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Long-term climate implications of twenty-first
century options for carbon dioxide

emission mitigation

P. Friedlingstein'*, S. Solomon?, G-K. Plattner?, R. Knutti, P. Ciais® and M. R. Raupach®

Long-term future warming is primarily constrained by cumu-
lative emissions of carbon dioxide'*. Previous studies have
estimated that humankind has already emitted about 50% of
the total amount allowed if warming, relative to pre-industrial,
is to stay below 2°C (refs 1,2). Carbon dioxide emissions
will thus need to decrease substantially in the future if this
target is to be met. Here we show how links between near-
term decisions, long-term behaviour and climate sensitivity
uncertainties constrain options for emissions mitigation. Using
a model of intermediate complexity>®, we explore the im-
plications of non-zero long-term global emissions, combined
with various near-term mitigation rates or delays in action.
For a median climate sensitivity, a long-term 90% emission
reduction relative to the present-day level is incompatible with
a 2°C target within the coming millennium. Zero or negative
emissions can be compatible with the target if medium to high
emission-reduction rates begin within the next two decades.
For a high climate sensitivity, however, even negative emissions
would require a global mitigation rate at least as great as the
highest rate considered feasible by economic models’® to be
implemented within the coming decade. Only a low climate
sensitivity would allow for a longer delay in mitigation action
and a more conservative mitigation rate, and would still require
at least 90% phase-out of emissions thereafter.

The world is currently debating options for future greenhouse-
gas emissions. Ambitions for emission reductions per country
vary widely across the globe’. Meanwhile, global anthropogenic
emissions of CO, are still growing, reaching about 9 Pg Cyr~! since
the year 2000 (ref. 10). The atmospheric CO, growth rate for the
past decade corresponds to ~4 Pg Cyr™', implying that about 45%
of anthropogenic emissions stay in the atmosphere, with the rest
being absorbed by the world’s oceans and lands'’. This atmospheric
CO; increase, combined with increases in other greenhouse gases
and aerosols, very likely led to most of the global temperature
change of the past 50 years'!.

In this paper, we explore the consequences of three specific
issues that will need to be dealt with if the world chooses to
mitigate CO, emissions.

The first issue is how large the global emission reduction
should be on human timescales to limit the global warming
to 2°C or less. On one hand, one could argue that complete
decarbonization of the world economy is extremely challenging
and could be beyond reach'?, so there is a risk of non-zero

emissions continuing for many decades. On the other hand,
some recent mitigation scenarios include deployment of bioenergy
combined with carbon-capture-and-storage (BECCS) technologies
to achieve negative emissions'!*. One of the four representative
concentration pathways (RCP) being used for the fifth assessment
of the Intergovernmental Panel on Climate Change includes
BECCS leading to negative emissions by the end of the twenty-first
century”. The second issue is how steep emission reduction rates
should be to keep warming below 2°C. Emission mitigation
is achieved mainly through decreases in carbon intensity (use
of non-fossil-fuel-based energy, such as nuclear, renewable and
biomass) and increases in energy efficiency'®. As mitigation costs
increase with mitigation rate, the highest rate of emission reductions
over the next four to five decades found in the integrated assessment
model (IAM) literature is around 3.5% yr~' (refs 7,8). IAMs have
also been used to investigate the risk that some technology options
will fail or their potential be overestimated, making it harder to
reach the mitigation target'®, which would translate into lower than
anticipated mitigation rates. The third issue is how soon global
emissions reductions should begin. Not all countries are likely to
start mitigation at the same time; countries will take on differenti-
ated responsibilities, with some taking on more mitigation initially
and others needing several decades before being able to decrease
emissions effectively’’'°. Also, existing infrastructures commit the
world to large CO, emissions over their lifetimes®. Again, the cost
of mitigation increases dramatically for shorter delays in action®'.
Clearly, near-term rates of mitigation and potential delay will
have an impact on the possibility of allowing positive emissions
or requiring negative emissions in the long term if one aims to
limit the long-term change in climate. Although a few studies have
explored either the implications of non-zero emissions in the long
term??, or the effect of different mitigation routes on the twenty-
first-century-climate”!*1%!7, no studies so far have highlighted
how long- (coming millennium) and near-term (coming decades)
decisions are intimately connected through the combination of
three key factors: (1) how much, (2) how steep, and (3) how
soon mitigation will take place. These three factors form an
envelope of future emission choices that will jointly determine
the potential for achieving climate stabilization within 2 °C above
pre-industrial, or any other chosen target. The cumulative emission
approach'™ implicitly combines these factors and reflects to a good
approximation how they will interact over the next ~ 100 yr. But in
practice, the implementation of emissions mitigation will inevitably
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Figure 1| Long-term effect of zero emissions. lllustrative scenarios where emissions are instantaneously cut by 100% (a and b), compared with scenarios
where emissions decrease today following a mitigation rate of 5%, 3% and 1% (¢ and d, blue, green and red lines respectively) and where emissions start
decreasing globally in 10, 20 or 30 years at a 3% yr~' mitigation rate (e and f, blue, green and red lines respectively). The left panels show atmospheric CO;
concentration (ppmv) and the right panels show global surface temperature change relative to the pre-industrial (°C). The instantaneous mitigation case
of a,bis reproduced on ¢,d (black lines) as the ‘baseline’ case (infinite mitigation rate). Similarly, the 3% mitigation rate with no delay case (¢,d, green lines)
is reproduced on ef (black lines) as the 'baseline’ case (no delay in mitigation). Also shown on each temperature panel is the 2 °C isoline (thin black line).

