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GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 8, NO. 1, PAGES 23-38, MARCH 1994

The lifetime of excess atmospheric carbon dioxide

Berrien Moore, III and B. H. Braswell
Institute for the Study of Earth, Oceans, and Space, University of New Hampshire, Durham

Abstract. We explore the effects of a changing terrestrial biosphere on the atmospheric resi-
dence time of CO; using three simple ocean carbon cycle models and a model of global terres-
trial carbon cycling, We find differences in model behavior associated with the assumption of an
active terrestrial biosphere (forest regrowth) and significant differences if we assume a donor-
dependent flux from the atmosphere to the terrestrial component (e.g., a hypothetical terrestrial
fertilization flux). To avoid numerical difficulties associated with treating the atmospheric CO,
decay (relaxation) curve as being well approximated by a weighted sum of exponential func-
tions, we define the single half-life as the time it takes for a model atmosphere to relax from its
present-day value half way to its equilibrium pCO; value. This scenario-based approach also
avoids the use of unit pulse (Dirac Delta) functions which can prove troublesome or unrealistic
in the context of a terrestrial fertilization assumption. We also discuss some of the numerical
problems associated with a conventional lifetime calculation which is based on an exponential
model. We connect our analysis of the residence time of CO; and the concept of single half-life
to the residence time calculations which are based on using weighted sums of exponentials. We
note that the single half-life concept focuses upon the early decline of CO, under a cutoff/decay
scenario. If one assumes a terrestrial biosphere with a fertilization flux, then our best estimate is
that the single half-life for excess CO; lies within the range of 19 to 49 years, with a reasonable

average being 31 years. If we assume only regrowth, then the average value for the single half-
life for excess CO; increases to 72 years, and if we remove the terrestrial component com-

pletely, then it increases further to 92 years.

1. Introduction

Since ancient times humans have modified natural systems,
but only since the beginning of the industrial revolution has hu-
man activity significantly altered biogeochemical cycling at the
planetary scale. The magnitude of human disturbance to the
biogeochemical cycles may now be approaching a critical level;
the values of important state variables, such as the concentration
of atmospheric CO,, are moving into a range unprecedented dur-
ing the past one million years. The pool of carbon in the atmo-
sphere (in the form of CO,) increased from about 590 to almost
755 Pg C (1 Pg C = 1x10'3 g C = 1 billion metric tons C) during
the 225 years between 1765 and 1991 as a result of fossil fuel
burning and forest clearing. The annual rate of increase is cur-
rently about 2 ppm(V) per year (equivalent to roughly 0.6% per
year). We have a direct record of this increase since 1958
[Keeling, 1986] and a number of indirect records (from ice cores)
of the increase over the past two centuries, which show that the
concentration of CO, has increased by more than 25% (e.g.,
Neftel et al., 1985; Raynaud and Barnola, 1985; Friedli et al.,
1986; Siegenthaler and Oeschger, 1987] since the mid-1700s
(Figure 1). Moreover, from the ice core records we know that the
concentration of carbon dioxide was relatively constant from the
beginning of the present interglacial period (~10,000 B.P.) to the
onset of increases in the 18th century [Siegenthaler, 1989].

The primary human activities contributing to this change are
fossil fuel combustion and modifications of global vegetation
through land use (e.g., biomass bumning and conversion to agri-
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culture). For the period 1980-1989 an average of 5.4 Pg C per
year as CO, was released to the atmosphere from the burning of
fossil fuels, and it is estimated that an average of ~0.6-2.6 Pg C
per year was emitted due to deforestation and land-use change
during the same interval [e.g., Houghton and Skole, 1990;
Watson et al., 1990; Bolin and Fung, 1992; Skole and Tucker,
1993, and Houghton, 1993b). Figure 2 shows an estimate of these
two fluxes of anthropogenic CO, from the mid-18th century to
the present.

The increase in the atmospheric CO, concentrations (as well as
other radiatively active trace gases) due to human activity has
produced serious concern regarding the heat balance of the global
atmosphere. Specifically, the increasing concentrations of these
gases will lead to an intensification of Earth’s natural greenhouse
effect [Shine et al. 1990; Watson et al., 1990; Isaksen et al.,
1992]. Shifting this balance will force the global climate system
in ways which are not well understood, given the complex inter-
actions and feedbacks involved, but there is a general consensus
that global patterns of temperature and precipitation will change,
though the magnitude, distribution and timing of these changes
are far from certain. The results of general circulation models in-
dicate that globally averaged surface temperatures could increase
by as much as 1.5°-4.5° C [e.g., Mitchell et al., 1990; Gates et al.,
1992] in a world with an atmospheric concentration of CO, twice
that of the preindustrial period (i.e., 2 world where the concentra-
tion would be roughly 550-580 ppm).

The uncertainty of future climate change does not rest solely
on issues of physical-climate system dynamics and their
representation in general circulation models. Understanding the
carbon cycle (Figure 3) is a key to comprehending the changing
terrestrial biosphere and to developing a reasonable range of
future conceatrations of carbon dioxide and other greenhouse
gases [e.g., Bacastow and Keeling, 1973; Bolin et al., 1979;
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Figure 1. Historical atmospheric CO, concentrations (pCO,). The squares and triangles represent data derived
from ice core measurements at Siple Station, Antarctica. The circles are the annual averaged atmospheric mea-
surements from Mauna Loa Observatory (the Keeling record).
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Figure 2. The fossil fuel emissions record (Fg) [Rotty and Marland, 1986; Marland, 1989; Andres et al., 1993]
is accurate to within about 10%, but the estimate of biotic flux due to land use change (Fg) [Houghton, 1993b] is
less certain, especially for the less recent numbers, because of a lack of a detailed historical accounting of global
land use patterns. It can be seen from this figure that until about 1920, deforestation contributed more to the at-
mospheric flux than fossil fuel burning, which did not become significant until the start of the current industrial
period in the 1860s.
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Figure 3. The global carbon cycle (adapted from Moore [1985]). The values within compartments are in units of

Pg C, and the fluxes (arrows) are in units of Pg C/yr.

