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ABSTRACT

CHAN, Y. H., J. S. OLSON, and W. R. EMANUEL. 1978. Simula-
tions of land-use patterns affecting the global carbon
cycle. ORNL/TM-6651. Oak Ridge National Laboratory,

Oak Ridge, Tennessee. 182 pp.

Past increase of atmospheric CO2 involves significant contribu-

tions from both fossil and nonfossil (biospheric) sources. The latter

are controversial, partly because these CO, releases may be balanced

2
by accelerated regrowth following clearing of some forests, while
others were being converted to agricultural or other nonforest land. A
simulation model was used to reconstruct changes since 1860 and project
four hypothetical future scenarios of CO2 injectioﬁ to 2460. Nine- |
teen compartments and their exchanges of carbon were cpnside;ed. Areal
extent of tropical forests, other wooded ecosystems, and nonfofe;ts
were incorporated into the model. Rapidly and slowly exchanging pools
of carbon per unit areé, and net primary production for each pool and
ecosystem group, were projected by integrating income-loss differential
equations numerically using CSMP programming language. | :
Estimated cumulative releases of 602 froﬁ fossil fuels (plus
cement) near 120 Gtons of carbon (1 Gton = 10° metric tons) from 1860
to 1970 were assumed to equal prompt and delayed réleases from forest
clearing. Limits of exploitable forest area and biomass were evaluated
and found to contribute much less future CO2 than the ﬁsable coal,
oil, gas, and 0il shale. Ultimate release from the lgtter (7500 + 2500
X 109 tons of C) could increase atmospheric CO2 manyfold: doubling

the assumed 1860 levels as early as (1) year 2025 for assumed "nominal"



vi

scenario (expanding releases slightly less rapidly than at present),
(2) year 2033 for a "delayed" expansion scenario that would prolong use
of fossil reserves (lowering peak carbon release rate from Vv 43 to v 28
Gtons/year), (3) year 2087 for a "slow burner" scenario (increasing
very slowly from present levels), and 94) year 2290 for a "combination"
scenario (which assumes low fossil-fuel use, high carbon storage, and
high net primary production of forested ecosystems). Depending on the
poorly known parameters that were programmed to constrain the organic
production rates, cumulative storage, and the response of plénts and
solils to enhgnced atmospheric COZ’ biospheric storage might reach
higher 1eve1s.for all scenarios than the estimates given here.

However, maximizing such storage (and helping to minimize atmospheric

CO, for any given energy policy) in real life would require very much

2

closer understanding and wiser management of ecosystems than history

has shown.
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CHAPTER 1
INTRODUCTION
1.1. AN OVERVIEW OF THE GLOBAL CARBON DIOXIDE PROBLEM

People have long recognized that coal, petroleum, and natural gas
can readily supply more energy per unit weight or volume than other
nonnuclear energy sources such as wood or water power. -The industrial
revolution initiated an era of unprecedented exploitation of these
fossil fuels. Since 1860, human population has increased rapidly.
Harvesting of timber has accelerated to meet the demands of industry
and homes (as fuelwood). Large areas of forest have been cleared and
converted into agriculturai lands to produce more food for a growing
population. Carbon dioxide released from fossil-fuel combustion and
from significantly increased oxidation of organic matter in forests and
soils after land clearing became carbon sources to fhe atmosphere
(Baes et al., 1976, 1977; Olson et al., 1978; Woodwell, 1978).

The emissions of carbon dioxide due to human activities are almost
certainly responsible for the worldwide 10% increase in atmospheric CO2
concentration over the past 20 years (e.g., Bolin and Bischof, 1970;
Keeling et alf, 1976b). An increase in the level of ambient carbon
dioxide may possibly enhance the photosynthetic absorption of CO2 by
terrestrial plants (Gaastra, 1959; Lemon, 1977; Loomis, in press). A
portion of the excess may enter the oceans (Pytkowicz and Small, 1977;

Revelle and Suess, 1957).



Actual mcasurcments of the concentration of atmospheric carbon
dioxide show that about 56% of the CO2 released from estimated fossil-
fuel utilization between 1958 and 1974 has remained in ;he atmosphere
(Keeling and Bacastow, 1977). Evidently, the excess carbon dioxide from
anthropogenic releases is not fully absorbed by the terrestrial
biosphere and the ocean. Presently, it is not clear how to account for
the amount of carbon dioxide supposedly released to the atmosphere which
has been transferred into the hydrosphere and the terrestrial biosphere
(Kerr, 1977; National Academy of Sciences, 1977; Stumm, 1977). Contro-
versies have arisen concerning the role of the biosphere as # net source
or sink for excess carbon dioxide in the atmosphere (Andersen and
Malahoff, 1977; Woodwell and Houghton, 1977).

The global climatic pattern will be influenced by the increase in
atmospheric carbon dioxide. As early as 1861, Tyndall suggested that
an increase in the carbon dioxide content of the atmosphere may result
in a rise in the air temperature (see also Arrhenius, 1896; Callendar,
1938).

Although water vapor, ozone, and aerosols are important factors
influencing the radiative balance of the earth's surface, experts
agree that their effects are minor compared withieffecfs of atmospheric
CO2 (Palmer, 1973; Hobbs et al., 1974; Baldwin et al., 1976; Kellogg,
1978) . Carbon dioxide, though virtually transparent to shortwave solar
radiation, is a good absorber of radiation in the band of the infrared
spectrum (12-17 um), where an appreciable flux of energy is radiated by

the earth's surface and the lower atmosphere. This accounts for the



"greenhouse' effect of COZ' Solar radiation passes through the
atmosphere largely unattenuated, but the atmosphere absorbs and retains
more longwave radiation from the earth when more CO2 is present. The
result is a net warming of the lower atmosphere, which receives both the
solar and returned longwave radiation, and a cooling of the upper
atmosphere, which then emits relatively less outgoing flux of radiation
to space for any given surface temperature (Plass, 1956, 1972b).

The effect of atmospheric CO, on the average temperature of the

2
earth's gurface has been studied by many scientists for the last

hundred years.(e.g., Schneider, 1975). Models of varying complexi;y
have been constructed for predicting climatic changes. Inifialiy,
simple models of one-dimensional radiation balance with different
feedbacks from other constituents of the atmosphere were developed
(e.g., Arrhenius, 1896; Callendar, 1938; Plass, 1956; Moller, 1963).
Exemplary of the recent state of the art is the model developed by
Manabe and Wetherald (1975). This is a three-dimensional general
circulation model (GCM). For a douBling of CO2 in the atmosphere,

their model predicts about a 3 °K rise in the average temperature of the
lower atmosphere at middle latitudes and a much higher rise in the polar
regions. Most modeling efforts have arrived at the general consensus
that the temperature response is approximately logarithmic. Each
doubling in the concentration of o, in the atmosphere produces about
the same increase in the average temperature of the air at the earth's
surface. The amount of the average increase in temperature per doubling

of CO2 given by the various models have been critically reviewed by



Schneider (1975). He estimated that the magnitude of ''state-of-the-
art estimate" to be in the range of 1.5 to 3 °K, with general agreement
 that a larger increase can be expected in the polar regions.

Several symposia and wofkshops have been held in various places in
the last few years to facilitate the cooperation and exchange of ideas
so important in exploring the many aspects of the problem.. These
gatherings include SCEP (1970), SMIC 61971), the 24th:- Brookhaven
Symposiuh in Biology (Woodwell and Pecan, 1973), the Dahlem conference
(Stumm, 1977), Office of Naval Research Conference on the Fate of
Fossil Fuel C02_(Andersen and Malahoff, 1977), the Scientific Workshop
on Atmospheric Carbon Dioxide organized by the World Meteorological
Organization (1977), and the ERDA Miami Workshop on Significant
Environméntal Problems (Elliot and Machta, in press). These groups
acknowledge, with increasing emphasis and consensus, that the biosphere
is important as a resource which will be altered by any major climatic
shift, and that the role of the biosphere in carbon cycling had been

underestimated.
1.2. SECULAR TREND OF CARBON DIOXIDE CONCENTRATION

Since the detection of CO2 as a constituent of air by Bergman in
1774, there have been many measurements of the amount of CO2 in the
atmosphere. Callendar (1940, 1958) examined the measurements of
atmospheric CO2 from 1866 to 1956 and argued that the secular increase
of CO2 beginning in about 1900 was due to the burning of fossil fuels

by man. Bray's (1959) statistical analysis of the reliability of the



data reached a similar conclusibn. He also emphasized the need for
further sampling at selected locations. The concentration of
atmospheric CO2 around 1900 was given by him to be about 290 to 293
parts per million by volume (ppmv). |

Beginning with the International Geophysical Year in 1958,
systematic measurements of the concentration of atmosphefic CO2 became
available. These include the nearly continuous record maintained since
1958 at the Mauna Loa Observatory in Hawaii (19° N latitude, 3400 m
altifude; Figure 1). The measurements were obtained with a continuously
-recording infrared gas analyzer, after correction for local effects as
described by Machta (1972b), Pales and Keeling (1965), and Keeling et al.
(1976b). Scandinavian data derived primarily from flask samples aboard
aircraft were discussed by Bischof (1970) and Bolin and Bischof (19705.
Shorter recoras of infrared gas analyzer measurements from Point Barrow,
Alaska (73° N latitude) are also available (cf. SCEP, 1970, p. 42),

In the Southern Hemisphere, South Pole data were obtained mostly
from flask samples collected since 1957 (Keeling et al., 1976a). New
efforts also were initiated to measure the concentration of atmospheric
COZ'around Australia and New Zealand (Pearman and Garratt, ;973;

Garratt and Pearman 1973a, 1973b).

Three types of fluctuation are apparent in these records. The
first is a seasonal variation with an amplitude of about 6 ppm for Mauna
Loa data (Keeling et al., 1976b). The variation has a maximum in spring
and a minimum in late summer corresponding to the seasonal changes in

net photosynthesis and respiration of the biosphere (Olson, 1970a;
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Figure 1, Trend in the concentration of atmospheric CO2 at Mauna Loa Observatory, Hawaii.

Source: Keeling, C. D., and R. B. Bacastow. 1977. Impact of industrial gases on climate.
Pp. 72-95. In Energy and Climate. National Academy of Sciences, Geophysics Research
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Lieth, 1963; Junge and Czeplak, 1968). Ground-level seasonal amplitudes
of the Scandinavian data are about 15 ppm and damp out with a monthly
lag af 10 km altitude, and even more lag at 11 km (average stratosphere
altitude, with only 0.7 ppm average seasonal amplitude) tBischof, 1970;
Bolin and Bischof, 1970; Bolin and Keeling, 1963). Data from the"
Southern Hemisphere also display a seasonal variation (November high vs.
March low) but with a smaller amplitude of ébout 1.6 ppm (Keeling et al.,
1976a). The out-of-phase relation with the growing séaséﬁ suggests the
presence of a rather strong interhemispheric exchange process with a
~delay of about six months (Bolin and Keeling, 1963; Junge and Czéblak,
1968).

’Domingting these CO2 time series is a general upward trend of
atméspheric CO2 with time. This avéraged about 0.76 to 0.72 ppm per
year at Mauna Loa and the South Pole, respectively, from 1959 through |
1968, and over 1.0 ppm after 1969. The increase from 1959 to 1971 is:
3.4 and 3.1% for Mauna Loa and the South Pole, respectively (Pales and
Keeling, 1965; Brown and Keeling, 1965; Keeling“et al., 1976a,b). Also
noticeable is a change in the annual rate of Co, increase. It apparently
declined during the early 1960s and increased after 1967. " The decline
was interpreted by Bainbridge (1971) as a consequence of cooliﬁg of " -
surface ocean water by about 1 °K. However, BacastowA(1976) regarded
the variation as the result of the Sputhe?n Oscillation, a large scale
atmospheric and hydrospheric fluctuation with an irregular period of one
to five years. The connection, if present, indicates that a principal -

cause of the variation may bc a change in the rate of removal of CO, by

the oceans (Machta et al., 1977).



1.3. THE TERRESTRIAL BTOSPHERE AS A SOURCE OR
SINK OF ATMOSPHERIC CO2

The concentration of atmospheric CO2 has been observed to increase
;teadily since 1958, but the annual increases approximate only 50% of
the cafbon dioxide released each year by fossil-fuel combustion
(Baes ct al., 1977; Kcster and nykowicz, 1977). Until recently, it had
been widely accepted that about 30% of the annual release was dissolved
invthe ocean and the remainder was assimilated by green plants (e.g.,

" Pearman and Garratt, 1972; Machta, 1972a, 1973; Keeling, -1973a).
'Howevef, several studies by geophysicists and biologists in the past
two or three years implied that tHe terrestrial bioéphere is probably
not'a net sink‘for the excess CO2 and may have functioned, in the past
hundred years, as a significant source of atmospheric carbon dioxide
(Woodwell and Houghfqn, 1977; Adams et al., 1977; Bolin, 1977a). The
oceanographers, however, maintain that the ocean alone could not
accommodaté the amount of the excess CO2 not remaining airborne
(Fairhall, 1973; Whitfield, 1974). Increasing importance and
controversy have thus arisen concerning the possibilities that trees and
humus have been net sources or net sinks for atmospheric CO2 (e.g., .
Olson et al., 1978; Loomis, in press; Woodwell, 1978).

Recent estimates of the net release of nonfossil carbon from
oxidation- of organic métter (1iving and dead) range from 1 té 8 Gtons
of carbon annually (Hutchinson, 1954; Adams et al., 1977; Bolin, 1977a;
Woodwell and Houghton, 1977; Woodwell et al., 1978; Wong, 1978;

. Baes et al., 1976, 1977). The uncertainty of these estimates is generally

S
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high, as the calculations are based on limited data gathered from small

geographical areas extrapolated to a global scale. Measurements of the
13C/12C ratio in tree rings formed between 1850 and 1950 infer a
cumulative release of 120 Gtons of noﬁfossil carbon during this perioa
(Stuiver, 1978), with considerable release before 1900 (Stuivér; 1978;
Wilson, 1978).

~ Deforestation of the lands is suggested as the main source of
nonfossil carbon in the atmosphere. In the bOrgal and north temperate
regions, the total area of forested lands is sometimes assumed to be
roughly stable for the last hundred years (Rostlund, 1956). However, in

tropical, subtropical, and south temperate forests, clearing définitely

prevails over reforestation and natural succession (Persson, 1974;

_Sommer, 1976). Yet another source of nonfossil carbon is the soil humus

which may contain from 1500 to 3000 Gtons of carbon (Bohn, 1976;
Schlésinger, 1977)., The losses.to the atmosphere from soil carbon have
been enhanced because of the increased oxidation from swamp drainage,
field plowing, and disturbance after logging operations, However, the
long-term trend of carbon loss from the soil could have been reversed
through humus-building agricultural practices in some well-managed,
fertile areas (Loomis, in press), The possibility of net C02‘loss ffom,"
some areas and net storage in others leaves the global balance in doubt
at this time,

If the biosphere is not providing storage for roughly 20% of the
excess CO,, another sink is implied. Marine chemists dispute the

assertion that the excess CO, not remaining airborne could be absorbed
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- by the ocean. Both physical circulation and the buffering action of
ocean water are limiting the transfer of atmospheric C02vto the deep
ocean (Broecker, 1974; Skirrow, 1975).

Constraints of the buffering effects of sea water reduce the uptake
of CO2 in the mixed surface layer (Pytkowicz, 1967). The thermocline
acts as # barrier between the mixed layer and the deep water where steep
gradients of temperature and salinity slow mixing processes by diffusion
~and overturn. Furthermore, the deep water circulates very slowly by

advection from the North Atlantic to the Pacific, and hence, hinders

the penetration of carbonate ions and any shift in the mean concentration.

Particulate organic matter settles slowly by gravitation.

If the anthropogenic emissions of fossil plus nonfossil carbon
continue unabated at the present rate or faster, chemical buffering of
the surface water may cause the ocean to be even less effective in
absorbing the excess.CO2 in the future than during the past century
(Keeling, 1973a; Revelle and Munk, 1977), The future biosphere does not
seem likely to have the capacity to store the large amount of excess
CO,. . A finer discrimination of the biospheric submodel in a global
carbon model is essential in clarifying the confusion on the role of

terrestrial ecosystems as sources or sinks for the excess CO2 released

from human activities.
1.4, SCOPE OF THIS STUDY

The present study extends the previous computer simulation studies

qf the global carbon cycle. Research activities are concerned mainly

4
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with placing bounds on the pool sizes, exchange rates, and net shifts
of terrestrial organic carbon in the global system. This objective is
to help answer the questions: Could the biosphere account for a

significant fraction of the CO, released to the atmosphere, 6r of the

2
total uptake of excess carbon from the atmosphere? What possible limits
of biospheric exchanges and net shifts of atmospheric carbon can be
inferred for the past and for the future? | |

In focusing on the biospheric component of the carbon cycle, it is
helpful to divide the terrestrial biota info broad subdivisions, Here
the terrestrial ecosystems are grouped into three categories as in Olson
et al. (1978). Forests and woodlands north of 30° N latitude aré called
""Northern Woods'; tropical, subtropical, and other temperate forests
south of 30° N, "Southern Woods'"; and all other nonforest ecosystems sﬁch
as grasslands (including open savanna), crbplands, deserts, and tundra,
the '"Nonwoods." Organic carbon in each zone is allocated to a rapidly
exchanging pool or a siowly exchanging pool, according to data and
judgment on its average turnover time,

The changing land-use pattern is an important factor aftecting thg
global carbon cycle; The present study also explores explicitly the
formulation of estimating the quantities of biospheric'carbon from
preliminary projections of area and mass per unit area for the broad
ecosystem groups. Empirical equatioﬁs also are dévéloped to restfain

the net primary production (NPP) and storage capacity of the biota at.

- high level of atmospheric CO2 and high value of mass per unit area of

each ecosystem group.



12

Current aggregative approaches in modeling the global carbon cycle
lack the sensitivity to resolve the precise role of these biospheric
reservoirs, Most of the existing carbon models are of lower order
systems described by less than ten differential equations for the whole
earth. A slightly more complex model, incorporating as much available
information as possible, ‘is developed and tested here. This allows
effective modification of the model and also precise intérpretation ot
the simulation results, but avoids some of the unmanageability of large
models., The biospheric submodel with six pools turns out to be
informative at the present stage, even if more or fewer pools are

suitable for other purposes.
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CHAPTER 2
LITERATURE REVIEW
2.1, THE GLOBAL CARBON CYCLE

The dynamics of the global carbon cycle are depgndent on three
interconnected natural cycles superimposed with an economic or anthro-
pogenic cycle (Borchert, 1951; Junge, 1963, 1977; Martin, 1970), Two of
the natural cycles, the organic matter cycle and thelgeologic cycle, are
regarded as maintaining a steady state over geologic time, while the
other biological cycle, termed the ''small cycle'" by Borchert (1951), has
a turnover time of abodt 40 years (Schlesinger, 1977).A The latter is
not completely balanced, because a small amount of carbon is continuously
transferred to the slower organic matter cycle’(Junge, 1977). The
economic cycle is only a transient disturbénce resulting from human

activities (Martin, 1970).

2,1,1, Historical Background

The importance of carbon compounds for life aroused early interest
in the cycle of carbqn on earth, More than a century ago, the Cyclical
character of the circulation of carbon between.plants and animals through
a common atmospheric reservoir was lucidly Aemonstrated by Dumas (1841).
The general concept set forth in that paper has become common knowledge.

One of the earliest efforts to quantify the global carbon cycle was

that of Lotka (1924), In a discussion of the various processes related
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to the carbon cycle in nature, he partitioned the carbon atoms into
several interconnected reservoirs: the atmosphere, lithosphere, ocean,
animal, plant, and fossil fﬁel (céal) poois. Estimates of reservoir
size and magnitude of some of the processes such as weathering of rock
and combustion of fossil fuels were given in his paper. However,
reservoir sizes for the animal and plant pools were not given, Also
missing were the fluxes of carbon between the atmosphéré aﬁd tﬁe‘other
three reservoirs (ocean, animals, and piantsj.

In a review of the global carbon cycle, Bolin (1970) attempted to
synthesize the previous findings of carbon circulation in nature,
especially in the biosphere., A compartment diagram of the global carbon
cycle was presented togetherlwith the values for inventdries and transfers
of the reservoirs. An improvement of this diagram with extensive "
modification was summarized.by the participants of the 24th Brookhaven

Symposium on Biology (Reiners et al., 1973).

2,1,2, The Biota and the Carbon Cycle

The contribution of terrestrial ecosystems to modifying or
stabilizing the carbon éycle has probably been underestimated in many
earlier attempts to understand the kinetics of carbon in nature (cf.
Kira et al., 1973). This deficiency was pointed out by Olson (1970a),
who also stressed the importance of the forests (the main pool of
terrestrial organic carbon)., The hierarchical nature of the role of the ¢
forest subsystems within the global carbon cycle also was discussed in

the same work.
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Recently, Botkin (1977) briefly reviewed the effects af CO2
enrichment on terrestrial and fresh water ecosystems. He considered
that CO2 enrichment may increase the carbon mass in the forests, but the
interactions of tree species and the aftermath of increasing deforestation

probably will cancel these effects,
2.2, QUANTITATIVE MODELSAOF GLOBAL CARBON CYCLE

2.2.1. Introductory Remarks

The quantitative.aspects 6f the global carbon cycle were thoroughly
summarized by Bolin (1975) and Baes et al. (1976, 1977). These workers,
with different emphases, succinctly reviewed the physical and chemical
processes of réievance to the carbon cycle,'and also the characteristic
features of the ocean circulation. In addition, up-to-date estimates of
the reservoir size and maénitudes of the interconnecting fluxes befﬁeen
the reservoirs were also evaluated.

