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Introduction

This report gives a brief overview of the current scientific understanding of emissions reducti
needed to achieve the temperature ambitions of the Paris Agreement. It builds on the findi
the IPCC special Report on global warming of 1.5 °C and Special Report on Climate c@g
and Land, as well as recent updates in the scientific literature. It focuses on the main \
characteristics of the emission pathways and what choices exist between mitigatiof\ ifferent
greenhouse gases. We also discuss how different choices affect the prospects\@l’eeting the
Paris temperature goals.

. \(b.

1. Climate response to emissions of different Q&é"

This first section examines how much warming greenhouse gas ir@ases have committed us to
and how well we understand the climate response to future ions.

1.1 Committed i \\'
. ommitted warming @

Future global warming largely depends on futu@al emissions of greenhouse gases (GHGs),
but also from changes in other air pollutant concept ‘committed warming’ - or ‘warming in
pipeline’ due to past emissions received in @ed attention in the context of the Paris Agreement
aiming at ‘holding the increase in the g average temperature to well below 2 °C above pre-
industrial levels and pursuing effort imit the temperature increase to 1.5 °C above pre-
industrial levels’. \@

Based on the literature anQﬂwaedge available at the time, the SR1.5 concluded that past
emissions alone are unlikely to commit the world to global warming in excess of 1.5°C. Does this
conclusion still hold? There is new science emerging on the committed warming if CO, emissions
fall to zero, the zero emission commitment (ZEC). There have also been additional warm years
since 2018 and a revision of historic temperature records. The amount of warming for future GHG
emissions before targets are passed also depends on emission changes in non-greenhouse gas
pollutants. The sections below detail how understanding of each of these has progressed since
the 2018 IPCC Special Report on global warming of 1.5 °C.
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1.1.1 Historic warming estimates

Before we discuss future warming, in light of the Paris temperature target it is worth considering
historic warming estimates. SR1.5 estimated that the human-induced warming had reached
around 1°C (with a 0.8°C to 1.2°C range) by the end of 2017 above pre-industrial levels. This was
based on averaging the first four datasets in Table 1.1 of that report. Since then these historic
temperature datasets are in the process of being revised. We expect these revisions to lead to a
slight increase in the warming to date overall (e.g. Kennedy et al. 2019, Kadow et al. 2020) and
the years since 2017 have continued to be among the hottest in the instrumental record. The
discussion of how we define globally average surface temperature was addressed in Chapter 2
of SR1.5 for the calculation of the remaining carbon budget. Chapter 2 employed two estimates
of the warming to date. The traditional measure of global-mean surface temperature (GMST) is
based on observations that use a combination of near surface air temperature over land and sea-

ice regions and sea-surface temperature over open ocean regions. The second measure is onb

that combined the observations with model data to estimate the near surface air temperam@
trend everywhere. The latter choice was there estimated to lead to 10% higher levels of

day warming and therefore a reduced remaining carbon budget. This 10% uplift &odel

@watlons

ennedy et

calculation and more recent work suggests that it may not be bome out in real-worl
comparing night-time marine air temperature to sea-surface temperature data (
al. 2019).

|Iable in the direct
ature, to approximate
r 1850-1900 for the pre-
add around 0.05°C more
nt (Hawkins et al., 2017).

IPCC SR1.5 used the average of 1850-1900, the earliest period the
observational record with reliable estimates of the global average
pre-industrial levels. There has been discussion of the choice of

industrial baseline. Using 1750 as a pre-industrial baseline co
warming to date but this is not estimated to be statistically Q{éﬁb

In summary, we might expect further revisions and upﬁs of the order one tenth of a degree to
the historic surface temperature change since prein fal times and these would have knock on
effects for remaining carbon budget analyses. N at by altering the historic temperature we
are implicitly altering the applied relationshi U@een global temperature and climate |mpmt5L
As an example, if we were to revise the pr t day historical warming upwards from 1.0°C to

1.1°C, the present day climate lmpact not alter, we instead would associate temperature
levels (e.g. 1.1°C or 1.5°C) with lower s of climate impact than previously, so avoiding 1.5°C
of warming becomes a more stri arget (associated with a lower level of aggregate climate

impacts than it was previously r than the revision pushing us closer to higher levels of future
climate impact.

