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ABSTRACT
The burning of biomass that often accompanies deforestation and other changes in
land use is belicved to be a major contributor to documented increases in the concen-
tra.tioﬁ of atmospheric CO;. Using three models of carbon turnover in the atmosphere
and ocean, we simulate changes in atmospheric COg that result from the addition of CO,

from industrial sources and teérrestrial ecosystems disturbed by changes in land use. We

simlate atmospheric response to different histories of terrestrial biospheric CO, releasc,

and we compare these simulations with the history of atmospheric CO3 obtained from ice

core measuremerntts and atmospheric monitoring stations. Our results reinforce previous

conclusions that the Houghton et al. [1983] population-based estimate of the history of
terrestrial biospheric CO, release is incompatible with the historical record of atmospheric
CO; and conventional models of oceanic uptake of CO,. The simulations overestimate

. ' : [
observed atmospheric CO; concentrations and the rate of change in concentration. Recent

estimates of the history of terrestrial biosphere CO; release made with a modification of the

Houghton et al. model and revised data on land use change and ecosystem carbon do not
adequately resolve the incompatibility. Histories of net terrestrial biosphere-atmosphere
CO; exchange obtained by deconvolution of atmospheric CO; data necessarily provide
the desired agréemcnt between simulation and observation, but the deconvolved estimates
differ qualitatively from the histories generated by the Houghton et al. historical-ccological
model. The latter indicates that for the past several decades the terrestrial biosphere has
been an increasing Sourcé of atmospheric C‘O2‘, whercas the deconvolutions imply that the
terrestrial biosphere has been a declining source and even a global sink for atmospheric
CO,. Uncertéinty about the past behavior of the terrestrial biosphere contributes as much
uncertainty to the projection of future changes in atmosphé.ric CO; as uncertainty about

CO; release from future changes in land use.



INTRODUCTION

The recent increase in the troospheric ‘coiu:eﬁtratién of CO;, is well documented.
Observations from monitoring stations at Mauna Loa, Hawaii, and elsewhere rccofd an
‘increase of approumatcly 11% over the past 30 years [Gammen et al., 1986; K(’clznq et al.,
1989] and mca%mcmcnh from air txappod in old ice at Siple Station, Antarctica, indicate
an increase of 96% since the middle of the 18th century [Neﬂel et al., 1985' F‘rz((llz et al.,
1086]

The causes of this increase are less certain than the observed change, but it is agreed
that the release of COj to the atmosphere during the combustion of fossil fuels (ie., the |
burning of fossil biomass) is a major contributor. The increase in tropospheric CO, is
concutrent with the documented incrgase in global use of fossil fuels and the consequential
increase in the release of CO, to the atmosphere [Keeling, 1973b; Marland and Rotty,
1984]. The burning of biomass that accompanies deforestation and other changes in land
use, including the rapid combustion of fuelwood and fires used in land clearing as well as
the slow oxidation of decomposition, is also believed to release significant amounts of CO,
to the atmosphere. Honevcr, the relative contribution of this source to observed changes
is even less certain than that of fossil fuels.

- Part of the uncertainty has its origin in the observation that only a fraction of the
CO; released in the combustion of fossil fuels is retained by the atmosphere. The 35 uL
L~! (or 75 Gt C) increase in tropospheric CO? over the period of the Mauna Loa record
(1959-1988) is equivalent to approximately 58% of the total COg released from industrial
sources during that same period (129 Gt C, 96% of which is fromn fossil fuels [Marland et
al., 1989)). If the observed CO, increase during this period were due solely to industrial
sources, the blogeochemical dynamics of the carth’s global carbon cycle would have had to
redistribute approximately 42% of the industrial CO; emissions to oceanic and terrestrial
reservoirs, Conventional models of COg uptake by the ocecan account for about 25-35% of

fossil-fuel CO2 emissions from the period 1958--1980 [Peng, 1986], a shortfall of 7-17% that
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must be accounted for elsewhere. The terrestrial biosphere is a reasonable candidate, but

‘the capacity of global terrestrial ecosystems to sequester the required amounts of CO, over

that period of time is controversial, and recent work by Tans et al. [1990] suggests that
oceanic uptake may be more on the order of 20% of industrial CO, emissions, requiring even
greater sequestering by terrestrial ecosystems. It is difficult to account fer any significant

addition of COg to the atmosphere from land-use change when current understanding

-of the global carbon cycle"is unable to fully account for industrial CO, emissions alone.

Thus, in the face of evidence for recent increases in the rates of tropical deforestation
[Houghton, 1990] and presumably some nontrivial release of CO, to the atmosphere, the
contribution of terrestrial ecosystems to observed changes in atmospheric COj is uncertain

and problematic. The uncertainty is compounded by difficulties inherent in reconstructing

the history of COj, release that may have accompanied past changes in land use.

For example, the history of CO; release from land-use change can be inferred by
deconvolution of data recording the history of changes in the global carbon cycle. In one

approach, the equation representing cha: ges in the inass of atmospheric CO,

de,
e :Fi r " Lgg
7 + Fy — Fy, (1)

is solved for the unknown or residual flux F., where ¢, is the observed mass of atmospheric
COgq, F; is the known flux of COy to the atmosphere from industrial sources, and Fy, is
the net CO;, flux from the atmosphere to the ocean calculated by an appropriate carbon
cycle model [Killough and Emanuel, 1981, Sicgcnthalcf and Ocschger, 1987, Keeling et
al., 1989]. Similar formulations can be derived for changes in carbon isotope ratios, and
other approaches or formalisms are possible [e.g., Oeschger and Heimann, 1983, Enting
and Pearman, 1986; Enting and Mansbridge, 1987; Keeling et al., 1989].