have to deal with each of these three factors. Obviously, a more
complex mitigation route could occur with, for example, time
varying mitigation rates, so our results apply strictly in the context
of these assumptions.

Starting from present-day anthropogenic CO, emissions, we
explore different mitigation routes in the near-(this century) and
long-term (this millennium) future and evaluate the resulting long-
term consequences for the climate system. We use the BERN2.5D
EMIC (refs 6-8; see Methods), versions of which have been used
extensively for long-term climate projections®**?*. The climate
sensitivity of the BERN2.5D model version is set to a median value
0f 3.0 °C for the base set of calculations presented here; the assessed
uncertainty in climate sensitivity is probed below. Our study focuses
on long-term climate change, so we consider CO, only.

Figure 1 shows the BERN2.5D model response of the carbon
cycle and climate for cases where future emissions are reduced
completely (100% mitigation). In the ‘zeroing now’ case, emission
reduction happens now (no delay) and instantaneously (infinite
mitigation rate). The model shows a continuous decrease of
atmospheric CO, concentration (Fig. 1a) owing to uptake by the
land and ocean. Changes in atmospheric CO, induce an imbalance
between modelled photosynthesis and respiration over land, with
respiration lagging photosynthesis owing to the long residence

time of the increasing amount of carbon in the biomass and soil
carbon pools. Oceanic CO, exchange is similarly out of balance
while atmospheric CO, is changing: increases in atmospheric
concentrations of CO, and the timescales of centuries for oceanic
mixing imply that the in-gassing fluxes of carbon to the ocean
will be larger than the out-gassing flux. As emissions suddenly
drop to zero, the CO, growth rate becomes negative and the
strength of these land and ocean imbalances in turn declines.
On multi-centennial timescales, most of the sink occurs in the
ocean, whereas the land returns to almost neutral within a century.
As shown in previous studies’*?, the inertia in the climate
response to the sudden zeroing of CO, emissions leads to a near-
stabilization of global temperature above pre-industrial levels for
many centuries (Fig. 1b).

