
Geophysical Research Letters

Enhancement of non-CO2 radiative forcing via intensified
carbon cycle feedbacks

Andrew H. MacDougall1 and Reto Knutti1

1Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland

Abstract The global carbon cycle is sensitive to changes in global temperature and atmospheric CO2

concentration, with increased temperature tending to reduce the efficiency of carbon sinks and increased
CO2 enhancing the efficiency of carbon sinks. The emission of non-CO2 greenhouse gases warms the Earth
but does not induce the CO2 fertilization effect or increase the partial-pressure gradient between the
atmosphere and the surface ocean. Here we present idealized climate model experiments that explore
the indirect interaction between non-CO2 forcing and the carbon cycle. The experiments suggest that this
interaction enhances the warming effect of the non-CO2 forcing by up to 25% after 150 years and that
much of the warming caused by these agents lingers for over 100 years after the dissipation of the non-CO2

forcing. Overall, our results suggest that the longer emissions of non-CO2 forcing agents persists the greater
effect these agents will have on global climate.

1. Introduction

When CO2 is released to the atmosphere from the burning of fossil fuels or as a consequence of land use
change, the CO2 is partitioned between the atmosphere, ocean, and terrestrial biosphere [e.g., Ciais et al.,
2013]. The processes that move carbon from the atmosphere to the ocean and the terrestrial biosphere are
sensitive to temperature and to the concentration of CO2 in the atmosphere [e.g., Ciais et al., 2013]. As the
fraction of emitted CO2 that remains in the atmosphere is crucial for determining the magnitude of future
climate change, considerable efforts have gone into understanding and modeling the global carbon cycle
in the context of rising emissions of CO2 [e.g., Friedlingstein et al., 2006; Arora et al., 2013]. For the purposes
of benchmarking model experiments carbon cycle feedbacks are usually evaluated with idealized scenar-
ios where climate change is induced only through emissions of CO2 to the atmosphere [e.g., Friedlingstein
et al., 2006; Arora et al., 2013]. However, in reality, human industries and agriculture produce a multitude of
radiatively active substances which together alter Earth’s planetary energy balance and cause anthropogenic
warming [e.g., Stocker et al., 2013]. How non-CO2 radiatively active substances interact with carbon cycle
feedbacks is the focus of this paper.

Carbon cycle feedbacks to climate change are usually conceptualized in terms of oceanic and terrestrial
processes that interact with the atmospheric CO2 concentration [e.g., Greenblatt and Sarmiento, 2004]. In the
natural world these processes are very complex [e.g., Ciais et al., 2013] and only a brief summary of the system
as it is represented in Earth system models is presented here. The terrestrial biosphere absorbs CO2 from the
atmosphere via photosynthesis and stores carbon in living organisms and as organic matter in soil [e.g., Ciais
et al., 2013]. In some ecosystems CO2 is the limiting factor for plant growth. In such ecosystems an increase in
atmospheric CO2 concentration will lead to CO2 fertilization and a sink for anthropogenic CO2 [e.g., Falkowski
et al., 2000]. The rate of heterotrophic respiration of soil organic matter is a function of temperature; as such,
if temperature increases the rate of soil respiration increases [e.g., Jenkinson et al., 1991]. If an increased rate
of soil respiration is not balanced via an increase in flux of organic matter from plants (from CO2 fertilization
or ecosystem change), then the soil carbon pool will become a source of carbon to the atmosphere [e.g., Luo
and Zhou, 2006]. Autotrophic respiration by plants is also an increasing function of temperature subject to
the physiological requirements of plants [e.g., Zhao and Running, 2010] and can become crucially important
in inducing simulated rapid ecosystem change [e.g., Cox et al., 2000]. The emission of CO2 to the atmosphere
therefore induces both negative and positive terrestrial carbon cycle feedback to climate change, with the
biophysical effect of CO2 helping to remove CO2 from the atmosphere and the warming effect of CO2 releasing
CO2 to the atmosphere. In the modern Earth system the CO2 fertilization effect appears to be the dominant
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feedback with the terrestrial biosphere absorbing about ∼30% of the anthropogenic CO2 emissions between
years 2002 and 2011 [Ciais et al., 2013]. A transition of the terrestrial biosphere from a carbon sink to a carbon
source is a feature of many Earth system model simulations of the future, as CO2 fertilization saturates in high
emission scenarios and ceases in scenarios where atmospheric CO2 concentration stabilizes [Friedlingstein
et al., 2006; Zickfeld et al., 2013]. The ocean absorbs CO2 from the atmosphere if the partial pressure of CO2 is
higher in the atmosphere than in the surface ocean [e.g., Greenblatt and Sarmiento, 2004]. Once dissolved, CO2

