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ABSTRACT

If anthropogenic CO2 emissions were to suddenly cease, the evolution of the atmospheric CO2 concen-

trationwould depend on themagnitude and sign of natural carbon sources and sinks. Experiments usingEarth

systemmodels indicate that the overall carbon sinks dominate, such that upon the cessation of anthropogenic

emissions, atmospheric CO2 levels decrease over time. However, these models have typically neglected the

permafrost carbon pool, which has the potential to introduce an additional terrestrial source of carbon to the

atmosphere. Here, the authors use the University of Victoria Earth System Climate Model (UVic ESCM),

which has recently been expanded to include permafrost carbon stocks and exchanges with the atmosphere. In

a scenario of zeroed CO2 and sulfate aerosol emissions, whether the warming induced by specified constant

concentrations of non-CO2 greenhouse gases could slow the CO2 decline following zero emissions or even

reverse this trend and cause CO2 to increase over time is assessed. It is found that a radiative forcing from non-

CO2 gases of approximately 0.6Wm22 results in a near balance of CO2 emissions from the terrestrial bio-

sphere and uptake of CO2 by the oceans, resulting in near-constant atmospheric CO2 concentrations for at

least a century after emissions are eliminated. At higher values of non-CO2 radiative forcing, CO2 concen-

trations increase over time, regardless of when emissions cease during the twenty-first century. Given that the

present-day radiative forcing from non-CO2 greenhouse gases is about 0.95Wm22, the results suggest that if

all CO2 and aerosols emissions were eliminated without also decreasing non-CO2 greenhouse gas emissions

CO2 levels would increase over time, resulting in a small increase in climate warming associated with this

positive permafrost–carbon feedback.

1. Introduction

In the present climate approximately half of the carbon

emitted to the atmosphere is taken up by the oceans and

the terrestrial biosphere, greatly mitigating the effect of

anthropogenic carbon emissions on climate (Denman

et al. 2007).Whether these negative carbon cycle feedbacks

will continue to operate into the future (e.g., Friedlingstein

et al. 2006) or after the cessation of anthropogenic CO2

emissions (e.g., Gillett et al. 2011) is a subject of recent

scientific interest. There are five components of the global

carbon cycle that act on centennial or shorter time scales

that are important for conceptualizing themass balance of

the atmospheric carbon pool. These are 1) enhanced soil

respiration, 2) CO2 fertilization, 3) ecosystem changes,

4) uptake of carbon by the surface ocean, and 5) transport

of carbon into the deep ocean.

Enhanced soil respiration occurs when an increase in

soil temperature induces heterotrophic organisms to

consume soil carbon at a faster rate and continues until

the rate of plant litterfall into the soil matches the soil

respiration rate (e.g., Jenkinson et al. 1991). Enhanced

soil respiration is initiated as soon as soils come into

thermal equilibrium with an increased surface temper-

ature (Luo and Zhou 2006). In temperature and tropical

climates this typically occurs within a year of the change

in surface temperature, but in polar climates can be

significantly delayed by latent heat effects in permafrost

soils (Schuur et al. 2008).

Adding CO2 to the atmosphere will promote plant

growth via CO2 fertilization (Denman et al. 2007), un-

less other nutrient limitations or environmental condi-

tions are preventing increased growth. This effect begins

as soon as atmospheric CO2 concentration increases and

ceases once plant growth comes into equilibrium with
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the newCO2 concentration (Denman et al. 2007).At high

atmospheric CO2 concentrations (circa 800–1000ppmv)

CO2 fertilization saturates since CO2 concentration is no

longer rate limiting for photosynthesis in C3 plant species

(Falkowski et al. 2000).

Changes in climate can induce ecosystem changes as

plant species migrate to climates that meet their physio-

logical needs (e.g., Baldocchi and Valentini 2004). The

transition from one ecosystem to another can be sudden,

as in the case of the rain forest to grassland transition seen

in some climate models (e.g., Malhi et al. 2009). In many

manifestations, however, ecological transition occurs

slowly as the result of the decennial time scale for tree

growth (Baldocchi and Valentini 2004). Ecosystem

changes can be either a positive or negative carbon

cycle feedback depending on whether afforestation or

deforestation is being induced. In tropical regions,

increases in temperature are expected to inhibit plant

growth by increasing water stress and exceeding plant

physiological limits. At high latitudes, warming is

expected to enhance plant growth by increasing the

length of the growing season. Anthropogenic land use

changes also induce positive or negative carbon cycle

feedback though deforestation, agricultural practices,

and the abandonment of formerly cultivated lands

(Denman et al. 2007).

The ocean takes up and releases CO2 as a function of

the gradient in the partial pressure of CO2 between the

surface of the ocean and the atmosphere (Denman et al.

2007). If atmospheric CO2 concentration is increased

from nonoceanic sources (e.g., fossil fuel emissions or

deforestation), the partial pressure difference between

the surface ocean and the atmosphere increases. This

creates a stronger partial pressure gradient and increases

the rate of ocean uptake of CO2 (Friedlingstein et al.

2006). The strength of this feedback is constrained by

the temperature dependence of the solubility of CO2 in

water and by the carbonate chemistry of the ocean (e.g.,

Greenblatt and Sarmiento 2004). Like most other gases,

the solubility of CO2 in water decreases with an increase in

water temperature, such that the partial pressure of CO2

in water is higher at a higher temperature for the same

aqueous concentration of CO2 (e.g., Greenblatt and

Sarmiento 2004). The carbonate buffering system of the

ocean allows the oceans to hold farmore carbon thanwould

be possible in distilled water (Falkowski et al. 2000).When

CO2 dissolves in the ocean it quickly comes into equilib-

rium with other species of dissolved inorganic carbon:

CO21CO22
3 1H2O4 2HCO2

3 . (1)

The surface ocean has a limited supply of the CO22
3

anions so that as more inorganic carbon is added to the

ocean, a higher fraction of the carbon will be held as

CO2(aq), until such time that the ocean can dissolvemore

CO22
3 from sediments (Le Q�er�e and Metzl 2004).

