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Abstract. A coupled carbon cycle-climate model is used to compute global 
atmospheric CO 2 and temperature variation that would result from several future 
CO 2 emission scenarios. The model includes temperature and CO 2 feedbacks on 
the terrestrial biosphere, and temperature feedback on the oceanic uptake of CO 2. 
The scenarios used include cases in which fossil fuel CO 2 emissions are held 
constant at the 1986 value or increase by 1% yr 1 until either 2000 or 2020, 
followed by a gradual transition to a rate of decrease of 1 or 2% yr -~ . The climatic 
effect of increases in non-CO 2 trace gases is included, and scenarios are 
considered in which these gases increase until 2075 or are stabilized once CO2 
emission reductions begin. Low and high deforestation scenarios are also 
considered. In all cases, results are computed for equilibrium climatic sensitivities 
to CO 2 doubling of 2.0 and 4.0 "C. 

Peak atmospheric CO2 concentrations of 400-500 ppmv and global mean 
warming after 1980 of 0.6-3.2 ~ occur, with maximum rates of global mean 
warming of 0.2-0.3 ~ decade -l . The peak CO 2 concentrations in these scenarios 
are significantly below that commonly regarded as unavoidable; further sensitivity 
analyses suggest that limiting atmospheric CO 2 to as little as 400 ppmv is a 
credible option. 

Two factors in the model are important in limiting atmospheric CO2: (1) the 
airborne fraction falls rapidly once emissions begin to decrease, so that total emis- 
sions (fossil fuel + land use-induced) need initially fall to only about half their 
present value in order to stabilize atmospheric CO2, and (2) changes in rates of 
deforestation have an immediate and proportional effect on gross emissions from 
the biosphere, whereas the CO2 sink due to regrowth of forests responds more 
slowly, so that decreases in the rate of deforestation have a disproportionately 
large effect on net emission. 

If fossil fuel emissions were to decrease at 1-2% yr ~ beginning early in the 
next century, emissions could decrease to the rate of CO 2 uptake by the predomi- 
nantly oceanic sink within 50-100 yrs. Simulation results suggest that if sub- 
sequent emission reductions were tied to the rate of CO2 uptake by natural CO 2 
sinks, these reductions could proceed more slowly than initially while preventing 
further CO2 increases, since the natural CO2 sink strength decreases on time 
scales of one to several centuries. The model used here does not account for the 
possible effect on atmospheric CO 2 concentration of possible changes in oceanic 
circulation. Based on past rates of atmospheric COa variation determined from 
polar ice cores, it appears that the largest plausible perturbation in ocean-air CO 2 
flux due to changes of oceanic circulation is substantially smaller than the per- 
mitted fossil fuel CO2 emissions under the above strategy, so tieing fossil fuel 
emissions to the total sink strength could provide adequate flexibility for re- 
sponding to unexpected changes in oceanic CO2 uptake caused by climatic 
warming-induced changes of oceanic circulation. 

1. In troduct ion  

T h e  a t m o s p h e r i c  c o n c e n t r a t i o n  o f  C O  2 a n d  o t h e r  g r e e n h o u s e  g a s e s  is e x p e c t e d  to  
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increase significantly over the next few decades and to lead to large and essentially 
irreversible changes of climate. It is often regarded as an established fact that 
atmospheric CO 2 concentration will eventually double, the only question being 
when this doubling will occur. Most recent carbon cycle model studies of possible 
future CO 2 concentrations assume fossil fuel CO 2 emissions to grow exponentially 
at rates ranging from 0.3% yr -1 to 3.0% yr -1 (i.e.: Goudriaan and Ketner, 1984; 
Trabalka et al., 1986) or assume that the entire recoverable fossil fuel resource will 
be consumed following a logistic curve (i.e.: Bacastow and Bjorkstrom, 1981; 
Killough and Emanuel, 1981; Viecelli et al., 1981; Siegenthaler, 1983). 

Some studies consider scenarios in which CO2 emissions decrease (Perry et al., 
1982; Laurmannn and Spreiter, 1983; Khandani and Rose, 1985; Perry, 1986; 
Maier-Reimer and Hasselmann, 1987). Ekdahl and Keeling (1973) had showed 
that, for an exponential increase of CO 2 emissions with an invariant time con- 
stant kt, the airborne fraction (the fraction of emitted C O  2 remaining in the atmos- 
phere) is approximately constant after a few multiples of kt for linear models. Perry 
(1986) argued that the error introduced by assuming a constant airborne fraction 
for scenarios in which CO 2 emissions begin to decrease is small, even for scenarios 
leading to CO 2 ceilings as low as 500 ppmv. However, results of Maier-Reimer and 
Has selmann (1987) and discussion by Firor ( 1988) indicate that the ocean will take 
up an increasingly larger fraction of emitted CO2 as emissions decrease, corre- 
sponding to a decrease of the airborne fraction. 

Numerous studies have shown that substantial reductions in total energy use, 
and hence in CO2 emissions, are possible in the industrialized world through 
improved efficiency of energy use, and that the third world need not follow the 
industrialized world's path of high energy use as it undergoes development (see 
Lovins, 1980; Cheng et al., 1986; Goldemberg et al., 1985, 1988; Johansson and 
Williams, 1987; Chandler, 1988; Johansson et al., 1989; and references therein). In 
particular, Goldemberg et al. (1985, 1988) show that in a world of 7 billion people 
by 2030, the third world could be brought to a Western European standard of 
living and the industrialized world's per capita primary energy use reduced by 50%, 
for an increase of global primary energy demand of only 10%. 1 

Given the tremendous scope for reducing CO 2 emissions below what they 
would otherwise be by improving energy efficiency, the further decreases possible 
through increased use of non-fossil fuel energy sources (see Harvey, 1989a), and 
the tendency of the airborne fraction to decrease as CO2 emissions decrease, it is 
pertinent to examine the impact on atmospheric CO 2 concentration of a number of 
CO2 emission reduction scenarios. To do this, we use a coupled climate-carbon 
cycle model which includes the additional forcing attributable to the buildup of 
other greenhouse gases. 

i Although total primary energy demand (commercial + non-commercial) increases by only 10%, com 2 
mercial primary energy demand increases by 30% globally and by 120% in the developing world 
according to this scenario. 
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2. Model Description 

2.1. Climate Model 

We use the globally averaged upwelling-diffusion model  of Harvey and Schneider 
(1985), which consists of an atmospheric box, a surface box equivalent to the 
oceanic mixed layer and a thin slab representing the land thermal inertia, and an 
advective-diffusive deep ocean. In this model the outgoing infrared emission to 

space F is parameterized as 

F = A + B T ,  (1) 

where A and B are constants and T is atmospheric temperature. The  equilibrium 
sensitivity of the model  to a given radiative perturbation can be controlled by 

changing the value of B, with a compensating change in A to give the same infrared 
emission to space for the present global mean temperature. Recent  G C M  sensitivi- 

ties for a CO2 doubling, ATzx, range from 2.8 ~ (Schlesinger and Zhao, 1989) to 
5.2 ~ (Wilson and Mitchell, 1987), although an alternative model-based approach 

suggests that AT2x is in the range 2 - 3  ~ (Harvey, 1989b). Here,  we use sensitivities 
of 2 ~ and 4 ~ with A = -376 .73  W m -2 and B = 2.2375 W m -2 K -1 for AT2x = 
2 ~ and A = - 74 .98  W m -2 and B = 1.1875 W m -2 K -1 for AT2x = 4 ~ 

The  radiative forcing due to the buildup of greenhouse gases is imposed by 
adjusting the parameter  A by an amount  given below. The climate model is first run 
to equilibrium with pre-industrial values of all trace gases, then integrated from 

1770 to 2200 or 2300 using yearly atmospheric CO2 values and other trace gas 
concentrations. 

In order  tO obtain an equally good fit to the historical temperature trend over the 
past 120 yrs with different values of AT2x, different values of the upwelling velocity 
w and diffusion coefficient K are used for the two sensitivities. For  ATex = 2.0 ~ 
we use w = 4 m yr -1 and K = 0.6 cm 2 s -1 , while for AT2x = 4.0 ~ we use w = 0 and 
K = 3 cm 2 s -1, giving a purely diffusion ocean model. Both changes for AT2x = 

4.0 ~ contribute to a slower transient response when scaled by the equilibrium 
sensitivity (Harvey, 1986). 

2.2. Carbon Cycle Model 

The carbon cycle model consists of a convolution integral which mimics the ocean- 
ic uptake of anthropogenic CO 2 obtained by the Maier-Reimer and Hasselmann 
(1987) oceanic general circulation model (GCM), a correction for temperature 
ocean-pCO;  feedback, and a terrestrial biosphere model which is driven by 
changes of atmospheric CO 2 and temperature. 

Oceanic Uptake of CO 2 
For  a linear system, the variation of atmospheric CO 2 concentration y(t) as a result 
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of an emission perturbation x(t) and oceanic uptake of CO 2 can be obtained as the 
convolution of the emission function with the impulse response G(t) of the ocean 
to an instantaneous injection of CO 2. That is, 

y(t) = y ( 0 ) +  J l  G ( t - t ' ) x ( t ' ) d t ' .  (2) 

Maier-Reimer and Hasselmann (1987) computed the impulse response G(t) of 
their three-dimensional oceanic GCM to the sudden injection into the atmosphere 
of an amount of CO 2 equal to 0.25, 1.0, and 3.0 of the initial CO 2 amount. G(t) is 
expressed as a sum of exponentials in the form 

G(t) = Ao + ZAi e -~/~' , (3) 

where A 0 + XAi = 1.0 and ri is the time constant governing the decrease in the 
fraction Ai of the initially injected CO 2 . The A~ and r~ are given in Table I for the 
reader's convenience, and can be seen to be similar for injections of 0.25 and 1.0 of 
the initial CO2, indicating close to linear response, but differ for an injection of 3.0 
times the initial CO2, as the oceanic ability to absorb CO 2 decreases. Here, atmos- 
pheric CO 2 is computed as 

I: y(0 = y(O)+ G (t-C)x(C)dt'+ 

+ a 2 ( t - t ' ) x ( t ' ) d t ' +  G 3 ( t - t ' ) x ( t ' ) d t ' ,  (4) 
tl  J t2 

where G1 (t), G2 (t), and G 3 (t) are the impulse responses for injections of 0.25, 1.0, 
and 3.0 times the initial CO2, and tl and t 2 are the times at which the cumulative 
anthropogenic CO2 emission equals 0.5 and 1.0, respectively, of the preindustrial 
atmospheric CO 2 content. Time t~ occurs around the year 2000 for an initial CO s 
concentration of 280 ppmv (590 GT C, 1 GT = 10 9 metric tonnes) with fossil fuel 
emissions alone, and occurs sooner when net biospheric emissions are included. 
For most scenarios considered here, time t 2 is not reached, so only the first two 
integrals of Equation (4) are used. Equation (4) was tested against the published 

TABLE I: Coefficients derived from the Maier-Reimer and Hasselmann (1987) oceanic GCM for 
an impulse CO 2 input to the atmosphere of 0.25, 1.0, and 3.0 times present atmospheric CO2. See 
text for explanation 

A i ~c i 

CO 2 injection: 0 1 2 3 4 1 2 3 4 

0.25 x present 0.131 0.201 0.321 0.249 0.098 362.9 73.6 17.3 
1.0 • present 0.142 0.241 0.323 0.206 0.088 313.8 79.8 18.8 
3.0 • present 0.166 0.356 0.285 0.130 0.063 326.3 91.3 18.9 

1.9 
1.7 
1.2 
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response of the full GCM to an injection of 5000 GT C by the year 2400, and gave 
a peak atmospheric CO2 concentration of about 1400 ppmv compared to about 
1625 for the GCM. For impulse inputs of 0.25 and 1.0 the initial atmospheric CO2, 
the convolution integral gives much closer agreement with the GCM response, as 
indicated in Figure 17 of Maier-Reimer and Hasselmann (1987). Yearly CO 2 emis- 
sion rates are assumed to be constant for the current year, so Equation (4) is inte- 
grated analytically one year at a time. 

