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Abstract
Methane is the second most important anthropogenic greenhouse gas after carbon dioxide. With
an atmospheric lifetime of around a decade, methane mitigation starting immediately has the
potential to avoid substantial levels of additional warming by mid-century. In addition to the
methane emissions reductions that are necessary to limit warming, we address the question of
whether technological methane removal can provide additional benefits by avoiding global mean
surface temperatures exceeding 1.5 ◦C above pre-industrial—the high-ambition Paris Agreement
climate goal. Using an adaptive emissions methane removal routine in a simple climate model, we
successfully limit peak warming to 1.5 ◦C for overshoots of up to around 0.3 ◦C. For substantially
higher overshoots, methane removal alone is unable to limit warming to 1.5 ◦C, but in an extreme
scenario could limit peak warming by an ensemble median 0.7 ◦C if all atmospheric methane was
removed, requiring huge levels of net removal on the order of tens of petagrams cumulatively. The
efficacy of methane removal depends on many emergent properties of the climate system,
including climate sensitivity, aerosol forcing, and the committed warming after net zero CO2 (zero
emissions commitment). To avoid overshooting 1.5 ◦C in the low-overshoot, strong-mitigation
SSP1-1.9 scenario, a median cumulative methane removal of 1.2 PgCH4 is required, though this
may be much higher if climate sensitivity is high or the zero emissions commitment is positive, and
in these cases may require ongoing methane removal long after peak warming in order to stabilise
warming below 1.5 ◦C.

1. Introduction

On an emissions basis, methane contributes a best
estimate 0.5 ◦C to present-day global warming, being
the second largest anthropogenic contributor to
historical warming behind carbon dioxide [1, 2].
Methane has a relatively short atmospheric lifetime
of around a decade. Therefore, unlike many other
greenhouse gases with longer lifetimes, reducing net
emissions of methane can substantially reduce its
radiative forcing, and hence its climate impact, in
the short-to-medium term. Methane’s short lifetime,
and large contribution to warming which includes
its indirect effects on ozone formation and stra-
tospheric water vapour, both potent greenhouse

gases, make its reduction a critical pillar of lim-
iting peak warming within the goals of the Paris
Agreement [3].

In recognition of methane’s importance, over 150
countries have now signed theGlobalMethane Pledge
[4], first announced at COP26 in Glasgow in 2021,
to reduce CH4 emissions by 30% in 2030 relative
to 2020 levels. Alongside climate benefits, reducing
methane concentrations has well documented co-
benefits for air quality due to the reduction in surface
ozone, owing to methane’s role in ozone formation
[5]. However, recent years have seen an increase in
the atmospheric growth rate of methane [6], which is
likely a combination of increasing emissions and bio-
physical feedbacks [7].
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The net input ofmethane into the atmosphere can
be reduced either by avoiding the emission entirely,
or by oxidising emitted or ambient methane to CO2.
In many cases, emissions avoidance can be revenue
neutral, such as preventing leaks from oil and gas
infrastructure [8]. If methane release is difficult to
avoid but concentrated in a small region at levels
greater than the ambient level, such as a wastewa-
ter treatment plant or dairy farm, localised methane
oxidation could prevent a large fraction of methane
emissions being dispersed into the atmosphere [9].
As a mole of CO2 has a much lower radiative effi-
ciency than a mole of CH4 [10], oxidation to CO2

results in a substantially smaller radiative forcing and
climate warming impact. Methane oxidation meth-
ods include enhancement of natural hydroxyl and
chlorine sinks, photocatalysis in solar updraft towers,
zeolite catalyst in direct air capture devices, andmeth-
anotrophic bacteria [11].

