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Supplementary Table 1 | AR6 scenarios analyzed in this study
	Category
	Classification rules
	AR6
Scenarios
	Scenarios
analyzed *

	C1: Limit warming to 1.5°C (>50%) with no or limited overshoot
	< 1.5°C peak warming with ≥ 33% chance and < 1.5°C end-of-century warming with > 50% chance 
	97
	70

	C2: return warming to 1.5°C (>50%) after a high overshoot
	< 1.5°C peak warming with < 33% chance and < 1.5°C end-of-century warming with > 50% chance
	133
	106

	C3: limit warming to 2°C (>67%)
	<2°C peak warming with > 67% chance
	310
	231


* Not all scenarios had sufficient data to be reanalyzed in Gidden et al.1 Since we want to use land data, and thus use Gidden et al.1, we have reduced the number of scenarios in our analysis.
 Limited overshoot refers to exceeding 1.5°C by up to about 0.1°C and for up to several decades.
 High overshoot refers to temporarily exceeding 1.5°C global warming by 0.1°C–0.3°C for up to several decades.

Supplementary Table 2 | Compounded annual growth rates (CAGR) in percentages (%) for carbon management technologies in AR6 scenarios based on median values per scenario category for determined periods
	Technology
	Cat.
	2022-2050
	2020–2029
	2030–2039
	2040–2049
	2050–2059

	Fossil CCS
	C1
	26.4
	
	11.4
	2.4
	1.6

	Fossil CCS
	C2
	26.6
	
	17.0
	5.1
	2.8

	Fossil CCS
	C3
	26.4
	
	28.5
	5.7
	2.7

	Land CDR 
	C1
	3.7
	4.4
	1.8
	1.0
	0.1

	Land CDR 
	C2
	3.5
	2.0
	3.7
	1.2
	0.4

	Land CDR 
	C3
	2.4
	2.3
	2.3
	-0.4
	0.2

	Engineered CDR
	C1
	31.0
	
	17.7
	7.3
	3.7

	Engineered CDR
	C2
	30.6
	
	30.1
	13.9
	6.7

	Engineered CDR
	C3
	28.1
	
	29.1
	12.7
	7.6



Supplementary Table 3 | Mitigation rates in percentages (%) calculated as CAGR for GHG emissions based on median values for each path category (C1, C2, C3)
	
	0% underdelivering
	50% underdelivering
	100% underdelivering

	
	2020s
	2030s
	2040s
	2050s
	2020s
	2030s
	2040s
	2050s
	2020s
	2030s
	2040s
	2050s

	C1
	5.9
	5.8
	7.3
	3.5
	5.3
	4.4
	3.9
	1.7
	4.6
	3.2
	2.8
	0.5

	C2
	2.5
	5.5
	5.7
	6.5
	2.1
	4.6
	3.9
	3.2
	1.9
	3.7
	2.8
	1.5

	C3
	2.2
	4.4
	3.8
	4.1
	2.0
	3.8
	2.9
	2.0
	1.8
	3.1
	2.3
	1.2



Supplementary Table 4 | Mitigation rates in percentages (%) calculated as CAGR for CO2 emissions based on median values for each path category (C1, C2, C3)
	
	0% underdelivering
	50% underdelivering
	100% underdelivering

	
	2020s
	2030s
	2040s
	2050s
	2020s
	2030s
	2040s
	2050s
	2020s
	2030s
	2040s
	2050s

	C1
	6.4
	9.1
	23.9
	–
	5.5
	5.8
	6.9
	3.5
	4.5
	4.0
	4.0
	1.3

	C2
	2.7
	6.6
	10.3
	–
	2.2
	5.3
	5.3
	5.5
	1.8
	4.1
	2.9
	2.0

	C3
	2.2
	5.1
	5.9
	9.4
	1.8
	4.4
	3.5
	3.4
	1.5
	3.7
	2.4
	1.3



Supplementary Table 5 | Median net-zero CO2 emissions year (includes land and energy CO2) 
	