A Quantitative models of the global carbon cycle developed so/far can
be grouped into two categories: the thermodynamic sedimentary model and
the kinetic compartmental or box.model (Garrels and Lerman, 1§77;
Mackenzie and Wollasf, 1977a)., The térm ”compartment"‘is usedAinter-
changeably with '"reservoir'" or "box'" in most sfudies of biogeochemical
cycles (e.g., Svensson and Soderlund, 1976; S;umm, 1977). In the '
compartmental model, the elemental carbon is partitidned into a number
of physical entities, the compartments or the‘reservoirs,'with arbitrary

or distinguishable boundaries interconnected by fluxes of carbon
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between adjacent reservoirs. The number of reservoirs chosen for such a
model depends both on the previous knowledge of the way carbon is
distributed about the earth's surface and on the geographical scale of
the transfer under consideration (Mackenzie and Woliast, 1977a; Eriksson
and Rosswall, 1976). The concentration and distribution of carbon
within a particular reservoir, and to some extent the rates of transfer,
are governed by interacting physical, chemical, and biological processes.
The resultant behavior of carbon in the cycle is generally described in
terms of first-order differeﬁtial equations (Eriksson, 1971; Mackenzie
and Wollast, 1977b). :

The mass balance of the sedimentary or rock cycle is based entirely
on chemical equilibrium reactions in most of the thermodynamic models
(Li, 1972; Garrels and Mackenzie, 1972; Mackenzie; 1975; Mackenzie and
Garrels, 1966)., Implicitly, these models assume that the distribution
of various elements tincluding carbon) in the earth's crust are the end
results of chemical equilibria and that the chemical reactions obey the
laws of thermodynamics, Nevertheless; they are inadequate for complete
description of the carbon cycle, particularly fqr the transient
behavior, and are usually insufficient as a'predictive tool (Mackenzie

and Wollast, 1977b; Broecker, 1971),

2,2,2, Compartmental Models and Radiocarbon

A variety of simple compartmental models have been studied in
o . 14, .
connection with the transfers and steady-state distributions of ~ C in

the atmosphere and in the oceans. Several workers in the latter part
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of the 1950s (e.g., Craig, 1957, 1958, 1963; Revelle and Suess, 1957;
Broécker, 1963) took advantage of the naturally occurring 14C as a
tracer to obtain the steady-state mean residence times of carbon in the
sea and the atmosphere. Most of these earlier models were fairly simple,
composed éf a two-layef ocean, an atmospheric compartment and, sometimes,
an additional biospheric compartment. However, the basic computational
procedure for obtaining residence times of carbon in the various
compartments later was used for other more complex models suggesfed by
Broecker (1963), and Miyake and Saruhashi (1973).

The detonation of nuclear devices usually produces a significant
amount of 14C to the atmosphere., Since 1954, aboveground nuclear tests
have been carried out in northern latitudes, The bomb-produced 14C is
being redistributed in the carbon cycle, Actual measurements of the
excess 14C, which can be considered as individual "spikes,'" allow the
response of the oceans to be revealed (Junge, 1963; Fairhall et al., 1973;
Keeling and Bacastow, 1977)., Nydal and his co-workers (Nydal, 1967,
1968; Nydal and Lovseth, 1970; Gullikesen et al., 1973) also employed
simple compartmental models to characterize the distribution of excess
14C, and to fit statistically the oceanic 14C data compiled from
~periodic actual measurements from the high-yield nuclear test series of
1957 and 1962,

The dilution of 14C activity by the addition of fossil-fuel carbon,
the Suess effect (Revelle and Suess, 1957) has generally been disregarded
in previous models. In view of the increasing production of fossil fuel

carbon, this dilution effect will become increasingly significant
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(Baxter and Walton, 1970), Walton et al. (1970) took account of the
magnitude of this effect in their estimates of the mean residence times

of carbon reservoirs.,

2,2.3. Dynamic Models of the Carbon Cycle

The carbon dioxide/climate problem has stimulated many studies in
the past, especially during the last ten years, to obtain a better
understanding of the circulation of carbon atoms in our environment.
Results from these studies have provided mathematical models of the
world carbon cycle that offer an initial framework for interfacing.with
climatic models. Most of these time-dependent models, with varying
degrees of refinement, are able to integrate the improved information
concerning the various componentslof the carbon cycle from previous
static models. The latter'assumed steady-state conditions ta simplify
estimation of the transfer rates and exchange time of the many fluxes,
In a comprehensive study of a carbon cycling model, Keeling (1973a) has
summarized and reviewed some of the early work, Several later models

also have been reviewed by Bolin (1975).
2,2.3.1., Model Structures

Topologically, many of the carbon models are compartmental or box
models., The carbon in the compartments is treated as if well-mixed or
at least randomly mixed; the transfer processes are assumed to obey
first-order rate equations. Nonlinearities in the model equations are

usually associated with primary production of living plants and the
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chemical dissociation equilibrium of carbonates in the ocean (cf.
Keeling, 1973a).

Depending on the objective of the studies, the earlier models either
neglected the biosphere-altogether.(Revelle and Suess, 1957), or assumed
the ocean to be one well-mixed reservoir (Erikssoﬁ’and Welander, 1956).
A few workers (Cramer-and'Meyer,'1972; Gowdy et al., 1975), whose carbon
models were'basgd on Bolin's (1970) inventory, also put in compartments
for the marine plants (phytoplankton) and animéls'(zooplankton). While
Oeschger et al. (1975) and Siegenthaler and Oeschger (1978) modeled with
only one biosphere compartment, others have expediently lumped the whole
biosphere with the atmosphere (Plasset and Latter, 1960; Plasset and
Dugas, 1967; Dugas, 1968) or with the mixed layer (Zimen and Altenhein,
1973b).

The varioué carbon compounds found in the biosphere decompose at
different rates (Swift, 1977; Minderman, 1968). Considerable knowledge
would be gained by subdividing the biospheric carbon pool. Eriksson and
Welander (1956) divided the land biosphere into an "assimilating plant”
and a much larger ''dead organic matter' pool. This practice was followed
by many workers, such as Bolin and Eriksson (1959), Bolin (1970},

Young et al. (1972), Gowdy et al. (1975), Smil and Milton (1974), and
Niehaus (1975, 1976). However, the residence time of a carbon atom in
the terrestfial biosphere can be very different before the atom is
returned to the atmosphere, depending on which pool it is in. This is
also true for the dead organic matter or humus as it is oxidized to CO2

at different rates by microorganisms (Minderman, 1968). It is reasonable
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and advantageous to differentiate carbon pools of the land biosphere
into various categories according to the residence time of the carbon
fractions (cf. SCEP, 1970; Wagener and Forstell, 1972). An appropriate
division is to have a rapidly exchanging carbon pool with a residence
time of the order of a few years, and a slowly exchanging pool with a
residence time of the order of decades to centuries. Models adopting
these criteria of division were developed by Keeling (1973a), Bacastow
and Keeling (1973), Ekdahl and Keeling (1973), Machta (1972a, 1973),
Killough (1977), Olson and Killough (1977), Olson et al. (1978),
Revelle and Munk (1977), and Zimen et al. (1977).

Bolin and Eriksson (1959) noted that the top 50 to 100 m of sea
water is agitated by the wind such that it is relatively well mixed and
rapidly equilibrated with atmospheric carbon dioxide. They accordingly
divided the ocean compartment into a surface layer of 75 m depth
exchanging with a much larger deep ocean layer beneath. Most of the
later workers followed their formulation. Oeschger et al, (1975) made a
significant improvement in representing the carbon movement in the ocean,
replacing the 2- or 3-reservoir oceanic model with a "box-diffusion
model' that allows carbon flux across a gradient beneath the mixed
surface layer. This approach showed. many promising results and has been
readily adopted by many other workers (e.g., Jérgensen and Mejer, 1976;
Killough, 1977; Olson and Killough, 1977; and Siegenthaler and Oeschger,
1978). A comparison of the box-diffusion model with the reservoir or
compartmental model was analyzed thoroughly in an Appendix at the end

of the report by Keeling and Bacastow (1977).
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Other variables also cén be included in the system of equations to
characterize the initial states of fhe various compartments besides
concentration and level of carbon in the model. Thesé variables may
include human population (Young et al., 1972), ambient temperature or
the earth's heat balance (Jdrgensen and Mejer, 1976; Niehaus, 1975,»
1976; Mulholland et al., 1977), concentrations of‘nitrogen and |
phosphorus in the biota (Jdrgensen and Mejer, 1976), or societal
activities such as fossil-fuel production and consumpfion (Smil and
Milton, 1974). Hoffert (1974) has made a refinement in the atmospheric
subsystem by including latitudinal distribu;ion and mixing of atmospheric

carbon in his model.
2.2.3.2. Source Functions of Fossil Carhon

Reliable data on fossil-fuel production from 1860 A.D. to the
present have been compiled and documented by the United Nations
(Keeling, 1973b; Rotty, 1973, 1975, 1977). Based on these figures,
together with the appropriate carbon content of each ﬁype of fuel, the
annual amount of carbon released to the atmosphere from combus;ion of
fossil fuels alone can be calculated (Revelle and Suess, 1957; Baxter
and Walton, 1970; Keeling, 1973b; Rotty, 1977; Zimen et al., 1977; Perry
and Landsberg, 1977). Similarly, CO2 from kilning of limestone for
cement also can be compiled. For at least the past 110 years, with the
exception of the period between the two World Wars, the world';
consumption of fossil fuels and cements has increased exponentially

at about 4.3% per year. It is, therefore, conceivable to approximate
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within this time period the input function of fossil-fuel carbon (with
abogt 2% of the total CO2 from production of cement) as an exponential
function (e.g., Baxter and Walton, 1970;. Keeling, 1973a; Ekdahl and
‘keeling, 1973; Bacastow and Keeling, 1973; Machta, 1972a, 1973). It is
improbable tﬂét the exponeﬁtial growth of fuel consumption will continue
unabated until fuel supplies are completely exhausted. In order to
represent more realisticaliy the exhaustion of finite fossil-fuel
resources; Dugés (1968) computed the consumption rate with a piecewise
continuous function. Fuel consumption was allowed to éontinue
exponentially until around 2000 A.D. and then to level off following a

- hyperbolic tangent function when fossil fuels become scurce. |

| The utilization rate of a nonrenewable resource is more appropriately
illustrated by a sigmoid“curve (Hubbert, 1971). Two different'types of
functionS'tﬁat can generate a sigmoid curve, a Gaussian normal curve

and the family of -logistic curves, have been used by various workers to
1mode1 the annual injection of fossil-fuel carbon to the atmosphere.

The normal curve (cf. Hoffert, 1974; Gowdy et al., 1975; Mulholland et al.,

1977) is generally expressed as

P(t) = Pw/w/Zn - eth-(t-tm)z/zoz] , ’ (2.1)

where ﬁ(t) is the amount of fossil carbon released between time t and
t+6t, and P_ is the total inventory of recoverable fossil fuels to be

consumed.

i
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The logistic function first introduced. by Verhulst (cf. Lotka,

1924), can be generalized by the equation (Goel et al., 1971),

P(t) = rP[1 - (P/P)"], n>0 . ‘ | (2.2)

The simple logiétic function, with the exponential'constant n =1, was
first adopted independently by Young gt al. (1972) and Zimen and |
Altenhein (1973a,b) to describe the productionﬂbf CO2 froh industriél
activities. Similar functions, but with different values of the
exponent (for 0 < n < 1), were used as input functions in later modeling
efforts (Killough, 1977; Oison and Killough, 1977; Olson et al., 19?5;
Keeling and Bacastow, 1977; Revelle and Munk, 1977; Zimen et al.; 1977;
Siegenthaler and Oeschger, 1978).

An input function which differs slightly from the logistic function

was developed by Rotty (1976, 1977). The function
P(t) = rP[1 - P/P_ 1%, a>1 ' : | o (203)

shows a different behavior from the other two sigmoid curves by being
more asymmetrical. It, too, is equivalent to the simple logistic.

function if a = n = 1.
2.2.3.3. Biospheric Fluxes

The assimilation rate (or primary production) of plants is
dependent both on the concentration of the atmospheric carbon and on the

biomass of the plants themselves. This is suggested in Eriksson and
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Welander (1956) discussion of the behavior of the global carbon cycle
“in which the land biota is coupled to the atmosphere and the ocean, with
- the possibility of self—gustained oscillation of atmospheric carbon
dioxide. However, plant respiration was considered to be a function of
Biomass only. This concept of donor and recipiént controls in primary
production of planfs was also found in the models of later studies
(e.g., Keeling, 1973a4; Killough, 1977; Olson and Killough, 1977; Revelle
and Munk? 1977; Olson et al., 1975). |

The rate of transfer between living biomass and dead organic
:matter is ﬁrdbably not a-function of the present level of bioméss, but
is rather a function of the biomass level some years earlier (Eriksson
1 and Welander, 1956). Hence, time-delays were introduced in some models
toiéﬁgracterize the respﬁnses of the biospheric compartments (Eriksson
and Welander, 1956; Young et al., 1972),

The problem of modeling the behavior of land-plants responding to
an increase in atmospheric carbon dioxide was studied briefly by Bolin
and Eriksson'(1959). However, they still assumed that the primary
production follows first-order rate equation depending only on the
donor (i.e., the atmospheric) compartment. Morepver, time-delay was
not ihéorporated in the system. The donor-controlled linear compartmental
model of Gowdy et al. (1975) was andther example in this regard.

ﬁiehaus (1975, 1976) took a totally differen; approach to model
'the’fertilization effect of increasiﬁg CO2 on the net primary production
(NPP) of the biosphere. He used an empirical Mitscherlich-type function

to compute the relative growth rate as a function of normalized partial
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pressure of atmospheric carbon dioxide. Parameters in this equation
were derived from field experiments on several tree species as reported

in the literature. This equation, as given by Niehaus (1976) is

y = y_[l - exp(-k/2.466)] o (2.8)

where y = 3 is the specific asymptotic growth rate and k is the partial
pressure of atmospheric CO2 normalized at 320 ppm?. A 10% increase in
atmospheric carbon up té five times the current concentration would
cause approximately -an 8% rise in the net production rate.

In many laboratory experiments, tﬁe organic carbon increases
logarithmically with an increase in ambient carbon dio*ide (Keeling,
1973a). Fur;hgfmore, a 10% increase in‘CO2 resdlté in up to about 5%
more net production in plants. This potential growth rate would
furthér be reduced, if limiting nutrients were taken intolaccoqnt.
Consequently, in Keeling (1973a), the increase in net primary
production (NPP) was described by a logarithmic function adjusted by a"
biotic growth factor, 8. The latter factor ranged from 0 to 0.4. This
approach to describing biospheric responses to additional CO2 was used
widely in subsequent models of the carbon cycle (e.g., Oeschger et al.,
1975; Killough, 1977j Revelle and Munk, 1977, Zimen et al., 1977;A |
Siegenthaler and Oeschger, 1978; Olson et al., 1978)}.

The biosphere may not serve as a major sink for the extra C02
injected into the atmosphere. Broecker et al. (1971) and Hoffert (1974)

argued that even though the increasing CO, would enhance the photo-

2

synthetic rate to a certain extent in greenhouse experiments, the
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availability of water and other necessary nutrients would eventually
become limiting under field cpnditions (cf. Attiwill, 1971; Lemon, 1977).
All of them prefgrred to keep the mass of the biosphere constant in
their modeling studies.

Biospheric carbon can be assumed to increase initially and could
remain constant or decrease after reaching a cer;ain maximum level
(Bacastow and Keeling, 1973; Killough, 1977). This has been accomplished
by setting the biotic growth factor 8 = 0 at some specific time during
the simulation (Bacastow and Keeling, 1973), or by multiplying the
- growth function by a limiting factor (e.g., Killough, 1977).

Several recent appraisals and reviews on the contribution of
biospheric carbon to the atmosphere have provided a wide range of
tentative values which underscore the necessity of further reseafch.

In their review, Baes et al. (1976) assumed that there was little net
change of biospheric carbon in the Northern Woods and that the annual
rate of cutting the Southern Woods might approach 1%/year. At this
rate, ﬁheir preliminary estimates of biospheric carbon releases from the
Southern Woods were 1.2 Gtons/year from prompt releases and about

2 Gtons/year from delayed releases.

Adams et al. (1977) estimated the probable maximum cutting rate of
forests to be 1 ton per capita per year (or about 4 Gtons/year currently).
No allowance for the accelerated decay of'soil humus and organic matter
-was included. Using a slightly different approach, Bolin (1977a)
estimated thaf in the early 1970s, about 1 Gton of carbon per year was

released directly to the atmosphere from the tropical forests assuming

“
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also little net change in fhe temperate-forests. Based on the rates of
harvests reported in literature, Woodwell et al. (19785 judged that the
most probable range for the total world release from the biofa annually
is 4 to 8 Gtons/year of carbon, The maximuﬁ value might reach 18 Gtons/
year. Another estimate was given in the recent comprehensive review of
Wong (1978). He provided gross and net estimates of carbon releases
from the various sources such as forest clearings; wood burning,
desertification, etc. His estimate for .the net input of nonfossil carbon
was about 1.6 Gtons/year of which 1.5 Gfons/year was assumed to come from
th¢ clearing of new tropical forests. The latter figure was taken as an
intgrmediate value from the estimates of Baes et al, (1976) éiven aboye.
An early estimate of’carbon released from biomass burning was given
as 0.1 Gtons/year by Robihson and Robbins (1972).. Much of their o
estimate of biomass burning as well as the corresponding esfimates of
Adams et al. (1977), and Wong (1978) were probably allowed for in the
7 Gtons/year of forest bu?ning in Baes et al. (1976, 1977).' Excepﬁ for
the estimates given by Baes et al: (1976), most of the othef estimates
did not give explicitly the proportion of carbon released directly to
the atmosphere or the amounts of carbon shifted to the rapidly and.
slowly exchanging carbon pools. The delayed releases of live organic
matter and soil humus wquld significantly increase the total releése in

the near future.
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2.2.3.4. Deforestation Rates

It is necessary to incorporate the increase of deforestation
explicitly in a new carbon model in order to visualize the effects of
diminishing biospheric storage on the global carbon cycle. In an
analysis of man's impact on the global carbon cycle, Young et al. (1972)
first introduced a variable ;eflecting the carbon stored in forest
cuttings. They defined its rate of change as the per capita consumption
rate of wood times the world population level.

The effects of deforestation on the éarbon cycle have been modeled
by shifting a fixed portion (1% or less annually) of the carbon stored
in tropical forests to the nonforest compartments (Olson et al., 1978).
These initial findings suggested thét an annual rate of deforestation of
tropical forests of 1% since 1860 would drastically reduce the carbon
stored in the world's forests in the near future. Concomitantly, an
unrealistically high amounf of carbon would remain in the atmosphere.

Deforestation rates are probably varying with other conditions.
Revelie and Munk (1977) conceived the present remaining forests as
nonrenewable resources (cf. Gémez-Pompa et al., 1972) and described the
release‘of carbon ffom large-scale deforestation by another logistic
equation. An alternative approach was taken by Zimen et al. (1977) in
their recent paper. They viewed the forest as another'energy'source
supplementing the usual fossil fuels, and so the release of carbon from
forest was consideéred to vary proportionally with the carbon input from

combustion of fossil fuels.
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2.2.3.5. Sea Water Buffering Factor

The buffering action of carbonate ions in sea water plays a
significant role in the o;ean's uptake of atmospheric C02. Carbon
dioxide is in a diésociative equilibrium with the inorganic carbon
species HCO3

Skirrow, 1975). If the atmospheric carbon dioxide concentration

" and C03°_ in sea water (Pytkowicz, 1972;'Broecker, 1974;

increases by X%, the resulting relative increase of oceanic carbon
dioxide and inorganic carbon ions in equilibrium will be approximately
X/t% (Keeling, 1973a). Here the buffering factor, ¢, has been used as
in previous studies to relate the evasion potential of an infinitesimal
change in sea-surface partial pressure owing to an infinitesimal transfer
of CO2 across the air-sea interface. Bolin and Eriksson (1959), in
explaining the chemistry of the dissociative equilibria of the carbonate-
bicarbonate system in sea water, suggested a buffering factor of 12.5.
This valﬁe is slightly overestimated because the influence of borate in
sea water is neglected (cf. Keeling, 1973a).

A comprehensive exposition of carbon chemistry in the sea was given
by Keeling (1973a) and summarized by Baes et a1.1(1976, 1977).
Keeling (1973a) and Plass (1972a) also dealt with the variation of the
bufferiﬁg factor under various conditions of pH and CO2 partial pressure.
These relations were expressed by equations that are cumbersome for
numerical computation. Algorithms for obtaining the incremental form of
the buffering f;ctor (or evasion efcht) from pli and CO2 concentration

were coded independently by Bacastow and Keeling (1973), Jdrgenson and
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Mejer (1976), and Killough (1977). Their calculation gave the valuc of
preindustrial buffering factor at around 9 to 10. "A constant value of
10 was assuﬁed by deschger et al.((1975) in their box-diffusion model.

To simplify further the computation.of the buffering factor,
separate empirical formulas were derived from the relative change of.
atmospheric or sea surface partial p?essure.of Cu, to obtaiﬁ the
corresponding value of buffering factor:

(i) Revelle and Munk (1977),
£ =9 + 4(X - XO)/X0 , : - (2.5)

where X is the concentration of atmospheric CO2 and XO is
the preindustrial concentration of atmospheric COZ'

(ii) Zimen et al. (1977),
g = -0.122p% + 5.36p + 3.6 ©(2.6)

where p is the partial pressure of Co, in the surface
water relative to the preindustrial value.

(i1i) Siegenthaler and Oeschger (1978),
_ 2 -
£ =9+4.9p - 0.1p , _ (2.7)

where p is the same as above.
Eq. (2.5) is used in Chapter 3 with X and X0 replaced by <, and c_*,
: a
respectively. Theoretically, ¢ increases with increasing temperature

and increasing inorganic carbon in the ocean (Keeling, 1973a;

Jgrgensen and Mejer, 1976). This means that more carbon dioxide will
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be released to the atmosphere as the oceanic carbon increases. This

temperature refinement is not included in the present model.
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CHAPTER 3
MODEL DEVELOPMENT

The global carbon model developed in the present study is basically
a deterministic compartmental model. As defined by Eriksson (1971), a
compartment is any homogeneous part of nature with clearly defined but
arbitrarily chosen boundaries. The compartmental model is designed to
describe the.time development of average properties of the compartments,
in particular where a detailed description of the processes in the
compartments is too complex to formulate (Eriksson, 1971; Bolin and
Rodhe, 1973).

