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Multi-century cooling after net-zero 
greenhouse gas emissions
 

Nathaniel Tarshish    1  , Nadir Jeevanjee    2 & Inez Fung3

Reaching net-zero CO2 emissions is expected to halt warming, yet 
whether temperatures remain stable in the centuries after net-zero is 
poorly constrained. Models exhibit diverse long-term responses to the 
cessation of CO2, including additional multi-century warming. Here we 
analytically predict this post-cessation temperature change, known as 
the zero emissions commitment (ZEC), from three climate metrics: the 
airborne fraction of cumulative CO2 emissions, transient climate response 
and equilibrium climate sensitivity. Constraining these metrics implies 
a near-zero multi-century ZEC from historical CO2 emissions. Net-zero 
GHG policies, however, differ from idealized CO2 cessation by targeting 
the aggregate effect of multiple GHGs and relying on CO2 removal to offset 
residual emissions. To capture these policy-relevant effects, we introduce 
the net-zero emissions commitment (Net-ZEC). Across scenarios and 
offsetting conventions, Net-ZEC implies a multi-century cooling of at least 
0.6 °C following net-zero GHG emissions.

The Paris Agreement aims to strengthen the global response to climate 
change by limiting warming to well below 2 °C above pre-industrial 
levels1. Limiting warming requires implementing a carbon budget—a 
cap on total future CO2 emissions—and reaching net-zero CO2 emissions 
before this budget is exhausted.

This paradigm emerged from a series of idealized model experi-
ments that explored the temperature response to CO2 emissions, 
ranging from large pulses to sudden cessation2–5. These experiments 
established that CO2-induced warming is nearly proportional to 
cumulative emissions2,3 and that the global temperature remains 
approximately stable after emissions suddenly cease4,5. Any further 
temperature change after cessation is known as the zero emissions 
commitment (ZEC)6. The proportionality between warming and cumu-
lative emissions underpins the carbon budget and the finding that ZEC 
≈ 0 motivates the net-zero CO2 goal.

To the extent that ZEC deviates from zero, the carbon budget 
is adjusted to account for this committed temperature change7,8. 
Specifically, the Intergovernmental Panel on Climate Change (IPCC) 
sets the carbon budget in its Sixth Assessment Report (AR6)8 using 
ZEC50, the temperature change 50 years after cessation, which the 
report assesses at −0.1 °C (5–95% range of −0.3–0.3 °C) based on the 

climate model ensemble7 reproduced in Fig. 1. Extending the assess-
ment to multi-century timescales, however, reveals substantially 
greater divergence and uncertainty. Most of this long-term spread 
(Fig. 1) remains unexplained, as ZEC is only weakly correlated with 
standard climate-sensitivity metrics (Extended Data Fig. 1). In light of 
this longer-term uncertainty, AR6 concludes with very low confidence 
that the AR6 carbon budgets yield climate stabilization beyond the 
twenty-first century (Section 5.5.2.3 of ref. 9).

Complicating matters further, ZEC is defined in idealized CO2-only 
cessation experiments, yet the policy target of the Paris Agreement is 
net-zero GHG emissions1,10. This distinction is material because non-CO2 
GHGs (methane, nitrous oxide and halogens) together contribute 
roughly as much warming as CO2 (ref. 11). Net-zero GHG targets there-
fore involve offsetting hard-to-abate emissions of these gases with 
intentional CO2 removal under a CO2-equivalence metric, most com-
monly global warming potential (GWP)10,12.

After net-zero GHG emissions are reached, AR6 assesses with 
high confidence that global temperatures stabilize or decline (Section 
7.6.2 of ref. 10), citing analyses that primarily address the twenty-first 
century response13–16. On multi-century timescales, however, it is 
unclear how to reconcile the high confidence in this finding with the 
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where Feq is the radiative forcing at the equilibrium CO2 concentra-
tion and F2x is the radiative forcing at a doubling of the pre-industrial  
concentration.

In a similar fashion, the transient temperature at the time of cessa-
tion Tze can be found by rescaling the transient climate response (TCR),

Tze = ( FzeF2x
) TCR, (3)

where Fze is the radiative forcing at cessation. By definition, TCR is 
the temperature anomaly at the time of doubling (year ~70) in the 
standard 1% yr−1 increasing CO2 experiment. Although measured in 
this specific scenario, TCR/F2x generally provides an effective con-
version from forcing to temperature whenever warming is governed 
by the fast (5 yr) adjustment of the upper ocean rather than the 
multi-century deep-ocean mode18–23. This scaling closely approximates 
the global-mean temperature response of GCMs over the historical 
record; in future projections the neglected deep-ocean mode grows 
in importance, yet the scaling still captures warming out to 2100 with 
10–20% error depending on the scenario19,20,22,23. Comparable behaviour 
is found for the climate emulator used here (Extended Data Fig. 2).

Putting both scalings together gives the approximation,

ZECeq = (
Feq
F2x

) ECS − ( FzeF2x
) TCR. (4)

To simplify further, note that the CO2 forcing is effectively logarithmic 
in the CO2 concentration24, or equivalently, in the mass of airborne CO2:

F(t) = F2x log2 (
Cpre + A(t)Cemit(t)

Cpre
) , (5)

where A(t) is the airborne fraction of cumulative emissions Cemit and Cpre 
≈ 590 GtC is the pre-industrial mass of atmospheric carbon25. Substitu-
tion into the ZEC formula produces

ZECeq = log2 (1 +
Aeq Cemit

Cpre
) ECS − log2 (1 +

Aze Cemit
Cpre

)TCR, (6)

where Aeq and Aze denote the airborne fractions of cumulative emissions 
at equilibrium and at the time of emissions cessation, respectively.