By assuming that (1) completely describes the atmosphere’s COg balance, that all
anthropogenic CO, emissions are distributed arnoug atmosphere, occan, and terrestrial

biosphere reservoirs, and that F,, completely describes net occanic uptake, the residual
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flux, F,, can be interpreted as net flux between the atmosphere and the terrestrial bio-

sphere. By assuming 1o net atmospheric COg exchange with terrestrial ecosystems that

have not been disturbed by land-use change, the residual flux can be interpreted as an

estimate of the net terrestrial biospheric COj exchange due to changes in land use,

Unfortunately, these interpretations are confounded by the potential for error in the

carbon cycle models used to calculate F, and potential error in the history of industrial

CO, etissions used to define F; [Killough and Emanuel, 1981 Siegenthaler and‘(')cs‘ch,gcr,

1987]. Error or uncertainty in either is reflected as error or uncertainty in the estimate of

past terrestrial biospheric exchange. There is also the problem of error in the historical

data being deconvolved, both atmospheric CO, concentrations and isotopic ratios. These

same uncertainties impact estimates of terrestrial biosphere COg release produced by de-

convolution of changes in isotopic ratios recorded in tree rings [Peng et al., 1983; Emanuel

et al,, 1984; Stuiver et al., 1984]. Tree-ring-based reconstructions are especially prone to
limitations imposed by the intrinsic variability of tree-ring isotope records [Freyer, 1980,

Direct reconstruction of CQO, release by explicit consideration of changes in land use
and the response of carbon in soils and vegetation of affected ccosystcmé is preferable to
inferential reconstructions by deconvolution. But here too there are limitations. There
are no direct measurements of the CO, fluxes accmnpuuying(cl’mngos in land use at the
spatial and temporal scales appropriate to large-scale land conversion (e.g., deforestation
of the Amazonian basin). Thus, computer models are used to estimate COy release to the
atmosphere based on data that are available. These data include rates of land use change,
the types of ecosystems affected, and carbon storage in vegetation and soils before and
after the disturbance [Revelle and Munk, 1977, Mo’m‘e et al., 1981; Houghton et al., 1083;
Richards et al., 1983; Bogdonoff et al., 1985]. However, these data have high uncertainties,
and their use contributes a great deal of uncertainty to the reconstruction of past land-use
CO, release [Houghton, 1980). Tt is difficult enough to estimate the amount of COy released

in a single year of the cecent past for which relatively good data is available [Detwilcr et
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al., 1985; Hall et al., 1985; Houghton et al., 1985, 1987]. ‘R.ecomt‘ru(’:ting CO, release over
the last 200-300 years, especially the timing of that release, is made even morc‘(liﬂicult by
the additional demands for histoficnl data and the coincident increase in the uncertainty
of those data. Consequently, there are vary few direct historical-ecological reconstructions
of CO2 release from past changes in land use, especially those that resolve the timing of
that release [Houghton, 1986]. ‘

Nevertheless, it is precisely the history of past CO,. release to the atmosphere, both

. the amounts and the timing, that is crucial to understanding past changes in atmospheric

C‘O‘z and, consequently, to our ability to project future changes. As noted by Siegenthaler
et al. (1978, p. 83], “If a large input pulse occurred only a few decades ago, it is still
influencing thelpresent COgz level by providing a decreasing atmospheric ‘bascline’, since
excess COz is still being taken up by the ocean. The longer ago such an input occurred,
the s‘u’mllcr is its influence on the present trend.”

The purpose of this paper is to examine how different histories of COg release from
changes in land use influence past and future changes in atmospheric COy. We first
simulate the historical response of atmospheric CO, to alternative Listories of land-use
CO, release reconstructed with a historical-ecological model of land-use change and CO,
release, We examine the impact of each history on the coincidence between simulated and
observed atmospheric COy. We then compare these COq release histories with histories
reconstructed by deconvolution of the atmospheric COy record. We conclude by exploring
the implications of these deconvolved reconstructions for the simulation of future changes

in atimospheric COaq,

METHODS
The Models

We used three models of global carbon eycling between ocean and atmosphere (Fig-

ure 1), The first, an implementation of the Oeschger et al. [1975] box-diffusion model, is
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referred to Ihere as the box-diffusion model (Figure 1, model 1), The others are i1’1‘11$101‘1‘10n—
tations of models described by K illough and Emanuel [1981), The first of those is & layered
occan model that considers only ("liffusivd Huxos of carbon in the ocean (Figure 1, model
2); the s‘(;‘(:on(;l uses the same occan structure but considers advective as well as diffusive

fluxes (Figure 1, model 3). These models are referred to here as the discrete-diffusion and

discrete-advection models, respectively. Structurally, the discrete-diffusion and discrete-

advection models correspond to 111()(1015 3b and 3a, réspectivcly, of Killough and Emanucel
(1981]. |

Each model x‘ci,)x'cscuts ocezin-'d,tn’lospher(-: carbon dynamics with a system of ordinary
| diﬂ‘eroﬁtial equdtions' describing changes in carbon mass of the various rescrvoirs or model
compartments. The three models differ 01‘11y in their structural representation of the deep
ocean and their representation of carbon flux within that structure (Figure 1). The models
cach have a 75-m well-mixed surface layer. The box-diffusion model has 42 subsurface
layers of ‘constnnﬁ horizontal cross-sectional arca, 37 layers of 25-m depth down to 1000
m (intermediate waters) and 5 layers of 560-m depth to the ocean floor. The discrete-
diffusion and discrete-advection models have 18 subsurface layers with horizontal areas
that vary with depth according ‘to the hypsography of S'uérdrup et al. [1942] [Killough,
19805 Killough and Emanuel, 1981]. The layer immcdintély below the surface layer is 50
m deep; the next is 76 m. The remaining eight layers of intermediate waters, to 1000 m,
are 100 m in depth. The seven layers between 1000 m and 4500 m are 150 m deep; the
bottommost layer extends from 4500 m to the ocean floor at greater than 7000 m.

The exchange of COy between the atmospliere and the surface mixed layer of the occan
is governed by the difference bitween the partial pressures of COy in the atmospliere and in
sea surface waters., The partial pressure of COy in the atmospliere is proportional to the ra-
tio of the masses of COy and dry air, whereas the partial pressure of COy in surface waters
depends on the chemical equilibria between carbon compounds. We model this chemical

equilibration with the dynamic carbonate chemistry of Tukahashe et ol [1980]). The result
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is a nonlinear function pa(ca) that expresses the dependence of the partial pressure of COg-
dissolved in surfacé waters on the total curbén content of those waters, This relationship
buffers the increase in surface water CO; relative to the increase in atmospheric COjy.
Our implemer.xta,tions of the Killough and Emanuel [1981] models differ slightly from pre-
vious implementations in our use of the Takahashi et al. [1980)] formulation for sea surface
carbonate chemistry rather than the Keeling [1973a] formulation. More importantly, our
implcmentn.ticin of the box-diffusion model differs from the original Oeschger et al. [1975)
implénontation in that we use a dynamic nonlinear .carbonate chemistry, Oecschger et
al. mp‘rcscuté,d sea surface buffering with a constant linear buffer factor.