The basis of the present compartmental model rests on the
hypothesis of mass 5a1ance which provides a dynamic description of
carbon movement in the environment. The calculation of steady-state
mass balance involves equating the input of carbon to a particular
compartment with the fluxes out of that compartment. For linear
systems, first-order rate equations are assumed in all fluxes. However,
nonlinearities can be incorporated in the model if the kinetics of the
transfer processes are better described by nonlinear functions, i.e.,
by flows which are not directly proportional to the amounts in the

source compartment,
3.1. QUANTITIES OF CARBON

Table 1 lists the symbols and initial values Qf the 25 state

variables used in modeling the global carbon cycle. Inventories of
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- Table 1. Estimated Value of State Variables at Steady State (1860 A.D.)
Symbol State Variable Value
< troposphere 508 Gtons
<, stratosphere 90
g aquatic live organisms - _ 1.5
<, dead organisms and erganic matter in mixed layer 29
¢ dead organisms and organic matter in thermocline 1,620
and deep ocean
¢ dissolved and miscellaneous carbon on land 592
cy mixed surface layer 650
Cg thermocline 6,600
Cq deep ocean 31,820
0 Nonwoods (rapidly exchanging carbon) 34
iy Nonwoods (slowly exchanging carbon) 490
) Northern Woods (rapidly exchanging carbon) 65
13 Northern Woods (slowly exchanging carbon) 560
14 Southern Woods (rapidly exchanging carbon) 48
s Southern Woods (slowly exchanging carbon) 580
16 detritus carbonates and calcareous tests 1,290
17 sedimentary carbonates 30,000,000
Cig deep humus and reactive organic sediment 1,000
19 lithified organic sediment 6,600,000 ]
450 mass/area of compartment 10 0.46 kg/m”
4, mass/area of compartment <11 6.62
4; 7 mass/area of compartment <12 2.24
43 mass/arca of compartment <13 19.31
q14 mass/area of compartment Cl4 1.72
qlS mass/area of compartment'clS 20.0
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carbon in the 19 compartments are partially based on the reviews of
Baes et al. (1976, 1977) and Pytkowicz (1973). The values represent the
conditions which existed before the large—SCaie anthropogenic emissioqs
of fossil carbon dioxide. A block diagram of the carbon model is
presentéd in Figure 2. The number of significant figures is necessary
for mass-balance purposes but . does not reflect the accuracy of the data

and numerous assumptions which have been reviewed.

3.1.1. Atmospheric Compartmcnts

In most previous carbon models, the preindustrial concentration of
atmospheric carbon dioxide was assumed to be 290 ppmv (615 Gton§ C).
This value seemed compatible with 293 ppmv as found by Bray (1956) for
the mean of reported observations somewhat léter——between 1857 to 1906,
The increase of about 20 ppmv of atmospheric carbon dioxide:due to
deforestation and industrialization during this period (Stuiver, 1978;
Wilson, 1978) has not been taken into account until very recently.

An intermediate value of 280 ppmv, equivalent to 598 Gtons of
carbon, was taken as the 1860 concentration of atmospheric carbon
dioxide. According to Machta (1973), the troposphere (cl) contains
about 85% of the atmospheric carbon and the remaining 15% is in the
stratosphere (cz). This ratio also was adopted in this study in
partitioning the atmospheric carbon pool into the troposphere and the

stratosphere -compartments.
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3.1.2. Marine Compartments

For modeling purposes; the ocean submodel was divided into three
parts—the mixed surface layer (c7), the intermediate waters (including
the main thermocline where it exists, c8), and the deep ocean (cg)

(cf. Baes et ali, 1976, 1977; Broecker et al., 1971; Miyake and
Saruhasi,'1973)f The preindustrial partial pressure of inorganic carbon
in ﬁhe mixed layer is nearly in equilibrium with atmospheric carbon
dioxide. Following the procedure.of Killough (1977), the initial amount
of inorganic carbon in the mixed layer was recalculated to cover the
whole ocean area of 361 x 106 kmz. An average pH of 8.275 (Keeling,
1973a) was used in the calculation. A value of 650 Gtons of carbon was
obtained (Table 1). Refinements, e.g., separating warm’and cold

surface waters, are possible but are merely reflected in some flux
estimates in this report.

Inorganic carbon pools in the thérmocline'and the deep ocean
followed the estimates given by Baes et al. (1976) taking account of the
smaller projected area of the deeper ocean layers.

Another pool of inorganic carbon scattering in the ocean water is

the calcareous test (shells) and detrital carbonates (c This

16)'
material is formed by sea plankton in the surface waters, and some of it
survives dissolution in cold deep waters to be deposited on paft of the
sea floor of less than 4 km depth (Broecker,_1974). A rough estimate

of 1290 Gtons was given by Pytkowicz (1973) for that part of the

settled detrital carbonates which are in exchange with sea water. This

amount is about three times the unpublished estimateof W. S. Broecker (see
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Baes et al., 1976; Olson et al., 1978). At least baft of the‘submarine
and lithospheric sediment (c17), which contains an amount of 30 x 106
Ctons, is eventually returned to the weathering environments on the
continents.

The total 1iving biomass (CS) in the sea is estimated to contain
about 1.5 Gtons of carbon. This is close to the estimate of 1.8 Gtons
by Whittaker (1975). The other pool of dead organic matter is about-
three orders of magnitude larger than the living biomass. Both dissolved
organic matter and particulate organic matter are present in sea water.

Baes et al. (1976) partitioned the material into two compartments—

29 Gtons in the mixed layer (c4) and 1620 Gtons in the lower waters (CS)'

3.1.3. Terrestrial Ecosystems

Pool sizes of live and detrital organic carbon in the terrestrial
ecosystems were reviewed by‘Olgon et al. (1978), Baes et al. (1976,
1977) and Schlesinger (1977). Recent estimates of live organié carbon
for the biosphere range from 557 to 1080 Gtons. The highest figure could
well approximate the pattern of global carbon distribution at the
preagricultural or prelogging state (Rodin et al., 1975). A clus£ef of
intermediate values of about 815 * 20 Gtons of carbon wefe obtained by
Reiners et al. (1973), Whittaker and Likens (1973, 1975) and Ryabchikov
(1975). The lowest estimate given by Olson et al. (1978) is used in this
model for the year 1970.

lhe SCEP (1970) report gave an estimate of 1580 Gtons as the amount

of organic carbon circulating actively within the terrestrial ecosystems.
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This value is slightly larger than the value of 1533 Gtons summarized by
Reinérs et al. (1973). Baes et al. (1976, 1977) and Olson et al. (1978)
readjusted these values to 1760 Gtons by recognizing a larger contribu-
‘“vtion from the dead organic matter (about 1200 Gtons). Their estimate
représents the distribution of gctive organic carbon around the year
1970. 'It includes approximately 1600 Gtons of carbon with relatively
rapid turnover rate and about 160 Gtons of carbon with slower turnover
rate. -Each of these carbon pools was further aportioned to the three
biotic zones as given in Table 1 (page 33). Their pool sizes at 1970
- also served as target values in this study to adjust the initial carbon
pqols of the six terrestrial biotic compartments, €10 t° €5 (Table 1).
) The initial slow carbon pools add up to 1630 Gtons compriéing
about 1 x 103 Gtons of the partially decomposed litter and soil humus
from the upper part oflthe soil horizon. There is another pool of
approximately 1 x 103 Gtons of carbqn from buried peat and deep humus
(clgj which oxidizes slowly aﬁd has a still slower turnover rate
(residence time about 1 X 103 years or longer) than the three pools of
slowly exchanging carbon. Altqgéther, the amount of humus and dead
organic material approaches 2 X lO3 Gtons, and is within.the range of
1.5 x 103 to 3 x 103 Gtons estimated receﬁtly by Schlesinger (1977) and
Bohn (1977), respectively. The carbon dioxide produced from the slow
oxidization of this reactive deep humus is likely to dissolve in ground
waters. Pytkowicz (1973) gave an estimate of 592 Gtons for this pool.
‘This estimate seems very high, unless it includes a store of other

carbon sources such as the carbonates or caliche found in many of the
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alkaline soils. This pool (c6) may also include a relatively small
amount of inorganic carbon which is dissolved in inland waters. Further
clarification of this estimate is still desirable. Estimates of
lithified carbon in the sedimentary‘rocks (ﬁlg) vary widely. A value

of 6.6 x 106 Gtons C was used in this model {cf. Baes et al., 1976,
1977). This source of uncertainty has essentially no effe;t on the

results studied in the present report.
3.2. CIRCULATION OF CARBON

The s}mbol and definition of the fluxes betweén adjacent
cohpartments together with their initial values at steady state
(1860 A.D.) are given in Table 2. Many of the values are taken from
Baes et al. (1976), Garrels et al. (1975, 1976), and Pytkowicz (1973).
Some of the fluxes are estimated from other related sources; a few are:
computed by mass-balancing the total influxes and outfluxes of the .

adjoining compartments in the model.

3.2.1. Atmospheric Fluxes -

The residence time of carbon dioxide in the stratosphere is. about
four years (Waltén et al., 1970). This value is used in the present
study although a shorter time of about two years is used in the models
developed by Machta (1973) and Keeling and'Bacastow.(1977). Assuming
that the amount of carbon transferred from the stratOSphefe to the

troposphere balances the flux in the opposite direction, then F1 9 =
)

F = 22,5 Gtons/year.
2,1



" Table 2.

Assumed Value -of Carbon Fluxes at Steady State (1860 A.D.)
: Value
Flux (Gton/vear) Process
F1,2 22.5 Transfer of inorganic C from troposphere o stratosphere
'FZ,l ' 22.5 Transfer of inorganic C from stratosphere to troposphere
F1,7 90 Absorption of C from troposphere to mixed layer
F./’1 90.4" Evasion of C froh,mixed layer to troposphere
Fl,lO 10 - NPP of Nonwoods (rapidly exchanging C)
Fl,ll 8 NPP of Nénwoods (slowly exchanging C)
F1,12 10 NPP of Northern Woods (rapidly exchanging C)
F1,13 8 NPP of Northern Woods (slowly exchanging C)
F],14 11 NPP of Southern Woods (rapidly exchanging C)
FI,IS. 9 NPP of Southern Woods (slowly exchanging C)
F3’4 23 Death of équaticAorganishs
F3’7 8 Respiration of aquatic animals
F4;5 1.65 Gravitational sinking of organic detritus.
F4’7 21.5 Oxidative decay in mixed surfzce layer
FS,8 1 Oxidative decay in tbermocline
0.62 Oxidative decay in deep ocean

oy



Table 2 (continued)

Fl1,18 - 0.15

Value

Flux (Gton/year) Process
F5,19 ‘ 0.03 Deposition of organic sediments from marine organic matter
F6,7 0.32 Dissolved inorganic C transported by streams
F7’3 31 NPP of aquatic plants and phytoplanktons
F7,8 19 | Transfer of inorganic C from mixed layer to thermocline
F7,9 17 Transfer of inorganic C from mixed layer of polar seas to deep ocean
F7,16 0.65 Formation of calcareous tests

‘ F8,7 38 Transfer of inorganic C from thermocline to mixed layer
F8,9 40 Transfer of inorganic C f;om thermocline to deep ocean
F9,8 ., 58 Transfer of inorganic C from deep ocean to thermocline
FlO,l 10 Oxidative decaylof rapidly exchanging C in Nonwoods
Fll,l 7.85 Oxidative decay éf slowly exchanging C in Nonwoods
F12,1 10 Oxidative decay bf rapid}y exchanging C in Northern Woods
F13’1 7.85 - Oxidative decay of slowly exchanging C in Northern Woods
F14,1. 11 : Oxidative decay of rap;dly exéhanging C in Southern Woods
FlS,l 8.86 Oxidative decay of slowly exchanging C in Sodthern Woodé

Deposition of organic matter from Nonwoods

1%



Table 2 (continued)

19,6

Value
Flux (Gton/year) , ‘ Process
Fl3 18 0.15 Depositidn of organic matter from Northern Woods
I - .
FlS 18 0.14 Deposition of organic matter from Southern Woods
»
F16 9 0.23 Dissolution of calcareous tests and detrital carbtonates
3
‘F16,17 0.29 Sedimentation of inorganic C
F17 1 0.C4 Metamorphism of sedimentary rocks and volcanism
F 0.23 Weathering of carbonates
17,7 :
F17 16 0.C2 Physical weathering of sedimentary rocks
F18 4 0.C3 Organic C transported by streams
’
F18,6 0.23 Oxidation of deep humus
F 0.G7 Lithification of organié matter
18,19
F19 4 0.c7 Organic C transported by streams
]
F 0.C3 Oxidation of old organics

[A/4
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About 60 to 100 Gtons of carbon enters the ocean annually
(Pytkowicz, 1973; Woodwell and Pecan, 1973). The figure given by

Baes et al. (1976), i.e., = 90 Gtons/year, is retained here as tlhe

Fi,7
flux of carbon from the troposphere to the surface ocean. This implies
a residence time of carbon trahsferring from the atmosphere to the sea
of about 6.6 Years. On land, the vegetation assimilates about 56 Gtons
of carbon as annual net priﬁary production (SCEP, 1970; Liefh, 1975).
This amount is partitioned among the six biotic coﬁparfments as shown

in Figure 2 (page 35). Gross primary production is about twice this
rate of income, on average; fespiration of the autotrophic plants is not

treated here, because it is so rapid and has little effect on storage

(Olson et al., 1978).

3.2.2. Marine Fluxes

Recent estimates of marine primary production approach 31 Gtons/
yeér (Platt and Subba Rao, 1975; Fogg, 1977).  This value is adopted
here as the net brimary production of marine ecosystems. Although many
of the observations from short-term 1'{’IC feeding experiments léad to
some interme&iate value between nét productioﬁ and gross productiqn
(Bunt, 1975; Fogg, 1975), these overestimations are probably offset by

‘not including the benthic production, loss of dissolved organic matter’
from cells and also photosynthesis af low light intensity (Bunt, 1975).

About 36% (perhaps more) of the marine primary production is

consumed by marine animals (Whittaker, 1975). Of this amount, about 70

to 80% returns to the water from animal respiration and egestion
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(Tait, 1971). Thus, the flux F = 31 Gtons/year x 0.36 x 0,75 =

3,7
8 Gtons/year. On balance, the living aquatic organisms contribute

23 Gtons of organic carbon annually to the dissolved and particulate
organic carbon pools in the mixed layer. Most of it oxidized there. A
small fraction of the degraded organic matter (about 1.65 Gtons/year)

is being oxidized as it settles slowly to the deep ocean (cf. Broecker,
1974).

Pytkowicz (1973) suggested that nearly 98% of the annual organic
influx is oxidized in the near surface waters. A Value of 21.5 Gtons/
year is assigned to oxidization in the mixed layer, leaving the
remainder of 1~Gton/year to the thermocline. Moréover, about 0.03 Gtons
of the organic carbon is deposited annually in the sediment (Garrels
et al., -1975). This leaves the balance of 0.62 Gtons/year as the flux
of carbon representing the oxidization of organic matter in the deep
ocean.

Taking the residence time of the subsurface layers as 1000 years
(Broecker, 1963; Stuiver, 1973), the‘upwelling rate of inorganic carbon
to the mixed layer is calculated as equal to 38 Gtons/year. This is
balanced by a slightly smaller downward advection of inorganic carbon,

+ = 36 Gtons/year. The flux F is a surrogate for the

i.e., b7,8 7,9

F7,9
sinking .of cold polar water to the deep layers of the warm oceans

(i.e., the deep Atlantic, Pacific, and Indian Oceans). In estimating
the mégnitude of this particular flux, it is assumed that the transfer
of carbon from the mixed layer depends on the partial pressure of CO

2

in the water and the ratio of surface areas between the polar waters
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and the warm oceans.. Though the polar waters cover approximately one-
sixth of the ocean surface, they absorb up to five times as much CO2
per unit area as the warm surface waters (Broecker, 1963). Somewhat
arbitrarily here, the polar waters are allowed to carry about 17 Gtons
of carbon annually to the deep oceans, and the remaining flux of 19 Gtons/
year is assumed to pass through the thermocline. Bolin (1977b) ouflines
other approaches which are beyond the scope of the present work. The
transfer of inorganic carbon from the thermocline to the deep oceans is
assumed to be 40 Gtons/year which is slightly greater than the upwelling
rate from the thermocline (cf. Miyake and Saruhashi, 1973).

Pytkowicz (1973) estimated that 1.3 Gtons of the bicarbonate carbon
is being utilized annually.by marine organisms for test formation. In

the course of forming carbonates from bicarbonates, one-half of the

carbon content is released as CO2 to the surrounding water so that only

0.65 Gtons (F7 16) of carbon is consumed annually in the formation of
]
calcareous tests (cf. Pytkowicz, 1973). As the solid tests - and other

detrital carbonates pass slowly through the unsaturated deep ocean,

16,9

equal amount of CO2 produced from the oxidization of organic matter and

about 0.38 Gtons of carbonate-carbon per year (F ) react with an -

redissolve as bicarbonates (Pytkowicz, 1973). The deposition of

carbonates to the sediment, F is estimated by Pytkowicz (1973) as

16,17

0.29 Gtons/year. Concurrently, 0.02 Gtons of carbon (F 6) is returned

17,1

annually to the ocean from physical weathering of sedimentary rocks

(Pytkowicz, 1973).
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Chemical weathering of sedimentary rocks by CO, dissolved in
ground waters probably consumes about 0.32 Gtons of carbon annually
(F6 7) from the CO2 alone, and at the -same time, releases about 0.23

’

Gtons of carbon from sedimentary carbonates, (F A total of 0.55

17,7)'
Gtons of inorganic carbon is transported annually to the ocean from
runoff and river discharge (Pytkowicz, 1973).

It is ‘assumed that an average of 0.04 Gtons of carbon (F17’1) is
released yearly to the atmosphere from'metamorphisﬁ of sedimentary rocks

and from volcanism originated in the deep lithosphere (Baes et al., 1976;

Pytkowicz, 1973).

3.2.3. Terrestrial Fluxes

The net production of organic carbon for the six biospheric
compartments follow the estimates given by Baes et al. (1976, 1977) and
Olson et al. (1978). The total terrestrial NPP is about 56 Gtons/year.
For the rapid carbon pools, an equal amount of organic carbon from
oxidative decay is hypothesized to return to the atmosphere. However,
a small'fraction of the net production from the slow carbon pools is
incorporated in the soil as slow-decaying humus.

The annual deposition of organic carbon to the sediment (F18,19)
is estimated to be about 0.07 Gtons/year (Garrels et al., 1976). At
steady state, only 0.03 Gtons of carbon from the organic sediment ‘is

oxidized and dissolved in the ground waters annually (F ) and thus,

19,6

0.29 Gtons of carbon per year (F18 6) is required to balance the loss
»

from weathering of sédimentary rocks (Garrels et al., 1976).
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‘Another 0.15 Gtons of carbon as dissolved and particulate organic
matter is transported annually to the ocean by rivers and streams
(Garrels and Mackenzie, 1972; Mackenzie, 1975). It is assumed that the
organic matter is derived from both the deep humus pool and the old
organic sediment pool. From mass:balance calculations, F19,4 = 0.07

0.08 Gtons/year. Since a total of 0.44 Gtons

Gtons/year and so F18,4

+

(F18,4 F18,6 + F18,19 0.08 + 0.29 + 0.07) of organic carbon per year
is lost from the reactive organic sediment pool (C18)’ an influx of an
equal amount of carbon from the slow carbon pools is required to balance
the fluxes at steady state. For lack of appropriate data, an approxi-
mately equal contribution from each of the three slow carbon pools is
assumed in this model. Thus, F11,18 = 0.15 Gtons/year, F13,18 = 0.15
Gtons/year and F15,18 = 0,14 Gtons/year. |

Besides the anthropogenic fluxes discussed in Section 3.3.4, some
of the carbon in the terrestrial compartments also may transfer to the
atmosphere because of human activities. Such flows may be the result of
accelerated oxidization of organic matter from the plowing of croplands
or from the drainage of swamps and bogs. Not enough information is
available to determine thé magnitude of these fluxes but they are
supposed to be relatively small. These fluxes are also drawn as broken
arrows on the léft of the block diagram tFigure 2, page 35) in addition
to the broken arrowgywhich show the shifting of carbon after land-
clearing activities.

Sevefal other natural fluxes are shown as dotted arrows in the

block diagram (Figure 2). These fluxes represent the direct deposition
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of carbonate caliche in alkaline soils and its reverse process releasing
CO2 to the atmosphere directly. The values of these fluxes are also

assumed to be negligible.
3.3. MAJOR WORKING ASSUMPTIONS AND THEIR BACKGROUND

The working hypothesis extending throughout the present model is
that the biospheric organic carbon could be both a source and sink for
atmospheric COZ—-in different places at the same time. Both rapidly
(t < 10 years) and slowly (r = n x 10 years) exchanging pools from
"Southern Woods' (mainly tropical and subtropical forests) and perhaps
"Northern Woods" (forest occupied afeas north of 30Y North latitude)
have been shifted partially to various Nonwoods ecosystems (including
agricultural lands, grasslands, deserts, and fringe areas in urban and
rural communities). Some extra CO2 will be released to the atmosphere
promptly (e.g., by burning, much more in recent years than in former
centuries). More CO, will return to the atmosphere gradually as organic

2

remains decay.

3.3.1. Assumption of Quasi-Steady State Before
Large-Scale Industrialization

Over thé last half-billion years, the ratios.of carbon isotopes in
marine carboqates have varied within a relatively narrow range. This
strongly supports the postulate that the global carbon cycle has
maintained a dynamic steady state for a long time (Broeckér, 1970;
Mackenzie, 1975; Schidlowski ét al., 1975, Junge et al., 1975; Garrels

et al., 1976). The steady state probably exhibited a damped oscillation
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out of phase with the ad?ances and retreats of the continental glaciers
during the Pleistocene epoch. However, the emergence of human society
has inadvertently perturbed this steady state by hastening the release
of carbon dioxide more rapidly than the normal fluctuations through
agriculture, forest clearing, and the combustion of fossil fuels.

Since early Neolithic time, forests have been cleared to provide
land for the growing of crops (Olson et al., 1974). About 90% of the
original forests in China and other European countries are gone (Sears,
1956; Darby, '1956; Young, 1976). The vast tropical forests are
diminishing'rapidly (Meijer, 1973; Goodland and Irwin, 1975; Hamilton,
1976; Brunig, 1977). This has created some unforeseen consequences.
Soil carbon is diminishing from the constant plowing and accelerated
_oxidation. Wood ig used as fuel to provide heat. From around the 10th
century in China and possibly four or five hundred years later in the
other European countries, forest.afeas were fegressing rapidly. Coal
was used increasingly to replace fuelwéod and charcoal (Tuan, 1968,
1970; Nef, 1977). However, fossil fuels were not used extensively
worldwide until a much later date—probably after the last half of the
19th century (Putnam, 1953). The increasing anthropogenic emission
of CO2 annuaily is now'two to three magﬁitudes larger than the average
annual degassing of CO2 from the earth's mantle (cf. Baes et al., 1976).
In actuality, it h@s already perturbed the global carbon cycle from its
original steady state.

At presenf, there are no reliable data giving the amounts of carbon

dioxide released before 1860 A.D. from anthropogenic production.
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Estimates of annual production of fossil fuel and cement from 1860 onward
are being compiled and updated by ‘the United Nations; whereas, data on
deforestation are still scarce and mostly unreliable. In view of this
fact and -the later adoption of part of Keeling's (1973b) compilation of
annual production of industrial COZ; the year 1860 is arbitrarily taken
as .the onset of the large-scale perturbation. Hence, all simulation
runs start with ty = 1860. Much of the colonial-clearing of tropical
forests to be simulated in the present~$tudylalso accelerated around
that time (Sioli, 1973; Goodland and Irwin, 1975). Similar treatment
of earlier land clearing will require longer simulations and better
estimates than are now available.

