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Extended DataFig.9|CO,and CH,emissions from permafrost and peatlands under overshoot. a, Cumulative CO, emissions permafrost emissions as a
functionoflengthabove1.5°C.b, CH, emissions from permafrost. c, CO, emissions from peatlands. d, CH, emissions from peatlands.
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Extended DataFig.10|High-end long-termirreversible permafrost,

peatland and sea-level rise impacts of overshoot. As Fig. 4, but for the 95%
quantile outcomes. a, Feedback on 2300 global mean temperatureincrease
by permafrost and peatland emissions (blue markers and left axis) and 2300

mean temperature from warming-induced permafrost and peatland emissions
andsea-levelrise increaseimplied by stabilising temperatures at peak warming
by achieving net-zero CO, emissions compared to along-term temperature
declineimplied by achieving and maintaining net-zero GHGs. Circles (squares)

global median sea-levelrise (right axis) as a function of overshoot duration.

Note that while the vertical axis provides 95% quantile outcomes, the overshoot

length on the horizontal axis refers to the median overshootlength under a

givenscenarioasinFig. 4 to allow for direct comparability. b, Additional global

markresults for temperature change (sea-levelrise) forindividual scenarios
fromref.37. Dashed horizontal linesin b provide the ensemble median and
min/max range.
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Extended Data Table 1| Literature categories of peak and decline emission pathways

Pathway Category

Temperature Characteristics

Emission Characteristics (Best
Estimates)

Pathways that limit
warming to 1.5°C (>50%)
with no or limited
overshoot (C1)?

Pathways that limit warming to 1.5°Cin 2100
with a likelihood of greater than 50%, and

reach or exceed warming of 1.5°C during the
21st century with a likelihood of 67% or less.

Limited overshoot refers to median
estimates of global warming exceeding 1.5°C
by up to about 0.1°C and for up to several
decades. C1 pathways that achieve net-zero
GHG are included in the sub-category Cla.

2030 reductions of total GHG
emissions relative to 2019:

43% [34-60 %, 5th-95th

percentile range]
Timing of net-zero CO,:

2050-2055 [2035-2070]
Timing of net-zero GHG (only category
C1a pathways):

2070-2075 [2050-2090]
Cumulative net-negative CO, after net-
zero:

220 GtCO, [20-660]

Pathways that return
warming to 1.5°C (>50%)
after a high overshoot
(C2y?

Pathways that limit warming to 1.5°C in 2100
with a likelihood of greater than 50%, and
exceed warming of 1.5°C during the 21st

century with a likelihood of greater than 67%.

High overshoot refers to median global
warming projections temporarily exceeding
1.5°C by 0.1-0.3°C for up to several decades

2030 reductions of total GHG
emissions relative to 2019:

23% [0-44 %, 5th-95th

percentile range]
Timing of net-zero CO;:

2055-2060 [2045-2070]
Timing of net-zero GHG:

2070-2075 [2055-...]
Cumulative net-negative CO, after net-
zero:

360 GtCO, [60-680]

Paris Agreement
compatible pathways'

Pathways that reach or exceed warming of
1.5°C during the 21st century with a
likelihood of 67% or less, and simultaneously
do not exceed 2°C during the 21st century
with a likelihood of 90% or more.

Achieve long-term declining temperature by
reaching net-zero GHGs. Similar to C1
pathways in the near term and category C1a
pathways in the long term (post-2050).

2030 reductions of total GHG
emissions relative to 2019:

41% [38-44 %, interquartile

range]

Timing of net-zero CO;:

2050 [2045-2055]
Timing of net-zero GHG:

2065 [2060-2075]
Cumulative net-negative CO, after net-
zero:

453 GtCO, [127 - 690]




Extended Data Table 2 | Overview of constraints of large-scale CD

R72—89

Description of constraints and potential for overconfidence

Readiness

Current removal capacities are far from what is required to be compatible with the Paris
Agreement. In the coming years, removal scales need to go up while costs need to come down -
both at highly ambitious levels. Implementation gaps already arise, potentially precluding
reliance on CDR to steer back from overshoot?.

Permanence &
Resilience

Permanent and secure storage of removed carbon is key. Overconfidence may arise from
neglected uncertainty of the geological storage potential’? and overestimated storage durability
of land and ocean sinks under progressing climate change. Carbon stored in soils and
vegetation is especially susceptible to climate or non-climatic impacts, including fires or pest
infestation, and may be constrained further if total sequestration potentials are lower than
current best estimates’7¢, Carbon sequestration in marine ecosystems is equally vulnerable to
climate impacts”’.

System feedbacks

Mitigation effects of CDR may be offset by weakened and potentially reversed land and ocean
carbon sinks, and other undesired system feedbacks’, e.g., unfavourable albedo changes, or
emissions due to direct or (unintended) indirect land use change. Carbon uptake potential of
land-based CDR is highly uncertain, depending on bioenergy crop yields in the case of
bioenergy and carbon capture and storage (BECCS) and soil carbon response to land-use
change and the rate of forest regrowth in the case of afforestation”2°,

Policy response &
Governance

Betting on CDR effectiveness may lead to insufficient emission reductions if CDR
underperforms, or physical climate feedbacks are stronger than expected. The outlook of
potential future CDR availability could deter mitigation, meaning that required gross emission
reductions may be delayed and/or weakened?#®' - an effect that can also be observed in
integrated assessment models®#3, Lacking monitoring and liability of removal additionality and
permanence may pose an additional constraint®,

Sustainability &
Acceptability

The extensive land use footprint associated with large-scale CDR may threaten environmental
integrity®848¢ and/or agricultural production™. However, some types of CDR (for example, via
restoration of natural ecosystems and their associated carbon) would be more synergistic. CDR
often requires public acceptance - an aspect not reflected in current scenarios. Consensus is
critical, as CDR can lead to undesired distributional impacts (e.g., concerning land tenure or
food prices if large areas are allocated for CDR). Further constraints arise when considering
(transnational) equity criteria, as the burden of CDR may not be evenly distributed between
polluters, regions, and generations*®®. Even with strong CDR deployment by high-income
countries, equitable mitigation outcomes may not be achieved?#2°,