Bjorkstrom, 1979; Bolin, 1981, Moore, 1985; Schlesinger, 1991,
Bolin and Fung, 1992]. Conversely, our predictions about the
physical-climate system and climate change are confounded by
the fact that the carbon cycle is still not adequately understood or
quantified globally. We remain uncertain about the role of the
oceans in carbon dioxide exchange; they are without question a
sink for anthropogenic COj,, but the strength of this sink is
somewhat unclear [e.g., Keeling et al., 1989, Tans et al., 1990,
Sarmiento, 1991; Siegenthaler and Sarmiento, 1993; Sarmiento,
1993].

Uncertainty also centers on the role of terrestrial ecosystems,
in which at least two factors govern the level of carbon storage.
First, and most obvious, is the anthropogenic alteration of the
Earth’s surface, such as through the conversion of forest to agri-
culture, which can result in a net release of CO, to the atmo-
sphere. Second, and more subtle, are the possible changes in net
ecosystem production (and hence carbon storage) resulting from
changes in atmospheric CO,, other global biogeochemical cycles,
and/or the physical-climate systern. Ultimately, to address ade-
quately such changes will require a much clearer understanding
of the nitrogen and phosphorus cycles, since they are the limiting
nutrients in most terrestrial ecosystems, but our knowledge of the
way these biogeochemical cycles relate to the carbon cycle com-
pares poorly with our general understanding of the individual cy-
cles themselves. In sum, these uncertainties are reflected in our
uncertainty about the atmospheric lifetime of CO,[e.g., Watson
et al., 1990; Watson et al., 1992].

The lifetime of a trace atmospheric constituent may be thought
of as the amount of time required for some significant portion of
an excess quantity of the gas to be removed chemically or to be
redistributed to another part of the Earth system. The uncertainty
in the distribution of sources and sinks for carbon dioxide (and
for other greenhouse gases such as methane) makes a determina-
tion of atmospheric lifetime difficult and ambiguous.
Unfortunately, the lifetime for CO, (as well as for the other ra-
diatively important gases) is important to know and particularly

valuable in the policy context; it is necessary for the calculation
of greenhouse warming potentials (GWP) [Lashof and Ahuja,
1990; Watson et al., 1990. See also Maier-Reimer and
Hasselmann, 1987).

The GWPs provide an index of the relative climatic impacts
(costs) of the various greenhouse gases. The index takes into ac-
count the instantaneous radiative forcing of a single molecule a;
and the response c(f) of the system (atmospheric concentration as
a function of time) to an instantaneous injection of gas:

j:ai -¢;(t)dt

GWP, =
j:a, -c (t)dt

M

where the subscript r refers to the reference molecule. The curves
cit) are generally computed using geochemical box-models. If
the reference molecule is CO,, and the radiative forcing is taken
to be equal to one (i.e. all ;s are relative to CO,), then the de-
nominator becomes:

T, = |, c(o)ds @

In the simple or idealized context, where the concentration curve
decays exponentially (i.e., c(f)=aexp(-/7)), then the integral (2)
is 7, which is simply the length of time required for c(t) to decline
from any value along its trajectory to 1/e of that value. Hence T is
often called the e-folding time. Generally, c(t) is not strictly ex-
ponential, so the integral itself is called the residence time (T,).
On the basis of results of the convenient assumption of
c(f)=aexp(+4/t), one often approximates the relaxation of the
concentration by a weighted sum of exponentials (compare
Section 6).

We will show that calculating integral (2) presents two types
of difficulties. First, most model-derived estimates of the relax-
ation of the’ concentration of CO, reveal a function which is not



26 MOORE AND BRASWELL: LIFETIME OF EXCESS ATMOSPHERIC CARBON DIOXIDE

always well approximated by weighted sums of exponentials
even though these are often used to calculate T, Second, the
function c(t) is quite sensitive to assumptions about the terrestrial
biosphere and the relaxation experiment. We turn our attention to
the second difficulty first.

2. Simple Global Carbon Cycle Model

From the most elementary viewpoint, and focusing solely
upon CO,, the global carbon cycle can be treated as a one box
atmosphere linked to a submodel of terrestrial carbon dynamics
and to an ocean carbon submodel. This is precisely the represen-
tation we employ in our experiments.

2.1. The Ocean Carbon Submodels

The net exchange of carbon between the atmosphere and the
oceans is determined to a great extent by the carbonate chemistry
of the upper mixed layer, the convective transport of dissolved
carbon in the water, the diffusion of carbon dioxide across the
air-sea boundary, and the sinking of detrital carbon originating
from the biological production of marine organisms [Bolin, 1981;
Broecker and Peng, 1982; Moore, 1985; Sarmiento, 1991). All of
these processes govern the exchange of carbon dioxide between
the sea surface and the atmosphere, and all have been represented
in models to varying extents; however, all do not play an essential
or the same role in the perturbation problem posed by the in-
crease in carbon dioxide (Broecker, 1991; Sarmiento, 1991).