	Percent underdelivered carbon management

	
	0%
	10%
	20%
	30%
	40%
	50%
	60%
	79%
	80%
	90%
	100%

	C1
	2050
	2053
	2059
	2092
	2100
	2100
	2100
	2100
	2100
	2100
	2100

	C2
	2058
	2060
	2064
	2069
	2076
	2088
	2100
	2100
	2100
	2100
	2100

	C3
	2071
	2081
	2100
	2100
	2100
	2100
	2100
	2100
	2100
	2100
	2100
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Supplementary Figure 1 | Carbon management in AR6 1.5°C scenarios. Panels a–b show fossil CCS (including CCS for industrial processes) across 1.5°C (categories C1 and C2). Panels c–d show carbon dioxide removals for the same scenarios, including land- and engineered CDR. Panels e–f show carbon managed by type, including fossil CCS, land CDR, and engineered CDR. Panels g–h show carbon managed by function, including where fossil CCS is used, and whether CDR is used of offset emissions or to restore temperature by achieving net-negative emissions.
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Supplementary Figure 2 | Underdelivering land CDR alone – Greenhouse gas emissions and global mean temperature increase compared to 1850–1900 for original and underdelivering land CDR. Panels a–b show results for 2°C scenarios, c–d for 1.5°C with low-overshoot, e–f for 1.5°C with high-overshoot, and g–h show the difference in the scenarios compared to the original 0% underdelivering runs. Insets show the probability of exceeding a temperature threshold in each year from 2010–2100.
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Supplementary Figure 3 | Underdelivering fossil CCS alone – Greenhouse gas emissions and global mean temperature increase compared to 1850–1900 for original and underdelivering fossil CCS. Panels a–b show results for 2°C scenarios, c–d for 1.5°C with low-overshoot, e–f for 1.5°C with high-overshoot, and g–h show the difference in the scenarios compared to the original 0% underdelivering runs. Insets show the probability of exceeding a temperature threshold in each year from 2010–2100.
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Supplementary Figure 4 | Underdelivering engineered CDR alone – Greenhouse gas emissions and global mean temperature increase compared to 1850–1900 for original and underdelivering engineered CDR. Panels a–b show results for 2°C scenarios, c–d for 1.5°C with low-overshoot, e–f for 1.5°C with high-overshoot, and g–h show the difference in the scenarios compared to the original 0% underdelivering runs. Insets show the probability of exceeding a temperature threshold in each year from 2010–2100.
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Supplementary Figure 5 | Global mean temperature increases for 231 scenarios compatible with 2°C (or C3 category). Each dot represents one scenario. Panels a, c, e, g show GMT increase in 2100 compared to the mean between 1850–1900 based on percent underdelivered by technologies (i.e. land CDR, fossil CCS, engineered CDR, and all three combined). Panels b, d, f, h show the 2100 GMT increase difference in each scenario compared to its original run (i.e. 0% underdelivered).
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Supplementary Figure 6 | Global mean temperature increases for 70 1.5°C low-overshoot scenarios (or C1 category). Each dot represents one scenario. Panels a, c, e, g show GMT increase in 2100 compared to the mean between 1850–1900 based on percent underdelivered by technologies (i.e. land CDR, fossil CCS, engineered CDR, and all three combined). Panels b, d, f, h show the 2100 GMT increase difference in each scenario compared to its original run (i.e. 0% underdelivered).
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Supplementary Figure 7 | Global mean temperature increases for 106 1.5°C high-overshoot scenarios (or C2 category). Each dot represents one scenario. Panels a, c, e, g show GMT increase in 2100 compared to the mean between 1850–1900 based on percent underdelivered by technologies (i.e. land CDR, fossil CCS, engineered CDR, and all three combined). Panels b, d, f, h show the 2100 GMT increase difference in each scenario compared to its original run (i.e. 0% underdelivered).
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Supplementary Figure 8 | Probability of exceeding 2.0°C in each period for 231 2°C scenarios based on underdelivering different percentages of all carbon management technologies (0–100% every 10% increments). Each line is a scenario, and the black line represents the median across scenarios. 
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Supplementary Figure 9 | Probability of exceeding 1.5°C in each period for 70 1.5°C low-overshoot scenarios based on underdelivering different percentages of all carbon management technologies (0–100% every 10% increments). Each line is a scenario, and the black line represents the median across scenarios.
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Supplementary Figure 10 | Probability of exceeding 1.5°C in each period for 106 1.5°C high-overshoot scenarios based on underdelivering different percentages of all carbon management technologies (0–100% every 10% increments). Each line is a scenario, and the black line represents the median across scenarios.
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Supplementary Figure 11 | GMT increase in 2100 from underdelivering engineered CDR and land CDR from 0–100%, every 20% increments. Panels a, c, e show 2100 GMT increase compared to the mean between 1850–1900. Panels b, d, f show the difference in each scenario compared to its original run (i.e. 0% underdelivering). Values in the contours represent the mean across scenarios (n= 231 for 2°C scenarios, n = 70 for 1.5°C low-overshoot scenarios, n = 106 for 1.5°C high-overshoot scenarios).
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Supplementary Figure 12 | GMT increase for peak temperature from underdelivering engineered CDR and land CDR from 0–100%, every 20% increments. Panels a, c, e show peak GMT increase compared to the mean between 1850–1900. Panels b, d, f show the difference in each scenario compared to its original run (i.e. 0% underdelivering). Values in the contours represent the mean across scenarios (n= 231 for 2°C scenarios, n = 70 for 1.5°C low-overshoot scenarios, n = 106 for 1.5°C high-overshoot scenarios).
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Supplementary Figure 13 | Density distributions of global mean temperature (GMT) increase in 2100 for 2°C scenario. Each panel shows results from 210 scenarios, each run with 600 ensemble members. Panels represent combinations of underdelivered levels (0% to 100%, in 20% increments) for engineered carbon dioxide removal (CDR, rows) and land-based CDR (columns). Dashed lines in each facet represent the peak GMT increase for the distribution.
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Supplementary Figure 14 | Density distributions of global mean temperature (GMT) increase in 2100 for 1.5°C low-overshoot scenario. Each panel shows results from 70 scenarios, each run with 600 ensemble members. Panels represent combinations of underdelivered levels (0% to 100%, in 20% increments) for engineered carbon dioxide removal (CDR, rows) and land-based CDR (columns). Dashed lines in each facet represent the peak GMT increase for the distribution.
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Supplementary Figure 15 | Density distributions of global mean temperature (GMT) increase in 2100 for 1.5°C high-overshoot scenario. Each panel shows results from 106 scenarios, each run with 600 ensemble members. Panels represent combinations of underdelivered levels (0% to 100%, in 20% increments) for engineered carbon dioxide removal (CDR, rows) and land-based CDR (columns). Dashed lines in each facet represent the peak GMT increase for the distribution.
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Supplementary Figure 16 | Density distributions of global mean temperature (GMT) increase in peak temperature for 2°C scenario. Each panel shows results from 210 scenarios, each run with 600 ensemble members. Panels represent combinations of underdelivered levels (0% to 100%, in 20% increments) for engineered carbon dioxide removal (CDR, rows) and land-based CDR (columns). Dashed lines in each facet represent the peak GMT increase for the distribution.