1.1.2 Non greenhouse gas emission changes

Changes in emissions that affect aerosol and those that affect ozone concentrations change
future temperature and how close we are to temperature targets. Although generally 20-30 years
of near-term warming is expected from reducing aerosol pollution from a combination of climate
mitigation policies and air quality policies (Smith et al. 2018a; Samset et al. 2018), near term
warming can be limited with well-designed policies targeting both short and long-lived pollutants
(Shindell and Smith, 2019). [Forster et al. (2020) examined the climate response to COVID-19
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Figure 2: Constrained future warming estimates as probability dist@gﬁ functions. based on
revised climate sensitivity ranges from Sherwood et al. (2020, ults are shown for four
representative concentration pathways. (Figure 23 from Sherwoo al. 2020).

1.2.2 Radiative Forcing and Global Warming Potentials )\\'Q

The Effective Radiative Forcing (ERF) introduced in | AR5 has now become the accepted
way to compare the magnitude of different climate c mechanisms (Richardson et al., 2020).
The ERF includes cloud related adjustments t more traditional stratospherically adjusted
radiative forcing, allowing a better comparis%%e effect on global surface temperature across

forcing agents. Q}

The establishment of ERF as the sta measure of forcing has helped improve the estimates
of GHG metrics (such as the G luding for methane. A number of other factors studied in
recent publications will also infl the GWP value for methane:

e Moving to ERF incrées CO:- radiative forcing but leads to a decrease in methane
radiative forcing from ‘cloud adjustments (Smith et al. 2018b). In of itself this would
decrease the GWP100 by ~20%.

e Etminan et al. (2016) include the shortwave forcing from methane and updates to the
water vapour continuum and account for the overlaps between carbon dioxide and nitrous
oxide. In of itself this would increase the GWP100 by 25%.

e Thornill et al. (2020) quantify the indirect effect of methane on ozone radiative forcing and
based on several models they find a significantly lower value than what was used in AR5
for GWP and GTP calculations. This could decrease the GWP100 by 25%.



e [The results of Wang and Huang (2020) show that due to high cloud changes the
stratospheric water contribution to methane GWP100 which was 15% in AR5 might be
closer to zero in the ERF framework, in of itself decreasing the GWP by up to 15%.

e Gasser et al. gives a better description of how to account for climate carbon cycle
feedbacks in emission metrics. AR5 included this feedback for non-CO, gases, which up
to then was only included for the reference gas CO2, and imply an underestimation of
GWP values for non-CO; gases. Due to lack of sufficient literature at the time of writing
AR5, the inclusion of this feedback effect was presented as tentative.

Studies have not yet tested these results or combined these analyses for an overall estimate of
methane GWP. At this stage it is difficult to be more quantitative regarding the net result, but the
IPCC Sixth Assessment Report will attempt to assess these and other studies, bringing different

-
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lines of evidence together to form a new comprehensive assessment next year. OQ

Hodnebrog et al. (2020) gives an update of radiative efficiency and GWP and GTP valqué
halocarbons. New radiative efficiencies (RE) calculations are presented for more t@\
compounds in addition to the previously assessed compounds, and GWP calculation iven
for around 250 compounds. Present-day radiative forcing due to halocarbons al er weak
absorbers is 0.38 [0.33-0.43] W m=2, compared to 0.36 [0.32-0.40] W m~2in R@ R5 (Myhre
et al_, 2013), which is about 18% of the current CO- forcing.

\‘b
1.2.3 Surface temperature projection estimates ()

Climate model emulators such as FalR and MAGICC (employe s§R1 5) are often used to
estimate global warming futures across multiple scenarios. Such reduced complexity climate
models can either be set up to mimic the behaviour of gloﬁ%n surface temperature change
from more complex models or can be set up in probabilisti to match the assessed range of
climate sensitivity and effective radiative forcing fro r assessments or lines of evidence.
Due to the prominent role of such models in p ing net zero scenarios in SR1.5, an
intercomparison is currently underway (httgézly.rcmig.orﬂ) between a variety of these
reduced complexity models. Preliminary resul m this show that such models generally work
well for projections of global surface tem re (Nicholls et al. 2020). Such models based on
updated estimates of ERF and climate itivity can provide the basis for calculating national

emissions contributions to global tem ure changes and could also be used to understand the
direct global temperature mpacts@ew Zealand’s emissions (see Section 3.1).