We investigate the effect of using different (simple) represen-
tations of ocean carbon dynamics on the atmospheric concentra-
tion of CO, using three atmosphere-ocean box models, either
standing alone or in a global carbon model which includes a ter-
restrial component. (For a discussion of more complex models
see Maier-Reimer and Hasselmann [1987], Keeling et al. [1989],
and Maier-Reimer [1993].) The submodels are as follows:

1. The box-diffusion model (BD, Figure 4) represents the
turnover of carbon below 75 meters by a diffusion equation in

Box-diffusion Model
(Oeschgen and colleagues)

Atmosphere
A

Y
Mixed‘ Layer

Deep Sea

Figure 4. Box-diffusion model. The turnover of carbon below 75
m is represented by a diffusion equation. A constant coefficient
of diffusivity is estimated to match an idealized profile of C
[Oeschger et al., 1975].
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Figure 5. Outcrop-diffusion model. Direct ventilation of the in-
termediate and deep oceans at high latitudes is allowed by incor-
porating outcrops for all sublayers into the box-diffusion formu-
lation [Siegenthaler, 1983].

which a constant coefficient of diffusivity has been stimated to
match an idealized profile of natural carbon-14 or bomb carbon-
14 [Oeschger et al., 1975].

2. The outcrop-diffusion model (OC, Figure 5) allows direct
ventilation of the intermediate and deep oceans at high latitudes
by incorporating outcrops for all sublayers into the box-diffusion
formulation [Siegenthaler, 1983]. It is essentially the box-diffu-
sion model with the addition of direct connections between the
atmosphere and the deeper ocean layers. In a similar manner a
constant coefficient of diffusivity is estimated to match an ideal-
ized profile of natural carbon-14 or bomb carbon-14.

3. For the 12-box model (12B, Figure 6) the Atlantic and
Pacific-Indian Oceans are each divided into surface, intermediate,
deep, and bottom water compartments. The Arctic and Antarctic
Oceans are divided into surface and deepwater compartments.
The model is calibrated against multiple tracer distributions
[Bolin et. al., 1983].

The three models have much in common: They are all diag-
nostic rather than prognostic; each uses carbon-14 in the parame-
terization process (in fact, carbon-14 is the basic clock for all of
the models and hence controls much of their response); each in-
cludes ocean carbon chemistry (buffer or Revelle factor); and
they all include some form of ocean mixing. There are, however,
some major differences. Ocean biology is explicitly included in
only one (12B); whereas it is simply incorporated into the param-
eterization of the diffusive process in both the BD and OC mod-
els. As far as transport is concerned, in the box-diffusion and out-
crop-diffusion models all of the physics is captured by a single
constant eddy diffusivity term; the Bolin model (12B) has both
advection and eddy diffusivities. Deep water formation (the sink-
ing of cold, CO,-rich water at high latitudes) is not explicitly
considered in the box-diffusion model. The treatment of ocean
chemistry also varies in complexity: the 12B model includes a
detailed handling of the carbonate-borate equilibrium system; the
BD model uses a constant buffer factor; and the OC model em-
ploys a quadratic that is a fit to measured data. Perhaps most im-
portantly, the geometrical configurations are quite different, as
can be seen in Figures 4-6. In addition, there are a host of smaller
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|2 Box Model of Bolin et al. (1983)
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Figure 6. Twelve-box model. The Atlantic and Pacific-Indian oceans are each divided into surface, intermediate,
deep, and bottom water components. The Arctic and Antarctic oceans are divided into surface and deep water
components. The soft tissue and carbonate formation in surface boxes is indicated by B and C, with appropriate
subscripts for region, and the fluxes to and decomposition in deeper layers are indicated by the vertical dashed
line and the branching solid arrow, respectively. The model is calibrated against multiple tracer distributions

[Bolin et al., 1983].

differences, including the specification of ocean volume and sur-
face area, parameterization procedures, and carbon-14 profiles.
As a result of these differences, we find a range of responses
to the two simplest experiments that can be performed with these
three atmosphere-ocean submodels: a calculation of the perturba-
tion response to a forcing by fossil fuel CO, alone (F g, Figure 7)
and to the forcing by CO, from land use change as well as the
fossil fuel-derived flux (Fg+F g, Figure 8). A principal reason
why all the models are so similar is the overarching importance
of '4C in setting the basic rates within the models [Moore, 1992].

(An interesting discussion of the 13C constraints on ocean uptake
of CO, is provided by Broecker and Peng [1993].) The OC
model is the most efficient in taking up CO,, and this is the result
of the instantaneous flux of CO, to deep layers. In general, how-
ever, all of the ocean-atmosphere models undershoot the data
when forced by Fgg alone and overshoot the record when both
Frg and Fj are used. Since there is evidence, based on historic re-
constructions [Houghton et al., 1983; Houghton and Skole, 1990;
Houghton et al., 1991; Houghton, 1991; Houghton, 1993b; Skole
and Tucker, 1993] of an anthropogenically induced flux from the
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Figure 7. The responses of the ocean-atmosphere models to the historic fossil fuel forcing. All models were ini-
tialized at the 1744 ice core value for pCO,. Circles represent the atmospheric CO, record (compare Figure 1).
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biosphere to the atmosphere, the discrepancy between model and
data in Figure 8 has given rise to the notion of a "missing carbon
sink." This is part of the motivation for considering the terrestrial
component.

2.2. The Terrestrial Carbon Submodel

The net exchange of carbon between terrestrial vegetation and
the atmosphere may be considered to be the sum of three fluxes:
gross photosynthesis, autotrophic plant respiration, and het-
erotrophic (soil microbial) respiration [e.g., Aber and Melillo,
1991]. (This latter respiration can cover also the anthropogenic
perturbation of biomass burning though the human role is not
usually considered in these biological terms.) The gross fluxes
between the terrestrial system and the atmosphere are similar to
those for the oceans (100 Pg C per year, Figure 3; see also Bolin
et al. [1979] and Bolin [1981]), but the considerably smaller ter-
restrial pool size leads to a much faster turnover time than for the
oceans [Bjérkstrom, 1979].