Therefore, as the climate warms, due to increasing at-

mospheric CO2, the relative fraction of the fossil carbon

that the surface ocean is able to take up is reduced

(Denman et al. 2007).

Carbon is exported from the surface ocean to the

ocean interior though subduction of cold dense (CO2

enriched) water at deep-water formation sites (in the

North Atlantic and Southern Ocean) and via the bi-

ological pump (e.g., Sigman et al. 2010). The biological

pump is the transport of organic carbon into the deep

ocean from its production at the surface. In the ocean

interior, this organic material is oxidized into CO2

(Greenblatt and Sarmiento 2004). Changes in the me-

ridional overturning circulation (MOC) and biological

activity in the surface ocean affect this sink of carbon in

the deep ocean (Denman et al. 2007).

In most models of the global carbon cycle, the carbon

cycle feedbacks together have a stabilizing effect on

climate. Higher CO2 concentration induces warming

and enhanced soil respiration but also increases plant

growth and the ocean uptake of carbon. In models, the

ocean and land vegetation generally absorb more car-

bon than soils are emitting (Friedlingstein et al. 2006).

Anthropogenically produced greenhouse gases be-

sides CO2 contribute to climate change (Forster et al.

2007). The most important of these well-mixed species

are CH4, N2O, and halocarbons that respectively con-

tributed radiative forcings of 0.48, 0.16, and 0.34Wm22

in 2005. The atmospheric lifetimes of CH4 and N2O are

12 and 114 years, respectively. The halocarbons have

lifetimes ranging between decades and thousands of

years (Forster et al. 2007). Non-CO2 greenhouses gases

interact with carbon cycle dynamics in that they con-

tribute to the warming of the climate without inducing

CO2 fertilization or strengthening the gradient in CO2

partial pressure between the atmosphere and the ocean

(Huntingford et al. 2011). That is, these gases do not

induce two of the powerful negative feedbacks to cli-

mate change while contributing to the enhanced soil

respiration, reduction in the solubility of CO2 in the

ocean, as well as to temperature-induced ecosystem

changes. In this manuscript, non-CO2 greenhouse gas

forcings are reported as anomalies from preindustrial

non-CO2 greenhouse gas forcing.

Sulfate aerosols reflect shortwave radiation back into

space, producing a negative radiative forcing with re-

spect to the planetary surface (Murphy et al. 2009).

Throughout most of the industrial age, the net effect

of the sulfate aerosols has roughly canceled out the pos-

itive radiative forcing from non-CO2 greenhouse gases
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(Forster et al. 2007;Murphy et al. 2009). The atmospheric

lifetime of sulfate aerosols is on the order of days to

weeks (Lohmann and Feichter 2005). Therefore, a con-

stant source of these aerosols is needed to maintain their

presence in the atmosphere. The largest source of sulfate

aerosols to the atmosphere is fossil fuel burning (Forster

et al. 2007). It is expected that if the anthropogenic burning

of fossil fuels were to suddenly cease, then aerosols would

rain out of the atmosphere shortly thereafter removing

the negative radiative forcing they presently produce. The

experiments detailed below contemplate the effects on the

global carbon cycle of the complete cessation of anthro-

pogenic carbon emissions on centennial time scales. We

assume that the effects of sulfate aerosols dissipate within

weeks of such an event and therefore assume that the ra-

diative forcing from sulfate aerosols is zero after the ces-

sation of carbon emissions. However, not all aerosol

forcing is associated with fossil fuel emissions so it is not

implausible that significant aerosol emissions from bio-

mass burning and anthropogenic sources could continue

after fossil fuel emissions cease.

Experiments using Earth system climate models have

suggested that if anthropogenic carbon emissions were

to cease that natural carbon sinks would continue to

operate, slowly scrubbing CO2 out of the atmosphere

(Matthews andWeaver 2010; Gillett et al. 2011; Matthews

and Zickfeld 2012). The inclusion of a permafrost carbon

component into the University of Victoria (UVic) Earth

System Climate Model (ESCM) has strengthened the soil

respiration feedback, which modifies the response of the

model to the immediate cessation of anthropogenic

emissions (MacDougall et al. 2012). When forced with

a constrained and prescribed climate sensitivity of 3.08C,
atmospheric CO2 remains almost constant for centuries

after the cessation of anthropogenic carbon emissions, no

matter when carbon emissions cease in the twenty-first

century (MacDougall et al. 2012). The model result that

under specified conditions CO2 remains constant in the

atmosphere after the cessation of anthropogenic CO2

emissions suggests that there is a magnitude of non-CO2

greenhouse gas forcing that induces a balance between

modeled carbon sources and sinks. Here, we develop

a method to find this carbon cycle balance point, explore

the consequences of exceeding this threshold, and discuss

the circumstances of why this balance may be attainable

in the natural world.

2. Methods

a. Model description

The UVic ESCM is a coupled climate model of in-

termediate complexity (Weaver et al. 2001) with fully

coupled oceanic (Schmittner et al. 2008) and terrestrial

carbon cycle components (Matthews et al. 2004;Meissner

et al. 2003). For this study, the permafrost carbon version

of the UVic ESCM is used. The frozen ground compo-

nent of this model is described in Avis et al. (2011) and

Avis (2012). The parameterization of the permafrost

carbon pool is described in MacDougall et al. (2012).