quickly comes into equilibrium with other species of inorganic carbon, with only a small fraction held as CO2 aq

[e.g., Falkowski et al., 2000]. Like most other gases, the partial pressure of dissolved CO2 increases at higher
temperature such that warmer sea water can absorb less carbon than cold sea water [e.g., Falkowski et al.,
2000]. The ocean carbon sink is expected to become less efficient at high global temperatures, but a transition
from a carbon sink to a carbon source is very unlikely [e.g., Ciais et al., 2013].

Non-CO2 radiatively active substances can cause either warming or cooling of the Earth [e.g., Myhre et al.,
2013]. Greenhouse gases, predominantly methane, halogens, and nitrous oxide, warm the Earth while
aerosols can either warm or cool the Earth depending on their chemical compositions and their altitude in
the atmosphere [e.g., Myhre et al., 2013]. The net effect is likely a small positive radiative forcing in the modern
Earth system [Myhre et al., 2013] with larger net positive radiative forcing expected for the later 21st century
[Moss et al., 2010]. Net positive non-CO2 radiative forcing warms the Earth but does not induce the CO2 fertil-
ization effect or increase the partial-pressure gradient between the atmosphere and the surface ocean. That
is, these forcing agents should enhance many positive feedbacks without enhancing many negative carbon
cycle feedbacks. Off-line studies with land surface models have suggested that methane and nitrous oxide
enhance autotrophic and heterotrophic respiration in terrestrial ecosystems through their effect on climate
[Huntingford et al., 2011]. However, such off-line studies are unable to complete the feedback loop between
the induced changes in the carbon cycle and climate. Here we conduct a set of idealized Earth system model
simulations to explore how non-CO2 forcings interact with carbon cycle feedbacks and alter the magnitude
of climate change.

The atmospheric lifetimes of radiatively active substances vary over many orders of magnitude from days to
weeks for most aerosols, about a decade for methane, and over a century for nitrous oxide [Hartmann et al.,
2013]. Uniquely, CO2 does not have a single characteristic lifetime but is incorporated into the shallow ocean
and terrestrial biosphere on annual to decennial time scales, the deep ocean on centennial to millennial time
scales, and the lithosphere on time scales of over 100,000 years (for recent review, see Pierrehumbert [2014]).
Therefore, baring centuries of sustained artificial intervention in atmospheric composition [e.g., MacDougall,
2013], a significant fraction of the CO2 emitted in the modern era is expected to remain in the atmosphere
essentially forever on human time scales [e.g., Smith and Mizrahi, 2013; Pierrehumbert, 2014; Allen and Stocker,
2014], sustaining a warmed climate for thousands of years [e.g., Solomon et al., 2009; Eby et al., 2009]. Given
this disparity in life span between most radiatively active substances and CO2, it has been argued that miti-
gation of CO2 emissions should be given priority over mitigation of other substances until net CO2 emissions
are approaching zero [e.g., Pierrehumbert, 2014]. However, this argument does not account for the effect of
non-CO2 forcing agents on carbon cycle feedbacks. Such non-CO2-induced feedbacks are unlikely to be strong
enough to alter the necessity of prioritizing mitigation of CO2 emissions; however, the existence of such feed-
backs complicates the simple CO2 first mitigation paradigm. In reality emission of CO2 and non-CO2 forcing
agents are coupled both by technology and by economic factors [Rogelj et al., 2014], such that prioritizing
mitigation of one over the other is intrinsically an oversimplification of the problem. If non-CO2 forcing drives
stronger positive carbon cycle feedbacks, then this extra atmospheric carbon would likely remain in the atmo-
sphere on time scales similar to that of fossil fuel-derived CO2. The numerical experiments conducted here
will allow an investigation of this inference.