3.3.2. Source Functions of Carbon Dioxide from
Fossil Fuel and Cement

Keeling (1973b), Rotty (1973, 1975, 1977) and Zimen et al. (1977)
have compiled similar estimates of the annual production of carbon
dioxide from the combustion of fossil fuels and the kilning of cement
covering the period from 1860 to 1974. These tabulated figures show a
growth coeffigient of about 4.35%/year for the periods 1860 to 1910 and
1945 to 1974 but with a disrupted growth in between. Hencé, it is
impractical to describe the source function for this period with a
smooth curve. Instead, the actual historical data have been used as
inputs in the model. From 1860 to 1949, the input rates of carbon
dioxide to the atmosphere were interpolated linearly from the list
compiled by Keeling (1973b). The énnual inputs for the remaining years

up to 1974 were interpolated from the values compiled by Rotty (1977).
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No correction for oilhead fléring was applied to Keeling's (1973b)
original figures, since the practice of flaring was almost negligible
before 1950 (Rotty, 1974).

The extrapolation of the exponential increase of carbon dioxide
production is not app@opriate when modeling long-term projections. The
future input of carbon dioxide to ;he'atmosphere dépends‘very much on
fhe potential demand and production:of fossil fuels, whicﬁ in fe?m are
dictated by the uléimate supply of recoverablé fossil-fuel resources
(Hubbert, 1971, 1973). Thus, a logistic fuﬁégion>or one 6f its
modifications, is an adequate equation for projecting the futufe
release of fossil-fuel carbon.

A modified logistic equation similar to the one introduced by
Keeling and Bacastowv(1977) was employed in this>study to project the
input rate of carbon dioxide from fossil fuel and éement beyond the

~year 1974. This equation is expressed as,
u(t) = P(t) = rP[1 - (P/P)"] (3.1)

where P_ is the ultimate release of carbon in recoverable fossil fuels
and cement,
P is a function of time and represents the cumulative amouﬁt of
carbon released up to that time,
n is a variable quantity to place more or less emphasis on the
rélease rate of the remaining fuéls, and

r is the initial fractional rate of increase.
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By integration (cf. Turner et al., 1976), the above equation gives the

cumulative amount of carbon released at time t, i.e.,
P(t) = P_/{1 + [(Pm/PO)n - 1] exp[—nr(t-t’)}l/n , (3.2)

where PO is the cumulative production of carbon from 1860 to t” = 1974,

Resources of fossil fuels and shale oil are pdorly known but may be
assumed to contain 104 Gtons of carbon (Olson et al., 1978). However,
only a fraction of these may be recovefablé as "reserves' even taking
into account the improved economic and technical condifions in the near
future. Keeling and Bacastow (1977), Revelle and Munk (1977) and Zimen
et al. (1977) used an estimate of about 5000 Gtons (cf. Perry and
Léndsberg,.1977) in each of their models. The value of 7500 Gtons used
in the present simulation is essentially the same as the 7300 Gtons of
Baes et al. (1976, p. 32). It may prove ”high“ but that is intentional
for contrast with other scenarios discussed below.

The exponent n in Eq. (3.1) can be decreased to project a
slower release rate and to allow the ultimate supply to taper off more
slowly. To assure a relatively smooth fit to the historical data, the
value of n was calculated with a predetermined growth rate (r = 4.35%/
year) and tﬁe 1974 annual production P and cﬁmulative production ﬁn.

From the differential equation, n was obtained as

n = log (1 - B/Pyr)/log(Py/P) . : (3.3)

The percentage growth rate parameter, r, may be treated as a

constant which can be calculated also from the differential equation
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with a predetermined exponent n and the 1974 produétion estimates

(ﬁ‘and PO; equivalent to Killough, 1977, page 42), i.e.,

r=Pp " - P | | (3.4)
Alternatively the parameter T may be treated as nonconstant and may
depend on the interactions of many social, economic, and political
factors. Hence, r may be regarded as a slowly decreasing functiodn
depending on the cdmulative production of carbon from fossil fuél.
The rate might stabilize at a lower level, probably in the middle of
the next century, if the human population begins to stabilize (Echéls,
1976).

In one of the scenarios simulated in this-study (the '"'slow burner"
case), r was assumed to decrease to an asymptotic value of 1.35%/year

according to the expression,

r(P) = {74[1 - exp(-o.ooz71P)]}'1 . , (3.5)

Combining Eqs. (3.4) and (3.5) results in a source function that accounts
for both the resource limitation and the constraints from human actions,

i.e.,
u(t) = {74[1 - exp(-0.00271P)13 1 P[1 - (P/P)"1 . (3.6)

Because this equation cannot be integrated easily for any arbitrarily
chosen values of the constants, it was computed by updating r of

Eq. (3.4) with the current value of p(t), and subsequently, the new
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value of r was used in the following step to obtain the values of ﬁ(t)

and‘P(t).

3.3.3. Change in Land Areas of the Terrestrial Ecosystems

Very preliminary estimates of the area and trends of different
terrestrial ecosystems are given in Table 3 (cf. Olson et al., 1978,
Table 2.2). The preagricultural extents of major ecosystems are
regrouped from the works of Rodin et al. (1975) and their map modifieé by
Olson (1970b). The areal extents of each ecosystem for 1860 and 197¢
are tentative approximations after parts of the areas had Been cleared
fer'the development of agriculturai lands (cf. Wilson, 1978) and urban
growth. These estimates have incorporated proper adjustments for
unvegetated lands and other fringe areas (Ryabchikov, 1975) and.in this
sense are preferred over the land-area table compiled by Whittaker and
Likens (1973).. The latter's figures are genefally higher than the |
estimates given in Table 3 for 1970, but may in some cases approximate
conditions earlier in the historic clearing of the tropics (Sommer,
1976; Brﬁnig, 1977), and other temperate regions (Rostlund, 1956;

‘Darby, 1956). |

The future growth of human population is used in the projection of
area trends of the three land categories. According to some
optimistic projections by Frejka (1973) and Echols (1976), human
population may stabilize at about 6 to 8 billion people around 2075 A.D.

'~ Most of the forested lands that are suitable'for conversion to intensive

agriculture will probably be cleared during this period of growth. A



Tablz 3. Estimated Partitioring of Terrestrial Ecosystem Area Trends, and Organic Carbon Pools?

Esti Pool
Estimated Area stimated Carbon Poo

(10 kn?) Live (Gton) '
Preagri- Preagri- Density® Dead® Total Rapidg Sl'owh
Reservoir culturald 1860 16709 culzural® 1860¢ 19704 kg/m2 ‘Gton  Gton Gton Gton
1. ¥OODS COMPLEXES
A. Boreal + Temperate
Boreal (taiga) 10.10 9.5 S 101 88 81 9
Semiboreal 6.91 5.6 3 64 48 40 8
Cordilleran T3.77 3.5 3 68 61 45 15
Other cool temperate 3.76 3 p 68 33 20 10
Warm temperate 5.76 4.5 3.8 108 57 38 10
Semiarid . 3.83 2.5 2 25 15 10 5
Arid moistland 1.07 0.4 0.2 13 2 1 5
TOTAL - 35.2 29.0 25.0 447 304 235 (9.4)
NORTHERN WOODS
SUBTOTAL 27.9 24 284 226 384 610 70 540
(excluding S of 30° H: .
add below) 1.1~ 20 9
B. Tropical + Subtropical
Wet site, rainforest 4.56 4.3 3.3 84 68 59 18
Other tropical moist 8.83 7 5.3 216 126 90 17
Montane, scasonal 1.18 1 0.7 38 16 8 12
Montane, humid 2.42 2.2 2 60 26 20 10
Arid moistland 0.32 0.2 0.1 3 2 1 10
Woody savanna, scrmb 14.99 13.2 11.5 139 91 80 7
TOTAL 32.3 27.9 22.9 540 329 258 (11.4)
SOUTHERN WOODS
SUBTOTAL 29.0 23.9 349 267 303 570 50 520

WOODLS TOTAL 56.9 47.9 987 633 493 '687 1180 120 1060

199



Table 3 (continued)

Estimated Area

-Estimated Carbcen Pool

(105 km?) Live (G:zon) ,
Preagri- d Preagri- - Density® [le;‘id'f Total Rapidg Slowh
Reserveir cultural® 1860° 1970% culrural® 1860¢ 19709 kg/m?  Gton Gton  Gton  Gton
2. NONWOODS COMPLEXES ’
L
Agro-urbaon
Crops . S 12 4 12 1
Fringe area’ 1 4 7 2 3 14 2
" Buildings, etc. 0 1 3 _ D) 0 0
- 10 22 2 12 26 (1.2)
Other Lamd
Tundra-1like, bogs 13.53 13 12 21 17 12 1.0
Grasslands 22.96 21 20 31 21 14 0.7
Desert, semidesert 29.35 30 29 9 135 17 0.6
65.84 64 61 61 S3 43 (0.7)
NONWOODS TOTAL 67 74 33 63 65 69 511 580 40 540
EARTH pinus water, ice 130.9 130.9 693 - S62 198 1760 160 1600
3. LAKES, RIVEERS 3 3.1 0.03 . 607 607 60
(including reservoirs)
4. GLACIERS 15+ 1S 0.0
EARTH minus cceans 149 :
5. OCEANS 350+ 351 1 ~5850 1651 2 1649
558 2508 3471 162 3309
EARTH TOTAL 510

9¢



Table 3 (continued)
35ourze: Olson, J. S., H. A. Pfuderer, andY.-H. Chan. 1978. Changes in the Global Carbon Cycle and the Biosphere.
ORNL/EIS-199. Cak Ridge National Laboratory, Oak Ridge, Tennessee.

bAfter Rodin, Bazilevich and Rozov (1975), and Olson (1970b) .

cVery preliminary judgement of forest clearing before and after 1860 (subject to revision).

dAftcr Olscn (1970a, and new =stimates).

€1970 estimatz only; parenthetical averages are weighted.

f1970 estimate of relatively active dead pool,.probably'excluding significant amounts of'pea; (histosols) and other

resistant humus (estimated as having residence time near or greater than 1000 years).

21970 estimate that includes materials with a probability distribution of fairly short residence times (such as living
and dead stages of leaves, flowers, fruits, small roots, most animals, and their unstable residues.

1970 estimate of most woody parts of live plants and dead residues having residence times averaging many years.
YAfter Ryabchikoff (1975).

JFringe areas include decorative and wild vegetation, abandored fields, roadsides, and other more or less vegetated
areas around touns or other settlements.

Relatively unvegetated areas in towns or industrial areas, mines, quarries, highways, and other disturbed areas
besides agricultural fields.

LS
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relatively large portion of the remaining forests on tropical latosols
and in mountainous regions would be harvested for timber and firewood,
or parts would be cleared to provide lands for highways, industrial
construction, urban development, etc.

Revelle (1974, 1976) carefully assessed the extent of the potential
arable land available in various regions. Including only lands which
can produce at least one crop with or without irrigation, he estimated
that another 11 x 106 km2 of the noncroplands would be developed further
for intensive agriculture., This figure does not include about
0.5 x 106 km2 of the humid tropical forests growing on low-fertility
lateritic soils. Uf the total potential cropland, only 3 X 106 km2 are
in the Northérn Woods region and the other 8 x 106 km2 are in the
Southern Woods. At present, human settlements may occupy approximately
3 x 106 km2 of the land surface containing considerable vegetation. A
doubling of the human population in the next century would require an
equal area for the same functions. A net area of only about 1 x 106 km2
might be needed in the Northern Woods region, because nearly 20% of the
population increase would occur in the developed countries of the North
temperate latitude (Frejka, 1973). Assuming further that the entire

potential arable land would be used for agriculture, an estimated

6 .
4 % 107 km” net of the Northera Wouds ureu would be reduced gradually in

the coming years.

6 2 .
1 x 10" km~ of the semideserts and deserts could be utilized in urban

In the Southern Woods region, even assuming

expansion, this still would require 9 x 106 km? net of urban and

agricultural lands to be converted from forested lands.
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In the present model, a logistic equation was used to project the

decrease of the Northern Woods land area,_i.é.,

AV = AN RN AN/AOON) , : (3.7)

where AmN = 20 x 106 km2 is the asymptotic areal extent of the Northern
Woods, and RN = 4,82 x 10-3 yr-1 is the réte of clearing (Figure Sj.

A simple logistic equation does not fit the area change scenario
conjected for the Southern Woods region. Several facts have to be taken
into consideration. Beginning from the early years of the 19th century,
thére was lavish exploitation of timber résources from the tropical
forests (cf. Goodland and Irwin, 1975), and also a rapid expansion of
new croplands in New Zealand, Australia, and South Africa (Wilson, 1978).
The clearing rate, which was increasing éxponentially due to these
activities, was magnified by the synergistic effects of a 3% annual
population grthH (Revelle and Munk, 1977) and the destruction of forests
during wafs and the subsequent rebuilding of cities afterwards. It was
assumed in this model that the clearing rate would stay constant after
1980 when the net loss of forested lands would be slowed down by
reforestation and also afforestation in arid lands. By 2000 A.D., the
clearing of forests would be limited by the forest resource itself and
would be approximated by a logistic function. Hence, the éhange of

Southern Woods land area was expressed by the following equations:
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CHANGE IN LAND AREAS
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Figure 3. Projected area trends of Nonwoods, Northern Woods, and
' Southern Woods.
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A5 = a8 RSy, | (3.82)

k, (£-1980)
ke , 1860 < t < 1980
where Rs(t) = { -k, 1980 < t < 2000 , (3.8b)
K (1-A%a%), 2000 < t < 2400
k, = 0.03 ye !, k| = 2.22 x 1074 yrt, k, = 8.13 x 1073 yr~ b
2 -1 6

k3 =3.1x10 " yr 7, and AmS = 15 x 10 km2 is the asymptotic
areal extent of Southern Woods.

" The constant ko was taken to be the same as the recent annual
population growth rate of 3%. The other constants were chosen
accordingly to obtain a relatively smooth curve (Figure 3) which would
pass through both the estimated values of Southern Woods area for 1860

and 1970.

3.3.4, Shifts of Terrestrial Carbon After Deforestation

As the land is cleared, some of the carbon would be released
promptly to the environment either from burning of fuelwood and slash
or from enhanced respiration of heterotrophic soil organisms. A
slightly bigger release of carbon would be delayed for a few decades
or longer as a result of the slow decomposition processes of refractory
carbon compounds (Swift, 1977). Presently, not enough systematic data
have been published giving the relative amount. of carbon released
promptly to the environment after logging operations. As first

approximations, 40% of the total carbon removed from the Southern Woods'
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rapidly exchanging compartment was assumed to return promptiy fo the
atmosphere, and the remaining portion to the Nonwoods' rapid carbon
pool. The equivalent shifts from the rapidly exchanging carbon of
Northern Woods were set at 30 and 70%, respectively. For.the slowly
exchanging carbon in the Southern Woods region, 20% of the carbon
removed was considered to transfer'promptly to the atmosphere, 35% to
the Nonwoods' rapid carbon pool, and the other 45% to the Nonwoods'

slow carbon pool. A slightly smaller fraction (20%) from the Northern
Woods' slow carbon pool was modeled to shift promptly to the atmosphere,
whereas 30% was shifted to the rapid carbon pool in the Nonwoods, and

the remaining 50% to the Nonwoods' slow carbon pool.

3.3.5. Primary Production of Marine Organisms

Although carbon is found in abundance in sea water, the majority
of it is not available for assimilation by plants in the sea. Most of
the marine plants depend on dissolved CO2 for photosynthesis. Only a
small fraction of the plant species can make use of bicarbonate ions
(Steemann Nielsen, 1975). Except under certain circumstances (clear,
mid-day in summer) in some eutrophic lakes (cf. Schindler and Fee, 1975),
the amount of CO2 suppligd by invasion from the atmosphere is rapid °
enough so that it is usually not limiting to the photosynthetic
production of marine plants. Increase of the partial pressure of
atmospheric carbon dioxide might induce a corresponding increase in the
NPP of marine plants, but field measurements obtained so far are still

not conclusive (Small et al., 1977).
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The growth of marine microphytes (algae and diatoms) is known to be
limited by the availabilities of nonchelated nitrogen, phosphorus, and
silicon in the ocean (Stengel and Soeder, 1975). Thus, these microphytes
may not be able to utilize fully the predicted addition of carbon dioxide
to the ocean. Seaweeds and other aquatic macrophytes growing along the
coastal regions probably get sufficient.nutrients from river runoff;
however, the contributions of these organisms to the total budget of
marine organic carbon are probably small (Botkin, 1977). It is probably
valid to assume that the change in NPP of aquatic plants would remain
small within the time span of this simulation, or at least in the
early decades before drastic change of ocean circulation and climate
might occur. Hence, for this study, NPP of marine plants is kept at the

present rate of 31 Gtons/year (cf. Platt and Subba Rao, 1975; Fogg,: 1977).

. 3.3.6. Primary Production of Terrestrial Biota

As in Eriksson and Welander (1956), net primary production (NPP)
of terrestrial biota is assumed to vary positively with the amount of
atmospheiic carbon and the hass of the biota. Net primary production
can be modeled as the product of a logarithmic function of the
relative increase of atmospheric carbon adjusted by a biotic growth
factor, B8, and the relative increase of carbon.in the biota (Keeling,
1973a; Bacastow and Keeling, 1973; Keeling and Bacastow, 1977; Olson
et al., 1978). The latter relation, especially the early rising phase,
can be approximated roughly by a power function of the relative change

in the carbon mass per unit area of each ecosystem. The employment
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of the mass per unit area ("density') takes into account the recession
in forest areas caused by various human activities.

A slightly modified form of the flux of carbon from the atmosphere
to the land biota at a high concentration of atmospheric carbon dioxide
is developed in this study. This is an adaptation of Keeling's (1973a)

formulation. The function is expressed by the formula

Fap = Fap® [1+ 8 In(e /e ] (e) (/a0 %) (3.9)

where ca = mass of carbon in the atmosphere at time t,
c_* = mass of atmospheric carbon at steady state,
q, = carbon mass per unit area at time t,
qb* = cafbon mass per unit area at steady state,
g€, = environmental coefficient of CO2 enrichment, and
= limiting effect of increasing density of carbon mass.

The biotic growth factor, B, accounts for the availability of
limiting resources for photosynthesis under natural conditions and for
the genetic variation of the individual tree species in utilizing carbon
dioxide. Values for B may range from 0 to 0.4 (Keeling, 1973a), but
ought to reflect the wide spectrum of pdtential production responses
expected for various ecosystehs. In this model, B for the Northefﬁ
Woods is set equal to 0.15; for both the Southern Woods and the Nonwoods,
g = 0.2.

Since gas éxchanges in photosynthesis and respiration are carried
out mainly through the boundary layers of leaf and bark surfaces, it

might be appropriate to relate the fluxes of carbon dioxide with change
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in surface area than with change in biomass. The exponent 2/3 (i.e.,
the area:volume ratio) in the equation changes the dimension relation
from a function of mass (or volume) to a function of area.

In general, the plant's response to a particulér environmental
factor can be defined by an idealized growth respénse-curve (Russo and
Knapp, 1976).. This curve usually has a 'tolerance'' range, a narrower
"growth' range and within which, an "optimum'" range of values.
Physiological activities of the plant can only occur between the upper
and lower iimits of the growth range. Growth rate is maximum within
the optimum range. For each value (v) of any growth process, there is
a related environmental coefficient (e) which is considered as a measure
of the plant's physiological response to this process. A hyperbolic
decrease in any process is assumed outside the optimum range. Thus,

the coefficient ¢ would assume one of the following values,

1, v<m
e ={tanh [r(v-g)/(m-g)], m<v<g , (3.10)
o, v >g

where g is the upper value of the growth range, and

m is the upper value of the optimum range.

Measurements of NPP of tree species at very high ambient CO2
level are few and the results are inconclusive. Furthermore, almost all
of these measurements are done in leaf or growth chambers where the

conditions may be more favorable for photosynthesis than those in the

field. Some of the recent studies are reviewed by Lemon (1977), and an
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annotated bibliography on the.effects of global COZ»enrichment on plants
have been compiled by Strain (1977).

The increase of total NPP of a plant community under an enriched
CO2 atmosphere may be hindered by other limiting factors (cf. Attiwill,
1971; Botkin, 1977; Delwiche and Likens, 1977; Zinke, 1977). However,
there are also measurements of photosynthesis in stressed or polluted
environments that show substantial increases in NPP (e.g., Wright,
1974; Hurt and Wright, 1976; Bryan and -Wright, 1976; Green and Wright,

1977). Even under very high ambient CO, concentration with favorable

2
light and nutrient supplies, NPP also may be slowed down by the closure
of leaf stomata or from plant tissue injury (Gaastra, 1959; Zelitch,
1971), or even by the high starch content in the leaveé (Hofstra and
Hesketh, 1975).

Several experimental results suggest that CO2 enrichment effect
may approach the upper ceiling at atmospheric concentration of from
650 ppm for Eucalyptus (Brittain and Cameron, 1973) to about 2400 ppm
fdr the cucumber (Aoki and Yabuki, 1977). 1In ggneral, plants following

the C4 pathway of photosynthesis saturate at a CO, level of about 1000

2
ppm, whereas most other plants with C3 type metabolism only. show
inhibition at about 2500 ppm (Leopold and Kriedemann, 1975; Noggle and
Fritz, 1976). These figures would bg lowered considerably in natural
conditions (cf. Totsuka, 1966; Lister and Lemon, 1976) because of mutual
shading and competition for nutrients. In the present study, the

optimal atmospheric CO2 concentration for NPP [variable m in Eq. (3.10)]

was set at 1000 ppm. The average NPP would be allowed to decrease with
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the further ircrease of atmospheric carbon dioxide. At-higher than
5000 ppm atmospheric co, level [variable g in Eq. (3.10)], NPP.is
assumed to cease completely (cf. Moore, 1976; Bolhér-Nordenkampf, 1976).

Only scant field measurements are available for reléting plant
biomass to NPP (cf. Kira, 1975). Japanese studies have shown that leaf
biomass and gross production rate tend to reach an asymptotic value
within a relatively short period after the closure of forest canopy,
whereas total plant biomass and community respiration continue to
increase with age slowly but steadily. As a resulf, net production
rate is expected to reach a maximum after the complete closure of
canopy, and thereafter to decline gradually as the mass and plant
respiration per unit area increase and the i;radiation below the
canopy decreases (cf. Hellmers, 1964; Kira, 1975; Reichle, in press).