The uptake of anthropogenic CO 2 by the oceanic GCM matches very closely 
that of the box-diffusion (BD) model of Oeschger et al. (1975), calibrated to give 
the correct uptake of bomb 14C. As discussed by Bjorkstrom (1986), BD models 
cannot be made to simultaneously give the correct profile of both prebomb 14 C and 
bomb 14C unless an unrealistically large mixed layer depth (500 m) is assumed. 
Using a more realistic mixed layer depth requires a larger diffusion coefficient for 
the transient tracer (bomb 14C) than for prebomb 14 C. This discrepancy can be 
resolved if a larger diffusion coefficient is more appropriate in the main thermo- 
cline than in the rest of the ocean, as the transient response would depend most on 
the diffusion coefficient in the upper ocean. As we are most interested in the tran- 
sient response to a CO2 injection, it is encouraging that the oceanic GCM agrees 
well with the BD model calibrated to bomb 14 C. It should be kept in mind, however, 
that the effective diffusion coefficient for oceanic uptake of a tracer depends on the 
relationship between input to the ocean surface and outcropping isopycnal sur- 
faces, and can therefore differ from tracer to tracer (or between heat and tracers, as 
discussed in Harvey, 1986). We can nevertheless expect the input pattern for CO2 
to be closer to that of 14C than to other tracers, as discussed by Emanuel et al. 

(1985). 
The oceanic GCM used to deduce G(t )  advects carbon by the three-dimension- 

al current field and includes a 7-component chemistry for computing air-sea 
exchanges, but neglects biological oceanic carbon cycle processes and contains no 
feedback between temperature and the oceanic CO 2 partial pressure pCO 2 or 
between climate and the oceanic circulation. The neglect of biological processes 
affects the simulation of the present-day distribution of oceanic carbon but should 
have little impact on the magnitude of perturbations superimposed on the present- 
day distribution. 

Feedback between temperature and oceanic pCO 2 is accounted for here as fol- 
lows: For a given salinity and alkalinity, mixed layer pCO 2 is a function of mixed 
layer temperature T and total dissolved carbon TC, so that small changes in pCO 2 
can be approximated by 

OpC02 OpCO2 
dpCO 2 A T  + - -  A T C .  (5) 

OT rc OTC r 

The convolution integral (1) accounts for the second term of Equation (5) but 
neglects the first. We account for temperature feedback on mixed layer pCO2 by 
using (1/pCO2) O p C O 2 / O T  = 0.043 ~ -1 , based on Peng et al. (1987), along with 
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the mixed layer temperature change AT as computed by the climate model. Let 
ApCO2m be the perturbation in mixed layer pCO2 due to temperature changes. 
This will lead to a perturbation flow of carbon between the mixed layer and atmos- 
phere, not accounted for by the convolution integral, and a perturbation of atmos- 
pheric pCO 2, ApCO 2a, governed by 

dApCO2a 
~(ApCO2m - ApCO2a ). (6) 

dt 

Heimann et al. (1986) indicate a coefficient for ocean-air CO 2 exchange of 2.166 
kg C day -1 m -2 atm -1 . Using an ice-free global ocean fraction of 0.65 and a factor 
of 0.469 to convert from atmospheric CO 2 as GT C to ppmv, ~ = 0.122 yr -1 if 
ApCOza and ApCO2m are given in ppmv. Equation (6) is integrated analytically 
one year at a time with constant ApCOzm , which is updated at the start of each new 
year. This leads to a continuously changing atmospheric perturbation ApCOza 
which is added to the concurrent atmospheric CO 2 concentration computed from 
the convolution integral. 

The neglect of feedback between climate and oceanic circulation is a more 
serious limitation, but at the moment even the sign of the effect of such feedback on 
atmospheric CO 2 is unknown. A decrease in the rate of oceanic circulation in the 
vertical plane would have two competing effects on atmospheric CO2: a likely 
reduction in oceanic biological productivity, and a reduction in the rate of up- 
welling of CO2-rich deep water. Sarmiento and Toggweiler (1984), Baes and 
Killough (1986), and Goudriaan (1989) all found that a decrease in the magnitude 
of oceanic circulation lowered atmospheric pCO2, while Baes (1982) and 
Broecker and Takahashi (1985) suggest the opposite. Rather than attempting to 
compute this feedback, we examine the magnitude of CO2 emission reductions 
required to stabilize atmospheric CO 2 at various concentrations assuming no 
change in oceanic circulation, then use the most rapid natural rates of change of 
atmospheric CO 2 estimated from ice core data to set limits on the magnitude of the 
perturbation in ocean-air CO 2 flux that could result from oceanic circulation 
changes, and examine the extent to which such perturbations could be counteract- 
ed by a further reduction of CO 2 emissions or other strategies. 

Finally, it should be noted that the unperturbed carbon cycle is assumed to be in 
steady state. This is undoubtedly only an approximation, as atmospheric CO2 
seems to have increased from 250 to 300 ppmv between A.D. 1250 and 1550, then 
decreased to 260 ppmv by 1650 before rising to its immediately pre-industrial level 
of 280-285 ppmv (Gammon et al., 1985). These perturbations and rates of change 
are nevertheless smaller than in recent decades or than projected for the future. 

Terrestrial Biosphere 

Although the size of the terrestrial biosphere (about 2000 GT C, including soil C) 
is small compared to the potentially exploitable fossil fuel resource (5000-14 000 
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GT C), feedbacks involving the terrestrial biosphere could be of importance for 
scenarios of decreasing fossil fuel CO 2 emissions. A 6-box, globally aggregated ter- 
restrial biosphere model is therefore coupled to the climate-carbon cycle model. 
This model is illustrated in Figure 1, and corresponds to model version 8 of Harvey 
(1989c), where a fuller description and sensitivity analysis may be found. The 
model contains boxes representing ground vegetation, non-woody tree parts, 
woody tree parts, detritus, and two soil reservoirs having turnover times of 75 and 
500 yrs. 

The model includes stimulation of NP (net photosynthesis) or NPP (net primary 
productivity, equal to NP minus respiration by woody tree parts) by enhanced 
atmospheric CO2 using the/3 factor introduced by Bacastow and Keeling (1973), 
whereby 

N = No (1 4-/31n(CO2 (t)/CO 2 (0))), (7) 

0.36! 

15 
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Vegetation 

59 

I0 

Atmosphere 
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Fig. 1. The terrestrial biosphere model used here. Numbers in boxes correspond to the original 
reservoir sizes (GT C) assumed for 1770, when the simulations begin. Numbers next to arrows 
indicate the initial fluxes (GT C yr -1 ). 
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where N o and CO2(0 ) are the initial NPP (or NP) and CO 2 concentration. Unlike 
Bacastow and Keeling (1973), NPP is not assumed to be proportional to photo- 
synthetic biomass but instead varies logistically with biomass. The model also 
allows the rates of a number of processes to vary with temperature using a Q10 
formulation, such that 

M = M0(Q10) (r- r0)/10 , (8) 

where M 0 is the initial rate of process M and T o is the initial temperature. As seen 
from Equation (8), Q10 is the factor by which a given process increases for each 
10 ~ temperature increase. A Qw of 1.53 is used for NP of non-woody tree parts 
and of 1.4 for NPP of ground vegetation, while a Q10 of 2.0 is used for respiration 
of woody tree parts, detritus and soil, as well as for the coefficient for carbon trans- 
fer from detritus to soil and from the rapidly to slowly overturning soil reservoirs. 
The transfer coefficient from non-woody to woody tree parts, representing trans- 
location, also increases with a Q10 of 2.0. The separate Q10's for NP and respiration 
give a tree NPP having an effective Q10 of about 1.4. Justification for these feed- 
backs may be found in Harvey (1989c). 

Increases in both temperature and CO 2 lead to an increase of NPP and NR In 
the case of ground vegetation, the equilibrium biomass is assumed to increase by 
the same factor as the enhancement of NPR whereas in the case of non-woody tree 
parts, the equilibrium biomass is assumed to increase by the same factor as the 
increase in NP due to increased CO 2 alone. This is because a temperature increase 
also leads to an increase of translocation from non-woody to woody tree parts. The 
assumptions utilized here cause the ratio of translocation: NP to increase with a 
Q10 of about 1.4, which is consistent with data cited in Harvey (1989c). 

Land use Changes during the past several hundred years have resulted in a sig- 
nificant flux of CO2 to the atmosphere, with a corresponding removal of carbon 
from the terrestrial biosphere. The net flux to the atmosphere from land use 
changes is a residual resulting from large gross fluxes associated with deforestation 
and biomass burning, partly compensated by regrowth after disturbed areas have 
been abandoned. Emanuel et al. (1984) incorporated the effect of such distur- 
bances and regrowth in a terrestrial biosphere model similar to the one used here; 
their formulation allows for partial recovery of living biomass following removal of 
vegetation, as well as for changes in the detrital and soil reservoirs. This formula- 
tion is not adopted here because we wish to explicitly specify the gross fuxes to and 
from the atmosphere resulting from land use changes (see Section 3.2). Having 
specified the gross fluxes due to land use changes, the resultant net flux is removed 
from all 6 biosphere boxes in proportion to their initial masses. The parameters 
controlling the asymptotic biomasses are also adjusted so that the net removal of 
biomass due to land use changes induces no compensating adjustments in the bio- 
sphere model. The response of the terrestrial biosphere model to CO2 and tem- 
perature increases therefore represents the response of the 'undisturbed' biosphere. 

The model does not include potentially important carbon fluxes associated with 
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forest dieback during the transient response to rapid climatic warming, whereby 

forests at the equatorward margins of their range die faster than other species can 
migrate to replace them (Solomon, 1986). 

M i s c e l l a n e o u s  C O  2 S i n k s  

For some reconstructions of historical C O  2 emissions, an additional sink is 
required in order to match the observed CO2 increase. The accumulation of carbon 
in coastal sediments might have increased by 0.6 to 1.6 GT yr -1 in recent decades, 

with further sinks of up to 0.2 GT C yr 1 due to enhanced dissolution of marine 
carbonates (Baes et  al., 1985), and up to 0.2 GT yr a due to an increase in the accu- 
mulation of carbon in lake and reservoir sediments (Mulholland and Elwood, 
1982). The total additional sink in 1980 could therefore be up to 1.8 GT C yr -~, of 

which about one third could be induced by nitrogen fertilization and hence be 
independent of the CO 2 increase. 