2. Model and Methods

The University of Victoria Earth System Climate Model (UVic ESCM) is a climate model of intermediate
complexity composed of a full three-dimensional ocean general circulation model coupled to a simplified
moisture and energy balance atmosphere [Weaver et al., 2001]. Here we use a modified version of the UVic
ESCM based on UVic ESCM version 2.9. The model contains a full realization of the global carbon cycle.
The terrestrial carbon cycle is simulated using the Top-down Representation of Interactive Foliage and Flora
Including Dynamics (TRIFFID) dynamic vegetation model [Meissner et al., 2003; Matthews et al., 2004; Cox
et al., 2001]. The inorganic ocean carbon cycle is simulated following the protocols of the ocean carbon
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Figure 1. Emissions of CO2 and the methane-like gas for each of the model simulations in the coupled experiment. The
CO2 emissions pathway is the same in all coupled experiments. The methane-like gas is emitted at a constant rate until
a point in time when it is instantly reduced to the preindustrial emission rate.

cycle model intercomparison project [Orr et al., 1999], and ocean biology is simulated using a nutrient-
phytoplankton-zooplankton-detritus ocean biology scheme [Schmittner et al., 2008]. The version of the model
used in this study is a modified variant of the frozen ground version of the UVic ESCM (which is itself a modified
variant of the public release of UVic ESCM 2.9). This model version includes a representation of the permafrost
carbon pool [MacDougall and Knutti, 2016]. The frozen ground version of the UVic ESCM has a deep land
surface extending to 250 m depth with soil carbon in the top 3.35 m and hydrology in the top 10 m [Avis et al.,
2011; Avis, 2012]. Freeze-thaw dynamics are accounted for using equations that minimize Gibbs free energy
[Avis, 2012]. A permafrost carbon pool was originally implemented by MacDougall et al. [2012] and has recently
been updated by MacDougall and Knutti [2016]. The new permafrost carbon module simulates a release of
carbon from permafrost soils that is in better agreement with other models of the permafrost carbon system
[MacDougall and Knutti, 2016; Schuur et al., 2015].

The version of the UVic ESCM used for the numerical experiments described below contains a representa-
tion of atmospheric methane. Methane is prescribed into the model either as a concentration pathway or as
emissions of methane. The model has no representation of natural methane sources, so prescribed methane
emissions are the only source of methane to the simulated atmosphere. Radiative forcing from methane is
imposed as an anomaly at the top of the atmosphere with equations for methane radiative forcing taken
from Table 6.2 of Houghton et al. [2001]. The short atmospheric lifetime of methane is accounted for by taking
methane decay to be a function of methane concentration [e.g., O’Connor et al., 2010]. This parameterization
gives methane a mean atmospheric lifetime of 8.7 years and a half life of 6.03 years [O’Connor et al., 2010]. In
the default version of the methane module, decayed methane is added to the atmospheric CO2 pool. However,
this part of the model code has been disabled for the experiments described below so that all of the experi-
ments have the same cumulative anthropogenic CO2 emissions. Therefore, the non-CO2 forcing prescribed in
these experiments is not from methane but a methane-like greenhouse gas.

