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[1] Current international climate mitigation efforts aim to
stabilize levels of greenhouse gases in the atmosphere.
However, human-induced climate warming will continue for
many centuries, even after atmospheric CO2 levels are
stabilized. In this paper, we assess the CO2 emissions
requirements for global temperature stabilization within the
next several centuries, using an Earth system model of
intermediate complexity. We show first that a single pulse of
carbon released into the atmosphere increases globally
averaged surface temperature by an amount that remains
approximately constant for several centuries, even in the
absence of additional emissions. We then show that to hold
climate constant at a given global temperature requires near-
zero future carbon emissions. Our results suggest that future
anthropogenic emissions would need to be eliminated in order
to stabilize global-mean temperatures. As a consequence,
any future anthropogenic emissions will commit the climate
system towarming that is essentially irreversible on centennial
timescales. Citation: Matthews, H. D., and K. Caldeira (2008),

Stabilizing climate requires near-zero emissions, Geophys. Res.

Lett., 35, L04705, doi:10.1029/2007GL032388.

1. Introduction

[2] Avoiding dangerous anthropogenic interference in the
climate system has been a key international policy goal
since the publication of the United Nations Framework
Convention on Climate Change in 1992 [United Nations,
1992]. Since that time, scientific and policy literature
concerning climate change mitigation has been centered
around stabilizing concentrations of greenhouse gases in the
atmosphere [Wigley, 2005; Stern, 2006; Meehl et al., 2005].
However, stable greenhouse gas concentrations do not
equate to a stable global climate. Model simulations have
demonstrated that global temperatures continue to increase
for many centuries beyond the point of CO2 stabilization
[e.g., Matthews, 2006]. As such, we are committed to future
warming, even with stable greenhouse gas concentrations
[Hansen et al., 1985;Wigley, 2005;Meehl et al., 2005]. This
implies that stabilizing global climate within the next
several centuries would require decreasing, rather than
stabilized, greenhouse gas levels. In this paper, we demon-
strate that to achieve atmospheric carbon dioxide levels that
lead to climate stabilization, the net addition of CO2 to the
atmosphere from human activities must be decreased to
nearly zero.

[3] Recent research has highlighted the very long lifetime
of anthropogenic carbon in the atmosphere; while approx-
imately half of the carbon emitted is removed by the natural
carbon cycle within a century, a substantial fraction of
anthropogenic CO2 will persist in the atmosphere for
several millennia [Archer, 2005]. A recent analysis by
Montenegro et al. [2007] found that 25% of emitted CO2

will have an atmospheric lifetime of more than 5000 years.
Studies of the climate response to declining CO2 concen-
trations have generally assumed that global temperatures
will decrease in response to decreases in atmospheric CO2

[Friedlingstein and Solomon, 2005]. However, as we dem-
onstrate here, because of the high heat capacity of the ocean,
global temperatures may not parallel decreases in atmo-
spheric concentrations of greenhouse gases, but rather will
increase and remain elevated for at least several centuries.
Thus, fossil fuel CO2 emissions may produce climate
change that is effectively irreversible on human timescales.
[4] In this paper, we present a series of idealized climate

simulations to assess the centennial-scale climate response
to anthropogenic CO2 emissions, and conversely, to quan-
tify the emissions requirements for climate stabilization. We
have used the University of Victoria Earth System Climate
Model (UVic ESCM), an intermediate complexity global
climate model which includes an interactive global carbon
cycle. We present first a series of 500-year simulations
forced by CO2 emissions, in which a specified amount of
carbon was added to the atmosphere either instantaneously,
or following a business-as-usual emissions scenario. The
model was then run for up to 500 years without additional
carbon emissions to determine the persistence of climate
warming resulting from past emissions. Second, we speci-
fied hypothetical future temperature trajectories for the
UVic ESCM, and controlled emissions such that the spec-
ified future temperature changes were achieved. We used
this method to estimate the CO2 emissions requirements for
climate stabilization at levels between 1 and 4 degrees
above pre-industrial temperatures.