The oceanic carbon cycle component of the UVic

ESCM is composed of an Ocean Carbon Cycle Model

Intercomparison Project–type inorganic carbon cycle

model. The ocean biology is simulated using a nutrient–

phytoplankton–zooplankton–detritus ecosystem model

(Schmittner et al. 2008). An oxic-only model of sedi-

ment respiration is used to simulate ocean sedimentary

processes (Archer 1996). Terrestrial vegetation is simu-

lated using the Top-DownRepresentation of Interactive

Foliage and Flora Including Dynamics (TRIFFID) dy-

namic vegetation model coupled to a simplified version

of the Hadley Centre Met Office surface exchange

scheme (Meissner et al. 2003). The subsurface scheme

has been modified to a 14-layer representation, ex-

tending down to a depth of 250m, with exponentially

increasing layer thicknesses (Avis et al. 2011). The

modified subsurface scheme allows for freeze–thaw

processes and has spatially varying thermal and hy-

draulic properties. These properties are interpolated

to the model grid from soil mineral properties and

organic content from the International Satellite Land

Surface Climatology Project soil database (Scholes and

de Colstoun 2012).The soil contains two carbon pools:

an active carbon pool and a permafrost carbon pool.

The active carbon pool is generated by the balance of

heterotrophic soil respiration and plant litterfall from

the TRIFFID vegetation model. The permafrost car-

bon pool exists only in soil layers that have been

permanently frozen since model spinup. The perma-

frost carbon is assigned a globally uniform carbon

density. If a permafrost layer thaws, it (and the carbon

within it) is irreversibly transferred to the control of

the active soil carbon component. Thereafter, the

carbon within the layer will begin to decay (MacDougall

et al. 2012).

To allow atmospheric CO2 to freely evolve, the

UVic ESCM is forced with carbon emissions. Certain

experiments detailed below are forced using emission

pathways diagnosed from representative concentration

pathways (RCPs). These diagnosed emissions pathways

(DEPs) were derived by forcing the UVic ESCM with

each RCP and diagnosing fossil fuel emissions as a re-

sidual of the global carbon cycle [see supplementary

materials of MacDougall et al. (2012) for a detailed

description and validation]. The UVic ESCM’s inherent

climate sensitivity of 3.28C is used in all experiments.

1 DECEMBER 2013 MACDOUGALL ET AL . 9565



b. Allowing for balance

In the Canadian Earth System Model (CanESM) and

previous versions of the UVic ESCM, the immediate

response to a complete cessation of anthropogenic

carbon emissions is a fast drop in atmospheric CO2

concentration that lasts for approximately 20 years

(Matthews and Zickfeld 2012; Gillett et al. 2011). After

the system has had time to adjust to the sudden cessation

of anthropogenic emissions, atmospheric CO2 goes into

a slow exponential decline in these simulations. The

ocean uptake and CO2 emissions from the terrestrial

biosphere cannot be balanced during these first 20 years

with a plausible non-CO2 greenhouse gas forcing (dur-

ing this period in most experiments the terrestrial bio-

sphere is transitioning from a sink to a source of carbon).

However, after the system adjusts to the sudden change

in forcing, it may be possible to induce a balance. For the

remainder of this discussion we will focus on this period

beyond the first 20 years after the cessation of anthropo-

genic emissions. The 20-yr period is likely a consequence

of the abrupt cessation of anthropogenic emissions. A

gradual elimination of emissions would presumable

lead to a more continues transition to a post–fossil fuel

global carbon cycle.

c. Finding balance

Here, we infer that for a given quantity of cumulative

carbon emissions there is a magnitude of non-CO2

greenhouse gas forcing that will induce a balance be-

tween terrestrial carbon emissions and the ocean uptake

of carbon for the period starting 20 years after the ces-

sation of anthropogenic carbon emissions. To find this

magnitude of non-CO2 greenhouse gases, an iterative

root finding method is used:

(i) After the cessation of anthropogenic CO2 emis-

sions, the UVic ESCM is run for 100 years forced

under a constant aggregated non-CO2 greenhouse

gas forcing (Ragg).

(ii) The earth system is allowed to adjust after the

cessation of CO2 emissions for 20 years.

(iii) If CO2 accumulates in the atmosphere after the

20-yr adjustment period, the experiment is repeated

with a reduced Ragg.

(iv) If instead CO2 decreases in the atmosphere after

the 20-yr adjustment period, the experiment is

repeated with an increased Ragg.

(v) This loop is continued until atmospheric CO2 is

balanced to within 2.0 ppmv over the last 80 years

of the simulation.

If a balance cannot be found then one or more of the

assumptions that have been made must be false. See

section 4a for a discussion of the conditions under which

this method can work.

d. Experiments

Three balance experiments were conducted by vary-

ing the rate of anthropogenic carbon emissions. In all the

experiments the iterative method was used to find the

carbon balance point for cumulative anthropogenic

emissions of 80, 160, 320, 640, 980, and 1920 Pg of carbon

(PgC). In the pulse experiment, carbon was emitted to

the atmosphere over the course of 1 year. There were no

sulfate aerosols or volcanic events in this experiment,

and agricultural areas were held constant at their pre-

industrial extent. In the ramp-up experiment, carbon

was increased at a rate of 1% of total emissions per year

for 100 yr. During the 100-yr ramp-up, agricultural areas

were held constant at a preindustrial extent; there were

no sulfate aerosols, no volcanic events, and non-CO2

greenhouse gas forcing was held at zero.

In the transient emissions experiment, emissions

pathways were followed until the required amount of

carbon had been released into the atmosphere. During

the transient period, the prescribed non-CO2 green-

house gas, sulfate emissions, volcanic events, land-use

changes, and solar output variation were followed for

each DEP. When cumulative anthropogenic carbon

emissions reached the desired total carbon, sulfate

emissions were instantaneously reduced to zero. After

the cessation of carbon emissions, agricultural areas

were held constant, and volcanic events and the solar

output were fixed to their long-term means. The DEPs

8.5, 6.0, and 4.5 were followed; although most of the

cumulative emission integration points occur before the

DEPs diverge (DEP 2.6 is set aside due to the negative

anthropogenic emissions required under that pathway).