We assume the existence of a miscellaneous sink S in most experiments, where S 
varies according to 

IS19s0(t - 1770)2/2102 t~< 1980 

S = [S198o( f (C( t )  - C ( 1 7 7 0 ) / ( C ( 1 9 8 0 )  - C(1770) + (1 - f ) )  t > 1980 '  (9) 

where Si980 is the assumed 1980 value of the sink, t is time in years since 1770, C 
is atmospheric CO 2 concentration, and f = 2/3 is the fraction of the 1980 sink 

assumed to be directly dependent on the CO 2 increase since 1770, and which con- 
tinues to grow in proportion to the CO 2 buildup. $19s0 is ~< 1.8 Gt C yr -1 . 

3. C O  2 Emiss ion and Trace Gas Scenarios  

3.1. k b s s i l  F u e l  C O  e 

Fossil fuel and cement-derived C O  2 emissions for 1860-1984 are taken from Rotty 
(1980, 1987) and are assumed to be zero prior to 1860. Given 1984 global CO 2 
emissions for solids, liquids and gases from Rotty (1987) and UN data for the 1984 

primary consumption of these t~els, we compute mean CO2 emission factors of 
13.56 Mt C / E J  for gases, 21.14 Mt C/EJ for liquids, and 24.95 Mt C/EJ for solids. 

With these emission factors, the 1985 and 1986 fossil fuel CO2 emission is esti- 
mated as 5.28 and 5.38 GT C using the UN (1988) compilation of global energy 
use in 1985 and 1986. The 1984 cement-derived emission of 0.13 GT C is added 
to these estimates. 

Fossil fuel emissions are assumed to increase at a rate Ya of either 0% or 1% yr -1 
from 1986 until either 2000 or 2020, at which point it is assumed that deliberate 
global actions are taken to begin a transition to a rate of decrease y2 of fossil fuel 
emissions of either 1% or 2% yr -1 . The time when the rate of increase of CO2 emis- 
sions begins to decrease shall be referred to as the Action Initiation Time (AIT), 
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following Perry et al. (1982). The transition from V1 to ~'2 is generally assumed to 
require 5(~1 + V2) years, so that, for example, 10 years are required for the transi- 
tion form a 1% yr -1 increase in fossil fuel CO 2 emissions to a 1% yr -1 decrease. 
Cement-derived emissions are assumed to grow to twice their 1984 value by 2100, 
then remain constant, ff and when total industrial emissions decrease to the CO2 
uptake by the oceans and other sinks, subsequent emissions are set equal to the 
total sink strength and hence decrease at the same rate as the decrease in total sink 
strength. 

3.2. Emissions Due to Land  Use Changes 

Current and Future Emissions 

Houghton et al. (1983; hereafter H83) estimated the 1980 CO2 emission from 
global land use changes to be 0.5-4.5 GT C. Houghton et al. (1985; 1987; here- 
after H85 and H87) recomputed the 1980 flux with revised data and estimated a 
likely range of 1.0-2.6 GT C, with all but 0.1 GT C being from the tropics. Detwiler 
and Hall (1988) estimated the 1980 emission from the tropics to be 0.4-1.6 GT 
C. Detwiler and Hall (1988), H85, and H87 all used forest biomass data of Brown 
and Lugo (1982, 1984) in their calculations. Based on an exchange of letters in 
Science (volume 241, pages 1736-1739) it appears that most of the difference 
between H85 and H87 on the one hand, and Detwiler and Hall (1988) on the 
other, is due to an incorrect use of the Brown and Lugo biomass data on the part of 
H85 and H87. However, Fearnside (1985, 1986) argues that above-ground bio- 
mass in the Brazilian Amazon is about twice that indicated by Brown and Lugo 
(1982, 1984), so a net land use flux in 1980 of 2.5 GT C cannot be ruled out. In 
this paper we shall consider cases in which the net emission in 1980 due to land use 
changes is assumed to be 1.0 and 2.5 GT. 

The net emission due to land use changes is a residual of much larger gross 
fluxes of opposite sign. Among the above-cited papers, only H83 provide data on 
calculated gross emissions. For assumptions leading to an estimated 1980 net emis- 
sion of 2.6 GT C, the gross emission due to harvesting of forests, decay of wood 
products, and expansion of cropland and pastureland is 4.6 GT C. From the point 
of view of short term management of atmospheric CO2, it is the gross and not the 
net emission which is important. Much of the gross emission is compensated by 
regrowth of forests on previously disturbed land. A given fractional reduction in 
the rate of deforestation will cause a corresponding decrease in the gross emission, 
but the sink due to regrowth of forests will decrease only over a period of 3-5 
decades, depending on how rapidly forests recover from previous deforestation. 
Since the gross flux is substantially greater than the net flux, the potential impact on 
CO2 emissions of reducing the rate of global deforestation is greater than might be 
inferred based on the net emission, at least initially. 

To illustrate the potential contribution to stabilizing atmospheric CO2 of reducing 



Managing Atmospheric CO 2 353 

the rate of global deforestation, gross fluxes consistent with the assumed 1980 
net fluxes of 1.0 and 2.5 GT C are needed. Differences between the lower and 
upper emission estimates in H85 or H87, and between estimates published in 1983 
and later, are a result of differences in the assumed carbon stocks of undisturbed 
forests, differences in the assumed rates of deforestation, differences in the 
assumed loss of soil carbon following conversion of forests to cropland, and dif- 
ferences in accounting procedures. The upper emission estimate of 2.6 GT C for 
1980 given in H85 and H87 corresponds to carbon stocks similar to those used in 
computing the gross emissions given in H83, but assumes larger rates of deforesta- 
tion and smaller soil carbon losses. We therefore use the same gross fluxes, modi- 
fied slightly, for a net emission of 2.5 GT C yr -1 (Table II). To estimate gross fluxes 
associated with a net emission of 1.0 GT C yr -1 , we make use of data given in Table 
1V of H85, which shows the separate contribution of uncertainty in carbon stocks 
and in deforestation rates to net emission in different regions. We also assume that 
the uncertainty in the estimated emission due to conversion of shifting agriculture 
to permanent agriculture derives equally from uncertainty in carbon stocks and in 
rates of land use change. Going from high stocks and high deforestation rates to 
low stocks and high deforestation rates reduces the emission from 2.5 to 1.5 GT C; 
the difference of 1 GT C is partitioned among the emission terms due to forest 
harvest and expansion of cropland and pastureland in proportion to their sizes, as 
given in column 2 of Table II. The remaining 0.5 GT C reduction, due to lower 
rates of deforestation, is partitioned among the first 4 terms of Table II, giving the 
resultant gross fluxes shown in the last column. 

Rates of deforestation in Brazil increased substantially between 1980 and 1987, 
with 80 000 km 2 deforested in 1987 in Brazil alone, compared to 100 000 km 2 
deforested worldwide in 1980 (Salati, personal communication, 1988). Here, the 

TABLE II: Gross fluxes in 1980 due to land use changes as estimated by 
Houghton et al. (1983) for a case in which estimated net emission is 2.6 GT C, 
as well as gross fluxes assumed here to be associated with net emissions of 1.0 
and 2.5 GT C in 1980. Gross emissions due to forest harvesting and agricultural 
expansion are assumed to increase a further 50% between 1980 and 1987 

Houghton 1980 Net Emission 
et al. (1983) (GT C) 

2.5 1.0 

Forest harvest 2.49 2.40 1.15 
Forest regrowth -1.86 -1.87 -1.17 

Expansion of 
cropland 1.58 1.57 0.75 
pastureland 0.24 0.24 0.11 

Decay of forest products 0.27 0.27 0.27 
Abandonment  and afforestation -0.11 -0.11 -0.11 

Emission to 1980: 205 123 
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gross emissions associated with agricultural expansion and forest harvesting are 
assumed to increase by 50% between 1980 and 1987. This gives gross emissions in 
1985 of 2.7 and 5.7 GT C for the 1980 low and high emission cases, respectively. 
By comparison, Andreae et  al.  (1988) estimated the gross emission due to biomass 
burning worldwide in 1985 to be 2-4 GT C. This rough estimate does not include 
delayed releases due to decomposition of unburnt detritus or oxidation of soil 
carbon, and therefore might be compatible with the range of 1985 emissions 
assumed here. 

As deforestation rates and associated land abandonment increase, the CO 2 sink 
due to regrowth of forests will increase. It is assumed here that forests require 50 
yrs (based on H83) to regrow to their new equilibrium biomass (which is less than 
their original biomass), and that the CO 2 uptake due to forest regrowth after 1980 
increases at a rate such that it would reach 1.5 times the 1980 rate of uptake by 
2030. This only crudely mimics what is likely to happen in reality. 

For future land use emissions, high and low deforestation scenarios are conside- 
red. In both cases, gross emissions are held constant after 1987 until some time tl, 
at which point a uniform reduction in the CO2 emission due to harvesting of forests 
to 75% of the 1980 value occurs by year t2, while the emissions due to expansion 
of croplands and pasturelands decrease uniformly to 50% and 0%, respectively, of 
their 1980 values by year t 2 . After t2, forest harvest emissions are constant but 
emissions due to agricultural expansion continue to decrease to zero by 21002. The 
CO2 released by decay of wood products is assumed to be constant at all times 
after 1980. The CO 2 sink due to regrowth of forests after harvesting is assumed to 
increase linearly over a 50 yr period from its value at time t 2 to a value equal to the 
emission due to harvesting of forests and decay of wood products. This assumes 
that future harvesting of forests involves secondary rather than virgin forest, and 
that secondary forests keep growing back to the same biomass 50 yrs after harvest 
(these assumptions clearly imply careful forest management). For the high defor- 
estation scenario, tl is 2035 and t 2 is 2070, while for the low deforestation scena- 
rio these years are 1990 and 2000, respectively. Table III summarizes the gross 
emissions in 1980, 1987, tl, t2, and 2100. 

Figure 2 shows the variation of gross land use emission, CO 2 uptake by 
regrowth, and net emission between 1980 and 2100 for the low and high deforesta- 
tion scenarios, assuming net emissions in 1980 of 1.0 and 2.5 GT C. Note that the 
fractional increase of net emission between 1980-1987 is substantially larger than 
the 50% increase of gross emissions assumed for this period. Also note that with 
constant gross emissions between 1987-2035, the net emission gradually decrea- 
ses as land abandoned prior to 1987 becomes fully recovered but is replaced with 
larger areas undergoing recovery which were abandoned after 1987. For the low 

2 See Goldemberg et al. (1988) for a discussion of how energy, agricultural, and timber needs of a 
growing world population could be simultaneously satisfied on a sustainable basis. The land use sce- 
nario used here implicitly assumes that global population stabilizes by 2100. 
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TABLE III: Gross fluxes due to land use changes at various times in the future for the high and low 
deforestation scenarios. The same relative changes in fluxes are assumed to occur for both scenarios, 
but at different times 

Flux Year 
High deforestation: 1980 1987-2035 2070 2100 
Low deforestation: 1980 1987-1990 2000 2100 

1980 net flux of 1 GT C 

Cropland expansion 0.75 1.13 0.38 0.00 
Pastureland expansion 0.11 0.17 0.00 0.00 
Forest harvest 1.15 1.73 0.86 0.86 
Forest product decay 0.27 0.27 0.27 0.27 

1980 net flux of 2.5 GT C 

Cropland expansion 1.57 2.36 0.79 0.00 
Pastureland expansion 0.24 0.32 0.00 0.00 
Forest harvest 2.40 3.20 1.80 1.80 
Forest product decay 0.27 0.27 0.27 0.27 
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Fig. 2. Variation of gross and net carbon emission between 1980 and 2100 due to land use changes 
for net emissions in 1980 of (a) 2,5 GT C and (b) 1.0 GT C. H = h i g h  deforestation scenario, 
L = low deforestation scenario. 
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deforestation scenario, net emission drops to near zero by the year 2000 as the 
gross emission, although still large, is comparable to the regrowth sink. 

