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Impact of delay in reducing carbon

dioxide emissions

Myles R. Allen'?* and Thomas F. Stocker3*

Recent downward revisions in the climate response to rising CO, levels, and opportunities for reducing non-CO, climate warming,
have both been cited as evidence that the case for reducing CO, emissions is less urgent than previously thought. Evaluating
the impact of delay is complicated by the fact that CO, emissions accumulate over time, so what happens after they peak is as
relevant for long-term warming as the size and timing of the peak itself. Previous discussions have focused on how the rate of
reduction required to meet any given temperature target rises asymptotically the later the emissions peak. Here we focus on a
complementary question: how fast is peak CO,-induced warming increasing while mitigation is delayed, assuming no increase
in rates of reduction after the emissions peak? We show that this peak-committed warming is increasing at the same rate as
cumulative CO, emissions, about 2% per year, much faster than observed warming, independent of the climate response.

greenhouse gases'™ have been cited as evidence that the case
for reducing CO, emissions to limit climate change is less
urgent than previously thought®. Similarly, permanent reductions
in non-CO, climate pollutants, which might reduce global tempera-
tures by up to 0.5 °C (refs 6,7), have been reported to “give politi-
cians two extra decades to tackle the less tractable question about
what to do about CO,”®. But what is the penalty for a delay in CO,
mitigation®? Here we show that unless any delay in initiating emis-
sion reductions is compensated for by faster reductions later, then
peak CO,-induced warming is currently increasing at the same
rate as cumulative CO, emissions themselves, independent of the
climate system response. This is the rate at which rising emissions
compensate for any reduction in estimated climate response or pro-
posed non-CO, mitigation strategies. At almost 2% per year, it is
much faster than observed warming. Hence 0.5 °C of non-CO, cli-
mate mitigation is ‘worth’ a delay in CO, mitigation of 12 (16) years
if we assume a peak CO,-induced warming of 2 °C (1.5 °C), and less
than 10 years if we assume higher levels of peak warming.
Evaluating the impact of delay in reducing CO, emissions is
complicated by the fact that these emissions accumulate over time,
so what happens after they peak is as relevant for long-term warm-
ing as the size and timing of the peak itself'"2. A helpful simpli-
fying constraint is the approximately linear relationship between
cumulative CO, emissions and resultant peak warming, expressed
as the transient climate response to cumulative carbon emissions?,
or TCRE (the parameter f in ref. °). TCRE is formally defined as
the warming due to cumulative carbon dioxide emissions per tril-
lion tonnes of carbon (TtC) released into the atmosphere (1 TtC is
slightly less than double the emissions so far from fossil-fuel use and
land-use change since 1750). TCRE is closely related to the more
familiar transient climate reponse (TCR), which is defined as the
warming at the time of doubling of CO, after it has increased at 1%
per year for 70 years. TCR more generally indicates the warming
due to any gradual increase in radiative forcing over a 50- to 100-
year timescale'*!*. Hence, if most of the 1 TtC injection occurs over
this timescale, and accounting for the logarithmic dependence of
forcing on CO, concentrations:

Recent downward revisions in the climate response to rising
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where F, = 3.7 W m™ is the forcing due to doubling CO, and F, is
the forcing following an injection of C, = 1 TtC of cumulative car-
bon emissions, «, is the cumulative airborne fraction — the fraction
of the 1 TtC that remains in the atmosphere after it has all been
injected, and C, = 0.58 TtC (275 ppm) is the pre-industrial carbon
content of the atmosphere. The instantaneous airborne fraction
over recent decades has been slightly under 50% but is expected to
increase with rising temperatures''%, so an approximate rule-of-
thumb is that the TCRE is about 90% (£10%, arising from uncer-
tainty in «,) of the TCR®. Any revision in TCR will also be reflected
in TCRE.

The increase in airborne fraction with rising temperature approx-
imately compensates for the logarithmic relationship between CO,
concentrations and radiative forcing'®, giving a nearly linear rela-
tionship between cumulative CO, emissions and peak warming's,
at least over the first two trillion tonnes released. The concept of
TCRE is only relevant to those long-lived greenhouse gases with
atmospheric residence times of a century or more, such as CO, and
nitrous oxide, although TCRE has so far only been evaluated for
CO,. Emissions of short-lived climate pollutants such as methane
and black carbon only affect peak temperatures if they are sustained
to the time of peak warming"’.

Some early estimates of TCRE"" suggested a value of about
2 °C per TtC, whereas the most up-to-date estimates from both
observations and coupled climate-carbon-cycle models® suggest a
range of 0.8-2.5 °C per TtC, consistent with revised estimates of
TCR*?. Hence the most likely values and estimated upper bounds
on TCR and TCRE have been reduced by 25-30% from values
estimated in 2007-2009.