Mixing and circﬁlatioﬁ remove carbon from the ocean’s surface layer, transferring it
to the deeper layers, where it may be sequestered for several hundred years [Stuiver et
ul., 1983]. Tlle box-diffusion model represents these subsurface fluxes as a system of
ordinary difforential equations deséribing the layered finite-difference approximation of the
partial differential equation representing subsurface mixing as continuous vertical eddy
diffusion [Oeschger et al., 1975). Accordiﬁg to [Siegenthaler, 1983], the model’s diffusion
is best “regarded as a parameterized representation of the various processes of mixing and
advection in the ocean, projected on a vertical axis,”

The discrete-diffusion model represents the transport of carbon by diffusive mixing
and particle flux through successive layers, both upward and downward, as first-order lin-
car kinctics between neighboring layers. The discrete-advection model 1'(31')i'(33(11'1t,s upward
transport in the same way, but downward transport is represented by first-order lincar
kinetics between the surface layer and individual subsurface layers (Figure 1). This down-
ward pathway represents the sinking of cold dense polar waters and the accompanyl..
advective transport of carbon from the surface to the decp‘ ocean (Killough and Emanucl,

1081].



The Simulations

Initial conditions. We assume initial conditions of a preindustrial steady-state car-
bon cycle. An initial atmospheric COy concentration of 277 pL L™ in 1745 is indicated
by the Siple ice core record [Neftel et al,, 1985; Friedli et ol.,, 1986]. The assumption of
steady-state atmosphere-ocean COg exchange determines an equivalent partial pressure
of dissolved (j()z in the surface ocean, The cbrz’esponding mass of surface ocean carbon
is caleulated by solving the surface water equations for chenical equilibria between car-
bon coinpounds with spéciﬁed initial conditions. Inif.ial deep ocean carbon inventories
and ' C activities are as given in Killough and Emanuel [1981]. For the discrete-diffusion
and discrete-advection models, transfer coefficients for the exchange of carbon between
the atmosphere and the surface ocean and thé flux of carbon between ocean layers are
determined from the steady-state equations of carbon transfer and the assumed preindus-
trial carbon inventories and 4 C activities. Transfer coefficients for atmosphere-ocean CO,

Jmnge and the diffusivity coefficient K of the box-diffusion model are determined frmn

the ste Ldy state carbon inventories and by flttmg3 simulations of deep occan '*C to an

idealized global preindustrial profile derived from observations of ocean 1C prior to its

extensive release i nuclear bomb tésting [Oeschger et al., 1975; Broecker et al., 1985).
Anthropogenic emissions. The models are driven from their initial steady states by car-
bon added to the atmosphere from anthropogenic sources. For industrial COq emissions
(fossil fuels plus cement manufacturing), we used the history doplctod in Figure 2, Emis-
sions for 1950-1980 are those derived by Marland et ol. [1989] from United Nations fucl
production data and U.S. Dcl‘)u‘rtnmnt of Interior, Bureau of Mines, data on cement man-
ufacturing, T. A, Boden (Carbon Dioxide Information and Analysis Center, Oak Ridge
National Laboratory, personal communication, 1988) provided the emissions estimate for
1987 based on these same data sources. Fossil fuel COy emissions for 1860-1949 are from

Keeling [1973h, Table 14]. We estimated pre-1860 fossil fuel CO4 emissions with Keeling’s
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[19735,’ equation (6.1)] exponential extra.polﬂ.tioh of the 19601049 data. Similarly,‘ we cs-
timated pre-‘1950 CO; emissions from cement manufacturing according to the exponential
extrapolation of by Keeling [1973D, equation (6.2)).

We considered four different histories of COy release from the anthropogenic conversion
of terrestrial ecosystems from their natural states, or at least their preindustiial states, to
forestry, agricultural produétion, or other uses. In the ‘ﬁrst, we simply assumed that ther'c‘
was in fact nd net C'O, release to f;11e atmosphere from this bioéphcric source. The remain-
ing histories (Figure 3) are from the work of Houghton et al. [1983] and Houghton [1989).
These histories are direct reconstructions based on historical land-use daf.zi. The models
used in these reconstructions, the Marine Biobgical Laboratory Terr -zstr‘ial Carbon Model
(Moore et al., 1981; Houghton et al., 1983; Houghton, 1986] nnd‘itﬂ derivative [Houghton,

1989], describe the net release of carbon to the atmosphere that accompanies changes in

land use by tracking yearly changes in area, age, and carbon content (vegetation and soil)

of terrestrial ecosystems that have been disturbed by various types of land-use change

(e.g., conversion from forest to cultivated land). The areas and ecosystems involved are
estimated from a variety of statistics on wood harvest and changes in agricultural land.
Harvested material is distributed among decay pools with residence times based on the
different uses of the material, and the models calculate the subsequent annual loss of car-
bon from those pools. For example, fuclwood is accounted for in a decay pool with 1-ycar
residence time, Changes in the amount of carbon in vegetation and soils;féllowing the
land-use disturbance are calculated from idealized response curves that describe temporal
changes in carbon mass per unit land area. The curves are parameterized by ecosystem
type and type of land-use change, and they account for factors affecting both loss and ac-
curnulation of carbon without actually modeling processes such as photosynthesis, growth,
mortality, and decomposition [Moore ¢t al., 1981; Houghton et al., 1983]. For cxample,
the impact of fires used in forest clearing is implicitly incorporated in response-curve pa-

rameters defining the amount of carbon in vegetation before and after clearing, The net
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annual 1;)53 of carbon from the vegetation and soils of all ecosiystem types and geographic
regions plus the annual loss from the decay pools for harvested inatgrial is an cstimate
of annual global carbon release to the tttmo‘sphcre from changes in iand use, The models
assume that there is no net exchange of carbon between the atmosphere and ecosystems
not disturbed by land use change.

History A (Figure 3) is the populati‘ombased estimate of Houghton et al. [1983]. We
estimated carbon release Before 1825 by linear extrapolation from the 1825 value to zero
release before 1770, We assumed constant release at the 1980 value for the period 1980-
1987, |

Histories B and C (Figure 3) are more recent estimates [H oughton, 1989] that incor-
porate revised estimates of land-use change, carbon stocks in tropical ecosystems, and the
reduction in soil carbon following forest clearing [Houghton et dl., 1985, 1987]. History B
1s a high estimate based on medium-to-high estimates of tropical biorﬁass; history C is the
corresponding low estiméte based on low estimates of tropical biomass, We estimated pre-
1860 carbon release by linear extrapolation to zero release before 1770, and we assumed
constant release at the respective 1985 values for 1986 and 1987.