2. Methods

[5] We used version 2.8 of the UVic ESCM, an interme-
diate complexity coupled climate-carbon model with spatial
resolution of 1.8 degrees latitude by 3.6 degrees longitude.
The ocean is a 19-layer general circulation model, driven by
specified wind stress at the surface and coupled to a
dynamic-thermodynamic sea-ice model. The atmosphere is
a vertically-integrated single layer model; both temperature
and moisture are transported horizontally by a combination
of diffusion and advection by specified wind fields [Weaver
et al., 2001]. Terrestrial vegetation distributions are calcu-
lated dynamically as a function of simulated regional
climatic conditions, with the result that vegetation is able
to both respond to and affect simulated climate changes

GEOPHYSICAL RESEARCH LETTERS, VOL. 35, L04705, doi:10.1029/2007GL032388, 2008
Click
Here

for

Full
Article

1Department of Geography, Planning and Environment, Concordia
University, Montreal, Quebec, Canada.

2Department of Global Ecology, Carnegie Institution of Washington,
Stanford, California, USA.

Copyright 2008 by the American Geophysical Union.
0094-8276/08/2007GL032388$05.00

L04705 1 of 5

http://dx.doi.org/10.1029/2007GL032388


[Meissner et al., 2003]. Additionally, the UVic ESCM
includes an interactive global carbon cycle [Schmittner et
al., 2008] which allows for the direct simulation of coupled
carbon cycle and climate responses to anthropogenic carbon
emissions. The version of the UVic ESCM used here does
not include a sedimentary carbon model; as such we have
restricted our simulations to a 500-year timescale over
which time the effect of carbonate compensation on ocean
carbon uptake is negligible.
[6] In forward mode, specified carbon emissions elicit

climate and carbon cycle model responses. We ran the model
in this mode for a series of idealized pulse-response simu-
lations, in which emissions of 50, 200, 500 and 2000 billion
tonnes (giga-tonnes of carbon: GtC) were added instanta-
neously to the atmosphere under pre-industrial conditions;
we then ran the model with prognostic CO2 and carbon
sinks for 500 years with no additional carbon emission. In
a second series of zero-emissions commitment scenarios,
the model was spun-up transiently using historical CO2

concentrations from 1800 to 2000. We then specified
future business-as-usual emissions and calculated cumula-
tive emissions relative to the year 2005. We set emissions
to zero at cumulative emission levels of 0, 50, 200, 500 and
2000 GtC after 2005, and ran the model until the year 2500
with no further CO2 emissions. In addition, we performed
four simulations in which emissions were reduced linearly to
zero from 2005 levels, such that total carbon emissions after
2005 were equal to 50, 200, 500 and 2000 GtC, respectively.
[7] In inverse mode, we are able to specify a desired

global temperature trajectory and calculate anthropogenic
carbon emissions which are consistent with this specified
temperature profile. Emissions (E) were calculated at each
model timestep as E = K (T0 � Tm), where T

0 is the desired
target temperature and Tm is a running one-year global
average of modelled surface air temperature. K is a constant
which represents the approximate temperature response per
unit of CO2 emission, divided by the timescale of temper-
ature response to CO2 forcing. Emissions diagnosed in this
way represent the total anthropogenic addition of carbon to

the atmosphere, including both fossil fuel and net land-use
change emissions.
[8] Historical temperatures were specified as an expo-

nential curvefit to observed temperature data from 1880 to
2005. From 2005 to 2500, we constructed nine temperature
profiles whereby global temperatures increased at constant
rates of 0.1, 0.2 and 0.4�C/decade to stabilization levels of
1, 2 and 4 degrees above pre-industrial temperature. The
transition from a fixed rate of temperature increase to
temperature stabilization was smoothed using a 30-year
running average.

