Figure 4 shows the impact of a change in the reduction of non-AFOLU methane emissions, comparing
the median scenario to a pathway in which non-AFOLU methane emissions are linearly reduced to 0
MtCH4 yr−1 in 2050. This has no significant impact on 2050 temperatures, due to the similarity between
the Net Zero and median non-AFOLU CH4 pathways before 2050, but reduces 2100 temperatures by
0.02°C relative to the median scenario.

Figure 4: as figure 1 except purple elements show deviation from the median scenario if non-AFOLU
CH4 emissions linearly reduce after 2020 to zero by 2050.
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Figure 5 shows the impact of a Net Zero N2 O scenario. The long lifetime of N2 O is made apparent
from this figure, which indicates that the warming impact of this change is 0.01°C in 2050, but increases
to 0.07°C by 2100 relative to the median scenario.

Figure 5: as figure 1 except purple elements show deviation from the median scenario if N2 O emissions
linearly reduce after 2020 to zero by 2050.
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The required reduction in CH4 to meet a 1.5 degree warming
target in 2050
Here I calculate the minimum required reduction in CH4 emissions to meet a 1.5°C warming goal in
2050 relative to 1861:1880 (the same warming level as the median scenario), meaning that the modelled
global mean temperatures must be below 1.5°C in 2050 to have achieved the goal, regardless of the
temperatures before and after. This is with background emissions of CO2 and N2 O either following the
median pathway (median background), or reducing to net zero by 2050 as proposed in the Zero Carbon
Bill (2050 Net Zero background). I do this for total CH4 emissions, and for two distinct definitions of
biogenic CH4 to highlight the impact this choice has on the outcome – conditional on all other sources
of CH4 linearly declining to zero by 2050. One definition is AFOLU CH4 emissions taken from the
IAMC scenario database.5 I use this definition since the proposed reduction targets in the Bill are
the inter-quartile range of 2050 AFOLU CH4 emissions within the 1.5°C consistent scenarios from the
IAMC database. The other definition is the sum of the IPC4 and IPCMAG categories (waste and total
agriculture) from PRIMAP-hist HISTTP data. I use this definition for consistency with biogenic CH4
emissions from an available published dataset.
In order to calculate a 2050 CH4 target, I construct a large range of pathways that linearly decline
between 2020 and 2050 for each definition of CH4 , and run these through the model with both the
median and 2050 Net Zero backgrounds. From these simulations I can find the scenario which has the
same warming in 2050 as the full median scenario: 1.5°C. This scenario gives me the maximum allowed
emission level in 2050 for a 2020-2050 linear reduction pathway in CH4 , from which I can calculate
the required reduction as a fraction of 2017 CH4 emissions. While total CH4 and IAMC AFOLU CH4
results are calculated independently using the model, the PRIMAP-hist values are derived from the
total CH4 reduction required, using the 2017 and extrapolated 2020 IPCMAG + IPC4 emission rates
given in appendix 3.
Table 1 contains the main results of my analysis – for consistency with the targets in the Bill, I express
levels of reduction relative to CH4 emission rates in 2017. Focusing primarily on the required reduction
in total CH4 , we see that increasing ambition in CO2 and N2 O from the median scenario to a 2050 net
zero date changes the required reduction in CH4 emissions from 70% to 44%, with over 2/3rd of the
change caused by the increase in CO2 mitigation ambition - if instead only CO2 hits net zero in 2050
and N2 O follows the median scenario, the required reduction level is 52% (not included in table 1).