Approximating log2(1 + x) ∝ x  yields ZECeq ∝ (Aeq ECS − Aze TCR). 
No additional warming after cessation (ZECeq ≈ 0) requires the equality: 
TCR/ECS ≈ Aeq/Aze. The left-hand side measures the disequilibrium in 
the thermal response of the climate; the right-hand side captures the 
disequilibrium in the carbon system. Both are mediated by the ocean, 
yet TCR/ECS depends on radiative physics (Methods) and Aeq/Aze 
reflects the chemistry and biology of CO2—in the ocean and on land. 
Therefore, if temperatures are nearly constant after emissions cease, 
these two quantities are roughly equal despite their disparate origins.

This analysis makes precise prior observations that ZEC simula-
tions are influenced by the degrees of disequilibrium in the carbon 
system and thermal response7,26,27 and generalizes the related analytic 
result of ref. 28 for an idealized carbon-cycle model.

Despite its simplicity, the ZEC formula explains most of the vari-
ation across higher-complexity models in ZECMIP (Fig. 2). ZECMIP 
models were driven with 1% yr−1 increase in CO2 concentration until 
diagnosed cumulative emissions reached 750 GtC, 1,000 GtC and 
2,000 GtC. Figures 1 and 2a correspond to the 1,000 GtC case; see 
Extended Data Fig. 3 for the 750 GtC and 2,000 GtC cases. The formula 
is evaluated with the ECS, TCR, F2x and airborne fractions reported in 
ref. 7, and adapted for the shorter than millennial simulations to pre-
dict ZEC at the end of the simulation (Methods). Comparing theory 
to experiment yields coefficients of determination of R2 = 0.74 for the 
1,000 GtC case (Fig. 2a) and R2 = 0.79 when the emissions cases are 

simultaneously very low confidence that AR6 carbon budgets yield 
climate stability beyond year 21009. In other words, is the net-zero claim 
robust to the unexplained long-term ZEC uncertainty shown in Fig. 1?

The following analysis addresses this question. First, long-term 
ZEC is related to established climate metrics via a simple analytic for-
mula. Constraining these metrics then shows that the substantial 
additional warming after cessation found in some models in Fig. 1 is 
inconsistent with other lines of evidence. Second, we clarify the con-
nection between this idealized CO2-only response and the temperature 
evolution after net-zero GHG emissions. ZEC is only one component 
of the full response to net-zero GHGs, which also includes the evolu-
tion of non-CO2 forcing and the continued CO2 removal necessitated 
by offsetting. Incorporating these effects yields a robustly negative 
net-zero emissions commitment (Net-ZEC), defined as the long-term 
temperature change following the achievement of net-zero GHGs. 
Net-ZEC therefore bridges the gap between idealized cessation experi-
ments and policy-relevant net-zero pathways.

Climate dynamics after CO2 cessation
The substantial spread in the post-emissions responses across climate 
models (Fig. 1) calls for a theoretical explanation. To begin, let CO2 be 
the only anthropogenic emission and consider an abrupt cessation of 
emissions. The equilibrium ZEC6 is defined as the difference between 
the equilibrium temperature anomaly Teq and the temperature anomaly 
at the time CO2 emissions cease Tze,

ZECeq = Teq − Tze. (1)

These anomalies are calculated relative to the pre-industrial baseline. 
Equilibrium denotes the state reached after multi-century ocean over-
turning has equilibrated heat and carbon between the atmosphere 
and ocean, approximated here using model output 1,000 years after 
emissions cease. This is technically a quasi-equilibrium, as exchange 
with ocean sediments and silicate weathering over 10–100 kyr will alter 
ocean alkalinity and return atmospheric CO2 to pre-industrial levels17.

This equilibrium temperature can be approximated by rescaling 
the equilibrium climate sensitivity (ECS), defined as the equilibrium 
warming given a doubling of CO2 relative to pre-industrial levels,

Teq = (
Feq
F2x

) ECS, (2)
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Fig. 1 | Divergent model responses to emissions cessation. Temperature change 
after emissions cessation in ZECMIP models7, driven before cessation by a 1% yr−1 
increase in CO2 concentration until diagnosed cumulative emissions reach 
1,000 GtC. Note the logarithmic x-axis scale, which emphasizes inter-model 
divergence. Figure adapted from ref. 7 under a Creative Commons licence CC BY 4.0.
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pooled (Extended Data Fig. 3), building confidence that the formula 
captures the range of responses across the ZECMIP ensemble. Beyond 
capturing the spread, the formula also pinpoints the sources of inter-
model divergence. A Shapley decomposition of equation (6) attributes 
the ZECeq of each ZECMIP model to its underlying parameters, showing 
that uncertainty in carbon and thermal parameters contributes roughly 
equally to the ensemble spread (Methods; Extended Data Fig. 4).