The scenarios shown in Figure 2 are intended for illustrative purposes only. An 
important characteristic of these scenarios is that cutting the rate of deforestation 
in half is sufficient to reduce the net CO 2 flux to the atmosphere due to land use 
changes to about zero. Charles Hall kindly consented to run the land use model of 
Detwiler and Hall (1988) for a scenario in which the rate of deforestation decrea- 
sed linearly from its 1980 value to zero over a period of 25 yrs. For both open and 
closed forest cases, the net flux due to deforestation decreased to zero by the time 
the rate of deforestation had decreased to half its 1980 value. This is in agreement 
with the behavior of the net flux shown in Figure 2, and is a consequence of the 
gross emission being about twice the net emission. 

Past Emissions 

Estimates of emissions prior to 1980 were derived from the emission curve for 
1860-1980 of Figure 8 of H83. Their values are based on their 1980 flux estimate 
of 2.6 GT C. We uniformly scale this curve to match our upper limiting 1980 net 
flux of 2.5 GT C. 

As discussed in Houghton (1986), differences in the timing of past land use 
changes can lead to large differences in the estimated net CO 2 flux to the atmos- 
phere in 1980, even when the cumulative areas involved are the same. In H83, the 
integrated emission from 1860-1980 varies between only 180-185 GT C as the 
1980 flux ranges from 2.6 to 4.7 GT C for different scenarios of historical land use 
changes, but assuming the same initial carbon stocks. It is therefore not appropriate 
to uniformly scale the H83 emission curve corresponding to a 1980 emission of 2.6 
GT C to get a curve corresponding to a 1980 emission of 1.0 GT C (our lower 
limiting case). 

In the present study, the uncertainty in the 1980 flux (1.0-2.5 GT C) is partly 
due to uncertainty in undisturbed carbon stocks. This uncertainty would apply to 
earlier deforestation as well. Here, for the scenario having a 1980 emission of 1.0 
GT C, we simply reduce the pre-1920 fluxes by 30%, and reduce post-1920 fluxes 
by an amount increasing linearly to 60% in 1980. The emission in 1770, when the 
model begins, is assumed to be half the emission in 1860, and to increase linearly 
to the 1860 value. Cumulative emissions to 1980 are 123 GT C and 205 GT C for 
the low and high emission scenarios, respectively (Table II). 

3.3. Non-CO 2 Greenhouse Gases 

Atmospheric concentrations of the chlorofluorocarbons C F C l l  and CFC12 are 
specified up to 1986 from Wigley (1986), and computed thereafter using Wigley's 
(1988) two box model, which requires as input the global rate of production of 
rapidly and slowly released CFC's. Following Wigley (1988), the production of 
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rapidly released CFC's  as a fraction of total C F C  product ion is assumed to decay 

exponentially with time. We consider scenarios in which total CFC product ion 

decreases to 50% of the 1986 product ion by 1998, as required by the Montreal  

Protocol  on Ozone  Depleting Substances ( U N E R  1987), and is then held constant, 
or decreases to zero by 2003. 

Scenarios of  past and future concentrat ion of C H  4 and N 2 0  are taken f rom 
Wigley (1986) but  are modified to allow for restrictions in their product ion once 

CO 2 emissions begin to decrease. Perturbations in the net surface- t roposphere 
radiative heating f rom these gases as well as CFC's  and C O  2 are computed  using 

formulae of Wigley (1986), which were derived f rom detailed radiative transfer 

models.  As well, it is assumed that an increase of t ropospheric  ozone is initially 

correlated with the buildup of C H  4 and contributes a further radiative heating of 
1/3 that due to C H  4 alone (see Ramana than  et al., 1987 and Dickinson and 
Cicerone, 1986). Base case trace gas scenarios and radiative forcings are summar-  

ized in Table IV. 

A substantial fraction of the increase of N 2 0  might be due to combust ion of 
fossil fuels (Weiss, 1981) but tile a tmospheric  lifetime of N 2 0  is about  120 yrs 

(Ramanathan et al., 1987), so it is assumed that N 2 0  remains constant once fossil 

fuel CO2 emissions begin to decrease. The relative importance of fossil fuel use and 
non-fossil fuel sources to anthropogenic C H  4 is uncertain; it is assumed here 

that half of the C H  4 buildup is unrelated to fossil fuel use, and the other half is 

associated with fossil fuel use. The atmospheric  lifetime of C H  4 is about  7 yrs 

(Wang et al., 1986), so it is assumed that the port ion of the excess C H  4 attributed 

to fossil fuel use decreases in propor t ion  to the decrease in fossil fuel CO2 emis- 
sions, but that the other  port ion remains constant once C O  2 emissions decrease. 

TABLE1V: Scenarios for CH 4 , N20, and radiatively effective CFC 
concentration C (ppbv), and radiative forcing Q (W m -2) for CO2, 
CH4, N20 , and CFC's. CH 4 and N20 increase until fossil fuel CO2 
emissions begin to decrease. The C o are initial concentrations 

Trace gas concentration 
CH 4 1765-1951: 

>1951: 

N20 1900-1975: 
>1975: 

CFC's 1950-1986: 

>1986: 

C= 790+0.0101(y- 1765) 2 
C= 1643+ 14.81(y- 1985) 

C = 280 + 0.000042(y - 1900) 3 
C= 258.5 + 0.0068(y - 1899.1) 2 

Cll=0.18(y 1950) 2 
C12 = 1.7 Cll 
computed from two-box model 

Radiative forcing 
CO2 
CH 4 
N20 
CFC 

Q = 4.2 ln(C/Co)/ln(2) 
Q = 0.0398 (~'C - ~,/c0 ) 
Q =0.105 (~,'~" - ~@0 ) 
Q= 1.32 (0.00027 Cli +0.00031 CI2) 
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Finally, since the increase of tropospheric 03 is related to fossil fuel use and any 
dependence on CH 4 occurs only in the presence of NOx (Ramanathan et al., 
1987), it is assumed that total tropospheric 0 3 forcing decreases in proportion to 
fossil fuel CO 2 emissions once these emissions begin to decrease. 

4. Results 

4.1. Temperature and  CO 2 Simulat ion to 1984 

We first determine parameter values under which the coupled climate-carbon cycle 
model can simulate both the observed atmospheric temperature increase from 
1860 to the present and the inferred CO 2 increase from pre-industrial levels to the 
1958 and 1984 values. The pre-industrial CO 2 concentration appears to have been 
280-285 ppmv (Oeschger and Stauffer, 1986), and had risen to 315 ppmv by 1958 
and 344 ppmv by 1984 (Solomon et al., 1985). Global mean atmospheric tempera- 
ture increased by 0.5 + 0.2 ~ during the past 120 yrs (Jones et al., 1986). As 
shown by Wigley (1987), if this temperature increase were caused by the buildup of 
greenhouse gases, it implies that AT2x = 1.2-2.0 ~ if there were no counteracting 
cooling effects. It is possible that industrial SO2 emissions have served to partially 
counteract the greenhouse gas increase, so that a AT2x as large as 5.0 ~ could be 
compatible with observations (Wigley, 1989). 

Figure 3a shows the computed atmospheric temperature variation from 1750 to 
1987 for AT2x = 2.0 ~ and 4.0 ~ along with the globally averaged surface air 
temperature variation from 1880 to 1987 as determined by Hansen and Lebedeff 
(1988). The computed temperature variation matches the long term warming since 
1880. The shorter term oscillations superimposed on the observed long term 
warming could have been caused by changes in solar luminosity and volcanic 
activity (Gilliland and Schneider, 1984) or by changes in deep ocean circulation 
(Gaffin et al., 1986; Wigley and Raper, 1987). 

Table V gives simulated atmospheric CO 2 concentrations in 1958 and 1984, 
assuming CO 2 emissions from land use changes which grow to 1.0 or 2.5 GT C yr -1 
by 1980. Also given in Table V are the cumulative fluxes to the atmosphere up to 
1984 due to land use changes and from temperature- and CO2-biosphere feed- 
back. Even the smaller land use-induced emission gives too large an atmospheric 
CO 2 buildup if/3 = 0.4. If the biosphere and land use changes are omitted alto- 
gether, CO2 concentrations are 5-7 ppmv below those observed in 1958 and 1984 
(Table V). With land use emissions, the CO2 variation can be made to fit observa- 
tions by either using/3 > 0, altering the oceanic ri (Equation 3) to give a faster rate 
of CO 2 uptake, or assuming the existence of additional CO 2 sinks. Table V shows 
values of/3, the additional 1980 carbon sink, $1980, the factor f by which the r i 
need to be multiplied, or combinations thereof, which give close to the observed 
1958 and 1984 CO 2 concentrations. Oceanic temperature-pCO 2 feedback con- 
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Fig. 3. (a) Model-computed atmospheric temperature variation, 1750-1987, for a 2 x CO2 equi- 
librium sensitivity of 2.0 ~ and 4.0 ~ and observed surface air temperature variation 1880-1987 
from Hansen and Lebedeff(1988). (b) Model-computed atmospheric CO 2 concentration, 1750-1984, 
and observed atmospheric CO2 concentration, 1958-1984. 

tributes 3 - 6  ppmv to the computed atmospheric CO 2 concentration in 1958 and 
7 -11  ppmv 1984. 