Total CH4
AFOLU CH4
IPCMAG + IPC4 CH4

median

2050 Net Zero

-70
-42
-50

-44
+10
-7

Table 1: Required CH4 reduction below 2017 levels by 2050.
Figure 6 shows these required rates of reduction for each CH4 definition. Historical emissions from
2005 to 2020 are shown, and are extended based on the required trajectory given the background scenario
as above. The emission rates in 2020 and 2050 are displayed above the lines.
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Figure 6: Total and biogenic CH4 emission pathways consistent with 1.5°C warming in 2050. Grey
and purple lines show the minimum required reduction given a median and 2050 Net Zero background
respectively, as described above. Dots and text indicate the emission rates in 2017, 2030 and 2050.
Since the Bill discusses both 2050 and 2030 emission targets for biogenic methane, I now explore
the impact of setting different levels of CH4 emissions reduction from 2020 to 2030, and 2030 to 2050.
I do this by specifying a variety of emission levels at 2030 and 2050, and joining these linearly, with the
emission rate constant after 2050. I find that pathways consistent with a 1.5C warming goal in 2050
lie beneath a straight line in 2030 emission rate / 2050 emission rate space. This straight line has a
gradient of −4/3, determining that for each scenario, the weighted average of 2030 and 2050 emission
rates – with weights of 4 and 3 respectively – will equal an allowable emission rate budget dependent on
the background scenario followed by other forcings. Note that consistency with a 1.5°C 2050 warming
target is not equivalent to having the same peak warming, the timing and value of which will depend
more heavily on the emission rate in 2030 for this idealised pathway construction.
median

2050 Net Zero

58
75
70

74
107
96

Total CH4
AFOLU CH4
IPCMAG + IPC4 CH4

Table 1: Allowable weighted average emission budget (percentage of 2017 emission rate).
These results allow targets for 2030 and 2050 consistent with 1.5°C 2050 warming to be specified.
For example, the allowed budget based on current biogenic CH4 PRIMAP-hist emissions and with a
2050 Net Zero background is 96% of 2017 emissions. This must then equal the weighted (weights as
11

above) average of 2030 and 2050 emissions. This means that if either emissions target is specified, I
can calculate the unspecified target. If I take the proposed Bill target of a 10% reduction in biogenic
emissions by 2030 (relative to 2017, so an emission rate of 0.9× the 2017 emission rate), we may write
(4 × 0.9 + 3× maximum allowed 2050 fraction)/7 = 0.96. Solving for the required fraction, we find that
the emission rate in 2050 must be less than 104% of the rate in 2017, which represents a 4% increase.
This means that for this definition of biogenic CH4 emissions, a 10% reduction relative to 2017 by 2030
is excessive. It should be clear that the maximum required reduction by 2030 relative to 2017 (the
pathway in which emissions can remain constant following 2030) is given exactly by 100% minus the
values in table 2 for each CH4 definition and background scenario.
Figure 7 shows three pathways consistent with 1.5°C 2050 warming with different 2030 emission rates
for each CH4 definition. These three pathways are: a continuation of the current trend in CH4 emissions
to 2030; constant emissions to 2030; and a decline to 2030 such that emission rates can remain constant
following to 2050. Note the difference between the relative reduction in emissions by 2050 between
the three scenarios. In the figure showing total CH4 emissions pathways, the emission rates at all the
required points are displayed on the graph. For the other CH4 definitions, where the lines lie closer
together, the emission rates are displayed in tables below the figure.
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MtCH4
continued
trend

2017
2030
2050

179
197
51

median
constant
emission
rate
to
2030
179
184
68

constant
emission
rate after
2030
179
134
134
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continued
trend

179
197
184

2050 Net Zero
constant
constant
emission
emission
rate
to rate after
2030
2030
179
179
184
191
201
191

MtCH4
continued
trend

2020
2030
2050

211
227
41

median
constant
emission
rate
to
2030
211
214
58

constant
emission
rate after
2030
211
147
147

continued
trend

211
227
168

2050 Net Zero
constant
constant
emission
emission
rate
to rate after
2030
2030
211
211
214
202
186
202

Figure 7: CH4 emission pathways consistent with 1.5°C warming in 2050, but with variable emission
rates in 2030. Grey and purple lines show pathways with a median and 2050 Net Zero background
respectively, as described above. Dots and text in the total CH4 pathway show emission rates at 2017,
2030 and 2050.