Constraining with AR6
Linking ZEC to established metrics enables constraining the 
post-cessation response with several lines of evidence in AR6. This 
evidence—including process understanding, instrumental warming,  
palaeoclimate data and emergent constraints10,29—informed an ECS  
estimate of 3.0 [2.0–5.0] °C and a TCR estimate of 1.8 [1.2–2.4] °C 
(Tables 7.13 and 7.14 of ref. 10). Throughout, bracketed intervals  
denote the 5–95% range. In 2025, the CO2 concentration is near 
420 ppm, elevated above the pre-industrial value of ~280 ppm by 
cumulative emissions of Cemit ≈ 790 GtC, yielding an airborne fraction 
(Aze) near 0.4 (refs. 25,30). Although the equilibrium airborne frac-
tion is not formally assessed in AR6, millennial simulations7,17 gener-
ally find Aeq ≈ 0.2. Inputting these estimates into equation (6) yields  
ZECeq = −0.1°C—a value close to zero because TCR/ECS ≈ Aeq/Aze (≈1/2). 
This finding suggests that the diminishing heat source due to declin-
ing atmospheric CO2 coincidentally balances the declining heat sink 
from ocean equilibration, yielding minimal temperature change even 
on multi-century timescales.

To assess the robustness of this estimate, the AR6-calibrated finite 
amplitude impulse response (FaIR) ensemble is used here to jointly infer 
TCR, ECS and Aze, accounting for their covariance (Extended Data Fig. 5) 
and consistent with observations and AR631. FaIR is an energy balance 
model coupled to an idealized carbon cycle and simple analytic forc-
ing expressions32–34, used extensively in AR6 for projections and 
uncertainty assessment35,36.

Driving the FaIR ensemble with historical CO2 emissions fol-
lowed by present-day cessation yields the experimental ZECeq 
probability density function (PDF) shown in Fig. 2b. The resulting 
historical ZECeq is −0.10 [−0.29 to +0.26] °C, with a 75% probability 
of cooling, consistent with the sign of most ZECMIP results in Fig. 2a. 
The median Aze of FaIR is notably lower than that of every ZECMIP 
model (Extended Data Fig. 6), reflecting the stronger transient carbon 
sink that emerges when the ensemble is constrained by the historical 

carbon budget31. Although the default ensemble does not sample Aeq 
uncertainty (not assessed in AR6), accounting for the Aeq uncertainty 
implied by ZECMIP broadens the ZECeq distribution and shifts it more 
negative: −0.20 [−0.43 to +0.30] °C, with a 78% probability of cooling 
(Methods; Extended Data Fig. 7). Overall, once constrained by con-
sensus estimates of the key parameters, the ensemble suggests that 
any additional multi-century warming from past CO2 emissions is very 
likely to remain below 0.15 °C (90% probability under both the default 
and Aeq-sampled ensembles).

This small ZEC inferred from the historical case holds broadly 
across future emissions scenarios. Prescribing CO2 emissions from 
the shared socioeconomic pathways (SSPs)37 through 2100, followed 
by zero emissions thereafter, yields the FaIR median temperature 
responses in Fig. 3a. Across SSPs, the median FaIR temperatures 
remain steady for centuries after cessation, closely mirroring the 
historical case (black curve in Fig. 3a). See Supplementary Fig. 1 for 
the full FaIR distributions for each scenario. The weak sensitivity of 
ZECeq to cumulative emissions across scenarios is consistent with 
prior studies5,26,38,39, which trace this robustness to compensating 
changes in the carbon and thermal disequilibria.

Incorporating all GHGs
The post-emissions evolution differs substantially when all anthropo-
genic emissions are considered. At cessation, the total temperature 
anomaly is decomposed into the contributions from CO2 and non-CO2 
emissions, respectively: Tze ≈ Tze||CO2

+ Tze||non-CO2. After cessation, the 
non-CO2 forcing decays on a multidecadal timescale (Extended  
Data Fig. 8), so that within two centuries CO2 explains essentially the 
entire remaining forcing: Feq ≈ Feq||CO2

 and Teq ≈ Teq||CO2
.

Accounting for the eventual loss of the non-CO2 warming in addi-
tion to the evolution of CO2 warming yields a total long-term change 
after cessation of

Teq − Tze ≈ ZECeq − Tze|non-CO2 , (7)

where ZECeq = (Teq − Tze) |CO2 by definition. Using the fast-mode TCR 
scaling (equation (3)) to evaluate −Tze|non-CO2, given AR6 estimates10 
of TCR ≈ 1.8 °C, F2x = 3.8 W m−2 together with Fze|non-CO2 = 0.7Wm−2 in 
2025 (ref. 25), yields a cooling of −0.3 °C. This negative contribution is 
contingent on the heating from non-CO2 GHGs (+1.7 [1.4–2.0] W m−2  
in 2025, including ozone exceeding the cooling from aerosols  
(−1.0 [−1.6 to −0.4] W m−2 in 2025)25.
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Fig. 2 | Theory captures variation across models of varying complexity.  
a,b, Comparison between the analytic formula (equation (6)) and the 
experimental values for the temperature change after emissions cessation 
following a 1% yr−1 increase in CO2 up to 1,000 GtC in the ZECMIP ensemble (a) and 

following historical CO2 emissions in the AR6-tuned FaIR ensemble (b). ZECMIP 
simulations are of varying length and not necessarily in equilibrium (Fig. 1). In b, 
a kernel-density estimate of the FaIR ensemble PDF is also shown with bandwidth 
set by Silverman’s rule49.
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Combining this non-CO2 contribution with the −0.1 °C of cooling 
from ZECeq brings the total cessation response to −0.4 °C. In close 
agreement, FaIR projections find −0.42 [−0.73 to +0.21] °C as shown in 
Fig. 3b (black curve). Even when ZECeq > 0, cooling in the all- 
species case still occurs provided that Fze||non-CO2

> ZECeq (F2x/TCR ): 
although 25% of ensemble members exhibit warming under CO2-only 
cessation, only 12% yield warming after the cessation of all present- 
day emissions.