Additional experiments were conducted for magni-

tudes of non-CO2 greenhouse gases not expected to

balance the uptake of carbon by the ocean and emission

of carbon from the terrestrial biosphere. These experi-

ments were intended to demonstrate the effect of not

reaching or exceeding the balance point for realistic

non-CO2 greenhouse gas forcing. These experiments

were identical to the transient emissions experiment

until the cessation of carbon emissions. After cessation,

non-CO2 greenhouse gas forcing was held at a constant

nonbalancing value, agricultural areas were held con-

stant, and volcanic events and the solar output were

fixed to their long-term means. The values chosen were

0.0, 0.95, and 2.0Wm22, respectively. These values are

the preindustrial non-CO2 greenhouse gas forcing, the

present-day non-CO2 greenhouse gas forcing, and the

maximum non-CO2 greenhouse gas forcing projected

under RCP 8.5. All values are relative to preindustrial
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non-CO2 greenhouse gas forcing. These experiments are

designated as the unbalanced experiments.

3. Results

a. Select results

Selected results for the transient and unbalanced

experiments are shown in Fig. 1. The figure displays

atmospheric CO2 concentrations and anthropogenic

emissions with time for the preindustrial (0.0Wm22),

balancing, and 2.0Wm22 non-CO2 radiative forcings.

The figure demonstrates the three possible atmospheric

CO2 trajectories after the cessation of anthropogenic

CO2 emissions: atmospheric CO2 decreases, atmo-

spheric CO2 remains nearly constant, or atmospheric

CO2 continues to increase without further human CO2

emissions. For brevity, subsequent figures display only

the Ragg needed to balance atmospheric carbon verses

cumulative carbon emissions. Figure 2 displays the

fluxes between and the changes in mass of each of the

major carbon pools before and after the cessation of

emissions for a selected balance experiment. This figure

illustrates the changes in the magnitude of carbon fluxes

FIG. 1. (left) CO2 emissions with time and (right) CO2 concentration with time for three selected cumulative

emissions integration points. Atmospheric CO2 concentrations with time after the cessation of anthropogenic CO2

emissions given for non-CO2 greenhouse gas forcings at preindustrial (0.0Wm22), balancing, and 2.0Wm22

magnitudes.
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as the earth system transitions to a post–fossil fuel car-

bon cycle.

b. Balance experiments

Results for the pulse, ramp-up, and transient emis-

sions experiments are shown in Fig. 3. All of the curves

have common characteristics, increasing from an Ragg

of zero (relative to preindustrial times) at a cumulative

emission of zero (relative to 1900), reaching a peak

Ragg (between 160–980 PgC of cumulative anthropo-

genic carbon emissions), and declining from this peak

with higher cumulative carbon emissions. The highest

Ragg to induce balance is required for the pulse ex-

periment, and the lowest Ragg is required for the ramp-

up experiment. This demonstrates that the rate at

which carbon is emitted to the atmosphere contributes

to the magnitude of Ragg needed to balance terrestrial

emissions and the ocean uptake of carbon. That is, the

balance Ragg is path dependent for the time scales

considered here.

The transient experiment has a peak balance Ragg of

0.65Wm22 at 320PgC and declines to 0.5Wm22 when

following the DEP 4.5 and 6.0 emissions trajectories. For

the DEP 8.5 trajectory, Ragg declines to 0.55Wm22 at

640 PgC then increases again to stabilize at 0.6Wm22

for cumulative emissions up to 1920PgC. Also shown in

Fig. 3c is the historical cumulative anthropogenic carbon

emission–non-CO2 greenhouse gas forcing trajectory.

This line shows that the historical magnitude of non-CO2

greenhouse gas forcing has been above the magnitude

needed for CO2 to continue to increase, if emissions were

to cease, since 1900. That is, these model results suggest

that Earth has been in the regime of increasing CO2

without further human CO2 emissions for most of the

industrial age.

The general shape of the curves in Fig. 3 can be ex-

plained by the geographic distribution of soil carbon in

the UVic ESCM. Figure 4 shows the regions where soil

respiration is enhanced by increasing Ragg from the

preindustrial forcing to the balance forcing for selected

FIG. 2. Net fluxes between and changes inmass of each of themajor carbon pools (a) averaged over a decade before

the cessation of fossil CO2 emissions and (b) averaged over a decade 50 years after the cessation of fossil CO2

emissions. Fluxes are from the transient experiment followingDEP 8.5, with anthropogenic CO2 emissions ceasing in

the year 2050. The surface ocean is taken at the top 250m of the water column.
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cumulative emission integration points. The excess soil

respiration needed to balance ocean uptake is largely

derived from regions of decaying permafrost. The large

jump in Ragg needed to balance ocean uptake between

80 and 160PgC is therefore related to the quantity of

climate warming needed to destabilize sequestered

permafrost carbon.

The inspection of changes in carbon pool sizes for

each of the experiments shows that the uptake of carbon

FIG. 3. Non-CO2 radiative forcing required to maintain a con-

stant level of CO2 in the atmosphere after the cessation of emis-

sions for a given quantity of cumulative anthropogenic carbon

emissions. (a) Carbon emitted as a pulse over the course of 1 year.

(b) Carbon emitted at 1% of the cumulative emissions per year for

100 yr. (c) Carbon emitted following a given DEP. The green line

shows the historical cumulative anthropogenic carbon emissions–

non-CO2 radiative forcing curve. The current radiative forcing

from non-CO2 greenhouse gases is above the level needed to

maintain balance after the cessation of emissions.