Except for some open woodlards and savannas, the mature natural
forests are usually closed forest. Thus, any increase in the carbon
"density'" will probably retard the raté of net production, if other
conditions are held constant. The 1860 values of carbon ''density' in
Northern Woods, Southern Woods, and Nonwoods were assumed to be the
optimal values [m's in Eq. (3.10)] in this study (see bélow). However,
thinning may have proceeded so far by that time that the optimum is
really higher.

In preagricultural time when the destruction of forest by man was’
still insignificant, the growth of forest would approach or even
overshoot an equilibrium with the particular site and climate of the

region. The "density" of carbon in these forests would indicate the
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probable average maximal value supported under local environmental
constraints—allowing for natural fluctuations. For live biomass, these
values were taken as 1.35 and 1.4 times the 1970 values for the Northern
Woods and Southern Woods, respectively. Similar values for dead organic
matter might be larger due to the prolonged accumulation of humus and
peats. Hence, the maximal values [g in Eq. (3.10)] for carbon "density"
in the terrestrial biosphere werée set at 1.5 times the 1970 values fur
both the rapidly exchanging carbon and the slowly exchanging carbon. -
Higher values are possible over limited areas, and possibly could apply

over wide areas if forest management allowed it.
3.4. SYSTEMS REPRESENTATION AND MATHEMATICAL FORMULATION

In the present model, the total carbon in nature is considered to
cycle within a closed system. Nineteen compartments are described by
state variables for their carbon mass and ancillary treatment covers
changes of area, and of amounts per unit area. Mathematically, the
dynamics of the change in carbon mass in these compartments can be
represented by a system of nonlinear ordinary differential equations.
Let c.* be the mass of carbon at steady state in compartment i as given

in Table 1 (page 33), and Fi j* be the steady-state carbon flux frbml

bl

-

compartment i to compartment j as given in Table 2 (page 40). The rate

constant aij in the differential equations is given by

= * * ' '
aij Fij /cij . (3.11)

The dynamic equations for changes of elemental carbon in the

troposphere (cl) and in the stratosphere (CZ) are:
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15
= _ *
¢, =u(t) + 37,1[C(C7 c *] o+ a, 16y + _2, a; 1%
1=10
: 15 . .
* _ _ - A .
+ Fl7,1 (31,2 + 31,7)(:1 ) Z fl,l , (3.12)
i=10

€2 7 81,2% T %2,1%2 | | S ©(3.13)

where u(t) is the input due to fossil fuel combustion; ‘and qi(t),-
i=10, ..., 15 is the density of carbon in compartment 1i.

Only one equation is uséd to describe the time course of carbon in
the living aquatic organism (CS)' However, the dead organisms and_“l
othe? organic matter in the mixed layer (c4) and in the sﬁbsurface wétgrs

(cs) are treated separately:

N o= * : .
Cq F7’3 (213,4 + a3,7) Cy , | (3.14)
4 = 33,43 * 218,4%8 * 319,410 ~ (34,5 * 3y 7) ¢4 - (3.15)
5 T 24,5 " (853 * 85 9 * 35 19) S5 - (3.16)

The differential equation describing the change of inorganic carbon

dissolved in ground waters is as follows:
“6 = %18,6%18 T ®19,6°19 T %,7% - (3.17)

The dynamics of "inorganic carbon in the mixed layer (c7), the
thermocline (c8)'and the deep ocean (cg) are modeled by the following

cquations:
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€7 = 81,751 * 33,753 T 24,75 * %6,7% T 28,7%8
_ _ * *
87,7957 T 37,118(e &M eyt
CF %
7,3 ~ (@7 8 %23, 9g%23; 16) ¢ (3.18)
Cg = 85 g% * 8y g¢g - (35 5 * 33 ) Cg (3.19)
Cg = 85 oG5 ™ 39 oC7 * 35 9C8 * 216,9%16 ~ 29,8%9 (3.20)

For the six terrestrial biotic compartments, the mass balance

equations are:

- ‘ N N
10 = f1,10 " 210,10 * 0-7A 9 5 * 0-3ATq;4
+ 0.6A5q. , + 0.35A5q, . (.21
6A7q, + 0. 15 :
&= f - (a +a ) c.. + 0.58Nq, . + 0.45A5g (3.22)
11 7 f1,1 11,1 211,18 11 * 02R 9zt 0 15 :
¢, = f - a c - ANq (3.23)
12 - %1,12 7 *12,1%12 12 - -
Cyq = £ - (a + a ) ¢y, - ANq : (3.24)
13 = %113 13,1 * 213,18’ %13 13 '
& = f . -a e - A% | (3.25)
14 = %114~ %14,1%14 14 :

.. .S
15= f1,15 - (@151 * 215,18) €15 “ A s o (3.26)
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where fl,i = Fl,i* {1 + Bi ln[_(c1 + cz)/(cl* + cz*g]}

2/3 . ;
el(qi/qi*) Ez,i , 1 =10,11, ..., 15 . (3.27)

The densities 93 associated with the terrestrial compartments are

given by
Ci o :
q; = IV i=10, 11, ..., 15 , . . (3.28)
i o .
= A0 . = AN . = AS
where AlO’ A11 = A A12’ A13 = A ; and A14, A15 = A",

Two of the remaining four equations describe the time behavior of
inorganic carbon pools in calcareous tests and detrital carbonates
(c16) and sedimentary carbonates (c17). The other two equations define
the rate of change of organic carbon in the reactive sediment pool

(c18) and the lithified organic sediment (clg). These equations are:

<6 37,16%7 * 217,16°17 - (®16,9 * 216,170 16 ° (3.29)
€17 = 216,176 ~F17,1" © @177 * 217.18) €17 (3.30)
cig = 411,18%11 * %13,18%13 T ?15,18%15

(318,4 * 218,6 * 218,19’ ‘18 ° (3.31)
C1g = 35 19% * 315,19%18 ~ (319,4 * 219,¢) €19 = U(Y) . | (3.32)

In the computer program, the calculation is organized slightly

differently to allow for future modifications of the carbon densities,
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Qi - The rates of change of the six biospheric compartments are computed

directly as the derivative of the prdduct of (area) x (density), i.e.,

" The values of mass/area (density) are estimated at present from the

mass-balance equations (i.e., Eqs. 3.20 to 26; with s replaced by

Ei; i =10, ..., 15, in the computer program) and the appropriate area

of the ecosystem groups.

+A.q. , i=10, ..., 15 (3.33)

w»
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CHAPTER 4
1‘COMPUTER SIMULATIONS AND RESULTS
- 4.1, IMPLEMENTATION OF THE MODEL

The noniiﬁear'systém of differential equations which defines the
present model has been solved by numerical integration on the computer.
The comﬁuter progfém in the Abpendix is codeq in IBM's Continuous
Siﬁulation Modeling Program-III (CSMP-III) simulation language (IBM,
1975). This special language offers a standard framework for
representing the model structure, provides many functionai unifs which
are easily incorporated into a model, and requires only a few controlg.
statements to obtain line-plots and tabulation of the outputs. This
language is a proprietary software package and depends on the use of IBM
machines and'usually occupies a substantial core reqﬁirement in the
computer. Yet the'relative ease and speed of achieving a workable
program makes it a helpful tool in the developmental stage of many
simulation models. All simulation runs have utilized the IBM 360/75
or 360/91 machine at.the Oak Ridge National Laboratory. The plotting.~
progiams are written in DISSPLA (Integratéd Software Sys£em.Corp0ration,A
1970) language which is a special ééftware paékage fér preparing.graﬁhic
disblays 6n the various:butputbdevices. |

In the present model, the time constants (or fractianél turnover
rates) associated with each compartment have. a iarge raﬁge of values

(from > 1000 years to ~l yéar or less). Systems of differential
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equations with this characteri§tic are usually numerically stiff (Gear,
1971). The CSMP-III package provides an integration method called |

STIFF to handle this type of system. However, the subroutine is available

only in single precision operation, and is likely té accumulate errors

during the many integration steps wheq the system is solved for a long

time period. It is uscful to notc that thc prcsent model is a closed

system in ;he sense that carbon neither enters nor leaves the system,

To keep track of these errors, differences in final and initial values

of the total mass of carbon were used to check the extent of deficit

from round-off.
4,2, SIMULATION SCENARIOS

Four sepﬁrate cases differing mainly by the different forcing
funcfions (Figur¢ 4) were simuiated. The time period for each run was .
the same for all casgs—-from 1860 to 2460, These scenarios can be
con;emplated as conceivable strategiés or managemenf policies of fossil-
fuel congumption and land clearing in the future, We do nét.know the
exact future scenario, 5ut can examine cases that hopefully bracket the
real future. The 19 initial pool sizes, 44 fluxes, and about 20 éther
parameters were spécified as discussed in Sections 3.1 and 3.2.

System résponses from alternative choices of these parameters will be
discussed in Chapter 5.

A}Case 1 is the '"mominal'" or reference run. It is chosen as the «
standard.against which the other simulatibn experiments are compared.

The annual input of fossil carbon used in this simulation run is assumed
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to represent a slight moderation of the present trend {Figure 4).
Projection of the annual release of CO2 from fossil-fuel combustion and
cement'ménufacturing beyond 1974 was calculated from Eq. (3.1) with the
initial rate parameter, r =0.0435 yr_l, and the exponential constant,

n = 0.427 derived from Eq. (3.3).

Case 2 represents a '"'delaycd consumption' scenariv. A bimilaf
modified logistic equation was employed to projéct the future reiease
of fossil carbon. To obtain a low-release curve, the exponential constant
was reduced to n = 0.1. The initial rate parameter was computed as in
Eq. (3.4) from thch a value of 0.11 was obtained. |

Case 3 typifies the '"'slow burner' scenario wifh drastic (probably
very unrealistic) and sudden decrease in the expansion of fossil-fuel
burning. The source function of fossil carbon was given by Eq. (3.65
with a decreasing rate parameter. It was computed according to the
procedure discussed in Section 3.3.2. This scenario can be considered
as one represen;ing possible reduction of the future rate of fossil-
fuel burning. The exponential constant in Eq. (3.6) had the same value
as in Case 1, i.e., n = 0.427.

Casé 4 combined the reduced input of fossil carbon as in Case 3
but with an additidnal dampiné action from an improved biomass manage-
ment. It may be célled the "combination'" scenario. Besides a decreasing
rate of fossil-fuel consumption, it was assumed that .a larger portion of
the slowly exchanging carbon in the wooded compartments would be stored

in the reactive sediment-deep humus compartment after 2000 A.D. This

might be the result of better soil management practices in agriculture
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and forestry, increases of carbon in wetlands, and in deep soil horizons
or the deliberate utilization of timber as materials in construction
and durable commodities industry, with deliberate delays in recycling.
In the model, these varied possibilities for delayed oxidation after
2000 A.D., were simulated simply as if 1% per year of the slowly
exchanging carbon in the wooded compartments were transferred
continuously to the sedimenf-deep humus compartment (compartment 18). At
the same time, the biotickgrowth factors for the Northern Woods and the
Southern Woods compartments were raised to 0.2 and 0.25, respectively.
The following sections will first discuss the behavior of phe
"nominal' run in considerable detail. Responses of the model in the
"'slow burner' scenario will serve for comparison to illustrate the
differences. Results from Cases 2 and 4 will be discussed in. Chapter 6
where they are most relevant to alternative policies of fossil-fuel

consumption and biospheric management.
4.3, TRIAL RESULTS AND DISCUSSIONS

4.3.1. Anthggpogenic Releases of Fossil Carbon

Estimates of the annual input of fossil carbon used in the different
scenarios are given in Tablev4. The projections associated with the
"nominal' case are slightly less than the predicted levels of fossil-fuel
consumption suggested by Hamiltoﬁ (1977). The emission rate at 2000 A.D.
was near the 11 Gtons/year assumed by Niehaus (1976) as the optimistic
equilibrium strategy in his study. This value also came within the range

‘of 8.5 to 15 Gtons/year given by Rotty (1977) who based his estimates



Table 4. Annual and Cumulative Release of Carbon from Fossil Fuel and Cement

Scenario 1975 1980 1985 2000 2020 2025 ~Peak (Year)
Annual Release (Gton/year) .
Nominal 5.05 5.92 6.90 10.62 17.42 19.41 42,48 (2101)
Delayed 5.03 5.77 6.57  9.32 13,62 .14.75 28,41 (2121)
Slow burner or 4,90 4,96 5.03 5.23 5.50 5.57 13,20 (2382)
combination
. Cumulative Release (Gton) ,
Nominal 142,2 169.6 201.6 331.5 608.5 .700.5
Delayed 142.2 169.2 - 200.0 318.6 547.2 618.1
Slow burner or 142.1 326.2

combination

164.7 185.8  244.2 317.9

8L



79

P

on fuel-use trends and the different regional patterns of energy demand.
Hamilton's (1977) projection of fossil-fuel consumption for the year .
2000 is about 14 Gtons/year.

The peak rate of release for the ''mominal'' sceharid would occur in
2101 A.D. when the fossil carbon would release at the rate of 42,5 Gtons/
year. In the '"delayed consumption'' scenario,. the peak would be delayed
for another 20 years, i.e., at 2121 A.D., and the maximum rate of
release would be about 28.4 Gtons/year (Figure 4, page 75).

The other source funetion'used by both the ''slow burner' and the
"combination' scenarios projected a very slow increase in the fossil-
fuel consumption and cement manufacturing over an extended period of time.
The peak would be delayed further until 2382 A.D. when only 13.2 Gtons/
year of_fossil'carbon would be released (Figure 4).

This source function represents a very modest role for fossil-fuel
consumpfion in the future. It can be argued that in the next 25 or 50
years, the supply of fossil fuel would be a determinant in formulating
‘any national energy policy. The demand for energy in the developed
countries would be met increasingly by nonfossil sources, most likely
nuclear or solar (Weinberg and Rotty, 1977). Most of the developing
countries have neither thelresoﬁrces (geological or economic) nor the
social infrastructure to adopt such an,energy-intensive lifestyle.
Hence, the demand for fossil fuel in the near future might’possibly be
lower than the current estimates proposed by Rotty (1977) and Niehaus
(1976). The higher peak releases projected in the ''nominal' and the

high but '"delay consumption" scenarios might not be realized as the
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unacceptable ecological impacts of a high level of atmospheric CO2
gradually induce all of human society to shift to a strategy of moderate
release (Olson et al., 1978, Fig. 6-3).

'By 1970, an estimated 120 Gtons of carbon had been released from
cement and fossil fuel. According to the ''nmominal' case, this value
"would increase to 332 Gtons by the eid vl this century. In the '"slow
burner' scenario, the cumulative release wuould Le aboﬁ; 244 Gtons in
2000 A.D., and less than 5000 Gtons of carbon would be released to the

atmosphere between 1860 and 2460 (Table 4, page 75).

4,3.2. Anthropogenic Releases of Biospheric Carbon

Table 5 summgrizes one hypothesis of credible annual and cumulative
releases of biospheric carbon from land-clearing activities whose
consequences are examined in the simulations that follow. As mentioned
in Section 3.3, only those parts of the organic carbon that are released
directly to the atmosphere or are shifted from slowly to rapidly
exchanging pools will have any appreciable influence on the near-term
behavior of the carbon‘cycle. Note that the turnover time of delayed
releases of -biospheric carbon require several years, so the actual
amounts reaching the atmosphere as the model operates are lower than the
estimates given in Figure 5 for years of rising release, and higher in
years of declining release.

About 1.33 Gtons/year of organic carbon are estimated to have been
cleared from terrestrial forests in 1860 A.D. Of this amount, only

0.28 Gtons were released promptly to the atmosphere in the same year;



Table 5. Annual znd Cumulative Amounts of Biospheric Carbon Assumed to be Removed and Released

© 1900 1950 1970 1975 1980 2000 2050 2100
Annual Transfer (Gton/year) .
Total removed* 1.340 2,632 4,040 4,520 5.060 4,731 1.081 0.443
Prompt release 0.285 0.568 0.876 0.980 1,097 1,022 0.231 0,094
Delayed release . 0.474 0.962 1,488 1.667 1.867 1.740 0.388 0,155
Relocated 0.581 ‘ 1,102 1,676 1.873 2.096 1.969 0.462 0.194
v Cumulative Transfer (Gton)

Total removed* 52.91 143.99 210.49 232,23 256,56 354,01 468,56 502,47
Prompt felgase - 11.20 20,74 45,14 49,85 55.13 76.22 100.82 108,04
Delayed release 18,43 51.28 ¢ 75.70 83.71 92,69 128,59 170,35 182,39
Relocated © 23,27 61,98 89,66 98.67 108,75 149,20 197.39 212,04

*Difference between releases and total removed is assumed to persist as humus with slow

turnovers in nonwooded compartments or sediments relocated by soil erosion.

because of rounding.

Numbers do not add up

18
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0.46 Gtons are assumed to constitute the delayed release (Figure 5).
The remainder was assumed to persist‘as\humus with '"'slow" turnover rate
nearly unéhanged, even though soil had changed status from wooded to
nonwooded ecosystems. Figure 5 also shows that the release of Both
categories of carﬁon increase abruptly after 1890 and reach a peak
value of 2.96 Gtons/year in 1980. If the deforestation rate in thé
Southern Woods region is considered to stabilize and decreése affef‘
1980, the total biospheric release would also decrease slowly toﬁ2;71
Gtons/year in the}year 2000 and then would drop precipitously in
subsequent years.

The steep increase of biospheric carbon releases since 1890 also
is shown by the cumulative releases (Figure 6). From 1860 to 1950, the
cumulétive amount of biospheric carbon from deforestation activities,
transfe;red from both the Northern Woods and the Southern Woods fégions,
is estimated to be 144 Gtons. Only about 82 Gtons of the carbon is
released to the atmosphere either promptly or delayed for a few years.
That which is not released as CO2 is at least fedistributed to the slow
carbon pool of tﬁé Nonwoods compartment. . The total cumulative release
was estimated to increase to 121 Gtons in 1970 and to reach 205 Gtons
in 2000 A.D. (Tabl¢ 5). -Thereaftérf the excess carbon coming from
nonfossil sources increasc vecry slowly.

The amounts of biosphefic carbon released to the atmosphere are

very much the same in the ''nominal,' the ''delayed,' and the "slow burner"
scenarios. In the "combination" scenario, however; the contribution of

nonfossil carbon is less than the other cases, especially after the peak
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release in 1980. This is the result of additional fluxes of'carbon
going to the deep humus compartment and the effect of higher biotic
growth factors on.sfdrége of carbon.

Comparing the cumulative releases of fossil and nonfossil carbon,
there is a greater contribution iﬁitially from the biota than frém the
fossil sources as was suggested by Stuiver (1978). However, the share
from fossil fuel increases rapidly and by 1970, both sources have
already contributed approximately an equal amount, ~120 Gtons, té‘the'
atmosphere over the period since 1860.

Figure 7 shows the cumulative releases of biospheric and fossil
carbon in the ''slow burner' scenario. In this case, the total
production of fossil carbon, and hence the total anthropogenic release,
will not increase as rapidly as those of the '"nominal' case. Howev;r, the
cumulative amount of biospheric carbon released from both active
categories is agéut the same as the amount estimated in the ''nominal"
case. |

The annual release of biospheric carbon estimated by the preseﬁt
study was about fhe same as given in Baes et al. (1976). The projections
for the prompt release of biospheric carbon from the wooded compartments
for the next 25 years were about 0.98 to 1.01 Gpons/year. 'Coyrésponding
projections for tﬁe delayed release were 1.67 to 1.87 Gtons/year
(Table 5, page 81). The overall release was higher than the estimates
of Bolin (1977a) and Wong (1978) but-waé near the lower limit of the

range of values suggested by Woodwell et al. (1978).
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Only'a few estimétés_ofvthe cumulati&e inputwof bid§p£e£ic carbon
are available. Except for the rough estiﬁate given by Hutchinson (1954),
the other values are baséd on the measufements of radiocarbon ratios.
from a limited sample of dated tree rings. Hutchinson's (1954) estimate
for the period 1900 to 1935 was about 20 Gtons of carbon. fhis value -
might be too low, as Farmer and Baxter (1974) gave an estimate of about
30 Gtons over the 20-year pefiod after 1900. The former valueicompafed
favorably with the result of ébout 17 Gtons obtained in this s#udy 'i
(Figure 6, page 84). The calculation given by Stuiver (1978){for the
huﬁdred-year period beginning from 1850 was about 120 Gtons. This value
is higher than the result obtained in this study, even when the poss;ble
contribution from the 10-year period before 1860 was added to the |
estimate from the simulation study. However, Wilson (1978) suggested-
that the total relgase of nonfossil carbon for the brief period bethen
1860 and 1890 wo?ld possibly be 110 Gtons. This was 5 times the estimate
of 22.2 Gtons qbtained for the same period in this report, Until more
estimates from radiocarbon measurements are available, it is difficulf
.to judge the éécuracy of these estimates. Rgfinement of the modél Qogld
be rquired if further measurements confirm that a substantially larger
amount of the bioépheric carbon was released before the end of the l;;t

century.

PO

4.3.3. Projections of Atmospheric Carbon ~

Time courses of carbon level in the atmospheric compartment

- obtained from all four scenarios are shown together in Figure 8. In the
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"nominai“ case, .the trajectory of atmospheric carbon rises rather
rapidly to a peak around 2275 A.D. and, after passing.this peak,
declines slowly. The estimated value at 1975 was 712 Gtons; it increases
to 861 Gtons in the year 2000. At the beginning of the 22nd century,
the concentration increaseé to more than five times the original value
in 1860. A doubling of the preindustrial level to 1196 Gtons is reached
at the year 2027. The projected peak value reaches about 6253 Gtons, or
10.5 times the preindustriai value. As compéred to the studies of
Revelle and Munk (1977) and Keeling and Bacasfow (1977), the results
obtained in this report show a faster increase of atmospheric carbon‘_
and a doubling time which both are achieved earlier in the time history
of the simulation.