Ceasing emissions in year 2100 after following the SSPs is governed 
by the same cessation dynamics as the present-day case. As shown in 
Fig. 3b, the median temperature anomaly (solid curves) relaxes towards 
the CO2-only warming (dashed curves) over the ensuing centuries. The 
resulting long-term change in temperature ranges from −0.57 [−0.89 
to −0.31] °C in SSP1-1.9 to −0.97 [−1.82 to +0.81] °C in SSP5-8.5, with 88% 
to 100% of ensemble members exhibiting cooling depending on the 
scenario (Supplementary Fig. 2). Because ZECeq ≈ 0 holds across sce-
narios, the magnitude of post-cessation cooling is set by Tze||non−CO2

. In 
year 2100, all SSPs feature larger non-CO2 forcing than at present, 
driven by projected declines in sulfate-driven aerosol cooling40. How-
ever, the magnitude of the non-CO2 forcing in year 2100 varies by nearly 
a factor of two across the SSPs, yielding the spread in the inferred 
commitments (Extended Data Fig. 9). The generality of cooling thus 
follows from the net non-CO2 forcing remaining positive across sce-
narios and throughout this century, as non-CO2 GHG warming contin-
ues to exceed aerosol cooling.

The Net-ZEC
Cooling after emissions cessation has important implications for more 
policy-relevant pathways, in which emissions do not abruptly cease but 
rather attain what the Paris Agreement describes as “a balance between 
anthropogenic emissions by sources and removals by sinks of GHGs 
in the second half of this century”. In practice, achieving this balance 
often relies on offsetting, in which residual, hard-to-abate non-CO2 
emissions are counterbalanced by net-negative CO2 emissions. The 
finite capacity of negative-emissions strategies, however, implies that 
offsetting cannot be sustained indefinitely and thus requires eventual 
deep reductions across all major species.

We now examine the temperature commitment in scenarios where 
net-zero GHG emissions are maintained via offsetting for an extended 
period before emissions reach negligible levels. The long-term forcing 
Foffseteq  reflects the cumulative effect of past offsetting. Contrast this 
with a cessation experiment, in which emissions cease completely once 

net-zero GHG emissions is first achieved, yielding a different equilib-
rium forcing Fceaseeq . By equation (2), this difference perturbs the equili-
brated temperature in the offsetting scenario relative to the cessation 
case by ECS /F2x (Foffseteq − Fceaseeq ).

In the offsetting scenario, we define the eventual change in tem-
perature after net-zero to be the Net-ZEC: -

Net-ZEC = ZECeq − Tze||non-CO2⏟⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⏟
cessation baseline

+ ECS
F2x

(Foffseteq − Fceaseeq )
⏟⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⏟

offsetting perturbation

, (8)

where the cessation baseline is calculated via equation (7) and the per-
turbation accounts for the additional forcing change accumulated 
from offsetting.

To evaluate the sign of the offsetting perturbation, recall that 
the forcing that persists on multi-century timescales is overwhelm-
ingly due to CO2 (Extended Data Fig. 8). The negative CO2 emissions 
required by offsetting reduce this long-term CO2 forcing relative to 
the immediate-cessation case:

Foffseteq < Fceaseeq . (9)

In this sense, the cessation response provides a general upper bound 
on the eventual temperature realized in offsetting scenarios.

Quantifying the additional cooling term in equation (8) depends 
on the details of offsetting, which in turn depend on the metric defin-
ing cross-species equivalence. The standard choice in international 
climate policy is the 100-year GWP (GWP100) which compares 
the 100-year time-integrated radiative forcing from a pulse emis-
sion of a gas to that from an equal-mass pulse of CO2 (refs. 41,42). 
Net-zero GHG emissions are therefore defined here as a state in which 
residual non-CO2 emissions are balanced by GWP100-equivalent 
net-negative CO2 emissions36. As shown in Methods, offsetting 
under GWP100 yields a perturbation forcing that becomes nega-
tive within 100 years for all major GHGs. Alternative metric choices 
are explored in Extended Data Fig. 10 and yield qualitatively similar 
conclusions (Methods).

To illustrate the cooling that follows net-zero, idealized offset-
ting pathways are constructed here by modifying the SSP scenarios. 
Whereas the mitigation SSPs continue past net-zero into sustained 
net-negative emissions, here net-zero GHG emissions are instead 
maintained by fixing the emissions composition at the time net-zero 
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Fig. 3 | Temperature response to emissions cessation. a,b, The median temperature response of the FaIR ensemble driven by only CO2 emissions (a) or all emissions 
(b) from the SSPs up to 2100, after which emissions abruptly cease. The historical case (black, with cessation in 2024) is also shown. CO2-only results are repeated as 
dashed curves in b to facilitate comparison.
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is reached and tapering the overall magnitude exponentially on a 
centennial timescale. These scenarios are not intended to be plau-
sible socioeconomic pathways, but to illustrate the generic cooling 
predicted by equation (8), which is not expected to depend sensitively 
on the equivalence metric (Extended Data Fig. 10) or the functional 
form of tapering.