The implications for climate change adaptation of a 25-30%
downward revision in the transient response are minimal. The
highest warming projections for the coming decades in the latest
Coupled Model Intercomparison Project Phase 5 (CMIP5) ensemble
of climate model simulations now look relatively unlikely?', but the
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majority of models and the multi-model mean remain consistent
with these revised estimates of climate system properties. A 25-30%
reduction in TCR means that the changes we would have expected
between now and 2050 under a sustained increasing forcing sce-
nario might not occur until the early 2060s, which is within the
range expected from climate variability. But what are the implica-
tions for mitigation?

The overall case for mitigation is unaffected. Revised estimates
of TCR and the relationship between forcing and response in equa-
tion (1) still imply a warming of 2-5 °C above pre-industrial by the
early twenty-second century under the RCP8.5 scenario® (total
radiative forcing of 8.5 W m~ by 2100), which is consistent with cur-
rent emission trends. But although substantial emissions reductions
are still required if a warming greater than 2 °C is to be avoided, do
these new estimates mean they can be delayed?

The simple relationship between warming and cumulative car-
bon emissions means that what really matters is the area under the
CO, emissions curve. This permits the use of idealized scenarios’
to demonstrate the policy implications of different TCRE values.
Following ref. 9, and assuming that emissions decline exponentially
after their peak, TCRE provides a simple relationship between peak
CO,-induced warming AT, ,,, current emissions E, historical cumu-
lative emissions so far Cy;, and the average future rate of emission
decline s:

AT, = TCRE (% . CH) @)

Given that mitigation policies will take time to have an impact,
some overshoot is inevitable'®'® which would need to be compen-
sated for later, so the peak rate of emissions decline will always be
greater than s. Nevertheless, these idealized trajectories simplify our
understanding of the mitigation challenge.

Historical emissions from fossil-fuel use and land-use change Cy
were 0.54 TtC by the end of 2010, when emissions E were 0.01 TtC
per year? and have been increasing at a rate r = 1.8-1.9% per year.
A TCRE of 2 °C per TtC would imply that, to limit CO,-induced
warming to 2 °C, global emissions must decline on average by 2.4%
per year from now on, limiting total cumulative emissions to 1 TtC
(green region in Fig. 1a). A revision of TCRE to 1.5 °C per TtC would
imply emissions must decline by 1.4% per year from now on to give
the same peak CO,-induced warming (green region in Fig. 1b).

Because the difference between these required rates of reduc-
tion is smaller than the current rate of emissions increase, some
might argue that this revision of TCRE has very few implications
for the timing of mitigation, because governments do not, in reality,
directly control emissions. A 25% revision in TCRE is small rela-
tive to the much larger uncertainties in the actual policy interven-
tions that will be required to achieve either target, given we have no
direct observations of economic behaviour in a period of sustained
falling global emissions'?. Given these uncertainties, however, it is
helpful to separate economic and policy uncertainty from climate-
response uncertainty.

A clear way of assessing the impact of delay is to assume a given
average rate of s and consider the implications of delay in achieving
it. It could be argued that this also represents a ‘fair’ assessment of
the impact of delay in terms of inter-temporal equity, or the distri-
bution of mitigation costs over time. Under the idealized but reason-
able assumption that the burden of mitigation scales approximately
with the percentage annual rate of reduction, delaying mitigation
while assuming emissions will fall faster in future to compensate
would increase asymptotically the mitigation burden placed on the
future. Conversely, it might also be argued that delaying mitigation
would reduce the cost of achieving a given rate of reduction through
technology development: this, however, assumes that investment in
the relevant technologies is made in the meantime. We should be

clear that the delay we are referring to here is a ‘pure procrastination’
delay, as opposed to a period of investment aimed at achieving rapid
reductions in future.

Under these assumptions, the rate of change of peak CO,-induced
warming, or ‘mitigation delay sensitivity’ (MDS) is given by:

dAT -ty
MDS = — % = TCRE % (E()ET" + CH)
(3)

= AT e + TCRE (E - rCyy)

using equation (2) and dC,;/dt = E = E """, where E, is emissions
at a reference time ¢, and r is the current rate of emissions increase.
If » = 0 (constant emissions) then AT, increases at a rate TCRE-E
irrespective of the value of AT, or the assumed value of s after the
peak. As long as emissions are rising exponentially, however, MDS
also depends on s, or the value of AT, itself. The higher we expect
temperatures to peak, or the more pessimistic we are about future
average rates of emissions decline, the higher the MDS.

At present, emissions happen to be increasing at a rate approx-
imately equal to E/Cy, so the final E-rCy term in equation (3) is
small. Hence, if future rates of emission decline do not increase to
compensate for delay, peak warming AT, is currently increasing
at the same rate that emissions are increasing, independent of the
climate response: the timing of the emission peaks correspond-
ing to the same AT, is identical in Fig. 1a and b, despite the dif-
ferent values of TCRE. This result holds for any given shape of
post-peak emissions profile, defined in terms of fractional rate of
decline as a function of time after emissions peak, not simply the
idealized exponential profiles used here. If we are aiming for peak
warming of around 2 °C, then as long as emissions are increasing at
1.8-1.9% per year, every year’s delay in reducing emissions increases
peak warming by 1.8-1.9% of 2 °C, or 0.04 °C. If the same level of
effort required in 2010 to limit CO,-induced warming to 2 °C were
applied starting in 2015, the resultant peak warming would be 10%
higher, at 2.2 °C.