We first evaluate the effect of less drastic near-term mitigation
trajectories using cases with finite mitigation rates: a high (5%
reduction per year), a middle (3% yr™') and a low (1%yr™')
rate (see Methods). The highest of these rates is above what
is currently considered feasible by IAMs (refs 7,8). Compared
with the ‘zeroing now’ case, these illustrative mitigation rates
obviously lead to additional emissions to the atmosphere before
the ultimate reduction level is reached (180, 310 and 950 PgC,
respectively), leading to a larger peak warming. With the high
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Figure 2 | Long-term effect of non-zero positive and negative long-term emissions. lllustrative scenarios where emissions eventually decrease by 90%
relative to the present-day level (top four panels) or by 105% relative to the present-day level (negative emissions, through carbon capture and storage)
(bottom four panels). As in Fig. 1, three mitigation rates are investigated as well as three delays in emission mitigation. The instantaneous mitigation cases
are also shown on a,b and e f (black lines) as the 'baseline’ case (infinite mitigation rate). Similarly, the 3% mitigation rate with no delay cases (a,b and e f,
green lines) are shown on ¢,d and g h respectively (black line) as the ‘baseline’ cases (no delay in mitigation). Also shown on each temperature panel is the

2°Cisoline (thin black line).
mitigation rate of 5% yr~!, global temperature by the year 3000
is projected to be about 0.2°C higher than in the case where
emissions are cut instantaneously (Fig. 1d). For the medium and
low mitigation rates towards a 100% emission cut, the projected
additional warming, relative to the instantaneous reduction, reaches
0.4°Cand 1.2 °C respectively.

We next evaluate the long-term climate impact of a delay in the
initiation of global emissions mitigation. We investigate scenarios
where one, two or three decades pass before mitigation efforts begin
at the same rates as above (see Methods). Figure le,fshows the effect
of delaying mitigation for the medium mitigation rate of 3% yr™"
and the long-term reduction level of 100% (relative to 2009). Even
a relatively short delay of ten years has a noticeable impact on the
simulated atmospheric CO,: the additional 175 Pg C emission leads
to an additional CO, increase of about 20 ppm to the year 3000
relative to the scenario with the same mitigation rate but without
any delay. Similarly, waiting 20 or 30 years would add 390 and
650 Pg C respectively to the atmosphere. In terms of temperature
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increase, waiting for one decade adds about 0.2 °C, and waiting for
three decades adds 0.8 °C.

The above cases assume that emissions eventually drop to zero.
For comparison, Fig. 2 (top 4 panels) shows a series of cases where
emissions are reduced by only 90% relative to the present-day
level (that is, down to 10% of the current value). As in the 100%
reduction case, we explore the effect of both different mitigation
rates and delays in mitigation. As the long-term emissions are
positive, the near-term options for keeping global temperature
rise below 2 °C over the coming millennium are severely reduced.
It is clear from this figure that long-term significant non-zero
emission leads to a sustained increase of temperature and CO,
concentration in the long-term (Fig. 2a,b). Land and ocean uptake
will remove only a near-constant fraction of the emissions,
with the remainder, the airborne fraction, accumulating in the
atmosphere. CO, concentration and global temperature therefore
increase monotonically. Even if emissions were instantaneously cut
by 90% now, the long-term warming would reach 2°C (above
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Figure 3 | Global peak temperature accounting for uncertainty in climate sensitivity. Global peak temperature change reached within the next 1,000
years for the three levels of long-term mitigation: 100% reduction (left panel, square symbols), 90% reduction (middle panel, circle symbols) and 105%
reduction (right panel, diamond symbols). Symbols are for the median climate sensitivity (3 °C), while error bars shows the ‘likely’ range (more than 66%
probability) for low (2 °C) and high (4.5 °C) climate sensitivities. Within each panel, black symbols represent immediate and instantaneous emissions
reduction; dark blue, green, light blue and red symbols represent global emissions mitigation starting today or delayed by 10, 20 and 30 years respectively;
mitigation rates are indicated as 1% (open symbols), 3% (filled symbols) and 5% (symbols bordered in black).

pre-industrial) by the end of the millennium (Fig. 2b, black line).
All other cases with finite mitigation rates (Fig. 2a,b, coloured lines)
and delays in mitigation (Fig.2c,d, all lines) reach 2°C before
the year 3000. There is, however, a level of non-zero emission
compatible with a climate stabilization, which is mainly defined by
the strength of the long-term ocean carbon sink and the inertia
of the ocean heat uptake. For our model, this level is below
0.1 Pg Cyr~! by the year 3000, about 1% of present-day emissions.