For these modified variants of the mitigation SSPs, the offsetting 
(solid) and cessation (dashed) experiments are contrasted in Fig. 4a. 
As the short-lived non-CO2 warming fades, the cumulative effect of 
negative CO2 emissions becomes apparent, with the net-zero experi-
ment achieving lower multi-century temperatures than the cessation 
experiment, as anticipated by equations (8) and (9). The Net-ZEC is thus 
bounded from above by the cessation response, which is comparable 
across the mitigation SSPs, ranging from −0.60 [−0.90 to −0.25] °C in 
SSP1-1.9 to −0.73 [−1.14 to −0.18] °C in SSP5-3.4. Independent of the 
post-net-zero offsetting, the median Net-ZEC is therefore less than 
−0.6 °C across these scenarios.

The offsetting response can be further understood by decompos-
ing Net-ZEC using equation (8), as illustrated for SSP1-1.9 in Fig. 4b. In 
this scenario, the median 0.8 °C of cooling arises primarily from the 
loss of short-lived warming (−Tze||non−CO2

= −0.5∘C), with smaller con-
tributions from ZECeq (−0.1 °C) and negative CO2 emissions during 
net-zero offsetting (−0.2 °C). With all but four of the 841 ensemble 
members exhibiting Net-ZEC < 0, this cooling is virtually certain in the 
AR6-constrained ensemble.

This finding of robust long-term cooling naturally raises ques-
tions about the nearer-term trajectory after emissions reach net-zero. 
Decay of the non-CO2 forcing drives most of the long-term cooling 
and substantial decay already occurs within the first few decades 
(Fig. 4). Recent studies report multidecadal cooling of similar mag-
nitude after cessation43 and in net-zero stabilization pathways15,44. 
The present study places these findings in a larger context, both theo-
retically and across time. Near-term cooling is the early expression 
of a broader multi-century decline, which arises from the short-lived 
nature of non-CO2 heating paired with the near-constancy of the CO2 
response and can be estimated from key climate metrics via the simple 
Net-ZEC formula.

Our evaluation of this formula omits several biogeochemical 
feedbacks, also commonly absent from climate model projections, 
including permafrost carbon release31,45,46. We provide a preliminary 
assessment of the impact of these feedbacks on Net-ZEC in Meth-
ods; although further study is warranted, available estimates sug-
gest that they are unlikely to overturn the robust Net-ZEC cooling 
reported here.

Discussion
Linking ZECeq to established climate metrics (equation (6)) demon-
strates that model projections showing substantial post-cessation 
warming are unlikely when confronted with several lines of evi-
dence. Yet constraining ZECeq alone is insufficient for characteriz-
ing the response to net-zero GHG emissions: the full temperature 
trajectory emerges from ZECeq combined with the decay of non-CO2 
forcing and the CO2 removal required by offsetting. Incorporating 
these policy-relevant effects yields the Net-ZEC, which provides a rela-
tively comprehensive account of long-term temperature change after 
net-zero and indicates that sustained net-zero GHG emissions initiate 
multi-century cooling. Finally, these findings should not be interpreted 
as implying general climate stability. Regional temperature changes 
and extremes can deviate from the global mean and continue to evolve 
after reaching net-zero47. Moreover, many climate impacts continue 
to intensify even under net-zero emissions, including sea-level rise 
and ocean acidification5,11,48.
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Methods
Fast and slow modes of warming
The two-box model provides a conceptual framework for understand-
ing transient warming in climate models 18,20,21,50. The lower box repre-
sents the deep ocean and the upper box combines the mixed layer of 
the ocean and the atmosphere. The energy budget of the surface and 
deep-ocean box, respectively, are approximated as

Cs
dT
dt

= F − λT − λ′(T − Td) − γ(T − Td), (10)

Cd
dTd
dt

= γ(T − Td), (11)

where T and Td are the temperature anomalies (relative to pre-industrial) 
of the respective boxes; Cs is the heat capacity of the surface ocean (per 
area with units of J °C−1 m−2); F is the radiative forcing (units of W m−2); 
γ is the heat transfer coefficient between the two ocean layers (units 
of W m−2 °C−1); and λ is the equilibrium feedback parameter, defined as 
the change in the top-of-atmosphere outgoing radiation per change 
in surface temperature at equilibrium (in units of W m−2 °C−1). Finally, 
λ′ represents the transient deviation in the feedback parameter (also 
called the pattern effect), driven primarily by cloud and ice-albedo 
dynamics that evolve with warming (for example, refs. 21,51,52).

When fit to full-complexity simulations, the response of the two-box 
model can be decomposed into a fast mode that responds to forcing in 
~5 years and a slow mode that warms over a few centuries18,20,53,54. The 
fast mode is characterized by a negligible deep-ocean response (Td → 0) 
and surface quasi-equilibrium (Cs dT/dt → 0):

Tfast ≈
F

λ + λ′ + γ
. (12)

The magnitude of the fast mode can be calibrated against the standard 
1% yr−1 increase in CO2 experiment. In year 70, the forcing corresponds 
to a CO2 doubling, F2× and the temperature anomaly is defined as: 
TCR ≈ F2x/(λ + λ′ + γ). Substituting this result into equation (12) yields 
the approximation for the fast-mode response19,22,23,

Tfast ≈ TCR ( F
F2x

) , (13)

which dominates the temperature response to historical forcing and 
the SSP forcing extensions out to 2100 (Extended Data Fig. 2).