The impact of net zero timing on total and agricultural CH4
emissions
Above I have examined the required reductions in order to keep 2050 warming consistent with the
SPM.1 median scenario - equivalently 1.5C. I now answer the question: if we bring CO2 , N2 O (and
non-agricultural CH4 where applicable) to net zero, what impact does the timing of zero have on the
residual (agricultural) CH4 emission reduction in 2050 required? Or to put it another way, if we change
net zero time by x years, what change in reduction y% does this equate to for the same peak warming
14

response, which is likely to occur slightly before net zero due to the equivalence of declining CH4 emissions with negative CO2 emissions?
I calculate the change in CH4 emission rate by 2050 (as a fraction of 2017 emissions) consistent with
the same peak warming response in biogenic and total CH4 emissions for a wide range of net zero times,
relative to the required change for a net zero time of 2050. Below are plotted these relative changes.
We see that a change in net zero time from 2050 to 2055 equates to an approximately -20% change in
total CH4 , -50% change in AFOLU CH4 based on the IAMC scenario components,5 or -42% change
based on biogenic PRIMAP-hist6 components. However, if net zero time is brought forward from 2050
to 2045, the required changes increases by +28% for total, +75% for AFOLU CH4 (which represents a
net increase), or +60% for PRIMAP-hist biogenic.

Figure 8: the trade-off between net zero timing and CH4 reductions. These show the required additional
changes in CH4 emissions dependent on the timing of net zero for other gases (and sources of CH4 where
applicable).

The impact of delayed CO2 mitigation on required CH4 reductions
While net zero in the key well-mixed greenhouse gases excluding biogenic methane is the relevant
scenario to assess the impact of the proposed Bill, for consistency with other studies, and to allow me
to compare methane reductions to changes in the carbon budget, here I show the relationship between
delayed CO2 mitigation (or equivalently additional post-2020 CO2 emissions), and the corresponding
changes in methane emission rate reduction required to keep warming levels in 2050 the same. We
see that an approximately 50% reduction (as a percentage of 2017 emissions) in CH4 levels by 2050 is
equivalent to approximately 5 more years of present day emissions allowable, in order to keep the 2050
warming level the same. A 100% reduction in AFOLU CH4 emissions by 2050 is equivalent to just over
an extra 5 years of allowable present day emissions.
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Figure 9: the equivalency between additional CO2 emissions and CH4 emission rate reductions. These
show the changes in CH4 emission reductions necessary to maintain warming levels in 2050 constant if
CO2 mitigation is delayed (two years delay is equivalent to one years additional CO2 emissions).
For consistency with existing literature, I plot the total CH4 figure above as 2050 CH4 model output
concentrations versus additional allowable CO2 emissions such that I can compare it to a similar figure
from Collins et al (2018).7 While Collins et al addressed more significant relative changes in CH4
concentration, our results are similar, with them finding around a 275GtC increase in allowable carbon
emissions for a 280ppb change in CH4 concentration in 2100 for their low and medium CH4 concentration
scenarios, which are the most comparable to the ones I explore here. I find a 270GtC increase in CO2
emissions corresponds to a 270ppb change in CH4 concentration in 2050 for the same warming outcome
in 2050.

Figure 10: the relationship between CH4 concentrations in 2050 and changes in the carbon budget for
a particular 2050 warming target.
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Appendices
A.1 The Generalised Impulse Response model (GenIR) (Leach
et al, in prep)
GenIR has two distinct components - a gas cycle module and a thermal response module. The gas cycle
module models the emission → concentration relationship for CO2 , N2 O and CH4 using the same set
of state dependence equations.16 There are four pools for the carbon cycle, and one for each of the
N2 O and CH4 cycles. The state dependence more accurately models the carbon cycle than the AR5
IR model,17 and additionally allows state dependent N2 O and CH4 lifetimes to be modelled that are
consistent with Prather et al (2015)18 and Holmes et al (2013).19 Radiative forcings are then calculated
from the computed concentrations using the simple formulae given in Etminan et al (2016).20 These
forcings, along with any other specified forcings, are used to derive the global mean warming using a
two box (quick and slow components) thermal response model described in Good et al (2010).21 While
here we use only two thermal response components, the model is generalisable to additional components
such as in.22

