENS0 events or interannual 
changes in climate (Keeling et al., 1989a) that imply that carbon uptake is driven 
by the chaotic behavior of these phenomena over short time-scales. Over centu- 
ry time-scales, large shifts in the carbon cycle have not been detected over the 
last millennium prior to the industrial revolution, suggesting that the observed 
interannual variability may be limited to short time-scales and small magnitude. 
Nevertheless, there remains a fundamental question as to the predictability of the 
climatelcarbon-cycle system perturbed by the anthropogenic emissions of C02,  
and other human-induced effects. 

7. Concluding Discussion 

Detailed analysis of the carbon budget reveals the need for a carbon-sink in addition 
to that expected by the oceans (Siegenthaler and Oeschger, 1987). Completion of 
the I3c budget gives a strong indication that this sink lies within the terrestrial 
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b i o s p h e ~  (Broecker and Peng, 1993; Cias et al., 1995). While several mechanisms 
have been proposed for the enhanced growth of the terrestrial biosphere in recent 
years (Dai and Fung, 1993; Rotmans and Elzen, 1993; Schindler and Bayley, 1993; 
Dixon et al., 1994), foremost is the COz-fertilization effect. While the cause of the 
missing sink remains a mystery, we consider the implications of the hypothesis 
that the missing sink is due to the C02-fertilization effect. 

Past trends in atmospheric C02,  13c and 14c are consistent with a carbon-cycle 
model including the C02-fertilization effect. Our model, which consists of a one- 
dimensional ocean model with recirculation of polar bottom water and a six-box 
terrestrial biosphere model, is sufficient to reproduce atmospheric trends. Varia- 
tions on a time-scale of several years, however, are not predicted by our globally 
aggregated model. An example of such a short time-scale fluctuation was the ces- 
sation of atmospheric C02  rise from 1990 to 1993. Analysis of 13c concentration 
in conjunction with globally aggregated models can be used to investigate which 
carbon reservoir is responsible for the fluctuation (Keeling et al., 1989b; Jain et al., 
1994a). The mechanisms responsible for these short time-scale fluctuations remain 
unknown, preventing prediction. Even though the mechanism for the long-term 
trend in the missing sink also remains unknown, the past trend can be modeled. 
How well our model extrapolations can project future concentrations depends in 
large part on how well our model for the C02-fertilization effect mimics the true 
cause of the missing carbon-sink. 

We consider two scenarios for C 0 2  emissions from land-use change and the 
burning of fossil fuels: the IPCC scenarios IS92a and IS92c (Leggett et al., 1992). 
Over the time period from 1990 to 2100 we find that the response of the biosphere 
accounts for the uptake of 24% and 29% of emissions for the two scenarios respec- 
tively (from Table 11). We also interrogate our model carbon cycle by examining 
its response to impulses of C02  to the atmosphere. We find that the fraction of 
C02  taken up by the biosphere increases with time until it reaches a maximum of 
roughly 30% about 50 years after the impulse. The biospheric fraction at this time 
is as large as the modeled oceanic fraction. These results, of course, depend on the 
scenario and time of the impulse, as shown above. Nevertheless, the assumption 
that the missing carbon-sink is caused by the C02-fertilization effect, according to 
our model mechanism, leads to the conclusion that at least 20% (from Tables 111 
and IV) of C 0 2  emissions will be sequestered by the terrestrial biosphere. 

Our conclusions are also based on the assumption that the intrinsic behavior of 
the global terrestrial carbon cycle follows that of the past. Significant changes in 
land use will likely alter the types of existing plants which could have a different 
response to changing atmospheric composition and climate. This could cause, for 
example, a change in the globally aggregated C02-fertilization coefficient with 
time, and there may have already been a significant shift due to past land use 
changes. The rapid increase in the application of fertilizer may have global effects 
(Galloway et al., 1995). A nonlinear response of the biosphere may cause it to 
behave unlike it has in the past. Warming climate may lead to massive forest 
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dieback releasing carbon, or wetter climate may lead to soil-carbon preservation. 
Unless these effects have been experienced in the past, confirmation of these 
potential effects would have to occur without the guidance of the past records of 
global atmospheric C02 or carbon isotopes making the case for each effect much 
harder to prove. In this study, the assumption of a C02-fertilization effect with a 
logarithmic dependence on C02 concentration shows the terrestrial biosphere to 
be a significant future sink of carbon. 