FIG. 4. Difference in soil respiration between model simulation at

balancing and preindustrial magnitudes of non-CO2 greenhouse gas

forcing for selected cumulative emission integration points. Maps

are for the fifth decade after the cessationof emissions. Notice that in

each casemost of the additional soil respiration caused by additional

non-CO2 greenhouse gas forcing originates from former permafrost

soils. For cumulative emissions of 1920PgC, increasing the magni-

tude of non-CO2 greenhouse gas forcing reduces the rate of soil

respiration in the tropics. This reduction in soil respiration is co-

incident with a reduction of net primary productivity in these

regions. As soil carbon turnover rates are high in the tropics, a re-

duction in litterfall will quickly lead to a reduction in soil respiration

(once litterfall and soil respiration are in equilibrium).
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by vegetation makes a significant contribution to carbon

uptake in the pulse experiment (15%–40% of ocean up-

take) and a negligible contribution in the other experi-

ments. This explains why a higherRagg is needed to induce

balance in this experiment than in the other two experi-

ments. In the pulse experiment, enhanced soil respiration

must balance the uptake of carbon by both the oceans and

terrestrial vegetation. Therefore, a larger Ragg is required

to further enhance soil respiration.

The difference between the shape of the balance

curves in the ramp-up (Fig. 3b) and the transient emis-

sions experiment (Fig. 3c) is curious. Because of the

presence of agriculture in the transient emissions ex-

periment, this experiment has higher CO2 concentra-

tions at the same cumulative anthropogenic (fossil fuel)

carbon emissions as the ramp-up experiment. All else

being equal, this should shift the curve to the left pro-

ducing a lower balance Ragg for the transient experi-

ments beyond the peak Ragg value. The experiments in

fact exhibit the opposite behavior. The difference in

terrestrial net primary production (NPP) between the

ramp-up and transient emissions experiment provides

an explanation for the higher balance Ragg needed in

the transient emissions experiment. For the cumula-

tive anthropogenic carbon emissions integration point

of 1920 PgC, terrestrial NPP at the end of the balanced

simulation is 100.4 Pg a21 C for the ramp-up experiment,

113.8 Pg a21 C for transient emissions DEP 8.5 experi-

ment, and 106.7 Pg a21 C for the transient emissions

DEP 6.0 experiment. This corresponds to balances in

Ragg of 0.1, 0.6, and 0.5Wm22, respectively. Since all of

these values of terrestrial NPP are for stable CO2 con-

centrations, the higher NPP must be coming from the

transition of ecosystems into more carbon intense sys-

tems. This negative feedback can be seen in Fig. 5, which

maps the difference in terrestrial NPP between the

ramp-up and transient emission experiments averaged

over the decade beginning 90 years after cumulative

FIG. 5. Difference in NPP between the ramp-up experiment and (a) transient emissions

experiment following DEP 8.5 for cumulative anthropogenic carbon emissions of 1920PgC

(transient emission–ramp-up). (b) As in (a), but following DEP 6.0. Note that positive NPP

anomalies are concentrated in central Eurasia, the Sahel, and the subtropics of Africa and

South America.
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anthropogenic carbon emissions reach 1920 PgC. The

figure shows distinct regions where NPP is higher in the

transient emissions experiment than the ramp-up ex-

periment. Specifically, these are in central Eurasia, the

Sahel, and the subtropical regions of South America and

Africa. These regions are consistent with areas that are

pastures in the transient experiment and natural eco-

systems in the ramp-up experiment. These pasture re-

gions have a higher NPP than the natural ecosystems

they replaced and are associated with a buildup of stored

soil carbon in these regions.

Figure 6 shows the estimated non-CO2 greenhouse

gas forcings from trace gas concentrations prescribed for

each RCP up to the year 2300. These estimated forcings

for year 2300 range from 0.63Wm22 under RCP 2.6 to

2.0Wm22 for RCP 8.5. That is, the estimated non-CO2

greenhouse gas forcing for the most optimistic RCP

is about the same magnitude of radiative forcing needed

to balance atmospheric CO2 in the model experiments

conducted here.

c. Unbalanced experiments

Results of the unbalanced experiments are shown

in Tables 1, 2, and 3. Under a continued modern Ragg

of 0.95Wm22, the atmospheric CO2 concentration in-

creases an additional 11–22 ppmv before peaking in the

twenty-third or twenty-fourth century (Table 1). That is,

CO2 continues to build up very slowly in the atmosphere

for hundreds of years after anthropogenic carbon emis-

sions cease. The actual amount of carbon released by soils

is substantial (167–400PgC), but most of this carbon is

absorbed by the oceans (68%–89%; Table 2). Almost as

much carbon is absorbed by land plants as builds up in the

atmosphere. Under anRagg commensurate to that in RCP

8.5 (2.0Wm22), soils releasemore carbon (400–570PgC),

and the atmosphere takes up a larger fraction of this car-

bon (27%–35%), but the oceans continue to take up the

largest share of carbon (56%–64%; Table 3). The addi-

tional increase in CO2 concentration is 64–86ppmv, but

the effects of this increase in CO2 are minor compared to

that of imposing an unbalanced radiative forcing of

2.0Wm22 on the Earth system. These results suggest that

the consequences of being beyond the carbon cycle bal-

ance point are mild for non-CO2 greenhouse gas concen-

tration observed in the contemporary atmosphere. After

the cessation of anthropogenic carbon emissions, atmo-

spheric CO2 will continue to build up in the atmosphere

but at a rate that is an order of magnitude slower than

during the fossil fuel era.

d. Breakdown of assumptions

Not all of the attempts to find a carbon cycle balance

point were successful. Figure 7 displays an attempt to

balance at an integration point of 3840PgC for the

transient emissions experiment following DEP 8.5. At

the time anthropogenic CO2 emissions cease, in this

simulation carbon emissions from the terrestrial bio-

sphere are already larger than the ability of the oceans to

absorb carbon. The terrestrial emissions soon fall off

as the soil carbon pool is depleted (dropping 394PgC)

and a strong afforestation feedback takes hold (adding

46 PgC to land plants). Having exhausted the pool of

soil carbon available for decay, terrestrial carbon emis-

sion becomes smaller than the ocean uptake of CO2, and

atmospheric CO2 concentration begins to decline. For

this quantity of cumulative anthropogenic emissions, no

constant level of non-CO2 greenhouse gas forcing after

the cessation of emissions will produce a cancellation of

terrestrial emissions and the ocean uptake of carbon.