2. Trade-offs in gI@ZI emissions pathways to keep warming to 1.5°C

The previous section described how both long-lived and short-lived GHG emissions affect the
climate system. Different combinations of future long-lived and shorter-lived GHG emissions
trajectories can be consistent with achieving the long-term temperature goal of the Paris
Agreement. This section looks at the evidence for trade-offs between these two dimensions at a
global level, considering both pathways arising from cost-optimising economic models and from
more idealised pathways.



2.1 Emission metrics

The Global Warming Potential (GWP) is defined as the time-integrated radiative forcing due to a
pulse emission of a non-CO: gas, relative to a pulse emission of an equal mass of CO.. It is used
for expressing the effects of different emissions on a common scale; so-called ‘CO; equivalent
emissions’. The GWP was presented in the First IPCC Assessment (Houghton et al., 1990),
where it was stated that “It must be stressed that there is no universally accepted methodology
for combining all the relevant factors into a single global warming potential for greenhouse gas
emissions. A simple approach has been adopted here to illustrate the difficulties inherent in the
concept, ...”.

Since then, the GWP has become a widely used metric for aggregation of different gases to ‘CO
equivalent emissions’ in the context of reporting emissions as well as in designing and assessing
climate policies. The GWP for a time horizon of 100 years was adopted as a metric to imple
the multi-gas approach embedded in the United Nations Framework Convention on Clj

Change (UNFCCC) and made operational in the 1997 Kyoto Protocol. ®
The numerical values for GWP have been updated in the successive IPCC rts, as a
consequence of updated science but also due to the changes occurring in t osphere; in

particular the CO, concentration to which the radiative forcing has a non-lineuQ ation.

Since its introduction the concept has been evaluated and tested for us@?design of mitigation
policies. IPCC AR4 stated that “Although it has several known shortct@»gs, a multi-gas strategy
using GWPs is very likely to have advantages over a COz-only tegy (O’Neill, 2003). Thus,
GWPs remain the recommended metric to compare future climate impacts of emissions of long-
lived climate gases.” In IPCC AR5, the assessment conclud “The choice of metric and time
horizon depends on the particular application and which a B&; of climate change are considered
relevant in a given context. Metrics do not define policies or goals but facilitate evaluation and
implementation of multi-component policies to meet cular goals. All choices of metric contain
implicit value-related judgements such as type %@ect considered and weighting of effects over
time.”

The Paris Agreement text does not expli 't@pecify any emission metric for aggregation of GHGs,
but under the Paris rulebook ad%%t COP 24 in Katowice [Decision 18/CMA.1, annex,

paragraph 37], parties have agr use GWP100 values from the IPCC AR5 or GWP100
values from a subsequent IPCi sessment to report aggregate emissions and removals of
GHGs and for accounting DCs. In addition, it is also stated that parties may use other

metrics to report supplemental’information on aggregate emissions and removals of greenhouse
gases. Using CO2-e under GWP100 for reporting does not preclude the use of other metrics for
policy, since CO2-equivalent values under different metrics are related by very simple formulae.
CO2-e emissions of SLGHGs under GWP20 are typically about three times their value under
GWP100, while CO2-warming-equivalent emissions under GWP™* are four times the current value
of CO2-e under GWP100 minus 3.75 time the value 20 years previously.

S

?\





















15

timescales) it may be necessary to have a certain amount of net negative global CO, emissions
even to sustain global temperature at a constant level. This is to counter any slow Earth System
feedbacks such as permafrost thawing which would add to atmospheric concentrations (and
therefore warming) over long-timescales (see Section 1.1).

The relationship across the scenarios between cumulative long-lived GHG emissions and the rate
of CH4 emissions identified in Section 2.2 also helps elucidate the tradeoffs between further
reductions in trajectories of biogenic methane emissions post-2050 and net-negative CO2
emissions after reaching net-zero.