Previous workers have found fl = 0 .2 -0 .6  necessary to simulate the correct CO 2 
buildup (Bacastow and Keeling, 1973; Gifford, 1980; Goudriaan and Ketner, 
1984), in the absence of additional sinks. For a 1980 land use emission of 
1.0 GT C, fl = 0.6 is required if there is no additional sink, or an additional sink of 
1.5 GT C is required if fl = 0.0. A fl of 0.6 is probably unreasonably high, as fl's 
measured under ideal growing conditions (adequate water, light, and nutrients) are 
0 .5 -0 .75  for a variety of plants (Gates, 1985), and decrease as atmospheric CO 2 
increases. Further evidence against a fl this large is that the net cumulative bio- 
spheric emission for this case is only 31 GT C (Table V), compared to a cumulative 
emission to 1980 of 9 0 - 1 5 0  GT C estimated by Siegenthaler and Oeschger (1987)  
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TABLE V: Atmospheric CO 2 concentrations in 1958 and 1984 for various combinations of 1980 
CO2 emissions due to land use changes (L1980),/3 factor, 1980 miscellaneous CO 2 sink ($1980), and 
multiplication factor f for the oceanic time constants for CO 2 uptake. Also given are cumulative 
emissions to 1984 due to land use changes and temperature and CO2 feedback on the terrestrial 
biosphere. Units are GT C yr -I for L1980 and $1980, ppmv for concentrations, and GT C for 
cumulative emissions 

Concentration Total emission 
L1980 fi S1980 f 1958 1984 Land use Feedback 

0.0 0.0 0.0 1.0 305.6 341.6 0 0 

0.0 0.0 1.0 331.4 374.3 128 1 
1.0 0.6 0.0 1.0 314.6 345.3 128 -97 

0.4 0.5 1.0 313.6 345.2 128 -62 
0.2 1.0 1.0 312.1 344.9 128 -29 
0.0 1.5 1.0 309.9 343.5 128 1 
0.4 0.0 0.5 313.4 342.8 128 -61 

0.0 0.0 1.0 346.1 401.3 218 -2 
2.5 0.4 1.8 1.0 311.0 345.6 218 -58 

0.4 1.2 0.5 312.3 344.6 218 -59 

Results are given for A T2x = 2.0 ~ and assume a pre-industrial C O  2 concentration of 280 ppmv. 

by  d e c o n v o l u t i o n  of  ice co re  C O  2 and  136 records .  3 A fi of  0.4 is t he re fo re  u sed  

he re  as an  u p p e r  l imit  in s imula t ing  pas t  and  fu ture  C O  2 var ia t ions .  F igu re  3b 

shows the  c o m p u t e d  C O  2 va r ia t ion  for  this case. 

If  we a s s u m e  tha t  fl -- 0.4, then  for  a 1980 l and  use  emiss ion  of  2.5 G T  C we 

mus t  also a s s u m e  ou r  e s t ima ted  u p p e r  l imit  of  1.8 G T  C y r  -1 for  add i t i ona l  c a r b o n  

sinks; we the re fo re  c a n n o t  c o n s i d e r  a smal le r  fl for  this scenar io  unless  the  ~:i a re  

r educed .  F u r t h e r m o r e ,  the  cumula t ive  b i o s p h e r i c  emis s ion  for  the  u p p e r  l imit ing 

l and  use  scenar io  wi th  fl = 0.4 is 160 G T  C, and  assuming  a smal le r  fi wou ld  pu t  it  

fu r the r  ou t s ide  the  r ange  of  9 0 - 1 5 0  G T  C es t ima ted  by  S iegen tha le r  and  O e s c h g e r  

(1987).  Thus ,  assuming  the  u p p e r  l imit  for  l and  use  emiss ions  - 2.5 G T  C in 1980 

- requi res  assuming  the  u p p e r  l imits  for  b o t h  fl and  add i t i ona l  sinks. R e d u c i n g  the  

ocean ic  r i in half  has  compa ra t i ve ly  l i t t le effect  on  this result .  

T h e  m o d e l l e d  a t m o s p h e r i c  C O  2 increases  by  3.0 o r  3.2 G T  C in 1980 for  the  

low and  high l and  use  emiss ion  a s sumpt ions ,  respect ively,  c o m p a r e d  to an ob -  

se rved  inc rease  of  3.5 G T  C ( H e i m a n n  et aL, 1986).  By 1987  the  m o d e l - c o m p u t e d  

increase  had  r isen to 3.8 o r  4.6 G T  C yr  -1, c o m p a r e d  to an  o b s e r v e d  inc rease  

b e t w e e n  J anua ry  1987 and  J anua ry  1988 of  4.8 G T  C b a s e d  on  the  average  of  

M a u n a  L o a  and  Sou th  Po le  da t a  (Keel ing,  pers .  commun . ,  1988).  4 

Finally, if we assume a land  use  emiss ion  of  1.0 G T  C in 1980, the  b io sphe re  

switches f rom a net  source  to a net  sink of  c a rbon  be tween  1960 and 1980 for  fi 

3 Siegenthaler and Oeschger's (1987) results were obtained with use of a carbon cycle model and are 
therefore model-dependent. 
4 Part of the recent acceleration of CO 2 buildup may reflect a short term oscillation in ocean-atmos- 
phere or biosphere-atmosphere CO ~ fluxes. 
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values of 0.4 or 0.6, but does not become a net sink for a fl of 0.2, or for a 1980 land 
use emission of 2.5 G T  C. Some reconstructions of past net biospheric emissions 

indicate that the biosphere became a net sink after 1960, depending on the model or 

data used (Peng and Freyer, 1986; Siegenthaler and Oeschger, 1987). For 

most  cases in which the model  biosphere becomes  a net sink after 1960, it becomes  
a net source again in the early 1980's due to increased deforestation. 

4.2. Business  as Usual Scenario 

As a reference case against which the effect of C O  2 emission and other greenhouse 
gas control strategies can be compared,  we consider a 'business as usual'  scenario 

in which fossil fuel emissions grow at a rate V i = 1.8% yr -1 until 2075, followed by 

a transition to an emission decrease ~2 of 1% yr -1 after 2125. We also assume that 

CH4 and N 2 0  increase until 2075 according to the formulae given in Table IV 

(with a concurrent  increase of t ropospheric  O3), that CFC product ion remains 
constant at 0.5 the 1986 product ion after 1998, and that the high deforestation 

scenario (Table III) occurs. The fossil fuel C O  2 emission for this scenario corre- 
sponds roughly with the 75th percentile of Edmonds  et al., (1986) up to 2075 (i.e. 

25% of their scenarios gave higher emissions), and is comparable  to that of the 
'low' I IASA scenario (Hafele, 1981) up to 2020 (when their projection ended). The  

total fossil fuel emission to the year 2300 is 5400 G T  C. 
Table VI  gives peak  temperature  increases above the simulated 1980 tempera-  

ture, peak  rates of tempera ture  change, peak  atmospheric  CO2 concentrations, the 
contribution of t em pe ra t u r e -pC O 2 feedback to peak  atmospheric  CO 2, and cumu- 

TABLE VI: Business as usual scenario: Peak atmospheric temperature increase above the simulated 
1980 temperature (hTmax, ~ peak rates of temperature change (dT/dt, ~ decade-l), peak 
atmospheric CO 2 concentration (CO 2, ppmv), contribution of temperature-pCO 2 feedback to peak 
atmospheric CO2 (ACO2, ppmv), and cumulative emissions (GT C) to 2300 due to land use changes 
and biosphere feedback. Results are given for alternative AT2• L1980 ,/3, S1980 , and ocean CO 2 time 
constant multiplication factor f. 

Case Results 

Emission 

A T2x L1980 fl $1980 f A Tma• d T/dt CO 2 AGO 2 Land /3 - T 

2.0 1.0 0.4 0.5 1.0 4.4 0.32 1127 104 207 -690 
0.0 1.5 1.0 4.1 0.33 989 93 207 78 
0.4 0.0 0.5 4.3 0.32 1114 102 207 -684 

2.5 0.4 1.8 1.0 3.8 0.33 875 78 407 -527 
0.4 1.2 0.5 3.8 0.32 881 79 407 -531 

4.0 1.0 0.4 0.5 1.0 6.9 0.42 1177 165 207 -669 

2.5 0.4 1.8 1.0 5.9 0.38 898 l 13 407 -545 
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Fig. 4. Variation of atmospheric temperature (a) and CO2 concentration (b) between 1950 and 
2300 for the business-as-usual scenario with alternative land use emissions in 1980 and climate 
sensitivities (AT2x). (c) Variation of fossil fuel emission, atmospheric CO2 increase, and uptake by 
CO2 sinks for the business-as-usual scenario with a 1980 land use emission of 1 GT C, # = 0.4, 
and S19S0 = 0.5 GT C yr -] . 

lat ive  e m i s s i o n s  to t h e  year  2 3 0 0  d u e  to l a n d  u s e  c h a n g e s  a n d  b i o s p h e r i c  f e e d b a c k .  

R e s u l t s  are g i v e n  for  AT2~ = 2 .0  ~ a n d  4 .0  ~ a n d  for  1 9 8 0  l a n d  u s e  e m i s s i o n s  o f  

1.0 a n d  2 .5  G T  C.  5 F igure  4 g ives  the  var ia t ion  o f  t e m p e r a t u r e  a n d  C O  2 for  b o t h  

5 Higher model temperature sensitivity gives a larger peak CO2 concentration because the tempera- 
ture-induced increase of oceanic p CO 2 is larger, but the increase of atmospheric CO 2 is smaller than 
the increase in the perturbation of oceanic pCO 2 in going from low to high model sensitivity. This is 
because fossil fuel emissions are assumed here to decrease until they become equal to the net of all 
sinks. A larger AT2x causes a smaller oceanic sink, so that fossil fuel emissions are reduced further, 
which partly compensates for the larger oceanic pCO 2 perturbation due to warming. 
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1980 land use emissions,  as well as the variat ion of  var ious ca rbon  fluxes for  the 

case having a 1980 land use emission of  1.0 G T  C and fl = 0.4. Global  m e a n  tem- 

pera ture  increases b e y o n d  the 1980 value by  3.8 to 6.9 ~ and m a x i m u m  rates o f  
warming of  0.32 to 0.46 ~ decade  -1 occur;  absolute increases and rates of  warming 

could be 2 - 3  times higher at mid to high latitudes. The  mode l  had not  reached 

equil ibrium by 2 3 0 0  for  the high sensitivity cases, so that greater  warming  would  

have occur red  if the simulat ion had  been  extended.  

Table VI I  compares  the m a x i m u m  radiative heat ing per tu rba t ion  for  each gas for  

this and o ther  scenarios,  as well the peak  total radiative heating. Since the maxi-  
m u m  heating for  different gases does  no t  occur  at the same time, the sum of  the 

individual terms in Table VI I  is greater  than the max imum total heating. Also  given, 

for  compar ison ,  is the per tu rba t ion  in radiative heat ing due to each gas in 1980 and 

the increase in peak  heating above the 1980 value. In  1980,  n o n - C O 2  trace gases 
cont r ibu ted  about  40% of  the total heating, whereas  for  the business-as-usual  

scenario cons idered  here  their cont r ibut ion  to the peak  heating is about  20%. 