Methane emissions reduction through avoidance
or point-source oxidation, if successfully implemen-
ted and extended to all anthropogenic sources of
methane emissions, provides a lower bound of net
methane emissions of zero. Eliminating all methane
emissions through oxidation to CO2 is at present
unlikely considering the disperse nature of many sec-
tors, including food production [9, 12]. Additionally,
it is easier to avoid emitting methane in the first place
than to emit first and remove later, and strong action
on methane mitigation should take priority over
technological oxidation or removal. Assuming zero
methane emissions was possible, methane concentra-
tions would relax back towards pre-industrial levels
of around 700 ppb over several decades. Emergent
research is exploring actively removingmethane from
the atmosphere in-situ [13–15] in its well-mixed
state far from emissions sources. One proposed,
yet untested, method of in-situ methane removal is
adding iron particles to ship emissions with the aim
of creating additional chlorine and hydroxyl radic-
als from seawater, speeding up the natural reaction
of methane decomposition in the atmosphere [16].
With a substantial scale-up, in-situ removal could
allow formethane emissions to technically be net neg-
ative, such that more methane is removed per year
by an artificially enhanced sink than is emitted by
human activities (whether oxidised at source or not).
If net negative methane emissions were sustained
for long enough, methane concentrations could the-
oretically fall below pre-industrial levels. Methane
removal would be subject to several technical, eco-
nomic, moral and governance challenges, including
whether the energy investment in methane removal
would generate additional CO2 that offsets any gain
[17]. Nevertheless, we set aside these issues in this art-
icle, instead focusing on a climate-centred analysis of
methane removal’s geophysical potential.

Owing to its near-term impacts, enhanced
methane mitigation or removal could be used for
‘peak-shaving’: avoiding overshooting a temperat-
ure threshold such as the 1.5 ◦C Paris Agreement
high-ambition goal while implementing a rapid CO2

decarbonization pathway. Avoiding a temperature
overshoot may reduce the severity of negative cli-
mate impacts such as extreme weather events and
human heat stress, reduce the risks of triggering tip-
ping elements in the Earth system such as ice sheet
destabilisation, Amazon rainforest dieback, and fur-
ther methane release from thawing permafrost and
clathrates [18], while reducing the impacts of slower-
process Earth system risks such as sea-level rise.

Previous work has investigated the potential
for avoided warming using methane migitation or
removal in idealised [9, 19], reduced-complexity
[20, 21] and Earth System models [15, 22]. In
this paper we extend the reduced-complexity model
approach framed on the question of howmuchmeth-
ane removal would be required to avoid an over-
shoot of 1.5 ◦C, using an ensemble of runs from
a reduced-complexity climate model calibrated on
existing Earth System models and constrained using
observations.

2. Method

2.1. Emissions scenarios
We use three global emissions scenarios that exhibit
various degrees and durations of overshooting
1.5 ◦C above pre-industrial. These are the Shared
Socioeconomic Pathways (SSPs) SSP1-1.9 and SSP5-
3.4-overshoot [23], and the Illustrative Mitigation
Pathway (IMP) from the IPCC Working Group 3
(WG3) report [24] with high levels of negative CO2

emissions (IMP-Neg) [25].
All three scenarios show some level of overshoot

behaviour, in the sense that they reach a peak warm-
ing that exceeds 1.5 ◦C before 2100 (figure 1(a)).
Using our model calibration (section 2.2), SSP1-1.9
has median peak warming of 1.56 ◦C relative to pre-
industrial and is classified as Category 1 (C1) ‘1.5 ◦C
lowor no overshoot’ scenario in IPCCAR6WG3 [24].
Despite a small overshoot, C1 scenarios are deemed
compatible with the 1.5 ◦C Paris Agreement long-
term temperature goal [24].

