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Abstract, The global budgets of CO2 and of excess CO (i.e., above preindustrial) in the biogeosphere are examined by a
top-down, observationally constrained approach. Global stocks in the atmosphere, mixed-layer and deep ocean, and labile
and obdurate terrestrial biosphere, and fluxes between them are quantified; total uptake of carbon by the terrestrial biosphere
is constrained by observations, but apportionment to the two terrestrial compartments is only weakly constrained, requiring
examination of sensitivity to this apportionment. Because of near equilibrium between the atmosphere and the mixed-layer
ocean and near steady state between the atmosphere and the labile biosphere, these three compartments are tightly coupled.
For best-estimate present-day anthropogenic emissions the turnover time of excess carbon in these compartments to the deep
ocean and obdurate biosphere is 67 to 158 years. Atmospheric CO over the Anthropocene is accurately represented by a
five-compartment model with four independent parameters: two universal geophysical quantities and two, specific to COp,
treated as variable. The model also accurately represents atmospheric radiocarbon, particularly the large increase due to
atmospheric testing of nuclear weapons and the subsequent decrease. The adjustment time of excess atmospheric CO2,
evaluated from the rate of decrease following abrupt cessation of emissions, is 78 to 140 years, consistent with the turnover
time, approaching a long-time floor of 15-20 % of the value at the time of cessation. The lifetime of excess CO7 found here,
several-fold shorter than estimates from current carbon-cycle models, indicates that cessation of anthropogenic emissions

atmospheric would result in substantial recovery of CO7 toward its preindustrial value in less than a century.

Short Summary

Carbon dioxide is central to anthropogenic climate change, but the response of CO2 to potential reductions in emissions is
quite uncertain. Current model estimates of the lifetime of excess atmospheric CO2 above preindustrial range from about
150 years to upwards of 500 years. Based on a global budget and a compartment model this lifetime is constrained here to
110 + 30 years. These results demonstrate that reduction of CO7 emissions could yield tangible results within a human

lifespan.
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1 Introduction

About 250 years ago humankind initiated what has been characterized (Ramanathan, 1988) as an inadvertent global
experiment to change Earth's climate by emitting carbon dioxide, CO2, into the atmosphere in conjunction with combustion
of fossil fuels, mainly for energy, other industrial activities, and changes in land use. Anthropogenic CO?, the amount in
excess of preindustrial (PI), affects Earth's radiation budget, with present radiative forcing relative to preindustrial about 2 W
m-2, and acidifies the ocean, with the present decrease in pH of the surface ocean relative to preindustrial about 0.14. The
present paper examines the extent to which and the rate with which that experiment might be reversed by cessation of
anthropogenic emissions of CO?2. Despite the central importance of anthropogenic CO2, the response of atmospheric CO? to
potential reductions in emissions is quite uncertain. Here as an example attention is called to Figure 4.39 of the Sixth
Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC), which shows considerable variation in
the rate and extent of atmospheric CO2 mixing ratio over the initial 100 years following abrupt cessation of emissions,

specifically a factor of 2 range in the decrease of mixing ratio (Lee et al., 2021).

In principal a single measure of the rate of response of atmospheric CO2 to change in emissions is the lifetime of excess
atmospheric CO». However present estimates of this lifetime vary enormously, from a few years to a few tens of years to
tens of thousands of years. In part this range is due to differing definitions and ways of evaluating this lifetime, However
even if a suitable definition of lifetime is agreed to, the spread is quite large in recent assessments of the budget of CO7 in
the coupled active compartments that control this budget — the atmosphere, the ocean, and the terrestrial biosphere. Here this
budget is re-examined, as constrained by observations, and a simple, transparent model is developed to describe the stocks of
carbon in the several active compartments and the fluxes between these compartments, the parameters of which are likewise
constrained by observation. The guiding principle here is to minimize the number of parameters, the better to constrain them.

A key objective of this examination is to determine observationally constrained bounds on the lifetime of excess CO?.

Recent estimates of the rate at which excess atmospheric CO2 would decrease in response to hypothetical abrupt cessation of
emissions range over more than an order of magnitude. Figure 1a compares the fraction f{(f) of excess CO2 that would
remain in the atmosphere as a function of time ¢ subsequent to such a hypothetical cessation of emissions, as determined by
several carbon-cycle (CC) and compartment models. Although this set of curves is an ensemble of opportunity assembled
from studies which calculated atmospheric CO7 after abrupt cessation of emissions or which provided impulse response
functions permitting such calculation, at varying conditions such as CO2 amount at the time of cessation x802 , the bulk of
the spread of the curves results from differing treatments of the processes governing CO2 decay. The spread of x802 was
greatly reduced, to 508-571 ppm, in the intercomparison of decrease of CO» mixing ratio following abrupt cessation as
calculated by current Earth system models that incorporate CC models (Zero Emissions Commitment Model

Intercomparison Project, ZECMIP; MacDougall et al., 2020). However, even with that rather narrow range in x802 , there is
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still substantial spread in the decay curves following abrupt cessation, Fig. 1c, indicative of differing treatment of the
processes governing decrease of atmospheric CO7 in the different models. The instantaneous adjustment time, the inverse of
the fractional rate at which excess CO2 would decrease in the absence of anthropogenic emissions, ranges from 70—-100
years to more than 700 years, as can be inferred from comparison of the slopes of the several curves with those of the dotted
black lines, a straight line on the semi-logarithmic plot denoting a constant adjustment time (exponential decay with
indicated time constant). The wide range in the corresponding adjustment time characterizing the decay of excess CO2 over

the time horizon ¢ subsequent to cessation (equivalent 1/e lifetime T (#) =—/In f(t) , Sect. 2, is explicitly displayed in Fig. 1.

The 12 models that participated in the abrupt cessation intercomparison described by Zickfeld et al. (2013; Figure 6, RCP 6)
showed decrease of excess CO2 by only 7 to 14 % (multimodel mean 10 %) with 7g(100 yr) of the multimodel mean equal
to 920 years. At the other extreme, prior observationally based, top-down assessments of the lifetime of excess atmospheric
CO2 (Moore and Braswell, 1994; O'Neill et al., 1994, 1997; Jacobson, 2005) have yielded values as low as about 30 to 60
years, but that approach has been strenuously criticized (Tans, 1997; Archer et al, 2009; Joos et al., 20135). A simple model
employed by Allen et al. (2009) shown at the top of Fig. 1a shows essentially no decrease of CO7 in the first century
following cessation. Hybrid observational-model studies (Gloor et al.,, 2010, Raupach, 2013; Raupach et al., 2014) have
yielded lifetimes of 40 to 200 years. It is this situation of enormous variation in estimates of the rate of decrease of excess

atmospheric CO? following abrupt cessation of emissions that has motivated the present study.

Also shown, by the thicker dashed curve in Fig. 1a, is the decay curve obtained for the mean of multiple models
participating in the model intercomparison of Joos et al. (2013) widely used for projecting the consequences of prospective
reduction of CO2 emissions. A more rapid decay would imply a greater response of atmospheric CO2 to such reductions in
emissions, highlighting the importance of knowledge of such decay for policy purposes. The multi-model mean of Joos et al.
is also widely used in calculation of so-called global warming potentials (GWPs) of non-CO» greenhouse gases that permits
comparison of their integrated forcings with that of CO2; an increased decay rate of atmospheric CO2 would result in an
increase in the GWPs of other greenhouse gases, further highlighting the importance of accurate knowledge of the lifetime of

atmospheric CO? for policy purposes.

The hundred-year time frame that is the focus of this study assumes great importance in anticipating responses of Earth's
climate system to prospective reductions in anthropogenic CO7 emissions. The time scale of response of global mean surface
temperature to change in forcing is rapid, five to 10 years, as established by multiple energy-balance models and GCM
calculations (Schneider and Thompson, 1981; Brasseur and Roeckner, 2005; Gregory, 2000; Schwartz, 2008; Held et al.,
2010; Boucher et al., 2012, Geoffroy et al., 2013); hence it is the time scale of response of excess atmospheric COp to

changes in emissions that governs the overall time scale of climate response to such changes.
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The objectives of this study are 1) to provide a top-down budget, constrained by observations, chemical equilibria, and the
requirement of preindustrial steady state, for CO? in the atmosphere and the coupled ocean and biosphere compartments, for
preindustrial and present conditions, the anthropogenic perturbation obtained by difference; 2) to use this budget to infer the
turnover time pertinent to excess atmospheric CO?7; 3) to use this budget to construct a simple, transparent global-scale
numerical model for atmospheric CO2 and carbon in compartments that are coupled to the atmosphere, and 4) to use this
model to determine the adjustment time and other measures of the lifetime of excess atmospheric CO2 on the time scale over
which, in the absence of anthropogenic emissions, CO2 would be expected to recover substantially toward its preindustrial
value. Like any model, the model developed here might appropriately be viewed as a hypothesis that is to be tested against

observations.

The approach of this study is to develop a parsimonious yet accurate picture of the global CO7 budget based on observations
of present and preindustrial atmospheric CO7 and its present annual increase, well established solubility properties of CO?2 in
ocean water, and independently determined coefficients describing the rates of material transfer between the several
compartments, together with emissions determined by inventories. This picture is used to provide values of the parameters
needed to represent this budget in a simple transparent model that apportions anthropogenic carbon into the atmosphere
(atmospheric compartment, AC) and compartments that are coupled to the atmosphere on time scales up to several centuries:
two ocean compartments, the mixed layer ocean (ML), the deep ocean (DO); and two terrestrial biosphere (TB)
compartments, a labile biosphere (LB) that is closely coupled to the atmosphere by photosynthesis and respiration, and an
obdurate biosphere (OB) that exhibits a turnover time of multiple centuries; TB refers to the sum of LB and OB. While the
ML and DO compartments can be rather confidently distinguished on physical grounds, the same cannot be said for
demarcation between the biosphere compartments LB and OB, and indeed apportionment of the uptake of anthropogenic
CO2 by the TB into even so few as two compartments is underconstrained by observations. For this reason this
apportionment is examined by varying two unconstrained parameters that govern the amount of uptake of carbon by the
labile biosphere, specifically, the amount of carbon in the preindustrial labile biosphere and a fertilization exponent
characterizing the dependence of global primary production (GPP) on the amount of atmospheric CO». The model is
exercised over a range of these parameters to calculate the time evolution of atmospheric CO7 over the Anthropocene and of
atmospheric and oceanic radiocarbon (14C) response to emissions due mainly to weapons testing in the late 1950's and early
1960's. Comparison of model results with observations considerably limits the domain of the unconstrained parameters,
thereby providing a rather narrow range of parameter values and lifetime consistent with observations. This model so
developed was used to calculate the decay profiles of excess CO) subsequent to abrupt cessation of emissions shown in Fig.

1, which bound the range consistent with observations, and other measures of the lifetime of excess CO7 presented here.
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This paper is organized as follows. Section 2 presents expressions for multiple measures of the lifetime of excess CO2 that
are evaluated using the budget and model that are developed later in the paper. Section 3 summarizes the budgets of
preindustrial and anthropogenic CO7 presented in detail in Appendix A and compares to recent [IPCC assessments. Section
4 identifies and quantifies the transfer coefficients that characterize the rates of transport of CO2 between the several
compartments of the biogeosphere pertinent to evolution of excess CO2 on the centennial time scale. Section 5 identifies the
several characteristic times pertinent to CO2 in the biogeosphere and quantifies these based on the budget. The transfer
coefficients are inputs to a simple, transparent model described in Section 6. In Section 7 the model is exercised for
historical emissions over the Anthropocene and for hypothetical abrupt cessation commencing in 2017 and for radiocarbon
over the Anthropocene, with focus on the period surrounding peak emissions from atmospheric weapons testing. That
section also compares results of the model runs for historical emissions to measurements and to CC model results. Section 8
discusses the present results and compares to previous studies. Section 9 presents conclusions and some implications of the

present findings.

In view of the large difference in the rate of decrease of atmospheric CO) following abrupt cessation found with the model
developed here and results from current CC models, and in view also of the societal importance of the response of
atmospheric CO2 to prospective changes in emissions, the intent here is to fully describe the approach, the data, and the
findings, all of which are presented in six Appendices, seven sections of Supporting Information text, and one Excel

Workbook consisting of six Data Tables. The appendices are as follows:

Appendix A: Budget of CO? in the biogeosphere.

Appendix B. Rate of transfer of CO2 between the atmosphere and the ocean mixed layer.
Appendix C. Dependence of gross primary production on CO2 mixing ratio.

Appendix D. Equilibrium—steady-state (ESS) model.

Appendix E. Application to anthropogenic radiocarbon.

Appendix F. Arguments against determination of the lifetime of excess CO7 by top-down observations, and rebuttals
Supporting Information text consists of the following sections:

S1. Abrupt cessation profiles shown in Fig. 1.

S2. Relating stocks and concentrations.

S3. Equilibrium solubility of incremental CO? in ocean surface water.

S4. Anthropogenic emissions of CO».

S5. Annual increment in atmospheric stock.

S6. Dependence of adjustment time on functional form of CO) emission rate.

S7. Numerical modeling.
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Notation. Sj denotes stock of CO?2, of dissolved inorganic carbon DIC, or of organic carbon, as mass of carbon, C (not CO2)
in Pg (1015 g), in a given compartment 7 denoted by subscripts a, m, d, 1, o, for the AC, ML, DO, LB, and OB, respectively,
or in two or more compartments, €.g., Sam for the sum of Sy + Spy. AS; , in Pg yr'l, denotes the present annual increment in
S;. F, ij> in Pg yr'l, denotes gross flux from compartment i to compartment j; F: ij,net denotes net flux from compartment i to j
and is equal to Fj; - Fj;. Radiocarbon stocks and fluxes are denoted R; and Gj, respectively, with units atoms and atoms per
year, respectively. The term "ordinary carbon" is used where necessary to distinguish total carbon from radiocarbon.

Transfer coefficients k;jj, yr'l, denote flux Fj; per stock of leaving compartment Sj; k,:* is used for radiocarbon where

J
different from £jj,. Qant, in Pg yr'l, denotes anthropogenic emission rate; Qapt, in Pg, denotes total integrated anthropogenic
emission (1750 to 2016) or as a function of time over the Anthropocene Qant(?); similarly Og and Qg for radiocarbon. The
subscripts ff and lu denote emissions from fossil fuel combustion and other industrial activities, and from land use changes,
respectively; the subscript pc denotes the gravitational flux of particulate carbon from the ML to the DO. Subscripts or

superscripts pi, pd, and ant denote, respectively, the preindustrial, present-day, and anthropogenic component of a stock or

flux. Superscripts to and adj denote turnover time and adjustment time, respectively.

2. Alternative measures of lifetime

Much attention has been paid, in the environmental literature and more broadly in societal considerations, to a quantity that
is qualitatively denoted the "lifetime" of a substance, a quantity that characterizes the duration of persistence of that
substance subsequent to its introduction into a reservoir. However there is much difficulty in precisely defining such a
lifetime, especially for substances that exchange among multiple compartments, as is the case with CO2. Numerous
investigators have introduced a variety of terminologies that are not consistent, as discussed, perhaps most recently, by Sierra
et al. (2017). This situation necessitates careful attention to definition of suitable quantities to characterize the lifetime of
excess CO3. This section examines alternative measures of lifetime with specific reference to excess atmospheric CO2 and

presents explicit definitions of quantities that may be evaluated based directly on observations or from model output.

As stressed by Archer et al., (2009), “There are rival definitions of a lifetime for anthropogenic CO2.” Archer et al. continue:
One is the average amount of time that individual carbon atoms spend in the atmosphere before they are removed,
by uptake into the ocean or the terrestrial biosphere. Another is the amount of time it [would take] until the CO2
concentration in the air recovers substantially toward its original concentration [in the absence of anthropogenic
emissions]. The difference between the two definitions is that exchange of carbon between the atmosphere and
other reservoirs affects the first definition, by removing specific CO molecules, but not the second because
exchange does not result in net CO2 drawdown. The misinterpretation that has plagued the question of the

atmospheric lifetime of CO) seems to arise from confusion of these two very different definitions.
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This situation led Archer et al. (2009) to observe that the rival definitions of the lifetime of anthropogenic CO2 could lead to

180 estimates as short as a few years (the average amount of time that individual carbon atoms spend in the atmosphere before

they are removed, by uptake into the ocean or the terrestrial biosphere) or as great as tens of thousands of years (mean

lifetime of the elevated CO7 concentration of the atmosphere resulting from fossil fuel combustion). As Archer et al. (2009)

make clear, the rate of exchange of individual molecules characterized by the opposing and essentially equal fluxes between

the atmosphere and the terrestrial biosphere and between the atmosphere and the mixed-layer ocean results in no net

185 drawdown, and hence the first definition (average time that individual CO2 molecules spend in the atmosphere until they are

first removed), about 3 years, Sect. 5.1, must be rejected as a measure of the lifetime of excess atmospheric CO7. To this it

should be added that processes taking place over millennia after atmospheric CO2 has substantially recovered to its

preindustrial value are of little consequence to the response of atmospheric CO) to emissions reductions on the time scale

over which that substantial recovery occurs, which is the time scale that is of great societal interest and is the focus of this

190 study.

Broadly speaking, the lifetime of a constituent in a reservoir can be characterized by two distinct classes of quantities. The

first, is denoted turnover time, where the turnover time of a substance in a reservoir is the quotient of the stock in the

reservoir upon the net or gross leaving flux,

S
T}O — i

z:jia Fy

195 For substances that exit a compartment irreversibly, then the receiving compartment is usefully considered a sink, and the

turnover time so determined serves as an accurate measure of the lifetime of the substance in the compartment (e.g., Bolin

and Rodhe, 1973; Schwartz, 1979; O'Neill et al., 1994, 1997; Planton, 2013). However a definitional problem arises if the

substance in question returns to the leaving compartment. If the return flux from the sink compartment is appreciable relative

to the leaving flux, as is the case for atmospheric CO7, then a turnover time so determined must be interpreted with caution.

200 At the other extreme, if there is rapid exchange between the reservoir of interest and some other compartment or

compartments, then the turnover time characterizing this rate of exchange is not a useful measure of the lifetime of interest.

In this situation those tightly coupled compartments are usefully considered a single compartment, as the time constant(s) for

establishing steady state among them are short compared to the overall lifetime of the substance of interest in the combined

set of compartments against removal to long-term sink; this situation is particularly applicable to CO2 which exhibits rapid

205 exchange between the atmosphere and the ML and between the atmosphere and the labile terrestrial biosphere, as is

examined in Sect. 7.7 using results obtained with the model developed here. For a substance for which there is a natural

source and a corresponding natural amount in the reservoir(s) of interest the turnover-time concept is readily extended to the

perturbations in stock and exiting flux, and thus a turnover time may be defined for both the natural substance and for the

7
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perturbation. If the system is linear, the turnover time pertinent to the perturbation is the same as that pertinent to the

210 unperturbed system. However, if the system is nonlinear, as is the case for CO2 in the atmosphere and coupled reservoirs,

these quantities would be expected to differ, perhaps substantially. All of these considerations of identification of what

constitute the pertinent reservoirs and sink processes contribute to differences (some small, some quite large) in reported

turnover times for atmospheric CO3.

A second problem specific to COp arises from the possible long tail of excess atmospheric CO7 resulting from

215 anthropogenic emissions that might result in the average lifetime of excess CO2 greatly exceeding the time required for

excess CO7 to decrease substantially relative to its value at the time of cessation of emissions. Indeed, if even a small

fraction of excess CO) were to remain in the atmosphere indefinitely, this long tail would result in the average lifetime of

excess CO7 being infinite. This situation that has led some investigators, noting that anthropogenic CO2 would never

entirely leave the system until subsumed by long-term geological processes, would argue that the average lifetime is upwards

220 of tens of thousands of years (Archer, 2005; Archer et al., 2009), or that the lifetime concept simply does not apply to

anthropogenic CO7 (Tans, 1994). Alternatively, others, e.g., Moore and Braswell (1994), have avoided that problem by

defining the adjustment time of excess CO2 relative not to excess CO2 above preindustrial but, rather, to the excess above

the infinite-time value of this excess, which those investigators took to be a substantial fraction of the initial perturbation.

Here the argument is made that the time scale of interest is that of substantial recovery of atmospheric CO2 to its

225 preindustrial value, thereby avoiding the issue of the small long tail.

As developed in Sect. 5, and Sect. 7.7, based on the rapid exchange, with time scale of a few years, between the atmosphere,

labile terrestrial biosphere, and mixed-layer ocean compartments, it is useful to define the reservoir for anthropogenic CO2

pertinent to the turnover time as the sum of the stocks in the three compartments, with stock S;ﬁ% = S;‘m +Slarlt +Sf:1m , and

with leaving flux the sum of the net anthropogenic fluxes into the obdurate biosphere and the deep ocean, F;& het +

230 yielding turnover time

t
Szzltlnm @)
ant ant ’
Fao,net([) + Fmd,net ()

to
Talm =

where the stocks and fluxes can be determined either from observations, Sect. 3, and Sect. 5, or from model calculations,

Sect. 7.6. In Eq 2.2 the turnover time is explicitly denoted as a function of time, as the pertinent quantities on the RHS can

vary with time. These quantities can be evaluated, from observations at present, as in Sect. 4, and at prior times. Importantly,

235  turnover times so evaluated can be compared with time constants for establishing steady state between compartments that are

treated as a single compartment, specifically, between the AC and the ML and between the AC and the LB, to assess treating

them as a single compartment, Sect. 5.3 and Sect. 5.7.
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A second class of lifetimes is denoted adjustment times, measures of the period of time over which the amount of the

substance in the reservoir(s) of interest, or of the amount in excess above the natural amount, would decrease subsequent to

240 cessation of the source of the substance, or of the perturbation in the source. In contrast to turnover times, which can be

determined from observed stocks and flows, determining adjustment times requires a numerical model that describes future

behavior of the system in response to the putative change in emissions. One measure of the adjustment time would thus

characterize the fractional rate of decrease of excess CO2 following cessation of emissions shown in Fig. 1. As for turnover

times, differences in definition can lead to differences in the value of the adjustment time, depending, on whether the it is

245  evaluated as a local, instantaneous quantity or over an extended time period and depending how averages or other measures

of determining the quantity over an extended period are defined.

An unambiguous measure of the instantaneous adjustment time is given, for excess CO2, as the quotient of the excess

amount of the substance in a reservoir of interest upon the rate of removal of the substance from the reservoir in the absence

of anthropogenic emissions, both a function of time 7. For atmospheric CO7 this adjustment time is

. ant ant ant B
250 alighn=a 0 x0® __f_dinico, |
dSant dxant dt
()| [ =TSO0
dt dt

where the second equality simply follows from the stock S:m being proportional to the mixing ratio x’érgz and where the

inst

third equality shows that 7cgp (7) is equal (apart from a factor of In 10) to the negative inverse of the slopes of the curves

shown in Fig. 1a. The decrease in slopes of the several curves is indicative of an increase in T('?(S)E(t) over this period as

calculated by the several models.

255 In recognition of the objective of characterizing the lifetime of excess atmospheric CO) over the time scale pertinent, in the

absence of anthropogenic emissions, to substantial recovery toward the unperturbed state, O'Neill et al. (1997) defined what

they denoted a “past commitment lifetime” which examines the question “if emissions were significantly reduced or stopped,

how long would it take for the world to return to ‘normal’?”. Similarly, as noted above, Archer et al. (2009) proposed

defining the lifetime of CO7 as the time it would take in the absence of anthropogenic emissions “until the CO?

260 concentration in the air recover[ed] substantially toward its original concentration.” This objective of characterizing the time

scale of such substantial recovery prompts the careful examination here of such measures of adjustment time pertinent to the

time periods over which this recovery would occur.

A first such measure of adjustment time would be a simple time-average of the instantaneous adjustment time over period of

time 7, often denoted time horizon, subsequent to the time of cessation of anthropogenic emissions 7,
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j‘ dt T
TC

A concern with this quantity is that it equally weights values of Tlcncs)tz (), at short times when the amount of excess CO? is

large and at long times when the amount of excess CO7 is small. If T&Sjtz(t) is increasing over the averaging period 7, that
increase might unduly weight the integral at long time when the amount of remaining material is small, thereby leading to a

lifetime that is longer, perhaps much longer, than that characterizing the bulk of the recovery to the unperturbed state.

A measure of the adjustment time that overcomes that concern is the amount-remaining—weighted average adjustment time,

defined similarly to the time-average adjustment time but with the weighting factor xén(t)z s

TAT ins
. jTC xS, (1) dt
Tcop (1)==¢

(2.5)
T +T

JTC x& (t)dt
C

This amount-weighted adjustment time would be especially pertinent to examination of the integrated effect of an emitted

substance, such as integrated radiative effect, pertinent to quantities such as the global warming potential (Shine et al., 1990).

A new measure of adjustment time, denoted the equivalent 1/e lifetime, that explicitly meets the objective of serving as a
measure the time 7 over which the amount of excess CO7 present at the time of cessation of emissions has decreased to a

given fraction f of its initial value is defined as

1(f)
T =—= 2.6a
=20 (2.60)
where the expression Tg(f) explicitly notes that Tg(f) may depend on the fraction remaining, f and generally does so
except for exponential decay. The relation between Tg(f) and f'may be considered a generalization of the relation between
the time required for the fraction fof a radioactive substance to decrease to 0.5 of its initial value, that is, the half-life 7 5 and

the 1/e lifetime of that substance T =15 /(—1n0.5). The equivalent 1/e lifetime 7z may alternatively be expressed as a

function of time horizon T as

TR() = (2.6b)

t
—In f(z)

and is thus readily compared to the several other measures of adjustment time as a function of #. The equivalent 1/e lifetime,
is readily calculated directly from a calculated decay profile as a function of time horizon z. An advantage of 7g is that

determining this quantity does not require calculation of the time derivative of the decay curve, as is required for Tipgt,

10
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Tt-avg, O Ta-ayg, commending its use as a measure of the adjustment time, as in Fig. 1b. As shown in Sect. 7.6, 7t-avg, 7a-

avg, and 7g (but not 7ingt) are nearly identical and thus 7 serves as a representative measure of the time constant associated

290 with decrease of a substance over the entire time horizon from cessation to time z.

A widely used measure of the adjustment time is obtained by fitting an exponential decay function to the modeled

anthropogenic stock over a specified time range subsequent to cessation of emissions by minimization of chi-squared. Here

an important consideration is the baseline of the exponential decay. As the focus of the present study is on the time scale

characterizing recovery of CO2 to its preindustrial value, it would seem that the pertinent baseline is the preindustrial value

295 (i.e., excess COp decaying to zero), even if the modeled CO7 never actually returns to its preindustrial value. Further

considerations are the time period over which to do the fit and the weighting, although these would seem to be secondary.

Here the time period is taken as 100 years and all annual points are equally weighted; the resultant lifetime being denoted

here tfjt. It should be noted that the fit to an exponential decay function does not require or imply that the data being fit

conform to exponential decay; conformance to or departure from exponential decay is readily examined by comparison of

300 the fit to the model output, by examination of linearity in a semilogarithmic plot such as Fig. 1a, or by 7 being constant,

Fig. 1b.

The several turnover times and adjustment times for excess CO7 are examined and compared in Sect. 7.6. The point here is

not that one or the other of these measures is the most suitable, but rather that if these several measures of lifetime of excess

COy are suitably defined, they would all be expected to exhibit close agreement. Determination of such suitably defined

305 lifetime of excess CO? is a key objective of this study.

3. Budget of CO3 in the biogeosphere

The analysis of the stocks and fluxes of CO?2 in the biogeosphere that serves as the basis of the present analysis of the CO2

lifetime is based on the budget of CO2 developed in detail in Appendix A and summarized here. This budget consists of the

stocks of CO7 in the several major compartments of the biogeosphere and the fluxes between these compartments for the

310 preindustrial (PI) state and for the present day (PD, taken as year 2016). The anthropogenic increments in the several stocks

and fluxes are obtained by difference, PD minus PI. This budget is based on observations (present and PI values and present

annual increment of atmospheric CO2 mixing ratio, ML and DO stocks of dissolved CO2, inventories of terrestrial biosphere

stock, inventories of annual and cumulative emissions), on independently determined coefficients describing rates of

transport between compartments (dry deposition velocity to seawater of insoluble to moderately soluble gases, piston

315 velocity describing the rate of volume exchange of water between the ML and the DO), on well understood physical-

chemical properties of COp (Henry's law solubility, acid dissociation equilibria), and on the requirement in the PI steady
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state of zero net flux between compartments when summed over all paths. The budget developed here is shown in Fig. 2 and
summarized in Table 1. This figure is modified from previous versions given by Sarmiento and Gruber (2002; 2006, p. 393),
the Fourth IPCC Assessment Report, AR4, (Denman et al., 2007, Figure 7.3) and the Fifth IPCC Assessment Report, ARS,
(Ciais et al., 2013, Figure 6.1), with antecedents going back at least to the Third IPCC Assessment report, AR3, (Prentice et
al., 2001, Figure 3.1). Following Sarmiento and Gruber (2002), Figure 2 presents the PI budget in black, and the
anthropogenic perturbation, here for year 2016, in red. The quantities shown in the figure are stocks in each of the several
compartments S; and gross (not net) fluxes Fjj, the annual changes in several of the compartments AS;, in blue, and
anthropogenic emissions Off and Qly; Olu, denoted net land-use—change (LUC) emission, represents the net annual carbon
flux from the TB into the atmosphere from deforestation, i.e., the flux from deforestation minus the flux from the atmosphere

to the TB that is ascribed to afforestation.

Historically the several stock and flux quantities shown in Fig. 2 have been given to a greater number of digits than the
accuracy with which they are known to convey the magnitudes of these quantities with precision sufficient to show their
differences. This longstanding practice is maintained here in Fig. 2 and Table 1, even if the implied accuracy with which the
quantities are known is overstated. The value for the PI stock of carbon in the TB, Spi , is increased here from 2300 Pg and
2500 Pg in AR4 and ARS5, respectively, to 2800f§§8 Pg, based on a more recent inventory by Carvalhais et al., (2014;
uncertainties converted to 1-sigma equivalent), but in actuality, the magnitude, which is dependent on what constitutes the
terrestrial biosphere, as governed by a depth horizon, and what carbonaceous species to include, is of little significance in
budget considerations other than to serve as a reference against which to compare the magnitudes of anthropogenic changes.

pi

a > given

Similarly, preindustrial gross primary production GPP, Farl’i, and the equal and opposite gross respiration flux F|
here as in other recent versions of this figure as 120 Pg yr'], are presented mainly to make the point that this large gross flux,
which is not known to great accuracy (Appendix C), greatly exceeds the net fluxes that result from the anthropogenic

perturbation.

Similar considerations apply to the magnitudes given for the fluxes between the atmosphere and the ML ocean, F‘,Ei1 and

Fgl. The values for these quantities given here and in previous assessments, 70 and 70.6 Pg yr'1

, respectively, which
represent the total global dry deposition flux from the atmosphere to the ocean and the reverse flux from the ocean to the
atmosphere, respectively, must be considered uncertain to 30 % (Sect. 4.1; Sarmiento and Gruber, 2006). However these
magnitudes are not so important as their difference, which represents the net flux. The fact that the two fluxes are nearly
equal and much greater than the net flux is indicative of near equilibrium between atmospheric CO7 and total dissolved CO2
(i.e., dissolved inorganic carbon DIC), with the magnitudes of the two fluxes serving to manifest this near equilibrium, to
provide context for the magnitude of the anthropogenic perturbation, and to establish the time scale for equilibration of the

two phases. Here it might also be noted that, small as it is, the net PI flux from the ocean to the atmosphere that compensates

12
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the riverine flux from the TB to the ML, F(?rln =0.6 Pg yr'l, assumes some importance in assessments of the CO7 budget, as,
among other reasons, it constitutes the difference between model-based estimates of the anthropogenic flux of CO2 from the
atmosphere to the ocean and measurement-based estimates, which yield the total flux (i.e., the sum of anthropogenic and

1 assumes some significance in such

natural), and that even the uncertainty in this preindustrial flux, perhaps 0.2 Pg yr~
comparisons (Sect. 7.8). Because of the continuing increase in atmospheric CO2 over the Anthropocene there is an
additional departure (lag) of Sy relative to its steady state value (as governed only by the riverine flux) due finite rate of
mass transport between the two compartments; an expression for this lag developed in Appendix A permits calculation of

S&m given in Fig. 2.

A major departure in Fig. 2 from previous versions of this figure cited above is the subdivision of the TB into two
compartments, denoted the /abile biosphere (LB) and the obdurate biosphere (OB). The labile carbon consists of herbaceous
and other short-lived (< 1 yr) materials that are produced by photosynthesis, with the fixed carbon rapidly returned to the
atmosphere by autotrophic and rapid heterotrophic respiration. The obdurate carbon, which constitutes the great majority of
the TB stock, consists of long-lived woody material (trunks, branches, roots, coarse debris), which constitutes the bulk of
vegetative biomass (e.g. Pregitzer and Euskirchen, 2004; Fahey et al., 2005), and of soil carbon, which comprises the
majority of terrestrial carbon (e.g., Naegler and Levin, 2006; Carvalhais et al., 2014) and which exhibits turnover times of up
to several hundred years (Raich and Schlesinger, 1992; Amundson, 2001; Torn et al., 2009). From a budget perspective, in
contrast to the total stocks in the TB, and the fluxes between the TB taken as a whole and other compartments, which are
rather tightly constrained by observations, apportionment of carbon stocks and fluxes to the LB and the OB is not so
constrained. Hence, in the budget presented here, these quantities are given as ranges, for example [200, 700] Pg for the PI
stock in the LB, Slpi. For the total PI stock in the TB Stpi taken as 2800 Pg, the PI stock in the OB, Sgi , is likewise
characterized by a range, Sgi = Stpi — Slpi =2800 Pg—[200, 700] Pg=[2600, 2100] Pg that is complementary to the range of
Stp " The total uptake of anthropogenic CO7 emissions by the TB is rather narrowly constrained (from inventoried emissions
and uptake into other compartments) as [227, 261] Pg, the uncertainty being due to uncertainty in the anthropogenic stock in
the DO. However the apportionment of this uptake into the LB and the OB is much less constrained, with the amount of
uptake of carbon by the LB being given by the range [143, 24] Pg and the increase in the OB stock, being complementary,
with range [89, 232] Pg. Taking into account the decrease in OB stock due to LU emissions the net range of anthropogenic
stock in the OB is negative to near zero, [-139, 4] Pg. The uncertainties in the TB stocks take into account uncertainty in the
DO stock and in the increase in LB stock due to uptake of carbon from the AC, added in quadrature, but dominated by the

latter.