Balancing land use emissions by assuming fl > 0, S~980 > 0, o r  f <  1 has compa r -  

atively little effect on  m a x i m u m  tempera tures  o r  rates of  warming,  as does the mag-  

TABLE VII: Peak concentrations (ppbv except ppmv for CO 2), peak radiative forcings (Wm -2) 
due to individual trace gases, and total peak radiative forcing, for selected scenarios. Also given is 
the contribution of each gas to the 1980 radiative forcing 

Concentrations 

Gas 

Scenario CO 2 CH 4 N 20 CFC 11 CFC 12 

1980 Values: 339 1569 303 0.162 0.275 
Business as usual: 1122 2976 469 0.570 1.226 
+1% yr -1 to 2020: 447 2199 364 0.335 0.571 
Constant to 2020: 406 2146 356 0.335 0.571 
Constant to 2000: 392 1850 326 0.335 0.571 
Immediate action: 373 1717 315 0.335 0.571 

Radiative forcings 

Gas 

Scenario CO2 CH4 N 20 CFC's T -  03 Total Change 
since 1980 

1980 Values: 1.17 0.46 0.07 0.17 0.14 2.01 0.0 
Business as usual: 8.40 1.05 0.52 0.71 0.35 10.57 8.60 
+1% yu 1 to 2020: 2.83 0.75 0.25 0.35 0.25 3.96 1.95 
Constant to 2020: 2.25 0.73 0.23 0.35 0.24 3.46 1.45 
Constant to 2000: 2.04 0.59 0.14 0.35 0.20 3.01 1.00 
Immediate action: 1.74 0.53 0.11 0.35 0.18 2.75 0.74 

Results for scenarios 2-4 are for low trace gas buildup and low rates of deforestation. For all 
scenarios,/3 = 0.4, S~980 = 0.5 GT C yr -1 , and land use emission in 1980 is 1.0 GT C. 
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nitude of the 1980 land use flux which needs to be balanced. Assuming a larger 
1980 land use emission results in smaller projected CO 2 concentrations and tem- 
peratures, because a larger current emission requires a larger current sink which 
then grows as CO 2 increases, whereas the emission due to land use changes is ini- 
tially held constant and later decreases. As long as the sinks which balance net 
emissions due to deforestation grow faster than the rate of deforestation (which 
must eventually decrease), these qualitative results will carry over to the real world. 

4.3. Delayed-Action Scenarios 

Table VIII gives peak atmospheric CO 2 concentrations, warming between 1980 
and 2025, maximum warming after 1980, and other results for a scenario in which 
fossil fuel emissions increase by 1% yr -~ until 2020, followed by a 1% yr -1 decrease 
after 2030, with alternative assumptions for other trace gases and deforestation: a 

high trace gas scenario, in which non-CO2 trace gas variation is the same as in the 
business-as-usual scenario, and a low trace gas scenario, in which constraints on 
C H 4 ,  N 2 0  , and 03 begin in 2025 as described in Section 3.3, and CFC production 
is zero after 2003. The two deforestation scenarios are given in Table HI, the higher 

TABLE VIII: Effects of restrictions on the buildup of non-CO2 trace gases and on the rate of 
deforestation, and of uncertainty in the emission due to land use changes. Given are peak atmo- 
spheric CO2 concentration (ppmv), peak COz increase attributable to temperature-pCO2 feedback 
(ACO2), warming from 1980-2025 (AT2025), peak atmospheric warming ATmax (~ after 1980, and 
maximum rate of global mean warming (dT/dt)ma x (~ decade -1 ). Also given are cumulative emis- 
sion due to land use changes and due to biosphere feedback for 1980-2200. The column labelled 
ATeq intricates whether the upwelling-diffusion climate model with low temperature sensitivity (L) 
or the pure diffusion climate model with high temperature sensitivity (H) is used 

Case ATeq Peak ACO 2 AT2025 ATma x d__T Land Biosphere 
C O  2 dt use feedback 

1980 land use emission of 1.0 GT C 

High deforestation and L 468 34 0.9 1.9 0.21 113 -210 
high trace gas H 483 51 1.2 3.2 0.27 113 -207 

low trace gas L 461 24 0.8 1.1 0.21 113 -211 
H 472 37 1.1 2.0 0.26 113 -208 

Low deforestation and L 447 22 0.8 1.0 0.21 33 -199 
low trace gas H 457 32 1.0 1.9 0.26 33 -196 

1980 land use emission of 2.5 GT C 

Low trace gas and L 438 23 0.9 1.1 0.23 239 -174 
high deforestation H 444 33 1.2 1.9 0.28 239 -168 

low deforestation L 408 19 0.7 0.8 0.22 89 -147 
H 414 27 1.0 1.6 0.27 89 -142 

For all scenarios, 1% yr -1 growth of fossil fuel C O  2 emissions is assumed to the year 2020, followed 
by 1% yr -1 decrease after 2030, and/3 = 0.4. 
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of which is the same as in the business-as-usual scenario. Results are given for low 
(L) and high (H) climate model sensitivities, and for low (1 GT C net in 1980) and 
high (2.5 GT C net in 1980) land use emissions. A/3 of 0.4 is assumed in all cases, 
with an additional sink in 1980 of 0.5 GT C for the low 1980 land use emission and 
1.8 GT C for the high 1980 land use emission assumption. 

Comparing Tables VI and VIII, it is seen that allowing fossil fuel C O  2 emissions 
to increase by only 1% yr -1 until only 2020, but assuming the same deforestation 
and trace gas increases as in the business-as-usual scenario, reduces the peak 
warming after 1980 by over 50%, from 4.4-6.9 ~ to 1.9-3.2 ~ Assuming the low 
rather than the high trace gas scenario reduces the peak warming by a further 0.8- 
1.2 ~ while assuming the low rather than the high deforestation scenario reduces 
peak atmospheric CO 2 concentration by about 15 and 30 ppmv for the low and 
high emission assumptions, respectively, and reduces the peak warming by 0.1- 
0.3 ~ Altogether, the peak warming after 1980 ranges from 0.8-3.2 ~ while the 
1980-2025 warming ranges from 0.7-1.2 ~ Biosphere feedback from CO 2 and 
temperature increases gives a net sink between 1985-2200 of about 140-210 

GT C. 
Table IX gives peak atmospheric CO 2 concentrations, maximum warming after 

1980, and other results for scenarios in which fossil fuel emissions are constant at 
their 1986 value or increase by 1% yr -1 until either 2000 or 2020, followed by a 
transition to either a 1% yr -1 or 2% yr -1 decrease. All cases assume the low trace 
gas and deforestation scenarios, a land use emission in 1980 of 1.0 GT C,/3 = 0.4, 
and $1980 = 0.5 GT C yr -1. Results for high trace gas and/or deforestation sce- 
narios can be approximated by adding the differences found in Table VIII to the 
results given in Table IX. 

Allowing CO2 emissions to grow by 1% yr -1. until the year 2000 rather than 
2020, following by a 1% yr -1 decrease, reduces the peak warming by about 25% 
(0.3-0.5 ~ Taking a longer transition starting after 2000 but to a rate of decrease 
of 2% yr -1 rather than 1% yr -1 reduces the peak warming by a further 15-20% 
(0.1-0.2 ~ to 0.6-1.2 ~ For low climatic sensitivity, limiting the peak warming 
after 1980 to 1.0 ~ requires no more than 1% yr -1 growth in CO2 emissions until 
no later than 2020, followed by reduced emissions. For high climatic sensitivity, 
peak warming can be kept below 1.0 ~ only if CO2 emissions are held constant to 
2000, followed by a 10 yr transition to an emission decrease of 2% yr -~ . Overall, 
peak warming ranges from 0.5-2.3 ~ while 1980-2025 warming ranges from 
0.5-1.2 ~ Peak atmospheric CO2 concentration ranges from 380 to 457 ppmv. 
Because of our use of a/3 of 0.4, the undisturbed biosphere constitutes a net sink of 
113-199 GT C between 1985-2200. 

Although a/3 of 0.4 is required in order to reproduce the historical CO 2 in- 
crease, this value may not be appropriate in the future because the future response 
of the biosphere might be more strongly limited by nutrients or by forest dieback 
due to pollution and rapid climatic change. We therefore test the effect of assuming 
that the undisturbed biosphere ceases to be a net carbon sink after 1985. Results 
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TABLE IX: Atmospheric CO 2 concentrations, temperature changes, and other variables for 
scenarios in which fossil fuel emissions increase by 1% yr -t or are held constant until 2000 or 
2020, followed by a transition to a rate of decrease of 1 or 2% yr -1. The low deforestation rate 
scenario along with CFC production ending by 2003 is assumed in all cases, along with restric- 
tions on the buildup of other greenhouse gases once CO2 emissions begin to decrease. See caption to 
Table VIII for explanation of column headings and units 

Scenario A Teq Peak ACO2 A r2025 A rma x d_T Land Biosphere 
CO2 dt use feedback 

+l%to 2020 and 
-1% after2030 

-2% after2035 

+1% to 2000 and 
-1% after 2010 

-2% after2015 

constant to 2020 
-1% after 2025 

-2% after 2030 

constant to 2000 
-1% after 2005 

-2% after 2010 

L 447 22 0.8 1.0 0.21 33 -199 
H 457 36 1.0 1.9 0.26 33 -196 
H 504 42 1.2 2.3 0.29 33 0 
L 427 20 0.8 0.9 0.21 33 -177 
H 433 30 1.1 1.7 0.26 33 -171 

L 408 17 0.6 0.7 0.21 33 -155 
H 415 26 0.9 1.4 0.26 33 -152 
L 393 16 0.6 0.6 0.21 33 -136 
H 398 23 0.9 1.2 0.26 33 -131 

L 406 18 0.7 0.8 0.20 33 -150 
H 414 28 1.0 1.5 0.25 33 -147 
L 396 17 0.7 0.7 0.20 33 -138 
H 402 25 1.0 1.3 0.25 33 -133 

L 392 15 0.5 0.6 0.20 33 -134 
H 399 23 0.8 1.2 0.25 33 -131 
L 380 14 0.5 0.5 0.20 33 -118 
H 385 21 0.8 1.0 0.25 33 -113 
H 408 24 0.9 1.3 0.28 33 0 

For all scenarios,/3=0.4, S1980 =0.5 GT C yr -1, land use emission in 1980 is 1.0 GT C, and the 
low trace gas and deforestation scenarios are assumed. 

are given in Table IX for the lowest and  highest  of the fossil fuel emiss ion  scenarios  

shown in  that  table. Peak a tmospher ic  C O  2 concen t ra t ions  are 408  and  504 p p m v  

for these two cases. 6 Thus ,  we conc lude  that, for the range  of fossil fuel emiss ion  

scenarios cons idered  here and  assuming the low defores ta t ion  scenario,  a tmos-  

pheric  C O  2 can be  stabilized in the range  of 4 0 0 - 5 0 0  p p m v  - significantly be low 

the doub l ing  level. 

F igure  5a gives the C O  2 var ia t ion  f rom 1 9 5 0 - 2 2 0 0  for selected scenarios,  while 

figure 5b shows the var ia t ion  of fossil fuel emiss ion  and  of the total  C O  2 sink (con- 

sisting of oceanic  uptake,  the misce l laneous  sink term, and  ne t  b iospher ic  up take  

due to feedback minus  emissions due  to land  use  changes) for two scenarios  in  

6 The increase in peak atmospheric CO2 corresponds to a 45-50% airborne fraction for the CO2 no 
longer taken up by the biosphere. The reader can therefore approximate the effect on peak atmos- 
pheric CO 2 of alternative biospheric assumptions for the range of fossil fuel emission scenarios con- 
sidered here. 
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which fossil fuel C O  2 emissions increase by 1% yr -1 until 2020, then decrease by 

1% or 2% yr -~. The  decrease of sink strength between 1 9 8 0 - 1 9 9 0  reflects an 

increase in the rate of deforestation, while the strong increase between 1 9 9 0 - 2 0 0 0  
reflects a decrease in gross emissions under  the low deforestation scenario. Note  

that these results assume a low 1980 land use net emission of 1.0 G T  C; the in- 

crease in sink strength after 1990 resulting f rom reduced rates of  deforestation 

would be even more  dramatic  assuming higher land use emission. 