Motivated, in part, by the issue of a missing carbon sink and
partly by physiology, it has been suggested [e.g., Bacastow and
Keeling, 1973] that terrestrial vegetation may be "fertilized" by
the increasing concentration of CO,. Though the issue is contro-
versial (Strain and Cure [1985], Bazzaz [1990], Garbutt et al.
[1990], Bazzaz and Fajer [1992], Dfaz et al. [1993], see also Dai
and Fung [1993] for a climate-based hypothesis and Houghton
[1993a] for a land use-based hypothesis), it is possible that terres-
trial ecosystems are responding to the rapid increase in atmo-
spheric CO, concentration by producing more biomass and/or
storing more soil carbon, thereby balancing the global carbon
budget. For instance, the increasing concentration of CO, in the
atmosphere may raise C/N ratios by either making plants more
water efficient (more carbon fixed per H,O transpired) or through
other indirect biochemical mechanisms (e.g., enhancing carbohy-

drate formation, which is generally not balanced by increased ni-
trogen uptake). Consequently, there is the possibility that higher
CO, levels may lead to an increase in net primary production and
perhaps net ecosystem production (carbon storage).

The possible existence of a fertilization effect, the rapid re-
sponse of the land biota-soil system, and the fact that one of the
major fluxes to the atmosphere (Fp) is actually due to alteration
of the terrestrial biosphere make it appropriate to include terres-
trial dynamics in our attempt to address the issue of the lifetime
of excess atmospheric CO,. Emanuel et al. [1984] has developed
a highly aggregated model of global carbon cycling which is
similar in scope to the three simple ocean models presented in the
previous section. This model (Figure 9) is composed of a set of
eight coupled differential equations (Table 1 contains the terres-
trial components) which govern the flow of carbon between
reservoirs representing the atmosphere, the surface ocean, the
deep ocean, nonwoody parts of trees, woody parts of trees,
ground vegetation, detritus/decomposers, and soils. Its modular
structure means that one can replace relatively easily Emanuel's
two-box ocean (Figure 9) with the other simple ocean models that
we are considering. In the current context Emanuel’s model is of
interest, in part, because it is a convenient way to handle terres-
trial carbon fluxes associated with forest clearing and reestab-
lishment. The model deals with these activities in the following
way: (1) A specified mass of carbon is released (due to land-use
change) from ‘woody’ and ‘nonwoody’ parts of trees as a func-
tion of time, in a ratio determined by their relative sizes. (2) A
fraction of the carbon released is transferred immediately to the
atmosphere, and a fraction enters the detritus/decomposers pool.
The remainder is assumed to be in a very slow turnover pool
(e.g., timber products). (3) All vegetation pools experience a lo-
gistic growth recovery with a prescribed rate and with a dynami-
cally varying asymptote. (4) Upon clearing, the asymptotic level
for trees decreases, and the asymptotic level for ground vegeta-
tion increases.
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Figure 8. The responses of the ocean-atmosphere models to the historic fossil fuel forcing plus an estimate of
biotic (deforestation) flux. All models were initialized at the 1744 ice core value for pCO,. Circles represent the

atmospheric CO, record (compare Figure 1).
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GLOBAL CARBON CYCLE MODEL OF EMANUEL, ET AL. (1984)
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Figure 9. Globally averaged carbon cycle model [Emanuel et al., 1984]. The atmosphere exchanges carbon with
terrestrial components, and with the oceans. Solid arrows represent equilibrium (natural) carbon fluxes. Dashed
arrows represent fluxes associated with forest clearing activities.

We remark that given a clearing and abandonment time series,
the interplay of these dynamics determines the flux Fjz. We also
note that the structure of the model allows an easy modification
to be made to include a fertilization effect, which we later discuss

Returning to the global carbon cycle, our basic approach is to
modify Emanuel’s global carbon cycle model in two ways. First,
we replace his two-box ocean model with (in turn) the box-diffu-
sion model, the outcrop-diffusion model, and the 12-box ocean

in detail.

model; and second, we develop a simple treatment of the terres-

Table 1. Differential Equations Governing the Carbon Dynamics in the Emanuel et al. [1984] Model

Compartment Equation
Atmosphere dC/dt = Frp + ¢, Fg+ Fou + 5Cs+ 05Cs-(F + F i3+ Fp)
Trees (Nonwoody Fraction) dCy/dt=F,, - 045C; - FgCAC, + C5)
Trees (Woody Fraction) dCy/dt = F 3 - (O35 + 036)C3 - FgCAC; + C3)
Ground Vegetation dCJdt = F 1y - (045 + 04e)Cy
Detritus/Decomposers dCJds = 0,5C, + Q35C;5 + 0sCy - (055 + A5 )Cs + PpF g+ Yy
Soil Carbon

Assimilation Fluxes

Atmosphere to Trees (Nonwoody Fraction)
Atmosphere to Trees (Woody Fraction)
Atmosphere to Ground Vegetation

dC/dt = a36C3 + a“C4 + axc_s - %ICG - WFB

Fp; = vCy - o2
Fis = (F;£/F0)F ),
Fr=wvCy-pCs

Variable

Definition

mass of carbon

flux from i to j

transfer coefficient from i to j

fossil CO, flux

forest clearing CO, flux

net ocean - atmosphere flux

fraction of F diverted to atmosphere
fraction of Fy diverted to detritus / decomposers®
soil to detritus flux associated with Fp
initial steady - state flux from i to j
post - disturbance equilibrium for C,
post - disturbance equilibrium for C;
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trial fertilization term. By comparing the resulting hybrid models
(E-BD, E-OC, and E-12B; both with and without fertilization)
with results of the ocean-atmosphere models (BD, OC, and 12B),
we effectively perform the experiments on the residence time of
CO, in the atmosphere with the terrestrial biosphere switched on
and off. We are thus able to investigate the effects of a fertiliza-
tion assumption plus forest regrowth or just forest regrowth on
the residence time of CO, in the atmosphere. The modeled forest
regrowth develops from a deforestation pattern for the period
1700 to the present and is constrained to produce the net flux in
Figure 2.