13
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The fluxes between compartments are evaluated similarly. The gross flux from the atmosphere to the LB, Fj], is taken as
gross primary production GPP; a slight additional contribution to gross primary production by increased flux from the AC
into the OB, while included in the budget, is neglected here. The extent of increase of GPP over the Anthropocene plays an
important role in the present day CO2 budget, but is highly uncertain, as reflected in recent observational and modeling
studies summarized in Appendix C. Here, as has been conventional in previous analyses, PI GPP is taken as 120 Pg yr'];
the exact value is of little consequence, with only the increase being of importance in the budget. The increase in GPP is
thought to be due to fertilization by excess CO) over the Anthropocene and perhaps also to increases in emissions of
nutrients, particularly nitrogen compounds. Based on Fig. C1, the increase of GPP with increasing COp reported in
observational and modeling studies can be closely represented by a power law in CO2 mixing ratio xco, or equivalently in

atmospheric CO? stock Sj,

b b
i X t i | Sat
Fcpp<t>=F£i>p[%°—f()] =Fc€i>p[ a(-)] ; 3.1
*co2

such a power-law dependence of GPP on atmospheric CO) was suggested at least as early as Rodhe and Bjorkstrém, (1979).
The exponent b is equal to the fractional increase in GPP per fractional increase in xcop, commonly used to characterize the
CO2 fertilization effect, i.e.,b=dInFgpp /dInxcpy . For b initially allowed exhibit the range [0, 1.3], present day GPP
would exhibit the range [120, 196] Pg yr'l. This range is reduced by comparison of model results with observations to [138,
168] Pg yr'1 (corresponding to b = [0.4, 0.9]) resulting in the range for the anthropogenic enhancement of GPP Fiﬁm given
in Fig. 2 [19, 48] Pg yr'l, i.e., an increase of 16 % to 40 % above preindustrial. The increase in flux from the atmosphere to
the LB is largely countered by an increase of comparable magnitude in the gross return flux from the LB back to the
atmosphere F]?lm . The difference, [0.5, 2.5] Pg yr'l, the net PD anthropogenic flux between the compartments
ant ant

Falnet = Fal —Flim , is equal to the PD rate of increase of the stock of carbon in the LB dSlp 4 dr , which is less, to very

much less, than the enhancement in the gross flux between the atmosphere and the LB.

Specification of a value of Slp i together with the assumption of PI steady state between the LB and the AC permits

determination of a steady state PD LB Slp d resulting from anthropogenic emissions. Slp 4 and sP4 depend on both Slp "and

l,ant
b, for which the initial estimates encompass substantial ranges. Additionally, as with the stock in the ML, there is a slight lag
in §; relative to its steady-state value; an expression for this lag is given in Appendix A, Eq. A48, permitting calculation of
Sf Sm for any given value of Slp ' the resultant range of Sﬁ Sm is shown in Fig. 3. Also shown in that figure is the PD annual
rate of increase in Slp :m , denoted AS;. Here and throughout this study transfer coefficients and other quantities were

calculated, either algebraically, as here, or using the model developed in Sect. 6, for a grid of points (Slpi ,b),0< Slpi <1000

Pg and 0 < b < 1.3, and are displayed as contour diagrams with these variables as coordinates; absence of contours at upper

14
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right of figures denotes regions of (Spi , b) for which the modeled total rate of increase in stocks is incompatible with

emissions.

Similarly to other quantities the PI flux from the atmosphere to the OB Fapoi and the reverse flux F(fai are represented by
ranges, with the requirement that the net PI flux between these compartments be equal to the riverine flux from the OB to the
ML ocean noted above, Fg’rin, and which is taken as constant (0.6 Pg yr'l) over the Anthropocene. As developed in
Appendix A, Sect. A13 Fg’ai can be explicitly related to the two parameters Slp ! and b, together with observations and other
constraints (near equilibrium between Sy and Sp; preindustrial steady state between the several compartments). The net
anthropogenic flux from the atmosphere to the OB F;&;et, which, for observationally determined total net anthropogenic
flux from the atmosphere to the TB Fzﬁ?r}et , is complementary to the net flux to the LB Fﬁiﬁet , is a key determinant of the
turnover time of excess CO?2. Also, initially, subsequent to hypothetical abrupt cessation of emissions, this sink into the OB
would be additive to the sink to the deep ocean Friﬁt’net , which in the absence of sinks from the DO is equal to the annual
increment in the DO stock, Sy . This total sink rate, indicated in the last row of Table 1 as aS4 +AS,, , depends on stocks in

the several compartments at a given time, and not on emissions, and hence this total sink rate would be unchanged

immediately following an abrupt cessation of emissions.

In the present study the depth of the ML zyy, is taken as 100 m; this value was apparently assumed in previous versions of
Fig. 2, but seems to be explicitly stated only in the predecessor figure shown in AR3 (Prentice et al., 2001). A mean
thermocline depth of 75 m used by several prior investigators, importantly, Bolin and Eriksson (1959), appears to derive
from the early study by Craig (1957) who gave it as 75 + 25 meters, or, equivalently, 2 % of the ocean volume. The depth of
the deep ocean, z(, is obtained by difference from the mean depth of the world ocean. The choice of zy, directly influences
the magnitudes of the stocks given for the ML, but does not greatly affect the lifetime of excess CO2. The stock given for the
ML depends slightly also on the temperature (18°C) and total alkalinity (2349 pmol kgs_\,lv) taken for the ML; changes in

these quantities would slightly change the PI stock in the ML but have little effect on anthropogenic perturbations.

The budget developed here and shown in Fig. 2 also exhibits several substantial quantitative differences from the budgets
presented in the IPCC Fourth and Fifth Assessment Reports (Denman et al., 2007, Ciais et al., 2013), Table 1, as noted here
and detailed in Appendix A. The preindustrial value of gross primary production (GPP) given in AR4 (120 Pg yr'l) is
retained, but possible enhancement of GPP accompanying the increase in atmospheric CO? is explicitly recognized; within
present observationally based and model estimates this fertilization effect might result in a substantial increase in GPP
manifested in Fig. 2 by the range of anthropogenic increase in Fa] (and Fla, which is only slightly less than F3]) up to 48 Pg
yr'l. Attention is called also to factor-of-two lower preindustrial fluxes between the ML and the DO, including also the

gravitationally induced flux of particulate carbon Fp¢ from the ML to the DO that is subsequently oxidized to DIC and
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returned to the ML on long (multicentennial) time scales. The low values adduced here result from a value of the piston
velocity vp describing the rate of exchange of water between the ML and the DO. This piston velocity, which is applicable to
any globally distributed tracer, is determined here (Appendix A, Sect. A6) from measured rate of heat uptake by the deep
ocean over the past 50 years as 5.5 m yr'l. This value of vp yields a much lower exchange rate between the two
compartments than would be consistent with values of kgs_\}, and F(fril (and Frgii,net) reported in AR4. (Values for the ML
and the DO are not separately reported in Figure 6.1 or Table 6.1 of ARS).

With respect to the anthropogenic perturbation, the magnitudes of integrated net drawdown from the AC into the TB and of
integrated net LUC are increased somewhat over the values given by ARS; the cumulative net change in stock in the TB, the
difference between the two quantities, -4 to +20 Pg, remains zero within uncertainty. An inherent uncertainty arises in the
anthropogenic stocks in the DO and the OB associated with the so-called flattening of atmospheric CO2 in the 1940's and
1950's. The cause of this flattening is not known; it has been ascribed to an increase in DO uptake of CO2 during this period
(Trudinger et al., 2002; Bastos et al., 2016; Rubino et al., 2019), but an enhancement of uptake by the OB during this period

cannot be ruled out. Hence the budget must allow for either possibility, increasing the uncertainty associated with both ng

and Sf,mt (and hence also with Sﬂ)m ). Also shown explicitly are the cumulative net changes in stocks in the OB and in the
total TB not including the decreases in these stocks due to LUC emissions, which are ascribed entirely to the OB. Showing
these changes separately highlights the large cumulative net transfer of carbon from the atmosphere into the OB together
with the large associated uncertainty range. This large range results mainly from uncertainty in the extent of transfer from the

atmosphere to the LB versus the OB; such a large uncertainty does not attach, however, to the net cumulative transfer into

the TB taken as a whole, which is constrained by conservation of matter.

The net PD anthropogenic flux from the AC into the total TB Fﬁllé’net =4.0+1.1Pg yr'1 is determined from observations

(Sect. A13) as the difference between present emission and uptake of CO» into the AC, ML, and DO under the assumption
that the total amount of CO7 in the system is conserved when emissions are accounted for; the uncertainty is dominated by
uncertainty in emissions. This flux is somewhat greater than that given in AR5, 2.6 + 1.2 Pg yr'l. The greater flux adduced
here is in part a consequence of the greater anthropogenic emission in the 2016 time frame than in the earlier time frames of
the prior assessments, 11.2 Pg yr'1 here versus 8.9 Pg yr'l in ARS. The gross anthropogenic flux F;gn is essentially equal to
the net flux Fzﬁ:;et as the gross flux from the OB to the AC, Fy' ', is virtually zero, mainly because the increase in OB stock
due to transport from the AC is greatly diminished because of LUC emissions, which are taken as coming entirely from the

OB.

The PD annual increments of the several stocks aS; are determined as follows. The annual increment of the atmospheric
stock AS, is determined directly from measurement of the global mean mixing ratio of atmospheric CO2. The annual
increment of the ML stock aS,, is confidently determined from the equilibrium solubility of DIC together with AS, . The
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annual increment of the DO stock, aSy , equal to the net flux Frg'&t,net , is determined from the piston velocity between the ML
and the DO, together with the values of the anthropogenic stocks in the two compartments. As the anthropogenic increment
in the DO and the transfer coefficient kdp are both small, the resultant uncertainty in ng and in turn in Fg&t’net is quite
small. The annual increment in the combined LB and OB stocks is confidently obtained by difference between fossil fuel
emissions and the annual increments in the AC, ML, and DO; i.e., S, = Sl%d /dt = Qs — ASy — AS, —ASg= 4.0 + 1.1 Pg
yr'l. The apportionment of Sj, to the LB and the OB depends on the net rate of increase of the OB stock due to transfer
between compartments (i.e., not including LUC emissions), which is not directly constrained by observation, but aS, is
constrained to the range of 1.4 to 3.4 Pg yr'1 based on comparison of model results with observations (Sect. 7). Because of
the long (multi-century) lifetime of carbon in the OB, [250, 600] yr, Sect. 5.8, this reservoir is usefully considered a sink of
CO7 on the century time scale. The second such sink is the deep ocean DO, with flushing time 650 yr, Sect. 5.4. The sum of

the rates of increase in these compartments aS, +aSq = [3.0, 5.0] Pg yr'l, last row of Table 1, serves as a robust measure of

the sink rate of anthropogenic CO? in the three remaining tightly coupled compartments, the AC, the ML, and the LB.

In comparison with previous assessments a puzzle arises that despite the large differences in preindustrial fluxes that are
seemingly due to different piston velocities, the net anthropogenic flux to the DO obtained here and that given in AR4 are
virtually identical, 1.6 Pg yr'l. It might be supposed that the agreement results from the much lower value of S,";m
characteristic of the 1990's, 18 Pg, than that in the budget developed here for 2016, 32 Pg, a factor of 1.8; increasing Frggt,net
by that factor would result in F,%ﬁinet =29 Pg yr'l. However the value given in ARS for F;}gtnet, 23 £ 0.7 Pg yr‘l,
decremented by the annual rate of increase of CO7 in the ML, aS,, = 0.5 Pg yr~! determined here, again yields F;ﬁtnet =138
Pg yr‘l, so the apparent inconsistency in the prior budgets between the low rate of uptake of anthropogenic CO2 by the DO
and the much greater rate of this uptake that would be required for consistency with the preindustrial fluxes is not resolved.
The present budget stays with the lower gross and net fluxes between the ML and the DO that are consistent with the piston

velocity adduced here and with other estimates of that quantity.

Uncertainties in the several stocks and fluxes presented in Table 1 are traceable to uncertainties in the underlying
observations, or for emissions, in the uncertainties provided with the emissions inventories. However, because the several
budget terms are coupled, the uncertainties in the several terms cannot be treated as independent. For example if Frirét is at
the high end of its uncertainty range, then Ffll(t,,net would be required to be at the low end of its range, and vice versa;
similarly a value of Qant at the high end of its uncertainty range would require a high value for Faa_lllé’net . Hence the several
quantities cannot be independently varied over their respective uncertainty ranges; a full assessment of the uncertainties in
the several budget terms awaits a more formal examination of these constraints. However for the present purpose of
examination of the turnover time of excess CO2, the quantity contributing the greatest uncertainty to this turnover time is the

total sink rate into the reservoir compartments F;{'fé,net + 4S8y evaluated as the difference between annual emissions and the
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annual rate of increase in the combined AC and ML compartment, Qune —AS,n,

which quantities are independently

determined, permitting their uncertainty to be estimated as the quadrature sum (Appendix A, Sect. A14), yielding fractional

500 uncertainty £18 %. As the fractional uncertainty in S:Slt , the combined anthropogenic stock in the AC and ML is much lower

(£2 %), the fractional uncertainty in Q,, —AS,,, attaches to estimates of the turnover time of excess CO2 determined in

Sect. 4.7 using the central values of the several quantities that are input into the further analysis.

4. Transfer coefficients

A principal objective of the CO2 budget analysis presented here is to serve as a framework for a model representing the

505 evolution of the stocks of CO7 in the several compartments over the Anthropocene and to develop transfer coefficients that,

together with the stocks in the leaving compartments S; permit evaluation of the fluxes between the several compartments

Fjj. The stocks and fluxes are extensive quantities, i.e., scaling with the amount of material in the system, and are therefore

dependent on prior history of emissions. In contrast, the transfer coefficients are intensive quantities that can be considered

properties of Earth's geophysical system for a given state of the climate, being controlled by wind speed and temperature

510 (atmosphere-ocean transfer), ocean circulations (exchange between the ML and the DO), the concentration of DIC in the

ML, and the productivity of terrestrial vegetation (exchange between the AC and the TB and net uptake of carbon by the

TB). Values of the transfer coefficients j; are related to the stocks in the several compartments S; and the gross fluxes

between the compartments Fj; summarized in Figure 2 and Table 1 as

515  where i denotes the leaving compartment and j denotes the receiving compartment. The transfer coefficients &jj, dimension

inverse time, specify the fraction of the stock in compartment i that is transferred to compartment j per unit time and are thus

central to describing the time evolution of the system. Values adduced here for the several transfer coefficients are

summarized in Table 2.

For the most part the transfer coefficients, being properties of Earth's geophysical system are constant with time over the

520  Anthropocene. The transfer coefficient from the atmosphere to the ML ocean kg, is treated as constant, being governed by

wind speed, and the physical (Henry's law) solubility of CO2, and not dependent on the amount of CO3 in the AC or in the

ML. Similarly, the transfer coefficients between the ML and the DO depend on the rate of exchange of water between the

two compartments and not on the concentrations of DIC in either compartment. The transfer coefficients adduced here for

COj are applicable also to radiocarbon (14C02), apart from isotope effects of a few per cent at most (Keeling, 1979),

525 neglected here.
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Two important exceptions to the constancy of the transfer coefficients over time are the transfer coefficients of CO2 and of
14COz from ML to the atmosphere, which must account for the decrease in solubility of total CO? (i.e., the ratio of DIC to
atmospheric CO) mixing ratio) with higher atmospheric CO7 (Sect. 3.1 and Appendix B) as atmospheric CO? has increased
over the Anthropocene. Further exceptions to the constancy of the transfer coefficients are the transfer coefficients from the
atmosphere to the LB and the TB, a consequence of the increase in GPP over the Anthropocene not being required to be

proportional to the increase in atmospheric CO? (Sect. 4.3).

4.1. Transfer coefficients between the atmosphere and the ocean mixed layer

The value of the transfer coefficient kqmy, relating the gross uptake flux of CO7 into the world ocean to the atmospheric stock
is shown by multiple means to be about 0.12 yr'l, with uncertainty about 30 %, Appendix A, Sect. A3. Although locally
and instantaneously the transfer coefficient (or the transfer coefficient describing gross flux of any gas to the surface ocean)
varies substantially, depending on situational variables, importantly wind speed (~ second power; e.g., Liss and Merlivat,
1986; Wanninkhof et al., 2013), the global value may be considered an average for climatological wind speed, and indeed
the transfer coefficient pertinent to CO? is applicable (accounting for differences mainly in Henry’s law solubility constant
and to lesser extent in aqueous-phase diffusion coefficient) to any uniformly distributed low- to intermediate-solubility gas,
and vice versa. As such k3 may be considered a constant of Earth's geophysical system, albeit one that is known only with

accuracy of about 30 %.

In contrast, as developed in Appendix B, the differential transfer coefficient characterizing the rate of relaxation of a
perturbation from phase equilibrium between the ML and the AC, kj, , is specific to COp, being related to kam by a

differential equilibrium constant for CO2 solubility, &, as
kina = Kinakam - (4.2)

K4 » Which is related to the familiar Revelle factor (Revelle and Suess, 1957; Sarmiento and Gruber, 2006, p. 332) is

defined as

KL E( ds, j (4.3)
dSm Jeq

(Sect. B.1, Fig. B1), the change in S, per change in S, evaluated at an equilibrium state in the ML-atmosphere system for a

particular DIC concentration (or a particular CO2 mixing ratio). The rate of transfer from the ML to the AC Fiy, is

expressed in terms of the departure of Sy from its equilibrium value as F,, = kp, (Sm - Smﬁq) = Kakam (Sm - Sm!eq) . The
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differential transfer coefficient kp,, differs substantially from the transfer coefficient, kya, that would be evaluated from

detailed balance consideration as k,, = K,kap, , Where

_ S

=g (4.4)

ma
is the equilibrium constant characterizing the volatility of DIC (expressed in terms of the stocks). The transfer coefficient
kma 1s pertinent to the rate of transfer of radiocarbon from the ML to the atmosphere, as this transfer, unlike that of CO7
itself, does not perturb the acid dissociation equilibria of the CO7 system. The several quantities k,, , K, > kma and Kma
are not constant but depend on DIC concentration (or mixing ratio of atmospheric CO2) and hence vary over the

Anthropocene (SI Sect. 3, Fig. S3.2).

Accounting for the CO> dissociation equilibria is essential in describing the transfer rates between the AC and the ML
because only CO7 is transferred between the two compartments and because of shifts in the equilibria between HpCO3,
HCOg3, and CO%_ attendant with that transfer (Sarmiento and Gruber, 2006, p. 330). The differential equilibrium constant
Kfa can (and can only) be evaluated numerically from the known equilibrium constants for dissociation of CO2 in
seawater, here using the program CO2SYS (Lewis and Wallace, 1998; Pierrot et al., 2006). As it is referred to the stock in
the ML, &/, is also dependent on (inversely proportional to) zy,. As shown in SI Text Sect. S3, Fig. S3.1, for preindustrial
CO7 mixing ratio 278 ppm and for zyy = 100 m, K[, = 5.4, increasing to about 10 at present; the PD value of K[, is equal
to the ratio of the PD growths in the stocks in the two compartments shown in Fig. 2, K;,, = AS, / aS;, . The uncertainty in
K

ta » =30 %, derives from uncertainty in kam.

An exception to the transfer coefficients for radiocarbon being taken as the same as for ordinary carbon (within neglect of
isotope effects) is the transfer coefficient for radiocarbon from the ML to the atmosphere. The reason for the different
transfer coefficient is that for ordinary CO3, exchange of carbon into or out of the ML results in shift of the equilibrium total
solubility (i.e., the ratio of DIC concentration to CO) partial pressure), whereas for radiocarbon, the solubility is determined

by the solubility of ordinary CO7. Consequently the detailed-balance requirement for radiocarbon is
k:ngq = k;aRrer:] > 4.5)
where the asterisk denotes the transfer coefficient for radiocarbon and R; denotes the radiocarbon stock, from which

% R,eq * S,eq * %
kina = Ak Lkam = Kmakam = Kmakam - (4.6)

eq am = T
Ry S
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Here the second and third equalities express the equality of the equilibrium constant of dissolution for radiocarbon and
ordinary carbon K3 (note that the local equilibrium constant is written here in the sense of the volatility, not solubility), and
the final equality explicitly notes that the mass transfer coefficient from the atmosphere to the ML is the same for both
species. Kma is about an order of magnitude less than K|, , the ratio Ky, /K, being equal to the Revelle factor
(Appendix B, Eq B19; Appendix F, Fig. F1; see e.g.. Sarmiento and Gruber, 2006, p. 322). This results in k:m being about
an order of magnitude less than k;,,, , Table 2. Again with reference to Fig. 2, the PD value of Ky, given by the ratio of the

two stocks, is about 0.92.

4.2. Transfer coefficients between the ocean mixed layer and the deep ocean

Transfer between the ML and the DO is characterized by the so-called piston velocity vp that represents the volume
exchange rate between the two compartments divided by the area of the world ocean. This piston velocity is determined
independently here from the rate of heat uptake by the world ocean over the past 50 years of increasing global mean
temperature as 5.5+ 1.8 m yr‘1 (Appendix A, Sect. A6). The transfer coefficients between the two compartments are related

to the piston velocity as
kmd = =23 kgm = [C%)
d

These transfer coefficients represent the fractional annual rate of transfer between the two compartments of any globally
distributed tracer and can be considered properties of Earth’s geophysical system The values are kpd = 0.055 + 0.018 yr'1
and kgm = (1.53 £0.5) x 10-3 yr'l, where the uncertainties reflect propagated uncertainty in vp. The values of kmd and kdm
are dependent also on the values taken for the depths of the respective compartments, the piston velocity, which does not

depend on zj, thus being more fundamental. However this caveat essentially applies only to kmd, for which zyy, is taken as

100 m, as z(, equal to the depth of the world ocean 3683 m minus zy, (100 m) is insensitive to the choice of zyy,.

4.3. Transfer coefficients between the atmosphere and labile terrestrial biosphere

As indicated in Fig. 2, the dominant exchange process between the atmosphere and the terrestrial biosphere is with the labile
biosphere, the exchange to the obdurate biosphere being an order of magnitude or more lower. The gross flux of CO2 from
the atmosphere to the LB Fj] is taken here as gross primary production GPP; this gross flux is countered by a nearly equal
flux Fla representing autotrophic and short-term heterotrophic respiration. The slight exceedance of present-day Fg] over Flg
results in an increase in the stock of the LB, the difference constituting the rate of increase. In the present analysis the GPP

1

flux increases substantially from its preindustrial value, taken as 120 Pg yr™', as indicated in observationally based analyses
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and model estimates examined in Appendix C, the increase ascribed to a fertilization effect of increased CO. An effective
transfer coefficient ky] corresponding to the GPP flux from the AC to the TB is defined as the quotient of this gross flux,

FGPP upon the stock in the AC, Sy, all quantities explicitly denoted as a function of time,

_ Fgpp(®) _ e b-1 4
ka ()= S, () _(sgi)”(sa(t)) ’ “8)

with both GPP and S, increasing with time over the Anthropocene; the second equality follows from Eq 3.1. By this
definition kg is not a constant over time, but would exhibit decrease or increase with time depending on whether the relative
increase in GPP is greater or less than that of Sy or equivalently whether » > or < 1 (see Appendix C). For the range of the
fertilization exponent b describing the dependence of GPP on xco» (eq 3.1) [0, 1.3] the PD range of k3] is [0.14, 0.23] yr'l,
virtually independent of the value taken for the preindustrial stock in the labile biosphere Slp i, Fig. 4. As discussed in Sect.
7, the ranges of k] and other quantities are substantially further constrained by comparison of model results with
observations. As in Fig. 3, the domain in (Slpi , b) space that in the calculations with the model developed here is consistent
with observations is indicated by the light red quadrilateral. Thus kg] is further restricted by observations to the range [0.16,
0.19], Table 2. In actuality, k3] plays little role in the analysis of the carbon system presented here, as the rate of transfer F]
used in the analysis is explicitly calculated as a function of atmospheric CO2, Eq 3.1, rather than as the product of a transfer
coefficient times a stock, and hence the designation of ka] as an effective transfer coefficient; ka] is presented in Table 2 in
part to permit comparison with other transfer coefficients. Also, kg] is pertinent to examination of the lag time of the LB

stock relative to steady state. Finally, k3] is explicitly used in the examination of the evolution of radiocarbon.

The transfer coefficient kg describing the flux from the LB to the atmosphere is obtained from the requirement of
preindustrial steady state for the PI stock in the LB,

dsP! i i

— =0 FEop — ko SP' (4.9)

from which k5 is given by the quotient of the PI GPP upon the PI stock in the LB,

FPE
ki = =22, (4.10)
Sy
shown in Fig. 4b. In contrast to kg], k]a is treated as a constant over time, the fraction of the LB stock that is returned
annually to the atmosphere. Also in contrast to ka|, ks is independent of b but strongly (inversely) dependent on SP', with
range, as constrained by comparison of model results with observations, 0.19 to 0.8 yr'l, corresponding to turnover time of

carbon in the LB of 1.2 to 5.3 yr, increasing with increasing Slp i
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4.4. Transfer coefficients between the atmosphere and obdurate terrestrial biosphere

Like Fj], Fao is taken as a power law in Sy, with the same exponent b,

b
Faong[S_a] (4.11)

pi
Sa
As a consequence

o =228y (@.12)
8,(0)
like kg, is temporally variable (as well as dependent on Slp " and b). An expression for Fa[z,i that exhibits the dependence of
this quantity on Slp ! and b is developed in Appendix A, Sect. A12, and shown in Fig. Alc. Like kg, ka0 is not directly used
in the model calculations, the more directly relevant quantity being Fao. However the magnitude of kgyq, Fig. 4c, is of
interest for scoping, estimation of time constants, and comparison, being at most 5 or 10 % of ka0; as this is such a minor
contribution to the flux from the atmosphere to the terrestrial biosphere, it is neglected in identifying preindustrial GPP with
the preindustrial flux to the LB. Also shown, in Fig. 4d, is the transfer coefficient kqa, evaluated as
— F, a%i —F (?rln

koa = Ti . (4.13)
Like kg, koa is temporally constant, but it is dependent on the parameters Slp " and b, further constrained by comparison of

model results with observations to the range 0.0016 to 0.0078 yr‘l.

4.5. Summary of transfer coefficients

The values of the several transfer coefficients are summarized in Table 2 and Fig. 5. Inspection of Fig. 5 would seem to
imply that representation of the dynamics of CO7 in the four compartments requires eight transfer coefficients: kam, kfp, »
kmd> kdm> kal» kla, kao, and koa. However the number of required independent parameters is readily diminished. First, by Eq
4.7, kmd, and kgm are each related to the piston velocity vp as kjj = vp/zj, thereby reducing the number of required
independent parameters by one. Second, the transfer coefficient from the ML to the AC, kf,,, is related by K[, , the
differential equilibrium constant introduced in Appendix A, Sect. A9 and evaluated in Appendix B, to the transfer

coefficient from the AC to the ML, kam, as kj,3 = Kmakam » (Eq 4.2), with further reduction of one independent parameter.
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As noted in Sect. 4.4, the transfer coefficients kq] and kzq are not explicitly used in the present model. However the growth
of GPP over the Anthropocene is treated as exhibiting a power law dependence on xcqp, by the fertilization exponent b, Eq.
3.1, which, for F&,P taken as 120 Pg yr'l, just replaces these parameters by the exponent b, which is treated as an
adjustable parameter, with further reduction of one independent parameter. Similarly, the transfer coefficient k15, which is
given as the quotient kj, = F(%P / SPi , with the preindustrial stock in the LB SP i , also treated as an adjustable parameter. The

transfer coefficient &gy is evaluated based on the requirement of PI steady state (Eq 4.12) and is thus not independent.

Thus in summary the independent parameters of the model are: kg, Vps S]p i, and b. Of these, two, vp and kam, can be
considered universal geophysical quantities, vp being the piston velocity characterizing exchange of matter and heat between
the ML and the DO, and kapy being a deposition velocity that is the same for all low- to moderate-solubility gases after
accounting for Henry's law solubility and a weak dependence on aqueous-phase diffusion coefficient. In contrast Slp i ,and b
are specific to the carbon system and not are tightly constrained by observations. Consequently these two parameters must be
considered and treated as variable parameters, with the sensitivity to their values examined by running the model initially

wide ranges that are narrowed by comparison of model output with observations.

In conclusion of this discussion of transfer coefficients it must be underscored that the transfer coefficients, which are
determined based solely on the PI and PD budgets of CO7 and thus derived from observations, are to be considered
properties of the biogeophysical system controlling the transfer of CO2 among the several compartments and, as such, to be
viewed as temporally constant over the Anthropocene. The exceptions to this are k3] and kyg, which are based on temporally
changing GPP but, in any event, not used explicitly in the calculations, and kg, the value of which is controlled by the
equilibria involving the changing amount of (total) dissolved CO2, with range indicated by the curly brackets in Table 2.
Thus the several transfer coefficients must be considered properties of Earth's biogeochemical system, albeit, because of lack

of observational constraint, uncertain by the ranges indicated by the square brackets in Table 2.

5. Characteristic times in the CO2 system

5.1. Residence time of CO2 molecules in the atmosphere

The turnover time of atmospheric CO2 calculated (Eq. 2.1) as the quotient of the atmospheric stock upon the total flux out
of the AC would imply an atmospheric residence time of ~ 3 yr for either PI or PD conditions. This short lifetime is the
residence time of individual CO) molecules in the atmosphere would characterize the rate of labeled molecules in the
absence of return flux, for example, the time constant characterizing the initial rate of decrease of atmospheric 14C02

resulting from a short-term emission from nuclear weapons testing prior to any substantial return flux (Appendix E).
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However this quantity is not relevant to the turnover time of excess CO? in the atmosphere, which, because of compensating

reverse flows, is much greater than the residence time of individual molecules.

5.2. Turnover time of excess atmospheric CO2

An initial observationally based estimate of the turnover time of excess atmospheric CO7 can be obtained as the ratio of the

685  stock to the net leaving flux,

ant
,L.to ,obs _ Sa

a =
Qant - ASa

where the leaving flux is evaluated as the difference between the anthropogenic emission rate and PD atmospheric growth

rate AS, . The resulting turnover time is 44 = 7 yr, where the uncertainty derives mainly from uncertainty in anthropogenic

emission rate. As this turnover time treats uptake into the ML and the LB as sinks, rather than as in rapid exchange with the

690 AC, it is expected to yield an underestimate of the turnover time pertinent to excess CO2, a concern that is borne out in

comparison of the several turnover times and adjustment times in Sect. 7.6.

5.3. Equilibration time between the AC and the ML

Knowledge of kam and Kj,, permits determination of the time constant 73y for relaxation of a perturbation in the amount

of CO7 in the AC (or in the ML). To good approximation the relaxation time constant coupling these two compartments is

_ —1
695  Tam = (kam +kina) " =L kam (1 K/na )]

with value Tam = 1.2 yr for preindustrial CO2 and about 0.7 yr at present (Appendix B). The uncertainty of £30 % attached

to the value of kam likewise attaches to Tam. Moreover, as K7, is inversely proportional to the depth taken for the ML, zpy,

and as the second term in Eq 5.2 is the dominant term, 7y is likewise approximately proportional to zp,. Despite the

uncertainty and arbitrariness attached to 7am, the value of this time constant leads to the conclusion that a perturbation in

700 atmospheric CO9, such as from the anthropogenic increment, equilibrates between the atmosphere and the ML on the time

scale of about a year. The near equilibrium state of the two compartments is consistent with the nearly equal values of the

forward and reverse fluxes, in both the preindustrial and present states, Fig. 2. Examination of the relation between Sy and

Sm in the output of model calculations confirms the close adherence to equilibrium between these stocks (Sect. 7.7).

Because of the greater value of the transfer coefficient from the ML to the atmosphere for radiocarbon k;:la than for ordinary

705 CO2 ki, , the corresponding time constant is likewise greater, decreasing slightly over the Anthropocene, from 5 to 4 years.
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5.4. Turnover time of excess CO3 in the atmosphere and the mixed layer together

As pointed out by Rodhe and Bjorkstrom (1979), because of rapid equilibration of CO2 between the atmosphere and the ML,

it useful to consider these compartments a single compartment. The turnover time of this compartment based on the

combined anthropogenic stock, and on the total net anthropogenic leaving flux is

sant 4 gant

to,obs _
710 Ty = pantnet | pantnet *
at md

By conservation of matter, the net flux leaving the combined AC-ML compartment, the sum of the net fluxes into the TB

and DO Fai?,fet+F;‘5{“et, is equal to the difference between annual anthropogenic emission and the sum of the annual

increments in the AC and ML stocks,

ant ant
Fat,nel + Fmd,nel = Ot — (ASa + ASm)

715 Because of near equilibrium between S and Sy, the annual increment in Smy, AS,,, is confidently calculated from aS,

(Appendix A, Sect. A9). Hence the turnover time of excess CO2 in the combined AC-ML compartment can be confidently

determined from observations as

ant ant
to,obs _ Sa + Sm

am Ount — (88, +45n)”

to,obs

from which 7T, =54 £ 10 yr, where the uncertainty (18 %) is dominated by uncertainty in the denominator, which in turn

720 arises from uncertainty in Qant and year-to-year variation in measured aS, (SI Text Sect. S5, Fig. S5.1). Importantly this

observationally determined turnover time is immune to uncertainty in vp or kam; it is likewise immune to uncertainty in the

apportionment of the flux into the TB between the LB and the OB. Here it must be recognized that such a turnover time can

remain constant only so long as the return flux from either sink compartment is small compared to the forward flux. The

t0,0bs t0,0bs

turnover time T,y is somewhat (32 %) greater than that determined for the AC only, 7, , Sect. 5.2, because of greater

725 numerator (the combined stocks in the AC+ML versus just the AC) and smaller denominator (subtracting the growth in the

two compartments instead of only out of the AC). However, as is he situation with T;O’Obs, the turnover time 7,

to,obs

an underestimate of the compared to other measures of the lifetime of excess CO2, because of neglect of the rapid exchange

with the LB, Sect. 7.6.
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5.5. Transfer times between the ocean mixed layer and the deep ocean

The inverses of kmd and kdm represent flushing times of the ML and DO compartments, 18 and 650 years, respectively,
both quantities uncertain to + 33 % from uncertainty in vp (in addition to arbitrariness in km( arising from choice of zpy).
These flushing times establish that transfer of material, and specifically, here, of DIC, from the ML to the DO takes place on
the decadal to centennial time scale, whereas transfer of material from the DO to the ML and ultimate equilibration of these
two compartments take place only on the multicentennial to millennial time scale. Thus to good approximation on the
century time scale, transfer of DIC from the ML to the DO can be considered an irreversible sink for anthropogenic CO3.