The  difference between the fossil fuel emission rate and total sink strength gives 
the rate of a tmospheric  CO 2 increase, and this difference divided by the fossil fuel 
emission rate gives the instantaneous, apparent  fossil fuel a i rborne fraction. It is 

readily seen f rom Figure 5b that the instantaneous airborne fraction decreases 

rapidly once emissions begin to fall. Both the oceanic uptake and total sink strength 
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Fig. 5. (a) Atmospheric CO 2 concentration, 1950-2200, for selected emission scenarios. (b) Fossil 
fuel emissions (solid line) and total sink strength (dashed lines) for scenarios in which fossil fuel 
emissions increase by 1% y r  -I until 2020, then decrease by 1% or 2% yr -1. The low deforestation 
scenario is assumed, along with a land use emission in 1980 of 1.0 GT C,/3=0.4, and $1980 =0.5 
GT C yr -1 . 
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continue to increase for about 15 yrs after peak fossil fuel emissions; under the 
assumption of constant airborne fraction, the oceanic uptake would start to de- 
crease as soon as emissions decrease. The model behavior seems to be realistic, 
since even after emissions begin to decrease, atmospheric CO 2 concentration is 
still increasing rapidly, which in nature would continue to increase the atmosphere- 
ocean p C O  2 difference and hence the rate of oceanic uptake. The airborne fraction 
thus falls rapidly because oceanic uptake continues to increase at the same time 
that emissions decrease. 

Once emissions fall to the sink strength, the instantaneous airborne fraction is 
zero. In the scenarios used here, subsequent emission reductions are tied to the 
gradual decrease in sink strength, so that the instantaneous airborne fraction 
remains at zero, and atmospheric CO 2 is stabilized at 430-460 ppmv. Because the 
behavior of the airborne fraction is so important to the stabilization of atmospheric 
CO2 obtained here, analytical solutions for the airborne fraction for the case of 
exponentially increasing emission followed by a sudden switch to constant emis- 
sions are presented and discussed in an Appendix. The results presented here and 
in the Appendix suggest that it will be considerably easier to prevent atmospheric 
CO2 from rising above a given ceiling, such as 500 ppmv, than indicated by 
previous studies, in which a constant airborne fraction was assumed (Perry et al., 
1982; Perry, 1986, Goldemberg et al., 1985, 1988; Mintzer, 1987). 

About half of the total sink shown in Figure 5b is due to the miscellaneous sink 
term and enhanced growth of the undisturbed biosphere. Recall that these sinks are 
required in order to simulate the historical CO2 variation in the presence of land 
use emissions; if these sinks are absent, then the oceanic uptake must be larger, but 
the effect on future atmospheric CO 2 is similar, as shown for the business-as-usual 
scenarios (Table VI). These sinks are most likely to persist in the future for small 
CO2 increases, such as considered here, and contribute to the stabilization of 
atmospheric CO 2 at 400-500 ppmv obtained here. 

Figure 6 gives the variation of temperature and trace gas radiative forcing for 
1950-2200 for a worst case scenario (+2% growth of CO2 emissions until 2020, 
high deforestation, high trace gases) and for the Immediate Action scenario, de- 
scribed below. The maximum rate of global mean temperature change is about 0.3 ~ 
decade < and occurs between about 1985-1995 for all scenarios given in Table IX. 
In mid latitudes, where climatic sensitivity is 2 or more times greater than the 
global mean sensitivity, rates of warming of 0.4-0.6 ~ decade -1 or more can be 
expected. Such rates of warming would severely stress forests, particularly those 
already subject to pollution stress. In reality, short term oscillations superimposed 
on the warming trend of the magnitude occurring prior to 1985 could halt or 
reverse the long-term warming trend for one to several decades (as happened 
between 1940-1960), followed by substantially faster rates of warming than given 
above. 
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Fig. 6. (a) Atmospher ic  temperature increase (~ above the 1770 value for 1950-2200 for the 
scenario in which fossil fuel CO2 emissions increase by 2% yr -] until 2020 with high deforestation 
and trace gases, and for the Immediate  Action scenario with low deforestation and trace gases. 
(b) Radiative forcing (W m -z) due to CO2 alone and total forcing. A land use emission in 1980 of  
1.0 GT C is assumed, along with fl = 0.4 and S1980 =- 0.5 GT C yr -J . 

4.4. Effects of lmmediate Action 

In the final set of sensitivity experiments, we consider scenarios in which fossil fuel 
emissions are reduced by 20% by the year 2005, as recommended by the 1988 

Toronto conference The Changing Atmosphere: Implications for Global Security 
(Conference Statement, 1988). Fossil fuel emissions are assumed to be constant 
from 1986 to 1991, then undergo a transition to 72 = 2% yr -1 by 2001. As in all 
other scenarios, this rate of decrease in fossil fuel emissions continues only until the 
total anthropogenic source equals the total sink, after which a slower rate of 
decrease is permitted. Temperature and CO 2 results are given in Table X for low 
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TABLE X: Atmospheric temperature changes and CO 2 concentrations for the Immediate Action 
scenario. See caption to Table VIII for explanation of column headings and units 

Scenario A Teq Peak ACO 2 A T2o25 A Tma x Land Biosphere 
CO2 use feedback 

1980 land use emission of 1.0 GT C 

High deforestation and 
high trace gas 

low trace gas 

Low deforestation and 
low trace gas 

Low trace gas and 
high deforestation 

low deforestation 

L 394 23 0.8 1.4 113 -125 
H 400 27 1.0 2.5 113 -117 
L 390 15 0.5 0.5 113 -126 
H 395 14 0.8 1.1 113 -131 

L 373 13 0.4 0.4 33 -108 
H 377 19 0.7 0.8 33 -104 

19801and use emission of 2.5 GT C 

L 390 15 0.5 0.6 239 -123 
H 394 24 0.8 1.2 239 -118 
L 366 13 0.4 0.4 89 -96 
H 368 19 0.6 0.8 89 -89  

For all scenarios, fi = 0.4. 

and high trace gas scenarios and for low and high deforestation scenarios. 
Peak atmospheric CO 2 concentration ranges from about 370-400 ppmv. 

Atmospheric CO2 stops rising by about 2002 to 2051, depending on the deforesta- 
tion scenario and associated emissions, at which point fossil fuel emissions are 2.0- 

TABLE XI: Permitted fossil fuel emissions (GT C yr -1) at selected years for the Immediate Action 
scenario and for scenarios in which fossil fuel CO2 emissions are constant until 2000 or 2020, then 
decrease by 1% or 2% yr -1 until fossil fuel emissions equal the CO 2 uptake by the oceans and other 
sinks, after which fossil fuel emissions are tied to the gradually decreasing sink strength 

Year 

Constant CO 2 emissions until: 

1991 (IA) 2000 2020 
followed by: 

-2% yr -l -1% yr -1 -2% yr -1 -1% yr -1 -2% yr -1 

205O 
2100 
2150 
2200 

Year emissions tied to 
oceanic uptake: 

Peak CO 2 : 
Peak A Ta : 

2,2 3.6 2.5 4.3 3,5 
1,9 2.4 2.0 2.7 2,4 
1.7 2.1 1.8 2.3 2.1 
1.6 1.9 1.7 1.9 1.9 

2038 2088 2045 2098 2059 
373-377 392-399 380-385 406-414 396-402 
0.4-0.8 0.6-1.2 0.5-1.0 0.8-1.5 0.7-1.3 
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4.9 GT C yr -1. Peak warming above the 1980 temperature range from 0.4-0.8 ~ 
for low deforestation and trace gas scenarios, and from 1.4-2.5 ~ for high defor- 
estation and trace gas scenarios (Table X). Except for the high trace gas scenario, in 
which non-CO2 trace gases continue to increase until 2075, most of the warming 
has occurred by 2025. 

5. Tieing CO 2 Emissions to Oceanic Uptake 

Once fossil fuel emissions decrease to the rate of C O  2 uptake by oceanic and other 
sinks, atmospheric CO2 could be stabilized by tying subsequent fossil fuel emission 
reductions to the rate of decrease in total sink strength. Because of the long time 
constants in the oceanic uptake of COs (Table I), the oceanic uptake falls more 
slowly than fossil fuel emissions for either a 1% yr -1 or 2% yr -1 rate of decrease. 
After about 2050 the biospheric sink also slowly decreases in strength, whereas the 
miscellaneous sink is constant here. Thus, once fossil fuel emissions drop to the 
total sink strength, it is possible that subsequent (and possibly more difficult) 
reductions could proceed more slowly. 

Table XI gives the permitted fossil fuel emissions required to stabilize atmos- 
pheric CO s at the peak value for scenarios in which fossil fuel emissions are con- 
stant until 2000 or 2020, and for the Immediate Action scenario. Also given are 
concentrations at which CO2 is stabilized, the year at which fossil fuel emissions 
are tied to oceanic CO 2 uptake, and peak climatic warming. In 2050 the permitted 
CO 2 emissions are 40-80% of current fossil fuel emissions. 

A change in oceanic circulation in response to climatic warming could lead to a 
further increase of atmospheric CO2 (Baes, 1982; Broecker and Takahashi, 1985). 
As  an upper limit to the potential magnitude of such a feedback, one can use the 
most rapid rates of atmospheric CO2 variation which occurred naturally in the 
past; this rate is a change of 70 ppmv in perhaps as little as 100 yrs (Stauffer et al., 
1984), corresponding to a change in oceanic CO 2 uptake or release of about 1.4 
GT C yr -~. Were the oceanic uptake to decrease unexpectedly by this magnitude 
during the next century, this could be entirely counteracted by reducing COs emis- 
sions by 1.4 GT C yr -1. For the permitted CO s emissions given in Table XI, this 
requires reducing CO2 emissions by 35-70% of what would otherwise be permit- 
ted in 2050 while still stabilizing atmospheric COs near 400 ppmv. Reforestation 
could also be effective in partially counteracting perturbations of this magnitude 
(Marland, 1988). If human societies decide to dampen rather than entirely counter- 
act any unexpected feedbacks, then smaller CO s emission reductions would be 
required. 