A fraction of the carbon added to the atmosphere from the anthropogenic sources
penetrates the ocean surface as CO, and is distributed throughout the ocean according
to the dynamics of each model. The mass of carbon remaining in the atmosphere is
converted to CO; concentration based on the molecular weights of carbon and air and
the dry air mass of the atmosphere, qnuéShnulauxllﬂsunyrofchangcin atmospheric CO,
concentration is then cornpared with the observed history specified by CO; measurements
from the Siple Station, Antarctica, ice core [Neftel et al., 1985; Friedli et al., 1986] and the
mohitoring‘ station at Mauna Loa Observatory, Hawaii, [Keeling, 1986]. (The Mauna Loa
measurements approximate mean global concentrations within 0.2-0.3 pL L™ [Gammon

et al., 1986).)
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RESULTS AND DISCUSSION |
Simuldtion of Past Chunges (1759-1988)

If wé first assume that historically the terrescrial biosphere has made no net contri-

bution to atmospheric CQO,, wecan simulate past changes in atmospheric CO, using only

the history of industrial CO; emissions as atmospheric input. With these assumptions,
the models all underestimate observed concentrations during most of the Siple period

(ca. 1750-1960) and.thrc)ughdut the Mauna Lo‘a period (ca. 1960-1990) (Figure 4). The

- greatest deviations from the observations occur at about the middle of this century. The

mbdels overestimate the rate of change in atmosphefic CO; during the Mauna Loa period.
C‘onseque‘nt‘ly, the differences between observations and simulations narrow duringlthe lat-
fer years of the simulations (Figure 4). The simulations’ overestimates of the change in
atmosphen'c COQ during the Mauna Loa period are consistent with the problem of “miss-
ing” industrial CO; discussed in the introduction. |

The box-diffusion model ‘geu‘erates the smallest net uptake of COy by the ocean
and consequently yields the highest atmospheric concentrations, followed in turn by f.hc
discrete-diffusion model. The discrete-advection model with its more effective transfer of
cari)on to the deep ocean by advective flux has the largest net oceanic CO» uptake and
yields the lowest atmospheric concentrations. Although the differences among models in-
crease gradually with time, the differences are always less than those between observations

and simulations. For ¢xample, in 1987 the difference in CO, concentrations simulated by

the box-diffusion and discrete-advection models is 7 uL L™! while their respective devia-

tions from the Meiuna Loa record are 9 uL L™! and 16 HL L.

If we assume no net input of carbon from natural sources, an underestimation of past
CO; concentrations when COj input is limited to industrial sources suggests the presence
of a significant contribution from past changes in land use. An accurate estimate of the
size and timing’ of that input is indicated by coincidence between observed and modeled

COj, in simulations that include histories of both land-use and incdustrial emissions.
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Figure 5 shows the correspondence; or rather lack of correspondence, between the
observed atmospheric COZ record zxﬁd our simulations combining the histories of land-use
COq release from Figuré 3 with the industiial C’Og emissions as atmospheric inpu‘t. In
each case the sinlulzmtiqns overestimate conceqtrations during the Mauna Loa period. In
thé extreme, when we use the older estimate from Houghton et al. [1983] (history A, Figure
3), the models overestimate the 1987 conqentre‘mtvion by 39-45 puL L~! (Figure 5a). At best,
when we use the 10W estimate of history C (Figure 3), the models overestimate the 1987
‘concentration by 9-20 uL L~! (Figure 5c). For comparison, the change in concentration
over the Méuna Loa period is approximately 35 uL L™!.

Coincidence betWeén simnulation and observation is more variable during the Siple pe-
riod than during ﬂle Mauna Lda period. Simulations with land-use emission history A
do match the Siple record reasonably well until around 1900, when théy diverge radically
from the observations (Figure 5a). Simulations with histories B and C tend to slightly
‘underestimate CQO; concentrations until about 1900 and do reasonably well until about
1950; then they too diverge from the observations, overestimating the concentration and
rate of change for ﬁhe rest of the simulation (Figures 5b,c).

The pattern among models seen in the simulations without CO, from land-use change
(Figure 4) 1s repeated in these simulations (Figure 5). The box-diffusion model produces
the largest atmospheric CO; concentrations and, in these comparisons, the greatest devia-
tion from the Mauna Loa’observations. The discx'eﬁe—a.('lvection model produces the lowest
concentrations and, again in these comparisons, the closest agreement during the Mauna
Loa period. The discrete-diffusion model is intermediate. As in the earlier simulations, the
models slowly diverge from one another with time. Note also that the differences among
models and the differences attributable to land-use emission hisvtory overlap. Simulated at-
mospheric CO; from the discrete-advection model using emission history B approximates

the simulation using the box-diffusion model and emissior. history C (Figures 5b,c). To
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a lesser extent, this is also true for the discrete-advection model using history A and the

“box-diffusion model using history B (Figures 5a,b).

The improvement in coincidence between observation and simulation with the changes
from land-use emission history A to history C is due principally to a change in the amount
of CO; released from past changes in land use rather than to the timing of that release.

Except for nearly'constant or slightly decli’xﬁng COy, releases from ca. 1920-1945 in histories

‘B and C compared with the increasing release for that period in history A, the pattern or

timing of CO; release does not differ appreciably among the alternative emission histories
(Fignre 3). Furthermore, the difference between histories B and C and the accompanying
improvement in correspondence between observation and simulation when history C is used
(Figure 5¢) are due to the lower estimates of tropical biomass used in producing history
C. |

Clearly, understanding of past global carbon cycle dynamics as sﬁmmarized in the
models and emission histories we use here is incomplete. Somewhere, either singly or in
some combination, errors in the record of past CO, concentrations, the reconstruction
of past industrial CQQ emissiéns, the understanding and modeling of ocean-atmosphere
carbon dynamics, or the understanding of terrestrial biospheric sources and sinks (includ—
ing the reconstruction of past CO, release from changes in land use) are large enough to
produce the level of disagreement between observation and simulation seen here and else-
where [Peng et al., 1983; Enting and Pearman, 1986; Enting ‘and Mansbridge, 1987; Keeling
et al., 1989]. For our present purpose we assume that errors in the record of past COq
concentrations and the reconstruction of industrial CO; emissions are negligible; indeed, |
these are two of the better-known corﬁponents of the global carbon cycle, especially during
the Mauna Loa period. Similarly, any error in modeling the net uptake of CQy by the
ocean that might account for the disagreement between simulation and observation must

exceed the uncertainty represented by differences among the three carbon cycle models we

use because all three models fail to produce the desired agreement; we assume that error
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gr‘eater than this uncertainty is improbable and also negligible. Consequently, it remains
that either the reconstructions of past land-use CO; release are in crror or that there have
been éubstantial historical ‘exchanges between the atmosphere and those portions of the
terrestrial bibslz?hel'e not altered from preindustrial states‘ by changes in land use.