Given the complexities of the climate issue, simple rules-of-
thumb like this are a valuable way of comparing the impact of climate
policies. If we are confident that we can and will reduce emissions
fast enough to limit CO,-induced warming to 2 °C, then a 0.5 °C
reduction in future temperatures resulting from permanent reduc-
tions in non-CO, climate pollutants is apparently ‘worth’ a 12-year
delay in the CO, emission peak (at present, 0.5 °C divided by the
MDS for a 2 °C peak warming is 13-14 years, but equation (3) shows
MDS is also increasing exponentially with rising emissions). If we
believe that a lower TCRE and optimistic assumptions about future
emissions mean we can limit CO,-induced warming to 1.5 °C, then
0.5 °C from non-CO, forcing has the same impact on AT,,, as a
16-year delay in CO, mitigation (Fig. 1c). Conversely, it could be
argued'” that even 2.4% per year sustained global reductions in CO,
emissions might be very hard to achieve, so we should expect CO,-
induced warming to peak around 3 °C even with this lower value of
TCRE (Fig. 1d). If this is the case, then 0.5 °C from non-CO, mitiga-
tion is ‘worth’ only a 9-year delay in the CO, emissions peak, reduc-
ing to 7 years for a peak warming of 4 °C. Proponents of climate
mitigation through non-CO, measures rightly stress the difficulty
of reducing CO, emissions®: what this result illustrates is that, the
harder it turns out to be to mitigate CO,, the smaller the impact of
non-CO, climate pollutants on peak warming, in both relative and
absolute terms.

All of these delays are also less than half those that would be
implied if we assume stable CO, emissions (r = 0), illustrating the
importance of allowing for ongoing emissions increase in assessing
the impact of delay. They are also much less than half the time it
would take for the climate system to warm by 0.5 °C, illustrating that,
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Figure 1| Schematic emission scenarios illustrating the impact of different estimates of the climate system response to CO, emissions. a, Colours

and inset numbers show peak CO,-induced warming resulting from an average rate of global emissions decline s = 2.4% per year, sustained indefinitely,
starting in 2013 and at various dates thereafter, this being the average rate of decline from 2013 required to meet a 2 °C peak warming goal assuming a
TCRE of 2 °C per TtC. Diamonds show observed emissions; data from refs 9 and 22. b, Emission paths giving the same peak warming for a TCRE of 1.5°C
per TtC requiring s = 1.4% per year. ¢, Peak CO,-induced warming under the lower value of TCRE but assuming a 2.4% per year decline. d, How committed
warming rises faster with delay if we assume a slower average rate of decline and hence higher peak warming.

because CO, emissions cannot fall instantaneously, peak committed
warming is rising substantially faster than observed warming.

The fact that the relative importance of non-CO, mitigation
depends so heavily on assumptions about future CO, mitigation
illustrates the potentially distortionary impact of very optimistic
assumptions about the future if these turn out to be unrealistic. If
we assume emissions will fall fast enough and the TCRE will be
low enough to limit CO,-induced warming to 1.5 °C, then 0.5 °C
of permanent non-CO, mitigation would seem to be ‘worth’ more
than a decade’s delay in CO, mitigation. If it turns out we can only
limit CO,-induced warming to 3 °C, then 0.5 °C of non-CO, miti-
gation is worth a much smaller delay. It also illustrates the ‘metric
problem’: the impact of emissions of short-lived climate pollutants
on peak warming depends on both the timing of these emissions
and what is done in future about long-lived climate pollutants'”*. In
contrast, a tonne of CO, has much the same impact on peak warm-
ing regardless of when it is emitted or what is done about other
pollutants. The fact that higher levels of peak warming will not be
reached until later this century reduces the impact of early action on
short-lived climate pollutants (current emissions of which will have
little impact on temperatures half a century hence) in the absence of
simultaneous CO, mitigation.

Given the cumulative nature of CO,, sustained emissions reduc-
tions are necessary if warming is to be kept below any agreed limit.
The simple considerations presented here permit an estimate of
sustained emission reduction rates required for different values
of the climate system response, and the rate at which warming
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commitments are increasing as mitigation is delayed. Beyond the
inevitable consequence that delayed mitigation eliminates options
regarding warming limits’, it has also been argued® that temper-
ature alone is an insufficient climate target if Article 2 of the UN
Framework Convention on Climate Change is to be observed.
Additional climate targets potentially call for even stronger
mitigation efforts.
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