This conclusion has important implications in consideration of the lifetime of excess atmospheric CO7.

5.6 Turnover time of carbon in the terrestrial biosphere

The turnover time of carbon in the TB (Eq 2.1) has been calculated by previous investigators as the quotient of the stock in
the TB upon the leaving flux taken as GPP (e.g. Carvalhais et al., 2014; Yan et al., 2017) or NPP (e.g., Friend et al., 2013),
the global carbon stock 28075‘% Pg (Carvalhais et al., 2014; uncertainties converted to central 68 % confidence interval)
yielding 233'5 yr (Carvalhais et al., 2014). As explicitly stated by Carvalhais et al., this lifetime is a measure of the “mean
residence time of a carbon atom in terrestrial ecosystems from its initial fixation by photosynthesis until its respiratory
(including autotrophic respiration) or non-respiratory loss.” It is argued here that the residence time defined in this way is not
the appropriate residence time pertinent to the retention of excess carbon due to anthropogenic emissions by the terrestrial
biosphere. Rather, analogous to the turnover time of a CO2 molecule in the atmosphere, and as noted in Sect. 3.4, because of
the large and opposing fluxes, this residence time is much shorter than the time scale on which the stock of carbon in the TB

would decrease in response to a decrease in atmospheric CO2, the much more relevant time scale.

5.7 Time for labile biosphere to reach steady state with the atmosphere

Rather than considering the TB as a single compartment much insight is gained from considering the TB as two
compartments as in the present budget analysis. With respect to the LB as indicated in Fig. 2 there is a large two-way flux
between the LB and the atmosphere. This situation is analogous to the rapid exchange between the atmosphere and the ML
ocean and leads to definition of a time constant for establishing steady state (not equilibrium, as between the AC and the

ML) between these compartments,

T =(ka+hia) (5.6)
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which, for present conditions exhibits the range [1,3] yr. Such a short lifetime relative to changes in the carbon system
suggests that to good accuracy the LB may be considered to be in steady state with the atmosphere, a conclusion that is

borne out in the numerical modeling (Sect. 7.7).

5.8 Turnover time of carbon in the obdurate biosphere

In contrast to the LB, but much more like the DO, the OB exhibits a long residence time against return of carbon to the AC.
A measure of this lifetime is the quotient of the PI OB stock upon the sum of PI fluxes out of the OB, which at PI steady
state is equal to Fa%i + Fom » yielding a range [125, 525] yr for the turnover time T[t)o (Appendix A, Eq A43). Such a lifetime
suggests that the OB serves as a sink for carbon on the century time scale but that return from the OB to the AC would be

appreciable on the multicentennial time scale.

5.9. Turnover time of excess CO2 in the combined AC-LB-ML compartment

If exchanges between the AC and the LB and between the AC and the ML are sufficiently rapid, it is useful to consider these
three compartments a single compartment, with anthropogenic stock Siﬂh =s3" t +Sf nt +80 ' this assumption, examined
with the present model in Sect. 7.7, is indeed found to be quite accurate, supporting the utility of defining the turnover time

of this combined compartment for transfer into the long-lived compartments the DO and the OB as

to,0bs _ ng + Slam + Sg];t

Talm pantnet  pantnet ’ (5.7)
ao md

which may be evaluated as
gant | gantss , cant,ss

Tto,obs __“a 1 m 5.8

M 0 e — (A, +ASy +48))

1 what is denoted as a central estimate of this

For the best estimate of present anthropogenic emissions Qggt =112 Pg yr
turnover time at present is obtained for values of Slam and AS; corresponding to (Spi , b) = (400 Pg, 0.6); as seen in Fig. 3a
and b, this point in the (Spi, b) plane falls on contours of Sﬁgm 100 Pg and aS§; 1.8 Pg yr'1 that pass through the central
region of the quadrangle for which the model results are consistent with observations. The remaining quantities on the right
hand side of Eq 5.8 are narrowly constrained by observations and the steady state between the ML and the AC; pertinent
quantities are presented in the column in Table 3 denoted "Central." The resulting central estimate of the turnover time is
103 years. This central estimate can be bounded by two limiting cases, corresponding to low Sﬁgm and ASy, 25 Pg and 0.5

1 1 respectively, controlled mainly by the allowable

range of SPi , Fig. 3. These bounds yield turnover time 67 and 158 years, respectively; when uncertainty in Q.Eli , 1.1 Pg yr‘l,

Pg yr', respectively, and to high Slpgm and AS;, 140 Pg and 2.7 Pg yr~
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is taken into account the uncertainty range on PD turnover time in the combined AC-LB-ML compartment increases

appreciably, to [62, 191] years. This dependence of the turnover time T;?T’:l’bs on ngt highlights the importance of
uncertainty in emissions in determination of the lifetime of anthropogenic CO2 and more broadly in the budget of
anthropogenic CO2. This measure of the lifetime of excess CO? is compared with other measures of this lifetime in Sect.

7.6.

5.10. Observation-based rate of removal of excess CO2 from the AC and ML over the Anthropocene

Similarly to determination of the PD turnover time as the quotient of the PD stocks and fluxes, this approach can be extended
to the entire Anthropocene using measurements over this time of CO2 atmospheric mixing ratio from glacial ice cores
(Etheridge et al., 1996) and from contemporaneous measurements in air together with emissions determined by inventory
methods (SI Text Sect. S4; SI, Data table, sheet 4). Here, the measured values of S:m and aS, are augmented by ngl t and
S, , respectively, which are small (~10 %) relative to Sg" ' and aS, , with the result that any error in S;%t and aSy, from
this augmentation would be slight. The resulting plot of Q¢ —aS,,, over the Anthropocene, 1750-2016 as a function of
S:,?f is shown in Fig. 6 for (Spi , b) consistent with observations, Sect. 7. The observation-based removal rate of excess CO
from the AC and ML compartments obtained in this way adheres closely to a linear dependence on the amount of excess
CO3 in these compartments throughout the Anthropocene. Further, as shown by the dashed black line forced through the
origin and having slope 0.0184 yr'1 corresponding to TXJM = 54.3 yr determined for year 2016 (Sect. 5.4), this linear
dependence provides a good match to the observations for the entire Anthropocene up to the present time, indicative of the

constancy of the governing processes over this period.

6. Model for CO2 budget over the Anthropocene

The overview of the CO2 budget (Sect. 3, Fig. 2) and the transfer coefficients adduced in Sect. 4 provide the framework
required for modeling the evolution of CO2 in the several compartments over the Anthropocene and future evolution in
response to hypothetical changes in future emissions, including abrupt cessation, which permits determination of the

adjustment time. This model, a quite minimalist model, is developed in this section.

6.1. Full model

As indicated in Fig. 6, the model presented here represents the stocks of COp (or carbon) in five compartments, the
atmosphere, the mixed-layer ocean, the deep ocean, the labile biosphere, and the obdurate biosphere, and thus requires five

equations representing changes in the stocks in those compartments. It should be underscored that a model such as this has
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numerous antecedents in the early literature examining the carbon cycle, importantly Craig (1957), Bolin and Eriksson
(1959), and Bacastow and Keeling (1973), and more recently Gloor et al. (2010), Raupach (2013), Raupach et al. (2014), and
Graven (2015). Such simple models have largely been supplanted by a suite of CC models with yet many more parameters.

Here the parameters are limited as much as possible to quantities that are constrained by observation.

The rates of change of the stocks of CO7 (or DIC or terrestrial carbon) in each of the five compartments are represented by a
set of coupled ordinary differential equations (ODEs) with the transfer rates being expressed in terms of the stocks S; and the

transfer coefficients from compartment i to compartment j, k;;,

b b
ds, , i |S i| S
d_ta:fo(t)+Qlu(t)_kam(Sa_qu)+kma(sm)(sm_Sgﬂ)_F(gi’P[S_;i] +klaS1_FapOl[S_;i] +koaSo 6.1
a a
ds , i
= o (5, - 589) = kg (sm)(sm — 5% ) — kS + kamSa + Fh = Foe (62)
ds
d_td =kmaSm — kdmSa + ch (63)
ds s,V
o
= F&pp [S—;j — kSt - (6.4)
a
ds s,V
= FP[S—p] ~koaSo = Fom = O (1) 6.5)
a

Equation 6.1 may be seen as an expression of conservation of carbon stock in the entire system, the growth in the AC being
the difference between emissions and net rates of transfer between the AC and the several other compartments. The terms
Off(t) and Qqy(?) in denote anthropogenic emissions into the AC of CO7 from fossil fuel combustion and other industrial
activities and from net emissions into the AC from land use change, respectively (Appendix A, Sect. A7); emissions from
land use change also diminish the stock in the OB, Eq 6.5. Reduction of the stock in the OB by net LUC emissions, and
resultant decrease in Fa, would seem to be essential, although as noted by Friedlingstein et al. (2006) changes in the
physical and biogeochemical properties of vegetation as a consequence of LUC emissions have generally been neglected in

carbon cycle models, at least as of the time of that study.

The several transfer coefficients are as developed in Sect. 4. The rates of transfer between the AC and the ML in Eqs 6.1
and 6.2 are evaluated in terms of the departure of the actual stock S; and the stock Sl-e 9 that would be in equilibrium between

the two phases for the time-dependent sum of the two stocks S; + Sm using the equilibrium volatility constant
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Kna =Se3/Spl (Seet. 4.1, SI Sect. 3) and the differential equilibrium constant K, =(dS, / dSy, )eq},7 both obtained here
using the program CO2SYS (Lewis and Wallace 1998; see SI Sect. S2, S3). The term F&IDP (Sa /Sgi) in Eqs 6.1 and 6.4
represents GPP, as a power law dependence on Sy with exponent b, treated as an adjustable parameter ranging from 0 to 1.3
are taken from observational and modeling studies examined in Appendix C; that range is subsequently reduced by
comparison of model results with observations, Sect. 7. The term Fafz,i (Sa /8P i)b in Eqs 6.1 and 6.5 contains the factor Fapoi R
the preindustrial flux from the AC to the OB, which is evaluated for specific Slp ' and b using the expression developed in
Appendix A, Sect. A13 and is presented in Fig. Al; the term also includes the factor (Sa1 /S}fi)b as with the corresponding
terms for transfer between the AC and the LB. Included in Eqs. 6.2 and 6.4 is the preindustrial riverine flux, F(?rln , from the
OB to the ML and back to the AC and thence to the OB, a net-zero cycle of magnitude 0.6 Pg yr'l, which is responsible for
the difference between Faﬁ’i and thi and for the slight disequilibrium between the ML and the AC prior to the anthropogenic
perturbation (Sect. 2, Fig. 2; Appendix A, Sect. A2). The term FpC in Eqs 6.2 and 6.3 denotes the gravitational flux of
particulate carbon from the ML to the DO, taken as 5.6 Pg yr'l, that gives rise to the preindustrial disequilibrium between

these two compartments (Sect. 2, Fig. 2; Appendix A, Sect. AS).

Because of nonlinearities introduced by the F31 and Fpq fluxes and the transfer from the ML to the AC, the set of equations
must be solved numerically rather than analytically; the nonlinearities are readily dealt with by numerical ODE solvers. The
set of equations can be considered a five-compartment closed system, but because of conservation of matter within the five
compartments, the dynamics of the system is fully represented by the equations in the stocks of the AC, the ML, the DO, and
the LB, with the stock in the OB obtained by difference, and hence it is equivalent to a four-compartment open system. The

model exhibits quite low drift, with changes in stocks < 0.05 Pg over a 1000 year run with zero emissions.

As reported in Sect. 7 the set of coupled ODEs (Eq 6.1-6.5) was solved for historical emissions of CO7 as a function of time
over the Anthropocene (1750-2016) with results compared with observations. The initial conditions are the preindustrial
conditions taken nominally for year 1750 as specified in Sect. 3. The total initial stock in the TB was taken as 2800 Pg; the
initial stock in the LB was treated as an adjustable parameter SP i, with the initial stock in the OB the complement. The
model was also run for hypothetical abrupt cessation of emissions commencing in 2017 to permit determination of

adjustment times.

6.2. Model for radiocarbon

A model for radiocarbon is developed in Appendix E. This model is essentially the same as that for ordinary carbon,
differing principally in representation of exchange of 14C02 between the atmosphere and the ML. As the temporal pattern

of anthropogenic emissions of radiocarbon differs greatly from that for ordinary carbon because of the large pulse of
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emissions due to atmospheric weapons testing in the 1950's and early 1960's, comparison of model response to observations

for radiocarbon, Sect. 7.3, affords a stringent test of the model.

6.3. Equilibrium-steady-state (ESS) model

The short time constants (Sect. 5.3, Sect. 5.7) for establishing equilibrium between the stocks in the atmosphere and the ML
and for establishing steady state between the stocks in the atmosphere and the LB suggest that it should be possible to
accurately model the system under the assumption of equilibrium and steady state, respectively. This would reduce the
number of compartments that need to be actively represented in the solution of the ODEs, although that is hardly a problem
from a numerical perspective. Rather, demonstration of near equilibrium and steady state for the ML and the LB,
respectively would lend insight into the dynamics of the global carbon system. As noted in Sect. 5.9 the assumption that the
three compartments are tightly coupled leads to evaluation of the turnover time of excess CO? as the ratio of the sum of the
anthropogenic stocks in the three compartments upon the flux leaving these three compartments into the DO and the OB,
which have much greater time constants. The differential equations leading to the ESS model are developed in Appendix D;
comparison of the results from application of the model with the results from the full model in Sect. 7.7 confirms the
accuracy of the ESS model thereby further justifying treatment of the three compartments as a single compartment for the

purpose of inferring the turnover time and more broadly for interpreting the dynamics of CO? in the biogeosphere.

7. Application of the model

7.1. Application of the model over the Anthropocene

The set of equations Eq 6.1-5 was solved numerically for the time period 1740 to 2739 with the transport coefficients
calculated from measured preindustrial and present day stocks and PD rate of annual increase in Sy stock S, ; anthropogenic
CO2 emissions (both fossil fuel and land-use) were ceased abruptly commencing in 2017 to examine the response of stocks
in the several compartments. Because of lack of observational constraint on the two adjustable parameters Slp ! and b, these
parameters were initially varied over the range Slpi =1, 100, ..., 1000] Pg and » = [0.01, 0,1, ..., 1.3]. Calculations were not
carried out for values of ( Spi, b) for which the rate of uptake by the combined LB and OB exceeded the rate of total uptake
by the total TB as determined as total emissions minus growth rate in the AC, ML and DO compartments. Calculations were
initiated with the preindustrial values of stocks given in Fig. 2. Historical anthropogenic emissions from 1750 to 2016 were
modified from Le Quéré et al. (2018a) by assumption of a linear rate of increase in LUC emissions from 1750 to 1850; the

emissions data are shown in Fig. S4.1 (SI Text Sect. S4 and are tabulated in SI, Data table, sheet 3.

The model developed here readily permits examination of the anthropogenic stocks and fluxes (evaluated as the differences

relative to preindustrial) as a function of time for a specified pair of parameters Slp " and b and for specified emissions. The
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disposition of emitted CO2 among the several compartments is shown in Fig. 7a over the historical period and following
hypothetical abrupt cessation of emissions for Slpi = 400 Pg and b = 0.6. During the historical period, as expected, the
anthropogenic stocks in all the compartments (except for the OB) increase with time, as driven by anthropogenic emissions;
the changes in the stocks in the several compartments following abrupt cessation of emissions are examined in Sect. 7.5. The
anthropogenic stock in the OB is the algebraic sum of uptake due to transfer between the AC to the OB (positive) and LUC
emissions (negative). In the present model the stock in the obdurate biosphere decreases throughout the Anthropocene
roughly to the present time, although, as shown in Fig. 7a and more explicitly from the derivative of the stock shown in Fig.
7b, the stock in the OB has reached a minimum and is increasing slightly at present. This is a consequence of increased
uptake from the AC to the OB that results from increased stock in the AC; the timing of this minimum depends somewhat on
the parameters Slp "and b. As required by conservation of matter the sum of the anthropogenic stocks in the several
compartments plus the integrated LU emissions is equal to the integral of total emissions. Likewise the sum of the stocks in
the several compartments is equal to the total FF emissions (including cement manufacture). During the historical period
excess CO3 is present mainly the atmosphere followed by the OB, the DO, and the TB; uptake by the OB (not counting the
decrease in OB stock due to LUC emissions), also shown in Fig. 7a, is a substantial fraction of the total. Increases in the
stocks in the ML and the LB mirror that in the atmosphere, but at lower magnitude. Attention is called to the stock in the AC
exceeding integrated FF emissions, Q?Pt , until about 1968, a situation that was recognized as early as 1989 (Keeling et al.,
1989); again the exact crossing point depends slightly on model parameters. This exceedance is due to the relatively large
contribution from LU emissions, the annual LU emissions exceeding FF emissions until about 1950, and the integrated LU

emissions exceeding integrated FF emissions until about 1985 (SI Text, Sect. 4).

Further insight is gained from examination of the fluxes and rates of change in the several stocks shown in Fig. 7b and Fig.
7c; fluctuations in the rates of change in S3 and Sy (Fig. 7b) are due mainly to year-to-year variation in the emissions
employed in the calculation (SI Text Sect. S4, Fig. S4.1). The two components of the negative rate of change shown for Sy,
net transfer from the AC and the rate of LUC emissions are shown separately in Fig. 7¢, which has the same vertical scale as
Fig. 7b. As the rate of transfer from the OB to the AC F(fglt is small, the net rate of transfer Fazg"’"et closely matches the

gross flux Fa%,“‘, both of which are positive throughout the Anthropocene.

7.2. Comparison with observed CO2 mixing ratio over the Anthropocene

Modeled mixing ratios of atmospheric CO2 over the Anthropocene and subsequent to abrupt cessation of emissions are
shown Fig. 8 for a wide range of parameter values (S, b), along with observed mixing ratio from Antarctic glacial ice

cores and from contemporaneous measurements of CO2 in air. All model variants reproduce the increase in atmospheric

CO27 observed over the Anthropocene and likewise exhibit substantial decrease in atmospheric CO2 subsequent to cessation.
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However within the parameter space examined there are considerable differences in detail. In particular several model
variants exhibit the increase in atmospheric CO that is much delayed relative to observations, as shown by the inset
centered about year 1925; comparison with observations in this time frame, with the criterion that xco(1925) be not less
than 300 ppm, permits several model variants to be excluded. The second inset, centered about 2017, similarly compares
model results with present-day CO2 xc02(2017), a synthesis of multiple contemporaneous measurements as presented by Le
Quéré et al., (2018a,b), showing that several model variants substantially exceed observations, likewise allowing exclusion
of variants for which modeled xc»(2017) exceeds 410 ppm. All model variants result in substantial recovery of atmospheric
CO7 subsequent to cessation of emissions but on time scales that vary substantially as indicated in the main figure and as
examined more systematically examined in Sect. 7.6. The dependences of the modeled values of these two observable
quantities xc02(1925) and xcp2(2017), on the parameters (Spi , b) shown in Fig. 9a permit identification of the subset
of (S pi, b) space that is consistent with the observations as the light blue region between the two bolded contours in the

figure. These constraints greatly limit the range of ( SP', b) that, within the present model, is consistent with observations.

7.3. Application of the model to radiocarbon and additional observational constraints

Because transfer of radiocarbon in the environment is controlled by the same processes and essentially the same transfer
coefficients as ordinary carbon (except for k:na; Sect. 4.2), the present model must accurately describe the evolution of
radiocarbon over the nuclear era and more broadly over the Anthropocene. Radiocarbon provides a further stringent test of
the model, and constraint of model parameters, for several reasons. Most importantly in contrast to ordinary carbon,
emissions of which increased gradually and more or less monotonically over the Anthropocene, radiocarbon emissions were
sharply peaked in the late 1950's and early 1960's, a consequence of atmospheric weapons testing and subsequent nearly
complete cessation of such tests immediately following the test ban treaty, Fig. E1. This abrupt cessation of emissions serves
as a stringent test of the ability of the present model or any model to represent the decrease in atmospheric CO2 that would
follow hypothetical cessation of emissions of ordinary carbon necessary to determine adjustment time of excess atmospheric
COy. Further, as developed here comparison of modeled and observed radiocarbon provides additional constraints on the
model parameters b and Slp i; details of the model calculations including emissions are reported in Appendix E. Model
results and observations for atmospheric and oceanic 14¢ stocks are compared in Fig. 10 for several pairs of (SP i, b).
Modeled anthropogenic 14C stocks, Fig. 10a, denote changes relative to 1750; the decrease in the stock in the obdurate
biosphere is due to LUC emissions. Atmospheric 14C02 abundance was determined by analysis of dendrochronologically
dated tree rings and by direct measurement. Oceanic 14C02 was determined by ocean surveys. Radiocarbon abundances in
the several compartments are represented in the model as stock in units of 1026 atoms, as is conventional in the oceanic

geochemistry literature. In contrast atmospheric abundance of 14C02 is most commonly reported as A14C, the difference in
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l4c/12¢ isotope ratio from that of a standard, corrected for fractionation by reference to the isotope ratio of 3¢ (Stuiver
and Polach, 1977). Reported Al4C values of atmospheric CO7 are converted to stocks according to Levin et al., (2010) as
described in Appendix E.

Several points in the comparisons with observations should be noted. First the several variants of the present model for
different values of parameters Slp " and b all closely reproduce the observed gradual increase in atmospheric 14C02 over the
pre-bomb Anthropocene (1750-1950), Fig. 10b. All model variants also closely reproduce the observed rapid increase in
14C02 that is due to emissions from atmospheric weapons testing. However, for model variants corresponding to low values
of Spi, the modeled increase substantially exceeds the observations, Fig. 10b; this is attributed to the inability of the LB to
sufficiently draw down the emitted 14C02 with such a low stock in this compartment. These comparisons thus provide a

further constraint on (Slpi , b), shown in Fig. 9b by the bold contour at 730 x 1026 atoms.

All model variants likewise exhibit a decrease in atmospheric 14C02 subsequent to the maximum, reaching a plateau or
minimum around year 2005, as seen also in observations (Graven et al., 2017, Figure 12C) and in modeling (Graven, 2015,
Figure S1); the rates of decrease and value of subsequent plateau or minimum at around year 2010 vary with the choice of
parameters, although none of the model variants yields an exact match to observations. The observations and several of the
model variants show a slow increase subsequent to about year 2005; this increase is attributed mainly to increase in ordinary

CO» that drives radiocarbon from the ocean to the atmosphere.

The present model results for oceanic radiocarbon (sum of ML and DO) are compared in Fig. 10¢ with observations and
with previous model calculations. The comparisons at year 1994 show that variants of the present model with (Spi, b) (700,
0.4) and (900, 0.4) result in modeled oceanic radiocarbon that is less than, to well less than, the lower bound to the ocean
inventory, 300 x 1026 atoms, thereby excluding such values of Slp " These comparisons, shown also in Fig. 95 further
constrain the range of model variants that are consistent with observations. The present model results also compare well with
previous models, Fig. 10c. The several comparisons allow identification of the region of (Slp i , b) space that is consistent

with observations, shown by the light red quadrangle in Fig. 10c and d.

In summary, the application of the present model to radiocarbon, based on well understood equilibria and transfer kinetics,
and with transfer coefficients constrained by observations of ordinary carbon, accurately reproduces available measurements
of radiocarbon in the several compartments and adds further constraints on the parameters Slp " and b. This examination of

radiocarbon lends further confidence in application of the parent model to ordinary CO>.
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7.4. Dependence of other modeled quantities on adjustable parameters

The several constraints resulting from observational comparisons result in substantial limitation of the allowable range of
values of (Spi, b) from the initially examined range Slpi = [0 Pg, 1000 Pg]; b = [0, 1.3]. The resulting allowable range of
(Slp i , b) pairs is shown by the region demarcated by the light red quadrilateral in Fig. 94, the intersection of the regions in
(Slp i, b) space that are consistent with observations within the present modeling framework. Although these constraints
considerably limit the values of these parameters, considerable latitude remains in these parameters and in quantities that are

dependent on them. These dependences are examined here.

The bounds on the fertilization exponent 0.4 < b < 0.9 set bounds on the increase in GPP over the Anthropocene. For GPP
related to CO) mixing ratio by Eq 3.1, for » = 0.9 the PD increase of Sy relative to its PI value in Fig. 2 would yield an
increase in GPP of 40 % i.e., from 120 Pg yr'1 to 168 Pg yr'l, Such a value would place PD GPP toward the high end of the
range of modeling and observational studies summarized in Appendix C (Fig. C1). In contrast the lower bound on b, about
0.4, would result in an increase in GPP of only 16 % above PI, i.e., from 120 Pg yr‘1 to 139 Pg yr'l. Within the present
model the range in b consistent with observational constraints is thus consistent with an increase in GPP over the
Anthropocene ranging from 19 to 55 Pg yr'l, a rather large range that would seem capable of being more tightly constrained

by observations.

As noted in Sect. 4 in conjunction with Fig. 4, the transfer coefficients describing fluxes of carbon between the atmosphere
and the two terrestrial biosphere compartments exhibit dependence on assumed values of Slp " and b the ranges of which are
substantially limited by the observational constraints on the range of ( Slp i , b). The resulting limitations in range are shown
by superposition of the light red quadrilateral in ( SP i , b) space shown in Fig. 9d onto the contour diagrams for the several

transfer coefficients; similarly also onto contours for Slp gm and dSlp 4/ dr , Fig. 3.

7.5. Response of stocks and fluxes to hypothetical abrupt cessation of emissions

As noted in Sect. 7.1, in addition to the model runs over the Anthropocene using historical emissions, an abrupt cessation
experiment was carried out in which anthropogenic emissions were set to zero commencing in 2017, yielding stocks of
carbon in the several compartments as if emissions had ceased subsequent to that year. Results presented in Fig. 7a for the
example (Slp i , b) = (400 Pg, 0.6) show peaks in modeled stocks in the AC, LB, and ML at (or within a year or two of)
cessation of emissions. Subsequent to cessation the anthropogenic stocks in these compartments all decrease; the time period
shown, nearly 200 years following cessation, encompasses that over which atmospheric CO2 would decrease substantially
toward its preindustrial value, the time period of principal interest in this study. For this particular set of parameters the
anthropogenic stock of atmospheric CO) decreases to 1/e of its value at the time of cessation in 115 years. In contrast the

stocks in the DO and the OB continue to increase, thus exhibiting continued removal of carbon from the AC, ML and LB.
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The peaks in the stocks in these three compartments are followed by decreases over the next 200 years or so as CO?2 is
transferred into the DO and the OB, which are sink compartments on this time scale, the total anthropogenic carbon
remaining constant. Over this time period atmospheric CO) recovers substantially toward its preindustrial value, establishing

that it is this time period that is pertinent to the lifetime of excess CO?2, as set out in the Introduction.

The rates of change of the several stocks dS;/dt subsequent to cessation differ qualitatively, Fig. 7b. The abrupt decreases
and change in sign from positive to negative in the rates of change of Sy, S|, and Sy shown in Fig. 7b show that the stocks in
these compartments begin to decrease immediately upon cessation of emissions. The rate of change the stock in the AC
6(dS, /dt) exhibits a step-function change of sign, going from positive to negative, as it is no longer driven by emissions,
which, prior to cessation, exceeds loss by transport into other compartments. The magnitude of the decrease in dS,/dt at the
time of cessation, 6(dS, /dt), is roughly equal to the present rate of anthropogenic emissions, about 10 Pg yr'1 (Fig. 2);
after cessation the rate of change in Sy consists only of the transport terms. The rates of change of the stocks of the ML and
the LB exhibit similar step-function change of sign, as these changes are driven mainly by the annual change in the
atmospheric stock, now negative rather than positive. The magnitude of decrease in dSy,/dt, 6(dS,, /dt) , is roughly equal to
(Kr'ml)_1 6(dS, /dr), Eq 4.3; for (K;ml)_1 about 0.1 at present, Table 2, 6(dSy,/dt) is about 1 Pg yr'l. Similar

considerations apply to 8(dS) / dt) , but with magnitude depending on the parameters Slp " and b.

In contrast to the AC, ML, and LB, the sink compartments DO and OB continue to exhibit positive rate of increase after
cessation of emissions, and the rates of net transfer into the two sink compartments the DO, F;Iét’net =dSy/dt, and the OB,
Faaé't’net =dS, /dt—Qyyc , (Fig. 7b) are initially unchanged, Fig. 7c. (The abrupt increase in dS, /dt at year 2017 is due to
cessation of LUC emissions, after which time dS,, / dt coincides with F;glt’net .) The net fluxes into these compartments are
driven by the differences between the stocks in the AC or ML and the respective sink compartments, which do not
immediately change at the time of cessation. Over time as the stock in the AC and ML decrease, all derivatives approach
zero as the system approaches a new steady state, with the integrated emissions being apportioned to the several
compartments as indicated at year 2200 in Fig. 7a. Importantly, for values of these parameters consistent with observational
constraints, the excess atmospheric CO2 due to anthropogenic emissions decreases greatly following cessation of emissions,
with the long-term value of xcop at 300 years after cessation ranging from 297 to 307 ppm (Fig. 11a) or 15 to 23 % of the
increment in atmospheric stock at the time of cessation, demonstrating the substantial reduction in xcg, following cessation
that is a premise of the definition of adjustment time. The long-term evolution of atmospheric CO2 is further examined in

Sect. 7.9
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7.6. Turnover times and adjustment times of excess CO2

As noted in conjunction with Eq 2.2 the turnover time of a substance in a reservoir can be evaluated as a function of time as
the quotient of the pertinent stock upon the leaving flux. For CO in the biogeosphere identification of pertinent stock or
stocks and leaving flux or fluxes is not immediate because of exchanges between reservoirs. If these exchanges are rapid,
then it is useful to consider the stocks in the pertinent compartment(s) as a single stock in the numerator, and the sum of the
leaving fluxes from that joint compartment as the denominator. As suggested by comparison of the time constants for
establishing equilibrium between the ML and the AC (about a year, Sect. 5.3) and for establishing steady state between the
LB and the AC (1-3 yr, Sect. 5.7) with the present-day observationally determined turnover time of CO? in the three
compartments taken together (54 — 114 years, Sect. 5.9), it seems useful to consider these three compartment as a single
stock for purpose of evaluating the turnover time from the model results. This assumption is confirmed by the close

agreement between the ESS model and the full model, Sect. 7.7.

The several turnover times and adjustment times defined in Sect. 2 are compared in Fig. 12a using the model results prior
and subsequent to cessation of anthropogenic emissions, again for the example of(Spi , b) = (400 Pg, 0.6). As noted in Sect.
2, turnover times can be evaluated at all times from the budget or from a model, whereas the several adjustment times can be
evaluated only in the absence of anthropogenic emissions, requiring a numerical model (or actual cessation of anthropogenic
emissions). Several points should be noted in comparing these lifetimes. For the parameter values of the example, prior to
cessation of emissions the instantaneous turnover time for the atmospheric stock ‘L'Ztlo is about 45 years, that for the combined
AC-ML compartment T;(])m is about 54 years, and that for the AC, LB, and ML combined T;(fm is about 112 years. The PD
values from the model agree closely with those determined from the PD budget, shown by the filled markers in the figure;
such agreement at present is expected because the model parameters are obtained from the observed budget. At the time of
cessation of emissions thio and T;?m rapidly increase to essentially the same value as T;(fm ; in contrast T;(fm remains
unchanged. The reason for the increases in T;o and ‘L';(fm is that the net leaving fluxes from the AC to the LB and the ML are
quickly diminished upon cessation of emissions, Fig. 7b, which, with S3 and Sy, initially remaining constant, results in the
rapid increases in T;O and ‘L';(fm . Such a change in turnover time upon the change in emissions is indicative that the turnover
time so defined is not an intrinsic property of the system. In contrast, the turnover time T;(fm being unchanged upon
cessation of emissions is indicative that this quantity is intrinsic to the system as opposed to being dependent on the rate of
anthropogenic emissions. The reason for the constancy of T;(l)m across the cessation is likewise readily understood from the
stocks, Fig. 7a, and the leaving fluxes, Fr?lgl’nel =dSq/dt, Fig. b, and Fa‘g“’“e‘, Fig. 7¢, both being continuous across the

cessation.

After cessation the turnover times for the AC T;O and for the combined AC-ML compartment T}fr’n rapidly approach that for

the combined AC-ML-LB compartment. This is also readily understood. Because the time constants for establishing
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equilibrium and steady state among these compartments are short, the stocks are all proportional to each other and the
leaving fluxes are proportional to the individual stocks, Sect. 7.7. Hence the ratio of stock to leaving flux is the same for the
AC and for the combined AC, ML, and LB compartment. The agreement of the three turnover times subsequent to cessation
is further confirmation of the utility of treating the three compartments as a single compartment for the purpose of evaluating
the turnover time at all times. Additionally, the three turnover times coincide also with the instantaneous adjustment times
subsequent to cessation. Of course the ambiguity associated with the choice of turnover time does not attach to the
definitions of the adjustment times. However the agreement of T;?m with the adjustment times ngj and 121‘21 in the model
calculations, once again demonstrates the necessity of treating the three compartments together in evaluating the turnover
time from observational data. The agreement of the lifetimes determined by the several approaches before and after cessation
of emissions confirms that the lifetime of excess COp so determined being due to the workings of the controlling

geophysical processes and not an artifact that is due to the temporal profile of anthropogenic emissions.