3. Results and Discussion

[9] Figure 1 shows the climate response to an instanta-
neous pulse emission of carbon dioxide of between 50 and
2000 GtC. After 500 years, between 20 and 35% of the
initial emission pulse remained in the atmosphere (with
higher airborne fractions associated with larger emission
pulses); the remaining carbon was split approximately 60/40
between ocean and land carbon sinks. The emissions pulse
was followed immediately by climate warming, which then
persisted for the remainder of the simulation. Averaged over
the last 450 years of the simulation, temperatures increased
by 0.09, 0.34, 0.88 and 3.6�C for emissions pulses of 50,
200, 500 and 2000 GtC, respectively. Historical emissions
from fossil fuels and land-use change total approximately
450 GtC, which would represent about 0.8 degrees warming
in the context of these pulse-response simulations. These
numbers correspond roughly to a 0.175�C temperature
increase for every 100 GtC emitted. This version of the
UVic ESCM has an equilibrium climate sensitivity of 3.5�C
for a doubling of atmospheric CO2; as such, every 100 GtC
emitted resulted in a step-wise warming of about 5% of the
model’s climate sensitivity.
[10] The amount of climate warming per unit of carbon

emitted did not depend strongly on the timing nor duration of
emissions. Figure 2 (thick lines) shows the result of a series of
transient zero-emissions commitment simulations in which
CO2 emissions were set to zero when cumulative carbon
emissions after 2005 reached 0, 50, 200, 500 and 2000 GtC
(Figure 2a). After emissions were set to zero, simulated
atmospheric CO2 decreased as a function of time as natural
carbon sinks continued to take up carbon (Figure 2b). Ocean
temperatures increased throughout the simulation showing
continued heat uptake, though the rate of heat uptake slowed
as a function of time (Figure 2c). This slowing of ocean heat
uptake balanced the decreasing radiative forcing from atmo-
spheric CO2; as a result, surface temperatures remained
approximately constant (Figure 2d).
[11] Figure 2 also shows four additional simulations (thin

lines) in which emissions were reduced to zero gradually
such that total cumulative emissions after 2005 were equiv-
alent to the thick-line zero-emissions commitment simula-
tions. In these thin-line simulations, atmospheric CO2 and
global temperatures increased more gradually in response to
gradually declining emissions; however, the final stabiliza-
tion temperature was unchanged. Furthermore, the amount
of additional warming that resulted per unit of carbon
emitted in both sets of simulations was equivalent to the
pulse-response cases shown above (approximately 5% of
climate sensitivity per 100 GtC emitted), despite both higher

Figure 1. Climate response to an instantaneous carbon
emission pulse at year zero. (a) Simulated atmospheric CO2.
(b) Simulated change in global mean surface air tempera-
ture, relative to pre-industrial.
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initial CO2 levels in the atmosphere and the distribution of
emissions over the next 10 to 100 years. This result is
consistent with previous research which has shown that the
declining radiative forcing per unit CO2 increase at higher
CO2 levels is approximately counter-balanced by increased
airborne fraction of emissions due to weakened carbon sinks
[Caldeira and Kasting, 1993].
[12] The results shown here differ importantly from

previous zero-emissions commitment analyses [e.g.,
Friedlingstein and Solomon, 2005], which have neglected
the heat capacity of the deep ocean, and have therefore
concluded that after emissions are stopped, global temper-
atures would decrease in response to declining atmospheric
CO2 concentrations. Our results also differ from previous
studies of warming commitment which have analyzed the
future warming commitment resulting from constant radia-
tive forcing associated with stable atmospheric greenhouse
gas levels [Wigley, 2005;Meehl et al., 2005]. In contrast with
these studies, our results suggest that if emissions were
eliminated entirely, radiative forcing from atmospheric