3. Characterization Of The Biotic Response

As discussed in section 2.1, if the ocean-atmosphere models
are forced with Fpg and Fp as input and the results compared to
the record of atmospheric pCO,, there is a discrepancy (i.e., an
overshoot; see Figure 8). This residual R (the difference between
the model output, pCO,™, and the pCO, data) can be decomposed
as:

R=(pCO,-pCOM) =Ry + Rg; + Ry + Rgs 3
where Rj is caused by some unspecified, hypothetical biological
mechanism (e.g., the ‘fertilization factor’), Rg; results from inac-
curacies in the models, Rg, results from uncertainty in the pCO,
data, and Rgsis due to uncertainty in the Frg and Fy data. We will
not attempt to characterize the latter three, 5o let Rz = Rg; + R, +
Rg;. The expression then becomes:

R=Rg +Rg C))
Thus the residual has been reduced to two terms: error associated
with some ignored physiological or ecological process and error
associated with uncertainties in information (data or model).
Further, we will make the following two assumptions: Rg<<Rp,
and the residual Rzmay be associated with an increment F,in the
net flux of carbon from the atmosphere to the terrestrial biota:

F,=p,Fy, 3

where (compare Table 1)

Fup=Fi2+F;3+Fy ©)

To parameterize the fertilization factor p,, there are several
functional forms suggested in the literature. We have selected
three different empirical relationships (logarithmic, logistic, and
linear) to describe the fertilization enhancement as a function of
elevated CO,

p, = alog(C/C) Q)

pr= a-tanh(b(C/C;+c)) ®)

pr=a(CIC)+b ©)
where C/C; is the ratio of present to initial pCO,, and a, b, and ¢
are free parameters. Note that this treatment will not only vary
the functional dependence, but also the number of free parame-
ters. To obtain the values for those parameters, we must compute
F, and F,,, from the carbon models (E-12B, E-OC, and E-BD)

and perform a least-squares fit of p, to F,/F,, (see (5)).

In order to compute the missing flux F, we specify that the
rate of change of the atmospheric pCO, that is produced by the
models is equivalent to the measured rate of change (i.e., R=0)
and is given by

E_i,F, (10)
a dt

where dC,/dt is the net flux to the atmosphere calculated by the
models, and dC/dt may be obtained from the pCO, record. Thus
the residual flux, for each time step, may be calculated by a de-
convolution procedure

4 _dc,
dt dt

dc

?— Frp+ @ Fp+Fps+05Cs+06Cs—(Fj; + Fi3+Fy)(11)

F(t) =

where we have substituted the terms from Table 1 on the right-
hand side. The concept is simple: we add the flux F, to the right-
hand side of the derivative in (10) as the model proceeds. This is
similar to the way in which deconvolution has been used to de-
termine the biotic flux Fy [e.g., Siegenthaler and Oeschger,
1987], given the fossil flux Fge. Figure 10 shows the deconvolved
missing flux F, for the ocean-atmosphere models and Figure 11
shows the graph of F, /F,,, versus C/C; with the fitted curve for
the logistic parameterization of p, using the E-12B model. We
now have the following tools needed for our investigation: three
ocean-atmosphere models, the corresponding ocean-terrestrial-
atmosphere models, an estimate of the evolution of the terrestrial
component as a result of land use, and a set of parameterizations
for dealing with a hypothetical biotic response to increasing

pCO,.

4. Single Half-Life

Before investigating the response of these simple coupled car-
bon cycle models, we clarify our concerns about calculating at-
mospheric residence time of CO, and suggest a simple interim
index for model comparisons. The e-folding time is really just a
mathematical way of saying when a decaying exponential curve
will fall to 1/e of its original value. The conventional determina-
tion of lifetime (T, compare sections 1 and 6) is conceptually
not much more substantive, and its calculation may present a
number of difficulties which reduce its utility. Thus we introduce
a simple indicator of atmospheric residence time, the single half-
life (T),;), which is the time required for the model atmosphere to
relax from its present value (or some future value, though this
would alter T,,,) to half way to its new equilibrium value. This,
of course, implies that we will not deal with the pulse response of
the models, but with a more scenario-based approach which al-
lows the models to respond to the historical inputs (e.g., Frg and
Fg; see Figure 2) followed by cutting the forcing to zero. From
any cutoff time (in the past, present, or future) onward, one sim-
ply records the decay of the concentration c(t) of atmospheric
CO, towards its new equilibrium. We acknowledge that this con-
cept or index focuses attention upon the initial response and ig-
nores the mid-term to very long term aspects of c(t).

There are only two assumptions involved in these computa-
tions which are necessary to compare results across models: first,
the models are all required to reproduce the historic pCO, record,
and second, though not really essential, the equilibrium value is



MOORE AND BRASWELL: LIFETIME OF EXCESS ATMOSPHERIC CARBON DIOXIDE 31
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Figure 10. Deconvolved flux (F,) determined by the ocean-terrestrial-atmosphere models. This flux (generally a
sink for later years) represents the additional input required for the models to reproduce the pCO, record; it may
be associated with the hypothetical response of the terrestrial biosphere to increasing ambient CO, concentrations.