Subsequent to cessation of emissions, the atmospheric stock of CO2 decreases as shown in Fig. 8« and in Fig. 124, again for
the example (SlID i , b) = (400 Pg, 0.6). As the net leaving fluxes diminish more rapidly than the excess stocks, the
instantaneous turnover time and the instantaneous adjustment time, which are temporally local measures of the normalized
removal rate, increase, substantially, Fig. 12a, over the time period over which the stocks decrease, from about 110 years at
the time of cessation, for this example, to about 225 years in year 2200, by which time anthropogenic atmospheric CO? has
decreased to about 25 % of its value at the time of cessation. In contrast, the increases are much less in the several
adjustment times that are evaluated over a time horizon extending from the time of cessation to a given time of interest: the
time-average adjustment time %t-avg (Eq 2.4); the amount-weighted average adjustment time (Eq 2.5); and the equivalent
1/e lifetime 7g, (Eq 2.6) shown as a function of time horizon in Fig. 12a, all three of which agree closely. For the example

examined here, the amount-weighted average adjustment time 7a-avg at year 2200, has increased only to 128 years.

Also shown in Fig. 124 is a fit of a decaying exponential function, with zero baseline, to the fraction of excess atmospheric
CO7 at the time of cessation remaining as a function of time subsequent to cessation; the fit was carried out for the initial
100 years subsequent to cessation with annual points equally weighted. The fit closely matches the modeled profile, over the
indicated time period, during which, for this example, CO7 has decreased to 40 % of its value at the time of cessation. The
resultant time constant for this example 7copFit is 105 yr, in close agreement with the other measures of the adjustment time.
In sum multiple measures of the lifetime — the turnover time for the combined AC-LB-ML stocks, and the several definitions

of the adjustment time — all yield values for the lifetime that agree closely, which, for the example examined, is about 110 yr.

The dependence of 7t-avg, Ta-avg, and 7g on the fraction of excess CO2 present at the time of cessation that remains in the

system, Fig. 12b, shows the near equality of these several measures of adjustment time until this fraction plateaus out at the
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long time value, about 16 %; see also Sect. 7.9. Also shown, top axis, is the time since cessation of emissions corresponding
to the fractional decrease of excess atmospheric CO2 on the bottom axis. Throughout the period of time over which CO2
recovers substantially to its preindustrial value these three measures of adjustment time increase only slowly, until finally

abruptly increasing as the plateau is reached.

The same examination of multiple measures of lifetime was carried out for parameter values Slpi ranging from 0 to 1000 Pg
at intervals of 100 Pg, and b, ranging from 0 to 1.3 at intervals of 0.1; the results for the multiple measures of the lifetime are
shown in Fig. 11b-d. Fig. 11b presents the PD turnover time for the combined AC-LB-ML compartment, ‘L';(l)m evaluated
algebraically as in Sect. 5.9 for observationally constrained uptake extent and rate in the AC and the ML and for Sla P4 and
dSla P gt calculated as a function of parameters Slp " and b. This turnover time compares well with two measures of
adjustment time, the time constant obtained by fit to decay curves of for atmospheric CO) over the first 100 years after
cessation of emissions Tgbz and the equivalent 1/e lifetime evaluated at 100 years after cessation 7g(100 yr). The close
agreement of these several measures of lifetime throughout the observationally constrained ranges of Slp " and b provide yet
enhanced confidence to the lifetime determined in any of these ways as an accurate measure of the time scale over which, in
the absence of anthropogenic emissions, atmospheric CO2 would recover to its preindustrial value. The range of decay
curves consistent with observationally constrained range of ( S]p i , b), with time constants 70 to 140 years (Fig. 11¢), is shown
also by the central value and the limits of the light red band in Fig. 1a. Plotted there on a semilogarithmic scale, these decay
curves exhibit slight upward curvature over the 100 year time period examined, consistent with slight increase with time
subsequent to cessation of the instantaneous adjustment time (inverse of local slope, apart from a factor of In 10). The three
profiles shown, and more generally all the profiles within the indicated range, exhibit near exponential decay during the time

over which atmospheric CO7 recovers substantially to its preindustrial value.

7.7. Accuracy of equilibrium—steady-state (ESS) assumption

The accuracy of the assumptions of equilibrium between and atmosphere and the ML and of steady state between the
atmosphere and the LB the ESS model (Sect. 6.3, Appendix D) was examined by running the ESS model for the same
conditions as the full model. In brief, as shown in Fig. 13a-e for a particular pair of Slp " and b, these assumptions are quite
accurate. Specifically, the several panels show the anthropogenic stocks (difference between modeled stock and preindustrial
value) in the several compartments as evaluated by the exact model (Eqs 6.1 - 6.5) and by the ESS model (Eqs 6.3, 6.5,
D10) for Sq, So, and Sy, respectively, together with algebraic expressions (Eqs D2, D5) for Sy and S], respectively.
Demonstrating the accuracy this model with a reduced set of differential equations is of little importance in terms of

improving the capability of solving the system of ODEs. Rather, its importance is in establishing the utility of considering
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the three compartments, the AC, LB, and ML as a single compartment in which the amount of carbon rises or falls together,
for the purpose of defining a turnover time pertinent to excess CO7. The turnover time for the stock in this combined
compartment defined under this assumption by Eq 5.4 and evaluated from observations in Sect. 5.9 was compared in Sect.
7.6 with the turnover time evaluated from the model results and with several measures of the adjustment time of excess CO2
defined in Sect. 2. Figure 13f compares the anthropogenic stocks in the AC, S3; ML, Spy; and LB, S]; each normalized to its
value at the time of cessation of emissions. The close agreement of the three curves demonstrates the proportionality of the
several compartments. Hence the several adjustment times pertinent to these reservoirs or combined reservoirs are essentially

identical, as shown in Fig. 12a.

7.8. Comparison with results from carbon-cycle models and with observations

The results obtained with the present model are compared to those from studies with carbon cycle models of various
complexity and with observations over the past 150 years (Fig. 14), and over the past 60 years (Fig. 15), for which
contemporaneous in-situ measurements of atmospheric CO7 are available. In these figures results from the present model are
shown for three values of the parameter pairs (Slpi , b), specifically (400 Pg, 0.6), (600 Pg, 0.5), and (200 Pg, 0.6), spanning
the range of values consistent with observations, Fig. 9. As seen in the several panels of Fig. 14 and Fig. 15, the modeled
quantities are virtually insensitive to the parameters within the indicated range and hardly distinguishable on the scales of the
figures. The present results for atmospheric CO2 mixing ratio, Fig. 14a, exhibit substantially better agreement with
measurements than most of the models shown. With respect to the several fluxes, the present model results are broadly
consistent, in magnitude and slope, with those obtained with CC models. Perhaps the most striking difference is that the
present results exhibit less, to substantially less, interannual fluctuation than individual CC models and, for net flux to the
terrestrial biosphere, than the multi-model mean (Fig. 15b); these fluctuations result from year-to-year variation in the
meteorological and other processes governing these fluxes on short time scales being represented in the CC models but not

in the present model.

In the early years of the run the present model shows significantly greater net atmosphere-to-ocean flux than the CC models
(Fig. 14b). This is attributed to the CMIP protocol initiating the runs from a prescribed steady state at 1850 and reckoning
anthropogenic uptake relative to the flux at that time. The greater flux in the present model results is attributed to the
increase in CO) between the start of the present model run, 1750, and 1850 (consistent with measurements, Fig. 8a) that
gives rise to a net anthropogenic flux into the ocean, with magnitude in 1850, 0.16 Pg yr'l, essentially the same as the

difference between the flux calculated with present model and the mean of the CMIP models.

The net anthropogenic flux from the atmosphere to the ocean (ML + DO) determined with the present model is compared

also to several measurement-based determinations in Fig. 15a. Here it is noted, as pointed out, for example, by Gruber et al.
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(2009), that inferring the anthropogenic flux from the net atmosphere-ocean flux (as determined from fluxes calculated as the
spatial and temporal integral of the product of the local windspeed-driven transfer coefficient times the local partial pressure
difference between atmospheric and dissolved CO?2) requires augmenting the measured net flux by an amount equal to the
riverine flux into the ocean that gives rise to a flux from ocean to atmosphere; this riverine flux is assumed to be equal to the
preindustrial value (taken as 0.6 Pg yr']; Sect. 3; Fig. 2). For this reason the time series presented by Landschiitzer et al.
(2015) and by Wang et al. (2016) shown in Fig. 154 have been augmented from those given by those investigators by 0.6 Pg
yr'l; the time series shown for Rodenbeck et al., (2014) obtained from Le Quéré et al., (2018a) appears to have incorporated
that augmentation; the value shown for Takahashi et al. (2009) is that given by those investigators, incorporating their
estimate of the riverine flux as 0.4 + 0.2 Pg yr'l. In contrast, no augmentation is required for the rate of uptake of
anthropogenic carbon determined by Graven et al. (2012), which was scaled to the rate of transfer of excess 14C02 (from
nuclear weapons testing in the 1950's and 1960's) from the ML to the DO that was based on measured difference in
radiocarbon amounts between the 1988—1995 and 2001-2007 time frames; this uptake, like that of anthropogenic CO2, is
now governed principally by transfer from the ML to the DO. Likewise no such augmentation is required for the flux
determined by Gruber et al. (2019), which is based on the rate of increase in the amount of DIC in the world ocean,
determined by difference over the time period 1994-2007. In addition to the several determinations shown in Fig. 15a,
attention is called also to inference of the oceanic uptake rate by multiple methods summarized by Gruber et al. (2009, Table

1) that is centered about the range 1.5-2.2 Pg yr'1

over the 1990's and early 2000's. As seen in Fig. 154, the oceanic uptake
rate obtained with the present model is somewhat lower than most observational determinations but within their uncertainty

range, except for that of Gruber et al. (2019), which is somewhat greater.

Net uptake by the ocean plus TB in the present model results shows close agreement in magnitude and slope with the
measurement-based determination of this quantity calculated as the difference of emissions and atmospheric growth rate
over this period, Fig. 15¢. The major difference between the temporal profiles of the mixing ratios and transfer rates
calculated with CC models versus those obtained with the present model is again the presence of year-to-year fluctuations in
the CC model results versus the absence of such fluctuations in the present model results. The agreement between the model
and the measurements is consistent with the assumption that k¢ has not undergone large systematic change over this period.
Comparison (Fig. 15d) of the difference between the observed net uptake by the ocean + TB and that calculated by the
present model with the difference between observation and the multimodel mean of the ensemble of models presented by Le

Quéré et al. (2018a; GCB-17) shows the skill of the present model to be essentially identical to that of the model ensemble.
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7.9. Modeled atmospheric CO7 at longer time scales

Although the emphasis here has been the period of time, roughly 100-200 years, over which atmospheric CO2 substantially
recovers to its preindustrial value, the longer term behavior of modeled COp was briefly examined for values of the
parameters (SP i , b) consistent with observations to 700 years subsequent to cessation of emissions. For the parameter pairs
shown in Fig. 16, and more generally for all the parameter pairs, atmospheric CO2 approaches a constant value at 300 years,

about 16 % to 22 % of the value at the time of cessation, decreasing only very slightly thereafter.

8. Discussion

The budget of CO2 in the atmosphere and related compartments is of central importance to Earth's biogeochemical
environment as well as of enormous societal importance in view of its role as a driver of climate change and other
environmental issues. A key objective of this study has been determination of the lifetime (turnover time, adjustment time)
of excess COp, the amount in excess of preindustrial, as this lifetime is central to understanding the response of CO?
amount, and resulting changes in climate, to prospective changes in emissions. Knowledge of the lifetime of excess
atmospheric CO2 is also central to comparisons of integrated radiative forcing of anthropogenic CO? and other greenhouse

gases.

This study has examined the processes controlling the amount of atmospheric CO2 by two approaches: an observationally
based budget for preindustrial and present day conditions and a simple numerical model representing the governing
processes in response to historical anthropogenic emissions. The two approaches are complementary and consistent. Both
approaches examine the atmosphere and the several compartments of the biogeosphere that are closely coupled to the
atmosphere: the ocean, distinguished into the mixed layer ocean and the deep ocean, and the terrestrial biosphere,
distinguished into what are denoted the labile and obdurate biosphere. Stocks in the several compartments and fluxes
between compartments are constrained so far as possible by well characterized geophysical processes, chemical equilibria,
inventories, mass balance, and measurements. The exception to such constraints is the apportionment of the uptake of COp
by the TB into the labile and obdurate compartments, which is achieved by use of adjustable parameters. This use of
adjustable parameters is necessary because of the lack of a clear demarcation between these compartments, which are
idealizations of what is clearly a continuum, and by the absence of measurements or theory that would permit such
constraint. As a consequence the apportionment is treated in the numerical model by parameterization of quantities
controlling the rate of uptake of anthropogenic CO7 by the labile biosphere, specifically the preindustrial carbon stock in the
LB Slpi and the exponent b expressing the growth of GPP as a power law in CO2 mixing ratio. Despite the uncertainty

attached to this apportionment it has proved possible to rather narrowly constrain the lifetime of excess atmospheric CO?.
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The present study is hardly the first to represent the dynamics of CO7 in the biogeosphere in a model with a small number of
compartments and parameters, there being antecedents that go back at least to Bolin and Eriksson (1959), Keeling (1973),
Oeschger et al., (1975) and Rodhe and Bjorkstrom (1979), and that see occasional use up to the present, (e.g., Gloor et al.,
2010, Raupach et al., 2014; Graven, 2015). However this study would seem to go substantially beyond those studies by
identifying the two biogeophysical parameters that control the lifetime of excess atmospheric CO2, by observationally

constraining their joint range, and by examining their influence on multiple measures of this lifetime.

8.1 Definitions of the lifetime of excess CO)

The lifetime of excess atmospheric CO) was qualitatively defined in Sect. 2 as the amount of time it would take, in the
absence of anthropogenic emissions, until the CO) concentration in the air recovered substantially toward its original
concentration. However, even granting concurrence on this qualitative definition, selecting a specific definition has been
problematic, not just for COp, for which the situation is complicated by exchange processes between the atmosphere and
other compartments, but even for substances for which the removal process from a compartment is irreversible, for which
several measures that would coincide in the case of removal with a temporally constant transfer coefficient — the turnover
time, the inverse of the fractional removal rate; the e-folding time, the mean residence time in the compartment, the mean
age of molecules in the compartment — are not necessarily identical even with steady-state emissions, and all the more so
with temporally varying emissions and transfer coefficient (Schwartz, 1979; O'Neill et al., 1994, Sierra et al., 2017).
Moreover, because of short-term fluctuations in fluxes such as seasonal drawdown by terrestrial vegetation, the turnover
time, which remains defined even under non—steady-state conditions (Schwartz, 1979), would have to be evaluated over
suitably long periods of time, several years, to average out interannual fluctuations that are manifested in observations (Fig.

15¢).

Within the qualitative definition above, two classes of lifetimes emerge: adjustment times and turnover times. Ideally, as
adjustment times are measures of the time over which the substance in question would decline in the absence of
anthropogenic emissions, they would be the desired quantity. However determination of an adjustment time requires a model
of future behavior of the system in response to cessation of emissions. For that reason the approach via turnover times seems
more attractive as these can be evaluated from observations at any time, not requiring a model of future response. However,
especially in the situation of reversible flows between reservoirs, the difficulty arises of identifying the pertinent leaving
reservoir and the pertinent exit fluxes. Because of these twin difficulties, determining both the turnover times and the
adjustment times would seem to be the most reliable approach, with identification of pertinent specific definitions based on

agreement between the two classes of lifetimes. Also as turnover times can be evaluated from model results, the future
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turnover times according to specific definitions can be compared with the future adjustment times, with agreement lending

further confidence to the definition.

Lifetimes evaluated by the definitions presented here are compared with previously reported values in Sect. 8.7

8.2 Budget

Central to determining turnover and adjustment times is the requirement of a budget, for atmospheric CO2 and for carbon in
the closely coupled biogeochemical compartments, here the mixed-layer and deep ocean, and the labile and obdurate
biosphere. Following prior work, budgets were developed both for preindustrial conditions and for the anthropogenic

perturbation, the latter as the difference between present-day and preindustrial budgets.

The CO7 budget developed here is based 1) on observations (of stocks in the several compartments and their increase over
the Anthropocene) and inventoried emissions; 2) on an essentially universal exchange velocity, kam, between the
atmosphere and the surface ocean that is applicable, accounting for differences in Henry’s law solubility, to all low- to
moderate-solubility gases, together with well understood chemical equilibria governing the dissolution of CO7 into seawater;
3) on an essentially universal piston velocity between the mixed-layer ocean and the deep ocean, vp, that is applicable to all
globally distributed tracers, determined here from the rate of heat uptake by the global ocean and consistent with other
measurement- and model-based estimates of this quantity; 4) the requirement of steady state in the preindustrial carbon
cycle; and 5) the requirement that the amount of CO7 in the system be conserved, more specifically that the amount of
excess COp in the system at any given time be equal to integrated fossil fuel emissions (also including emissions from
cement manufacture). All stocks and fluxes are directly constrained except for the exchange of excess CO2 between the
atmosphere and the terrestrial biosphere and the associated changes in the stocks in the two TB compartments. The sum is
obtained, by conservation of matter, as a difference between total anthropogenic emissions and the sum of atmospheric
growth and net flux into the ocean, with the apportionment of the total uptake by the TB between the LB and the OB being

parameterized; the stock of the OB is diminished by transfer of LUC emissions the atmosphere.

The budget developed here and summarized in Fig. 2 differs in several key respects from similar earlier budgets, as
summarized in predecessor versions of that figure and that served as the starting point for the budget developed here.
Importantly, the terrestrial biosphere, treated as a single compartment in previous budgets derived from Sarmiento and
Gruber (2002), is subdivided here into the labile and obdurate compartments, each with its own stocks and entering and
leaving fluxes. The distinction between short- and long-lived components of the TB was drawn early on in the history of
compartment models for CO7 (e.g. Keeling, 1973) but has yet to make its way into assessments of global carbon budgets
such as those of the IPCC Assessment Reports (AR5, Ciais et al., 2013) and the Global Carbon Budget (Le Quéré et al.,

2018a) which report total uptake by the TB as a residual of emissions minus increases in the stocks of the atmosphere and
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ocean compartments, often, somewhat misleadingly, referring to total uptake by the TB so evaluated as a “terrestrial sink,”
or “land sink,” a terminology going back at least to Sarmiento and Gruber (2002). To be sure, in the absence of observable
constraints, and indeed of physically meaningful boundaries between the two terrestrial subcompartments, the separation into
the two compartments is arbitrary, but it seems essential to distinguish the growth of the short- and long-lived components of
the TB. In the analysis presented here it has proved possible to set bounds on the apportionment of the stocks and fluxes for

the LB and the OB and thereby to set bounds on the pertinent transfer coefficients.

A second, related difference between the budget presented in Fig. 2 and its antecedents is the treatment of gross primary
production not as a constant but as subject to increase over the Anthropocene, the increase being attributed to fertilization by
the increase in atmospheric CO2. Again, such increase in GPP has long been countenanced but has proved difficult to
quantify. In the present model the increase is parameterized as a power-law dependence in atmospheric CO2 mixing ratio,
with exponent b. It proved possible on the basis of observations, together with the model developed here, to set bounds on b,
and in turn on the increase in GPP. However these bounds, although consistent with the range of current estimates of such
increase (Appendix C, Fig. C1), do not usefully limit that range. The lower bound, » = 0.4, corresponding to an increase in
GPP over the Anthropocene of 16 %, is seen in some of the observational data sets and model results. The upper bound, b =
0.9 would correspond to an increase in GPP of 40 %. Based on these results it would seem that an exponent as great as 1.3,
as indicated in the results of Cheng et al. (2017), based on water-use efficiency, is inconsistent with the present model and
should perhaps be examined more closely. However, several of the model results, which yield values of b near the upper

limit determined here (b < 0.9), cannot be precluded based on the present analysis.

The budget analysis yields coefficients that describe the rates of transfer of CO2 between the several compartments, Sect. 4.
Because of lack of observational constraint in the apportionment of uptake of carbon by the TB to the LB and the OB, the
transfer coefficients coupling the AC with the LB and with the OB are dependent on the parameters Slp ! and b, Fig. 4.
Specification of the transfer coefficients in turn permits specification of the pertinent time constants of the system, those
responsible for establishing near equilibrium or steady state between stocks, those governing the lifetime of carbon in the
long-term reservoir compartments the DO and the OB, and those controlling the turnover time of atmospheric CO2 pertinent
to transfer into the long-term reservoirs. Because of rapid attainment of near equilibrium between the AC and the ML, and of
near steady state between the AC and the LB, the stocks in these three compartments are usefully considered a single stock
for definition of the turnover time of anthropogenic CO2. The transfer coefficients determined in this way also serve as input
to a simple, transparent numerical model describing the anthropogenic perturbation to the carbon stocks in the several
compartments. The numerical model presents a much more differentiated picture of the stocks and fluxes as a function of

historical time that compares well with observations.
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8.3 Model

The model developed here and set out in Sect. 6.1 consists of a set of ordinary near-linear differential equations in the stocks
in the five compartments, driven by anthropogenic emissions; an essentially identical model was employed for radiocarbon,
Appendix E. Because of conservation of total carbon either set of equations may be considered a five compartment closed
system or a four-compartment open system. Because of relations among the several transfer coefficients only four
independent parameters are required to generate the set of transfer coefficients (Sect. 4.5), of which two are of broad
geophysical applicability (albeit uncertain), and of which two are pertinent specifically to CO2, also uncertain, and treated
here as adjustable. The transfer coefficients were determined from the budget analysis; the transfer coefficients coupling the
LB and OB with other compartments are parametrically dependent on the fertilization exponent b and the preindustrial stock
in the LB Slp ' The equations are slightly nonlinear because the rate of transfer from the AC to the LB (i.e., GPP) is treated as
a power law in Sy and because the coefficient kj,, characterizing the rate of transfer from the ML to the AC varies slowly
with the stock in the ML. The model was run for a suite of values of both parameters to map out the stocks and fluxes as a
function of these parameters, the uncertainties in the transfer coefficients being propagated through the model by multiple
runs over the domain of parameter space. The model was run for historical anthropogenic emissions from 1750 to 2016
permitting comparison with observations, which comparisons led to substantial reduction of the parameter range from that
initially taken. An experiment was also conducted, again over the range of parameter space, with emissions abruptly ceased
commencing in 2017 to examine the subsequent changes of the anthropogenic stocks in the several compartments: decrease
in the short-lived compartments — the AC, the ML, and the LB — and continued increase in the long-term sink compartments
— the DO and the OB. That abrupt cessation experiment also permits comparison with other studies conducting similar
abrupt cessation experiments, Fig. 1, Fig. 16. As seen in these figures, the rate of decrease of excess atmospheric CO)
mixing ratio (equivalently, the stock in the AC) found in the present model study is substantially greater to much greater than

given by results of a suite of carbon cycle models.

A key attribute of the present numerical model is that the quantities that govern the evolution of CO) — transfer coefficients
and equilibrium constants — are physical quantities, properties of Earth's geophysical system, which would be expected to
remain constant or to vary only slowly in the future from the values developed in the budget analysis, lending confidence to
application of the model to prospective future emissions that might differ substantially from prior emissions. This approach
is to be contrasted with an approach such as that of Hellevang and Aagaard (2015), which uses as a parameter the airborne
fraction, fraction of annual emitted CO? that remains in the atmosphere; this quantity cannot be expected to be a constant for
very different emission conditions, the extreme situation being cessation of emissions. The constancy of airborne fraction
over much of the Anthropocene is a simple consequence of exponentially increasing emissions in a linear system (Bolin and

Eriksson, 1959; Raupach, 2013). However even with parameters that correspond to physical quantities it is possible, as
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demonstrated in Fig. 8, to accurately represent prior observations, here of atmospheric CO2 over the Anthropocene, with
model variants that diverge substantially subsequent to cessation of emissions. Past performance of a model is no guarantee
of future skill. Hence as much information as possible must be brought to bear to constrain the model. Accurate reproduction
of the evolution of atmospheric and oceanic radiocarbon (Sect. 7.3), especially for the sharply peaked emissions of
radiocarbon from weapons testing, Fig. 10, provides an important stringent test of this or any model, as well as providing

additional constraints on the values of the parameters Slp " and b employed in the present model.

8.4 Equilibrium-steady-state assumption

A three-equation version of the model was developed incorporating the assumptions of equilibrium between the stocks in the
AC and the ML and steady state between the stocks in the AC and the LB. This ESS model accurately reproduces the results
of the full model. As noted in Sect. 7.7 there is no advantage to be gained by reducing the number of equations to be solved.
Moreover the ESS model suffers from lack of transparency and the potential for algebraic or coding errors. Rather the import
of the model is to confirm the utility of considering these three compartments as a single compartment for evaluation of the
turnover time of excess CO?. The conclusion of near equilibrium between the AC and the ML, reached as early as Bolin and
Eriksson (1959), is thus extended to incorporate the LB, mandating treating the combined AC-LB-ML stocks as a single

stock for the purpose of defining and evaluating the turnover time of the system appropriate to excess CO2.

The near-equilibrium between the stocks in the AC and the ML implies that the rate of uptake of CO7 by the ocean is
controlled mainly by the rate of exchange of DIC between the ML and the DO and is thus insensitive to the transfer rate
between the AC and the ML. Such a conclusion has been recognized for some time (Bolin and Eriksson, 1959; Broecker and
Peng, 1974; Sarmiento et al., 1992). This conclusion is supported as well by the finding of Graven et al. (2012), in large-
scale model calculations, of only slight dependence of the inventory of anthropogenic CO? in the world ocean on the value
of the transfer velocity between the AC and the ML. The departure from equilibrium between the AC and the ML was
examined by a somewhat different approach by Broecker et al. (1979) by varying the depth of the ML for fixed transfer
coefficients between the two compartments. For ML depth taken as 75 m, the departure was only 3 % and even for ML depth

taken as 380 m, the departure was only 8 %, again lending strong support to treating the two compartments as at equilibrium.

In a subsequent examination of transport of CO2 between the atmosphere and the ML, Takahashi et al. (2009) found that
transfer coefficients calculated using local (4° X 5°), monthly-mean wind speed and other conditions obtained from a
meteorological reanalysis ranged widely, by season and location, with monthly- and basin-average values a factor of two
either way from the global- and annual-mean that they determined, 0.112 yr~ I, That mean value is essentially identical to the
value of kg determined here from the global-mean stocks and fluxes (Sect. A4) and presented in Table 2 and Fig. 5, 0.119

+ 0.036 yr'l. Based on examination of measurements of CO? in the AC and the ML over three decades, Takahashi et al.
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(2009) concluded that because of the differences between processes and time-scales regulating the stocks in the two
compartments, it was not possible to reliably determine annual changes for CO2 in surface water. Those investigators also
concluded that because of large seasonal variation and small annual increases, the individual annual rates could not be
compared. Nonetheless Takahashi et al. (2009) were able to conclude that over the three-decade period examined, the
relative rates of increase of the atmospheric partial pressure of CO7 and of the equilibrium partial pressure of CO7 in surface
water were similar and that air-sea CO) exchange is dominant in regulating CO7 in the ML. That analysis certainly supports
the conclusion that the rate of transfer is sufficiently rapid to support the assumed near-equilibrium between the
anthropogenic stocks in the two compartments. Finally in this context it might be observed that the rapid two-way exchange
of CO2 between the AC and the ML, and the resultant inevitable large spatial and temporal variation of the magnitude and
sign of the local flux, would also make it challenging to determine the global net flux from the atmosphere to the oceans by

spatial and temporal integration of local short-term fluxes.

8.5 Flux and transfer coefficient from ML to DO

Because of the near equilibrium between the AC and the ML, transfer from the ML to the DO is the rate controlling step in
net uptake of CO2 by the DO and thus assumes considerable importance in the dynamics of CO? in the biogeosphere.
Exchange between the ML and the DO applies also to other uniformly distributed tracers, specifically including heat, as the
excess heat in the two compartments arising from increase of global mean temperature over the Anthropocene resides almost
entirely in the ML. This reasoning served as the basis for inferring the piston velocity determined here 5.5 + 1.8 m yr'1
(Appendix A, Sect. A6), resulting in the gross PD downward carbon flux determined here 1.8 + 0.6 Pg yr'1 (Appendix A,

Sect. A11). This result is compared here to results from other recent studies.

Using a global inverse model, DeVries et al., 2017 quantified variations in basin-wide and global scale exchange rate
between the ML and the DO. While showing a rather more differentiated picture of transport between the ML and the DO
than is represented by a single global-mean value of the piston velocity, that study determined global-mean volume exchange
rates, expressed as piston velocities, for the 1980's, 1990's and 2000's, as 4.98, 6.29, and 4.28 m yr'l, respectively,
bracketing, and all within the uncertainty range of, the result determined here based on global-mean uptake of heat by the

deep ocean over the past 45 years, 5.5+ 1.8 m yr‘1 (Appendix A, Sect. A6).

Reasoning that because the main reservoir of 14C02 produced in weapons testing, which ceased in the 1960's, has shifted
from the atmosphere to the upper ocean, Graven et al. (2012) concluded that the temporal change of this 14C02 is now
governed by exchange between the ML and the DO, as also with anthropogenic CO?7, and can hence be used to infer oceanic
uptake of anthropogenic CO2. On the basis of the distribution of 14C02 between the two compartments those investigators

were able to determine the net oceanic uptake of anthropogenic CO? between 1990 and 2007 as 2.0 + 0.3 Pg yr'1 (Sect. 7.8,
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Fig. 15a); To compare this net oceanic uptake to uptake by the DO, the oceanic uptake rate must be diminished by the rate of
increase in the ML stock, which is confidently determined as 10 % (Sect. 5.10) of the rate of increase of Sy in this time
frame, 4 Pg yr'1 (Supporting information Sect. SI5, Fig. S5.1), i.e., 0.4 Pg yr'l, yielding Fimd net for that period 1.6 + 0.3
Pg yr‘l. This net uptake rate is slightly greater than that determined in the present model calculation for year 2000, dSq/dt,
Fig. 7b, 1.3 £ 0.4 Pg yr'], but well within the mutual uncertainty ranges. From the increase in the amount of DIC in the
world ocean based on surveys in the mid 1990's and again in the mid 2000's Gruber et al. (2019) determined the rate of
increase in the world ocean as 2.6 + 0.3 Pg yr'l. Again, diminishing this uptake rate by the rate of increase in the ML stock
yields Fimd,net = 2.2 £ 0.3 Pg yr'l. This value is slightly greater than, and outside the mutual uncertainty range from that
determined here, 1.3 + 0.4 Pg yr'l. Based on these comparisons the transfer coefficient kg determined here, while in the
range of present studies, may be somewhat low. A greater transfer coefficient would result in a slightly shorter turnover time
and adjustment time for excess CO7 than that determined here. As well, the residence time of excess carbon in the DO

would be somewhat diminished.

8.6. Flux from terrestrial biosphere to atmosphere and lifetime of carbon in the obdurate biosphere

As shown in Sect. 5.8 the turnover time of the carbon stock in the obdurate terrestrial biosphere that serves as the long-term
reservoir for drawdown of excess atmospheric CO2 must be roughly 300 years (range 125 - 525 yr), as obtained from the
observationally determined PI flux from the AC to the OB (Appendix A, Eq A43) together with the PI stock in the OB
(accounting also for the small preindustrial riverine flux). Such a residence time for obdurate carbon contrasts markedly with
the 23 year lifetime of terrestrial carbon determined by Carvalhais et al. (2014) as the quotient of the stock of carbon in the
TB upon the GPP flux. The import of this difference is that excess carbon taken up by the OB (but not the LB) would remain
sequestered on the several century time scale following the hypothetical cessation of emissions of anthropogenic CO2
examined here, as opposed to returning to the atmosphere on a time scale of a few decades. As noted in Sect. 5.6 the
Carvalhais et al. (2014) lifetime, includes carbon that is taken up in photosynthesis but which rapidly leaves the TB, on
account of respiration on time scales from subdaily to annual. It is argued here that the bulk of the carbon in the TB exhibits
a much longer lifetime and that it is this longer lifetime that would give rise to a continuing net terrestrial sink of excess
atmospheric CO) subsequent to cessation of emissions. In support of this argument, as noted in Sect. 3, the great majority of
the stock of carbon in the TB consists of long-lived components: woody materials and soil carbon. A long lifetime of carbon
in the OB is consistent also with the assessment that net drawdown of carbon by the TB is dominated by uptake by and
sequestration in established forests (Pan et al., 2011) and the observation that much of the carbon taken up by the TB is taken

up by trees with large diameter ( > 1 m) trunks (Stephenson et al., 2014).
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8.7. Decay rate and lifetime of excess atmospheric CO)

As noted in Sect. 2, numerous definitions have been proposed for the lifetime of a substance in a reservoir generally, and for
excess atmospheric CO7 in particular, for which the situation is complicated by rapid exchange with other compartments. It
is useful to distinguish two classes of lifetimes, turnover times and adjustment times, which quantities should agree if
suitably defined and evaluated. Because of rapid exchange of carbon between the AC, ML and LB, these compartments must
be treated as a single compartment for the purpose of evaluating the turnover time of excess carbon in the biogeosphere,
‘L'fﬁ)m, defined (Eq 2.2) as the ratio of the sum of stocks of excess carbon in these compartments to the sum of net fluxes
from these compartments into the DO and TB. Considering just the transfer rate from the atmosphere into all other
compartments, or from the AC + ML into all other compartments yields erroneously low turnover times during the period of
time when CO? is being emitted into the atmosphere, a consequence of the stock in the AC being increased by emissions,
resulting in enhancement of the amount of CO7 being reversibly transferred from the atmosphere into the ML and LB. The
several turnover times can be evaluated throughout model runs for any given pair of parameters (SIp i, b), specifically
including the situation in which emissions are abruptly halted. Importantly, the turnover time r;‘fm (but not T;O nor T;%j) is
essentially constant across that transition, establishing the choice of ‘L';(fm as the appropriate measure of turnover time of
excess carbon. Within a few years of cessation of emissions the several turnover times become equal as there is no currently
emitted CO7 that must be transferred into the ML and LB. These turnover times increase substantially following cessation of
emissions; however by the time of that increase, the fraction of CO7 present at the time of cessation has already substantially

decreased.