CO2 would decrease at a rate closely matched by declining
ocean heat uptake, with the result that while future warming
commitment may be negligible, atmospheric temperatures
may not decrease appreciably for at least 500 years.
[13] In the simulations described above, eliminating CO2

emissions resulted in stable global temperatures for the
following five centuries of model simulation. This result
implies that stabilizing climate at a given temperature would
require that anthropogenic CO2 emissions be decreased to
near-zero. We demonstrate this in a series of transient model
simulations in which global temperatures in the UVic
ESCM were constrained to follow a desired future climate
trajectory. Results from these simulations are shown in
Figure 3 for temperature stabilization levels of 1, 2 and
4�C above pre-industrial temperatures, with temperatures
approaching stabilization at rates of 0.1, 0.2 and 0.4�C per
decade after the year 2005. Also shown is a simulation in
which climate was stabilized at year-2005 temperatures.
[14] Simulated global mean surface air temperatures

for the ten temperature stabilization simulations followed
closely the prescribed temperature trajectories (Figure 3a).
Atmospheric CO2 concentrations consistent with simulated
temperature changes are shown in Figure 3b; in all cases,
CO2 concentrations reached a maximum value at the time of
temperature stabilization, followed by a gradual decrease
consistent with that shown in Figures 1 and 2. Also
consistent with Figure 2, ocean temperatures increased
throughout the simulation, though the rate of ocean heat
uptake slowed with time after atmospheric temperatures
were stabilized (Figure 3c). Cumulative CO2 emissions
from each simulation are shown in Figure 3d. At the year
2500, cumulative emissions depended only on the level of
temperature stabilization, and not on the path taken to
stabilization. Stabilizing climate change at 1�C above pre-
industrial (approximately 0.2�C above present) required
cumulative carbon emissions (from any source) after 2005
to be confined to less than 150 GtC. Stabilizing at 2 or 4�C
above pre-industrial required cumulative emissions after
2005 of less than 725 and 1825 GtC, respectively. In all
cases, annual emissions consistent with temperature-
stabilization were reduced to nearly zero. Notably, stabilizing
global temperature at present-day (year-2005) levels required
emissions to be reduced to near-zero within a decade.
[15] The result shown here that each unit of CO2 emis-

sions results in a quantifiable step-wise increase of global
temperatures, and its corollary that temperature stabilization
requires near-zero CO2 emissions, is not model specific; this
same qualitative result can be demonstrated using a simple
analytic model of the global climate-carbon system (see
auxiliary material).1 However, the specific amount by which
global temperatures increased per unit of CO2 emission—
and correspondingly, the cumulative CO2 emissions re-
quired to meet a given temperature target—does depend
on several important model characteristics and assumptions.
For example, future changes in non-CO2 climate forcings
(both natural and anthropogenic) could have an important
effect on the magnitude of temperature changes associated
with future carbon emissions. Furthermore, different models
vary considerably with respect to both the strength of

Figure 2. Climate response to transient followed by zero
CO2 emissions. (a) Specified cumulative CO2 emissions
relative to the year 2005. (b) Simulated atmospheric CO2.
(c) Simulated change in global mean ocean temperature
relative to pre-industrial. (d) Simulated change in global
mean surface air temperature relative to pre-industrial.
Thick lines show business-as-usual followed by an abrupt
elimination of emissions. Thin lines show the same post-
2005 cumulative emissions but with a gradual reduction
from 2005 emission levels to zero.