FIG. 6. Estimated radiative forcing from non-CO2 greenhouse

gases for trace gas concentration prescribed for each of the four

RCPs (Moss et al. 2010). Note that even the most optimistic esti-

mate for future non-CO2 greenhouse gas forcing is consistent with

approximately balancing the ocean uptake of carbon with emis-

sions from the terrestrial biosphere in the present simulations.

TABLE 1. Peak CO2 concentrations for a given quantity of cu-

mulative anthropogenic carbon emissions, year of peak, and

change in concentration relative to 20 years after shutdown.

Cumulative

emissions (Pg C)

Year of peak

(CE)

Peak CO2

(ppmv)

D CO2

(ppmv)

Unbalanced 0.95Wm22

80 2321 327 17

160 2360 342 15

320 2366 379 16

640 2241 460 12

980 2213 569 11

1920 2244 949 22

Unbalanced 2.0Wm22

160 2436 394 66

320 2347 431 64

640 2422 521 67

980 2341 639 70

1920 2249 1020 86
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4. Discussion

a. Why is balancing atmospheric CO2 possible?

Apriori there is no reason to suspect the net emissions

of CO2 from the terrestrial land surface will balance the

uptake of carbon by the oceans after the cessation of

anthropogenic CO2 emissions. That this phenomenon

does occur within the UVic ESCM for multiple cumu-

lative carbon emissions and emissions trajectories begs

for a simple mechanistic explanation. In this section,

a rudimentary description of the ocean uptake of carbon

and soil respiration will be invoked to argue that the

functional form of the two processes, in addition to co-

incidences in the rate constants and carbon pool sizes of

soil carbon and the surface ocean, are what allow for

balancing atmospheric CO2.

As outlined in the introduction, the flux of carbon into

the surface ocean is proportional to the difference in

CO2 partial pressure between the atmosphere and the

ocean. For a given location in the ocean, this relation-

ship can be described by

›DIC

›t
5

kw
zml

([CO2]sat2 [CO2]w) , (2)

whereDIC is dissolved inorganic carbon, kw is the piston

velocity, zml is the thickness of the mixed layer, [CO2]sat
is the aqueous concentration of CO2 at which the surface

ocean would be in chemical equilibrium with the at-

mosphere, and [CO2]w is the instantaneous concentra-

tion of CO2 in ocean water (e.g., Najjar 1992). The terms

on right hand side are in turn functions of time, ocean

stratification, ocean temperature, and other variables.

The term [CO2]w in particular is affected by the reaction

of CO2 with water and solutes into other species of DIC

and by marine organisms producing and consuming

CO2. Considering typical piston velocities [which vary an

order of magnitude as a function of surface wind speed

and other variables (e.g., Najjar 1992)] and a typical

mixed layer depth for the ocean, the rate constant of this

relationship is in the order of 1–103 1027 s21 (e.g., Najjar

1992). Recalling that only about 1 part in 200 of DIC is

held as CO2aq due to the carbonate buffering system of

the ocean, this rate constant reduces to 1–10 3 1029 s21

(e.g., Najjar 1992).

Once carbon enters the surface ocean, the biological

pump and subduction of surface waters transport a por-

tion of this carbon into the ocean interior (e.g., Greenblatt

and Sarmiento 2004). Upwelling water from the deep

ocean will partially compensate for this sink for carbon;

however, due to the slow rate of the ocean overturning

transport of carbon into the deep ocean, the ocean is ex-

pected to remain a sink of carbon for millennia (e.g., Eby

TABLE 2. Cumulative emissions from soils from the year of the cessation of anthropogenic carbon emissions to year of peak atmospheric

CO2. Also shown is the partition of this carbon to the atmosphere, land plants, and the oceans.

Cumulative

emissions (Pg C)

Year of peak

(CE)

Soil pool

(Pg C)

Atmosphere pool

(Pg C)

Land plants

pool (Pg C)

Ocean pool

(Pg C)

Unbalanced 0.95Wm22

160 2360 2166.8 29.7 5.6 113.9

320 2366 2227.8 25.9 16.7 169.8

640 2241 2240.3 11.4 18.6 203.3

980 2213 2259.3 4.3 19.8 230.2

1920 2244 2401.0 33.6 38.6 320.9

Unbalanced 2.0Wm22

160 2436 2398.7 138.9 25.2 225.2

320 2347 2407.8 135.2 23.7 247.7

640 2422 2524.6 139.8 46.6 331.9

980 2341 2565.0 152.8 44.6 363.4

1920 2249 2569.5 183.9 27.5 355.6

TABLE 3. Fractional uptake by the atmosphere, land plants,

and the oceans of carbon emitted by soils between the cessation

of anthropogenic carbon emissions and peak atmospheric CO2

concentration.

Cumulative

emissions (Pg C)

Year of

peak (CE)

Atmosphere

pool (%)

Land plants

pool (%)

Ocean

pool (%)

Unbalanced 0.95Wm22

160 2360 18 14 68

320 2366 11 14 75

640 2241 5 10 85

980 2213 2 9 89

1920 2244 8 12 80

Unbalanced 2.0Wm22

160 2436 35 9 56

320 2347 33 6 61

640 2422 27 10 63

980 2341 27 9 64

1920 2249 32 6 62
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et al. 2009). The strength of the deep ocean carbon sink is

dependent on the strength of the biological pump, the

concentration of surface water DIC at the deep-water

formation sites, the rate of meridional overturning circu-

lation, and the concentration of DIC in water upwelling

from the ocean interior (e.g., Greenblatt and Sarmiento

2004). If these factors were to remain constant in time,

then after an initial exponential decrease (as the surface

ocean equilibrates with the atmosphere) the ocean uptake

of carbon should asymptotically approach this back-

ground deep ocean uptake rate. However, it is a robust

finding of ocean general circulation model simulations

that the rate ofmeridional overturning circulation (MOC)

is expected to decline in the first centuries of climate

warming (Weaver et al. 2012), which implies that the

ocean uptake of carbon should decline in tandemwith the

slowing of the MOC.