The several adjustment times are measures of the time scale characterizing the rate of decay of excess atmospheric CO2, or
of the sum of carbon in two or more of the AC, ML, and LB compartments, following cessation of emissions. Because
determination of adjustment times requires the absence of emissions, a numerical model is required. For consideration of the
adjustment time of excess CO2 an appropriate qualitative definition would be that advanced by Archer et al. (2009) as the
time period over which, in the absence of anthropogenic emissions, CO2 would recover substantially toward its original
value. As Archer et al. point out, this lifetime is much greater than the lifetime that individual CO2 molecules spend in the
atmosphere, about 3 years, noting that confusion between these two lifetimes has given rise to a misinterpretation between
these two definitions that has “plagued the question of the atmospheric lifetime of CO2.” However, in making this statement
it would seem that Archer et al. are setting up a bit of a straw man; no one seriously considers the mean atmospheric lifetime

of individual CO2 molecules to be a measure of the lifetime of excess atmospheric CO».

Archer et al. go on to conclude that the lifetime of excess CO2 is much greater. Using results from suite of carbon cycle
models, those investigators found that 2040 % of excess CO2 would remain in the atmosphere after equilibration with the

ocean, awaiting slower chemical reactions with CaCO3 and igneous rocks. But by then assuming what they characterize as a
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"long tail" of 10 % of excess CO2 that remains in the atmosphere until neutralized by silicate weathering on a timescale of
100,000 years, those investigators concluded the mean lifetime of fossil fuel CO7 to be 12,000 to 14,000 years or perhaps as
great as 45,000 years. The characterization by Archer et al. of the lifetime of excess CO? by its mean lifetime, rather than by

the time scale of substantial recovery, the measure that they themselves advocated, results in the long tail wagging the dog.

The long tail of excess CO?7 seen in virtually all prior studies is exhibited also by the present model, at least on the millennial
time scale examined here, Fig. 16. Thus, although abrupt cessation of emissions would greatly reduce atmospheric CO»,
even such abrupt cessation would not restore CO2 to its preindustrial state but rather to a value above the PI value by 15 to
20 percent of excess CO7 at the time of cessation. This end state, which is reached rather rapidly (100 - 200 yr), is a floor
below which it is not possible to go by emissions reductions alone, an irreducible long-term commitment of prior emissions.
Put another way, this floor represents 6 % to 8 % of total anthropogenic emissions prior to cessation. As the excess CO2
does not go to zero at long time, the climatic effects of the residual CO) would likewise persist, but at levels substantially

reduced from those at the time of cessation.

The present study has focused on the time scale during which, in the absence of anthropogenic emissions, excess
atmospheric CO2 would substantially decrease. The decrease, quantified by the fraction of excess CO) remaining in the
atmosphere as a function of time subsequent to cessation f{¢), is shown in Fig. 1 for the present model and for a set of carbon
cycle models. As noted in the Introduction some of the spread in the CC model results in Fig. 1a is a consequence of a wide
spread in CO2 mixing ratio at the time of cessation x802 , but considerable spread remains even when the range in x802 is
much narrower, as in the ZECMIP intercomparison project (MacDougall et al., 2020), Fig. 1¢, indicative of differing
representation of the processes governing removal of CO2 from the atmosphere in the different models. More importantly,
the decay curves obtained with the present model are lower, to much lower, than those obtained with the CC models.
Specializing to ¢ = 100 yr, the best estimate, {100 yr) obtained in this study, 41 %, and range consistent with observational
constraints on the parameters Slp i and b, 34 % to 49 %, are less, to much less, than the results of virtually all the other results

presented in Fig 1.

Multiple measures of adjustment time defined in Sect. 2 were evaluated and compared in Sect. 7.6. The instantaneous
adjustment time, T&%tz, Eq 2.3, the inverse of the time-dependent fractional decay rate of excess COp, increases subsequent
to cessation, similarly to T;(fm; the agreement of this measure of adjustment time with the several turnover times, Fig. 12,
confirms the choice of ‘L';(fm as the appropriate measure of turnover time. More relevant to considerations of the lifetime of
excess CO2 over a period of interest subsequent to cessation is the amount-weighted average over this period, 7a-avg , Eq
2.5, which exhibits much less increase over the time period of interest than does the instantaneous lifetime. A difficulty
associated with evaluation of 73-ayg from model data and even more so from observations is that this evaluation requires
taking derivatives to determine the rate of decrease of excess CO7. This difficulty is avoided with the equivalent 1/e lifetime
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75(9), Eq. 2.6, evaluation of which requires knowledge only of the fractional amount of excess CO2 remaining as a function

of time # subsequent to cessation f{7), and which, at least in the present model calculations, agrees closely with 7y-avg.

Within the observationally constrained bounds on (Spi, b), the equivalent 1/e lifetime 75(100 yr) of excess CO for time
horizon ¢ = 100 yr (Eq 2.6) obtained from the present model results is rather narrowly constrained, central estimate 112 yr ;
range 90 to 150 years, Figures 1b, 11d, 12. The several other definitions of lifetime yield essentially the same values
(Figures 11, 12). As emphasized above, this 100 year time frame characterizes the time during which, in the absence of
anthropogenic emissions, atmospheric CO2 would recover substantially toward its original concentration. The lifetime
obtrained here is shorter to much shorter than that for all the CC models represented in Figures 1 and 17, importantly, the
multimodel mean of Joos et al. (2013a), widely used in assessment studies, for which 7z(100 yr) is 270 yr. Using the same
measure of lifetime establishes that the differences are intrinsic to the different models, not merely a consequence of the

choice of measure of lifetime.

What is the reason for the difference between the lifetime (adjustment time, equivalent 1/e lifetime) of excess CO2 found
here and the longer lifetimes determined with CC models, and what are the reasons for the differences in lifetimes among the
several CC models? It is not due to difference in definition, as all lifetimes are evaluated from the decay curves in the same
way. What are the uncertainties in the lifetimes determined by the several CC models, and to what extent do those
uncertainties encompass the shorter lifetime found here? Answers to these questions must await examination of the
disposition in the CC models of excess carbon among the several compartments and subcompartments, and of the fluxes
between these compartments and subcompartments, before and after cessation. What are the observational constraints on
these quantities? What are the transfer coefficients? What is the scientific understanding that is the underpinning of these
transfer coefficients? What is the uncertainty in this understanding, and how does that translate into uncertainty in transfer
coefficients and ultimately in the fluxes, stocks, and lifetime? In the meantime a suggestion is given by the dependence of
lifetime on the parameters Slp " and b, Fig. 11, showing increase in lifetime with increasing values of either of those
parameters, both of which result in greater uptake of CO) by the LB versus the OB, the total uptake by the terrestrial
biosphere being rather tightly constrained. Uptake of CO2 by the LB rather than the OB gives rise to less long-term

sequestration of anthropogenic CO? and in turn to longer lifetime as that carbon is more rapidly returned to the atmosphere.

8.8. Comparison to prior determinations of lifetime based on the CO7 budget and simple models

Several prior investigators have reported measures of the lifetime of excess CO2 based on the budget of excess CO3 in the
atmosphere. Considering the TB to be coupled to the AC and the ML, Rodhe and Bjorkstrom (1979) obtained a turnover
time of about 100 yr for CO7 in the combined compartment as governed by transfer into the DO. The time constant obtained

by those investigators for relaxation of a perturbation in the system once it had reached a new equilibrium with the DO, 400
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yr, is much less relevant to the evolution of the system on the time scale of 100 yr or less. Moore and Braswell (1994)
proposed as a measure of the adjustment time of excess CO? the time required in the absence of emissions for the difference
between the excess atmospheric CO) at some initial time and the infinite-time value of this quantity to decrease by half.
Comparing multiple transport models with and without uptake by the terrestrial biosphere, also by several models, these
investigators obtained a half life of excess atmospheric CO7 ranging from 19 to 49 years, depending mainly on how uptake

by the terrestrial biosphere was to be considered.

An explicitly defined observationally determined measure of the turnover time of anthropogenic CO2 was given by O'Neill
et al. (1994) and Gaffin et al. (1995) as the quotient of the atmospheric stock of excess CO2 upon the total rate of drawdown
of CO7 from the atmosphere, determined by difference of emissions and the annual increase of atmospheric stock, Eq 5.1,
yielding the value 32.5 + 10.5 yr (average and standard deviation of annual results, 1959-1989). A similar result, 39-45 yr,
based on the same definition but using data for the year 2000, was given by Jacobson (2005). Such short lifetimes are a
consequence of not taking into account the tight coupling of the AC, LB, and ML. When that coupling is taken into account,
the resultant turnover time is substantially greater, ranging, for best estimate anthropogenic emissions, from 65 to 158 years
depending on Slp ' and b (Fig. 5¢, Table 3). The approach to determining the lifetime of excess CO7 as the turnover time and
of characterizing the lifetime by a single number, as well as the short lifetimes so determined, have received strenuous

criticism by several investigators, Appendix F; point by point refutation of these criticisms is presented in that Appendix.

A study of the budget of excess COp with a three-compartment model by Gloor et al. (2010) that matched the fraction of
emitted CO2 remaining in the atmosphere to observations over the time period 1959-2006, determined what those
investigators denoted as a “system time constant” that characterizes the rate of removal of CO) from the atmosphere, with
value 37.5 yr. In that study removal of atmospheric CO2 was considered to consist of two components, transfer from the AC
to the TB and to the total ocean, with transfer coefficients kg = 0.0144 yr'1 and kgq = 0.0123 yr'l, respectively, referred to
the AC, both treated as irreversible and taken as constant over the time period under consideration. This set of assumptions
would correspond to a situation in which there is no uptake of carbon by a labile biosphere nor assumed equilibrium between
the AC and the ML. The transfer coefficient from the AC to the OB, which corresponds directly to kg in the model
developed here in the absence of uptake by the LB, agrees closely with the value 0.013 yr'1 for (Spi , b) = (400 Pg, 0.6), Fig.
4c. The equilibrium assumption between the AC and the ML would lead to kpq = kS tpd S:m’pd. Using the present
results this set of assumptions would lead to k3d = 0.0066 yr'l, well less than the value given by Gloor et al. (2010). The
resultant turnover time referred to the AC 7.0 = (kyq +kyo )y using values adduced here would be 41 to 69 yr, the difference
from the value given by Gloor et al. (2010) attributable almost entirely to the different values of k3d. Much more important,

however, is that the turnover time of atmospheric CO7 calculated in this way is not pertinent to the rate of decay of
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atmospheric CO2 that would follow an abrupt cessation of emissions, as it does not take into account the strong coupling of

the AC to the LB and the ML, which greatly increases the adjustment time over this turnover time defined in this way.

Two prior studies that found a rate of decrease of atmospheric CO2 subsequent to abrupt cessation of emissions comparable
to that found here are those of Hare and Meinshausen (2006) and Raupach et al. (2014), both of which, like the present
study, used global-scale compartment models with observationally constrained transfer coefficients rather than detailed CC
models. These systematic differences between compartment models and CC models suggests that much might be learned by

examination of the reasons for these differences.

In a study, quite similar to the present one, Raupach et al. (2014) reported a time-dependent sink coefficient characterizing
the rate of loss of atmospheric CO2 by transfer from the AC into the ML, DO, and TB, combined, evaluated from historical
emission estimates and measured atmospheric CO2 as KXb_S)MTD = (Qynt — ASy)/ 3" ' (their Figure 5, lower left panel); the
inverse of this sink coefficient, the turnover time of the stock in the AC to all other compartments, is shown in Fig. 17.
Following cessation of emissions, this turnover time exhibited an abrupt increase to a value of about = 98 yr, similar to that
exhibited by 73 and Ty in the present model results for the (S]pi , b) = (400 Pg, 0.6) model variant, also shown in Fig. 17.
Raupach et al. attributed the abrupt decrease of sink coefficient in their model results to saturation of what they referred to as
“fast modes” in their model resulting from the abrupt change in emissions. However it seems almost certain that the abrupt
decrease in sink coefficient (equivalently, abrupt increase in turnover time) is due to the cessation of drawdown of stock
from the AC by the LB and the ML as the AC stock is no longer increasing on account of emissions, Sect. 7.5. However if
that were the only influence on the turnover time, the turnover time would be expected to level off to a nearly constant value.
Contrary to that expectation, after the initial increase, this turnover time continues to increase, to 207 years at year 2112, 100
years after cessation of emissions in that study, versus 135 years in the results of the present model, again for (Spi , b) = (400
Pg, 0.6). The decrease in the sink rate that continues through the 100 years following cessation in the Raupach et al. (2014)
results and that leads to the large future increase in turnover time shown in Fig. 17 was attributed by those investigators to
what they characterized as “intrinsic” processes governing the CO7 system, specifically the dependences of ocean—
atmosphere CO7 fluxes and terrestrial net primary production on CO2, and the dependence of heterotrophic respiration on
temperature. This continued increase in turnover time subsequent to cessation of emissions would thus seem to rest entirely

on their models for the governing processes rather than on observations to date.
8.9. Applicability of parameters determined by prior observations to modeling future evolution of CO3.
An concern that might be raised with the present model is that because the parameters are constrained by observations, the

model might be applicable only to climatic conditions sufficiently similar to historical conditions that substantial changes in

processes controlling the carbon budget would not be induced by a changing climate. Although such concern might attach to
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extending the present model into a future warmer world, from the perspective of the abrupt cessation experiment, this would
seem to be of minimal concern, as global temperature, together with climate variables that are driven by temperature, would
follow the change in forcing with little lag (e.g., Held et al., 2010; Boucher et al., 2012), thereby staying in the climatic

regime in which the parameters were determined.

8.10. Small number of compartments: Limitation or strength?

A deeper concern that might be raised with the present study is that the conceptual and numerical model developed here is
extremely simple. Such simplicity has its strengths and limitations, as examined in the current context by Meinshausen et al.,
(2011). Among the strengths is that the parameters in the differential equations that constitute the model represent physical
processes and are derived from observations, and it is thus possible to trace each of these parameters to the underlying
observations, the exception here being the parameters Slpi and b, which are initially varied over a wide range that is then
constrained by observations. It is possible as well to examine the consequences of varying those parameters within the limits
of the observational constraints. Further, it is possible to readily examine rates of change in the stocks in the several
compartments and the fluxes between compartments. Such transparency, at least in the present model, should facilitate
comparison of the changes in stocks and fluxes with the corresponding changes in carbon cycle models such as those that
participated in the ZECMIP intercomparison to ascertain the reasons for the differences in those models from the present

one.

In view of the simplicity of the present model the question might be raised whether the exchange of CO» with the terrestrial
biosphere and the ocean can be accurately represented by two compartments each in the TB and the ocean, as here. With
respect to the TB, recent studies with global compartment models have represented the TB by one (Graven, 2015), two
(Raupach et al., 2014), or three (Meinshausen et al., 2011) compartments. Raupach et al., showed good agreement between
atmospheric COp over the Anthropocene as calculated with their model and as measured. Meinshausen et al. reported that
their model (MAGICC6) compared well with large, higher complexity atmosphere-ocean GCMs and carbon cycle models
for idealized emission scenarios. An important study in this respect is that of Naegler and Levin (2009), which assessed the
accuracy of modeled amounts of radiocarbon in the atmosphere and world ocean by comparison with observations, focusing
on the period before, during, and after the peak in emissions associated with weapons testing. Assessing the accuracy of their
model as a function of the number of well-mixed global terrestrial carbon compartments, those investigators noted, as they
had expected, that agreement between model and observations increased with increasing number of pools, and parameters.
With only a single terrestrial compartment the model was not capable of realistically simulating the observed inventories of
excess 14C, whereas with two well-mixed compartments the simulated stocks agreed rather well with the observations.

Those investigators noted that the agreement was somewhat improved for three or four compartments but raised concern that
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with increasing number of compartments the parameters became increasingly underdetermined. This limited assessment

lends support to the use of two global compartments of terrestrial carbon as in the present model.

With respect to the ocean, reliance is again made on the accuracy of representation of exchange of heat between the upper
(ML) ocean and the deep (DO) ocean compartments. For heat, no atmospheric compartment is required because heat is
distributed essentially entirely into the ML, the heat capacity of the ML being about 40 times that of the atmosphere, whereas
for CO2, as only 11 % of the excess CO2 in the two compartments is in the ML (Fig. 2), an additional atmospheric
compartment is required. However, as the anthropogenic CO2 is in near equilibrium between these two compartments (Sect.
7.7), the two compartments essentially comprise a single compartment, strengthening the analogy with heat transfer. The
two-compartment model describing the evolution of heat in the climate system, introduced by Schneider and Thompson
(1981), has been shown to accurately represent results obtained with complex climate models for a specified set of heat
capacities and transfer coefficients (Gregory, 2000; Held et al., 2010; Geoffroy et al., 2013). That accuracy lends strong
support to use of a two-compartment ocean model as in the present model. The two-compartment climate model also
provides much insight, for example, identification of a transient climate sensitivity characterizing response to forcing that is
achieved much more rapidly than the long-term so-called “equilibrium” response. This would be analogous in the CO2
system to the response on the multi-decadal to century time scale, governed by the turnover time and adjustment times
examined here, versus the response on the millennial scale required for the DO to equilibrate to the ML. Finally it might be
noted that a two-compartment emulator is widely employed, for example by ARG, to assess the transient climate response to
specific forcing agents (Forster et al., 2020; Equation 7.SM.2.1; Figures 7.7, 7.8), lending further strong support to the
applicability of a two-compartment ocean model to examine the exchange of CO) between the atmosphere and the ocean, as

in the present model.

In contrast to the modeling approach taken here, the argument might be raised that past, present, and future changes in stocks
of carbon in the several compartments of the global biogeosphere can be calculated only by coupled climate—carbon-cycle
models (CCCC models). Arguably only such models would be capable of representing the meteorological and
biogeochemical processes that govern exchange of CO) between compartments and the responses of these processes to
changes in temperature, precipitation, and other variables. However such representation would require detailed
understanding that is not yet confidently at hand. For example, as shown in Appendix C, estimates of global PI gross
primary production range by + 20 %, and estimates of the growth in global GPP over the industrial period range from 0 to
60 %. Such uncertainty in even these fundamental quantities at the global scale must inevitably raise questions about
representing these processes and their changes at seasonal and regional scales needed in CCCC models to determine

drawdown of atmospheric CO7 under past, present, and future climatic conditions.
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An example of differences between results with the present model and CC models, is provided by the net annual global flux
from the AC to the TB. The CC model results, Fig. 14c and Fig. 155, exhibit large interannual variation that is seen also in
observations. It might thus be argued that such models do a better job than models such as the present one, for which the rate
of exchange between the AC and the TB is given by the assumed dependence of GPP on xcg; and by transfer coefficients
kla, kao and kgy taken as constant, and which, as a consequence, does not result in such fluctuations. However such
improvement is only apparent, as shown by examination of sum of uptake into the ocean and the TB, determined as the
difference between annual emission and the annual increase in the stock of atmospheric CO2, Fig. 15¢. Although it would
appear that the multimodel mean of the sum of fluxes from the AC to the ocean and the TB captures the large interannual
variation that is not represented in the present model, this multimodel mean actually exhibits no improvement over the

present model in the standard deviation of the residuals of annual fluxes, Fig. 15d.

A further key strength of the top-down approach for analysis and interpretation of the global CO2 budget lies in its utility for
practical applications. As the excess CO3 resulting from a given emission remains in the atmosphere for sufficiently long
time that any input becomes uniformly distributed in the global atmosphere, a global picture is the most pertinent to
considerations of policy: the excess CO? in the global atmosphere is affected equally irrespective of the location of emission.
This top-down budget also provides a framework for interpretation of results from detailed CC models, and consistent with
this, results from detailed observational and model studies are frequently presented as global average values, the quantities

that are determined directly in the top-down approach.

In sum, it should be emphasized that the strength of representing the carbon cycle with a model with just a small number of
compartments is the ability to constrain a small number of transfer coefficients by observations together with well
established constraints such as chemical equilibria, preindustrial steady state, and conservation of matter, and thereby to lend
confidence in the broad accuracy and predictive capability of the model. The more complex the model, the more parameters
that are required. Uncertainty in predictive capability does not decrease with increasing number of uncertain parameters; it

increases.

8.11. Verification versus falsification

To conclude this discussion it should be noted that a model such as that presented here must be considered a hypothesis,
which in principle is never verifiable, only falsifiable. As noted by (Popper, 1962), “It is easy to obtain confirmations, or
verifications, for nearly every theory — if we look for confirmations.” What is necessary, rather, is to look for accurate
representation of situations that differ greatly from those that display the accuracy of the model. As Popper goes on to state,
“Confirmations should count only if they are the result of risky predictions [italics in the original].” With respect to the

present model, such a test of the model developed here might be achieved by society conducting the abrupt cessation
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experiment, or at least a substantial reduction in emissions, on the time of a decade or so, which is under active
consideration. Because of the rapid response of the model to changes in emissions the results of the experiment would be in

hand on a time scale of a few decades.

9. Conclusions and implications

Because of the importance of CO7 as the major anthropogenic greenhouse gas, understanding the response of atmospheric
CO3 to prospective future emissions is essential. A key objective of the present study has been determination of the lifetime
of excess atmospheric CO2. This lifetime is highly uncertain in the current literature, with published values ranging from a
few decades to tens of thousands of years. To considerable extent this perceived uncertainty is reduced by agreeing that the
appropriate measure of the lifetime is the time scale on which, in the absence of anthropogenic emissions, atmospheric CO
would substantially recover to its preindustrial value. However even with such agreement, prior model results shown in Fig.
1 exhibit wide disparity, and it was that range of disparity that motivated the present study. Clearly the uncertainty in CO2
lifetime represented by the range of results of current carbon cycle models greatly limits confident formulation of approaches
to limit climate change, specifically, for example, to limit the increase in global temperature to a specific target. Here it is
noted that in the model intercomparison of MacDougall et al. (2020), reproduced in AR6 (Lee et al., 2021, Figure 4.39), the
range of change in global temperature over the 100-year time period following abrupt cessation of anthropogenic CO2
emissions is large, -0.9 to + 1.6 K, and uncertain even in sign. The approach taken here, a hybrid budget-modeling approach,
tightly constrained by observations and well characterized geophysics, has led to a lifetime of anthropogenic CO2, quantified
by multiple measures, of 110 = 30 years, well shorter than given by current carbon cycle models. In the sustained absence of
anthropogenic emissions, CO2 would not fully return to its preindustrial value. However, as the lifetime defined and
determined here pertains to the period of time during which CO2 would return substantially to its preindustrial value, it is

this quantity that is the pertinent measure of the lifetime of excess CO».

Although the abrupt cessation of emissions examined here can at present be considered only hypothetical, in view of the
heavy reliance on fossil fuel combustion by human society to meet its energy needs, such a complete cessation of emissions
is highly relevant as the end state of potential decarbonization of the world's energy economy. Irrespective of practicality,
abrupt cessation serves as benchmark by which to consider the response of atmospheric CO7 to any prospective decrease of
emissions. Certainly if the model developed here provides an accurate representation of the response of atmospheric CO? to
such a cessation, the rapid decrease in CO? that would result from abrupt cessation of emissions would be dramatic: a 50 %
decrease in excess CO?2 in as short a time as 50 to 100 years, much shorter than the 550 years that would be required based
on the multimodel mean of Joos et al. (2013a), widely used as a benchmark in current analyses, and likewise much shorter

than the results from the several models that participated in the intercomparison of MacDougall et al. (2020). Such a

59



https://doi.org/10.5194/acp-2021-924 Atmospheric
Preprint. Discussion started: 29 November 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

1695

1700

1705

1710

715

1720

decrease in atmospheric CO2 would be accompanied by a decrease in radiative forcing, 0.9 W m2 and by a corresponding
decrease in global temperature. The decrease in atmospheric CO2 would be mirrored also by a decrease in dissolved

inorganic carbon in the surface ocean, with resultant increase in pH of 0.07.

Finally I return to the importance of the adjustment time of excess atmospheric CO2 to climate system response to
prospective reductions in anthropogenic CO2 emissions. Of the two time constants governing response of global mean
surface temperature (GMST) to change in CO2 emissions, namely the time constant of response of atmospheric CO2 amount
to change in emissions 7cop, and the time constant of response of GMST to change in forcing 7gmsT, the latter is much
shorter, five to 10 years. Hence it is 7coy that governs the time scale of the overall response of the climate system to changes
in emissions. If 7oy is as great as 300 years or so, as indicated for the multimodel mean in the comparison study of Joos et
al. (2013) shown in Fig. 1a, then decrease in GMST in response to reduction in anthropogenic CO2 emissions would take
place only on this multicentennial time scale. In contrast, the present results indicate that the effects of controls on emissions
might be realized much more quickly and that concerted action to control anthropogenic emissions of CO2 could yield,

dramatic, tangible results on a time scale as short as a human lifespan.

Appendix A: Budget of CO3 in the biogeosphere

The objective of the examination of the budget of CO) presented here is to obtain an accurate and quantitatively self-
consistent picture of the stocks, fluxes, and annual growth of CO2 in and between the several compartments in the
biogeosphere governing the amount of CO2 in the atmosphere. Specifically, these compartments are the atmosphere
(atmospheric compartment, AC), the world ocean, subdivided into two compartments, the mixed-layer ocean (ML), the deep
ocean (DO), and the terrestrial biosphere (TB), also subdivided into two compartments, a labile biosphere (LB) and an
obdurate biosphere (OB). The AC and the two ocean compartments are each considered well mixed and to exhibit (in the
AC) uniform mixing ratio of CO? or (in the ocean compartments) concentration of total dissolved inorganic carbon, DIC, the
sum of carbonic acid HpCO3 and bicarbonate HCO3 and carbonate CO%_ ions, predominantly bicarbonate. This analysis
first examines the preindustrial budget, on which the anthropogenic perturbation is imposed, and then examines the

anthropogenic perturbation.

The framework for this analysis is Fig. 2, which identifies the several compartments and presents the results from this
analysis in terms of the stocks in these compartments, the fluxes between the compartments, and the annual increases in
several of the stocks. The intent is to develop values of the several quantities that derive from measurements or well
established relations between the several quantities, importantly the equilibrium total solubility of CO2, the amount of DIC

in equilibrium with atmospheric CO7. Some differences in several of these quantities have been exhibited among the several
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prior versions of the figure, resulting from definitional changes, improvements in measurement and understanding, and

updating. The present examination has resulted in further substantial changes in several of the quantities, as detailed below.

Al. Preindustrial stocks

The preindustrial stock of atmospheric CO7 is accurately known from glacial ice cores (Neftel et al., 1985; Etheridge et al.,

1996). The stock of atmospheric CO? Sj, is related to the dry-air mixing ratio of CO2 xcop as
Sy =T'coz*coz (A1)

where I'cop = 2.120 Pg C ppm'1 (SI Text Sect. S2) can be considered a constant of Earth's geophysical system. The PI COp
mixing ratio 278 ppm, uncertain to perhaps 2 ppm, corresponds to stock 589.4 = 4 Pg. The stock of carbon in fossil fuel
reserves, determined by inventory, is subject to large uncertainty for reasons of definition or by changes in inventory
method, but for consideration of the budget of atmospheric and oceanic CO) such uncertainty is of secondary importance.
Stocks of CO2 dissolved in the two ocean compartments are related to average concentrations by the depth of the ML, zp, =
100 m, consistent with previous versions of this figure, and of the DO, zq4 = 3583 m, for total mean depth of the global ocean
3683 m, and area of the global ocean Ay = 3.62 x 1014 m?2 (Eakins and Sharman, 2012), together with the density of
seawater (pgaw = 1025 kg m'3). Throughout this study the equilibrium concentration of DIC corresponding to a given CO2
dry-air mixing ratio xco; has been calculated with the program CO2SYS (Lewis and Wallace, 1998), with temperature taken
as 18 °C and total alkalinity 2349 umol kg;‘xl,, the latter selected to yield mixed-layer stock 900 Pg in near equilibrium with
the preindustrial CO2 mixing ratio as given in earlier versions of the figure; these values of alkalinity and temperature are
used throughout the present study. The dependence of equilibrium DIC concentration on xcq; is shown in SI Text Sect. S3,
Fig. S3.1, which also shows the corresponding stocks in the two compartments. Conversions relating stocks and

concentrations are also given in SI Text Sect. S2.

The total stock in the preindustrial TB is treated as consisting of two components the PI LB and its complement the PI OB.
Here the value of the total stock in the PI TB Stp ! is taken as 2800 Pg based on a survey of present-day carbon stocks by
Carvalhais et al. (2014), which yielded 2807:%%% Pg (uncertainty range adjusted to 68 % likelihood) together with the net
change in St between preindustrial time and present day (difference between net deforestation and net uptake of
anthropogenic CO7) being small. The stock in the PI LB sPi , which assumes some importance in the present analysis as it
exerts a major influence on the amount and rate of anthropogenic CO7 taken up by the LB, is considered uncertain and is

limited by comparison of present model results and observations to the range [200, 700] Pg, Sect. 7.
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A2. Preindustrial steady state

A requirement of the preindustrial state is that the stocks in all compartments are constant with time (steady state), and
therefore that the fluxes between all compartments be equal when summed over all paths. In this regard attention is called
first to the large and essentially cancelling fluxes between the AC and the ML, Sect. A4, and between the AC and the LB.
The gross fluxes between the AC and the LB are set to estimates of PI gross primary production, Sect. A3. The gross fluxes
from the AC to the OB and from the OB to the AC, the ranges of which are constrained by comparisons of observations with
results from calculations with the model developed here, are much smaller. Attention is called to the slightly greater flux
from the AC to the OB than the return flux, a difference of 0.6 Pg yr'l, that is compensated by a riverine flux from the OB to
the ML. This riverine flux into the ML results in the value for concentration of DIC in the ML [DIC]y,, shown as 2020.2
pmol kgs_vlv, slightly exceeding the concentration in equilibrium with the atmospheric mixing ratio 278 ppm (2018.4 pmol
kg;‘,},; Sm = 899.2 Pg) and in turn to the flux from the ML to the AC Frgi1 slightly exceeding that from the AC to the ML
anl] (70.6 vs 70 Pg yr'l). Although this difference in flux is slight relative to the flux itself, and to the accuracy with which
the flux is known, the difference is substantial in the context of the anthropogenic increment in net flux between the AC and
the ML and must be accounted for in the budget (Sarmiento and Sundquist, 1992; Takahashi et al., 2009). The corresponding
augmented stock in the ML Slﬂ’li =900 Pg consistent with recent versions of Fig. 2. This situation results in a steady state for

the three compartments.

A3. Preindustrial flux between the atmosphere and the terrestrial biosphere

The flux from AC to LB Fa};i given in Fig. 2 is meant to represent annual gross primary production, GPP, that is, the entire
amount of CO2 taken up by photosynthesis including the amount that is rapidly released by vegetative respiration. Here as
the global annual preindustrial fluxes Féﬁi and Flgi are taken as compensating, their exact magnitudes are unimportant for
consideration of budgets. In fact, an early version of the figure given (Sarmiento and Gruber, 2002) gave the flux from the
atmosphere to terrestrial vegetation as the estimated net primary production, NPP, 60 Pg yr‘1 rather than the 120 Pg yr‘1 that
corresponds to GPP given in later versions of the figure. GPP has conventionally been estimated as twice NPP (e.g., Beer et
al., 2010), hence the value of 120 Pg yr'l. However neither the 60 Pg yr'1 estimate for NPP nor the factor of 2 is known
with great accuracy (e.g., Piao et al., 2010). The value 120 Pg yr'1 given for GPP in recent versions of Fig. 2 is taken here as

PI gross flux from the atmosphere to the LB, Feﬁi.

An important addition to Fig. 2 relative to previous versions of this figure is inclusion of fluxes denoting the preindustrial
drawdown of carbon from the atmosphere to the obdurate biosphere OB and the return of this carbon from the OB to the
atmosphere either directly or, to much lesser extent, through the ocean mixed layer. As developed in Appendix A13 and

Section 3, the range of Fa%i, [4.6,20.6] Pg yr'l, is constrained by comparisons of results from the model developed here with
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observations. The return flux F(Bdi [4.0,20.0] Pg yr'1 is less than Feﬁi by the riverine flux from the OB to the ML F(?ni] =0.6

Pg yr'l.

A4. Preindustrial flux between the atmosphere and the mixed-layer ocean

A principal objective of this analysis of the CO7 budget is to develop transfer coefficients characterizing the fluxes between

compartments F7; in terms of the stocks of the source compartments, S; as

where the transfer coefficient pertinent to the global annual mean is generally a constant but is not a constant for transfer
between the ML and the AC (Appendix B). By Eq A2 the ratio of the flux of CO from the atmosphere to the ocean to the

atmospheric stock defines the transfer coefficient kam,
Kam = Fa[ili1 /Sell)i~ (A3)

The preindustrial atmospheric stock and atmosphere-to-ocean flux shown in Fig. 2, which are taken from earlier versions of
this figure, result in the value kgm = 0.119 yr'l. This transfer coefficient corresponds to a global and annual mean transfer
velocity vam (often denoted deposition velocity), the ratio of global mean flux density @am = Fam/4o to mean gas-phase

CO7 volumetric concentration at the surface Cyg,

(Pam
Vam = R (A4)
o Cas
the subscript s denoting surface concentration. As shown in SI Text Sect. S2, vamy, which is related to kam by Ao and the

volume of the global atmosphere (reckoned at the global and annual mean temperature and pressure at the ocean surface) Vy,

—-am’a (AS)

is approximately 16 cm h-l. As the mass transport is controlled by aqueous-phase diffusion of dissolved CO? in the laminar
layer of seawater immediately adjacent to the atmosphere, vap, does not depend on the concentration or extent of ionic
dissociation of dissolved CO7 (e.g., Liss and Slater, 1974; Schwartz, 1992; Sarmiento and Gruber, 2006, pp. 82-89). This
deposition velocity falls squarely within the range of estimates of global-mean aqueous-phase transfer velocities for CO?, as
summarized, e.g., by Sarmiento and Gruber (2006; p. 85), 11 to 20 cm hl. (Indeed, the value for F.gf)ni1 of 70 Pg yr‘1 given in
Fig. 2 and in multiple earlier versions of this figure almost certainly derives from estimates of the global and annual mean

aqueous-phase transfer velocity together with specified Sy). These estimates result from averages of local and instantaneous
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transfer velocity, a quantity that depends strongly on wind speed (roughly as the second power) and to lesser extent on other
situational variables (e.g., Liss and Merlivat, 1986; Takahashi et al., 2009; Wanninkhof et al., 2013). The transfer coefficient
kam denoting the global and annual mean gross transfer rate of CO) from the atmosphere to the surface ocean divided by the
amount of CO2 in the global atmosphere is independent of the amount of CO2 in the atmosphere and of the amount or
concentration of dissolved CO7 in the ocean. Indeed, after accounting for Henry’s law solubility, this transfer coefficient is
applicable to any low- to moderate-solubility gas, the uptake of which is controlled by aqueous-phase mass transport, with
slight dependence on the diffusivity of the dissolved gas in seawater. The value for kay is given here, as also for other
quantities, to far greater precision than is justified by the accuracy with which it is known, the uncertainty in kgp, the value
of which is based on modeling studies and perhaps with greater confidence on the rate of uptake of natural and weapons-
produced radioactive tracers, being about +30 %. (Sarmiento and Gruber, 2006, p. 85). Again, however, because of
cancellation in the up and down fluxes, Fig. 2, the actual values of the gross fluxes assume secondary importance in

consideration of the CO) budget.