IMP-Neg reaches a peak warming of 1.77 ◦C
before declining back below 1.5 ◦C after 2100 and is
compatible with a ‘well-below 2 ◦C’ goal of the Paris
Agreement and classified as a C3 scenario in IPCC
AR6 WG3. As defined in [24], this means that the
scenario has a 67% or greater likelihood of remaining
below 2 ◦C. IMP-Neg has a large temperature over-
shoot, in which peak warming is reversed by imple-
menting large amounts of carbon dioxide removal.
Despite not falling back below 1.5 ◦C before 2100, it
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Figure 1. (a) Global mean surface temperature anomaly projections for the SSP1-1.9 (blue), IMP-Neg (grey) and SSP5-3.4
(purple) scenarios, without (dashed) and with (solid) methane removal. (b) Avoided warming due to methane removal,
calculated as the median difference between the ensembles without and with methane removal in each scenario. Shown are
ensemble medians; for uncertainties see supplementary figure 2.

shares a lot of characteristics with so-called ‘1.5 ◦C
high overshoot’ (C2) scenarios. SSP5-3.4-overshoot is
not a 1.5 ◦C or 2 ◦C compatible scenario in the Paris
Agreement sense, but is chosen as it is engineered
to have a large temperature overshoot [23], peaking
at around 2.3 ◦C in the 2060 s and declining back to
1.6 ◦C around 2150.

We run scenarios to 2300 to determine the
long-term overshoot response. SSP1-1.9 and SSP5-
3.4-overshoot emissions pathways are part of the
Reduced Complexity Model Intercomparison Project
scenarios [26, 27], and their extensions to 2300
already exist. For IMP-Neg, we use the emissions
scenario prepared for the IPCC AR6 WG3 [24, 28],
and extend it based on the logic of [29] for post-2100
timeframes.

2.2. Climate model
We use an 841 member ensemble of the Finite-
amplitude Impulse Response (FaIR) simple climate
model (v2.1.3) [30], using calibration v1.4.0 [31].
FaIR is a simple climate model that determines atmo-
spheric concentrations of greenhouse gases from their
emissions, radiative forcing of greenhouse gases and
other anthropogenic forcers from their concentra-
tions and emissions, and global mean surface temper-
ature projections from radiative forcing using a three-
layer energy balance model. FaIR contains modules
that emulate the carbon cycle and carbon cycle feed-
backs, and atmospheric chemistry including aerosol
and ozone formation from methane and impacts on
methane’s atmospheric lifetime. The forcing from the
oxidation of methane to water vapour in the strato-
sphere is also included. One chemical effect that is
not included in FaIR is the oxidation of CH4 to CO2,
where the newly-generatedCO2molecule contributes

a small level of radiative forcing. The omission of
methane oxidation was found to contribute an uncer-
tainty of 3 ppm in CO2 concentrations in 2100 in
RCP8.5, much smaller than the spread in projections
due to carbon cycle feedbacks, and on a forcing basis
likely to be much smaller than indirect effects that are
included such as on ozone formation and oxidation
to stratospheric water vapour.

v2.1 of FaIR includes a new variable meth-
ane lifetime module. This parameterises the tropo-
spheric hydroxyl radical (OH) sink from emissions of
nitrogen oxides (NOx), volatile organic compounds
(VOCs) and carbon monoxide (CO), concentrations
of CH4, N2O and halocarbons, and global mean sur-
face temperature anomaly. The sensitivities of meth-
ane lifetime to each factor are found from a least-
squares curve fit that maps methane emissions to
concentrations over the 1750–2022 period with the
bounds for each parameter being the range from
chemistry-enabled Earth systemmodels [32, 33]. The
correspondence of modelled to observed methane
concentrations is good and demonstrated in supple-
mentary figure 1(a). The methane lifetime is 10.3 yr
in 1850, increasing steadily to 11.0 yr in the 1960s
before dropping rapidly to 9.4 yr in the 2010s (sup-
plementary figure 1(b)) owing to a rapid increase in
NOx emissions and steady rate of warming increase,
both effects acting to increase available OH in the
troposphere [2]. The methane lifetime reported by
FaIR is a whole atmosphere ‘burden’ lifetime rather
than a ‘perturbation’ lifetime [34].