' In addition to the scientific interest in u'nderstariding the global biogeozucmistry of car-
bon, resolution of the disagreement between simulation and observation of past changes
in atmospheric COZ is importanl", to the projection of future changes. First, if differences
between observations and simulations were naively ignored and the simulations extended
with assumptidns about future anthropégenic emissions, the initial trajectories of the pro-
jections would be biase‘d by 9-54 uL ‘L"l‘, depending on the choice of model and history
of CO; release from changes in land use (Figure 5). Similarly, the projections’ initial
r‘ates of change, influenced by input from the recent past, would be slightly larger than
the observed rate of change. These initial biases would influence projected concentrations,
especially in the near future. Furthermore, conventional projections of CO;z concentra-
tions assume that the global carbon cycle will continue to operate in the future as it has |
in the past. Conséduently, confidence in projections is proportional to the unclerstarulirg
of pasf changes. If some cafbon cycle dynamic of the past has been overlooked, as the
noncoincidence of simulation and observation in Figure 5 suggests is possible, confidence
in the future behavior of the carbon cycle is compromised. Failure to correctly project
that dynamic into the future could result in erroneous projections of future changes in
atmospheric CO,. In short, improved coincidence between simulations and obscrvat,.ions
of past changes in atxﬁospheric COg4 is needed for projection of future changes.
Reconstruction of Past Terrestrial Brospheric Exchange by Deconvolution

As noted in the introduction to this paper, an estimate of past exchanges between
the atmosphere and terrestrial biosphere can be obtained by constraining the ocean-
atmosphere carbon model to reproduce the combined Siple-Mauna Loa record of atmo-

spheric CO; and calculating the residual flux needed to achieve that fit [Siegenthaler and

" . v W e ' T K o "
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Oeschger, 1987; Keeling et al., 1989]‘ Again, interpretation of the residual flux as fer—
restrial biospheri¢ exchange with the atmosphere is confounded by uncertainties in the
decnnvolﬁtion, but the estimates that result are extremely uscﬁxl as alternatives for com;
parison with the direct historical-ecological reconstructions. Further?norc, they provide the
additional benefit of ‘allowing for the projection of future COQ‘ changes from current con-
centratiéus émd rates of change since they are produced by simulations that are constrained
* to reproduce these observations. Given the incompatibility of cﬁisting historical-ecological
reconstructions of past land-use CO; release with conventional globally averaged one-
dimensional models of ocean-atmosphere CQ, exchange (Figure 5) [Enting and Pearman,
1986; Lnting and Mansbridge, 1987) and with at least the first generation of regional-
ized two-dimensional tracer-based modelsr [Peng, 1986; Ent‘ing‘an‘d Mansbridge, 1987] and
three-dimensional ocean general circulation mddels [Keeling et al. 1989], the constrained
atmosphere 5pproach to shnulating past COz changes is virtually indispensable for the
projection of future changes.

In Figure 6 we compare our constrained simulation with the historical record of past
changes in atmospheric CO;. We used a modiﬁcétion of the approach to constrained atmo-
sphere simulation used by Killough and Emanuel [1981), and we smoothed the simulation |
by cubic splines to just maintain a monotonic increase in simulatéd COq concentration,
Note that the simulated history of CO; is the same for each of the three models but that
the residual flux required to achicve that simulation varies inversely with the occanic up-
take of the models (Figure 7). For example, the box-diffusion model simulates the smallest
net oceanic uptake and consequently generates the largest residual flux in producing the
simulation of Figure 6, |

If the anthropogcnic’ CO; emissions driving the model simulations are limited to indus-
trial sources, the residual flux can be interpreted as the net exchange of carbon between the
atmosphere and the entire tcrrestrial ‘l)iosphcre (Figure 7a). If COg release from land-use

change is also included (e.g., the Listories of Figure 3), the residual flux can be interpreted
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as the net exchange between the atmosphere and those portions of the terrestrial biosphere

that have not been disturbed by land-use change (Figures Th—d). In these latter simula-

tions, the size and timing of the residual flux reflect the input from land-use change; the

larger the estimate of COz release from land-use change during the Mauna Loa period,
the larger (lﬁox'e negative) the compensatory residual flux uptake must be to achieve the
same observed change in atmoépheric CO;. Note the reduction in the residual flux from
Figure 7b to Figure 7d with the change in land-use COz history from the high estimate of
Houghto’n et al. [1983] (Listory A, Figure 3) to the low estimate of Houghton [1989) (‘history
C, Figure 3). |

Interpretation of the residual flux as exchange with the terrestrial biosphere suggests
either that net releases from past changes in land use have been appreciably lower than
those estimated by the land-use change models or that there has been a significant amount
of carbon up‘take and sequestering by terrestrial e(:oéystcms not expcrieﬁcing I%LI‘icl-tls(:

change. Indeed, with no CO, input from land-use change, the results from the box-

diffusion and discrete-diffusion simulations suggest that the terrestrial biosphere as a whole,

“including both altered and unaltered systems, has been a small-to-moderate net sink for

atmospheric COy since about 1950 (curves 1 and 2 of Figure 7a). These results agree
with those of Keeling et al. [1989, Figure 46] for their box-diffusion model calibrated with
preindustrial C and their version of the three-dimensional ocean model of Maier- Reimer
and Hasselman [1987]. Our results from the discrete-advection model also suggest a recent
global net biospheric sink, albeit much smaller and of shorter duration (curve 1, Figure
Ta). This result is comparable to those of the Siegenthaler and Oecschger [1987] and the
Kecling et al. [1989] box-diffusion models calibrated with bomb C, |

Interpreting the negative residual flux values from the simulations that use only in-
dustrial COq inputs as global net CO2 uptake by terrestrial ecosystems implies that these
systems have in recent years assimilated and sequestered enough COy to account for any

CO; from industrial sources in excess of the increase in atmospheric COy and that taken
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up by the ocean, as well as any additional CO; from changes i;1 land use, Accordingly, the
larger the estimate of COy release from those portions of the terrestrial biosphere undergo-
ing Iclmnges in land use and actiﬁg as a source of atmospheric COq, the larger the iizfem“ed
uptake by the natural or uualtered portions of the terrestrial biosphere must be (Figures
Th-d) to achiéw the same total net terrestrial biospheric exchange with the atmosphere
(Figure 7&); .