approximately the same for all models. This assumed equilibrium AC,/C,=10(AC/C,). (12)
pCO; is a theoretical value based on the partitioning between at-

mosphere and ocean. Because of the carbonate buffer system the  This factor of ten is called the Revelle factor. If we note that the

relationship between a percentage increase in atmospheric carbon  cumulative release of CO, from Fgg and Fy combined is equal to

dioxide (AC,/C,) and a percentage increase in oceanic dissolved 377 Pg, and assume that the initial values for the total oceanic

inorganic carbon (AC/C,) may be approximated by dissolved inorganic carbon and atmospheric C are 38200 Pg and
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Figure 11. A fit of the function p, to the deconvolved flux divided by the net primary production flux as a func-
tion of relative atmospheric CO, concentration. This graph shows the logistic parameterization (8).
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Table 2. Single Half-Life Results for the Ocean-
Atmosphere Models

MOORE AND BRASWELL: LIFETIME OF EXCESS ATMOSPHERIC CARBON DIOXIDE

Tables 2 and 3 show the T, values calculated using the atmo-
sphere-ocean models (12B, BD, and OC) standing alone (Table
2). using the coupled terrestrial models (E-12B, E-BD, and E-

Model Ty 1 OC; the latter two, again, with two parameterizations for the
ocean submodels) with regrowth alone assumed (Table 3, row 1)

12B st and assuming both regrowth and fertilization, which is described

BDI1 116 with the three different schemes discussed in section 3 (Table 3,
0C1 42 rows 2-4). We can see that without the fertilization flux these

BD2 9 models yield single half-lives from as high as 116 years (BD,
oC2 37 preindustrial "“C calibration) to as low as 37 years (OC, bomb “C

BD1, box-diffusion (preindustrial '4C calibration); QC1, out-
crop diffusion (preindustrial); BD2, box diffusion (bomb “C
calibration); OC2, outcrop diffusion (bomb); 12B, twelve-box
model.

597 Pg respectively, simple algebra yields an equilibrium partial
pressure at 326 ppm. This number, which we use simply as a ref-
erence point, is the theoretical asymptote for the atmospheric CO,
decay curves ¢;(t). If we terminate the forcing at a present value
(e-g., t, = 354 ppm), T, is defined to be the first year after cutoff
at which c(t) <326 ppm. We note that small differences could be
obtained by varying the Revelle value, by using the more com-
plete mathematical description of the carbonate-borate chemical
system [e.g., Bolin et al., 1979; Bolin, 1981), or by assuming dif-
ferent concentrations of dissolved inorganic carbon.

5. Results Using Single Half-Life

In this section we explore the response of the global carbon
cycle models (E-BD, E-OC, and E-12B) when the inputs (Fgg and
Fg) are reduced instantaneously to zero under two separate condi-
tions: when we allow F; to operate for all t and when there is no
F,. We compare these results to a similar calculation of single
half-lives involving only the three ocean-atmosphere systems
(BD, OC, 12B). Finally, to connect to the results reported by
Intergovernmental Panel on Climate Change [Watson et al.,
1990], we compute in a subsequent section the classical lifetimes
of CO, using the three ocean-atmosphere models as well as when
the terrestrial sink is included.

calibration). The ranges would narrow considerably if the
Qutcrop-Diffusion (OC) model were dropped. It also narrows
when the biosphere is included with regrowth alone assumed.
This simply adds a uniform sink to each system, which aids the
ocean-atmosphere systems that have an ocean surface bottleneck
problem in the removal of carbon (i.e. the OC and 12B systems).
The single half-lives are obviously reduced; they are even more
significantly reduced if one includes a fertilization sink (Table 3,
rows 2-4). In part, this is simply the addition of a sink, as was the
case in including forest regrowth; however, there is a further
compensating factor that the sink strength is not uniform.
Namely, the model oceans which are more efficient at taking up
excess CO, require a smaller F, flux to match the pCO, record,
and vice versa. This is also reflected in the regression coefficients
for the OC models (see Table 4); F, is close enough to zero that
random fluctuations in the residual nearly overwhelm the as-
sumed logarithmic trend.

Plots of the relaxation curves associated with the ocean-atmo-
sphere results (Table 2), for all ocean models, are shown as
Figure 12. This should be compared to the somewhat steeper ini-
tial drop when the terrestrial biosphere is included with regrowth
alone and the even steeper slopes when fertilization is assumed
(Figure 13); in order to compare Figures 12 and 13 we include in
Figure 13 the relaxation dynamics of the box-diffusion model
with the '*C bomb data used for parameterization, Note that the
functional differences for different schemes to incorporate fertil-
ization are unimportant; this is partly a result of the deconvolu-
tion methodology which forces the dynamics to fit the same pat-
tern, namely the ice core record, which reduces the effect of dif-
ferences in the functional forms.

Table 3. Single Half-Life Results for the Ocean-Atmosphere-Terrestrial Models Under Various CQO, Fertilization

Assumptions
Parameterization E-12B E-BD1 E-OC1 E-BD2 E-OC2
None (regrowth only)? 68 86 37 63 33
Logarithmic 22 49 28 40 25
Linear 19 30 20 26 17
Logistic 20 38 23 33 20
Measurements are in years. Notation for the ocean models is the same as in Table 2.
2 No fertilization flux in this experiment.
Table 4. Coefficient of Correlation R for the Fit of F, to the Calculated Residual Carbon Flux
Parameterization E-12B E-BD1 E-OC1 E-BD2 E-OC2
Logarithmic .896 914 .804 .869 746
Linear 953 .956 .895 931 17
Logistic 986 986 958 975 400

Notation

for the ocean models is the same as in Table 2.
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Figure 12. Response of the ocean-atmosphere models to a cessation of all emissions at £,=1990. The horizontal
arrow represents the pCO; level halfway between the 1990 value and the theoretical equilibrium value.