2.1. Experiment Design
The numerical experiments conducted here are intended to examine the effect of non-CO2 forcing on carbon
cycle feedbacks in the context of CO2-driven climate change. For clarity a highly idealized framework has been
adopted. For the baseline experiment CO2 is emitted to the atmosphere as a Gaussian function of time with
peak emissions of 8 Pg C yr−1 in year 150 and cumulative emissions of 1000 Pg C over 300 years (Figure 1). In the
baseline experiment methane concentration is held at its preindustrial (year 1850 CE, Common Era) concen-
tration and changes in climate are driven only by emissions of CO2. Land use and sulphate emissions are held
at their year 1850 CE state and volcanic and solar forcings held at their long-term averages. All experiments
branch from a model simulation spun-up under year 1850 CE forcing.

Two sets of numerical experiments are conducted to examine the effect of non-CO2 forcing on the carbon
cycle. In the first set of experiments the methane-like gas is emitted to the atmosphere at a rate of 500, 1000,
and 2000 Tg C yr−1 inducing a radiative forcing from the methane-like gas of 0.35, 0.84, and 1.53 W m−2

(preindustrial emissions are taken to be 250 Tg C yr−1 ) (Figure 1). The emission rates of the methane-like gas
were chosen to explore plausible ranges of non-CO2 forcing, which are projected to reach as high as 2.0 W m−2

by year 2300 under the highest forcing scenario used in IPCC AR5 [Collins et al., 2013]. For context year 2011
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Figure 2. (a–c) Change in Surface Air Temperature (SAT) with time for the baseline experiment (red lines) and the
coupled set of experiments (emission of a methane-like gas at a constant rate with atmospheric CO2 allowed to freely
evolve, black lines). (d–f ) Change in Surface Air Temperature (SAT) with time for the baseline experiment (red lines) and
the uncoupled set of experiments (same as the coupled experiment but with CO2 concentration held at the values from
the baseline experiment, blue lines). (g–i) Relative temperature anomalies with respect to the baseline experiment for
both coupled (black lines) and uncoupled (blue lines) experiment sets. (g–i) Each panel is normalized to the maximum
temperature anomaly of the uncoupled experiment and only half of the durations are shown for clarity.

methane emission were estimated to be 556 ± 56 Tg C yr−1 [Ciais et al., 2013] and methane emissions under
Representative Concentration Pathway 8.5 reach 1140 Tg C yr−1 [Meinshausen et al., 2011]. The duration of the
forcing is varied from 30 to 270 years in 30 year intervals such that there are 27 model simulations in total (three
emission rates and nine durations). After anomalous methane emissions cease the emission rate is returned to
its preindustrial rate of 250 Tg C yr−1. For each model experiment the fossil fuel CO2 emissions are the same as
those in the baseline experiment. CO2 concentration is allowed to freely evolve in the atmosphere in response
to the fossil fuel CO2 emissions and carbon cycle feedbacks. This set of experiments will be referred to as the
“coupled set.” In the second set of numerical experiments the forcing from the methane-like gas and the dura-
tion of the forcing is identical to the first set of experiments. However, atmospheric CO2 concentration is held
to the concentration from the baseline experiment. Prescribing atmospheric CO2 concentration isolates the
direct warming effect of the enhanced non-CO2 forcing from the warming effect of the carbon cycle feedbacks
induced from this global temperature change. These experiments will be referred to as the “uncoupled set.”
The uncoupled set of experiments allows the system to warm in response to enhanced non-CO2 forcing,
but by prescribing atmospheric CO2 concentration from the baseline experiment we stop the feedback loop
between temperature and atmospheric CO2 concentration from being completed. By examining the differ-
ence between the coupled and uncoupled set of experiments we can therefore isolate the direct warming
effect of enhanced non-CO2 forcing agents from their indirect warming via changes to carbon cycle feedbacks.