[image: A chart of a graph

AI-generated content may be incorrect.]Supplementary Figure 17 | Density distributions of global mean temperature (GMT) increase in peak temperature for 1.5°C low-overshoot scenario. Each panel shows results from 70 scenarios, each run with 600 ensemble members. Panels represent combinations of underdelivered levels (0% to 100%, in 20% increments) for engineered carbon dioxide removal (CDR, rows) and land-based CDR (columns). Dashed lines in each facet represent the peak GMT increase for the distribution.
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AI-generated content may be incorrect.]Supplementary Figure 18 | Density distributions of global mean temperature (GMT) increase in peak temperature for 1.5°C high-overshoot scenario. Each panel shows results from 106 scenarios, each run with 600 ensemble members. Panels represent combinations of underdelivered levels (0% to 100%, in 20% increments) for engineered carbon dioxide removal (CDR, rows) and land-based CDR (columns). Dashed lines in each facet represent the peak GMT increase for the distribution.
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AI-generated content may be incorrect.]Supplementary Figure 19 | Normalized technology growth. Each panel represents a scenario and carbon management technology, with shades representing the distribution across scenarios. We show deployment of analogous technologies2, including ethanol production (1958–1972), coal power capacity (1908–2000), nuclear power generation (1965–2021), lithium mine production (1925–2019), and US shale gas production (2007–2023)3. Note that both ethanol and US shale gas production include few years. The horizontal dashed line marks 2015, which is the last historical year in the scenarios analyzed form AR6.
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Supplementary Figure 20 | Global mean temperature increase compared to 1850–1900 for original and underdelivering carbon management scenarios based on the 95th percentile in each year (as opposed to the median). Panel a shows GMT increase for 2°C scenarios, b for 1.5°C with low-overshoot, and c for 1.5°C with high-overshoot. The shades represent the distribution of global mean temperature increase for the 95th percentile across each scenario category for underdelivering 50% of carbon management.
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Supplementary Figure 21 | Net-zero CO2 emission year for the 407 scenarios when underdelivering 0% (hollow circles) in AR6 original scenarios compared to underdelivering 100% (solid circles) carbon management. Note that 2100 is used to represent scenarios not achieving net-zero CO2 emissions from land and energy in 2100. 