Alternative offsetting metrics
Although GWP100 is the default metric for aggregating emissions 
under the United Nations Framework Convention on Climate Change41, 
many alternative metrics exist and net-zero GHGs can be defined rela-
tive to these as well10. Common alternatives include GWP20 and the 
global temperature-change potential (GTP): by definition, GTP100 
compares the temperature anomaly 100 years after a pulse emission 
of a gas to that from an equal-mass pulse of CO2 (ref. 55). In the miti-
gation SSPs, switching metrics from GWP100 to GWP20, GTP50 or 
GTP100 typically shifts the inferred net-zero date by a few decades 
(Supplementary Fig. 3).

Applying the same SSP modifications—maintaining net-zero with 
exponentially declining emissions—under these alternative definitions 
yields qualitatively similar behaviour (Extended Data Fig. 10). For 
the SSP1-2.6 modification with CO2-equivalence defined by GWP20, 
note that net-zero GHG emissions are approximated by the net 
emissions in year 2100, which are closer to 1 GtCO2e than true zero 
(Supplementary Fig. 3). Relative to the cessation response, GTP gen-
erally produces a smaller additional cooling perturbation and the 
magnitude of a perturbation generally diminishes as the time horizon 
of the metric increases.

Note that an alternative class of metrics (for example, CGWP, 
CGTP and GWP*) compares a step change in emissions of short-lived 
non-CO2 species to a one-time pulse of CO2 (refs. 56–58). These metrics 
arise from an emerging, alternative paradigm that targets net-zero CO2 
alongside approximately stable emissions of non-CO2 GHGs, rather 
than net-zero GHGs under a fixed GWP/GTP exchange10,56–58.

The present analysis supports the view that net-zero CO2 approxi-
mately stabilizes the CO2 component of warming even on multi-century 
timescales. For the non-CO2 warming contribution, the long-term 
response depends on the emergence of slow-mode warming: even if 
constant emissions of short-lived species stabilize their forcing, addi-
tional warming can still accrue as the slow ocean mode equilibrates. 
Avoiding continued non-CO2 warming on multi-century timescales 
therefore also requires declining non-CO2 forcing.

Residual forcing from GWP offsetting
Since CO2 persists in the atmosphere on much longer timescales than 
any other well-mixed GHG59, offsetting a pulse of positive non-CO2 
emissions with CO2 removal of equal GWP100 magnitude ultimately 
produces a residual net-negative forcing. For the vast majority of spe-
cies, this net-negative forcing emerges by 100 years, as shown below.

Let RX(t) denote the radiative forcing response to a unit emission 
of species X at time t = 0. Recall that the absolute GWP over 100 years 
is AGWP100X = ∫100

0 RX(t)dt  and the global warming potential is 
GWP100X = AGWP100X/AGWP100CO2 . Under GWP100 neutrality, an  
emissions pulse of a non-CO2 species X of magnitude EX requires a 
simultaneous emission of ECO2 < 0 such that

EX∫
100

0
RX(t)dt + ECO2 ∫

100

0
RCO2 (t)dt = 0. (14)

For such a pair, the net perturbation to forcing at t = 100 years is

ΔF(100) = RX(100) EX + RCO2 (100) ECO2 . (15)

Using equation (14) to eliminate ECO2 and defining the persistence of 
the forcing as the ratio of the forcing at the end of the 100-year window 
to its mean over that window ⟨RX⟩100:

PX(100) =
RX(100)
⟨RX⟩100

, (16)

yields the net perturbation forcing in terms of the difference 
in persistence,

ΔF(100) = ⟨RX⟩100 EX [PX(100) − PCO2 (100)] . (17)

The sign of the perturbation is negative if PX(100) < PCO2 (100) , for  
which a GWP100-neutral exchange of X and CO2 yields a net-cooling 
perturbation within 100 years of the emission.

To evaluate this expression, we apply the forcing impulse function 
for CO2 in AR6,

RCO2 (t) ∝ [c0 + c1e−t/τ1 + c2e−t/τ2 + c3e−t/τ3 ] , (18)

where (c0, c1, c2, c3) = (0.22, 0.22, 0.28, 0.28) and (τ1, τ2, τ3) = (394, 36, 4) yr 
(refs. 60,36). This expression admits an analytic integral, yielding  
PCO2 (100) ≈ 0.78.

By comparison, for non-CO2 GHGs, AR6 approximates the 
response function as

RX(t) ∝ e−t/τX , (19)

with τX given for each species by the AR6 metrics dataset36. In this case, 
the forcing persistence (with τX in years) is

PX(100) =
100 e−100/τX

τX (1 − e−100/τX )
. (20)
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For the forcing persistence to be greater than the CO2 value of 0.78, τX 
must be larger than 210 yr according to the above equation.