3. Results and Discussion

The evolution of global mean near-surface temperature for the coupled set of experiments and the baseline
experiment are shown in Figures 2a–2c. As CO2 emissions are a Gaussian function of time and warming is
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Figure 3. Carbon pool anomalies for the coupled experiment set relative to the baseline experiment. Terrestrial carbon
pool anomalies are in black, ocean carbon pool anomalies in blue, and atmospheric carbon pool anomalies are in cyan.
Note that each column has a different vertical scale.

approximately proportional to cumulative emissions [Matthews et al., 2009] the baseline experiment shows
warming that is essentially a cumulative-normal function of time. Warming from the methane-like gas is pro-
portional to the rate of emission and largely dissipates once emissions cease, consistent with the conventional
understanding of the forcing from short-lived climate forcing [e.g., Pierrehumbert, 2014]. However, the temper-
ature anomaly relative to the baseline run does not completely dissipate with a lingering warming persisting
to the end of the simulation in model year 400. This lingering warming is larger for longer duration and higher
magnitude of non-CO2 forcing (Figure 2).

The temperature anomaly relative to the baseline runs for both the coupled and uncoupled set of experi-
ments are shown in Figures 2g–2i. The magnitude of the temperature anomaly is greater for the coupled
than the uncoupled experiment set. This is particularly true for the lingering warming after emissions of the
methane-like gas cease, with the lingering warming about twice the magnitude in the coupled set of experi-
ments. In the uncoupled experiment the lingering warming is a result of the long time scale for the extra heat
absorbed by the ocean to be emitted back to space after removal of the non-CO2 forcing [e.g., Pierrehumbert,
2014; Solomon et al., 2010]. In the coupled experiments both transient and lingering warming are greater in
magnitude than in the corresponding uncoupled experiments, because the warming from the methane-like
gas has induced stronger positive carbon cycle feedbacks and added more CO2 to the atmosphere. The car-
bon pool anomalies for the coupled experiment (relative to the baseline experiment) are shown in Figure 3.
The figure shows that the extra carbon added to the atmosphere from the enhanced carbon cycle feedbacks
originates from the terrestrial biosphere. The ocean takes up a fraction of carbon released by the terrestrial
biosphere, but the atmosphere absorbs most of the extra carbon (the exact fraction varies with time and each
experiment). Following the cessation of emissions of the methane-like gas, the terrestrial biosphere reab-
sorbs much of the carbon that had been released to the atmosphere. However, depending on the duration
and strength of the non-CO2 forcing up to 45 Pg C of extra CO2 remains in the atmosphere by the end of the
simulation.

To quantify the effect of non-CO2 forcing on climate warming we define a carbon cycle enhancement
factor (Ef ):

Ef (t) =
Tc(t) − Tb(t)
Tu(t) − Tb(t)

, (1)
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Figure 4. Evolution of enhancement factor (defined in section 3) in time for simulations where non-CO2 forcing
continued for 270 years. (a) The vertical dashed line is the point in time where non-CO2 emissions cease. (b) The
evolution of the enhancement factor only to the point in time when emission of the methane-like gas ceases. Note that
the enhancement factor is nearly independent of the rate of emission (radiative forcing) of the methane-like gas.

where Tc is the global mean temperature in the coupled experiment, Tu is the global mean temperature in
the uncoupled experiment, Tb is the global mean temperature in the baseline experiment, and t is time.
The evolution of this enhancement factor in time is shown in Figure 4. Figure 4a shows the evolution of the
enhancement factor for the full 400 years of the simulations and Figure 4b only until the emission of the
methane-like gas ends in model year 270. The enhancement factor is nearly independent of the rate of emis-
sions but is a function of time. By year 50 the enhancement factor is 1.15, by year 150 the factor has grown to
1.25, and by year 270 the factor has reached 1.33. After emissions of CO2 and the methane-like gas cease, the
factor grows to about 1.8, but in the lower emission rate experiments the factor drifts significantly in time.