In the '"'slow burner'" scenario, the levél of atmospheric carbon.
increases at a much slerr pace than in the ﬁnominal” case and still
shows an increasing trend at the last time sfepiof the simulation.
Compared to the ”noﬁinal” case, the estimated value in this simulation.
run for l§70 was about the same as in the former case. Atmospheric
co, then increases to 809 Gtons in 2000 A.D., but only 1257 Gtons iq
2100 A.D. Furthermore, it delays for another 60 yéars,(i.e.; 2087 A.D;),. o
the time required to reacﬁ twice the amount of the preindustrial level. -
At the final time step of the simulation, the projected carbon level
reaches 3376 Gtons, or six times the 1860 concentration,

The peak values of atmospheric cérbon concentration predicted

by many workeré (e.g., Revelle and Munk, 1977; Oeschger et al., 1975)

are about two to five times the concentration before 1860 A.D.
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Exceptions are the higher estimates given by Baéastow and Keeling (1973)
and Keeling and Bacastow (1977), reaching five to eight times the
preindustrial value. Options in their models to limit the mass of the
biosphere seem to retain a higher fraction of the ipjected carbon in the
atmosphere. By putting several restraints on net primary pr&duction
(see Section 3.3.6), the present model prédicted a still higher
retention of the atmospheric carbon, reaching s1ightly more than 10
times the initial concentration.

In retrospect, the low peak values of atmospheric carbon
concentration ob;ained from some of the carbon models might be
explained by: - (1) the unlimited growth of biomass absorbing most of -
the additional carbon dioxide (see example Fig. 10.1 and Fig. 10.2 -of
the first model of Revelle and Munk, 1977): (2) the somewhat lower
estimate of the fossil carbon resource (3 to 4 x 103 Gtons) ultimately
released (Dugés, 1968; Killough, 1977; Young et al., 1972); or (3) the
deliberate ‘constraints imposed on the rate of anthropogenic production
of carbon dioxide in their simulations (Smil and Miltdn,~1974j Zimen

et al., 1977; Siegenthaler and Oeschger, 1978).

4.3.4, Marine Compartments

The increases of carbon levels in the marine compartments are slow
and steady initially, but accelerate in the next two or three centuries
as atmospheric carbon increases (Figure 9). In the ''mnominal' case, the
amount of carbon in the mixed layer reaches a maximum of 780 Gtons,

peaking at about the same year (i.e., 2275 A.D.)-as in the atmospheric’
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compartment. This finding of a synchronous peaking time suggests that
the chemical equilibrium of sea water in the mixed layer responds
instantly to an increase in atmospheric carbon dioxide with very short
time delay. This observation.was in line with a similar‘time-delay of
about two years calculated by Broecker (1977). By 1975, about 33 Gtons
of carbon are added to the marine compartments during the previous 115
years of fossil-fuel combustion aﬁd land-clearing.

Generally, carbon levels in the marine compartments obtainéd With
the ''slow burner' scenario are slightly less than the corresponding:
values obtained from the first case. There is no peaking of mixed
layer carbon observed in the 'slow burner" scenario. 'This 1s. also true
for the time courses of carbon levels in the thermocline and thé deep

ocean compartments for both scenarios.

4.3.5. Net Primary Production

The net pfimary production of wood compartments displays a similar
behavior in both the '"nominal' and the ''slow burner' scenarios.’ Siﬁce
the increase of NPP is proportional to the increases in the mass of
atmbsphéric carbon and the biospheric ''density,' the NPP is expected to
shdw an increase during the eaflf time-step of the simulation. Figure 10
shows the responses of the NPP of both rapidly and slowly exchanging
cafbon obtained with the '"nominal" case.

In the wood'compartments, the NPP decreases a little for the first
few years, probably because of lower mass densities resulting from

extensive deforestation. As the atmospheric carbon is increasing, the
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NPP of tﬁe rapidly gxghanginé carbon in both Eompartmcnts also increase
above the preindustrial values (10.88 Gtons/year in the No;thern Woods
and 12.07 Gtons/year in the Southern Woods). The slowly exchanging
carbon in the wood compartments glso shows a similar trend, but the
period of increase continues further to around 1995 for the Southern’
Woods (10.29 Gtons/year) and 2030 for the Northern Woods (9.37 Gluus/
year). The subsequeht decline of these compartments is likely a
reflection of the limiting conditions of the high atmospheric carbon and
the high mass 'density'" imposed in the structure of the model.

The NPP obtained for the Nonwoods is strongly influenced by the
addition of carbon'from»laﬂd-cleafing actiQities. The later period is
again limited by the high 1eve1Aof atmospheric carbon and a large carbon
mass per unit area. In this simulation, the NPP shows an increasing
trend in the beginning and then levels off at about 2160 A;D., reaching
14.8 Gtons/year in the rapid carbon pool and 11.7 Gtons/year in the-slow
carbon pool.

_ Results.qbtaineq from the "slow burner" scenario show that the
changes of NPP in the wood compartments are almost identical with those
from the ''nominal' case, except that the values of NPP from the former
scenario are s{ightly slower between the period from 2000 to 2150. The
Nonwoods compartments give different responses in their rates of
organic production. Generally, the magnitudes of NPP are lower than
similar items in the ''nominal'" case, and .the NPP also depicts a much
slower increase over the entire period of tﬁe simulation (Figure 11).

This behavior is most likely caused by the low level of atmospheric
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carbon projected in this scenario. The '"benefits" of CO2 fertilization
are not fully reflected in the biosphere growth, and the NPP might
actually be higher if the actual constraints on photosynthetic rate and

on ultimate storage are less severe than are assumed.

4,3,6. Mass Per Unit Area of Biospheric Carbon

Since- the.value of mass/arca (”deﬁsity”) of biospheric carbun in
this model is formulated as a mass-balance equation depending on the
changes oflorganic carbon, its behavior is strongly linked to the net
primary production and the atmospheric level of carbon. The upper
frame of Figure 12 depicts the changes of mass density of the rapidly
exchanging carbon (e.g., foliage énd ofher.short—lived plant parts and
residues) in the ''nominal'' case. The two wood compartments have curves
of the same shape, but the Southern Woods shows a time-delay of several
decades related to clearing and regrowth history.

In the'first'féw years, the density values of the Southern Woods
remain almost constant on the average. After this peridd, the values
of carbon/area increase for about a hundred.years as regrowth
dominates those cut areas which remain in forest. The values of biomass/
area and NPP level off for the remaining period of the simulation. The
period of increase is probably the result of the Femporarily'accelerated
NPP. As the biota limits its own foliage énd NPP at someAupper value
in the future, the density also remains relatively unchanged. In reality,
it may decrease if turnover times are shortened by intense harvesting—

e.g., for biomass fuels. At the assumed equilibrium stage, the
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densities of . the Nprthern Woods and the Southern quds rise td 3.3 kg/m2
and 2.4 kg/mz, respectively, in the present model.

The behavior of the densities of slowly exchanging carbon pools
(lower fréme of.Figure 12) is quite similar as those of the rapid carbon
pools. In the Northern Woods the density increasesvslowly until around
2600 A.D. and then levels off at a value of 27.7 kg/mz. The density of
the Southern Woods remains at the same level for the first 100 years,
follows by a sharp increase to around 2000 A.D. and remains level at
about 28.6 kg/m2 for the remainder of the simulation. Again, ;his‘may :
reflect assumed regrowth and storage in those forest areas:which are
allowed to regrow instead of being converted to nonforest. -

There are only siight increases in the deﬁsities for the rapid and
slow carbon pools of thewﬁonwoods (Figure 12)., The rapid carbon pool
only stores a maximum of 0.75 kg/m2 of carbon.

In the "slow burner" scenario (Figure 13), the carbon aensities
of both rapid and slow carbon pools from the wood compartments are .
almost the same as those obtained from the previous case. However, values
of mass/area of both carbon pools from the Nonwoods are slightly below
the results reached in the 'nominal" case. These observations are
anticipated as the rates of NPP for the two.wood compartments have
almost the same values from both scenarios. - Moreover, in the “slow“
ﬁurner” cése, both rapid and slow carbon péols of:fﬁé Nonwoods have a
slightly lower rate of NPP as those from the ''nominal' case, and the

modest benefit of CO, fertilization is even less effective.

2
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4.3.7. Projections of Biospheric Carbon

The level of biospheric carbon~in a terrestriai compartment depends
both on the area and the density of carbon in the mixture of ecosystems.
As mentioned in the previous section, the carbon densities'of the wood
compartmenﬁs obtained from the 'nominal'' and the '"'slow burner' scenarios
are nearly identical. The carbon levels of simiiar compartments
obtained in these two scenarios also follow nearly the same courses.

The following discussion on the projections of carbon 1evel>in the

wood compartments are therefore pertinent to both scenarios (Figures 14

and 15).

In the rapid carbon pool, the level of carbon in the Northern Woods
shows a slight decrease initially for about 10 years and then a rapid
increase to 70.2 Gtons in 1947. After this maximum, a long and slow
decrease occurs which stabilizes at about 65.3 Gtons.

The amplitudé of carbon estimates for the Southern Woods is larger
than that of the Northern Woods. It also decreases slightiy for the
first 10 years similar to the mass/area curves. The carbon level then
increases slowly to 51.8 Gtons in 1954, follows by a rapid drop to
43.8 Gtons around 2000 A.D. Thereaftgr, the level stabilizes at about
35.5 Gtons.

The genefal trend of the rapid carbon pool in the Nonwoods is about
the same as the wood compartments except that the level shows an increase
from clearing since the beginning of the simulation. In the 'nominal

run (Figure 14), there is a peak of about 43.8 Gtons around 2000. The
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curve then decreases to a low value of 35 thns in 2035, because the low
input of carbon from deforestation no longer exceeds the rapid losses of
the carbon residues which are assumed converted from slow to rapid pools.
As the high concentration of atmospheric carbon begins to dominaté after
this time, the carbon content in the Nonwoods rises again and stays at a
level of about 50.9 Gtons for the subsequent years.

For the "slow burner' scenario (Figure 15), the projection of
carbon in the Nonwoods shows a minimum of about 33.1 Gtons around 2080.
It increasés again siowly to about 48.3 Gtons in the later time history
of the simulation.

There is a similar situation in the slow carbon pools of the wood
compartments where results produced from both scenarios are almost
identical (Figures 16 and 17). The carbon level in the Northern’Woods
decreases to 530 Gtons gradually from the start to around 1925 because
of deforestation. - As the NPP rises slowly, the carbon in this.coﬁpartment
also increases to 598 Gtons around 2085. The level declines in subsequent
years to about 563 Gtons.

A different time behavior is observed in the level of slow carbon
pool of the Southern Woods (Figures 16 and 17). The level decreases
gradually in the beginning and then accelerates after 19001due;tolthe
increase clearing nf'fnrests. After about 2060 A,D,, the prbjectéd
level stays at ahout 429 Gtons of carbon,

Since some of the carbon in both wood compartments is shifted to
both the rapid and slow carbon pools of the Nonwoods, a general increase

in the levels of rapid and slow carbon pools in the Nonwoods are
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observed. In thé‘"nominal"vrun (Figure 16), the increase is completed in
several s£eps. The first step, between 1860 and 2010, shows a slow
increase. The second step is observéd between 2010 and 2060, when the
carbon level remains about the same. This period corresponds to the
possible declining rate of deforestation at that time. Subsequently,

the rate of NPP is affected more strongly by the increasing concentration
of atmospheric carbon, and the projccted carbon level in this compartment
shows a slow rise to a value of 717 Gtons.

In the "slow burner'" case (Figure 17), the slow increasing of
atmospheric carbon projected in the future is sufficient to slow down the
increase of carbon level in the Nonwoods. The curve shows a slow
decrease from around 2020 to 2180; after that the projection iﬁcreases

again to 634 Gtons in the year 2460.

4.3.8. Partitioning of Excess Carbon

Table 6 gives the estimated fractions of the excess carbon iﬁcluding
carbon released promptly or slowly from fossil fuel and the biosphere
as it is distributed among compartments of the atmosphere, the marine,
and the terrestrial bioépherei Since the biospheric carbbn from delayed
release also was used in the calculation, these numbers are likely
underestimates. Partitioning of excess carbon to the sediment compart-
ments ‘and other minqr compartments is not included, and these presumably
cover the remainder of the excess carbon. |

In 1950, about 35% of the annual release of anthropogenic carbon

remained in the atmosphere. The percentage is projected to increase



Table 6, Partitioning of Excess Carbon (as fraction of the total

excesses)

107

2000

Compartment 1950 1960 1970 1975
Annual Fractions
Atmosphere 0.35 0.45 0.51 0.53 0.61
Marine 0.12 0.13 0.13 0.13 0.15
Biosphere - 0,009  .-0,007 0,015 0,016 0.03
. Cumulative Fractions '

Atmosphere 0.36 0.37 0.40 1 0.41 0.49
Marine 0.11 0.12 0.12 0.12 £ 0.13
Biosphere -0,066 0,052 -0.043  -0,042 0,016
Biosphere + 0.50 0.49 0.46 0.44 0.37

releases
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gradually to 60% in the year 2000. The marine compartments are estimated
to absorb a total of about 12% of the annual excess between 1860 and
1970. The percentage was about half that estimated by Revelle and Munk
(1977). - Currently, the terrestrial biosphere is responsible for a net
release of carbon to the atmosphere. As the NPP of the biota increases,
the terrestrial ecosystems absorb more carbon dioxide and retain a total
of about 3% of the excess CO2 released in 2000 A.D.

Tab;e 6 also shows the partitioning of the excess CO2 as fractions
of the total cumulative releases. About half of the cumulative releases
of carbon would be retained in the atmosphere by the year 2000. At the
same time, the marine compartments absorb a total of about 13% of the
total excess. In the biosphere, the pools of slowly exchanging carbon
continue to rclease carbon. It follows that the terrestrial ecosystems
would contribute continuously a total of 1.6% of the cumulative excesses
to 2000 A.D. Total partitioning oé excess carbon to the terrestrial
biosphere plus the releases, prompt and delayed, of biospheric carbon

(cf. Revelle and Munk, 1977), also are given in Table 6.
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CHAPTER 5
MODEL EVALUATION
5.1. SENSITIVITY ANALYSES

Many details and interactions of components of the global carbon
cycle are not yet thoroughly known. Furthermore, wide ranges of values
have been reported for the pool sizes and fluxes of the compartments,
This condition is not unexpected, if one considers the limitations of
the measuring techniques and the large amount of Qariability that aré
characteristic of natural systems.

One way to assess the usefulness of the model is to find out how
sensitive the responses of the components are under parameter
perturbations. However, sensitivity analysis (Tomovié, 1964) of complex
nonlinear system with many discontinuities, such as in the present
model, is cumbersome. The praétical and direct method used in this
study was to observe the response of atmospheric carbon to systematic
variations in the coefficients, initial conditions, or forcing functions
of the model. A tremendous number of computer runs would have to be
performed if all the parameters and their combinations were analyzed.

Of these runs, some may not yield significant information. Hence, only
a few of the parameters whose values are considered especially critical

were tested in the present sensitivity analysis.
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5.1.1. Initial Value of Atmosphcric Carbon

The first parameters to be investigated was the initial value of
the atmospheric compartment. Two other sets of values were used in
subsequent simulation runs to compare the fesponses of the atmospheric
carbon with that from the ''mominal' case. One of these values was
616 Gtons used by Keeling (1973a). The model was simulated witﬁ the
following changes: <¢.* = 523.6 Gtons, c,* = 92.4 Gtons, and F1,2* =

1 2
F2,1* = 23 Gtons/year. ‘Stuiver (1978) and Wilson (1978), supported by
evidence from the 13C/12C ratios of dated tree rings, suggested that the
preindustrial level of atmospheric carbon might be near 270 ppmv, or
576.7 Gtons. Consequently, another simulation run was carried out with

* = 490.2 Gtons, c,* = 86.5 Gtons, and F1 * = F * = 21.6 Gtons/

“1 2 ,2 2,1
year.

Figure 18 shows the changes of atmospheric carbon with different
starting values. These changes do not alter the timing or the
characteristics of the time trajectories of atmospheric carbon. Only
the magnitudes of thgse curves are altered; insignificantly in the early
period but with increasing differences at the end. The trajectory with
the lowest starting value increases to 837 Gtons in 2000 A.D., and
reache; a peak value of 6210 Gtons around 2275 A.D, If the initial
level of atmospheric carbon were taken to be 616 Gtons, it rises to

882 Gtons in 2000 A.D. and peaks at the same time as the others with a

value of 6289 Gtons.
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Figure 18. Responses of atmospheric carbon with different initial pool sizes in the atmosphere.
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.5.1,2. Biotic Growth Factor

Some of the constants employed in the equations to estimate the net
primary production of biospheric compartments are subjected to large
variation. The biotic growth factor.is one of the coefficients whose
ihp;ct has been studied by several workers. This factor 1is usually
assumed to range from 0.0 to 0.4 (Keeling, 1973a; Oeschger et al., 1975)
for large areas.

In the present sensitivity analyses, the three biotic growth factors
for the Northern Woods, Southern Woods, and Nonwoods compartments are
increased or decreased by 10% at the same time. As found by Olson
et al. (1978), the lgvel of atmospheric carbon was relatively insensitive
to small changes in the growth factors, but the concentration of
atmospheric carbén does decrease with a higher value of B8, and vice
versa (Figure 19). When the growth factors are decreased by 10%, the
projection of atmospheric carbon at 2000 A.D. is 865 Gtons, and peaks
in 2275 A.D. at a value of 6297 Gtons. If the growth factors are
increased by 10%, the levels of atmospheric carbon in 2000 and 2275 A.D.

are 858 Gtons and 6215 Gtons, respectively.

5.1.3. Maximum Mass/Area

The other parameter in the NPP equations to be analyzed is the
maximum density of carbon that can be attained in each of the biospheric
compartments. In the simulations, the probable maximum density of each

biospheric compartments is not. supported by actual observation.
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Tentative values assumed in the 'mominal' run are 1.5 times the
preindustrial estimates. This factor is increased or decreased by 10%
(i.e., 1.65 or 1.35 times the preindustrial estimates) in the sensitivity
analyses.

As in the previous test, the basic pattern of the atmospheric
responses is .similar but is slightly more sensitive (Figure 20). A
slightly higher level of atmospheric carbon is observed when the model
specified lower values of the maximum of mass density. The projected
level of atmospheric carbon in 2000 A.D. is 883 Gtons, rising to a peak
of 6345 Gtons around 2275 A.D. When the maximum densities afe set at
1.65 times tﬂe initial estimates, atmospheric carbon decreases to 851

Gtons in 2000 A.D. and peaks at a value of only 6164 Gtons in 2275 A.D.

5.1.4. Flux of Polar Waters

One component of the total flux that transports about 36 Gtons/
year of carbon from the mixed surface layer to the deeper waters passes
through the thermocline. The other component occurs in the poiar regions
where cold polar waters sink directly to the deep waters of the warm
oceans. Estimates of the latter flux used in the '"nominal" run may be
near an upper bound. Consequently, only the response to a smaller down
flux of polar waters was tested. The magnitudes of fluxes from the mixed
layer were assumed proportional to the ratio of the sea surface areas
where the two fluxes occur. Hence, the changes were: F7,8* = 30 Gtons/

year, * = 6 Gtons/year and F

F, g * = 47 Gtons/year. The last change
2

9,8

was necessary for mass-balancing the system.
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‘The results (Figure 21) show that- the carbon level in the
atmosphere is relatively insensitive to variations in these fluxes in
- the early time period of the simulation. .The sensitivity increases at
the end, when the atmospheric carbon increases from 863 Gtons in 2000
A.D. to a maximum of 6390 Gtons in 2285 A.D. The peaking time of the
atmospheric carbon is delayed for about 10 years as compared to the-
"nominal' run.

Differing viewpoints were expressed by Dugas (1968) and Broecker
et al. (1970) regarding this direct transfer of atmospheric carbon to
the deep ocean. Dugas' (1968) results showed that the concentration of
atmospheric carbon was not critically affected by the inclusion of this
transfer in her model. Yet Broecker et al. (1970) maintained that this
particular transfer played an important role in moving extra carbon
dioxide from the atmosphere to the deeper ocean. The sensitivity
analysis given here suggests that the addition of such a flux in the
model is very significant when the atmospheric carbon reaches ‘a high

level.
5.2. VERIFICATION WITH HISTORICAL DATA

Measurements of carbon level in the atmosphere at selected |
localities can be used to validate the responses of the model. The
observed concentrations of atmospheric carbon at Mauna Loa ‘since 1958
(Keeling et .al., 1976b), together with the estimgtes obfained from the
present model, are listed in Table 7. Although the data cover only 17
years, they can still be used as a yardstick for some fUtufe refinements

in certain aspects of the model.
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Table 7. Coﬁcentration of Carbon in Air Observed at Mauna Loa,
' Estimated and Simulated for Atmosphere

Keeling et al. (1976) This Report
Year’ ppm (mol)a Gton C Gton C
1958 © (315.49) 669,72 - | 662.25
1959 . 316,14 671,09 664,19
1960 317.03 672,98 666.27
1961 317.71 674,42 668.39,
1962 318.57 676.25 | 670.54
1963 319,03 677.22 672.83
1964 319,63 678,50 675,28
1965 320,25  679.81 677.86
1966 320.92 681,24 680.57
1967 321.70 682.89 683.38
1968 . 322,58 684.76 686,31
'1969- 324,47 688,77 689,43
1970 325,79 | 691.57 692,77
1971 326,83 693,78 696,28
1972 (328.01) 696,29 699,93
1973 (330,157 700, ¥4 703,75
1974 . (330.76) 702,13 | 707,72

3pstimates in brackets are taken from Zimen et al. (1977).
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‘Estimates obtained from the present‘model show a steeper slope
during 1958 to 1974 than‘tﬁe observed data. The largest error; which
occurred in 1958, is about 7.47 Gton;, or about 1.12% less than.the
Mauna Loa measurement. The difference méy»be explained: by the net
release of a substantial amount of organic carbon from deforestation
during or immediately before this period. According.to Wilson (1978)
and Stuiver (1978), the net contribution of biospheric carbén to ‘the
atmosphere may already have tapered off by 1900 A.D., whereas the
present model still assumes a large biospheric release during this .
period and which reaches a maximum release between 1980 and 2000:

According to Keeling and Bacasfow‘(1977), the average airborne
fraction of fossil CO2 between 1959 and 1973 inclusive was about 56%.
The estimate for the similar fraction in the present study was'about*v
75% for the same period. This higher valuecevidently reflects the
steeper gradient of the time history mentioned above. The .possibilities
-of relatively more deforestation or other nonfossil release early in the
last century, and less during these critical years of empirical
monitoring, therefore deserve closer study in the continuation of the

present work.
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CHAPTER 6
IMPLICATIONS OF ALTERNATIVE SCENARIOS

it is expected that changes in the global carbon cycle and CO2
concentrations will become a dominant ecological and societal problem
in the near future if mankind continues the upward trend of fossil-fuel
~utilization. Unless recent models of carbon cycles and climatic change
ére both missing key points, the climate will change significantly; this
in turn may affect human life support systems. The urgency of the carbon
dioxidé/climate problem is directly linked to the combustion of fossil
vfuel and therefore calls for caution regarding future policies of using
the fossil carbon resources in the developed nations as well as in the
less developed countries (cf. Rotty and Weinberg, 1977; Niehaus, 1976).