Most non-CO2 forcing agents are far shorter-lived than this thresh-
old. The few long-lived F-gases that satisfy τX > 210 yr contribute less 
than 0.02 W m−2 to present-day forcing (Supplementary Table 2). Con-
sequently, for the entire remaining non-CO2 forcing—including meth-
ane, N2O and CFC-12—offsetting under GWP100 yields a net-negative 
residual forcing within 100 years of emission. This sign reversal in forc-
ing explains why, in Fig. 4b, the offsetting simulation initially exceeds 
and then crosses below the corresponding cessation experiment 
roughly a century after net-zero GHGs is first reached.

ZECMIP
Climate model simulations of the CO2 cessation response follow-
ing cumulative emissions of 750 GtC, 1,000 GtC and 2,000 GtC are 
sourced from experiments A1–A3 in ref. 7. In particular, the cessation 
temperature Tze is taken from the values reported by each modelling 
group, computed as a centred 20-year average in the parent 1% yr−1 CO2 
experiment. Many ZECMIP simulations are of too-short duration to 
capture the full carbon and thermal equilibria. The equilibrium ZEC 
formula is modified here to describe the final state realized by each 
simulation. The final temperature Tf is first measured by averaging over 
the last 20 years of the simulation. If the simulation is out of thermal 
equilibrium, planetary energy balance gives ϵNf = Ff − λTf, where Nf is 
the top-of-atmosphere energy imbalance (W m−2) and ϵ is the efficacy 
of planetary heat uptake20,61. Replacing Teq with Tf = (Ff − ϵNf)/λ in equa-
tion (4) gives:

ZECf = ( Ff − ϵNf
F2x

) ECS − ( FzeF2x
) TCR, (21)

which enables application of the ZEC formula to the full ZECMIP data-
set, with results shown in Fig. 2a. The forcings are evaluated from 
F(t) = F2x log2(CO2(t)/CO2,pre)  given the F2x values reported in ref. 7.  
Note that some models have non-zero initial N due to energy- 
conservation error or insufficient spin-up. We compute Nf relative to 
this pre-industrial imbalance, estimated as the y-intercept of a linear 
regression of N versus F over the first 20 years (Supplementary Fig. 4). 
The efficacy ϵ of each model is treated as constant and values are  
taken from ref. 7, who fit ϵ to years 10–140 of the 1% yr−1 CO2 simulation.

Several models appear in Fig. 1 but not in Fig. 2 because of data 
availability constraints. In ZECMIP, N is not reported for BERN-ecs3k, 
CLIMBER2 and CNRM-ESM2-1; ϵ and F2x for CESM are also not avail-
able7. Finally, PLASIM-GENIE is excluded as implausible on the 
grounds that its equilibrated warming (Teq) decreases with increasing 
cumulative emissions.

FaIR
To understand how estimates of key climate metrics covary and to 
project future temperatures in line with AR6 uncertainties, we rely on 
a reduced-complexity model ensemble. Reduced-complexity models 
can be run in larger ensembles and more effectively tuned to match 
target distributions than resource-intensive CMIP models33. Here 
we use the FaIR ensemble, arising from IPCC efforts to build a model 
ensemble consistent with their integrated assessments31,32,34,62. We rely 
on the AR6-tuned FaIR ensemble, which is fully described in ref. 34 and 
calibrated to AR6 in ref. 31.

We briefly note that FaIR consists of a three-layer energy balance 
coupled to a basic carbon-cycle model. Carbon uptake is parameterized 
via a four-timescale impulse response function with state-dependent 
adjustments to incorporate carbon–climate feedbacks. Simple treat-
ments of methane chemistry, aerosol direct and cloud-interaction 
effects and other minor GHGs are also included (see ref. 34 for details) 
and calibrated to match AR6 distributions31. For the historical ZEC 
experiment, we drive the FaIR ensemble with the latest indicators of 

global climate change (IGCC) emissions reconstruction25. Note that the 
land-use albedo forcing is excluded from this analysis, as in standard 
ZEC setups43,63, although FaIR sensitivity tests have shown that includ-
ing it has little impact43. Future projections are driven with emissions 
from the SSPs40. In ZEC experiments, anthropogenic emissions are 
zeroed by instantaneously reverting all emissions to pre-industrial 
(1750) baselines and Tze is evaluated at the timestep immediately before 
this cessation and therefore does not include any of the subsequent 
aerosol decay.

The default FaIR calibration fixes Aeq at 0.22—the multimodel 
mean following pulse emissions in ref. 60—and does not sample its 
uncertainty, which has not been formally assessed in AR6. To probe 
the sensitivity of our results to Aeq, we recompute the FaIR equilib-
rium temperature with Aeq Monte Carlo sampled from a statistical 
distribution informed by the millennial-scale ZECMIP results. Across 
these millennial-scale runs, Aeq varies remarkably linearly with 
cumulative emissions across the 750 GtC, 1,000 GtC and 2,000 GtC 
pulses (Extended Data Fig. 7a). The linear Aeq(Cemit) relationship for 
each model is interpolated to FaIR historical cumulative emissions  
(Cemit ≈ 740 GtC; refs. 25,30), yielding one Aeq per ZECMIP model. 
The resulting Aeq uncertainty range for historical emissions spans 
0.16–0.27 with a median of 0.18. The Monte Carlo ensemble com-
putes the equilibrium temperatures from every such Aeq paired with 
every FaIR configuration. Sampling across this range shifts the ZECeq 
distribution towards more negative values, ZECeq = − 0.20 [−0.43 to 
+0.30] °C and yields a 78% probability of cooling (Extended Data Fig. 7). 
Put differently, at FaIR median parameters, Aeq would need to reach 
~0.23 to flip ZECeq positive—a value exceeded only by UVic (Aeq = 0.27), 
with IAPRAS (Aeq = 0.23) sitting exactly at the sign-change boundary 
(Extended Data Fig. 7). Thus, even after accounting for Aeq uncertainty, 
ZECeq likely remains small in magnitude and weakly negative.