A.2 Producing an emissions driven SPM.1
This is a concise account of the production of the emissions driven SPM.12 (figure 1). While consistency
with the original was the most important aspect, at times different choices had to be made, so I note
when the methodology involved here deviates from the production of the original figure.
Data sources
I use best-estimate forcings9 with associated uncertainties from AR5.23 Historical CO2 emissions are
taken from the Global Carbon Project,8 and historical CH4 and N2 O emissions from PRIMAP-hist
(HISTTP).6 These historical emissions are extrapolated between 2017 and 2020 using a linear trend.
Historical gas concentrations are taken from the Historical greenhouse gas concentrations for climate
modelling (CMIP6) dataset,24 and are extended between 2014 and 2018 using the trends in up-to-date
gas concentration data from NOAA.25
Methods
The total best-estimate forcings used here are higher than AR5 forcings,23 which were used in the
original figure. This is largely due to the updated concentration-forcing relationship for methane in
Etminan et al (2016),20 and requires the TCR and ECS values used here to be updated accordingly26
to provide the same level of present day and future warming as the original figure. We update the
median TCR value, and scale all other TCR and ECS values accordingly, in order to maintain the
same ratios between TCR and ECS values. There are 5 TCR / ECS combinations used in the figure,
corresponding to the 16th, 33rd, 50th, 66th and 83rd percentiles. For each combination, we scale the
normally distributed forcings based on the uncertainties in AR5, assuming full dependence between the
TCR distribution and forcing distribution where the percentiles are inversely related (the lowest forcing
percentile corresponds to the highest TCR percentile). We then scale the aerosol forcing component
(the most uncertain component) to match the present day level of warming as given by the Global
Warming Index.14 We calculate the global warming index with the same best-estimate forcings as used
in the figure, and the average of four observational timeseries.10–13 Using carbon cycle parameter ratios
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that span the uncertainty range from CMIP5,27 and gas cycle parameter ratios for N2 O and CH4 that
span the uncertainty range in Holmes et al (2013)19 and Prather et al (2015),18 we diagnose historical
emissions from historical concentrations, finding the pre-industrial iIRF16 value for each parameter ratio
such that diagnosed present day emission rates match those from the historical datasets above.
We now have all the historical forcing and emissions data, and parameter sets required to reproduce
SPM.1. We extend the historical runs in three ways: the median scenario as described in the main text;
a scenario where CO2 emissions decline linearly to zero by 2040 while other forcings follow the median;
and a scenario in which forcing remains approximately constant after 2030 instead of declining. This
constant forcing scenario is constructed by reducing N2 O and CH4 emissions to a value in 2030 as to
keep concentrations constant after 2030, and by keeping all other non-CO2 forcings constant after 2030.

A.3 Scenario and historical emission data tables
The median scenario:

2017
2020
2030
2050

CO2
(GtCO2 )

CH4
(MtCH4 )

AFOLU CH4
(MtCH4 )

other CH4
(MtCH4 )

N2 O (MtN2 ON2 )

warming response (°C)

11.26
11.38
8.13
1.63

350.87
363.01
239.59
172.53

178.70
183.71
139.68
129.25

188.45*
179.30
99.91
43.27

6.70
6.91
5.83
4.91

1.07
1.15
1.37
1.50

*Note that AFOLU + non AFOLU does not add up to the total historical value in 2017 since these
are derived from the proportions in the IAMC scenarios,5 and match the historical extrapolation value
in 2020 (since we assume mitigation begins in 2020 throughout). In the scenarios, non AFOLU mitigation begins before 2020, hence the larger value in 2017. AFOLU emissions increase up to 2020 in the
scenarios, consistent with the current trajectory.
Present day PRIMAP-hist6 and GCP8 extrapolation:

2017
2020

CO2
(GtCO2 )

CH4
(MtCH4 )

IPCMAG + IPC4
CH4 (MtCH4 )

other CH4
(MtCH4 )

N2 O (MtN2 ON2)

11.26
11.38

350.87
363.01

210.56
214.46

140.31
148.55

6.70
6.91
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