Generally, decision makers are reluctant to formulate any vital
policy which is based on analyses with so many uncertainties (Spofford,
1971). However, the choice has to be made soon in view of the occurrence
of long-lasting effects associated with many of the anticipated impacts.
fechnical bases underlying several alternative energy systems have to
be made before the end of this century if society is to have time to

anticipate and cope with the main implications of these choices.

6.1. Alternative Scenarios of Ultimate Fuel Use

The sensitivity analyses discussed in Chapter 5 are concerned
mainly with the coefficients, initial conditions, etc., within the

model for a relatively high release, namely 7500 Gtons of carbon over
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600 years (peak rate 42.5 Gtons/year in 2101 A.D.). It is inferesting
to see the response of the atmospheric carbon to different values of the
ultimate amount of fossil carbon that would be released to the
environment. As noted in Section 3.3.2, a medium-level estiméte used
by Keeling and Bacastow (1977) and Zimen et al. (1977) was about
5 x 103 Gtons of carbon. However, if most of the presently known sources
of fossil carbon were consumed as fuel, then ultimate release could be
about 10 x 103 Gtons {(cf. Olson et al., 1978). These two estimates were
substituted in the modified logistic gquation for additional runs. The
possibility of releasing lower fractions of the potential carbon
resources as fuel, generating COZ’ is discussed belowf

Figure 22 shows the responses of atmospheric carbon to this
parameter. Simiiar results have already been discussed by Olson et al.
(1978, Fig. 2.2, Table 4.6) and Ziﬁen et al. (1977). With a 5000 Gtons
total release of fossil carbon, the future level of atmospheric carbon
is tentatively projected to 860 Gtons in A.D. 2000, and peaks at 4159
thns in 2225 A.D., half a century earlier than the ''mominal' run. The
peak value is about seven times the 1860 estimate. In the opposite
direction, the Very high estimate of the ultimate release also sustains
a corresponding higher projection of atmospheric carbon. It reaches
about 882 Gtons by the end of this century. The peak level, reached

in 2340 A.D., is 8795 Gtons, or about 15 times the preindustrial value.
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6.2. RESULTS OF ALTERNATIVE SCENARIOS

As pointed out by Brooks (1977), a continuing, sustained effort,
éupported by steady public attention and visibility, is required to
deal with any long-term environmental problem., Simulation of different
scenarios centering on the many possibilities of fossil-fuel consﬁmption
and the future management of‘the ecological systems are essential in
supplying the néeded information for assessment of societal and
ecological impacts. Management policies can be formulated to optimize
some chosen oﬁjectiv; functiéns under several important constraints such
as maintaining a balanced and diversified pattérn of ecosystems (Olson
et al., 1978); Alternatively, minimizing the predicted future value of
CO2 and maximizing the gross and net primary production and carbon
storage of the biosphere and its uses by man are both important.
Besides the two scenarios which have been discussed more fully in
Chapter 4, the other scenarios (tﬁe ”delayéd consumption'" scenario and
the '"'combination' scenario) are discussed below in a search for possible
alternative strategies related to the objective fuﬂqtions just
mentioned. Even though actﬁal data may be réviéed as models improve,
the perspéctive on large or small changeé seems likely to be helpfpl.'

If the 7500 Gtons consumption of fossil fuel is retained, but is
‘delayed according to the conditions suggested in the ''delayed consﬁmption”
scenario, the emission of carbon from fossil fuel would be reduced to
9.3 Gtons/year in the year 2000. The rate would increase to about 65%

of the maximum release obtained in the 'nominal'' case a hundred years
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later. This percentage would increase further to 68% sometime around
2121 when the emission rate of the ''delayed consumption" scenario would
reach its own maximum. vAfter 2175, the annual release of fossil carbon
frbm the '"nominal'' case would stay below the level released from the
"delayed' scenario (Figure 4, page 75).

Values for the NPP and thé density of the biota obtained in the
""delayed" scenario are slightly behind the cérresponding values from
the '"nominal'" case for the first 100 to 150 years, because the 'delayed"
scenario is assumed to have a lower excess of carbon dioxide in the
atmosphere. Later, as more and more fossil carbon is released, values
for NPP aﬁd mass/area show slight increaées over the values obtained
in the ''nominal" case. These trends are also shown in the carbon pools
of the biospheric compartments (Figures 23 and 24).

The résponse of the atmospheric compartmenf (Figure 8, page 88) in
the '"'delayed" scenariovéhows that doubling would occur by 2033, about
six years later fhan the time reached in the '"nominal' case. The peak
value occurs in 2380, reaching a value of about 5700 Gtons, or siightly
more than nine times the preindustrial concentration.

In the '"combination'" scenario, release of fossil carbon is assumed
to follow the same course as that in the "slow burner" scenario
(Figure 25). In both cases, ; total 6f about 4270 Gtonsvare released
by the year 2460. Moreover, the 'combination' scenario also assumes
higher values in the biotic growth factors after 2000, and at the~séme
time, an additional 1% of the slowly exchanging carbon from the wooded

.ecosystems is assumed to be diverted into long-term storage. The live
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biota shows significant decreases in their mass/area values after 2000
A.D., moreso in the two wood compartments (Figure 26). These observa-
tions are also applied to the NPP (Figure 27) except that the slow carbon
of the Southern Woods compartment attains a higher NPP in the
""combination' case, presumably in response to a subcritical level of
atmospheric carbon dioxide and a lower density of carbon in the
ecosystems. Most of the excess carbon is now stored in the reactive
sediment-deep hgmus compartment (cls) where the carbon is exchanging
very slowly.

Compared with the other scenarios, the amount of rapidly exchanging
carbon in the wood compartments in the "combination'" scenario
{(Figure 28) is able to maintain at about the same levels as in the other
cases. However, rapid carbon in the Nonwoods compartment decreases to
about 60% of that in the ''mominal" case in 2100 and only improveg to
about 70% in 2460. Results obtained from the "comhination" scenario
(Figure 29) reveal that only the Southern Woods' slow carbon pools are
able to store approximately the same amount of carbon as in the ''nominal"
case, most likely a positive response to the higher NPP. The 6ther two
compartments can only store carbon at about 60 to 70% the levels of the
"'nominal" case. .These f'eétuifes‘és'sentially snggesf, implications of
using biomass intensively as an alternative energy source to supplement
fossil and other energy sourées.

If the increased storage of some organic carbon to the deep humus
or reactive sediment compartment could be maintained by excellent

management on a large scale, the atmospheric carbon concentration might
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" be maintaingd at less than 1.5 times the 1860 value during the next
century. The possibilities of technological wood storage to serve the
same purpose deserve exploration. The level of CO2 nevertheless would
increase slowly to 1700 Gtons, or slightly below three times the original
value (2.5 times the present level), by 2460,
6.3. IMPLICATIONS OF CHANGING FOSSIL AND NONFOSSIL
CARBON USE :

Several tentative proposiﬁions can be observed by comparing the
reSuits obtained from different levels of used reserves and‘from the
four scenarios that were used assuming 7500 Gtons reserve. Clearly the
former dominaté the atmosphefic level. There is no substantidi
reduction in éhe peak level of atmospheric carbon just by delaying the
consumption of fossil fuel for a few more decades. The increased
sluggishness of ocean water to absorb carbon dioxide and the probable
upper limit of carbon storage reached in the biospﬂere are the main
forces that cause a larger and larger fraction of the excess carbon
dioxide to remain in the atmosphere. Lowering of ocean acidity
(changing the buffering factor) may make the real sitdation worse than
projected here.

There is a possibility thét some of the coal will be kept by
necessity as chemical feedstocks or for other uses when oil and gas
are exhausted. If mankiﬁd elects to limit the ultimate consumptioﬁ
of fossil carbon to about 5000 Gtons releasing at the same initial

rate of 4.35%/year, the maximum concentration of atmospheric carbon
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would nevertheless increase to five times the 1974 value (3500 Gtons vs.
762 Gtons). ' This is abouf the same magnitude ob;ained in the "slow

- burner" scenario except that the .rise in the next two centuries would
be much slower. This scenario reflected the possible ameliorating
effects of an alternative policy of utilization of the total fossil-
carbon resource over a much longer time span. Clearly, still slower
expansion in the next ceﬁtury offers more time‘for deéiding the ultimate
level as well as the rate of oxidizing fossil carbon.

An acceptable étrategy in the futuré may have to depend on the
proper management of the biosphere. Even the very preliminary current
estimates of total NPP suggest this rate is about 10 times faster than
the annual ‘release of fossil carbon. In the 'mominal" case, thesé rates -
are about even in 2100 A.D. when the fossil carbon release was assumed
to reach the maximum rate. The NPP modeled ih the "slow burner"
'scenafio or the "combination'' scenario would still absorb carbon up to
four times faster than thé emission rate of fossil carbon at the time
of peak‘releaSe. Hence, the biosphere would be able to take up more of
the exceés carbon in the meantime to compensate for‘the slow absorption
of the ocean under circumstances which remain to be defined. The
problem requiring further study 1s wﬁether more of this carbon flow
can be used in lieu of fossil energy, while proaucing needed food and
perhaps increasing carbon storage as well. Some of these objectives
may be in conflict (Olson et al., 1978).

Biomass is still the main source of fuel energy in most of the less

developed countries (Earl, 1976; Eckholm, 1976). Suggestions have also
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been made to generate electrical and fluid energy from biomass in a
larger scale in developed nations (e.g., Szego and Kemp, 1973; Rose;
1977; Burgess, 1977; Tillman, 1978). Some advantages of this alternative
policy are to replace the organic carbon formed millions of years ago
for the recently formed biomass.and quickly recycling the carbon in the
atmosphere.' However, the net effect of this management policy may still
produce the same response of a relatively high level ofvatmospheric‘
carbon as in the case of burning only 5000 Gtons of fossil -carbon '
mentioned earliér. The disrupting impacts from theé high carbon leyel
can be reduced provided further consumption of fossil carbon would be
drastically reduced or that other nonfossil energy sources could be
developed to replace the total dependency on fossil‘fuel (Niehaus,A1977).
In the finai analysis, the basic strategy in the long-term
management of the carbon dioxide problem is the reduction of fossil-fuel
consumption, keeping part of the fossil carbon as a source of new
synthetic materials for the next generatioﬁs. The management of the
bbiosphere, whether or not it includes the concept of 'fuel plantation"
or the compaction and storage of organic matter, can be used as the
supplementary policy during the transitory period (possibly a century)
toQards the development of some other soﬁrces of energy acceptable to

the society.
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CHAPTER 7
SUMMARY AND CONCLUSIONS

1., Coptroversies have arisen recently concerning the role of
Biospheric organic matter as a net source or sink for the anthropogenic
release of atmospheric carbon dioxide. The massive conversion of
forests into agricultural lands and possibly acceierated oxidation of
humus during the recent past are regarded as the»mgin sources of‘this
'excéss-biospheric carbon digxide. Whether such nopfos;il inputs could
"conceivably approéch or éxceed inputs from coa;, gas, and Qil is a
major. issue for current research. In the present study, a global carbon
model‘wgs utilized to simulate the effects of changing ecological
carbon balances incaddition to changing fossil-fuel consumption on the
global carbon cycle between 1860 and 2460.

These uncertainties about biospheric carbon dioxide release should
not obscure the dominant future effect of fossil-fuel consumption on
atmospheric C02 levels;—if the use of fuel reserves continues to expand
"at high rates and then later diminish only slowly.. If ultimate usable
"reserves (near 7500 * 2500 Gtons of cgrbon) become oxidized in the next
century or two, instead of being conserved partly as feedstocks, then
drastic-climatic changes are quite credible. Feedbaék from climatic
change to the carbon cycle is beyond the scope of this study.

2. The present compartmental model distinguished rabidly and
slowlyvexchangihg carbon pools for both tropical and nontropical forests,

and for nonwooded ecosystems. These compartments were coupled with a
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two-layer atmosphere, an ocean having three water layers and three
organic pools, and five categories of sedimentary and dissolved carbon.
Carbon fluxes among these 19 -compartments were described as a set of
partly nonlinear ordinary differential equations for income ﬁinus loss.
Quantities of carbon in the terrestrial biospheric compartments were
estimated from preliminary projections of biospheric areas and carbon
mass per unit area for different ecosystem groups.

Both area and mass/area were treated explicitly as variables in
the model. Empirical functions were employed to restrain the net
primary production and storage capacity of the biota. Historical data
before 1974 of annual release of fossil carbon (and cement) were used
as part of the forcing functions for all simulations.

3. Four different carbon utilization scenarios were simulated.
The '"nmominal™ and the ''delayed consumption' scenarios (cases 1 and 2)
assumed that the annual releases of fossil carbon beyond 1974 would
follow different forms of the modified logistic equation (Eq. 3.1).
These equations assumed that the annual production of fossil carbbn wouid
decline slowly as fossil fuel reserves were exhausted. In the '"slow
burner" and '"combination" scenarios (cases 3 and 4), the rate parameter
in the logistic equation was considered also to decrease from an iﬁitiai»
vaiue of about 0.04/year to about 0.01/year ultihately (Eq. 3.6). In
addition, the '"combination'" scenario also would continuously_shiftAl% of
the slowly exchanging carbon (turnover time > 10 years) in the forest
compartments to.a very slowly exchanging compartment after 2000 A.D., as

if storage could be controlled deliherately.
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4, Present climatic models suggest that a doubling of the
atmospheric level of CO2 could cause an increase of the global mean
surface temperature by 1.5 to 3 °K. Feedback from climatic change to
the biosphere is not yet clear. Assuming the carbon cycle model is
valid and that fossil-fuel consumption follows the ''mominal' or the
"delayed consumption" scenario, a doubling of the preindustrial cuu-
centration of atmospheric carbon could occur in 50 to 6U years. By
drastic reduction in the consumption of fossil fuel such as in the
"slow burner" or the ''combination'" scenario, the doubling time could be
delayed until at least a century later.

S. Results obtained from the simulation runs also reflect the
different historic assumptions about the Liosphere as a net source of
atmosphefic carbon over the past century. From 1860 to 1970, the
biosphere is here assumed to release about 120 Gtons of carbon to ‘the
atmoéphere'either promptiy or with delay of a few years. An equal
amount of carbon was added to the atmosphere from the combustion of
fossil fuel and cement over the same period, but the estimated prompt
contribution of excess CO2 from the biosphere was larger than the
contrihntinn from the fossil ‘carbon from 1860 to 1900. Delayed inputs
of‘nonfossil CO2 by transfer from slowly to rapidly exchanging pools
are still increasing, but are here assumed to be overtaken by fossil-
fuel release of carbon around 1930.

‘6. Projections of biospheric carbon suggested some credible ways
by which different parts of the biosphere could serve as source and sink

for the excess CO2 simul taneously. For the next 25 years, the forests
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would lose another 100 to 150 Gtons of carbon to the atmosphere due to
land clearings alone; at the same time, the nonforest ecosystems, mainly
agricultural lands, would increase their total area and mass of carbon
and thus, would serve as sinks for a lesser amduﬁt of the excess carbon
dioxide. Beyond 2050, the terrestrial biosphere could maintain a
relatively constant mass of organic carbon, if CO2 fertilization effect
is moderate (the biotic growth factor is about 0.15 to 0.2). The
possible decline of photosynthesis at very high level of atmospheric
carbon dioxide should be a major'factor in studying the long-term
response of the global carbon cycle.

7. Recent reports of 13C/IZC ratios from dated tree rings also
suggest that about 120 Gtons of Biospheric carbon was released before
1930. They also suggest that the net release of biospherié carbon
remained almost stable for the last 30 to 40 years. However, the
present model assumes that the biosphere could release a substantial
amount of organic carbon to the atmosphere until 2000 A.D. when
deforestation rate could décline. In terms of the global carbon’cycle,
the present model may possibly underestimate the effect of the contri-
bution of biospheric carbon before-iQOO, while overestiﬁéting the same
effect for the past 30 to 40 years. The overestimation is probably the
- cause of the steep rise of atmospheric level of CO2 in the recent years
predicted by the model as compared with the measured increase from
Mauna Loa (see Section 5.2). A reappraisal of the contribution of
biospheric carbon in each region during the past century is suggésted

here as one of the topics for continuous research on the global carbon



140

cycle, so there will be a meaningful basis for anticipating and

managing shifts in the net balance of biospheric carbon.
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(1R8¢3.,0.3616), (1894, ,0.3771), (1895.,0.2986),...
(1896.,0.4116),(1897.,0.4315), (1R98.,0.U546) ,...
{1899.,0.4973), (1900.,0.5249),(1901.,0,5403) ,...
(1902.,0.5529),(1903.,0,6064), (V90U.,0.6134),...
(19€5.,0.6u66),(1906.,0.6961),(1907.,0.7712),...
(1908.,0.7366),(1909.,0.7690), (1919.,0.80u8) ,...
(1911.,0.8218), (1912.,0.8662),(1913.,0.9290) ,...
(1914.,0.8380),(1915.,0.8308),(1916.,0.89u8),...
(1917.,0.9453), (1918.,0.9320y,(1919.,0.8289),...
41920.,0.9589),(1921.,(.8280), (1922.,0.8906) ,...
(1923.,1.0053), (1924, ,C.9985),(1925.,1.006u) ,...
(1926.,1.00A0), (1927,,1.0975), (1928.,1.0909) ,..."
(1929.,1.1719},(1930.,1,0775),(1931.,0.96R2),...
(1932.,0.8738), (1933.,0.9188), (1934.,0.99€5) ,...
(1935.,1.0317),(1936.,1.10664), (1937.,1.2262),...
(1938., 1.161u), (1939., 1.2329), (1940.,1.3004) ,,.
C1961.,1,3371), ¢1962., 133060y, {1943,,1.36u40),..
(19u4.,1,3522),(1945.,1.2036), (1946.,1.2709),..
(1947.,1.4215), (19468,,1.5175), (1949.,1,U4609€) ,..
(1950.,1.6652) ,(1951,. 1.R0FM , (1952.,1.03A7) , ...
11953.,1.00862), (1954.,1.9151), (1955.,2.9984),...
(1956.,2.2372),(1957.,2.3353), (1958.,2.4215) ,...
(19%9.,2.5605), (19€60.,2.7130),(1961,,2.6732) ,...
(1962.,2.8103),(1963.,2.9738), (19€4,,3,1492),...
(1965.,3.2865), (1966.,3.4564),(1967.,3.5178),...
(1968.,3.7420),(1969.,3.9485), (1970.,4.2137) ...
(1971.,4.2780), (1972.,4.54€€), (1973.,4.7928) ,... "
(1974.,6.8907)

« s e .

-
CONSTANT KASE=1, HRV=0,0
. .

#*8#*RJOLOGICAL GROWTIR FACTOPS FOR NONWOODS (0), NORTHERN WOODS (N) AND
sesem SCUTHEEN WCCTS (S). :



fn g

163

-«

CONSTANT PBETPO=0.20, BETAN=0.15, BETAS=0.20

®«eeox MOITTELES CF INITIAL MASS/AREA.
-

CONSTANT THETA =1.5

s#*at®® FO0L SIZES IN ONITS OP GIGATON (=10E15 G) AT STEADY STATE.
«

TNCON XICT1 = £08.0, X1¢2. = 90.0, YIC3 = 1.5
INCCN XICW = 29.0, XICS = 1620.9, XIC6 = 592.0

I NCON XICT7 = 650.0, XIC8 = 6600.0, © XIC9 = 31820.0
INCON XIC10 = 2.0, XIC11 = u90.0, XIC12 = 65.0
INCON XIC13 = S6C.C, XIC1u = 4R, 0, XIC1S = 5890.0
TNCCN XIC16 = 1290.0, X1¢17 = 30.CES6, X1C18 = 1000.0
IKCCKN XIC18 = 6.6E6

#*2&&4FL)XES IN ONITS OF GIGATON PER YEAR AT STEADY STATE.
*

DARAMETER PO102=22.5, ?0107=90.0, F0110=10.0, P0111=8.0
PARAMETER FC112=10.0, F0113=8.0, PO110=11.0, ?0115=9.0
PARAMSTER PC2C1=22.5, F0300u=23.0, F0307=8.0, FOU05=1.65
PARAMETER POUO07=21.5, P05C8=1.0, P0509=0.62, FN519=0.03
L3

PATANETER PREC7=0.32, P0701=90.4, F0703=31.0, v0708=19.0
PARANETER F0709=17.0, F071€=0. 65, FO807=38.0, FO8B09=40.0
DARAMETER F0908=58.0, P1001=10.0, P1101=7.8%, F1118=0.15
PARAMETER P12(1=10.0, F1301=7.85, F1318=0.15, F1401=11.0
DARAMETER P1501=8.86, P1518=0. 14, F1609=0. 38, F1617=0.29
PAKARETER F17C1=0.0%, F1707=0.23, F1716=0.C2, P1804=0.08
PARAMETER F1806=0.29, P1819=0.07, F190u=0.07, F1906=0.03
L]

*#4*$DARAMETERS FOR MODIFIED LOGISTIC EQUATION TO FROJECT PUTURE
*#a»n RELEASE OF FOSSIL CAREON. '

“«

COKSTANT PINF=7,5£3,  F0=137.259, 1197u=4.8997

COKSTANT  NLT = 137.299

-

NCSCRT
*
wama«CATCNIATE THE EXPONENT OR THE RATE IN THE MODIFIED LOGISTTC CURVE.
saks® CAS® 1: NOMINAL CASE (HTGH PATE CF FOSSIL FUEL CONSUMETION)
]

IF (KASE.GT.1) GO TO 1

RATE = €.0435

EXPN = ALOG(1.0-01974/ (PO®RATE} ) /ALOG(PO/PINF)

WRITE (25,901)

901 PORPAT ('NAMEPOF19.DAT')
GC TO 12

%9289 CASE 2: DELAYEC FOSSIL FOEL CONSUMPTION

1 IF (KASE.GT.2) GO TO 2.
EXPN = 0.1
KATZ = D1S74/(DO® (1.0~ (FO/PTNF)**EXEN))

WEITE (26,902)
902 PORPAT (*NAMEPCR26.DAT')

3 CONTINOE
TEMP1=EINP®*EXEN
TEMP2=EC®=EXPN
TEME3= (TEMPI-TENF2) /TEMF2
GC TO U

2  CONTINCE

#sss% CASE 3; SLCW POURNER~-~DECREASING RATE OF CONSOMPTION
ema#® CASE 4: COMRTNATICN SCENARIO--CPSE 3 + BIOMASS MANAGEMENT

IP (KASF.EQ.3) WPITE(27,906)
IP (KASE.RC,4) WRITE(28,907)
906 FORMAT (*NAMEPOER27.DAT')
907 FCRMAT('NAMEFOR28.DAT')
FATE = 0.0435
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EXPN = ALOG (1.0-11974/(PO*RATE) ) /ALOG(PO/PINF)
4 CONTINPE
*

sasxaTHE VCLOPE TO SUFFACE RATIO.
"
B = 2.Cs3.0

-
**ekaTRANSPER RATES AT STEADY STATE.
«

20102 = PO1C2/X1ICH
20107 = PO107/XTC1
A0201 = PO201/X1IC2
A0304 = PO3CU/XIC3
A0307 = F0307/X1C3
AOLO5 = FOUOS5/XICU
A0407 = FOUCT/XICH
0508 = P0S08/XICS
A0SCO = TOZ09,/XTICS
A0S1¢ = FO0S19/XTCS
A0607 = FOE07/XIC6
A0701 = FO701,.%1IC?
AO7CY = PCICB/XICY
20709 = F0709/X1IC?
A0716 = F0716/XxIC?Y
ADENT = FCECT/XICH
A0B09 = rusUY/XICE
A09CR = F0908/XIC9
A10C1 = F¥OC1/XTIC10
A1101 = F1101/%X7C11
A1118 = F1118/xIC 1
A1201 = P12C¢1/%ICH2
A1301 = F1301/x1C12
A1318 = FI1118/71I01)
A1407 = PIUCI/XICTIU
A1501 = F150V/%X1C1¢S
A15182 = F1518/%1C15
A1609 = F16CS/XIC16
A1617 = P1617/X1C16
A17C1 = F1701/31C17
A1707 = P17C7/%TC17
A1716 = P1716/X1C17
A1B04 = PIBOL/XTICH8
A1806 = P18C6/%IC18
A1819 = P1819/X1C18
41904 = P19CU/XICI9
A19C6 = P19C6/XIC19

-
A0101 = A0102+¢A0107
AC202 = A0201
AG303 = AQ3Cu+r0307
A0U40U = ADUOS+AQUD?
A0505 = A0S08¢ANS509+A0519
AQEQ6 = ACECY
20707 = A0708+r0709+20716
A0808 = A0807+20809
A0909 = A090% -
A1010 = A1001
A1111 = A1101+21118
21212 = A120%
21313 = A1301¢n1318
AT414 = A1401
A1518 = ai€01+21518
21616 = X160%¢21617
A1717 = A1707+42171%6
A1818 = A1PNUspA1BO064A1819
21919 = A1004+n1906

L3

se8anTOTAL CAREON IN THE SYSTES. - >

TOTOC=XICI+4XTIC24XTCI+XICU+XICS+XICH+XICT+ XICB4XICA+XICI0+XICIT...,
¢XIC124XICI134XICTIUSXICIS+XICI64XICIT4XICIB+XICI9

Ny
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TRON=0.0

CFFRL =
CFFERLT=

s OO

[2:]
-
[g)
o
-
N .
nonon o

BICF15

***] ANT AFEP (IN MILLICN SCUARED KM} AT STEADY STATE.
#ASTOTAL LPND AREA EQUALS 130.9 MILLION SQUARED K#.

ACO = 74,0
ANO = 27.9
ASO = 29.0

A%*CARRON MASS FER UNIT AREA OF TERRESTRIAL ECOSYSTEMS.