Interestingly, the estimates of terrestrial biospheri¢c COq uptake inferred from the resid-

! carbou sink required by Tuns et

ual flux results are comparable to the 2.0-3.4 Gt yr~
al. [1990] to match the latitudinal gradient of atmospheric COz and balance the carbon
budget, although t,}‘rney use an entirély different approach to modeling oceanic CO4 uptake.
Further analysis of the estimates of terrestrial biospheric flux and past behavior of the ter-
restrial biosphere (e;g;, the capacity of unconverted ecosystems to sequester the required
carbon and mechanisms explaining the apparent historical increase in that sequestering)
is of considerable interest but beyond the scope and objectives of this paper and will be
treated elsewhere (sce Houghton [1986) and Keeling et al, [1989)] for related discussion). For
our present purpose we next turn to the implications of these past terrestrial biospheric
fluxes for projection of future changes in atmospheric COq with simulations that have been
constrained to reproduce past changes,
Implications for Future Changes

We begin by noting that future changes in atmospheric COy tend to be dominated
by the projected scenarios of change in industrial CO, emissions and uncertainty in what
those emissions will be. Consequently we limit oursclves to a single scenario of future
industrial COq emissions, one that approximates a continuation of current trends in the
use of fossil fuels (Table 1), and consider the influence of alternative scenarios of future
terrestrial biospheric COy exchange on projections ?)f atmosphieric COy concentrations that

use that scenario for future industrial CO, emissions,
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Figure 8 shows projected COy concentrations if we asstiime no net exchange hetween
the atmosphere and terrestrial biosphere with future increnses driven only by industrial
CO, emissions, Despite identical constrained simulation of past changes (Figure 6), the
model simttlations slowly diverge as the simulations are continued into the next century, As
before, the box-diffusion model yields the highest concentrations and the discerete-advection
model the lowest, with a difference in 2100 of 63 puL L~', Again, for comparison, the
observed change over the Mauna Loa period is approximately 36 pL L', Thus differences
in projected atmospleric COy attributable to differences in the carbon cycle models (i.e.,
thieir representation of ocean structure and carbon transport) are not trivial, However, as
we shiow in the following discussion, differences attributable to uncertainty in terrestrinl
biospheric exchange can exceed the differences among models,

Based on our deconvolutions of the Siple-Mauna Loa record, recent net carbon uptake
by those portions of the terrestrial biosphere 1‘1(;;£ disturbed l;)ywlz-uu,l«usc change could be
quite small, nearly zero, or as large as 3 Gt C yr=! (Figure 7h-d). Assuming no net future
terrestrial biospheric COy release from land-use change or other sources, we can draw an
envelope of uncertainty around the projected response to industrial COy emissions that is
a consequence of the uncertainty in past terrestrial biospheric exchange and the projection
of that exchange into the future, One of many such possible envelopes is shown in Figure 9,
Witil the upper bound formed by the discrete-diffusion model and zero future net i)i()HI)ll(:I‘i(ﬁ
exchange and the lower bound by the same model and a constant 3 Gt yr~! carbon uptake
by the terrestrial biosphere. Projection of smaller terrestrial biospheric upmkﬁ would of
course narrow this envelope, clevating the lower bound, Ou the other hanud, projection of
a future biospheric uptake that increased with time, as the deconvolutions suggest may
have occurred in the past, perhaps in response to changing climate or atmospheric CQqg,
would expand the uncertainty envelope, depressing the lower hound,

Future changes in atmospheric CO4 will of course bo influenced by any significant

release of COy from future chauges in land use, Projections of land-use COy relense are
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Hearee ‘n:u(l uncertain, Howaver, we can get some idea of thelr influence on projocted
chinngoes in atmospheric COq by using projections of future land-use COy release provided
by R. A. Hbug‘ht(m (pcfmnml communication, 1088) (Figure 10) (sce [Houghton, 1090)
for related projoctions), In Figure 11 we show the resulting envelope of uncertainty for
‘the discrete-ditffusion model, assuming zero net exchange with terrestrinl ecosystems not
disturbed by land-use change, The upper bound is produced when the population-based
scenario of Figure 10 is used; the lower bound results from the reforestation scenario of
Figure 10,

We want to emphasize that the uncertainty in projected COg concentration resulting
from uncertainty in past tervestrial biospheric COy cxcylmng;c (Figure 9) is of the sane
magnitude as that resulting from uncertainty in future land-use COy release (Figure 11),
Both exceed the uncertainty in ocenn-ntmosphere modeling (Figure 8) by about 50%, The
combined uncertainty of ocean-atmosplicre carbon cyclé ‘modeling and past and future
tm‘rcstrié.l biospheric exchange is illustrated in Figure 12, The upper bound is from the
box-diffusion model, assuming no future net COy exchange with the unaltered terrestrial
ccosystems and the 1)61)\11&&()11-bumtl projection of future land-use CO¢ release. The lower

bound is from the discrete-advection model agsuming a constant 3 Gt yr™!

carbon uptake
by unaltered torrestrinl ccosystems and the reforestation scenario of future land-use change,
A comparison of Figures 11 and 15 indicates that uncertainty about terrostrial biospheric
exchange with the atmosphere inereases the range of pr(iject.(‘.(‘l COy concentrations for 2100
from 774-827 L L"“' bo 668-035 pL L', Furthermore, the period in which a doubling of

atmospheriec COy over preindustrial concentrations is achieved (i.e., a future concentration

of approximately 556 gL L) inereases from 2056 20062 to 2041-2080,

CONCLUSIONS
Onr results veaffirm earlier conelusions that the Houghton et al. [1983] population-
based history of COy relense from past changes in Innd use, reconstructed by explicit con-

sideration of carbon dynnmics iu terrestrial ccosystems disturbed by historieal changes in
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land use, is incompatible with measurements of atmospheric COy and conventional ocenn-
atniosﬁhem carbon cycle models (Peng et ol,, 10835 Enting and Pearme ., 1080; Enti'n.g
and M(m.ébrz'dgu, 1087, Keeling ct ol., 1989; VOE Multi-Laboratory Climate Change C’miq~
mittee, 1990] (sce Broecker et al, [1080), Ocschger and Heimann [1983], Elliot «t al, [10806),
and Enting and Pearman [1086] for rolated discussions). We have also shown that more-
recent estimates of the history of land-use COy release basoed on the same approach do not
significantly resolve the incompatibility,