Also shown in Fig. 2 are several cases where long-term emissions
become negative (—5% of the current value), implying active
removal of carbon from the atmosphere. Sustained negative
emissions lead to a continuous decrease of atmospheric CO,
(Fig. 2e), and hence of global temperature (Fig.2f). If applied
immediately (Fig. 2e,f, black line), CO, and climate return near to
pre-industrial levels by the end of the millennium. It is clear from
the figure that negative emissions provide the only option for a
long-term reduction of global temperature compared with present.
In the near-term, as in the previous cases, low mitigation rates or
long delays will inevitably induce additional warming, by more than
2 °Cin some cases. The climate overshoot persists for up to a couple
of centuries, as in the 30-year delay case (Fig. 2h, red line).

Limiting future warming to less than 2°C is hence severely
constrained by the level of allowed residual emissions, the rate of
emission mitigation and the time delay before these mitigation
efforts begin to take place. As shown in Fig. 2, any non-zero positive
residual emission will eventually lead to a sustained warming.
Similarly, a finite near-term mitigation rate and a delay in action
will add additional warming (Figs 1 and 2). Negative emissions
will eventually reduce the warming, but weak near-term mitigation
could still lead to an overshoot of the 2 °C target in this case.

However, it is critical to recognize how uncertainties in
climate sensitivity and climate—carbon cycle feedbacks affect these
projections. We performed further BERN2.5D simulations with a
low-end (2°C) and a high-end (4.5°C) choice from the ‘likely’
(more than 66% probability) range of climate sensitivity values®
(see Methods). Figure 3 shows the ‘likely’ range of simulated peak
warming during this millennium for the ‘likely’ range of climate
sensitivity. Whereas low climate sensitivity would allow for a longer
delay or lower mitigation rate, high climate sensitivity would reduce
the options available for meeting the 2 °C target.

Under a high climate sensitivity, there is no route that could lead
to a warming of less than 2 °C for non-zero positive emissions. Even
immediate emissions reductions as large as 5% yr~' would lead to
a warming of more than 3 °C by the year 3000 for the high end of
climate sensitivity. Similarly, if the real world climate sensitivity is at
the high end of our range, negative emissions would lead only to a
warming significantly lower than 2 °C for the high mitigation rates
(5% yr™') and no delay in mitigation. Only if climate sensitivity
is low can a delay of two decades followed by mitigation rates
within the range of the current IAM literature meet the 2 °C target.
However, this would still require at least 90% phase-out thereafter.

On millennial timescales, slow components of the Earth system
could further enhance the climate response to the anthropogenic
radiative forcing?, but the quantitative effect of such amplification
on the cases presented here is still highly uncertain (see Methods).

Previous studies have highlighted the need to limit cumulative
anthropogenic CO, emissions below a given value to prevent a
specific level of warming. About 1,000 to 1,500 PgC have been
estimated to be compatible with a 2°C warming for a median
climate sensitivity"?. Although our results, about 1,300 PgC by
2100 (Supplementary Fig. S2), are broadly consistent with these
previous findings, here we emphasize that climate sensitivity is
the key parameter that determines the available mitigation options
compatible with a climate target. For a given climate sensitivity,
options for near-term mitigation rates and the onset of mitigation
action are severely constrained by the level of long-term emission
reduction below current values. Negative emissions might allow a
low climate target to be reached in the long term, but the peak level
of warming will be largely driven by the near-term parameters.