In summary, there are small differences in single half-life re- sink, beyond forest regrowth. Thus the results may be grouped
sults associated with the model ocean used and with the nature of  into the following three categories (with associated average val-
the parameterization of the missing flux F,, but the principal vari-  ues): (1) regrowth and fertilization (T, = 27 years), (2) re-
ation is predominantly due to the inclusion of a terrestrial carbon  growth and no fertilization (T, = 57 years), and (3) no bio-
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Figure 13. Response of the E-12B (Emanuel terrestrial submodel plus twelve-box ocean) model o the emissions
cutoff scenario. Curves are shown which represent the inclusion of three possible parameterizations of fertiliza-
tion flux, as well as the curve for no fertilization. For comparison we also include the curve for the ocean-only
(12B) case.
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sphere (m = 71 years). If we drop the OC model, which (as
mentioned in section 2.1) mixes atmospheric CO, instantaneously
to deepwaters and perhaps overestimates the rate of ocean uptake,
and calculate averages across the 12B model and two versions of
the BD model, the single half-lives increase somewhat as fol-
lows: (1) regrowth and fertilization, (m = 31 years), (2) re-
growth and no fertilization, (m = 72 years), and (3) no bio-
sphere, (T,z = 92 years). The question of short-term atmo-
spheric CO, retention is effectively bracketed by these values.

6. Exponential Characterizations Of Lifetime

We now turn to a discussion of the traditional notion of atmo-
spheric lifetime and point out some of the difficulties that are in-
herent in this method when applied to a response which is not an
exponential decay. For this discussion we use the definition of
Lashof and Ahuja [1990]. The underlying idea in the Lashof-
Ahuja definition of atmospheric lifetime is the classical concept
of exponential decay

c(t)= exp(-1/1) (13)
where 7 is the decay constant (e-folding) time for the material.
There is an immediate consequence of using this simple expres-
sion. Namely, the concentration c(t) goes rapidly to zero as t goes
to infinity and the integral in (2) is ©. To use this basic concept of
exponential decay, Lashof and Ahuja (see also Maier-Reimer and
Hasselmann [1987] must accommodate two facts about (most)
models of atmospheric CO,. Given a unit pulse of carbon diox-
ide, the decay is neither exponential nor does it go to zero. Their
accommodation is reasonable: fit the response to a weighted sum
of exponential decay functions and fix a finite time window for
the fit, which in effect ignores the atmospheric concentration after
a given length of time.

The mathematical construct requires the following: the calcu-
lated concentration c(t) of atmospheric CO, following a pulse at
time zero in a given atmosphere-ocean model; a temporal interval
(the period of consideration, [0, N,]); an upper bound T, on the
time constant; and the number of terms, say N, to be used in the
approximation process (the number is not important, only the is-
sue of goodness of fit really matters). One then finds, by con-
strained least squares fit, non-negative numbers (weights)
a,,....ay, Where a;+...+a;=1, and numbers (e-folding times)

T},...,Ty such that

c() =X;aiexp(-t/t); (0St<N, and0ST,ST,) (14))
By integration of (14) the atmospheric lifetime T, is then simply
the weighted average of the T's (an average e-folding time), i.e.,
Te=ZLiay (15)
Lashof and Ahuja used Maier-Reimer and Hasselman's [1987]
results and presented a CO, residence time value of 230 years.
Using the three atmosphere-ocean submodels, we inject an
amount of CO, into the atmosphere component of the models
equal to 25% of the amount presently in our atmosphere. Each
system then relaxes to different steady state values (Figure 14):
approximately 10-20% of the pulse remaining, depending on the
specification of equilibrium carbonate chemistry in the model.
This relaxation curve is approximated by a weighted sum of ex-
ponentials (i.e., (14)) under assumptions of N, N, and 7,,. The
results are summarized in Table 5. Some of the results are, at first
glance, counterintuitive; the most efficient ocean model (OC) can
yield a longer calculated atmospheric lifetime than the less effi-
cient ocean models. This is an artifact of the relative quickness
that thé OC model reaches an asymptotic value. Simply stated,
the greater the overlap of the fitting window (0 <t < N,)) with a

IMPULSE RESPONSE OF OCEAN MODELS

TO A PULSE OF 150 Pg C
1 N N ) | L " " ] " " 2 1 N N N 1 " n :
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- —————
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Figure 14. Response of the ocean-atmosphere models to an instantaneous pulse of CO, equivalent to 25% of the
present value. The origin of the time axis is =0 because no historical emissions are used.
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Table 5. Sensitivity of T, for the Ocean-Atmosphere Models

Numerical Parameters, yr

T.e; for Each Ocean Model, yr

N, Tyax BD oc 12B
50 500 132.7 1143 236.8
50 1000 262.1 202.9 231.6
50 5000 1133.0 930.1 612.0
100 500 1709 123.0 243.4
100 1000 253.8 205.4 -

100 5000 6675 871.0 -

200 500 204.9 160.3 256.3
200 1000 287.4 271.2 262.8
200 5000 250.6 567.2 262.8
500 500 230.1 - 259.9
500 1000 320.7 - 348.8
500 5000 490.5 1147.0 283.9
1000 500 - - -

1000 1000 - - -

1000 5000 1015.0 - 963.7

Missing values indicate poor fit (X? 2 0.1).

period where the change (or the derivative) in the simulated at-
mospheric concentration is near zero, the greater the necessity
that the fitting term must contain exponentials that are as flat as
possible (i.e., very large 7’s).

For the purposes of comparison we used N,, values of 50, 100,
200, 500, and 1000 years (Table 5). In general, increasing the in-
terval (for a given model, and leaving T,, fixed) leads to an in-
crease in the value of. T,,, or a failure of the fitting routine since
the larger interval includes more of the curve that is relatively
flat. This sensitivity is why the choice of a reasonable value for
N, is important. Unfortunately there is no clear guideline.
Moreover, this sensitivity to N,, is also connected with the sensi-
tivity of T, to the assumed Tp,,.