The 841-member ensemble is constrained from
a prior of 1.6 million members that are calibrated
to the responses of CMIP6 Earth System models
for their temperature response to forcing, carbon
cycle feedbacks, aerosol and ozone radiative forcing
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[31]. The sampled ensemble members forming the
prior distributions also include the assessed uncer-
tainty in methane radiative forcing of ±20% around
its best estimate [35]. The constrained ensemble
is selected to ensure consistency with the observed
record of global mean surface temperature change
from 1850–2022 including its uncertainty, and the
correspondence to the historical warming record
is demonstrated in supplementary figure 1(c). In
addition to historical warming, the posterior is
reweighted to fit eight distributions of assessed and
observed climate metrics (equilibrium climate sens-
itivity (ECS); transient climate response (TCR); dir-
ect, indirect and total aerosol forcing; surface tem-
perature anomaly in 2003–2022 relative to 1850–
1900; CO2 concentrations in 2022; and time integ-
rated Earth energy uptake increase in 2020 relative
to 1971). The ECS, TCR and aerosol constraints are
from IPCCAR6WG1 [35] and other constraints from
the Indicators of Global Climate Change (IGCC) pro-
ject which updates the IPCC assessments to 2022
[6]. The sampling and constraining procedure is
described in [31].

2.3. Adaptive methane removal algorithm
The three scenarios are first run from 1750 until the
end of 2022 which defines our historical period (even
though the scenarios diverge in 2015). We follow
IPCC AR6 WG3 logic, updated for the IGCC assess-
ment of warming through 2022, which anchors his-
torical warming to be 1.03 ◦C for 2003–2022 relat-
ive to 1850–1900. From 2023 onwards, FaIR is run
one year at a time with an adaptive methane removal
algorithm [36]. For each scenario and each of the 841
ensemble members, the global mean surface temper-
ature anomaly is checked each year to determine if it
exceeds 1.5 ◦C above 1850–1900 (or more precisely,
0.47 ◦C above 2003–2022). If 1.5 ◦C is exceeded, 20
TgCH4 is removed from that scenario and ensemble
member in the current year, and the year re-run
with the lower emissions. This is repeated until either
the year-end temperature is reduced below 1.5 ◦C or
the atmospheric methane concentrations are reduced
below 50 ppb. When either the temperature goal has
been reached or concentration lower bound has been
hit, the model steps forward to the next year and the
process is repeated. A sensitivity analysis with a 10
TgCH4 removal step showed almost identical results.

The 50 ppb lower concentration limit was chosen
to avoid FaIR attempting to run with negative atmo-
spheric concentrations of methane (impossible in
both real andmodel world). Stabilizingmethane con-
centrations at 50 ppb is likely far lower than what
could be achieved using available methane removal
technologies, and again we demonstrate only the geo-
physical potential for methane removal. For context,
pre-industrial methane concentration was around
700 ppb, and has not been lower than 320 ppb over
the last 156 000 years [37].

3. Results

3.1. Global mean surface temperature
Figure 1(a) shows global mean surface temperat-
ure projections from the three scenarios. Methane
removal can successfully avoid overshooting 1.5 ◦C in
the SSP1-1.9 and IMP-Neg scenarios in the respective
ensemble medians, but not in every ensemble mem-
ber (supplementary figure 2). Methane removal can-
not avoid exceeding 1.5 ◦C in the SSP5-3.4-overshoot
ensemble median. The maximal atmospheric capa-
city for removal is exhausted as evidenced by the
inflection point in the warming trajectory around
2050. Supplementary figure 3 shows that concentra-
tions hit the 50 ppb floor in the median of the SSP5-
3.4-overshoot ensemble in around 2050.