1Auxiliary materials are available in the HTML. doi:10.1029/
2007GL032388.
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carbon sinks (the carbon cycle sensitivity to CO2 and
climate changes) as well as the climate system’s sensitivity
to CO2 increases (climate sensitivity).
[16] To examine the dependence of our results on the

model’s climate sensitivity, we repeated the temperature-
stabilization simulations shown in Figure 3 with two addi-
tional versions of the model in which climate sensitivity
after 2005 was approximately doubled and halved respec-

tively by means of an adjustable temperature-longwave
radiation feedback [Matthews and Caldeira, 2007]. Cumu-
lative emissions from 2005 to 2500 for each of these
simulations are given in Table 1. It is clear that the range
of climate sensitivities explored here had a very large effect
on the cumulative carbon emissions for a given temperature
target. However, across all combinations of climate sensi-
tivity and stabilization level, the rate of warming approach-
ing a stabilization temperature had very little influence on
the allowable cumulative emissions. This is consistent with
the pulse-response and zero-emissions commitment experi-
ments in which each unit of CO2 emission produced a
persistent increment of warming that was largely indepen-
dent of the warming produced by other CO2 emissions.
[17] In this study, we have made no attempt to con-

struct economically optimal emissions scenarios for cli-
mate stabilization, but rather to quantify the climatic
requirements for allowable emissions consistent with
global temperature targets. It is evident that some of the
temperature trajectories (and their associated emissions
scenarios) illustrated here may not be economically fea-
sible, as they require either abrupt transitions from very
high to near-zero emissions, or even prolonged periods of
negative emissions for combinations of high climate
sensitivity and low temperature targets. It is also clear
from these simulations that delays in emissions reductions
now will lead to a requirement for much more rapid
emissions reductions in the future in order to meet the
same global temperature target. In addition, an important
conclusion of our study is that if total future emissions
can be constrained to within a given amount, the same
long-term temperature target can be achieved by a wide
range of specific emissions scenarios.

4. Conclusions

[18] International climate policies aimed at climate stabi-
lization must reflect an understanding of the lasting effect of
greenhouse gas emissions; as illustrated by a recent study,
year-2050 emissions targets currently being proposed are
likely insufficient to avoid substantial future climate warm-
ing [Weaver et al., 2007]. We have shown here that the
climate warming resulting from CO2 emissions is not a
transient phenomenon, but rather persists well beyond the
timescale of human experience. In the absence of human
intervention to actively remove CO2 from the atmosphere
[e.g., Keith et al., 2006], each unit of CO2 emissions must
be viewed as leading to quantifiable and essentially perma-
nent climate change on centennial timescales. We empha-
size that a stable global climate is not synonymous with
stable radiative forcing, but rather requires decreasing
greenhouse gas levels in the atmosphere. We have shown
here that stable global temperatures within the next several
centuries can be achieved if CO2 emissions are reduced to

Figure 3. CO2 emissions required for climate stabilization.
(a) Simulated global mean surface air temperature relative to
pre-industrial. (b) Simulated atmospheric CO2. (c) Simu-
lated change in global mean ocean temperature relative to
pre-industrial. (d) Cumulative carbon emissions relative to
the year 2005 (where near-constant cumulative emissions
reflect near-zero yearly emissions). Colors indicate climate
stabilization at 1 (red lines), 2 (green lines), and 4 (blue
lines) �C above pre-industrial temperatures. Line styles
indicate rates of warming (between 2005 and the time of
temperature-stabilization) of 0.1 (thick lines), 0.2 (medium
lines), and 0.4 (thin lines) �C per decade. The solid grey line
shows climate stabilization at year-2005 temperatures.

Table 1. Effect of Climate Sensitivity on Cumulative Emissions Targets for Climate Stabilizationa

Global temperature target (�C) 1 2 4

Target rate of change (�C/yr) 0.01 0.02 0.04 0.01 0.02 0.04 0.01 0.02 0.04

DT2X � 1.8 �C 787 789 788 1970 1977 1979 4806 4801 4794
DT2X � 3.5 �C 149 148 150 720 723 723 1823 1808 1804
DT2X � 7 �C �166 �167 �167 115 115 116 633 607 599

aEffect of climate sensitivity measured by DT2X. Cumulative emissions represent total GtC emitted from 2005 to 2500.
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nearly zero. This means that avoiding future human-induced
climate warming may require policies that seek not only to
decrease CO2 emissions, but to eliminate them entirely.
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