These results again make the case for early action to reduce emissions of LLGHGs. As such
actions can both reduce peak temperatures and the level of negative emissions technology
needed to achieve a 2100 temperature goal. This is relevant for several reasons. Firstly, ther
are implications of allowing overshoot on the global energy system. In a world that is tryin \b
reduce global temperatures after 2050 there might be a greater need for energy genel

associated with the removal of CO2 from the atmosphere (such as through bioenergy wi on
capture and storage - BECCS) than in a world that is not trying to decline temperature 2050.
This might therefore change the make-up of a desirable electricity generation mix | decades

prior to 2050. In such pathways you also need to worry about competing intek for land-use
(see IPCC Special Report on Climate Change and Land). Secondly, any tained post 2050
methane abatement could also help reduce temperatures and reduce the endence on long-
term net negative CO2 emissions, indicating an interdependence 0st-2050 trajectories
between the gases in a world of declining temperature (see ure 6). Thirdly, even if
temperature targets are reached, some long-term net negative G missions might need to be
sustained. \(\@

3. Considerations for national path s consistent with keeping

warming to 1.5°C

Section 2 considered the tradeoffs between itibabn of different greenhouse gases. This section
discusses other considerations that could en into account in national pathways.

3.1 National contribution to global @ing

The research outlined in Sectio @and 2 and much previous research shows that methane
emission changes have a di time evolving climate impact than a CO, emission change.
This means that a national enlission pathway that specifies the change in aggregated greenhouse
gas emissions will not necessarily follow the same global warming, as different combinations of
long-lived GHGs and shorter-lived GHGs can give the same overall CO2 equivalent emission
trajectory (when aggregated using GWP100 values) (e.g., Fuglestvedt et a., 2000, Fuglestvedt et
al., 2003; Myhre et al., 2013; Allen et al., 2016; Allen et al., 2018). Globally the ambiguity
generated for realistic strong mitigation pathways has been found to be important at the 10% level
(or 0.17°C) (Denison et al., 2020). However, larger ambiguities could exist at sector and country
level; e.g., in countries such as New Zealand where methane emissions represent a larger fraction
of total greenhouse gas emissions. To illustrate this, the blue and green lines (or the purple and
red) in Figure 5 illustrate global warming contributions from two pathways with the same GWP100
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(%
Figure 6: As Figure 5, except emissions reductions continue beyond 2050. 24% bio, CH4
reduction by 2050, shown in the top panel and 47% reduction in the bottom panq&)@ panels
have three scenarios: emissions unchanged after 2050, matching Figure 5; the bi ic methane
reduction rate continuing after 2050; or biogenic methane emissions sudds{l cline to zero
after 2050.

O
3.2 Fairness and equity ss\\\
national quotas, choices have to be made regarding fairness; ity and burden sharing. These

are obviously not straightforward and can have a large e n levels of ambition for mitigation
reduction (see Figure 7 and Figure 3.9 from the UK CGE&N2019).

When determining either net zero targets dates or proportionin;g;e:emaining carbon budget into

&
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Figure 7: Methodological, fairn d equity choices when creating national carbon budgets
from the global remainin n budget. Figure 2 from the 2019 CONSTRAIN report
https://constrain-eu.org/. See'also Rogelj et al. (2019a).

When comparing national emission pathways, it is important to consider different national starting
points. The same ‘1.5C consistent’ mitigation actions measured by cost or other measure of effort
could result in different rates of emissions reductions in different regions depending on national
circumstances and their respective capabilities to cut emissions. This includes the share of hard-
to-abate emissions within a country profile today. For example, if the energy sector is already
mostly decarbonised, the national emissions might not fall as quickly as the global average,
whose rapid decline over the 2020s in 1.5°C scenarios is associated primarily with the rapid
removal of coal from the electricity generation mix. Assessing whether a nation is taking the ‘1.5C
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Emission metrics are used for comparing and trading of emissions of gases with different physical
characteristics on a common scale. GWP100 has been widely adopted for aggregating emission
of gases to so-called ‘CO»-equivalent emissions’. But different mixes of long and short lived gases
included in the same amount of CO2-equivalent emissions will give different temperature
outcomes over time, and the use of the concept therefore introduces ambiguity in temperature
outcome. New metric concepts have been presented in the literature after AR5; e.g., the GWP*
concept which approximates the temperature response over time from emission paths. Which
metric is chosen and the rationale for the choice needs consideration and clear communication
of which purpose and goal it is meant to serve. As shown in Section 2.2, an alternative approach
based on the emergent relation between CH4 emissions prior to temperature peak and cumulative
CO, and N2O |could be considered as an altemative or supplement, depending on the policy

objectives.

mitigation strategies for a single country it is important to consider how the plans for net:
might be achieved interationally and how a nation’s plan fits into the international e
which countries might achieve net negative, net zero or net positive emissionb%
intemational trading is used).