Methods

Bern2.5D model. The Bern2.5D model is a coupled climate—carbon cycle model
of intermediate complexity™®. The atmosphere is a one-layer energy-balance model
coupled to a zonally averaged dynamic ocean that consists of three ocean basins,
connected in the south by a circumpolar Southern Ocean. The model includes a
representation of the marine carbon cycle?® and a simple four-box terrestrial carbon
cycle”. The global ocean heat uptake is near the average of existing comprehensive
Atmosphere—Ocean General Circulation Models”. For the land biosphere, a fertil-
ization by elevated atmospheric CO, is taken into account by a logarithmic depen-
dence of net primary production on CO,. The BERN2.5D model does not consider
interaction with sediments. This process becomes significant for ocean carbon
uptake on timescales longer (multi-millennia) than the ones investigated here®.
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Simulation set-up. The BERN 2.5D model was first brought to pre-industrial
(1765 AD) equilibrium with a 20,000 years spin-up under a prescribed
atmospheric CO, concentration (278 ppmv). Then the model was run
through the pre-instrumental atmospheric CO, measurements period
(1765-1958) with imposed CO, concentration taken from ice-core data. For
the 1959-2009 period, the model was forced with anthropogenic emissions
(fossil fuel and land use) using global emissions from the Global Carbon Project
(http://lgmacweb.env.uea.ac.uk/lequere/co2).

For the 2010-3000 period, the model was forced with anthropogenic CO,
emissions following 39 different cases (Supplementary Fig. S1): three idealized cases
with instantaneous emission reductions, where CO, emissions were set constant
with a value equal to either 90, 100 or 105% reduction relative to the 2009 value;
nine cases with illustrative mitigation rates, where starting from the 2009 value,
CO, emissions were decreased by 1%, 3% or 5% yr~' until they reached either
the 90%, 100% or 105% reduction level; and 27 cases with illustrative delays in
emissions where, starting from the 2009 value, CO, emissions were first assumed to
increase for 10, 20 or 30 years with a positive growth rate of 2% yr~"' (similar to the
growth rate of the past decade), then CO, emissions were decreased by 1, 3 or 5%
until they reached either the 90%, 100% or 105% reduction level.

The 90% emission reduction leads to a long-term emission level of
0.9PgCyr~'. The 105% emission reduction represents a net global negative
emission of —0.45Pg Cyr~!, comparable to what is proposed in the RCP2.6
scenario'®. To achieve negative emissions we switched from the exponential
decrease to a constant decrease when emissions reached 10% of 2009 emissions.

Uncertainty from climate sensitivity and climate—carbon cycle feedback. The
BERN-2.5D model does not represent the physical feedbacks responsible for the
uncertainty in climate sensitivity. However, the model has a feedback parameter
that sets the model’s climate response to a given CO, radiative forcing. In the
standard simulations listed above, this parameter was set to give a median climate
sensitivity of 3 °C. For the further simulations addressing the uncertainty on climate
sensitivity, this parameter was set to values giving a low climate sensitivity of 2 °C or
a high climate sensitivity of 4.5 °C (ref. 26). All 39 simulations presented above were
performed with these low and high climate sensitivity values. We note that this range
of climate sensitivity does not include Earth system processes such as vegetation
or ice-sheet dynamics?. Accounting for an ‘Earth-system sensitivity’ rather than a
standard ‘climate sensitivity’ could increase the warming by 30-50% (ref. 27). This
would lead virtually all illustrative cases presented here to exceed the 2 °C target. It
is however unclear how much of this additional sensitivity could operate within the
coming millennium, under relatively low forcing scenarios, as in our study.

The version of the BERN2.5D model used here has a positive climate—carbon
cycle feedback, but is at the lower end of the published range of the coupled
climate—carbon cycle models intercomparison project (C*MIP; ref. 31). Larger
positive climate—carbon cycle feedback would lead to larger warming for a given
emission scenario. The mitigation cases explored here lead to a relatively low
forcing, and do not probe the range of possible magnitudes of the climate—carbon
cycle feedback. Within the C*MIP study, 11 models investigated this feedback
in the context of a high emission scenario (SRES A2) only, with atmospheric
CO, reaching 800-1,000 ppm by 2100, and showed the gain to increase with the
warming. Also, it has been shown that the climate—carbon cycle feedback depends
on the rate of forcing®?. We therefore felt that it might not be feasible to define
a generic likely range of climate—carbon cycle feedbacks. It seems nevertheless
improbable for this feedback to be very large here; hence the contribution of
the climate—carbon cycle feedback uncertainty to the total uncertainty in our
projections is expected to be small®.
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