To the extent that c(t) approaches O for t — N,,, then the least
squares routine will attempt to return very high 7; values (because
the function is not decaying rapidly). Consequently, one needs to
place a size constraint on the T's (i.e., Ty,,). Unfortunately, for a
given window (N,,) the calculated residence time is strongly de-
pendent on this constraint (Table 5). This is partly a numerical
artifact of the over-determined inversion process, in which min-
imizing error can lead to instabilities (for example, see the X2
values in Table 6). Figure 15 shows a plot of c(t) for two different
values of Tg,,. The fitted curves are very different beyond the
window N,,.

It appears that the numerical sensitivity of T,,, may not have
been sufficiently well appreciated; however, Lashof and Ahuja

Table 6. Goodness of Fit for Selected Runs From Table 5

[1990] do note this sensitivity to one aspect of the calculation
when they discuss changing the constraint to T, < 1000. In their
study this T, sensitivity was dealt with in a different way. They
did not fit a c(t) term but rather used parameter values (based on
Green's function) from a Maier-Reimer and Hasselman study

1;=(1000,362.9,73.6,17.3,1.9)
a; = (0.131,0.201,0.321,0.249,0.098)

In other words, they took as given a weighted exponential form
for c(t). It was noted that the large T,=1000 value effectively dis-
counts long-term CO, retention. (This value was a fitting con-
straint used by Maier-Reimer and Hasselmann.) Specifically,
changing T, from 1000 to 3000 and refitting the a; values led to a
more than doubling of residence time from 230 to 500 years. This
is consistent with our results.

In an attempt to connect these results with the earlier single
half-life calculations we perform the same experiment with the
scenario-based relaxation of the BD and the E-BD models, with
terrestrial biosphere and no fertilization and with a CO,-fertilized
terrestrial biosphere (Table 7). We find the same problems asso-
ciated with the calculation of T, Often the combinations that
clearly reduce CO, concentration the fastest, such as including
fertilization, have longer lifetimes. There was a similar counterin-
tuitive result mentioned when discussing the results of the atmo-
sphere-ocean systems (Table 5); the most efficient ocean model

Numerical Parameters, yr X2 of Fit for Each Ocean Model

N, T BD oc 12B
50 500 1.9e-7 1.2e-5 7.1e-8
50 1000 1.2e-5 1.1e-5 3.8¢-8
50 5000 1.1e-5 9.7¢-6 3.8e-8
1000 500 392 129 1.34
1000 1000 0.21 0.27 0.10
1000 5000 1.1e-3 0.20 1.4e-2
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IMPULSE RESPONSE C(t) AND FITTED CURVES
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Figure 15. Response of the box-diffusion model to an instantaneous pulse and two curves fitted by the least
squares method to the response c(t). For these curves, N,=50, N=4, and there are two different values of T,,, (500

and 5000).

(OC) often yielded a longer calculated atmospheric lifetime than
the less efficient ocean models.

There are a number of difficulties with the exponential-based
method that should be addressed. On the basis of these results,
we may conclude that most of the T, values are, in some sense,
determined by the constraints placed on the parameters 1;, and by
the assumption about N,,. In other words, 7, could be considered
arbitrary unless there is some otherwise logical means for
choosing (based on physical considerations) reasonable fitting
constraints,

Table 7. Sensitivity of T, for the E-BD Ocean-
Atmosphere-Terrestrial Model

Numerical Parameters, yr Tress YT
N, Trnax Biosphere Fertilized
Included Biosphere
50 500 351.8 258.2
50 1000 561.6 465.5
50 5000 1591.6 2128.7
100 500 3754 273.7
100 1000 391.9 512.6
100 5000 401.1 2334.8
200 500 3799 -
200 1000 560.3 528.2
200 5000 1354.1 1186.7
500 500 - -
500 1000 619.1 -
500 5000 840.6 21353

Missing values indicate poor fit (X? 2 0.1).

7. Conclusions

It is necessary for policy applications to have a consistent
method for estimating the relative contributions of the anthro-
pogenic, radiatively active trace gases to potential climate
change. The GWP is one method, but we have shown in section 6
that the estimation of the integral in the denominator of the GWP
formula (1) is ambiguous. As an interim step, we have introduced
a simple indicator of the Earth system’s ability to remove excess
atmospheric CO,, the single half-life (T,;). This indicator is free
from the numerous difficulties and numerical instabilities asso-
ciated with a conventional lifetime calculation. Thus one could
envision a modified GWP, in which the single half-lives of the
radiatively important gases replace the integral in (1).

We have found that the inclusion of an active (donor and re-
cipient controlled) terrestrial biosphere considerably alters mod-
eled estimates of the effective lifetime of atmospheric CO,.
Moreover, since this factor is the dominant source of variation,
we group the results into three categories: biosphere with fertil-
ization flux (m = 27 years), biosphere without fertilization flux
(T,z = 57 years), and no biosphere (purely an ocean atmosphere
system; Table 2), then T,,, = 71 years. If we drop the outcrop-
diffusion model, which is extremely efficient in taking up CO,
from the atmosphere, then these results change in detail but not in
pattern: biosphere with fertilization flux (-TT,Z' = 31 years),
biosphere without fertilization flux (m = 72 years), and no
biosphere (purely an ocean atmosphere system; Table 2), then
7"_,,_2- = 92 years.

The inclusion of an active (donor and recipient controlled) ter-
restrial biosphere clearly and considerably alters our estimates of
the effective lifetime of atmospheric CO,. Several important and

.difficult scientific questions remain. Does this terrestrial sink ex-
ist? Will it continue to operate or has it begun to saturate? What
is the effect of changes in other biogeochemical cycles? What if
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climate begins to shift; does that increase or decrease the terres-
trial sink? How will the oceans respond? These are also important
policy questions.
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