Le.,
d how

4.3 Life after net-zero

As shown in the pathways in SR1.5, achieving net zero GHG is just on
limiting future warming. Plans for the further path of emissions of {
zero target is achieved also need to be addressed and

of the challenge in
ividual gases after net
icated, particularly how

greenhouse gas removal can be sustained given finite and col g interest for land resources
(see Section 3.1). \(\

4.3 Defining national high-ambition pathways \

Which fairness and equity principles that are appli s rationale for New Zealand’s efforts are
important to communicate as a part of a mitigati ategy. As New Zealand’s starting position

in terms of sectoral emissions is different fri
trajectory might look quite different to a hi

other nations, a high ambition emission reduction
ition pathway from another country. In particular,
many countries are expected to rapidl rbonise their power sector out to 2030, leading to
large national emission reductions | 2020s. Countries such as New Zealand (and the UK)
where the power sector is alrea ostly decarbonised, urgent actions are needed on other
sectors such as buildings an: port for mitigation compatible with Paris Agreement ambitions,
that might take longer to manifest themselves in emissions trends. Therefore relatively modest
emissions reductions might suffice in the 2020s to keep warming to 1.5°C, compared to what is
required by the world as a whole. These could still be seen as ambitious provided the groundwork
is laid for large reductions in the 2030s (see Section 3.2).
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1.1.1 Historic warming estimates

Before we discuss future warming, in light of the Paris temperature target it is worth considering
historic warming estimates. SR1.5 estimated that the human-induced warming had reached
around 1°C (with a 0.8°C to 1.2°C range) by the end of 2017 above pre-industrial levels. This was
based on averaging the first four datasets in Table 1.1 of that report. Since then these historic
temperature datasets are in the process of being revised. We expect these revisions to lead to a
slight increase in the warming to date overall (e.g. Kennedy et al. 2019, Kadow et al. 2020) and
the years since 2017 have continued to be among the hottest in the instrumental record. The
discussion of how we define globally average surface temperature was addressed in Chapter 2
of SR1.5 for the calculation of the remaining carbon budget. Chapter 2 employed two estimates
of the warming to date. The traditional measure of global-mean surface temperature (GMST) is

based on observations that use a combination of near surface air temperature over land and sea- Q

that combined the observations with model data to estimate the near surface air temper,
trend everywhere. The latter choice was there estimated to lead to 10% higher levels o@
day warming and therefore a reduced remaining carbon budget. This 10% uplift wa model
calculation and more recent work suggests that it may not be borne out in real-worl ervations
comparing night-time marine air temperature to sea-surface temperature dat Q ennedy et

al. 2019). N\
%

IPCC SR1.5 used the average of 1850-1900, the earliest period é@ailable in the direct

ice regions and sea-surface temperature over open ocean regions. The second measure is?%p
nt

observational record with reliable estimates of the global averag erature, to approximate
pre-industrial levels. There has been discussion of the choice of or 1850-1900 for the pre-
industrial baseline. Using 1750 as a pre-industrial baseline@uld add around 0.05°C more
warming to date but this is not estimated to be statisticallysl\' icant (Hawkins et al., 2017).

X

s of the order one tenth of a degree to

In summary, we might expect further revisions and
the historic surface temperature change since prej rial times and these would have knock on
effects for remaining carbon budget analyses. that by altering the historic temperature we
are implicitly altering the applied relationship®between global temperature and climate impacts.
As an example, if we were to revise th @sent day historical warming upwards from 1.0°C to
1.1°C, the present day climate impqp@o not alter, we instead would associate temperature
levels (e.g. 1.1°C or 1.5°C) with | v@ vels of climate impact than previously, so avoiding 1.5°C
of warming becomes a more str%nt target (associated with a lower level of aggregate climate
impacts than it was previously), er than the revision pushing us closer to higher levels of future
climate impact.

1.1.2 Non greenhouse gas emission changes

Changes in emissions that affect aerosol and those that affect ozone concentrations change
future temperature and how close we are to temperature targets. Although generally 20-30 years
of near term warming is expected from reducing aerosol pollution from a combination of climate
mitigation policies and air quality policies (Smith et al. 2018a; Samset et al. 2018), near term
warming can be limited with well designed policies targeting both short and long-lived pollutants
(Shindell and Smith, 2019). Forster et al. (2020) examined the climate response to COVID-19
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