The surface ocean holds approximately 700Pg of

dissolved inorganic carbon under contemporary condi-

tions (Falkowski et al. 2000). If the solubility and car-

bonate chemistry of CO2 were held constant, the surface

ocean could hold another 700PgC for a doubling of

atmospheric CO2. However, the effects of CO2 on sol-

ubility, carbonate chemistry, and ocean dynamics re-

duce this total to approximately 350–600PgC for a

doubling of atmospheric CO2, when simulated by ocean

biogeochemical models (Greenblatt and Sarmiento

2004). The surface ocean will absorb much of this

total during a transient increase in atmospheric CO2.

Therefore, when anthropogenic CO2 emissions cease,

the difference between the quantity of carbon the sur-

face ocean has and the quantity of carbon the surface

ocean needs (to be in equilibrium with the atmosphere)

will be smaller. Once deep ocean processes dominate

the ocean uptake of carbon, the surface ocean is left with

a perpetual deficit in the quantity of carbon needed to

achieve equilibrium with the atmosphere.

The loss of carbon from soils occurs if soil respiration

exceeds the rate of litterfall into soils (Davidson and

Janssens 2006). As soil respiration is a function of soil

temperature, many models show this transition occur-

ring in the late twenty-first or twenty-second century as

the climate warms (Davidson and Janssens 2006). In

nonpermafrost soils, approximately 100–200PgC of soil

carbon are estimated to be vulnerable to net soil respi-

ration. Permafrost-affected soils contain 1700 PgC,

about 800PgC of which is sequestered in frozen soils

in the top 3m of the soil column (Tarnocai et al. 2009).

Together, the terrestrial land surface has a total of ap-

proximately 900 to 1000PgC vulnerable to decay (but

the quantity that actually becomes available to decay is

dependent on the magnitude of surface temperature

increase). The rate of soil respiration has been shown to

be proportional to the quantity of soil carbon available

for decay such that, given a pulse of soil carbon, the

quantity of carbon will be reduced asymptotically to-

ward zero (Luo and Zhou 2006). The rate constant for

soil respiration for ideal moisture and temperature

conditions varies by the chemical makeup of the organic

matter available for decay and the microbial community

conducting the decomposition. This rate constant has

been measured to be between 1–10 3 1029 s21 for typ-

ical mixtures of organic materials in soils (Luo and Zhou

2006). The cold temperatures of former permafrost soils

imply that effective rates constants for these soils are in

the slow end of the range (e.g., Dutta et al. 2006). Re-

sults from MacDougall et al. (2012) show that the UVic

ESCM simulates a roughly linear release of sequestered

permafrost carbon into an active soil carbon pool for

changes in surface temperature between 18 and 58C (see

Fig. 8). For a doubling of CO2 (an approximately 38C
temperature increase), the results from MacDougall

et al. (2012) show an approximately 400 Pg release of

carbon to active soils from the permafrost.

From these considerations, one can see why it is pos-

sible to balance the carbon cycle within the UVic ESCM

for the century after the cessation of carbon emissions.

The phenomenon is conditional on the functional form

of each process, rate constants, and the quantity of

carbon available for decay verses the quantity of carbon

that the surface ocean requires to be in equilibrium with

the atmosphere. Soil respiration has a negative expo-

nential functional form, which after an initial period of

FIG. 7. Rate of the ocean uptake of carbon and terrestrial

emissions of carbon for a simulation where the rates cannot be

balanced. Opposite sign conventions are used for the two carbon

fluxes to accommodate comparison of the magnitude of each.

Notice that terrestrial emissions are already larger than the ocean

uptake when emissions cease. This example is from the transient

emissions experiment for 3840Pg of cumulative anthropogenic

carbon emissions with a non-CO2 radiative forcing of 3.0Wm22

after the cessation of carbon emissions.
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rapid decline can be approximated as a linearly de-

clining emissions rate. Ocean uptake takes on a linear

declining functional form once the transport of carbon

into the deep ocean becomes the dominant process (due

to the slowing of meridional overturning circulation).

Coincidentally, the rate constants of the uptake of car-

bon into the surface ocean and heterotrophic soil res-

piration are similar (larger for the ocean than land). In

addition, the quantity of carbon available for decay in

the terrestrial land surface and the surface ocean’s deficit

in carbon are of a similar magnitude (larger for the land

than the ocean). By manipulating non-CO2 greenhouse

gas forcing, one changes the rate of soil respiration (tem-

perature dependent), controls how much carbon is liber-

ated from permafrost carbon, and changes the partial

pressure of CO2 in ocean water (pulling the total ocean

uptake of carbon and liberated permafrost carbon in op-

posite directions). These factors, by coincidence, happen

to be close enough in value that manipulating non-CO2

greenhouse gas forcing can generate an approximate

balance between the net emission of carbon from the

terrestrial biosphere and the uptake of carbon by the

oceans for over a century.

b. Model dependence

The results presented here are model dependent. The

Coupled Carbon Cycle Model Intercomparison Project

(C4MIP) showed that carbon cycle models have a range

of simulated ocean uptake of carbon (between 4 and

10Pga21C at 2100) and have varying responses from the

terrestrial biosphere (Friedlingstein et al. 2006). If these

types of balance experiments are conducted with other

carbon cycle models, different magnitudes of non-CO2

greenhouse gas forcing, required to induce balance,

would be expected. As discussed above, the ability to

balance the atmospheric carbon depends on several

quantities within the earth system being of coincident

magnitude and functional form. Other Earth system

models may simulate contrasting behavior from the

global carbon cycle.