Surface warming will not cease until net emissions of CO2 reach zero [e.g., Matthews and Caldeira, 2008] and
may continue even after emissions cease [e.g., Frölicher and Paynter, 2015]. The warming from short-lived
climate forcings has previously been shown to be proportional to the rate of emission of these substances
[e.g., Pierrehumbert, 2014] (without taking into account the interaction of these substances with the carbon
cycle). Therefore,the simplified plan to stabilizing global temperature is to eliminate net CO2 emissions while
stabilizing, and preferably reducing, emissions of non-CO2 forcing agents [e.g., Pierrehumbert, 2014]. The
results of the present study complicate this picture to some degree, as we have shown that non-CO2 forcing
interacts significantly with the carbon cycle. The hysteresis characteristic of permafrost carbon system [e.g.,
MacDougall and Knutti, 2016] and the lingering warming from the non-CO2 forcing implies that much of the
carbon driven out of the terrestrial biosphere by non-CO2 forcing will persist in the atmosphere on time scales
similar to fossil fuel-derived CO2. How important this non-CO2 carbon cycle interaction is for realistic multigas
mitigation scenarios is an opportunity for future research.

The effect of non-CO2 greenhouse gases on carbon cycle feedbacks is not easy to incorporate into the com-
monly used Global Warming Potential (GWP) metric. However, it is clear from the simulations conducted
here that the interaction with carbon cycle feedbacks will increase the warming that results from emission
of non-CO2 greenhouse gases, effectively giving such gases a stronger warming effect than their GWP would
suggest. Integrating the effect of non-CO2 greenhouse gases on carbon cycle feedbacks into multibasket
framework is another priority for future research. The enhancement factor that we have defined here may
provide a means of devising a metric to account for these carbon cycle effects. Adding the carbon cycle feed-
backs induced by non-CO2 greenhouse gases into a formal framework such as that of Friedlingstein et al. [2006]
is another potential avenue for future research. Such a framework would require an experimental setup with
both radiatively coupled and uncoupled CO2 emissions and therefore cannot be derived from the present
model simulations.

The present version of the UVic ESCM does not simulate the production of methane or nitrous oxide from natu-
ral sources such as wetlands or thawing permafrost. Therefore, the model cannot capture feedbacks between
climate change and natural production of these gases. Such feedbacks would likely maintain concentrations
of these gases above preindustrial concentrations even if all anthropogenic sources of these gases are elimi-
nated [e.g., Melton et al., 2012]. Methanogenic and nitrogen cycle modules for the UVic ESCM are priorities for
future model development.
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The model results presented here are from only a single intermediate complexity climate model and should
be confirmed with other models before too much confidence is placed in our results. Nevertheless, we expect
that the primary message that non-CO2 radiative forcing agents exacerbate positive carbon cycle feedbacks
without activating negative feedbacks will emerge from most Earth system models.

4. Conclusions

Adding CO2 to the atmosphere warms the climate which activates positive carbon cycle feedbacks and also
induces the CO2 fertilization effect and increases the CO2 partial-pressure gradient between atmosphere and
the surface ocean, effects that remove carbon from the atmosphere [e.g., Greenblatt and Sarmiento, 2004;
Falkowski et al., 2000]. Non-CO2 forcing agents can activate the warming induced positive carbon cycle feed-
backs but not the biophysically induced negative carbon cycle feedbacks. Here we have conducted a series of
numerical experiments to explore how the interaction between non-CO2 forcing and the carbon cycle con-
tributes to the effect of non-CO2 forcing agents on the Earth system. We draw two main conclusions from
these experiments.

1. Warming from non-CO2 forcing is enhanced via interaction with the carbon cycle by a factor that grows
from 1.15 after 50 years of forcing to 1.33 after 270 years of forcing. This factor grows the longer the forcing
agent is present in the atmosphere but is nearly independent of the magnitude of the non-CO2 forcing.

2. Following dissipation of the non-CO2 forcing global temperature and atmospheric CO2 concentration
remain higher than if the forcing had never been present. The magnitude of this lingering warming and
atmospheric CO2 grows the longer the duration and the stronger the non-CO2 forcing.

Overall our results suggest that the longer emissions of non-CO2 forcing agents persists the greater effect
these agents will have on global climate.
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