Figure 1(b) shows the difference between tem-
peratures projected in the adaptive methane removal
scenarios compared to the no-removal scenarios.
Methane removal successfully offsets up to 0.3 ◦C
of peak warming in the lower overshoot scenarios.
Although warming cannot be kept below 1.5 ◦C in
SSP5-3.4-overshoot, methane removal reduces peak
warming by over 0.7 ◦C, and this peak shaving
has the effect of keeping global mean temperature
around 0.1 ◦C below the no-removal scenario (in
the ensemble median). The lower bound of avoided
warming from methane removal in both SSP1-1.9
and IMP-Neg is zero (supplementary figure 2(b)),
indicating that a favourable climate configuration
(for example, ECS on the low side of the IPCC assess-
ment) could render methane removal unnecessary to
meet 1.5 ◦C.However, these scenarios could both also
exceed 1.5 ◦C by a large amount if ECS is high, neces-
sitating large amounts of methane-removal-driven
cooling (supplementary figure 2(b)).

3.2. Required removal rates
The annual gross CH4 removal required in each scen-
ario is shown in figure 2(a). Themedian level ofmeth-
ane removal required in SSP1-1.9 is 60 Tg CH4 yr−1

(around 15% of current anthropogenic emissions).
Indeed, the median CH4 emissions in SSP1-1.9 and
IMP-Neg remain net positive at all times, showing
that 1.5 ◦C could theoretically be achieved in these
scenarios with very aggressive methane mitigation
combined with breakthrough technologies to oxid-
ise most residual emissions at source [9]. As seen in
figure 2(a), the time dependence of methane removal
determined from the adaptive scenarios is without
reference to any assumptions around feasibility, and
require very rapid rates of methane deployment tech-
nologies in the very near future, starting around 2030.
Methane removal would be required to a greater
extent in SSP5-3.4-overshoot, could not limit peak
warming below 1.5 ◦C, and requires methane emis-
sions to go net negative requiring in-situ removal
methods.
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Figure 2. (a) Gross methane removal in the ensemble medians in the three adaptive methane removal scenarios. For other
quantiles refer to supplementary figure 3. (b) Net methane emissions in the adaptive scenarios (ensemble medians, solid lines)
and scenarios before methane removal (dashed lines).

Figure 2 shows the median removal required,
which masks substantial uncertainty from the state of
the climate system. Supplementary figure 4 shows the
quantiles of required gross methane removal. In all
three scenarios, there is a risk that methane removal
would need to be continuously deployed far into
the future to stabilise temperatures under 1.5 ◦C in
more than 10% of SSP1-1.9 ensemble members and
more than 20% of IMP-Neg and SSP5-3.4-overshoot
ensemble members. The risks of continued reliance
on peak-shaving methods have been discussed previ-
ously in the context of solar radiation management
[38], which is an appropriate analogy. Furthermore,
the deployment rates required in the near future could
be unrealistically large to keep warming under 1.5 ◦C
as evidenced by the large spike before 2030.

3.3. Required cumulative removal
The median cumulative removal required between
2023 and 2300 in SSP1-1.9 is 1.2 PgCH4, the equival-
ent of around 3 years’ of current emissions. However,
the uncertainty in climate, explored in section 3.5,
could mean that substantially higher levels of cumu-
lative removals are required: up to 87 PgCH4 in SSP1-
1.9 to bring a pathway that overshoots 1.5 ◦C back
below this level. Across the three scenarios, cumulat-
ive removals of up to 103 PgCH4 may be required to
avoid overshoot of 1.5 ◦C.

As methane’s atmospheric lifetime is relatively
short, active removal methods are merely acceler-
ating a process that would have happened anyway:
chemical decomposition in the atmosphere with an
e-folding time of around a decade. Thus, the bene-
fit of the removal of one unit of methane decays over
time, and a cumulative methane removal metric is

ideally adjusted to account for its lifetime to determ-
ine an ‘effective’ cumulative removal [15]. However,
we determine that to first order in figure 3 that
gross cumulative methane removal required between
2023 and 2300 is a function of peak warming before
removal. In figure 3 ensemble members in which
peak warming can be limited to 1.5 ◦C usingmethane
removal are shown in solid circles, and those where
the atmospheric concentration minimum of 50 ppb
is reached before temperatures can be reduced below
1.5 ◦C are shown in hollow circles.