The transfer coefficient between the atmosphere and the ML referred to gas-phase CO2 is related to the transport coefficient
between the two compartments referred to aqueous-phase CO2, vam, by the dimensionless volumetric Henry's law solubility

coefficient H (Sander et al., 2021) amount per volume in solution divided by amount per volume in the gas phase, as
= Yam (A6)

(e.g., Liss and Slater, 1974; Schwartz, 1992). For CO7, because H is near unity (0.83 at 291 K; Weiss, 1974; Lewis and
Wallace, 1998), vijg is roughly equal to vam. The resulting global- and annual mean value of vy is 19 cm hl, again with

uncertainty + 30 %.

As developed in Appendix B, the flux from the ML to the AC does not exhibit constant proportionality to the amount of
total dissolved inorganic carbon (DIC) in the ML as it is proportional, rather, to the amount of dissolved HpCO3, which is
the species that exchanges with atmospheric CO2. This situation is readily dealt with using well established equilibrium
relations between concentrations of DIC and HpCO3 but has the consequence that the transfer coefficient kpyy is dependent

on the concentration of DIC and is thus not a constant in the same sense as kam.

AS. Gravitational flux of particulate carbon

In the preindustrial situation, in order for steady state to be maintained, the total flux from the ML to the DO must equal the
reverse flux from the DO to the ML. Here, in addition to the contributions to these fluxes from exchange of water containing

DIC between the two compartments, with fluxes Frgh and deri], transfer occurs also by gravitational settling of biogenic
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particulate carbon from the ML to the DO, with flux denoted Fpc, the so-called biological pump (Volk and Hoffert, 1985;
Sarmiento and Gruber, 2006, p. 332). The particulate carbon transferred to the DO is subsequently oxidized to inorganic

carbon and returned to the mixed layer as part of F(fn'ﬂ , thereby requiring, in steady state, that

pi _ fhi
FRy+Fpe =F5 . (A7)
The global-mean flux densities of dissolved COj transferred between the two compartments can be related to the
concentrations (Cj, mass/volume) in the two compartments,

Ci=—2 (A8)
Aoz

and to the rate of volume of seawater exchange between the two compartments, vp as
i i, i i
Fhy = AgvpCrPs Fin = AgvpCaP' (A9)

As vp has the dimension of velocity, it is often denoted a “piston velocity”, the volume of water (per area and time) that
would be displaced by a piston moving at that velocity; this global piston velocity characterizes the rate of transfer of any
globally distributed tracer between the ML and the DO. Here the piston velocity is determined from the rate of transfer of
heat energy from the ML to the DO in recent decades (Appendix A Sect. A6). From Eqs A5-A9 the concentrations in the

two compartments are related by

. . F

Cdpl - Cmpl +_PC (A10)
onp

From (A10) it may be seen that the sinking of particulate carbon results in the concentration of DIC in the deep ocean being

greater than that in the mixed layer. Eq (A10) may be inverted to yield a value of the flux of particulate matter from the

mixed layer to the deep ocean that is consistent with a specified difference between the concentrations in the deep and

mixed-layer ocean.
Fye :onp(cdpi_cmpi) (All)

Here the preindustrial DIC concentration in the mixed-layer is taken as 2020 pmol kgs_vlv, equivalent to 0.02487 kg m3 and
that in the deep ocean 2250 + 25 umol kg;\,}, (Key et al., 2004; McKinley et al., 2017), equivalent to 0.02770 kg m-3. The
requirement of preindustrial steady state together with the piston velocity determined in Appendix A, Sect. A6, 5.5+ 1.8 m

1

yr'1 constrains the gravitational flux of particulate carbon from the ML to the DO Fp¢ to 5.6 + 1.8 Pg yr™*, where the
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uncertainty is dominated by uncertainty in vp. This value is considerably less than, the value given in prior versions of Fig.
2, 11 Pg yr'l, a value that derives from an inverse model calculation by Schlitzer et al. (2000). However prior and
subsequent estimates of this quantity, based on measurements with sediment traps and on determination of ocean
productivity from satellite measurements together with yield of particulate matter, or by model calculations vary over a
substantial range: Keeling (1979) 3.5 Pg yr']; Martin (1987) 5; Karl et al. (1996), 5; Six and Maier-Reimer (1996), 11;
Falkowski et al. (1998), 16; Laws et al. (2000), 11; Del Giorgio and Duarte (2002), 27.5; Henson et al. (2011), 5. In this
context the value that is consistent with the difference between DIC in the ML and the deep ocean under preindustrial

1

conditions, together with the piston velocity determined from heat uptake by the world ocean, Fpc =5.6 £ 1.8 m yr™*, seems

not unreasonable. (In contrast, values of Fp¢ of 11 or 16 Pg yr'1

would require unreasonably high piston velocity, 11 and 17
m yr'l, respectively.) The stock of DIC in the DO compartment consistent with the DIC concentration in the DO, 35917 Pg,
corresponding to [DIC] = (2250 + 25 umol kgs_‘,lV ), is slightly less than that given in earlier versions of the figure, 37100 Pg,
which appears to have been evaluated for an assumed total ocean stock of 38000 Pg decremented by the 900 Pg in the mixed
layer. Again, although these stocks provide important context for the budget of anthropogenic CO2, the actual values are of

minor importance.

A6. Piston velocity between mixed layer and deep ocean

The piston velocity quantifying the rate of transfer of water, and by extension of any tracer, between the ML and the DO is
of great importance and interest in many geophysical applications. An early determination of this quantity, 3 to 3.5 m yr'l,
was obtained from the difference in the ratio of 14C02 to 12C02 in the upper ocean versus that in the DO, using the half-life

of 14C02 as a clock (Broecker and Peng, 1982, pp. 236-243; also Sarmiento and Gruber, 2006, p. 12) .

An alternative approach to determine vp, taken here, comes from recognition that the piston velocity governing exchange of
CO7 between the ML and the DO would likely find a good analogy in the flux of heat energy from the ML to the DO that
has been induced by the increase in global mean surface temperature over the Anthropocene era, especially given the similar
time history of these perturbations. The global heat flux into the world ocean has received much attention in measurements.

Typically the heat flux density has been quantified by a global heat transfer coefficient xjj as

FH’deKHAT (A12)
where AT, the driving force for the heat transfer, denotes the increase in global mean surface temperature over the
Anthropocene era. Here the value is taken as given by the IPCC 2013 assessment (Hartmann et al., 2013, Box 2.2) for year

2010, 0.78 [+ 0.07] K; the square brackets denote the 5-95 % uncertainty range as commonly given by the IPCC

assessments. The rate of increase in ocean heat content is determined from the increase in global heat content, dominated by
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the increase in ocean heat content, that is obtained as the integral of heat content over the global ocean. This increase in heat
content is divided by the time between the successive measurements. Based on such measurements the 2013 IPCC
Assessment report provided best estimates and associated uncertainties of the amount of global heat increase (Rhein et al.,
2013, Box 3.1). The increase of global heat content from 1971 to 2010, 274 [196-351] x 1021 J, yields the heating rate of
the planet 0.43 [0.31-0.55] W m~2; the increase from 1993-2010, 163 [127-201] x 1021 g, yields a somewhat greater rate of
increase, 0.60 [0.47-0.74] W m2. F ollowing Rhein et al. (2013), ascribing 93 % of the increase in heat content to the global
ocean and taking into account the ocean area fraction of the planet 0.708 yields ocean heating rates 0.56 [0.40 - 0.72] and
0.78 [0.61-0.97] W m2. (Rhein et al. (2013) give the latter quantity, evidently erroneously, as 0.71 W rn'2). Averaging

these and retaining the uncertainty limits yields a total heating rate of the global ocean dHgt/dt = 0.672 [+ 0.28] W m2.

In order to determine the transfer velocity it is necessary to recognize that the total heating rate consists of two components,

the heating of the mixed layer and the flux density that corresponds to transfer of heat to the deep ocean,

dHtot dHrn
= + F s A13
it = it H . md ( )

where the second term on the right is the quantity of interest here. The first term, the mixed-layer heating rate, is evaluated as
the rate of increase of global temperature times the heat capacity of the upper ocean, evaluated as zy, times the volumetric

heat capacity of seawater, cyoql,

dH, dT
G Cvorm: (19

For dTy/dt = 0.0106 [0.080-0.132] K yr'L, cyol = 3.99 x 100 I m3 K-, and zy, again taken as 100 m, dHm/dt = 0.134 [+
0.02] W m'z; this must be subtracted from dHygt/dt to yield the deep ocean heating rate of the global ocean, dHg/dt = 0.538
[£0.28] W m=2. By Eq (A12) the heat transfer coefficient of the world ocean, xf7 = 0.689 [+ 0.36] W m 2 KL, In turn the

piston velocity, which is related to the heat transfer coefficient as
Vo.H =KH /¢yl (A15)

is 5.46 [£2.9] m yr‘l. For consistency with the one-sigma estimates of uncertainty used here for the CO7 budget, the 5-95 %
uncertainty range is reduced by a factor of 1.64 (representing the ratio of widths for a gaussian distribution) to yield vp i =
55+1.8m yr‘1 (relative uncertainty 33 %, 1 sigma). The piston velocity between the mixed layer ocean and the deep ocean
determined in this way from measurements of the heating rate of the global ocean, which is consistent with that determined
by the 14C02 method, provides an independent, observationally based measure of this quantity that can be used with

confidence in determining components of global CO? budget.
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Knowledge of the piston velocity vp permits determination of the net flux density of exchange of any tracer between the ML

and DO compartments as
Pnetmd = Vp ([Trlym —[Trlg) (A16)

where [Tr] denotes the volumetric concentration of the tracer. The two terms represent the flux density from the ML to the
deep ocean, ¢md, and that from the deep ocean to the ML, ¢dm, respectively. Noting that the flux is related to the flux
density by the area of the world ocean 4, and that the concentrations in the two compartments are related to the respective
stocks by the volumes of the respective compartments (for the atmosphere reckoned at the temperature and pressure of the

surface; SI Text Sect. S2) leads to an expression for the net flux in terms of the respective stocks

Fhet;md = kmaSm — kamSa (A17)

where the transfer coefficients ki d and kdgm characterize the gross flux from the ML to the DO and from the DO to the ML,

respectively. These transfer coefficients are related to the piston velocity as
kma =~ kgm=—". (A18)
d

The values are kmpd = 0.055 £ 0.018 yr'1 and kgm = (1.53 £ 0.5) x 10-3 yr'l, where the uncertainties reflect propagated

uncertainty in vp.

Recently, as discussed in the main text, Sect. 7.8, Sect. 8.5, the ocean uptake rate of CO) has been determined from the
globally integrated increase in DIC between two time periods, 1994 and 2007 (Gruber et al., 2019), permitting determination
of the piston velocity. analogously to the approach taken here from increase in ocean heat content. The mean rate of increase
in DIC over this time period determined by Gruber et al. was 2.6 + 0.3 Pg yr'l; after subtraction of 0.48 Pg yr'1 for increase
in the ML, this yields 2.1 Pg yr'1 for the DO. For anthropogenic stock in the ML 26.0 Pg for year 2000, the piston velocity,
uncorrected for return flux, is 8.2 m yr'l, which after correction for the return flux yields vp =8.0+ 1.1 m yr'l, substantially

greater than the value determined from uptake of heat, 5.5+ 1.8 m yr'l, although just outside the mutual uncertainty range.

A’7. Anthropogenic emissions
The anthropogenic perturbations to the CO2 stocks and fluxes shown in red in Fig. 2 have been and continue to be driven by
emissions from fossil fuel combustion and other industrial activities (primarily calcination of limestone in cement

production) Off, and by land-use changes (the net of deforestation and afforestation), Q1y. Emissions are calculated by

inventory methods as summarized recently by Le Quéré et al. (2018a), who provide tabulated annual emissions from both
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categories as well as estimates of associated uncertainties (Data Sources; Supporting Information SI Text Sect. S4). For the
uncertainty associated with Qff, Le Quéré et al. (2018a) recommend £ 5 %, 1-sigma, independent of time. Present Qff is
estimated as 9.9 £ 0.5 Pg yr'1 (Boden et al. 2017) and Qjy as 1.4 + 0.7 Pg yr'l, the average of two bookkeeping methods
(Houghton and Nassikas, 2017; Hansis et al., 2017), with the uncertainty reflecting a best value judgment. These present
emissions given here and in Fig. 2 denote the averages of the last three years (2014-2016) of the Le Quéré et al. (2018a)
tabulation, yielding present annual anthropogenic emission and associated uncertainty 11.2 + 0.9 Pg yr'l. Although emission
from land-use change Q}y is now only 12 % of the total anthropogenic emission, its uncertainty actually exceeds that of Off;
this greater uncertainty arises from large uncertainty in both the amount of land-use change and the net emission associated
with specific types of land-use change. As developed in Sect. 5.9 and Table 3 and below (Sect. A10, Sect. A11) uncertainty
in present anthropogenic CO2 emission contributes substantially to uncertainty in the inference of the rate of removal of

anthropogenic CO7 from the atmosphere and hence to the turnover time and other measures of the lifetime of excess CO2.

The cumulative emission from fossil fuel combustion and cement production Qff from 1750 to 2016 is calculated as the
integral of annual emission over this period to yield 422 + 21 Pg. The fractional uncertainty associated with Qjy is estimated
as £+ 50 % for the annual emission, and hence the absolute uncertainty in integrated emission in Qjy, 114 Pg, is 5 times that
for Qff. The total cumulative anthropogenic emission, 1750-2016, Qant = 649 Pg, with uncertainty = 116 Pg or about 18 %.

This uncertainty in cumulative emission does not greatly affect the present analysis.

A8. Anthropogenic enhancement of atmospheric stock

The increase in the mixing ratio of atmospheric CO2 over the Anthropocene has been accurately determined by
contemporaneous measurement commencing in 1959 (Keeling et al., 1976; 2001 as updated; Ballantyne et al., 2012, as
updated by Dlugokencky and Tans, 2018), and for earlier time from glacial ice cores (Neftel et al., 1985; Etheridge et al.,
1996), with CO7 considered for this purpose well mixed in the atmosphere. The present (2016) mixing ratio is 405 ppm,
corresponding to 858.6 Pg; the anthropogenic increase in the stock of CO2 in the AC, S;mt = 269.2 Pg, is uncertain to

perhaps 2 ppm, corresponding to 4 Pg, or about 1.6 % of the increment.

Of the cumulative total anthropogenic emission about 41 + 7 % remains as excess CO7 in the atmosphere, the balance
having been taken up by the ocean and the terrestrial biosphere, shown in Fig. 2 as 131 and 191 Pg, respectively. Net uptake
by the marine biosphere is thought to be small (Sarmiento and Gruber, 2006, p. 424), most fixed CO? being rapidly returned
to the atmosphere and any anthropogenic perturbation still smaller. Although the sum of the oceanic and terrestrial biosphere
sinks is rather well constrained (to the uncertainty of the aggregate emission, the uncertainty in the incremental amount in the
atmosphere being small), the apportionment between the oceanic and terrestrial sinks should be considered much more

uncertain, Appendix A, Sect. A13.
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The annual increment for Sy, aS, , is evaluated as the difference in Sy in successive years as determined, since 1959, by
contemporaneous measurements of CO2 mixing ratio in air. The present annual increment, estimated by regression fit, SI
Text Sect. S5, Fig. S5.1, is 5.2 + 0.4 Pg yr'l, the uncertainty arising from fluctuations in the rates of removal processes
and/or annual emission. This annual increment represents about half of current emissions (46 = 5 %), where the uncertainty
takes into account uncertainties in aS, and Qtot. The annual uptake of current emissions by dissolution into the ocean and
by the terrestrial biosphere, obtained by difference, is 6.1 + 1.0 Pg yr'l, where the uncertainty is dominated by uncertainty in
annual emission. Much insight is to be gained from examination of the distribution of this rate of uptake into the ML, DO

and TB compartments.

A9. Anthropogenic enhancement of DIC in the mixed-layer ocean

The starting point for determination of the stock of anthropogenic DIC in the ML S&m is the value for DIC concentration in
equilibrium with the atmospheric partial pressure of CO2. The DIC concentration in equilibrium with any given xcoy can
(and can only) be evaluated numerically from the well established equilibrium constants for CO7 solubility and dissociation
(dependent on total alkalinity and salinity and temperature) together with the partial pressure of atmospheric COp. This
equilibrium relation is shown in SI Text Sect. S3, Fig. S3.1. At the present (2016) CO2 mixing ratio, xcoz = 405 ppm, the
equilibrium anthropogenic stock of DIC in the ML would be equal to the stock in equilibrium with this xcgp, 933.7 Pg; this

1

value must be augmented slightly, to 934.2 Pg, to yield an additional flux of 0.6 Pg yr™, as in the preindustrial situation, and

this, minus the similarly augmented preindustrial stock, 900.0 Pg, yields S&“’fmg = 34.2 Pg, where “aug” denotes the

augmentation to account for the preindustrial imbalance. This value for ngf ;ug slightly exceeds (5 %) the actual value S5 !
for two reasons: a lag in Sy relative to its (augmented) equilibrium value with respect to S3 by not keeping up with the rate

of increase of Sy, and a decrease in Sy, due to net removal of CO from the ML to the DO. That is
SSht = Situg = S = SlagSim + SsinkSm - (A20)

or alternatively

oS,
Sﬁ{n = SIZ;E;Ug 1- amm (4zD)
Sm,aug

The magnitudes of these difference terms are evaluated here.

For a given rate of increase in Sm eq that is driven by the rate of increase in S, the magnitude of the lag in Sy, relative to its
equilibrium value is, to good approximation, equal to the time constant describing the relaxation of a perturbation between

the two phases Tam times the rate of increase of Sm e, i.e.,
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dSm,aug dSm £q

~T
dr ame gy

1995 BlaeSin" = Tam

For present (2016) CO7 mixing ratio, 405 ppm, Tam is about 0.74 yr, for assumed zpy, = 100 m (Appendix B). The annual

rate of increase in Sm,eq, dSm,eq/d?, is given by

Smeq _(dSm | dSy _ -1 dSa
= 0 ., —fma—,
dr dS, )y di dt

where

2000 K, = ( 5333 ]
m eq

is a quantity that plays an important role in characterizing the rate of transfer of CO) between the ML and the AC accounting

for the dissociation equilibria of dissolved CO2. K}, may be thought of as a differential equilibrium constant, the

derivative of S3 with respect to Sy under equilibrium conditions, that relates the transfer coefficients between the two

compartments as

2005 kma = Kinakam -

K, is a function of DIC concentration (or equivalently of the CO7 partial pressure in equilibrium with DIC concentration),

which must be determined numerically from the known dependence of equilibrium [DIC] on xcg», but which is readily

determined (Appendix B, Fig. B1). For present atmospheric CO2 mixing ratio K, = 10. With the rate of increase of Sy,

dSa/dt =52 Pg yr'1 obtained from observations (Appendix A, Sect. A8; SI Text S5), dSm eq/dt = 0.52 Pg yr'l, from which

2010  the resultant departure from phase equilibrium is 513gSm =0.40 Pg or about 1.2 % ofS,z;nt .

S ant

The second contribution to the difference between Sﬂ?t and Sy 5y, arises because of the sink of DIC from the ML to the

DO. To good approximation this difference is given (SI Text Sect. S3) as the fraction of sink to the DO upon the total gross

rate of DIC leaving the ML compartment,

— Sant kmd __ gant kmd

SsinkS, ; =~ Smang —oe—
sink®m m,aug 'm,aug .
kamKr,na +kmg kamKr’na

2015 The approximation results from ;4 , the coefficient describing transfer of DIC from the ML to the DO being much less than

kma = kamKma » the transfer coefficient of DIC from the ML to the atmosphere at the current DIC concentration, with Kj,,

being determined numerically (Appendix B). For &y = 0.055 yr'1 (Eq. A18) and K7, = 10 for xcop = 405 ppm, the
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decrease in Sy due to the sink to the DO JsinkSm = 1.51 Pg or 4.4 %, for a total departure from equilibrium of 1.91 Pg or
5.6 % onglm, resulting in Sﬁ{“ = 32.2 Pg. The associated uncertainty, derives from uncertainty in ng, and which is

essentially completely correlated with that uncertainty, is small, about 0.6 Pg.

The annual change in the ML stock is evaluated as

ant Sant
sSp=Bm 4 Sheq| 1- O || “meq| )OSy (A27)
dt dt ’ Sﬁ?éq dt Sﬁfteq

where the approximation rests on the fractional departure of S;‘ﬂ“ from Sﬁﬂgq not changing appreciably over a year. Thus

a8y, is evaluated as 0.55 Pg yr'1

or about 10 % of annual growth of the atmospheric stock Sa, aS,, roughly in the same
proportion as the ratio of the anthropogenic stocks in the two compartments, 32.2/269, but a bit lower because of the
continuing decrease in incremental solubility of CO2 with increasing xcop and [DIC]. The uncertainty in oS, , dominated by

1

year-to-year fluctuation in aS, , is about 0.06 Pg yr™*, correlated with uncertainty in aS, .

A10. Anthropogenic enhancement of CO7 in atmosphere and mixed-layer ocean together

In view of the small difference between Sf;néq and S,";m, anthropogenic DIC in the ML can be considered to fairly good
approximation as in equilibrium with the stock of anthropogenic CO2 in the AC. It is thus useful to consider the AC and the
ML as a single compartment, denoted Sapm, in analysis of the fate of anthropogenic CO7, lending great heuristic value to
interpretation of the CO) budget and pertinent time scales, while introducing slight error. This equilibrium assumption is a
consequence of the time constant for equilibration of CO2 between the atmosphere and the ML being short relative to other
time constants governing evolution of the system (Main text, Sect. 5.3, Sect. 7.7). The annual increase in Sam,
ASym = a8, +aS, = 5.7 Pg yr'l, As the anthropogenic stocks in these two compartments are tightly coupled, the
uncertainties must be viewed as additive rather than independent. Thus the uncertainty in Samy is 6 Pg, and the uncertainty in
aS,m is 0.5 Pg yr'l. More substantively, the near equilibrium between excess CO? in the two compartments suggests the
utility of considering these two compartments as a single compartment, with stock S:&t = (269 + 32) Pg = 301 Pg, in

consideration of time scales characterizing evolution of anthropogenic CO?.

A11. Net flux of anthropogenic CO3 into the deep ocean

Knowledge of S5 t permits evaluation of the flux from ML to the DO. In the absence of any return flux from the DO to the

ML this flux is given (Eq A17) as Fr?lrét = kmdeﬁ“, proportional to Slax{n, as the exchange between ocean compartments

operates on total DIC. The resulting flux is 1.8 = 0.6 Pg yr'l, where the uncertainty is dominated by uncertainty in kg and
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in turn vp; it might be observed that unlike s b or kmd» F;rét is immune to the choice of zp, as this quantity cancels out

between S,z;m and kmd. This gross flux must be diminished by the return flux to yield the net flux

ant
aSg= Fr;rllrtlit,net = kmdsriilm - kderag]t = kmdsrz}i1t [1 - Sim ZZ—ZJ : (A28)
m

The major contribution to uncertainty in aSy is uncertainty in kmd, 33 %. The second term on the RHS, representing the
return flux of anthropogenic DIC from the DO to the ML is small compared to unity, the factor zy/zq = 1/40 offset by the
ratio of the anthropogenic stocks, ng / ngn . For this purpose the anthropogenic increase in the stock in the DO is taken as =
124 Pg, yielding Sélm /AS‘fIllm =131/32.2, or about 4, for a net return flux of about 10 %. The resulting return flux, 0.2 Pg yr'l,
is small relative to other terms in the budget of anthropogenic CO2. As this term is small, even a fairly large uncertainty in
ng say, 50 %, yields an uncertainty in the return flux, 0.1 Pg yr'1 that does not contribute substantially to the uncertainty
-1

in the overall budget. In turn, aSq= 1.6 + 0.6 Pg yr™", the uncertainty dominated by uncertainty in vp.

The value 124 Pg for ng comes from numerical integration using the present model, incremented by an additional 20 Pg
that would account for the so-called “flattening” of the atmospheric CO2 mixing ratio record in the 1940's inferred from
glacial ice cores (Trudinger et al., 2002) that is attributed largely if not entirely to an unexplained increase in ocean uptake of
2-3 Pg yr'1 for a 6 to 8 year period. This flattening is evident in comparison of modeling results (which do not take the
flattening into account) and observations as presented in Fig. 8 of the main text. The resulting value of aS4 given in Fig. 2 is
1.5 Pg yr'l with uncertainty + 0.5 Pg yr-l. The uncertainty in ng is likewise dominated by uncertainty in vp, + 33 % or 34
Pg, with an additional, structural uncertainty arising from the increment associated with the observed flattening of

atmospheric CO2 mixing ratio in the 1940's, taken as + 10 Pg, small compared to that from vp, for a total uncertainty of + 36

Pg.

Comparison of the annual increments in the ML and DO compartments shows that the increment in the DO compartment is
dominant, by a factor of 3 or so. The flux of dissolved CO7 from the ML to the DO assumes a much greater importance to
the budget of excess CO) than the flux between the AC and the ML, not just because of its magnitude but because this flux
is to first order an irreversible sink of CO7 until the incremental return flux from the deep ocean to the upper ocean becomes

appreciable relative to the incremental downward flux.

As the residence time in the DO is long (~ 650 yr, Main text, Sect. 5.4) relative to the century time scale that is the primary
focus of the present analysis, the DO can be considered to be a sink for anthropogenic CO7 on this time scale. The net return
flux from the DO to the ML reflected in Eq (A28) is a consequence of the integrated uptake of CO7 from the ML to the DO

over the Anthropocene and is a measure of the extent to which the DO can be considered an irreversible sink for
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anthropogenic CO2. The return flux from the DO to the ML would be expected to increase in the future as the DO

equilibrates with the M1 and would need to be accounted for in any long-term projections.
A12. Total oceanic uptake of anthropogenic CO2

The sums of the anthropogenic stocks in ML and DO compartments Sf}fdt = Sﬁr{“ + ng

and of the annual increments to these
stocks aSy,q = aSy, +aS4, representing the total oceanic uptake of anthropogenic CO2 are of value in consideration of the
disposition of anthropogenic CO7, especially as the latter quantity is reported by many investigators. From the values given
for these quantities in Sect. A9 and Sect. Al1, Sf}?dt =156 +36 Pgand aS,g =22+0.6Pg yr'l. As discussed in Sect. A9,
Sﬁqm and a8, are fairly tightly constrained by equilibrium with the stock and annual increment of CO2 in the AC. Hence

both uncertainties are dominated by uncertainty in vp.

A13. Stock of anthropogenic CO2 in the terrestrial biosphere and associated fluxes

In contrast to uptake of anthropogenic CO2 by the two ocean compartments, for which observation-based fluxes have been
evaluated using independently determined transfer coefficients and solubilities, there is no direct approach to determination
of the additional amount of CO7 taken up by the terrestrial biosphere (TB = LB + OB) over the Anthropocene Sﬁ,m or of its
annual increment, ASﬁ)m. However, under assumption that the TB is the only remaining reservoir for anthropogenic CO?,
then by conservation of the amount of carbon, Sﬁ,m is determined as the difference between the total anthropogenic CO2

introduced into the atmosphere Qtot and the anthropogenic increment in the AC, ML, and DO stocks,
Sio = Qane = S3™ =S = S§" ~ Q= Q=" - S - 5§ (A29)

where the latter equality includes emissions only from fossil fuel combustion and other industrial activities, not LUC

emissions, as LUC emissions deplete the stock of the TB. For total anthropogenic emission Qff =422 + 21 Pg (Appendix A,

ant

Sect. A7) and the values of the several stocks developed above S, thus far over the Anthropocene is coincidentally near

zero, 8 + 12 Pg. (A similar conclusion, but with substantially greater uncertainty, was reached by Arora et al., 2011).
Similarly the annual change in the TB stock is given by
8810 = OQant =aSam —a84 — Oy = Of —aSam —aSy, (A30)

where the S, and aS,, terms are combined because of their tight coupling. This annual change is to be distinguished from

the net transfer flux from the AC to the TB,

Fa%rll(g,net = Faatm - E?lnt =aS)o + Oy = Of —88am —454 + Oy = Qant —4Sam —25¢ (A31)
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Attention is called to the difference between the last equalities of Eqs A30 and A31; the expression for aSj, contains just
fossil fuel emissions Qff, whereas the expression for Fa"]é’,fet contains total anthropogenic emissions Qant. The latter equality

of Eq A31 permits observational determination of F‘,ﬂ’(t,,net as4.0+ 1.1 Pgyrl.

A key quantity in the interpretation of the fluxes between the atmosphere and the obdurate biosphere and hence in governing
the lifetime of excess atmospheric CO? is the preindustrial (PI) flux from the atmosphere to the obdurate biosphere OB, Fapoi .
As developed here this quantity cannot be uniquely determined from observations as it depends on assumed value of the
stock of the PI labile biosphere Slp i and on the exponent b characterizing the dependence of gross primary production GPP
on atmospheric stock. However based on observations the range of Fa%i can be considerably constrained, and this in turn

places constraints on Slp ' and b. These constraints, within the present model, are developed here.

As noted in the main text the dominant flux from the atmosphere to the terrestrial biosphere is to the labile biosphere LB

and is taken as GPP, the magnitude of which is given by a power law dependence on atmospheric stock (Eq 3.1).

b
(s
= pl —a
Fy Fcpp[ sgi] ; (A32)

The flux from the atmosphere to the OB is given by the same power-law dependence:

b
il S
Fy =F"[S—pj (A33)

a

The only removal pathway from the LB is the return flux to the atmosphere, from which

ds
= FaFa (A34)
The reverse flux is taken as proportional to the stock in the LB S}, with temporally constant transfer coefficient k], from

which

b
ds, i S
LR 22| —ky,S A35
dr GPP[SEIJ 1ad1 (A35)
dsp!
At PI steady state . =0 (A36)
t
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R
from which kj, = % . (A37)
S
1

PI GPP Fé’]i)P is taken as 120 Pg yr'l; hence k], depends inversely on assumed SPi , which is initially allowed to vary over a
2120  considerable range, 1 to 1000 Pg, which range is subsequently greatly constrained by observations.

Focusing now on the fluxes between the AC and the OB the rate of increase of stock in the OB due to transfer of materials

between compartments, i.e., not including the rate of decrease in S, due to LU emissions, denoted AS(';r is
tr i
a8, :Fao_Foa_F(?m (A38)

where Fé)r'n denotes the PI flux from the OB to the ML ocean, which is taken as temporally constant and in any event is quite

2125  small, 0.6 Pg yr'1 . With F, taken as proportional to Sy with transfer coefficient kg, like kg, taken as temporally constant,

b
a8y =FP[5—pj —koaSo = Flm (A39)
a
At PI steady state aSP' =0 = F2 —k,, SP' - FPL (A40)

i i
Fa%_Fopm

from which kg, = 5 (A41)
Specializing to present day values Eq A39 becomes
b . .
[ gpd pi _ ppi .
pd sP E;, — F; d
230 aSTP :Fg[ﬁ] —%S})’ -FR (A42)
a (8]
which yields for FP!
d i
s s
i Sg'
a0 = (A43)

b
spd ) s
spi) o spi
Evaluation of Fa%i thus requires knowledge of the present day rate of increase of Sq due to transfer, AS(I)I pd , and PI and PD

So» Sgi and Sgd , all of which depend on observations and depends as well as on assumptions on S]pi and b, yielding a range

2135  of values for Fa%i. This range of Fef’oi is determined as follows.
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First, the present day (PD) total net rate of transfer of carbon into the TB ASlt(r)’pd

is confidently evaluated as the difference
between emissions (of fossil plus cement CO7) and the sum of annual increments in the several other compartments, Eq
A30, the uncertainty dominated by uncertainty in emissions, yielding Asg’Pd =40+ 1.0 Pg yr'l. The net rate of transfer
into the OB stock ASg‘p 4 is determined by subtraction of the net rate of transfer between the atmosphere the LB,

ST =, 5itpd P (A44)

no qualifier denoting transfer is required for ASIP 4 as there are no flux components for that compartment other than transfer

to and from the atmosphere.

The net rate of transfer into the LB stock is equal to the annual increment in this stock, which is obtained under assumption
of near steady state between the stocks in the AC and the LB together with assumptions on the two parameters Slp " and b as
the time derivative of FGPpp as given by Eq 3.1,

dSpd,ss Spi
asPt =S = p L (5pd)

b1 ﬁ
dt ( s )b ’

A45
ot (A45)
The resulting PD annual increment in S, due to transfer from other compartments ASg’pd is shown by the contour lines in
Fig. A1b for the entire range of Slp ! and b examined (consistent with positive ASgd ); that range is greatly reduced, to the
domain indicated by the light red quadrilateral, by further comparisons with observations, as discussed in the Main Text,
Sect. 7.2, yielding a range for AS(t)r’pd of 1.3 t0 3.6 Pg yr'1 , where the range does not include the uncertainty on AS]t(r)’pd. This

range covers a substantial fraction of the total annual uptake by the TB; as developed Sect. 7.2, even with observational

tr,pd

constraints on a8, *", the dynamics of excess CO2 subsequent to hypothetical cessation of emissions varies substantially

depending on the value of this quantity.