[image: A screenshot of a graph

AI-generated content may be incorrect.]
Supplementary Figure 22 | Net-zero CO2 emission year in each scenario when underdelivering different percentages of all carbon management. Each row represents one scenario. CO2 emissions include land and energy.

[image: A collage of graphs and diagrams

AI-generated content may be incorrect.]
	#
	Year
	Amount (GtCO2)
	Source
	Notes

	1
	2022
	0.002 
	Powis et al.4
	Engineered CDR historical (panels e, k, and q).

	1
	2022
	1.983
	Powis et al.4
	Land CDR historical (panels a, g, and m)

	2
	2050
	0.5–3.6
	Lawrence et al.5, Rueda et al.6, Schaber et al7
	Land CDR based on feasibility, effectiveness, and side impacts, as well as land-use competition (panels a, g, and m).

	3
	2050
	2.5–8.6
	Warszawski et al.8
	Land CDR based on feasibility, scale up, land use changes. Consumer impacts and non-CO2 impacts (panels a, g, and m).

	4
	2100
	4–12
	Lawrence et al.5
	Land CDR based on more realistic estimates that consider land-use competition (panels a, g, and m).

	5
	2020–2100
	2.6–5.1
	Deprez et al.9
	Land CDR based on low and medium sustainability risks throughout the century (panels a, g, and m).

	6
	2030–2040
	0.07–0.95
	Kazlou et al.10
	Fossil CCS based on realistic assumptions of fossil CCS technology scaleup (panels c, i, and o).

	7
	2030–2040
	0.37–4.3
	Kazlou et al.10
	Fossil CCS based on optimistic assumptions of fossil CCS technology scaleup (panels c, i, and o).

	8
	2050
	6–16
	Zhang et al.11
	CO2 storage based on geological, geographical, and technoeconomic limitations (panels c, e, i, k, o and q).

	9
	2050–2100
	0.8–2.5
	Fuhrman et al.12 (preprint)
	CO2 storage base on slow growth following oil and gas production activity (panels c, e, i, k, o and q).

	10
	2050–2100
	4–15
	Fuhrman et al.12 (preprint)
	CO2 storage based on “CCS breakthrough” growth rates (similar to shale gas) (panels c, e, i, k, o and q).

	11
	2020–2100
	214
	Van de ven et al.13
	CO2 storage cumulative based on feasibility thresholds similar to oil and gas basins (panels d, f, j, l, p and r).

	12
	2020–2100
	420
	Grant et al.14
	CO2 storage cumulative based on “investable potential” following financial, contractual, and institutional barriers (panels d, f, j, l, p and r).

	13
	2050
	0.5–2
	Lawrence et al.5, Rueda et al.6, Schaber et al7
	[bookmark: OLE_LINK2]Engineered CDR for biochar only based on biomass availability, feedstock type, cost assumptions, among others (panels e, k, and q).

	14
	2050
	0.5–5
	Rueda et al.6
	Engineered CDR for BECCS only based on feasibility, effectiveness, and side impacts (panels e, k, and q).

	15
	2050
	0.7–7
	Schaber et al7
	Engineered CDR for DACCS only based on cost assumptions (panels e, k, and q).

	16
	2050
	2.5–5
	Schaber et al7
	Engineered CDR for enhanced weathering only based on cost assumptions (panels e, k, and q).

	17
	2050
	0.2–4.9
	Edwards et al.15
	Engineered only for DACCS based on different technology growth rates (panels e, k, and q).

	18
	2020–2100
	1.2–2.8
	Deprez et al.9
	Engineered CDR for BECCS based on low and medium sustainability risks (panels e, k, and q).


Supplementary Figure 23 | Carbon management by type in AR6 scenarios with estimated feasible and/or sustainable values from the literature for 407 scenarios, including those that have above 67% probability of limiting warming to 2°C (231 scenarios for C3), and those that have above 50% probability of limiting warming to 1.5°C throughout the 21st century with no or limited overshoot (70 scenarios for C1 pathways) and after a high overshoot (106 scenarios for C2).
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