It can be seen that the level of required methane
removal increases approximately linearly with peak
warming in the adjusted ensemble member. We use
an ordinary least squares regression to predict cumu-
lative required removal for ensemble members where
peak warming is successfully limited to 1.5 ◦C:

RCH4 =

{
0 Tpeak ⩽ 1.5

a+ bTpeak Tpeak > 1.5
(1)

where Tpeak is peak warming and RCH4 is cumu-
lative methane removal. The best fit coefficients to
equation (1) for the three scenarios are given in
table 1.

It may seem counter-intuitive that less meth-
ane removal (lower b coefficient) would be required
in SSP5-3.4-overshoot than in the lower warming
scenarios. However, as the relationship is fit only
for ensemble members that successfully limit peak
warming, only the lowest warming ensemble mem-
bers, typically those with lower climate sensitivity
(section 3.5), contribute to the regression calculation.
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Figure 3. Cumulative methane removal required in order to limit peak warming to 1.5 ◦C, depending on peak warming in the
adjusted projection, in (a) SSP1-1.9; (b) IMP-Neg and (c) SSP5-3.4-overshoot. Filled circles relate to ensemble members where
peak warming is limited to less than 1.5 ◦C. Hollow circles are ensemble members where peak warming cannot be limited to
1.5 ◦C. The black line shows the ordinary least squares linear regression to solid circles where peak warming exceeds 1.5 ◦C.

Table 1. Best fit coefficients for predicting the level of required
cumulative methane removal to limit peak warming to below
1.5 ◦C from the relationship in equation (1), for ensemble
members in which peak warming of 1.5 ◦C is successfully avoided
using methane removal alone. For context, current global
anthropogenic methane emissions are around 0.4 PgCH4 yr−1.

Scenario a [PgCH4] b [PgCH4 K
−1]

SSP1-1.9 −117 75
IMP-Neg −113 71
SSP5-3.4-overshoot −79 51

3.4. Atmospheric chemistry and radiative forcing
Methane’s atmospheric burden lifetime is reduced in
all three scenarios, though most strikingly in SSP5-
3.4-overshoot which is reduced from a median life-
time of 9.7 yr to 6.4 yr in 2050 (supplementary figure
5(a)). The reduction in methane concentration in
each scenario is due to the self-feedback in meth-
ane lifetime [34], which far outweighs the opposing
effect of a slightly reduced warming. Methane and
ozone radiative forcing is also reduced in all three
ensemble members (supplementary figures 5(b) and
(c)). Methane radiative forcing is at its most negat-
ive when SSP5-3.4-overshoot hits 50 ppb, at a floor of
around−0.6Wm−2.

3.5. What dictates uncertainties in required
cumulative removal?
The level of cumulative methane removal required
can also be expressed in terms of emergent proper-
ties of the climate system. Figure 4 shows the rela-
tionship between the ECS, a standard climate met-
ric defined as the long-term equilibrium warming
from the forcing equivalent of a doubled atmospheric
CO2 concentration, and cumulative required meth-
ane removal in the three scenarios. In these instances,
ECS is calculated from the properties of the impulse-
response climate model component of FaIR (see [30]
for details). For SSP5-3.4-overshoot, ECS is a very
good predictor of the cumulative methane removal.

As a higher forcing scenario than IMP-Neg and SSP1-
1.9, ECS is more influential in determining peak
and long-term warming than in the lower scenarios.
Conversely, the present-day aerosol forcing can be
used as a predictor of required cumulative methane
removal (supplementary figure 6) due to its strong
anti-correlation with ECS in historically-consistent
climate projections [39].