A value for the total PI stock in the TB SFi = Sopi + Slpi = 2800 Pg is assumed, based on inventory by Carvalhais et al. (2014);
the PI stock in the OB is thus dependent on Slp " as Sgi = Stp i_gpi ; as S]p ! is small relative to Spi, Sgi depends only weakly

i
on assumed SP' .

The present-day stock in the OB Sgd, like ASlt(r)’pd, is evaluated, based on conservation of matter, as the difference between
emissions (here integrated emissions over the Anthropocene) and the increments (here total increments) in the several other
compartments over the Anthropocene, diminished also by land-use-change emissions of carbon (taken as entirely from the

OB):

Ant,pd d Ant,pd Ant,pd Ant,pd Ant,pd d
SoPE = QR — (8P 4 SPE 4 g HPE L g AP _ QP (A46)
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where Q denotes integrated emissions. Noting that integrated total emissions is the sum of integrated fossil fuel and land-use

change emissions, Qgg‘ = Q]fjfd +qpd yields

luc

S(/)%nt,pd — Qgcd _ (Sé%nt,pd + Srélm’pd + Sé\nt,pd + S]Ant,pd)

2165 Here Q%d is from inventory. Sﬁm’pd from direct observation is 269.2 Pg. Srﬁnt,pd from Appendix A9 is 32.2 Pg. §

(A47)

Ant,pd .
d 1S

taken as 116 Pg, based on integration of net exchange rate of stocks in the ML and DO over the Anthropocene. Finally

SlA ntpd i evaluated similarly to ng’pd

LB, yielding

Ant,pd.ss
SAnt,pd _ SAnt,pd,ss dS] P
1 ! 7

T
dt al>

2170 where SIA PSS denotes the PD steady state stock in the LB,

b
d
[ sp .
SAnt,pd,ss = gPi| 2a_ _sPi ,and
1 1 gpi 1
a

spd

pi
FGpp

—
d d
S| S
s ) sP

Tal

based on the slight lag of LB stock relative to steady state between the AC and the

(A48)

(A49)

(A50)

both of which quantities are evaluated in terms of observables and the two parameters Slp " and b. The resulting values of

S(/)\nt,pd

2175 quadrilateral.

, Fig. Ala, exhibit a considerable range, even within the observational constraints indicated by the light red

The resulting range of values of F}) , obtained based on observational constraints and assumptions on Slp " and b and shown

in Fig. Alc, is about 5 to 20 Pg yr'1 or about 4 to 17 % ofFa[fi. Knowledge of Fapoi permits evaluation, Eq A39, of the time

dependent flux from the atmosphere into the OB F,, . Although this flux is technically part of GPP, as it is small compared to

that quantity, identifying Fy; as FGpp leads to no significant error in interpretation.

2180 Knowledge of Ffoi permits evaluation of the transfer coefficient kggq by Eq A41, shown in Fig. 4d of the main text. For the

observationally constrained range of ( Slp i , b) this transfer coefficient ranges from 0.0015 to 0.004 yr-1; the corresponding

range for lifetime of carbon in the OB, taken as the inverse of kqa, is 125 to 700 yr, comparable to, to well longer, than the

time scale of substantial decrease of excess atmospheric CO2 subsequent to abrupt cessation of emissions and thus consistent
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with the OB being essentially an irreversible sink for excess CO2 on this time scale. Based on the transfer coefficient koq
and the small net anthropogenic change in Sy, Fig. A1b, the PD anthropogenic flux from the OB to the AC is likewise quite
small [-0.1, -0.3] Pg yr'l, shown in Fig. 2 of the main text.

Appendix B. Rate of transfer of CO2 between the atmosphere and the ocean mixed layer

B1. Kinetics of transfer of CO2 between gas and aqueous phases

The only CO7 species in the atmosphere is gaseous CO2. In solution, however, dissolved CO2 (commonly denoted as the
hydrate, carbonic acid, HpCO3) dissociates to an equilibrium mixture of HpCO3, bicarbonate ion HCO3 , and carbonate ion
CO%_ , the totality of the three species being denoted dissolved inorganic carbon DIC. The equilibria are well characterized,
and the kinetics of these dissociation-association reactions are sufficiently rapid that equilibrium can be assumed on the time
scales of interest here. Because the only species that exchanges between solution and the gas phase is CO2, the rate of this
exchange is proportional to the concentration of Hp)CO3, not to that of DIC. This has an effect on the kinetics of the
equilibration between gaseous CO2 and DIC and on how the rates of exchange between the two phases are related to the
stocks of CO7 and DIC, the quantities of principal interest here. This phenomenon is well recognized (e.g., Sarmiento and
Gruber, 2006, pp. 330-331) but is nonetheless worth revisiting to develop relations between flux densities (expressed in

terms of concentrations) and fluxes (expressed in terms of stocks in the two compartments).

The gross flux density from the atmosphere to the ML is proportional (by the transfer coefficient y3m) to the volumetric

concentration (denoted by square brackets) of gaseous CO2,
¢am =%Yam [CO2 (g)] . (B ])

As noted in the text the coefficient y3y for this phase transfer process is not a constant (at a given temperature and pressure)
as would be the case for a rate coefficient of a chemical reaction, but depends on situational variables, importantly the wind
speed that induces convective mixing in the vicinity of the interface. For moderate- to low-solubility gases such as CO) the
rate-limiting step is mass transport on the water side of the interface. The gross flux density from the ML to the atmosphere

is similarly proportional to the concentration of aqueous HpCO3,
Pma = ¥malH2CO3(aq)] (B2)

The concentrations have dimension amount per volume; the flux densities ¢ have dimension amount per area and time; and
the transfer coefficients yhave dimension amount per area and time per (amount per volume) or length per time (and are thus

frequently denoted a transfer “velocity”). The net flux density is the difference between the gross flux densities
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Dam net = ¥Yam[CO2(8)] = ¥ ma[H,CO3(aq)] . (B3)

At equilibrium the net flux @y nee =0, from which it is seen that the two transfer coefficients are related by H, the
equilibrium constant for dissolution of CO), commonly denoted the (dimensionless, volumetric) Henry's law solubility
constant, which is a function of temperature but is only weakly dependent on solution composition and very weakly on

atmospheric pressure and CO7 partial pressure.

(B4)

- Yam _ ([H2003<aq>1]
Tma \ [€CO2@] )y

As an equilibrium constant, H is not dependent on wind speed, in contrast to the individual transfer coefficients yam and

Yma-

Equation B4 permits examination of the kinetics of relaxation of a perturbation from a system initially at equilibrium in
order to determine the time constant of this relaxation. For a closed system initially at equilibrium that is perturbed by

addition of an incremental small amount of CO?,
Pampet = Yam ([CO2(@)]y +6[CO(2)]) = ¥ma ((H2CO3(ag)]y + 5[H,CO5(aq)]) (B5)

where the subscript 0 denotes the initial equilibrium state, and where & denotes the departure from equilibrium, from which

Gam net = YamO[CO2(2)] ¥ mad[H,CO3(aq)]. (Bo)
By Eq (B4)

1
¢am,net =7Yam (6[C02 @1- ES[H2C03(aq)]) . B7)

It is desired to express the reverse flux density in terms of [DIC] rather than [H2CO3]. Following Sarmiento and Gruber
(2006, p. 330), application of the chain rule

d[H,CO;]

OlH2CO31== e

S[DIC] . (BY)

together with the definition

d[H,CO5]

A==ipic)

(B9)

yields the expression
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bumas =7am 3102001~ 310101 | (B10)
The quantity 3 is an equilibrium property of the CO2—DIC system that can (and can only) be evaluated numerically from
knowledge of the equilibrium constants for dissociation of H)CO3. 8 has the dimension of an equilibrium constant, the ratio
of the concentrations of reagent and product, but it is a differential quantity, the ratio of the changes in concentrations
resulting from a slight perturbation, rather than the ratio of the concentrations themselves, and consequently it is denoted
here a differential equilibrium constant. Importantly § is dependent on ocean alkalinity and to lesser extent, through the
equilibrium constants, on salinity and temperature. For the purpose of the present analysis the alkalinity of seawater is taken
as 2349 umol kg;{, (consistent with the values of Sy and Sy given for preindustrial conditions in the several prior versions
of Fig. 2) with salinity 35, and temperature 18°C. The dependence of  on CO2 mixing ratio over the range of interest for the

Anthropocene is shown in Fig. B1 for these conditions.

B2. Application to transfer of CO2 between the atmosphere and the world ocean

For consideration of rates of transfer of CO? in the atmosphere—ML system it is desired to relate rates of change of stocks in
the several compartments, expressed in terms of flux F rather than flux density ¢, to stocks S rather than concentrations C.
The flux between the AC and the ML and the stocks in the two compartments are related to the flux density and the two

concentrations as

F
o= o Sm = AgZm[DICL; Sy = Varm (Tste - Psge NCO2 ()] (B11)
0
where A is the area of the world ocean, zy, is the depth of the ML, and Vy, = N RT¢ / Pt , With Najr the amount (moles)
of air in the global atmosphere. Substitution into Eq B10 yields the global net flux of CO2 from the atmosphere to the mixed

layer for small departure from phase equilibrium as

Fam net =M(55al —%Aﬁésm]. (B12)
Vatm Agzm H

Comparison with Eq A3 of Appendix A that defines the transfer coefficient relating the gross flux of CO2 from the

atmosphere into the world ocean to the atmospheric stock,
kam = Fam / Sa » (A3)

permits the identification k,, = YamAo (B13)

Vatm

81



https://doi.org/10.5194/acp-2021-924 Atmospheric
Preprint. Discussion started: 29 November 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

2260

2265

2270

2275

2280

so that Fy net = kam (683 = K/na6Sm ) » (B14)
where Ky, =Va¢/3= 45y (B15)
ApzmH dSp, eq

More generally, as kg does not depend on DIC concentration, Eq B14 applies to any state of the system (not just small

departures from equilibrium), with K}, viewed as a function of DIC concentration in the ML, or equivalently of Sy,
Fam,net =kam(Sa _K;na(sm )Sm)’ (B16)

where the dependence of K[, on Sy is explicitly indicated. Like 5, K}, may be thought of as a differential equilibrium
constant but pertinent not to xcoy and [DIC], but to the two stocks. However unlike kam, which can be considered a
geophysical constant, independent of the CO2 partial pressure or of the DIC concentration, K, exhibits a dependence on
DIC concentration (or equivalently on the xcoy in equilibrium with DIC concentration); as well, K, depends on the
arbitrary choice of the depth taken for the mixed layer zy. As Kj,, is proportional to by geophysical constants (as well as
inversely proportional to zyy,) it can be shown on the same graph as f3, by a proportional axis, Fig. B1, with numerical value
of increasing from 5 to 10 over the Anthropocene; for zy, = 100 m, as employed throughout this analysis, the proportionality
factor in Eqs B12 and B15 Vatm/(AozmH) = 139.26. K}, can equivalently be interpreted as the ratio of the reverse transfer
coefficient (from the ML to the AC) to the forward transfer coefficient (from the AC to the ML) k7, ,

Kipg = 2ma. (B17)

kam
where kj,, represents the transfer coefficient characterizing the flux from the ML to the AC expressed in terms of the

departure of Sy from its equilibrium value as
Frna :k;na (Sm_Sm,eq): Kr’nakam (Sm _Sm,eq) . (B18)

The transfer coefficient kj, so defined is used in solution of the differential equations for evolution of the stocks of CO7 in
response to the anthropogenic perturbation as it automatically takes into account the redistribution of the DIC species

associated with transfer of CO7 from the ML to the AC.

The differential equilibrium constant K7, is closely related to a quantity known as the buffer factor or Revelle factor

(Sarmiento and Gruber, 2006, p.332)

N = dinpcoy (B19)
dIn[DIC] eq
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that is commonly employed to relate the change in CO7 partial pressure to the change in DIC taking into account the

equilibria of the DIC species.

© :[dsa] :(SaJ (dlnSaJ :(SaJ (a’lnpcon :m[saj (B20)
ma .
dSm oy \Sm Jg\dnSm )y (S ) \dMIDICT )y~ (80 )

Expressing F},, by Eq B18 thus automatically satisfies this Revelle relation, as examined in Appendix F, Fig. F1.

Appendix C. Dependence of gross primary production on CO2 mixing ratio, and fertilization exponent b

As input to the observational and modeling based analysis of the CO2 budget it was necessary to specify the increase in
global gross primary production (GPP) over the Anthropocene. An increase in the rate of accretion of CO2 by the TB over
the past several decades is indicated in numerous studies (e.g., Keeling et al., 2011; Los, 2013; Keenan et al., 2016; Schimel
et al.,, 2015; Zhang et al., 2016; Zhu et al., 2016; Cheng et al., 2017), but the enhancement of CO2 uptake is not
unequivocally attributed to increased CO7 (e.g., Kondo et al., 2018, Zhu et al., 2018). Increased drawdown of CO2 by
terrestrial vegetation is found also in numerous studies with vegetation models or as the residual between emissions and
atmospheric growth after accounting for ocean uptake of CO9, the latter likewise determined by modeling, summarized by

Keenan et al. (2016).

A survey of recent observational and modeling studies is summarized in Fig. C1 with estimates of GPP plotted against
mixing ratio of atmospheric CO7 on a double logarithmic plot. The slopes of the lines fit through the data points correspond
to the exponent b in Eq 3.1 of the main text relating GPP to CO2 mixing ratio or, equivalently to atmospheric stock Sy,
b b
Fcpp<r>=F££p[%m] =Fé’i>p[Sa[§f)] ; 3.0
*co2 Sa

The estimates of PD GPP span a range of more than a factor of 2, with satellite based determinations generally lower than
model-based estimates. More important from the present perspective is the rate of change of GPP. The several satellite based
observations tend to exhibit little increase with time, whereas the model-based estimates uniformly exhibit increase with
time, as does the estimate of Cheng et al. (2017) that is based on observations of water use and water use efficiency. The
range of exponents 0 to 1.3 formed the basis for the parameterization of b in the model calculations reported in the main text.
As noted in Sect. 7.2, Sect. 7.3 of the main text the observational constraints on the PI stock in the labile biosphere Slp " and

on PD CO2 mixing ratio set bounds on b, 0.4 < b <0.9. For PI Fgpp taken as 120 Pg yr‘l, the resultant range of PD Fgpp,
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is 139 Pg yr'1 < Fé)gp <163 Pg yr'l, or an increase of 16 to 40 %. These ranges for b and Fgpp are much narrower than

observational and model based estimates in Fig. C1.

Appendix D. Equilibrium-steady-state (ESS) model.

As noted in Sect. 6.3, the stocks in the AC and the ML are expected to be in near equilibrium on account of rapid exchange
between these compartments. Likewise the stocks in the AC and the LB are expected to be in near steady state on account of
rapid exchange between those compartments. Here the assumptions of equilibrium and steady state are applied to express the
stocks in the ML and the LB in terms of the AC stock in a set of ODEs in a smaller number of quantities. The intent is not to
use this model, denoted the equilibrium—steady-state (ESS) model, in lieu of the full model but rather to compare the results
from the ESS model with those from the full model and thereby gain insight into the dynamics of the full model and more

broadly of the evolution of anthropogenic carbon in the biogeosphere.

From Eq 6.1, and expressing the stocks in terms of the anthropogenic changes (i.e., differences from values in year 1750),

ant ant ant ant dSam
Ba _ onty+ 0y ()~ Bm BB Por 1)
dt dt dt dt dt

where the several derivatives on the RHS denote the changes in the several stocks (conservation of carbon stock); the

additional subscript t in the last term denotes that this term represents only the transport component of that change in stock.

Under assumption of equilibrium between the ML and the atmosphere (cf., Eq 4.4),
Sﬁ?’am =K, (qu,ant +S§i)— Sg]i i (D2)

where K, = Kr;}i is the equilibrium constant characterizing the solubility of CO2 as DIC (again expressed in terms of the
stocks) and where it is noted that Ky is itself a function of the total stock of CO7 (in either compartment). The time
derivative ngf’am /dt required for Eq 6.1 is calculated (cf., Eq 4.3) as

t t t
dsilt  dspldsi™ ., dSi"

= =K . D3
di 4s™ di e g (D3)

A similar approach is taken to evaluate dSlSS’ant /dt . Under assumption of steady state in the LB, i.e., dS;/dt=0, Eq. 6.4
yields for the SS LB stock
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which, together with Eq 4.10 yields

\b
. ant p1
+
Slss:SIpl[Sa piSa ] .
Sa

2330 Noting that

5

. N\b—1
sy dsp s sp b[s;‘“t + SE‘J sant

dr s dr o gPi spi dt

Atmospheric
Chemistry
and Physics

Discussions

then within the steady state approximation, the rate of change in Sf’mt is related to the rate of change in S:m as

) 3 o b1
dsp™ _ds b Sj sant + sPL)T T gsant
dr dt spi Spi d

Substitution into (Eq D1) yields

. \b-1

dSant , dSa.nt Spl Sant +Spl dSant

da +Kam a +#b aipia a :fo(t)+Qlu(t)
1335 ' dr S Y3 dt

- |:kmd [Kam (S;mt + Sgi)_ S[[])]i :| - kdms(?m } - (kaoséimt - koaS(&)lm)

>

from which

; b1
dsi™ dsi™ sPto[ sty gPt) o geint

+K; +—b| 22— A = O (1) + Oy (1
ot g g sp i O (1) + 0y, (1)

s

- |:kmd [Kam (S:m + Szli)i ) - Sr%i i| - kde(ailm :| - (kaoS:m - koasgm)

yielding

s Qi+ )= Ko Ko (537 S21) =SB | 3™ | (oS3 — o 53™

dt gPi
1+ K+ Lob
S

- N\b-1
sant 4 gpt
spi
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2340 Equation D10 together with Eqs 6.3 and 6.5 for the evolution of the stocks in the DO and the OB constitute the set of three

ODEs that comprise the evolution of the system under the ESS approximations, with Slam and Slam being evaluated

algebraically, (Eqs D2 and D5). Comparison of results from this reduced set of ODEs with that of the full set of equations

(Eqs 6.1 - 6.5) in Sect. 7.7 demonstrates the high accuracy of the EQ and SS approximations. That result lends further

support to treatment of the AC, ML and LB as a single compartment for the purpose of evaluation of turnover time and

2345 adjustment times.

In contrast, as shown in Appendix E, application of the ESS approximations to radiocarbon yields a poor representation for

the evolution of radiocarbon stocks, a consequence of the greater time constants associated with radiocarbon and the rapid

changes in emissions.

Appendix E. Application to anthropogenic radiocarbon.

2350 Evolution of the distribution of 14C among the five compartments is represented in a numerical model virtually identical to

that employed for ordinary carbon as described in Sect. 6. Of principal interest is anthropogenic radiocarbon (14C) that

results from atmospheric testing of (mainly) thermonuclear weapons in the 1950's and early 1960's. so-called "bomb

radiocarbon," and to lesser extent from nuclear industry. In addition there is a slight amount of natural l4c present in the

carbon system produced by spallation of atmospheric nitrogen by cosmic rays. Radiocarbon is subject to the same physical,

2355 chemical, and biochemical processes as ordinary carbon; fractionation, based on mass ratio of the isotopes is at most 2 or 3

% (Keeling, 1979) and is neglected here. Importantly, from the perspective of testing carbon models, radiocarbon exhibits

very different emission history from that of anthropogenic CO2. Thus modeling radiocarbon and comparison with

observations provides an independent assessment of the model for CO developed in this study. That model is readily

applied to anthropogenic radiocarbon with only minor changes as described here.

2360 The ODEs governing the evolution of the stocks of radiocarbon R; in the several compartments, which are analogous to

those for ordinary carbon in Eqs 6.1-6.5, are as follows:

dR,
—4= QR "+ QRlu - kamRa + k;a (t)Rm - kalRa + klaRt - kaoRa + koaRt - /114CRa

dt
dR, #
7 = kam Ry — kima (DRm — kg R + kamRq — Gpc —AMacRy
dR,
d_td = kmdRn =~ kamRa + Gpec — MacRy
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dR,

o KaiRa kiR = AacRy .- (E4)
dR, pi
dt = kaoRa —koaRo — Or1u (1) - )1'14CR0 —Gom (ES)

Here Gpc denotes radiocarbon flux in particulate carbon gravitationally settling from the ML to the DO analogous to the Fpc
term in Eq 6.2; Ggrin denotes the preindustrial riverine flux from the OB to the ML (cf., Eq 6.2), evaluated as the product
Fg’,i] and the specific activity of preindustrial carbon g = Rgi /S:fl’i is 0.613 x 1026 atoms 14C per Pg C; Aj4¢ denotes the
radioactive decay coefficient of 14¢ 12096 x 1074 yr'l. Except as noted, the transfer coefficients are taken as those for
ordinary carbon. Here it is explicitly noted that the equations are framed in stocks, and not in departure of isotope ratio from
a standard (14AC) as is customary. Although not so familiar as equations in 14Ac, the equations are perhaps more
straightforward than those in 14AC, and the solutions benefit from independence from the stock of ordinary carbon, and this
approach is seeing some use e.g., Broecker et al., 1995, Caldeira et al. (1998); Levin and Hesshaimer (2000); Naegler and
Levin (2006); Roth and Joos (2013), and Graven (2015).

As noted in Sect. 4.1, a key difference between the models for ordinary carbon and radiocarbon is that the transfer
coefficient k:,a describing transfer of radiocarbon from the ML to the AC is based on detailed balance consideration for the
entire stocks in the two compartments and is about an order of magnitude less than k;, , which is based on the differential
equilibrium constant coupling S, and Sy. The transfer coefficient kp,, is time dependent because of the time dependence of

the equilibrium ratio of the stocks in the AC and the ML
*
kina (1) = K pa (Okam (E6)

is readily evaluated from knowledge of the time dependence of K, , which is determined from the solutions to the ODEs

for ordinary carbon, which are obtained prior to solving the ODEs for radiocarbon.

In contrast to the situation for ordinary carbon, wherein GPP was parameterized in terms of carbon stock, for radiocarbon a

transfer coefficient ky| is required, evaluated as

b
_ Fapp(0) _ % i [Sa(t)] (E7)

4TS @) S0 O s

where time-dependent GPP is from the parameterization Eq 3.1 together with modeled Sy(t).
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In order to initialize the stocks and to compare modeled radiocarbon stocks with measurements customarily reported as
14AC, it is necessary convert from 14AC to radiocarbon stock in the pertinent compartment. A formula for such conversion

is presented by Levin et al. (2010) as

13
AMC AN, Nisc 1_2(25+6 c)
1000 AppsMc Ne 1000

-1. (E8)

Here Al4C is the generally reported (Stuiver and Polach, 1977) decay- and fractionation-corrected departure of the stock of
atmospheric 14COz in per mil (%o) relative to an internationally agreed upon standard; A denotes the radioactive decay
constant for 14C, 3.8332 x 10712 ¢-1; Np denotes the Avogadro constant; M is the atomic weight of carbon, 12.011 g
mol'l; AaRs denotes the absolute specific activity (i.e., activity per carbon mass) of the internationally agreed upon
radiocarbon standard, 0.2261 Bq gC'l; and N¢ and Nyyc denote the amounts of total carbon and l4c, respectively, in a
sample or reservoir of interest, in the same units (here numbers of atoms). The quantity in brackets accounts for the
fractionation of 14C against 12¢ being twice that of 13C; 513C denotes the departure of 13¢ fraction in the sample relative
to the standard for this isotope, in %o. As 813C of atmospheric CO7 has varied little over time (Levin et al., 2010), the

generally employed constant value of -7%o is used here. Upon substitution Eq (1) becomes

14
AC_INuc_ (E9)
1000 v S,
2(25+8%) |
wherev =105 AABS | | _ ( ) =6.13x10% atoms Pg”! (E10)
A 1000

Equation E8 may be inverted to yield the number of 14C atoms in the global atmosphere Nj4¢ corresponding to a given
value of A14C02 for 14C02 taken as well mixed in the atmosphere
14,
ATC

Nuc=Vv| 1+—— |5, . Ell

14C ( 1000 ] a (EL1)
For Al4C taken as 1.2%o, as measured in dendrochronologically dated tree rings Stuiver et al. (1998), Rgi was obtained as
361.279 x 1026 atoms. Stocks of 14C in the other compartments were evaluated under assumption of steady state, as

follows.

dRD!
di

=0= kamRell)i - k:;laRr[;li - kder[;li + kdngi - /’L14CRrI;1i - Gpc + Ggrin (E12)
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dRPi . . .
2410 d—tdzo=kde,'§,‘—kdng‘—,1R§‘+Gpc. (E13)

Solving Eq D13 yields Rgi in terms oer%i R

. kngRY+G
RPN = 42‘1 m . b (E14)
dm tM4c
With substitution
. G .
- kamRY + kg ﬁ ~Gpe +Ghy
Rgll S dm T M4C (E15)
A L
ma md dm kdm +/114C 14C
dRY' i i i
415 Similarly — —=0= o Fopp — ki R + ARP (E16)
from which RP! = > Crrbl (E17)
ki +A
lat
. _ drRY i i
Likewise d;) =0=kyoR, — Gom — koo RY' + ARY (E18)
) pi _
from which RY' = KaoR3” = Gom (E19)

koa + 1

As the transfer coefticients kg, kao, and koa depend parametrically on Slp ! and b, the initial radiocarbon stocks also depend

2420  on those parameters.

Sources of 14C to the atmosphere and related compartments that are needed as input to the model are natural production,
production from atmospheric testing of nuclear weapons (Naegler and Levin, 2006, 20094,b; data provided by T. Naegler,
January, 2020), and nuclear industry (Zazzeri et al., 2018); as 14¢ from nuclear weapons testing is deposited in the
stratosphere, these emissions were convolved with 1.0 year exponential decay to account for lag in transfer of 14C02 from
2425 the stratosphere to the troposphere (Naegler and Levin, 2009). Natural production was evaluated under assumption of PI
steady state Pf}f}tj =ll4CR£)it =2.577x10%° atoms yr—l, where Rg)il is the sum of 14C stocks in the five compartments,
close to the value given by Roth and Joos (2013), with the difference well within fluctuations over the past several centuries

given by those investigators. Additionally 14¢ is transferred from the TB to the atmosphere in conjunction with LUC
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emissions of carbon from the OB to the AC; here the amount of transfer is taken as proportional to the stock of 14¢ in the
OB as evaluated in the model, and hence exhibits weak dependence on parameters Slp " and b. Emissions are shown in Fig.
E1 and are tabulated in SI Data table, sheet 3. The logarithmic plot compares the several source terms over the
Anthropocene to compare continuing low-magnitude emissions with those from nuclear weapons tests in the 1950's and
early 1960's; the linear plot shows the near delta-function source of 14¢ from weapons testing abruptly curtailed by the test-

ban treaty.

Results from application of the model to radiocarbon, are compared in Sect. 7.4 with observations of time series of
atmospheric 14C02 as inferred from tree-ring analysis and contemporaneous measurements and with inventories of
dissolved inorganic radiocarbon in the world ocean. The modeled stocks show broad conformance, over the pre-bomb era
and during and after the time period of much greater emissions associated with weapons testing, for a wide set of parameters
Slp " and b. These comparisons serve also to further limit the range of those parameters consistent with observations. Key
results from the radiocarbon modeling, Fig. 10, are a slight increase in atmospheric 14C02 stock Ry over the pre-bomb
period to 1950. This is attributed primarily to transfer of 14C02 from the OB to the AC in conjunction with LUC emissions
and to outgassing of 14C02 from the ocean to the atmosphere in conjunction with acidification of ocean water resulting
from uptake of ordinary CO2 (Bolin and Eriksson, 1959). Modeled R, increases abruptly, following emissions from
weapons testing, and then rapidly decreases subsequent to cessation of these emissions, reaching a minimum at about year
2000, the magnitude and year dependent on parameters Slpi and b, Fig. 10b; such a minimum is found also in observations.
Modeled ocean uptake of bomb radiocarbon likewise matches observations but appreciably underestimates the observations

at values of b, Fig. 9b and Fig. 10c, further narrowing the range of allowable values of these parameters.

Subsequent to the emissions pulse, peaking in the early 1960's, atmospheric 14COz decreases rapidly with time, Fig. 10.
This rapid decrease is shown also in the normalized excess stock, calculated as the fractional increment relative to the
baseline prior to emissions from weapons testing, taken as the value in 1950, Fig. E2a; also shown, for comparison, is
normalized excess of ordinary carbon as function of time subsequent to hypothetical cessation of emissions in 2017. Excess
14C02 decreases much more rapidly than does ordinary CO2, as reflected also in comparison of the equivalent 1/e lifetimes
g, which, for 14C02, is initially as short as about 12 years, much shorter than any of the time constants associated with
excess ordinary CO2 and approaching the lifetime of individual CO2 molecules in the atmosphere. The reason for the
increase in lifetime is that for radiocarbon there is initially very little return flux from the ML and the OB so that those
compartments serve as sinks for 14C02 (Broecker and Peng, 1982, p. 533). Subsequently, however, as those compartments
approach steady state with the AC the net rate of uptake by those compartments greatly decreases resulting in increase in the
apparent lifetime of atmospheric 14C02; as the atmospheric stock of 14C02 is leveling off with time and actually starting to

increase slightly, not much significance should be attached to the value of 7g toward the end of the time record shown.

90



https://doi.org/10.5194/acp-2021-924 Atmospheric
Preprint. Discussion started: 29 November 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

2460

2465

2470

2475

2480

2485

The accuracy of the equilibrium—steady-state (ESS) approximation was examined also for radiocarbon, Fig. E3. For the ML,
assumption of equilibrium between the AC and the ML leads to overestimation of the radiocarbon stock because the net sink
to the DO due to radioactive decay in the DO is appreciable relative to the rate of establishing equilibrium between the AC
and the ML. That overestimation is eliminated in the steady-state approximation. However the steady-state approximation,
and also the equilibrium approximation, exhibit much faster response to the sharply peaked emissions from weapons testing
than the exact calculation, a consequence of both the rapidly changing atmospheric stock and the transfer coefficients
establishing the steady state. A similar situation is found for the LB, for which the increase is likewise damped compared to

the steady-state approximation in the weapons testing era.

Appendix F. Prior arguments against determination of the lifetime of excess CO2 by top-down observations, and
rebuttals

The approach to determine the lifetime of excess CO) based on the current budget of CO2 has drawn strenuous criticism.
Those arguments are recapitulated here and rebuttals presented to forestall their being raised once again in criticism of the

present study.

1. Tans (1997) argues that all that CO7 emitted from fossil fuel combustion does is “slosh back and forth” between rapidly
exchanging reservoirs, never leaving the system, and that hence, in contrast to greenhouse gases that are destroyed by
chemical reaction, that the lifetime concept cannot be applied to CO2. While, by conservation of matter, carbon is indeed
never removed from the system, the present model demonstrates that excess CO2 would be effectively removed from the
atmosphere (or equivalently from the combined AC-LB-ML compartment) to great extent (58 % to 77 % in 100 years)
following an abrupt cessation of emissions and thus that the lifetime concept is entirely appropriate to excess atmospheric

CO27 on this time scale.

2. Archer et al. (2009) concede that “If fossil fuel CO2 in the atmosphere was expected to diminish according to linear
kinetics, then it would be possible to calculate the lifetime simply using the present-day excess CO) concentration in the
atmosphere (~100 ppm or 200 Pg C) and the natural uptake rate, currently ~2 Pg C yr_1 ... each into the oceans and into the
land biosphere.” However Archer et al. reject such a treatment, stating that “For the nonlinear CO) uptake kinetics, as
predicted by CC models, however, this apparent lifetime would increase with time after the CO) is released.” Although
Archer et al. do not explicitly specify the time scale to which they refer, it would seem that these investigators are
countenancing an increase in the lifetime that would occur on the time scale over which atmospheric CO2 would decrease
substantially towards its preindustrial value in the absence of emissions, the time scale over which CO2 “recovers
substantially toward its original concentration” that they advocate as the time scale of interest as quoted in Sect. 2 of the

main text. Although an increase in adjustment time of about 50 % in the initial 100 years subsequent to cessation of
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emissions is indeed exhibited in the results of the present model, as shown in Fig. 12a, this increase hardly affects the
decrease of excess CO2 over this time period, during which time this excess would decrease by about 70 %. Alternatively,
an increase in the lifetime might result from changes in the rates and/or mechanisms of processes that govern the removal of
CO3 from the atmosphere on this time scale, due, perhaps, to decrease in CO7 fertilization of terrestrial vegetation, increase
in turnover of soil and litter carbon, and/or changes ocean circulations, as suggested by Joos et al. (20134,b). Although such

changes cannot be precluded in the future, no such change is evident thus far over the Anthropocene, Fig. 6.

3. Similarly to Archer et al. (2009), Joos et al. (20135) assert “CO2 does not undergo a first order decay,” observing that
“Anthropogenic carbon is redistributed among the major carbon reservoirs in the Earth System.” It must be stressed that the
approximate first-order decay of excess CO7 exhibited in the abrupt cessation runs with the present model is not built into
the model, but is a consequence of the magnitudes of the transfer coefficients that result in the dependence of the net flux
into the two sink compartments, the DO and the TB, being indistinguishable from proportionality to the excess CO? in the
combined AC and ML compartment for the entire Anthropocene thus far (Fig. 6). The nearly exponential decay subsequent
to cessation of emissions continues until the return flux from the DO to the ML becomes appreciable to the flux from the ML
to the DO, which occurs only when excess CO2 has become substantially reduced from its value at the time of cessation of

emissions.

4. Archer et al. (2009) would seem to be focusing unduly on long-time scale processes, rather than on the time scale the time
scale of substantial recovery that they advocate in that paper. Specifically Archer et al. (2009) cite an earlier study (Archer et
al., 1997) as having found that “The mean lifetime of the elevated CO7 concentration of the atmosphere resulting from fossil
fuel combustion has been calculated to be tens of thousands of years (Archer et al. 1997), not at all similar to the 50- to 100-
year lifetime calculated using the linear approximation based on fluxes immediately following a release of CO> to the
atmosphere.” The mean lifetime of excess CO7 is inordinately influenced by a long tail of low magnitude in the model
results examined by Archer et al. (1997, 2009). By using the mean lifetime of excess CO2 as a measure of the adjustment

time, Archer et al, (2009) would seem to be veering greatly from the time scale of substantial recovery.