6. Discussion and Conclusions 

The coupled climate-carbon cycle model on which the present results are based is 
subject to many uncertainties and limitations. Nevertheless, the results reported 



372 L.D. Danny Harvey 

here indicate that if fossil fuel emissions were to begin decreasing by 1-2% yr -1 no 
later than 2020, then atmospheric CO2 could be stabilized at 400-500 ppmv and 
global mean climatic warming above 1980 temperatures could be limited to as little 
as 0.6-1.2 ~ 

The most important factor contributing to the stabilization of atmospheric CO2 
at 400-500 ppmv obtained here is the comparatively slow decrease in the strength 
of the oceanic CO 2 sink after fossil fuel emissions begin to decrease. This causes 
the airborne fraction to rapidly decrease once emissions begin to decrease, and to 
eventually fall to zero. The accuracy of the behavior of the airborne fraction ob- 
tained here is dependent on the fidelity of the Maier-Reimer and Hasselmann 
(1987) oceanic GCM, upon which the current model is based. Nevertheless, 
analytical results presented in the Appendix for the response of the airborne frac- 
tion to a sudden switch from exponentially increasing to constant emissions (with 
the latter equal to the rate of oceanic CO2 uptake at the time of the switch) indicate 
that, for any linear model, the airborne fraction will not rise to more than about half 
the value it had just prior to the switch to constant emissions. Accounting for non- 
linear oceanic chemistry or the weak temperature-pCO2 feedback does not alter 
this result for the small cumulative CO2 emissions considered under the delayed 
action scenarios. Only a significant change in oceanic circulation could cause the 
airborne fraction to return to the value it had during the period of exponentially 
increasing emission. However, it is suggested here that the largest plausible pertur- 
bation in the atmosphere-ocean CO 2 flux due to ocean-climate feedback - 1.4 GT 
C yr -1 - could be compensated for by an accelerated rate of decrease in fossil fuel 
emissions, reforestation, or some combination of the two. 

Another important factor contributing to the stabilization of atmospheric CO2 
arises from the fact that gross emissions due to deforestation appear to be about 
twice the net emission. As a result, reducing the rate of deforestation to about half 
its current rate is sufficient, in the short term, to reduce the net emission from 
deforestation to about zero. 

As in previous studies, a CO 2 -fertilization effect is necessary in order to simu- 
late the observed atmospheric CO 2 increase. In most instances, a/3 value of 0.4 
was used. One may question the use of/3 = 0.4, but a smaller/3 necessitates a larger 
miscellaneous sink to match the historical CO 2 variations, or requires reducing the 
time constants for oceanic uptake of CO2, both of which give projected future C O  2 

concentrations comparable to those obtained using fl = 0.4. Assuming that the 
undisturbed biosphere constituted a net sink up to 1984 with/3 = 0.4 but ceases to 
be either a sink or a source after 1984 still gives a peak atmospheric CO2 of 400- 
500 ppmv for the range of scenarios considered here. The results obtained here 
indicate that there is a large window of opportunity concerning future atmospheric 
CO 2 and climatic warming, and should dispel notions that a CO 2 doubling is un- 
avoidable. 

The temperature and CO 2 results presented in this paper include the effect of 
concurrent increases in non-CO 2 trace gases, but assume that these gases are stabi- 
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lized or undergo a modest decrease once measures are taken to reduce CO 2 emis- 
sions. Not accounted for are possible positive feedbacks involving the release of 
C H  4 from marine clathrate (Bell, 1982) or through enhanced biological activity 
(Guthrie, 1986), and additional CO 2 emissions from the terrestrial biosphere 
during the transient due to forest dieback associated with rapid climatic change 
(Solomon, 1986). The risk posed by these possible feedbacks underlines the 
importance of early actions to reduce the buildup of greenhouse gases. 

Elsewhere (Harvey, 1989d), sets of assumptions under which fossil fuel emission 
reduction rates of 1-2% yr -1 could be achieved are investigated. The sets of 
assumptions considered pertain to (i) population growth and per capita primary 
energy demand in the industrialized and developing countries, (ii) rates of intro- 
duction of non-fossil fuel energy suppfies, and (iii) the mix of fossil fuels used. In 
that study, global population is assumed to reach 8-10 billion by 2100, industrial- 
ized country per capita primary energy demand decreases by 15-45% from its 
1980 value, and third world per capita primary commercial energy demand in- 
creases by 120-340%. It is also assumed, based on analyses in Goldemberg et al. 

(1985, 1988), that a rate of installation of non-fossil fuel power supply of 150 GW 
yr -1 is achievable. Under these assumptions, and with policy measures starting in 
2000, the year in which a target CO2 emission reduction rate of 1% yr -1 is achieved 
ranges from 2014 to 2093, while a target CO2 emission reduction rate of 2% yr J is 
achieved as early as 2033. The calculated fossil fuel CO 2 emissions, combined with 
the high deforestation scenario, give peak atmospheric CO 2 concentrations of 
400-500 ppmv when used as input to the model described here. Therefore, based 
on the results presented here and in Harvey (1989d), it is concluded that limiting 
atmospheric CO2 to 400-500 ppmv is a credible option. 7 
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Appendix 

A feature of the carbon cycle model used here which is of critical importance to 
policy options for limiting the buildup of, and eventually stabilizing, atmospheric 
CO2 is the behavior of the atmospheric airborne fraction. The airborne fraction is 
given by the difference between total emissions and the total uptake by CO 2 sinks 
during a given time interval, divided by the emissions during that interval. If anthro- 
pogenic CO s emissions can be reduced rapidly enough to reach the changing rate 
of COs uptake by the oceans and other sinks, the airborne fraction will, by defini- 
tion, be zero. The model results presented here indicate that, once emissions have 
been reduced to the rate of CO2 uptake by the sinks, subsequent emission reduc- 
tions could proceed more slowly, as the rate of oceanic absorption gradually 
decreases, and still maintain an airborne fraction of zero. 

Because the behavior of the airborne fraction is so important to the model 
atmospheric CO2 response, we analyze one further, idealized scenario, in which 
fossil fuel emissions suddenly drop to the rate of oceanic CO 2 absorption in 1990 
and are held constant thereafter. The convolution integral (Equation 4) used here 
to model oceanic CO s uptake includes the effects of non-linear oceanic chemistry 
through the use of impulse response functions G~, Ga, and 63 corresponding to 
successively larger cumulative CO2 injections. We now consider two cases, one in 
which G 1 is used at all times, and another in which we switch from G1 to G2 in 
1990. These shall be referred to as the linear and non-linear cases, respectively. 
The non-linear case enhances the increase in the airborne fraction following the 
reduction of CO s emissions. For both cases, biospheric CO 2 exchange with the 
atmosphere and oceanic temperature-pCO2 feedback are suppressed. 

Figure A1 shows the variation from 1950 to 2100 of fossil fuel emissions and 
oceanic uptake of CO s for the linear and non-linear cases. The airborne fraction is 
about 0.6 just before the switch to constant emissions, falls to zero when emissions 
are reduced to the rate of oceanic uptake, then slowly rises to a maximum value of 
0.28 and 0.32 about 40 yrs after the switch to constant emissions for the linear and 
non-linear cases, respectively. This is followed by a very gradual decline. 

To gain further insight into this behaviour, we examine analytic solutions to 
Equation (2) using the single impulse response function G1. Table AI gives solu- 
tions for exponentially increasing emissions, for constant emissions, and for expo- 
nentially increasing emissions up to time tl followed by constant emissions. The 
instantaneous airborne fraction, i ( t ) ,  can be computed from these solutions as the 
increase of atmospheric CO s dy during an infinitesimally small time interval dr, 
divided by the emission during that time interval. Solutions for i ( t )  are also given in 
Table A1. It is seen from Table A1 that as t -~ ~o, i ( t )  for emissions growing expo- 
nentially with e at tends to 

A o + Z A , ( a / ( a  + 1/~i)), (A1) 

while for constant emissions, i ( t )  tends to A0. For constant emissions at a rate xl 
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Fig. A1. Variation of fossil fuel emission, oceanic uptake of CO2, and yearly airborne fraction for a 
scenario in which fossil fuel emissions are suddenly set to the rate of oceanic uptake in 1990 and 
held constant. Biosphere feedbacks, land use emissions, and ocean temperature-pCO 2 feedback 
are suppressed. 

after a period of exponentially increasing emissions, i(t) also tends to A0, irrespec- 
tive of the value of a ,  xI, or tl. Thus, for linear models, the airborne fraction will 
always asymptote at a smaller value than occurred just before the transition from 
exponentially increasing to constant emissions. 

If we let xa equal the rate of oceanic uptake at time t~, then 

xl = x0 e~,,(1 _ A o ) _  x o Z A i ( l / ( a  + 1/ri)(ae~t,  + (1/ri)  e t,/T,). (A2) 

Evaluating the solution for i(t) given in Table AI for the case of exponentially 
increasing emission followed by constant emissions, with x I given by Equation 
(A2), confirms the behaviour of the airborne fraction shown in Figure AI:  i(t) first 
falls to zero, rises to a maximum, then gradually declines to an asymptotic value of 
A 0. Table AII gives the asymptotic airborne fraction for emissions increasing expo- 
nentially at rates of i to 5% yr -1 , the value of i(t) the instant before the switch from 
exponentially increasing emissions to constant emissions given by Equation (A2), 
the subsequent maximum value of i(t), i(t)max , and the number of yrs N after the 
switch to constant emissions when i(t) .... occurs. In every case, i(t)max is about half 
the value of i(t) just before the switch to constant emissions, while N decreases 
from 70 yrs for an initial 1% yr -~ growth to 39 yrs for 5% yr -~ initial growth. 
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TABLE A2: Airborne fractions for fossil fuel emissions increasing exponen- 
tially at X% per year until a value of 6.0 GT C yr -~ is attained, at time 
q ,  followed by a sudden switch to an emission rate equal to the rate of 
oceanic CO2 uptake at time q and held constant thereafter: Asymptotic 
airborne fraction for exponentially increasing fossil fuel emissions, i(~)exv; 
airborne fraction just before the switch to constant emissions, i(fi ); peak 
airborne fraction after time tl, i(t)max, and asymptotic airborne fraction 
for constant emissions, i(~)const. Also given is the time N in years from 
t I to i(t)ma x 

X i( ~ )exp i(ti ) i(t)max i( ~ )const N 

1 0.462 0.463 0.218 0.131 70 
2 0.565 0.565 0.258 0.131 53 
3 0,624 0.625 0,283 0.131 46 
4 0.665 0.665 0.301 0.131 42 
5 0.695 0.695 0.315 0.131 39 

If effects of non-linear chemistry are accounted for by using impulse functions 
corresponding to successively larger CO2 injections as the cumulative emission 
increases, then the appropriate value of A 0 increases. This causes both i(t)max and 
the subsequent asymptotic value of i(t) to increase. As illustrated in Figure A1, this 
non-linear effect is not large. In going from an injection of 0.25 to 3.0 times present 
CO2, A0 for the Maier-Reimer and Hasselmann (1987) model increases from 0.131 
to only 0.166 (Table I). The behavior of this model, which we mimic through Equa- 

tion (4), is thus such that i(t)max following a switch from exponentially increasing to 
constant emissions given by Equation (A2) will always be less than that during the 
period of exponentially increasing emissions, with the asymptotic value being even 
smaller. 

For i(t) to rise to, say, 0.5 following a switch to constant emissions requires that 
the current airborne fraction be larger than 0.5 - something difficult to reconcile 
with fossil fuel emission, deforestation, and atmospheric CO 2 increase data. The 
airborne fraction could nevertheless return to its previous value after the switch to 
constant emissions if there is a sufficiently large change in oceanic circulation or 
mixing and if such changes act as a positive feedback on atmospheric CO 2. The 
sign of any such feedback is as yet unclear, and the analysis presented in the body 
of this paper suggests that human societies could compensate for any such positive 
feedback if the current increase in anthropogenic CO2 emissions is reversed within 
the next 2-3 decades. 
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