C100 = RIC1C 200
Q110 = XIC11/2C0
0120 = XICI12/ANO
Q130 = IIC13I/ANO
Q140" = XIC14/aS0
0150 = XICI5/ASC

ATMO = KIC1eXIC2
ATHLT = A1TMO
C3LT=%XIC3
CULT=XICU
C5L1=%ICS
CELT=XICE
CTLT=%1C7
CBLT=XIC8
CY9LT=X1C9

’ ClOLT=X1C10
C11LT=XIC11
C12LT=%IC12

. C13LT=X%IC13

’ C14LT=%IC14

C15LT=%IC1%
C16LT=X1C16
CY17LT=%1IC1?
C18L1=%IC18
C19LT=%X1C19

EYNARIC
' NOSORT

‘#®»COMFUTE CHANGE IN IAND AREA OF NOFTHERN WOCDS ACCORDING TO
‘sw® p STHNEIIE LOGISTIC EQUATION.

c.o0ue181y
20.0/(1.04(-0.28315412%EXP (-RAN* (YEAR~-1860.0)) )}
FAN®ART® (1.0-ANT/20.0)

RAN
ANT
DAN

[T}

'@mACOMEUTE CHANGE IN IAND AREA OF SOUTHERN WOODS

%% 1860 TO 19R0 -- SECOND ORDER EXPONENTIAL EQDATION,
mex 1980 T0 2000 -- EXPONENTIAL EQUATION, . .
texw 2000 TO 2U€C ~-- SINPLE LOGISTIC EQUATION.

IF (YEAE.GT.1980.0) GO TO §

RAS = =2.222112E-4*EXP {0.03% (YEAR>1860.0)

AST = PBSOSEXP(-2.222112F-4* (EXP (0.03%(YEAR-1860.0))~-1.0) /0.03)
DAS = RAS*AST

GO TO 7

L 4
n

IF(YEAR.GT.2N000.0) GO TO 6

RAS = -€.008132¢53¢8

Z2.27841400¢EXP( RAS® (YEAR-1980.0))
RAS®AST

* GO TO 7
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6 FAS = 0.€31007u27
AST = 16,0/ (1.0+ (~0.20778092%EXP (~RAS* (YEAR-2000.0))})
DAS = FASAAST*(1.0-AST/15.0)
7 CONTINCE
DAO = PES (TIN) +RES (CAS) .

“

##42*CCMEUTE PNNUARL CC2 PRODUCTION FRCM FOSSIL FUELS.
“**R* INEAR INTEFEOLATION OF VALUES BEFORE 1974.
**%**»APTER 1974 AL, FROJECTION FROM SOURCE FUNCTION.
«

IF(YEAF.GT.1974.0) GO TO 10
U =AEGEN(CC2,YEAR) .
GO TO 20
1¢ TF (KASE.LT.3) GO TO 15
.
*A%3»CCMPOTE CAFECN RELEASED FROM FOSSIL FUELS FOR CASES 3 AND 4.
*

R=1.0/(70.0%(1.0=-EXP (-0.00271*NLT)) )
CFFRL=TINL/ (1.0+ ((PINE/P0 )™M EXPN-1,0)*EXP (-R*EXPN*, ..
(YEAT-1974.0)))*% (1. 0/EXPN)
U=CFFPL®F® (1,0~ (CPFRL/EINF) ##EXEN)
NLT = CFFRL
GO TO Z0
.
®Ase+COMEOTE CPREON RELEASED FRON FOSSIL FNELS FOR CASES 1 AND 2.
-

15 CFPRL=IINF/ (1.0+TEMPI®EXP (-EXPN*RATE* (YEAR=-1974,0)))**(1.0/EXPN)
REFP = FATE®* ((TEME1-CFFPL®*EXEN) /TENET)
U = CFFRI®REFF

z0 CCNTINUE

SCERT
ATM = C1+C2
»

*#%%4CONPUTE CAREON CIOXIDE ENPTICHMENT EFFECT ON NPP.
-

FROCEDURE FEO,FEN,FES = BOCUND1 (ATM,ATNO,BETAO,BETAN, BETAS) ¥
EF1 FESECN ({(3.1416,1C679.25,2135,85,ATN)
PEO (1.0+RPETAC*ALOG(ATIN/ATHO) ) *EP
FEN (1.0+BETAN®*ALOG(ATM/ATMO) ) *EP1
PES (1.0+BETAS*ALOG (ATM/ATNO) ) *EF1
EFCFROCEDUFE

L

»
»****#COMEDTE MASS CENSITY EFFECT ON NPP.
]
FROCEDORKE €10,C11,G612,G613,614,G15 = BOUKND2(Q10,011,012,013,014,Q15,...
¢190,¢110,¢120,Q120,0140,01%0)

C10GM = THETA®(100

Q11GM = THETA*G110

Q12GM = THETA*Q120

C13GM = THETA*Q130

Q14GM = THETA®CIUO

Q15GM = THETIA*C150 :
01C0M = 0100

crIcH = c110

Q120M = Q120

g130M = Q1130

crucn = G140

01504 = Q150

EF10 = FESEON (3. 1416,Q10GM, Q100M,010)

EF11 = Rv<0CN (?.1416,011G6H,071CH,Q011)

©P12 = RETSPON (3.1416,012G%,0120M,012)

EP13 = RESPON (3.10416,Q13GM,Q130M4,Q13)

FP14 = FESEON (3.7016,01UG4,01404,Q1U4)

EP15 = FESEON (3.1416,Q15G4,Q150M,Q15)

G10 ((C10/0100 )®*R) *EF 10

G111 ((Q17/2110 )**B)#*EP11 :

G12 = ((Q12/Q120 )**B)*EF12

613 ((C13/0130 ) #sp)#EF13
G1u ((CT4/C1U0 ) eep) #EFIL
615 ((Q15/Q0150 ) #%B) *EF15 .
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ENDPROCEDOFE

-

A¢S*R2RELEASE OF CRGANIC CAPPON FROM DEPORESTATION.
«

DM12 = PES(LCAN)*012
Dr13 = ABS(CAN)*Q13
CH14 = PES(CAS)*Q1U
DM15 = ABS(DAS)*Q15

~
***** ] ANT AREP CF NONWOQOLS.
-«

ACT = 120.9~-(ART+AST)
-

##0%2COMPUTE CCEAN EUFFER PACTOR ACCORDING TO REVELLE & MUNK (1977).
»

ZETA = G.0+4.0% ((ATN -ATMO} /ATMO)

F10107 = A0107#C1

PLO7C1 = AQTO01* (ZETA®CT7-(ZETA-1.0) *XICT)
*

*#x&&¢NET ERIMARY EROLCOUCTION OF TERRESTRIAL RIOTA.
.

FLO110 FO110%FEC*G10
F10111 PO111#FEO*G 11
FLO112 PO112*FEN®GI2

P10113 = PO113*FEN®*G13

FPLOT114 POV1IUSFESHG1Y

FLO11S = PO11S#FPES®G15

FLAB PLOVT10+FLO111+PLO112+PLOT113+FLO114+FLO11S
x
*a#®#SHTPT CF CRGANIC CARBON AFTFR DEFORESTATION.
«

FL1201 = TN12%0.3

FL1210 = DN12%0.7

FL13C1 = DN13%0.2

PL1310 = DM13%0.3

FL1311 = DM13#0.5

PL1401 = DK140. 4

FL1410 = DM1us0.6

PL1507 = DM15%0.2

FL1510 = DM150.35

PL1511 = DM15%0.,45

&
*988#y CDEL FQUATIONS.
- ]

€1 = INTGFL(XIC1 ,DC1 )
€2 = INIGRL(XIC2 ,DC2 )
€3 = INIGRL(XIC3 ,DC3 )
C4 = INTGEL(XICH4 ,DCH )
€5 = IKTGRL(XICS ,DCS )
C6 = INIGRL(XIC6 ,DC6 )
€7 = INIGRL(XIC7 ,DCT )
C8 = INTGRT(XTCR ,NCH |
€9 = INTGEL(XICY ,DCY )
€10 = INTGRL(XIC10,DC10)
€11 = IRTGRL (XIC11,DC11)
C12 = IKTGSL(XIC12,DC12)
C13 = INTGRL(XTC12,DC13)
€14 = INTGRL (XIC14,DCIU)
€15 = INTGRL(XIC15,DC15)
C16 = TNTGRL(XIC16,DC16)
C17 = IFTGRL(XIC17,TC17Y)
€18 = INTGRL(XIC18,DC18)
€19 = INIGRL(XIC19,DC1Y)
C10 = IKTGEL (Q100,CQ10)

Q11 = INTGFL(Q110,CQ11)

012 = INIGRL{Q120,DQ12)

013 = INTGRL{Q130,D013)

C14 = INTGFL(Q140,TQ14)

015 = IKTGFL(Q1%0,LQ15)

CCHT10=FLO1104FL1210¢PL1310+FL1410+F11510 -A1010%C10
CCHT11=FL10111+PL1311+4FL 1511 -A1111%C1
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DCHT12=FLO112 -FL1201-FL1210-21212%C12
DCHT13=FLO113 -FL1301-FL1310-FL1311-31313#C13 -HRV*C13
DCHT14=FLO114 -FL1401-FL1410-A1414*C1U
CCHT158=FLC115-FL1501-PL1510-FL1511-A1515%C15 ~HRV*C1S

D010 = (ACT®#LCHT10-C10%DA0) /(AOT*AOT)

DQ11 = (AOT*DCHT11-C11#LCA0)/(ACT*AOT)

DQ12 = (ANTSDCHT12-C12%2DAN)/ (ANT®ANT)

DQ13 = (ANTOLCRTI13-C13%DAN)/ (ANT®ANT)

DQ14 = (AST®LCHT 1U~-CI1U*TCAS)/(AST*AST)

DQ15 = (ASTYLCHT1S~C15%DAS)/(AST*AST)

DC1 = U+PLOT01+A0201#C2+A1001*C10+AT101*C11+A1201%C12+4A1301%C13...
+4FL1201+FL1301+FL14014FL1501 .o
+AT401*C 1442 1501%C15+P17C1 -AC101*C1-PLAB

DC2 = A0102%C1 -A0201%C2

DC3I = FCIC3 -AC303*C3

CCu = PC30UPC3+ATB0UXCIB+AI90U*CI9 -A0U0U®CH

RCS s AOUNSACH -p0505%CE

DC6 = A1B06%C18+A1906%C19 -AQRDF*CH

NCT7 = B0INTIECILAQINTIRC I AQUOTH*CUY AOGOTTCO +AONOTHCASRITOTALIT ess
-~ PICI01-FNTINI=20TQTRCT

DC8 = AOS0B#CS+AQ0T04®C7+4A0008*C9 -A0808%CS

DC9 = A0S09%CS+A0T709*C7+A0B09*CB+A1609%C 1€ ~A0909%C9

DC10 = ROT#*DG10+Q10 #*DAC

DC11 = AQT*DC11+4Q11 *DAC

DC12 = PNTI*LQ12+4Q12 ADAN

CC13 = ANTHACC12+C12 sCAN

DC14 = AST¢DQIU+Q1U *DRAS

DC1S = AST#DC15¢015 =DRAS

CC16= PCT716*CT4A1716%C17 -A1616*C16

DC17= A16178C16 -A1717%C17-¥1701

DC18= A1118*CT114A1318%C13+4A151B*C15 ~A1818%C18 +HRV* (C13+C15)

DC19= AQS19%CS5+271819¢C 18 -21919%¢r 10 .p

NOSORT

«#3»?CHECR RCONLCING ERRCR.
x

-

TRUN=TEON+1,0

IP (KEEE.NE.1) GO T0 5S¢

COUNT = CCUNT+1.0

CPTC=C14C24C3+4CU+CS+CE+CT+CB+CIH+CI04C114C12+4C134CIU+CIS ...
+C164C17+4C18+4C19

RESIDU=T0T0C-~CETIC

PERE = FESITU/CONONT

IF (SAMNFLE(1860.0,2469.0,1.0) . NE.1.0) GO TO 5%

AS®A&*CCMEOTE AIRBCFN FRACTIONS OF EXCESS CARBON FROM ANNUDAL RELEASE.
-

-

IF (YERP.LE.1974) CFPRL = CFFEL+0
BINC=CT0+C114C124C134C1U4CTI5-RIC10-XICI1-XIC12-XIC13-XIC14=-XTIC15

ACRL = FL1Z07+FL1301+FL1UD1+FLI15M)

ADRL = FL12104FL1310¢FL1U410+FL 1510

APRL = DeACRL

ARRL = AFRL+ALRL : -
ABPA = (ATIM-ATMLT)/U

AFPA = (ATPF-ATNLT)/APRL

AFDA = (ATM-ATHLT)/AAFL

#SSXSPARTITION OF EXCESS CARBCN PROM ANNUAL PRODUCTION.
-

LEPNTRILEIL IWT Y 14 .
PU= (CU-CULT) /AAPL

PS=(CS-CSLT) /AAFL

FE=(CE-CALT)/ARFT

Frs (U=CTLT) 7ARPL

P8= (CB-CB8LT) /AAFL

PA=(CS-COLT) /AARL

£10= (C10-C1OLT) /AAPL

F11= (C11-C11LT) /AARL

P12=(C1Z2-C12LT) /ARKL

v)

&

1Y)
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P13=(C123-C131LT) /AAFL
E14= (C14-C1ULT) /ABEL
E15= (€ 15-C1SLT) /AARL
E16=(C16-C161T) /AARL
E17=(C17-C17LT) /AARL
E18= (C18-C18LT) /AARL
E19= (C19-C19LT) /RARL

€1 ACUT

ATHLT

C31T=C2
CULT=CUH
CSLTI=CE
CHRLT=C6
CILT=C7
CBLT=CE
Ce17T=(C9
C10LT=C10
C11LT=Cc1
C121T7=C12
C13L1=C13
C14L1=C1U
C151T=C15
C16LT=C16
c17LT=C17
Cc181T=C18
c19LT=C19
CPFRLT

*

BIOF12
BIOR13
BIOR14U
BTOR1ES

CCUT
~

«SRRACCHEUTE

~

CCRIL
CDRL
CPRL
CARL
65 AFFC
AFDC
AFBC

AFPC
.

"DM1Z+4DN13+4DNI1U+DNIS
ATH ’ .

= CFFRL

*3#s»COMULATIVE. RELEASES OF EIOSPAFRIC CARPON PROM DEFPORESTATION.
.

PICR12 + DN12
EICKE13 + DM13
BIOR14 + DMIY

= BIOR15 + DN15
PICE12+BICR13+BTORT1U+RIORTS

AIREORN FRACTIONS OF COUMULATIVE EXCESS CARBON.

CCEL#ACKL

CDRL4ADRL

CFFFL+CCRL

CPRL4CDFL

(ATP-ATNO) /CPFRL
(ATM-RTMO) /CARL
(BINC+CCRL+CDRIL) /CARL
(RTB-ATMO) /CPRL

«#82*DARTITICN OF THE CUNULATIVE EXCESS CARRON.
~ .

E3C
pUC
p5C
PGC
P7C
E8C
E9C
P10C
P11C
P12C
P13C
PiUC
Pi1cC
P16C
F17cC
D1eC
P19C

(C3-%1C3) /CARL
{C4-x1CH) /CARL
(C5-XICS) /CARL
(C6-XICA) /CARL
(C7-XIC7) /CARL
(CB-XICB)/CARL
(C9-XT1C9) /CARL
(C10-%1C10) /CARL
(C11-XIC11} /CARL
{C12-XIC12) /CARL
{C13-XIC13) /CARL
(C1U=XIC14) /CAPL
(C15-XIC15) /CARL
(C16-X1C16) /CARL
(C17-X1C17) /CARL
(C18-31C18) /CARL
(C19-%IC19) /CARL

55 CCNTINGE
PARNOD
IF (PAFMOD.NE.0.0) GO TC S50
IP (KASE.FG.3)WRITE(25,903) YEAR,ATNH,CY,C2,C7,C8,C9,C10,C11,...
¢12,c13,€14,C15,¢10,011,Q012,013,014,015,0,CFFRL,ACRL,ADPL, ...
CCRL,CDR1,CARI,FLO110,FLO111,F10112,FLO113,FLO114,FLOTYS

= AMOD (YEAR,OUTLCEL)
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I¥ (KASE.S(C.2)WRITE({26,903)YEAR,ATM,C1,C2,C7,C8,C9,C10,C0, ...
€12,C12,C14,C15,¢10,Q011,012,013,Q14,015, 4,CFFRL,ACRL,ADRL, ...
CCRY,CCRL,CARL,FLO110,FL0111,7L0112,FL0113,FLO114,FLO115
IF (KASE.EC.3) WRITE(27,903) YEAR, ATH,C1,C2,C7,C8,C9,C10,C11, ...
¢12,C12,C14,C15,010,¢11,¢12,013,014,015,U,CFFRL, ACRL, ADRL, ...
CCRL,CCRI,CARL,F10110,FL0111,PL0112,FLO113,FLO0114,FLO115
IF (KAST.EQ.U)WRITE (28,903) YEAR,RTH,C1,C2,C7,C8,C9,C10,C11, ...
c12,C13,C14,C€15,¢10,011,012,013,014,015,0,CFFRL,ACRL ,ADRL, ...
CCR1,CCRI,CAR1,FLO110,FLO111,FL0112,FLO113,FLOT14,FLOT1S
90?2 PORMAT (P5.0,8F15.5/5%X,SF15.5/2F15.5,5P10.4/8F10.4/6F10.4)
<0 CONTINCE
»
TEFMINAL
METHOD STTFF
TIMER YEAR=1860.0, FINTIN=2460.0,00TDEL=5.9,DELMIN=1.8~-12,DELNAYX =1.0
coTRDT  ATE, O, CPIRYL
ouTPOUT €1, C2, C3, cu, %, L, C/, C8B, CH
onTPUT C1IC¢, C11, Cc12, C13, Ccl4, C15, Cc16, C17, C18, C19
CUT®0T PPF¥P,AFEA,AFCA,AFFC,AFPC,AFDC,AFRC
ouTPUYT P3,P4,PS,E6,F7,PR,E9,F10,P11,P1L,P13,P14,P15,P16,P17,P1R,P19
00TPUT P3iC,PUC,P5C,E6C,PTC,EBC,P9C,P16C,PF17C,E18C,P19C
coTPUT EF10C,EF11C,E12C,P13C,P14C,P15C
Oo0T®UT ABFA,APPA,AFDA,AFPFC,AFPC, A¥DC,AFBC
oUTPQ0T 7ZE1TA,F10107,FL0701
cyTegT ACUT, CCUT,CCRL,CDFL, DM12, DM13, DM1U, DMIS
cyTPOT F10110,FL0112,FLO114,FL0O7111,PLO113,PLO115
orTPOT Q1C,C11,G12,013,Q014,015
ogTPUT TROUN,COCNT,CEIC,RESIDU,RERR
FEFON KASE
END RERON

CCNSTANT KASE
RERUN KASE
EMD ERERON

i
N

CCNSTANT KPSE
RFRUN KASE

[}
()

END RERUN
«
CCNSTANT KASE = 4
TIMER FINTIF=2000,0°%
END CONTINCE
TIKEF PINTIF=2U€0.0
CONSTANT HEV= 0.01
CONSTANT BETAO=C.2 , BETAN=0.2, BETAS=0.2°%
END
STOP

ENCJCR
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