An understanding of past terrestrial biospheric behavior is important for projecting
future changes in atmospheric COy. Disagreement botween simulations and the historical
record of atmospheric COy can lead to initial bias in the 1‘)1‘(’)jc(twti01'1 of future changes,
Morcover, the residual carbon flux needed to balance observation, model, and history of
CO, input to the atmosphere suggests unknown carbon c.yc.lq dynamics that can have
appmcinl)M impact on the projection of future changes in atmospheric COy, Our regults
show that uncertainty surrounding the past source-sink behavior of the terrestrial biosphere
can have as much influence on the projection of future atmospheric CQOy as uncertainty in
future anthropogenic emissions,

The long-standing issue of the terrestrial biosphere’s role as a historical source or sink
for atmospheric COy [e.g., Reiners, 1073; Broccker et ol., 1080; Hobbic et al., 1984] lins yot
to be resolved, Broecker et al. [1980] concluded that understanding of global terrestrial
biospheric dynamics was such that it was not possible to say whether the terrestrial bio-
sphiere of recent decades hins been a sonrcee or sink for atmospheric COy, and consequently
knowledge of the terrestrial biosphere could not be used to distinguish between alternative
maodels of oceanie carbon uptake. A decade lanter, one can still reach that same conclusion,

There is need for continued cfforts to reconstruct the role of the terrestrial biosphere
in past changes in atmospheric COy and to resolve incompatibilities between the deconvo-
lution and historical-ceological approaches, The dilemma of relying on ocean models with

uncertain ocean-atmosphere exchange that cannot be resolved by terrestrial hiosplierie
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dute to define the uncertain behavior of the berrestrial blosplhiore by deconvolution may
be with us for some time, but progress can be made in the direel and explicit roconstrue-
tion of higtorical COy exchange betwoen atmosphete and terrogtrial l:)i()ﬂj)lloz'c based on
knowledge of terrestrial ocosystoms, Those offorts must continue to consider the history of
land-use change and the associabed carbon dynamices of disturbed ecosystems [sensu Moore
et al., 1081y Houghton et «l.,, 1083]. The improved correspondence betweon observations
and simulations using land-uso COy relense history C (Figure 8) with its assumptions of
low tropical biomass suggoests that careful attention should be given to estimating the
biomags of tropical forests before and after land-use change [e.g,, Broum et al., 1989). Si-
multancously, there must be further consideration of the listory of carbon dynamics in
ecosystems that have not been substantially altered from preindustrial states by land-use
change (e.g, high latitude boreal forests), From the general perspective of global blomass
burning, improved estimates of fuclwood constption, the use and impact of fire as an
agens of land-use change, a.nd thie oceurrence ard impact of fire in natural ccosystems will
all contribute to this effort.

~ Additional consideration should be given to the terrestrial biospherie dynamics of 14,
including the influence of land-use disturbance. Keeling et ol [1989] have demonstrated
how analysis of changes in atmospheric '3C can aid in determuining the terrestrial bio-
sphere’s contribution to changes in atmospheric COy concentrations, Incorporation of 4
into historical-ccological models of land-use clmﬁgﬂ and carbon dynamics should prove
usceful in this analysis,

Finally, for ecosystems unaltered from preindustrial states as well those disturbed by
changes in land use, additional consideration must be given to the past response of terres-
trial carbon dynamics to rising concentrations of atmospheric COy and other changes in
the environment, Representations of terrestrial biospherie response to elevated COy and its
impact on atmospheric concentrations in global carbon cycle models that have attempted

to model this dynamic [e.., Becastow end Keeling, 1973 Ocschger et al,, 1975y Bjérkstrim,



W

23
19701 Goudrican and Ketner, 1084; Kohlmaier ¢t ol, 1981, 1087; Esser, 1087] arve often
discounted for thoe 1@(’1{ of attention to physiologieal processos, ecological limitations, anndl
the simple extrapolation of growth chamber results to the fleld and to global scales [c.g.,
Goudrican and Ajtay, 1070, Strain and Armnenteno, 1982 Dallinen, 1086; Peterson and
Melillo, 1086], If these reproseutations are indecd too simplistic, for example many do not
include both climate and COy response (but see Esser [1087]), the appropriate level of
ccological realism should be determined and incorporated into global carbon cycle models
that simulato historical changes in atmospherie COy and tested against observed changes
in "*C and C [Bolin, 1086),

Efforts to define current rates of tropical deforestation and the accompanying release of
COg should continue [c.g., Houghton et al,, 1985, 1987, Dct-wz’lar and Hall, 1988). But it is
equally important to resolve the terrestrinl biospheric exchange of the past several decades
(both relense and uptake). Indeed the presence or absence of a peak or maximum iri
the input of CO2 to the atmospliere from the terrestrial biosphere prior to the Mauna Loa
(')bsel'vu.ti‘un period may be crucial to the coincidence of simulated and observed atmospheric
COy [Ocschger and Heimann, 1983; Enting and Mansbridge, 1987; Keeling et al., 1989].
Many of the model deconvolutions of past terrestrial biospheric behavior point to the
existence of such a maximum [P‘f:ng ¢t al,, 1083; Emanuel ¢t al,, 1984; Stuiver et al., 1984;
Peng and Fr'c‘yer, 1086; Sicgenthaler and Ocschger, 1087; Keeling ¢t al, 1989; Figure 7Ta,
this paper]. (Stutver et al.’s [1984] deconvolution of the 61%C record of Pacific constal trees
is an exception.) With the exception of the Houghton et al. [1983] analysis based on Food
and Agriculture Organization (FAQ) statistics on land use and an exercise assuming larger
carbon stocks in forests cleared prior to 1900 [Houghton, 1986], this peak is absent from
historical-ceological reconstructions. Resolution of this and other historical behaviors of
the terrostrial biosphere will go o long way towards improving our confidence in past and

future behavior of the terrestrial biosphere and its role in the global carbon ¢yele, In this
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way, knowlodge of the terrestrinl biosphere can better be used in the evaluation of ocean

models, and our ability to projoct future changes in atmospheric COy will be enhanced.
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FIGURES