5. Archer et al. (2009) seem to minimize or neglect the role of the terrestrial biosphere in drawdown of excess atmospheric
CO3y. They state “[T]he leftover CO?2 in the atmosphere after ocean invasion interacts with the land biosphere and is taken up
by pH-neutralization reactions with calcium carbonate (CaCO3) and the CaO component of igneous rocks (Table 1).” The
only processes identified in their Table 1 are buffering by seawater, neutralization by CaCO3, and weathering of silicate, of
which they state that “The timescales for these processes range from thousands to hundreds of thousands of years,” again

well beyond the time scale of substantial recovery.
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6. Joos et al. (20135) state that an exponential-decay model takes no cognizance of the multiple mechanisms of uptake and
release of CO7 by the land through photosynthesis and the related conversion of CO7 to organic carbon, calling attention to
carbon release through oxidation (autotrophic, heterotrophic, fire) of organic material back to CO2 and carbon sink processes
in the land biosphere include forest regrowth and woody encroachment, fertilization of plant growth by increased availability
of fixed nitrogen and higher CO7 concentrations. Although net uptake of CO7 by the TB is undoubtedly a consequence of
these and other processes, nonetheless, the total uptake rate (to the TB and the ocean) has exhibited essentially linear
dependence on excess CO2, as inferred from observations over the Anthropocene thus far and as accurately represented in
the present model (Fig. 6). The approximately exponential decay of excess CO2 subsequent to cessation of emissions shown
in Figures 1 and 124 is not imposed on the model but is a consequence of the decay being governed by transfer coefficients,
derived from physical and chemical mechanisms that are temporally constant or nearly so over the changes in CO? thus far

over the Anthropocene.

7. A further concern raised by Joos et al. (20135) is the assertion, in reference to an equation describing the decrease of
excess CO7 by a single exponential, that “It is no surprise that [a] single equation works to represent the atmospheric CO2
increase over the industrial period. This increase is driven by approximately exponentially increasing emissions. It is basic
calculus that many systems with a wide range of intrinsic time scales respond to an exponential forcing exponentially and
with a single 'apparent' time scale.” Joos et al. continue that such “models are purely diagnostic, applicable to approximately
exponential forcing only, and do not represent the functioning of the global carbon cycle.” Similar concerns have been raised
previously by O'Neill et al. (1994) and by Raupach (2013), the argument being that in an exponentially forced linear system
the eigenstates, and linear combinations of them, would all scale with the exponentially increasing emissions, resulting in

constant ratios of stocks and fluxes.

The argument that the short lifetime of excess CO7 is due to exponentially increasing forcing during the time that the
turnover time is determined may readily be refuted. First, as shown in Fig. 12a of the main text, upon cessation of emissions
the turnover time evaluated by Eq 5.7 as T;(fm = (Sifllnt +S]ant +ng“)/ (F;glt’net + F;&t’net) varies continuously and smoothly
across the point in time at which emissions are abruptly halted and is thus clearly independent of emissions. The attribution
of the observationally determined turnover time to constant ratios of eigenstates resulting from continued exponential growth

of emissions is likewise refuted by this continuity.

The possibility that the lifetime of excess CO2 found in the present model might be a consequence of exponential growth
rate of emissions is further explicitly examined by a model run (SI Text Sect. S6) for which emissions were approximated as
a linear function of time, commencing in 1925 (Fig. S6a), in lieu of the approximately exponentially increasing historical

emissions. The turnover time in that experiment is essentially the same as for the actual historical emissions, Fig. Séc;
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likewise, the time constant of an exponential fit to the atmospheric CO7 profile subsequent to abrupt cessation of emission,

is 113 yr, Fig. S6b, essentially the same as that for the historical emissions for the same (Spi , b), 105 yr.

Finally, the skill of the model developed here, appropriately extended, in representing the temporal profiles of radiocarbon
from an essentially pulse emission due to atmospheric testing of nuclear weapons (Appendix D) provides yet further

evidence that this skill is not simply a consequence of exponential growth of emissions.

These several lines of reasoning would seem to allay any concern that the turnover time determined either directly from the

budget or from the model calculation is a consequence of the approximately exponential growth of historical emissions.

8. Joos et al. (2013b) state that a single lifetime model characterizing the decay of excess CO2 does not take cognizance of
the reaction of dissolved CO2 to form bicarbonate ions, as would be reflected by the fact that “the Revelle factor (or buffer
factor) which is defined by the relative change in pcoy divided by the relative change in dissolved inorganic carbon (Delta-
Pco2/Pcoz,0)/(Delta-DIC/DIC,0) is about 10.” This concern is readily examined with the present results. The Revelle factor,
although not directly built into the present model, is readily examined in the output of the present model, Fig. F1, which
shows that the Revelle relation is indeed satisfied, not just during the period of growth of emissions, but also, apart from a
brief transient resulting from the numerics, subsequent to abrupt cessation of emissions commencing in 2017, during which
time excess CO7 decreases nearly exponentially. The slight systematic departure from the value of the Revelle factor
obtained from the model results from that evaluated for equilibrium conditions is attributed to slight disequilibrium between
the AC and the ML during the model runs. These results from the present model should serve to allay this concern of Joos et

al. (2013b).
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Data Sources. Data from the following publicly available data sets were employed in this study.

Global Carbon Budget 2017 Global_Carbon_Budget 2017v1.3, last updated March 2018. Downloaded 2018-0803 from
https://doi.org/10.18160/GCP-2017 .

Merged Historical Atmospheric—Ice-Core Yearly CO, record. Downloaded 2015-0301 from
http://scrippsCO;.ucsd.edu/data/Fmerged_ice_core/merged_ice_core_yearly.csv .

High-precision radiocarbon age calibration for terrestrial and marine samples.
https://www.cambridge.org/core/journals/radiocarbon/article/highprecision-radiocarbon-age-calibration-for-terrestrial-
and-marine-samples/1660E9D7A43772ACBB56614C1DD09D46 .

Compiled records of carbon isotopes in atmospheric CO; for historical simulations in CMIP6, Supplement of Geosci. Model
Dev., 10,4405-4417, 2017 https://doi.org/10.5194/gmd-10-4405-2017-supplement .

Data from Zero Emissions Commitment Model Intercomparison Project (ZECMIP), http://terra.seos.uvic.ca/ZEC .
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Table 1. Stocks and fluxes comprising preindustrial CO;, budget and present (2016) anthropogenic perturbation

(present minus preindustrial), and associated uncertainties, as developed here and as presented in ARS, pertinent to

2965 2000-2009 (Ciais et al., 2013) where available, upright type, or otherwise in AR4, pertinent to the 1990s, (Denman et
al., 2007), italic. Unc denotes 1-sigma uncertainty estimate; minus sign on uncertainty denotes anticorrelation with
uncertainty in flux in opposite direction. Uncertainties do not include uncertainties in emissions except where
indicated by bold.

Categor . Pre- AR4 Anthro AR4
Usit Quantity industrial Une AR5 (2016) Unc g5 Ure
Emission Off 9.9 0.5 7.8 0.6
Pg yr-1 Olu 14 0.7 1.1 0.8
Qant 112 0.9 8.9 1
Integrated Qff 422 21 375 19
Emission Qlu 228 114 180 50
Pg Qant 649 116 555
m%gf’g}fm xcon 278 2 278 | 127 2 113 47
Stocks Sa 5894 42 589 | 2692 42 240 10
Pg Sm 900 0.7 900 322 0.6 1155 19
Sd 35915 37100 |[100, 124] 12
Slo 2800 +430, -280 2500 | [-1,33] 17 -30 28
S1 [200, 700] [143,24] 60
So [2600,2100] [-1394] 72
I F0 net [227.261] 17 160 56
Fluxes Fam 70.0 21 70 320 9.7 20.0
Pg yr! Fma 70.6 221 70.6 29.8 -9.7 17.7
Fam, -0.6 0.2 0.7 22 0.6 2.3 04
Fpc 5.6 1.8 11
Fmd 495 16.3 90.2 1.8 0.6
Fdm 55.1 -16.3 101 0.2 0.1
Fmd. 5.6 -1.8 11 1.6 0.6 16
Fal 120 [19,48]
Fla 120 [17,46]
Fai'net 0 [05,25]
Fao [4.6,21.6] [1.1,3.2]
Foa [4.0,21.0] [0, -0.3]
Fa 0.6 [3.2, 1.4]
Falo 120.0 120.0 [20, 51] 11.6
Flo-a 1194 119.6 [17,46] 14.1
Flo net 0.6 04 40 1 26 08
Fom 0.6 0.9
Annual A Sa 52 0.40 43 0.1
changes ASm 05 0.06 }2.3 04
in stocks A Sq 1.6 0.60 04
Pg yr! ASlo 40 1.1 16 0.6
A S [2.5,0.5] 1.0
A So [1.4,3.4] 1.0
2970 A Sq+4So [3.0,5.0] 1.1
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Table 2. Model parameters and related quantities (stocks, Sj; fluxes, Fjj, transfer coefficients, kjj) characterizing evolution of

CO2 over the Anthropocene. Primary model parameters are denoted by boxes. Ranges in curly brackets for K7, , kfna » Kmas

and ky,, characterizing equilibria and kinetics governing exchange of CO2 between ML and atmosphere are for range of

2975  CO7 over the Anthropocene, xcor = {278, 405} ppm. Ranges in square brackets for primary parameters Slp i (PI LB stock)

and b (exponent describing growth of GPP) and derived PI and PD quantities are constrained by comparison of model with

observations.

Quantity Unit Relation Value [Range] Uncertainty
yrl FRL /P 0.119 0.036
Kina - (dSy /dSp)., {6.1,9.9}
kina yrol Kakam {0.73,1.17}

Kma - (Sa/Sm)oy £0.66,0.92}
kma yr] Kmakam {0.078,0.109}
m yr1 55 1.8
Zm m 100
zd m 3683-zm 3583
kmd yrol vp/Zm 0.055
kdm yrl vp/zd 0.00153
Flhp =N Pg yrl 120
F(?Iil Pg yr'1 0.6
S =dSP/dr - Pgyr] 40 1.1
sp Pg 2800
Pg [200, 700]
syl Pg Spi-sp! [2600,2100]
[&] - [0.4,0.9]
d
Flop =13 Pg yr! Fobp (2 /spl) [139, 168]
, asBY — Fl (55— sB1) /8!
F;Pol Pg yr'1 b - [5,20]
(sp¢/spt)— b /55
d _ . b
i Pg yr-l FPi(spd/sp1) [6,25]
kbd yrrl Fh4/spd [0.16,0.193]
Kla yrl Fbp / SP! [0.8,0.17]
kP4 -1 kPdppd ) gpd [0.007, 0.028]
a0 yr a0 fao /Pa U7,V
Koa yrl (7R - FEh )8! [0.0015,0.008]
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Table 3. Evaluation of observationally based turnover time for Anthropogenic CO; in the combined atmosphere—
2980 labile-biosphere—mixed-layer-ocean (alm) compartment by Eq 5.8. Central estimate is for best estimate anthropogenic

emissions Qg together with (Spd

Fant »AS1) corresponding to central estimate for (S Pl b), (400 Pg, 0.6). For low and

high sPi , b) turnover times are calculated also for values of Q. at high and low ends of uncertainty range, with
1 g y rang

uncertainties propagated in quadrature.

SE gm Low Low Low Central Central Central High High High
Er?t High Central Low High Central Low High Central Low
Quantity Unit
Sggm Pg 269.2 269.2 269.2 269.2 269.2 269.2 269.2 269.2 269.2
Sgﬂam Pg 322 322 322 322 322 322 322 322 322
Slp i Pg 200 200 200 400 400 400 700 700 700
b - 04 04 04 0.6 0.6 0.6 0.5 0.5 0.5
Sf :m Pg 25 25 25 99 929 99 140 140 140
Saﬂiq,am Pg 336 336 336 3914 3914 3914 441 441 441
AS, Pg yr-l 52 52 52 52 5.2 52 52 52 52
ASh Pg yr'l 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
AS) Pg yr-l 0.5 0.5 0.5 1.8 18 1.8 2.7 2.7 2.7
ASaim Pg yr-l 6.2 6.2 6.2 6.2 74 8.4 84 8.4 8.4
Oant Pg yr'l 12.3 11.2 10.1 112 11.2 11.2 12.3 11.2 10.1
E,?t - ASEI?n,am Pg yr-l 54 50 22 49 3.8 27 53 2.8 23
710:0bs yr 62 67 155 80 103 145 83 158 191
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3000

3005

Figure 1 (preceding page). Decay of excess atmospheric CO? and corresponding adjustment times over the initial 100 years
following abrupt cessation of emissions as determined from prior publications and present study. a, CO2 amounts are plotted
as fraction f of initial amount in excess of preindustrial amount on a logarithmic scale versus time ¢ subsequent to cessation.
Thin curves show results from published model studies identified by first author and publication year. Solid curves denote
results of direct calculations using carbon cycle models or compartment models; dashed curves are results of convolution of
impulse response functions (IRFs) with historical emissions; thicker dashed ochre curve shows multimodel mean of Joos et
al. (2013a). Calculations were conducted for a variety of initial conditions, importantly amount of CO? in atmosphere at
time of cessation, summarized, with citations, in Table S1.1 of Supporting Information SI Text Sect. S1. Jags in curves
result mainly from digitization of published figures. Dotted black lines denote exponential decay with 1/e time constant in
years. Modified from Schwartz (2018) with addition of best estimate (bold red) and range (light red) as calculated with the
model developed here, Sect. 7.6; Slp ' and b denote parameters of present model, preindustrial stock in the labile biosphere
and fertilization exponent characterizing dependence of gross primary production on mixing ratio of atmospheric CO2,
respectively. b, Adjustment time (equivalent 1/e lifetime, Sect. 2) 7z over time horizon ¢ subsequent to cessation of
emissions for decay curves in a. ¢. As in a, calculated from results presented by the Zero Emissions Commitment Model
Intercomparison Project (ZECMIP; MacDougall et al., 2020); models are identified in legend; model descriptions and
citations are given in MacDougall et al.. d, As in b, for ZECMIP results. Results from present study are given in SI data

table, sheet 6.
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Figure 2. Stocks S; of carbon in principal compartments pertinent to atmospheric CO7 and fluxes between compartments
Fijj; Off and Oy denote anthropogenic emissions from fossil-fuel combustion (including cement production) and from net
3015 land use change, respectively. Stocks (Pg C) are indicated by upright type; fluxes and annual changes in stocks (Pg C yr'l)
are indicated by slant type; concentrations of dissolved CO2 (dissolved inorganic carbon, DIC, pmol kgs_v%,) are shown in
bold serif typeface. Preindustrial quantities are given in black; perturbations resulting from anthropogenic emissions in red;
annual changes in stocks (Pg C yr'l) or concentration in the ML in blue; or, excluding land-use change (LUC) emissions, in
green. Square brackets reflect ranges of preindustrial stock in labile biosphere Slp ! and fertilization exponent b but not
3020 uncertainties of emissions. Depths of the ocean mixed layer and of the deep ocean are shown at left. The figure is adapted
and substantially modified from AR4 (Denman et al., 2007), with quantities updated to the 2016 time frame and other
changes, as discussed in the text. Uncertainties are one-sigma estimates. Quantities are shown with more precision than is

justified by the accuracy with which they are known to permit differencing.
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Figure 3. a., PD anthropogenic stock in LB, and b, PD rate of increase in LB stock as function of fertilization exponent b
and PI stock in LB; ; absence of contours at upper right denotes regions of (S pi , b) that are excluded because the rate of
increase in stocks would exceed emissions. Thick contours denote algebraically determined best estimate and bounds, Table
3. All evaluations are for best estimate PD anthropogenic emissions, Qant = 11.2 Pg yr'l. Light red quadrilateral denotes
region of (SP i, b) domain that is consistent with observations; colored boundaries denote limits of satisfaction of model

results with specific observations, Sect. 7,2, Sect. 7.3. SI data table, sheet 5.
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3035 Figure 4. a. Transfer coefficients between the atmosphere and the two terrestrial biosphere compartments calculated

algebraically (Eqgs. 4.8, 4.10, 4.12, 4.13; Appendix A12) as functions of PI stock in the LB Slpi and fertilization exponent b.

Contours show values for entire range of ( Slp ', b) examined; absence of contours at upper right denotes regions of ( Slp ' b)

that are excluded because the rate of increase in stocks would exceed emissions. Light red quadrilateral denotes region of

(SP', b) domain that is consistent with observations based on comparison of model results with observations; colored

3040 boundaries denote limits of satisfaction of model results with specific observations, Sect. 7.2, Sect. 7.3. a, Present-day kjJ;

b, k1a; ¢, preindustrial kaq; d, koa. SI data table, sheet 5.
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Figure 5. Transfer coefficients kjj (green), yr'l, describing the rate of transfer of anthropogenic CO2 (or of dissolved
3045  inorganic carbon DIC) from stock S; to stock S; and other quantities required to model the budget of excess CO2 (above
preindustrial) over the Anthropocene. Square brackets denote ranges propagated from ranges in fertilization exponent b and
preindustrial LB stock SPi , consistent with observations. Curly brackets denote range arising from increase in CO2 over the
Anthropocene. Red denotes present (2016) annual anthropogenic emissions from fossil fuel combustion and cement
production Qff and from land-use change Qly, Pg yr'l. Preindustrial steady-state fluxes responsible for departure from
3050  equilibrium in the preindustrial budget are shown in black. Depths of the ocean mixed layer and of the deep ocean are shown

at left.
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Figure 6. Rate of uptake of CO2 from AC and the ML combined, Sapy, into the TB and DO obtained as difference between
emissions and observed annual increase in stock in the AC aS, , augmented by annual increase in stock in the ML aS,,
calculated for assumed equilibrium between Sy and Sy, versus sum of anthropogenic stocks in the AC and the ML S:ﬂf , also
calculated for assumed equilibrium between Sy and Sp,. Emissions data from Boden et al. (2017) and Houghton and
Nassikas (2017) as tabulated by Le Quéré et al., (2018a). S, obtained from measurements of CO? in glacial ice cores at Law
Dome, Antarctica and air at Cape Grim, Tasmania (Etheridge et al., 1996) and from measurements in air (Keeling et al.,
1976, 2001 as updated; Ballantyne et al., 2012 as updated by Dlugokencky and Tans, 2018) as tabulated by Le Quéré et al.,
(2018a) with representative uncertainties. Colored curves denote net flux from AC and ML into TB and DO calculated by
model over the time period 1750-2016 for indicated pairs of values of preindustrial stock in LB Slp ! and fertilization
exponent b for range (Slp i , b), indicated in legend, consistent with observations, Sect. 7. Dashed black straight line through
the origin with slope 0.0184 yr'1 corresponds to turnover time for the combined AC-ML compartments TK’M =543 yr.

Observation-derived data, SI data table, sheet 4, sheet 6.

116



https://doi.org/10.5194/acp-2021-924 Atmospheric
Preprint. Discussion started: 29 November 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

! ! \ !
1800 1900 2000 2100 2200

2 4 T I \ \
o — [Qtot Layout7_1 ‘
@ 600 >Si+ [Qu / Labile stock = 400 Pg-|
o | =—fQff Exponentb = 0.6 |
3 - 2Si
aE.) 400 — Zant,net
o I JFgo™
2
C
= 200
X
3}
3 L
7}
o 0
= ! \ _/ !
5: b 6 \ \ \ \
— Atmosphere
4|, — Oburate TB i
— Deep ocean
- Mixed layer ocean
' 2 — LabileTB -
> \
o)
= o =]
©
@ 2 a
©
41 —
— -6 ! ! ! !
5¢ 4 ant,net
o F o — dSp/dt
< 2r - Fa ‘N
3 ant - i
S — Foa ‘
© 0 —
3 i
a
i

Figure 7. Anthropogenic stocks and related quantities during historical run and subsequent to hypothetical abrupt cessation
of emissions in 2017 for ( SP i, b) = (400 Pg, 0.6). a, Stocks of anthropogenic carbon in the several compartments, and total,
3070  and running integral of total fossil fuel emissions; OB uptake denotes integrated net transfer from AC; Obdurate biosphere
stock includes decrease from LUC emissions. b, Rates of change of the several stocks dS;/df, and net anthropogenic flux
from AC to ML. ¢, Gross and net anthropogenic fluxes between the AC and the OB, rate of change of stock in the OB,

dSy/dt as in b, and negative of land use change emissions, on same vertical scale as b. SI, Data table, sheet 6.
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3075
Fig. 8. Consistency of model variants with observed atmospheric CO2. Curves denote modeled mixing ratio of atmospheric
CO2 xcop for multiple model variants indicated by values of parameters S]p i (Pg), preindustrial stock in labile biosphere;
and b, exponent characterizing growth of GPP, for anthropogenic emissions given by historical inventories to 2016 (data
sources as in Fig. 5) and set to zero commencing in 2017. Circles denote observations (data sources as in Fig. 5). Insets show
3080 time periods examined to assess consistency with observations: 1925, xcoy > 300 ppm; 2017, xcoz < 410 ppm, indicated by
dashed black lines. Curve colors denote values of Spi; styles (e.g. solid, dashed) denote values of 4. Bold curves denote

consistency with both criteria. SI Data table, sheets 4, 6.
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3085 Figure 9. Contour diagrams of modeled amounts of CO, and of radiocarbon as function of Slp " and b showing observational

constraints on values of (SP i , b) pairs. a, Mixing ratio of atmospheric CO? in 1925 (ochre) and 2017 (blue); bold contours

denote lower limit of observed xcp2(1925), 300 ppm, and upper limit of observed xco(2017), 410 ppm. b, Stock of

atmospheric radiocarbon in 1965 (green) and oceanic radiocarbon (ML + DO) in 1994 (tan); bold contours denote lower and

ant

upper limits of observed Ry(1965), 680 and 730 x 1026 atoms, respectively, and lower limit of observed R4, 300 x 1026

3090 atoms. Shadings in a and b denote subdomains of ( SPi , b) consistent with the respective bounds. ¢, Superposition of panels a

and b; shading denotes intersection of shaded regions in a and b. d, Shaded region in ¢, with controlling observational

bounds. Marker at (Spi, b) = (400 Pg, 0.6) denotes values of (Spi, b) used as an example in subsequent analyses. SI data

table, sheet 5.
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Figure 10. Modeled and measured radiocarbon stocks over the Anthropocene. a, Anthropogenic stocks in the several
compartments calculated with the present model for Slp and b = 0.6. b, Atmospheric 14C02 in observations and as
calculated with several (Slp i , b) pairs; inset shows time range centered about peak value in 1965; dashed lines at 680 and 730
x 1020 atoms denotes limits for which modeled 14COz at year 1965 is considered consistent with observations. c,
3100  Anthropogenic dissolved inorganic radiocarbon [DIl4C] in the world ocean in observations and as calculated with several (
Slp i , b) pairs as in b; dashed line at 300 x 1026 atoms is below which variants are considered inconsistent with observations.
Measured atmospheric radiocarbon stocks are from dendrochronologically dated tree rings (Stuiver et al., 1998) and direct
measurements in air (as tabulated by Graven et al., 2017). Ocean measurements are from Broecker et al. (1995), Key et al.
(2004), and Peacock (2004). Also shown in ¢ are model results of Naegler and Levin (2006) and several model variants

3105  denoted UL from Mouchet (2013). SI Data table, sheet 6.
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Figure 11. a, Mixing ratio of atmospheric CO2 300 years after cessation of emissions as a function of model parameters Slp i
and b. b-d, several measures of lifetime of excess CO?7; b, present-day turnover time of stock in combined atmosphere-LB-
ML compartment, Eq 2.2; ¢, time constant 7fj; characterizing exponential decay from fit to atmospheric CO? over initial 100
years subsequent to cessation of emissions; d, equivalent 1/e lifetime of excess CO2, Eq 2.6b, evaluated at time horizon 7 =
100 yr subsequent to cessation. Light red quadrangle denotes region of (Spi , b) that is consistent with observations the

colors of boundaries denoting the several observational constraints, as in Fig. 9. SI data table, sheet 5.
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Figure 12. Multiple measures of the lifetime of excess CO2. a, As a function of time for preindustrial LB stock SP i , 400 Pg
and fertilization exponent b, 0.6. Turnover times are evaluated for anthropogenic atmospheric stock S;mt and for combined
anthropogenic stocks in AC and ML, S;,%t , and in AC, LB, and ML, S:ﬁ; , by Eq 2.1 for present-day observational data
(markers) and model output using net leaving flux. Adjustment times are evaluated following abrupt cessation of
anthropogenic emissions in 2017. Instantaneous adjustment times 7St for the three stock quantities are evaluated by Eq 2.3.
Time-average adjustment time %-avg is evaluated by Eq 2.4; amount-weighted-average lifetime 7y-avg, Eq. 2.5; equivalent
1/e lifetime, 75, Eq. 2.6b; all for Sy. Fraction of excess CO2 mixing ratio at time of cessation remaining as function of time
and fit to exponential decay function for initial 100 yr, with baseline zero, yielding time constant tcoopit = 105 yr, are shown

on right axis. b, Tt-avg, Ta-avg, and 7g as in a, but plotted versus fraction of CO2 remaining; top axis shows time subsequent

to cessation of emissions corresponding to fraction removed on bottom axis. SI Data table, sheet 6.
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Figure 13. Examination of equilibrium—steady-state (ESS) assumption. a-e, Anthropogenic perturbation to stocks in AC,
ML, DO, LB, and OB; results from exact model, red, and from ESS model, green. Anthropogenic perturbation to OB stock
3130 includes loss from LUC emissions. f, Anthropogenic enhancement to stocks in AC, ML, and LB, for exact model,
normalized to their values in 2017 prior to cessation of emissions. All results are for ng]ntl =400 Pg and b = 0.6. SI Data

table, sheet 6.
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Figure 14 (preceding page). CO2 mixing ratio and net rates of transfer of anthropogenic CO7 as determined with the present
model, as presented by several investigators based on global CC models, and from observations. @, Global CO2 mixing ratio
from 11 Earth system models that participated in the CMIP5 intercomparison, adapted from Friedlingstein et al., (2014,
Figure la); observations from Law Dome, Cape Grim and measurements in air as in Fig. 8. b, Rate of ocean uptake of
anthropogenic CO7 from present model and from 13 CMIP5 models (adapted from Wang et al. 2016, Figure 1a), with
multimodel means presented by Wang et al. (2016) and by Anav et al. (2013). ¢, Net flux from AC to TB (i.e., not including
change due to LUC emissions) from 7 coupled ocean atmosphere GCMs and 4 models of intermediate complexity, modified
from Friedlingstein et al. (2006, Figure 1c¢). d, Net rate of change of stock in TB (i.e., difference between net uptake rate and
LUC emissions); present model, results and multimodel mean from 18 CMIPS models (data courtesy of Alessandro Anav).
“Observed” denotes difference between emissions from fossil fuel and cement manufacture minus observed atmospheric
growth and modeled ocean uptake (multimodel mean from Le Quéré et al., (2018a) and representative associated
uncertainties. Results from present model are shown for three (S pi , b) pairs indicated in a;; cf. Fig. 8, Fig. 9d. Present model

results, SI Data table, sheet 6.

Figure 15 (following page). Comparison of present model results with measurements and other models (Global Carbon
Budget GCB17, Le Quéré et al., 2018a) over the period of contemporaneous in-situ measurements of atmospheric CO?. a)
Rate of uptake of anthropogenic CO2 by the combined ML + DO, equivalent to net flux from AC to ML minus PI flux: eight
CC model calculations from GCB 2017 (thicker lines), and multimodel mean (Le Quéré et al., 2018a); 13 CC model
calculations from CMIPS5 (thinner lines), and multimodel mean (data from Wang et al., 2016, Fig. 1a); observation-based
studies (Takahashi et al., 2009; Rodenbeck et al., 2014 (data from Le Quéré et al., 2018a); Landschiitzer et al., 2015 (data
from Le Quéré et al., 2018a, incremented by 0.6 Pg yr'l); Wang et al., 2016 (incremented by 0.6 Pg yr'l); Gruber et al.,
2019, mean and uncertainty over indicated time range), and inferred from analysis of radiocarbon data (Graven et al., 2012,
mean and uncertainty over indicated time range). b) Net anthropogenic flux from atmosphere to combined LB and OB
compartments: 15 CC model calculations from GCB17 (data from Le Quéré et al., 2018a) and multimodel mean; and as
inferred by difference from emissions, atmospheric growth, and ocean uptake, (Gruber et al., 2019). ¢) "Observed" denotes
sum of uptake from atmosphere to ocean and TB evaluated as difference between annual emissions and atmospheric growth;
multimodel means and observation-derived data tabulated by Le Quéré et al. (2018a) as in Fig. 8. d) Residual of sum of
uptake from atmosphere to ocean and TB (model minus observations) for present model and multimodel mean from panel c,
with average and standard deviation at right. Results from present model are shown for three (Spi, b) pairs indicated in c;

only a single instance (400 Pg, 0.6) is shown in d. Present model results, SI Data table, sheet 6.; cf. Fig. 8d.
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3170  Figure 16. Model results for fraction of CO7 remaining in atmosphere as a function of time, 0 to 700 yr, subsequent to

cessation of emissions for indicated values of ( Slp i , b). SI Data table, sheet 6.
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Figure 17. Model results for turnover time referenced to excess stock in the AC, evaluated as inverse of transfer coefficient
from AC to the ML, DO, and TB, combined, presented by Raupach et al. (2014, their Figure 5) for historical emissions with
abrupt cessation in 2013; jags result from digitization. Shown for comparison are turnover times evaluated with present
model, with (Sp i, b) = (400 Pg, 0.6) for excess stock in AC, AC+ML, and AC+ML+LB, for historical emissions with

abrupt cessation of emissions in 2017, as in Fig. 8. Present model results, SI Data table, sheet 6.
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Figure Al. Dependence of quantities characterizing exchange of material between the atmosphere and the obdurate
biosphere on preindustrial (PI) stock in the labile biosphere Slp ! and exponent b characterizing rate of increase of GPP with

increasing atmospheric CO7 stock. a, PD stock of anthropogenic carbon in the OB, S? nt.pd

b, Present-day (PD) annual rate
3185 of increase of stock in the OB due to transfer between the atmosphere and the OB, AS(t,r’p d ¢, PI flux from the atmosphere to
the OB Fg. d., PD net anthropogenic flux from the atmosphere and the OB. Contours show values for entire range of [ SP i s
b] examined; light red quadrilateral denotes region in (Slp i , b) domain that is consistent with observations, as in Fig. 3. SI

data table, sheet 5.
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Figure B1. Differential equilibrium constant f = d[H2CO3]/d[DIC] (left axis) denoting equilibrium change in HpCO3

concentration per change in DIC concentration as a function of CO2 mixing ratio (in dry air) evaluated for seawater
alkalinity 2349 pmol kgs_“l, , salinity 35, and temperature 18°C; and (right axis) differential equilibrium constant
Ko =dS, /dSy, , the corresponding change in S, per change in Sy, evaluated for depth of mixed layer zy, = 100 m. Shown

3195  for reference are mixing ratios of preindustrial, present (2016), and twice preindustrial CO7. SI Data table, sheet 2.
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Figure C1. Double logarithmic plot of recent observationally based determinations and model-based estimates of global
gross primary production GPP, versus global CO2 mixing ratio, lower axis, together with fits to the expression
log Fpp =loga+blogxcpy (straight lines without markers), corresponding to Fgpp = axé(n , with slope coefficient b given
at right; black dotted lines at lower part of figure show slope corresponding to indicated value of b. Date corresponding to
CO» mixing ratio is shown on top axis. Observationally based determinations (thick lines with markers): two Moderate
Resolution Imaging Spectroradiometer MODIS products, data from Zhang et al, 2017; a hybrid MODIS-AVHRR (Advanced
Very High Resolution Radiometer) product as determined by the Running et al. (2004) procedure; data from Ballantyne et
al., 2017; Model Tree Ensemble MTE product, Jung et al., 2011, data from Anav et al., 2015; Fluxcom, Tramontana et al.,
2016, data from Zhang et al., 2017; Vegetation Photosynthesis Model VPM product, Zhang et al., 2017; as inferred from
water use and water use efficiency, Cheng et al. (2017); and as inferred from carbonyl sulfide budget (slope only; Campbell
et al.,, 2017). Model based estimates (thin lines with markers) are from the TRENDY project (Sitch et al., 2015 as
summarized by Anav et al., 2015, smaller, filled markers, circa 2014, data provided by A. Anav; and as summarized by Piao
et al., 2019, smaller open markers, circa 2018; data provided by S. Piao); additional model based estimates LPJmL (Forkel et
al., 2016) and CABLE (Cernusak et al, 2019). Additional assessments (blue diamonds, with uncertainties if provided) plotted
against year if specified (Joiner et al., 2018), with pertinent time range (Jung et al., 2011), or year of publication (Beer et al.,
2010; Welp et al., 2011, Wang et al., 2012). For identification of model-based and satellite-based products see cited
publications, Sitch et al. (2015), and Le Quéré et al. (2018a).
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Figure E1. Radiocarbon emissions. a, Logarithmic scale and b, linear scale. Land-use change emissions, which are slightly
dependent on parameters are shown for (Slpi , b) =(500 Pg, 0.3). SI Data table, sheet 3.
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Figure E2. a, Normalized fractional excess of atmospheric 14C02 as a function of time, red, lower axis, and, for
comparison of ordinary CO7 as a function of time relative to time of cessation, blue, upper axis. b, Equivalent 1/e lifetimes

3225  corresponding to fractional excess amounts in a. For (Spi , b) = (400 Pg, 0.6). SI Data table, sheet 6.
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Figure E3. Examination of equilibrium and steady-state approximations for radiocarbon in ML and LB, for (Slp i , b) = (400

3230 Pg, 0.6). SI Data table, sheet 6.
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Figure F1. a. Fractional changes in stocks in atmosphere and ML in output from the present model, and b. Revelle factor
evaluated as ratio of those fractional changes, red, and for equilibrium conditions, Eq B19, green. Both evaluated
3235 for (Spi , b) = (400 Pg, 0.6). Transition from smooth to noisy curve evident in b between 1850 and 2016 results from using

emissions obtained by inventory methods. SI Data table, sheet 6.
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