The cloud, water vapor, albedo, and trace gas feed-

backs that determine planetary climate sensitivity have

a similar effect as non-CO2 greenhouse gases (warming

the surface while not increasing the ability of the ocean

to absorb carbon). It is therefore expected that variations

in climate sensitivity between models will also change the

quantity of non-CO2 greenhouse gases needed to balance

atmospheric CO2. Low climate sensitivity models are ex-

pected to require more non-CO2 greenhouse gas forcing

to induce continued post–fossil fuel buildup of atmo-

spheric CO2 than models with a higher climate sensitivity.

c. Time scale of balance

The model experiments conducted here consider the

time period up to 400 years after the cessation of an-

thropogenic CO2 emissions. The behavior of the model

at longer time scales is expected to be different. Bal-

ancing the atmospheric carbon pool requires that the

quantity of carbon vulnerable for decay in soils be of the

same order of magnitude as the quantity of carbon that

the surface ocean requires to be in equilibrium with the

atmosphere. However, the capacity of the full ocean to

absorb carbon is immense (e.g., Falkowski et al. 2000),

and the surface ocean deficit in carbon will exist long

after the vulnerable pool of carbon has been depleted.

At millennial time scales it is expected that the perma-

frost carbon version of the UVic ESCM will behave

much as earlier versions of the model (Eby et al. 2009)

with the additional liberated permafrost carbon by

simply adding to the total anthropogenic carbon pulses.

d. Policy implications

Article 2 of the United Nations framework conven-

tion on climate change commits its signatories to the

‘‘stabilization of greenhouse gas concentrations in the

atmosphere at a level that would prevent dangerous

anthropogenic interference with the climate system.’’

The results presented here indicate that sharp reduc-

tions in the concentration of non-CO2 greenhouse gases

may be required to prevent CO2 from continuing to

build up in the atmosphere (albeit slowly). That said,

stabilizing atmospheric greenhouse gas concentrations

may not be sufficient to prevent ‘‘dangerous anthropo-

genic interference with the climate system.’’ Achieving

that goal may require the removal of greenhouse gases

from the atmosphere (e.g., Hansen et al. 2008). It is

FIG. 8. Change in surface air temperature (SAT) vs the release of

carbon from the permafrost carbon pool to the active soil carbon

pool, as simulated by the UVic ESCM for year 2300 following four

emissions pathways (MacDougall et al. 2012). Note that between

temperature increases of between 18 and 58C, the release of carbon
from its sequestered state is nearly linear.
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possible that enhanced natural sources of biogenic meth-

ane, irreversible damage to the caping formations of

geological methane, and/or slow destabilization of meth-

ane clathrates could replace the current anthropogenic

sources of methane (O’Connor et al. 2010). This could

keep non-CO2 greenhouse gas concentrations above the

quantity needed to stabilize atmospheric CO2, even if

anthropogenic sources of these gases are eliminated.

e. Forcing and feedback uncertainties

The sudden cessation of anthropogenic CO2 emissions

is an implausible future emissions trajectory, and the

model experiments conducted here are intended to be

sensitivity experiments. However, if such an event were

to occur, uncertainties in the behavior of several Earth

system processes would affect whether atmospheric CO2

concentration would continue to increase. The present-

day radiative forcing from anthropogenic aerosols is

subject to considerable uncertainty (Murphy et al. 2009).

The magnitude of this forcing and the forcing from non-

CO2 greenhouse gases will determine the net change in

radiative forcing upon the cessation of aerosol emis-

sions. The strength of the climate feedbacks that de-

termine planetary climate sensitivity is also expected to

strongly affect the rate at which carbon is released from

permafrost soils (MacDougall et al. 2012). Balancing the

atmospheric carbon pool is contingent on the existence

of a vulnerable source of carbon within the terrestrial

land surface (permafrost carbon) to counteract the up-

take of carbon by the oceans. Both the size and vul-

nerability of the permafrost carbon pool are subject to

considerable uncertainties (Schuur and Abbottand

2011). All of these uncertainties will affect the magni-

tude of non-CO2 greenhouse gas forcing required to

induce a near balance in the atmospheric carbon pool.

5. Conclusions

Here, we sought to answer the question ‘‘if anthro-

pogenic CO2 emissions cease, will atmospheric CO2

concentration continue to increase?’’ Our experiments

show that for cumulative anthropogenic carbon emis-

sions up to about 2000 PgC, there is a magnitude of non-

CO2 greenhouse gas forcing that will create a balance

between emissions from the terrestrial biosphere and

the uptake of carbon by the oceans. If non-CO2 green-

house gases are maintained above this magnitude, then

CO2 will continue to build up in the atmosphere for

centuries after the cessation of anthropogenic CO2

emissions. If non-CO2 greenhouse gases are below this

magnitude, then atmospheric concentrations of CO2 will

decline after the cessation of emissions. That simulated

Earth is so close to the crossover between decreasing

and increasing atmospheric CO2 appears to be a co-

incidence created by similar magnitudes in the quantity

of carbon that could be liberated from permafrost soils

and the quantity of carbon that the surface ocean re-

quires to be in equilibrium with the atmosphere.

The magnitude of non-CO2 greenhouse gas forcing

required to balance atmospheric CO2 is a function of

how much carbon has been emitted to the atmosphere

and the rate at which it has been emitted. The historical

trajectory of non-CO2 greenhouse gas forcing has been

above the simulated balancing magnitude since 1900.

That is, if anthropogenic emissions were to cease to-

morrow, the UVic ESCM projects that CO2 would

continue to build up in the atmosphere. However, the

consequences of being in the regime of increasing CO2

concentrations after the cessation of anthropogenic

emissions are relatively mild. If current non-CO2 green-

house gas forcing is maintained indefinitely, our admit-

tedly model-dependent results suggest that we might

expect an 11–22 ppmv increase in CO2 after human

emissions cease.
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