Mg, 1. Structural reprosontation of tho oconn in the thiree carbon cyele modols, Arrows
')

indicate the flow of earhon,

Fig, 2, The history of aunual COy release to the atmosphiore from fossil fuols, Horing of
unbural gus, and coment munufacturing (-) [Keeling, 10730 Marland et ol., 1080), Fossil

fuels contribute approximately 96.6% of the estimated annual industrdal COy omissions,

Fig, 3., Throee histories of global net carbon release to the atmosphere from past chiangos in
land use, History A is the population-based estimiante of Houghton ¢t ol [1983], Histories B
and C are from Houghton [1080]. High estimaies of tropieal hlomass carbon are agsumod
in listory B, and low estimates are assumed in history C, History B approximates the

lnnd-use COy release history presented in Houghton and Woodwell [1089, p. 30, graph d].

g 4. Comparison of wodel simlations () with the rocord of observed chinnges in ntmo-
spherie COg from the Siple (¢) and Mauua Loa (o) 1‘(‘:(3()1’(1%4 whien the models” atmospheric
COy inputs are limited to the industrial sourcee of Pigure 2, Numbers refer to the modaels of
Figure 1, The Siple record is the concentration of COg in air- hubbles trapped in old ico of
an ice core extractod b Siple Station, Antarcticn [Neftel el al., 10855 Friedls et al,, 1080);
the Maunn Low record is the annual average atmospheric COy concentration recorded at

Mauna Loa Observatory, Hawaii (o) [Keeling, 1080),

Fig. 5. Comparison of model simulations (- ) with the combined Siple -Mauna Loa record
of observed changes in atmospheric COy (o) when the histories of past lund-use CO, relenso
from Figure 3 are combined with the industrial COy emissions of Figure 2 as model inpt,
(a) Simulations with history A (Figure 3), (h) Simulations with history B (Figure 3).

(¢) Simulations with history C (Figure 3), Observed concentrations are ng in Figure 4,
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Flg, 6, Simulation of past chiangos in abmosplierie COy (++) constradnod to reprodiee the
observod cliangos of the comblued Siple-Mauna Lon record (o). Obsorvod concontrations

nre as in Flgure 4,

Plg. 7, Restdual flux roquired to prodice the stmudation of Figure 6 for difforont Listorios
of land-use COy release, Numbers refer to the models of Figuee 1. (o) No lund-use COy
release, (b) Simulations with history A (Figure 3). (¢) Simulntions with history B (Figure

3). (d) Stmulations with history C (Figure 3),

Mg. 8, Simulations'of future (:lm.ugt".s; in atmosphoerie COy, nssuming the industrial CO,
emission seenario of Tuble 1 and no net exchange of COy between the atmosphere and
terrostrial biosphors Sinmlations of past chinngos in atmospliorie COy are identieal to the
simulation of Figure 6, The upper curvo s from the box-diffusion model (model 1, Figure
1), the middle curve i from the diserote-diffusion model (model 2, Pigure 15, and the

hottom curve i from the diserete-advection model (model 3, Figure 1),

Fig. 0, Envelope of uncertainty surronnding the the diserete-diffusion model’s simulation of
future chinnges in atmosplieric COy in response to the industrinl COy emission scenario of
Table 1 that resulbs from uncertainty in past terrestrial biospherie COy exchange with the
atimnosphiere and the extrapolation of that exchange into the future, In these simulations
we agsume no futare COg input to the atmosphere from changes in land use. The upper
bound of the envelope results from the assuwmption of zero future net CO4 exchange with
the tervestrind biosplierey the lower hound results from the ngsumption of a congtant 3 Gt

C yr~" uptake of COy by the terrestrinl biosphere,
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Pig. 10, Projections of COy releaso to the atmosphere from future changes i land use
(Richard A, Hovghtow, personal communiention, 1088) from the Houghton [10890] fmple-
maontation of the Houghton et ol [1083] modol of land-uwo chiango and COy relonse, In the
exponentinl ineronse seenario, tropieal deforestation was assumod to ineronso exponentindly,
I the population-basod lneronse sconario, rogional deforestation was asstunoed o ineroase
at thie sane rate ng the population growth of the saane roglon, In the reforestation scennrio,
rabos of deforestation were nssumed to doerense to zoero by 2026 with oxtensive reforestation
through abandomnont of arcas of shifting cultivation, pluted pastures of Latin Ameriea,

and the establishment of tropical tree plantation,

Fig. 11. Envelope of uncertainty surrounding the the diserote-diffusion model’s sitlation
of future changes i atmospherie COy in response to the industrial COy emission seenario
of Table 1 that results from uncortainty in future COy rolense from changes in land use,
In these simulations we agsume no future net COy exchange with those portions of the
terrestrial biospliere not altered by land-use change, The dashed curve (- - =) s the sim-
wlated response to the industrinl COy inputs alone, assuming no net COy exchange with
the terrestrinl biosphore. Tl upper solid curve (=) 18 an upper bound produced when
tlie population-hased COy release scenario of Figure 10 is used; the lower solid ¢urve (+)

is & lower hound produced when the reforestation scenario of Figure 10 is used,
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Mg, 12, Envelope of uncortainty surrounding the the diserote-diffusion model’s simulation
of future changes in atmosphoric COy in response to the industrial COy emission scenario

|
of Tuble 1 that results from the combined uncortaintios in ocenn-atmosphore curbou eyele
modeling, pust COy exchange with the terrostrial blosphore and the extrapolation of that
oxclinnge into the future, and future COy rolease from land-use change, The dashed
curve (- - ) i8 the disercte-diffusion model’s rosponse to the industrial COy inputs alone,
assumdng no net COy exchange with the torrestrial biosphere, The upper solid curve (—-)
o .

i an upper bound produced with the box-diffuston model, assuming zero future not COq
exchange with the terrestrial biospliere not altered by land-use chiange and the population-
basod projoction of future land-use COy release from Figure 10, The lower solid curve (—)
{o & lower bound produced with the diserote-advection model asumming a constant 3 Gt
C yr~! uptake of atmospheric COq by that part of the terrestrial biosphere not disturbed

by land-use change and the reforestation scenario of future land-use CO4 “relense” from

Figure 10,



TABLE 1. Projocted Industrial COy Emissions

CQy Emission,

Yoar 10" kg C yr~!
2000 | 6.7
2026 10,1
2050 13.8
2075 o 18.0
2100 220

Industrial sources include commercial encrgy
production and cement manufacturing [IPCC,

1089].
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