Another metric that dictates the cumulative
methane removal is the zero emissions commitment
(ZEC) to net zero CO2 emissions. If ZEC is positive,
there is residual warming after net zero, such that net
negative CO2 emissions would be required to stabil-
ise warming. If the CO2 emissions pathway is pre-
scribed, as in the three scenarios presented, then a
positive ZEC requires non-CO2 forcing to be reduced
further in order to stabilise warming: in this case, the
mechanism that we have available is further methane
removal. We run idealised experiments in FaIR using
the esm-1000PgC-bell experiment [40] to determine
the ZEC 50 years after net zero CO2. We indeed find
that there is a positive correlation between the ZEC
and the required level of cumulativemethane removal
(supplementary figure 7).

4. Discussion

We present a geophysical assessment of the potential
for methane removal to avoid overshooting of 1.5 ◦C
warming using a calibrated, constrained ensemble of
the FaIR simple climate model. Generally, methane
removal or oxidation could be an option for limit-
ing small, temporary temperature overshoots of up
to around 0.3 ◦C. The required level of cumulative
methane removal scales roughly with peak warming,
though it likely that the costs to remove methane
would scale faster than linearly as its concentration
becomes more dilute in the atmosphere at increas-
ingly high levels of removal.

Reducing methane concentration below
pre-industrial levels of around 700 ppb would be
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Figure 4. Relationship between cumulative methane removal required to limit global mean surface temperature to 1.5 ◦C in all
three scenarios and equilibrium climate sensitivity (ECS). Solid points are ensemble members in which peak warming is
successfully limited to 1.5 ◦C.

necessary to avoid larger overshoots. It is not eval-
uated whether this level of methane concentration
would be achievable in practice. Nevertheless, reduc-
tions below pre-industrial concentrations could not
be achieved with point-source oxidation alone and
would require in-situ removal. The side-effects of
adding large volumes of iron particles to increase the
marine atmosphere hydroxyl and chlorine sink could
be substantial and deleterious with results only avail-
able from a single Earth System model to date [22],
and more research on the atmospheric chemistry and
air quality effects is needed. Although not evaluated,
as methane becomes more and more dilute in the
atmosphere, the costs of removal will increase, and
the question of whether this is cost-effective relative
to conventional mitigation (simply reducing positive
emissions of methane along with other greenhouse
gases and short-lived climate forcers) is appropriate
to ask. Figure 2 shows that the required rates of scal-
ing up of methane removal technology would be very
rapid, particularly in the higher overshoot scenarios,
and any realistic peak shaving scenario would need to
phase in methane removal more gradually.

Another consideration is the simplified radiat-
ive forcing relationship used in FaIR, having its ori-
gins in [29, 41]. In [41], the range of validity for the
CH4 radiative forcing relationship is 340–3500 ppb.
The formula in [29] used in FaIR is an improved
functional fit to the data of [41]. It is not evaluated
whether the approximate square-root law for radi-
ative forcing of methane holds below 340 ppb to
concentrations as low as 50 ppb. This is less of an
issue for the results provided for SSP1-1.9 and IMP-
Neg, where the majority of ensemble members do
not reach such low atmospheric concentrations, but
results for SSP5-3.4-overshoot should be interpreted
with this caveat in mind.

Finally, emissions of species that affect methane
lifetimes have not been altered and follow their par-
ent scenarios. Additional benefits, in terms of reduced

methane lifetime and further reductions in ozone for-
cing, could be obtained by contemporaneous action
on VOC and CO emissions, whereas reducing NOx
emissions would be beneficial for ozone and air qual-
ity but lengthen methane lifetime [32].

In summary, there is geophysical potential for
methane oxidation or technologicalmethane removal
as part of a portfolio of climate mitigation technolo-
gies to limit peak warming, but would only be worth-
while as part of a long-term strategy to limit global
mean surface temperature increase.Methane removal
is not a silver bullet, and not a substitute for rapid
reductions to net zero (or net negative) CO2, which
remain the surest way to achieve the Paris Agreement
long-term temperature goals.
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