Appendix 

The terrestrial fluxes are estimated by a globally aggregated, six-box terrestrial 
biosphere sub-model. The six boxes shown in Figure 1 represent carbon reservoirs 
for: (i) ground vegetation (59 GtC), (ii) non-woody tree parts (38 GtC), (iii) woody 
tree parts (634 GtC), (iv) detritus (96 GtC), (v) mobile soil (700 GtC), and (vi) 
resistant soil (800 GtC) where the initial mass (steady-state value at 1765) of 
the respective box is given in brackets. The first two reservoirs fix carbon by 
photosynthesis while all six reservoirs release carbon by respiration. The flow of 
carbon between reservoirs is due to the physical movement of fixed carbon from 
one reservoir to another. One of the soil boxes is a rapid turnover box (mobile soil 
box) with turnover time of 70 years and the other soil box is a slow turnover box 
(resistant soil box) with turnover time of 500 years. 

The equations describing mass balance in two photosynthetic boxes, are of the 
form 

The governing equations for other boxes are of the form 

dBi 
- = (-aia - c aii) Bi + a j i ~ j  - Flui for i = 3, . . . , 6 (A2) 
dd 

where i is the number of the biospheric boxes listed above, Bi is the mass of 
box i, aij, and aji are the exchange coefficients for carbon fluxes from box i to 
box j and vice versa, a,:, is exchange coefficient for the carbon flux from box i 
to atmosphere, vi and pi are the parameters controlling net primary productivity 
(NPP for the ground vegetation box) or net photosynthesis (NP for the non-woody 
tree parts box), and Flu,: is the net land use flux from box i to the atmosphere. The 
initial values of v and p for ground vegetation are 0.504 yr-' and 0.004 G~C- '  
yr-' and for non-woody tree parts they are 1.672 yr-' and 0.002 GtC-' yr-'. 
The initial exchange coefficients between the terrestrial boxes and the atmosphere 
as well as between different terrestrial components are taken from Emanuel et al. 
(1984). Their values are: 

a;, = 0.022, 0.531, 0.013, and 0.002 yr-l for i = 3-6 
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alj = 6.169, 0.078, and 0.0062 yr-l for j = 4, 5 and 6 

a 2 j  = 0.816 and 0.794 yr-l for j = 3 and 4 

a 3 j  = 0.022, 0.0044, and 0.00034 yr-' for j = 4, 5 and 6 

a 4 j  = 0.029 and 0.0023 yr-l for j = 5 and 6 

a s j  = 0.001 1 yr-l for j = 6 

The rate coefficients are temperature-dependent according to 

where Mo is the initial rate of coefficient M ,  To is the initial temperature, and Q 1 0  is 
the factor by which a given reaction increases for a temperature increase of 10 OC. 
For the small relative changes in absolute temperature being considered, the Q l o  
formulation is virtually the same as an Arrhenius formulation of the temperature 
dependence of rate coefficients. A Q l o  of 1.4 is used for the NPP of ground 
vegetation and of 1.53 is used for the NP of non-woody tree parts; the rates of 
NPP and NP are represented by the term vi Bi - pi B? in (A. 1) for i = 1 and 2, 
respectively. A Qlo of 2.0 is used for respiration (j = 3, . . . , 6)  as well as the 
transfer of carbon from non-woody tree parts to woody tree parts. The separate 
Qlo7s for NP and respiration give a tree-NPP with an effective Q l o  of about 1.4. 
The Qlo's for the transfer of carbon from plants to soils is zero, while the transfer 
of carbon between soil boxes (j = 4, 5, 6) is 2.0. The justification for these 
feedbacks can be found in Harvey (1989a), Marowitch et al. (1986), Reuss and 
Innis (1977), and Carlyle and Than (1988). 

The model includes the stimulation of NP or NPP, caused by enhanced atmo- 
spheric CO2 using the p-factor introduced by Bacastow and Keeling (1973), 

where No and C02(to) are the initial NP or NPP and C 0 2  concentration, respec- 
tively. The value of ,L? has been described in the text. 

The fluxes from the atmosphere to ground vegetation and non-woody tree parts 
represent NPP and NP, respectively which are modeled by a logistic law: 

where i = ground vegetation and non-woody tree parts boxes, and Fai is the flux 
from the atmosphere to box i of size Bi. 

All other fluxes are assumed to be linearly proportional to the mass of the donor 
box: 
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whefe Fij and cvij are the carbon flux and the exchange coefficient for carbon flux 
from box i to box j ,  and Bi is the mass of the donor box. 
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