Sources of intermodel spread
We now evaluate sources of intermodel spread in ZECeq across the 
ZECMIP ensemble, using the FaIR ensemble median as a baseline. 
To facilitate this, we perform the ZECMIP-A1 experiment (a 1% yr−1 
concentration-driven ramp until diagnosed emissions reach 1,000 GtC) 
with the FaIR ensemble (Supplementary Fig. 5). Under this protocol, 
FaIR yields ZECeq = −0.16 [−0.48 to +0.43] °C, slightly more negative 
and substantially more uncertain than the historical-cessation value 
of −0.10 [−0.29 to +0.26] °C. The narrower historical range reflects 
the observational constraints on temperature and CO2 to which FaIR 
has been calibrated. The offset in median ZECeq follows from the rapid 
1% yr−1 ramp leaving a higher airborne fraction at cessation (Aze = 0.48 
in A1 versus 0.41 historical).

We now investigate the root causes of spread within the ZECMIP 
ensemble. For model m, let ZECth ,m

eq  denote the equilibrium ZEC for-
mula (equation (6)) evaluated at Cemit = 1,000 GtC and the parameters 
of the model (ECS, TCR, Aze, Aeq) and let the residual between this theo-
retical estimate and the experimental value ZECexp,m

eq  be denoted εm. 
The difference between a given ZECMIP model and FaIR ensemble 
median is then

ZECexp,m
eq − ZECexp, FaIR

eq = (ZECth ,m
eq − ZECth,FaIR

eq ) + (εm − εFaIR) , (22)

where ZECexp, FaIR
eq  represents the median FaIR experimental value  

and ZECth,FaIR
eq  the theoretical prediction given the median of FaIR para

meter values. The residual for FaIR is εFaIR = 0.03 °C.
Consider attributing the difference in theoretical estimates 

ZECth ,m
eq − ZECth,FaIR

eq  to the underlying parameters (ECS, TCR, Aze, Aeq)  
by exchanging the FaIR parameter values one-by-one for those of  
model m and re-evaluating the formula. The ordering of this 
sequence of exchanges impacts the attribution because the ZEC for-
mula is nonlinear. The Shapley value64 resolves this by averaging the 
effect of the exchange of parameter over all possible orderings of the 
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exchanges (4! = 24 cases), yielding unambiguous per-parameter attri-
butions that sum exactly to the theoretical difference (Extended  
Data Fig. 4).

This Shapley decomposition reveals two recurring patterns. 
First, every ZECMIP-A1 model carries a higher Aze than the FaIR median 
(Extended Data Fig. 6), systematically driving the ZECeq of each model 
more negative. The transient carbon sink of FaIR, calibrated to the his-
torical carbon budget, is apparently stronger than that of any ZECMIP 
model. Second, contributions from ECS and TCR largely cancel across 
the ensemble because the two parameters covary: models with low 
ECS also tend to have low TCR. The exceptions are BERN-ecs5k, whose 
prescribed ECS = 5.3 °C is only partly compensated by its elevated TCR 
and UVic, whose ECS = 3.7 °C also outstrips its near-median TCR. Addi-
tional warming in UVic is driven by an unusually high Aeq = 0.29 for the 
1,000 GtC case (compared with an ensemble mean of 0.21). Across the 
ensemble, variations in both the thermal and carbon response interplay 
to drive spread (Extended Data Fig. 4).

Neglected biogeochemical feedbacks
FaIR does not include several ‘biogeochemical feedbacks’ (listed in 
Supplementary Table 1), which are expected to modify the radiative 
forcing. The biogeochemical processes not resolved in this simple 
climate model (and missing from the majority of ESMs and CMIP6 
projections45) are assessed by the IPCC9 to include positive feedbacks—
such as the permafrost CO2 response (+0.09 ±0.06 W m−2 °C−1), the 
permafrost CH4 response (+0.01 ± 0.011 W m−2 °C−1) and increases in 
wetland CH4 sources (+0.03 ± 0.01 W m−2 °C−1)—along with negative 
feedbacks, including the increase in natural BVOC sources with warm-
ing (−0.05 ± 0.10 W m−2 °C−1) and the sea-salt response to climate (−0.05 
± 0.05 W m−2 °C−1). Taken together, these neglected processes (listed in 
Supplementary Table 1) sum to a neglected biogeochemical feedback 
factor of α = 0.04 ± 0.14 W m−2 °C−1.

Accounting for these additional feedbacks would therefore 
be expected to increase the equilibrated radiative forcing by an 
amount ΔFeq = αTeq, elevating the final temperature by approxi-
mately ΔTeq ≈ αTeq/λ (via equation (2)). The fractional change in Teq 
is thus α/λ ≈ 0.03 (± 0.11) and including these additional feedbacks 
increases the equilibrated temperature anomalies by several per-
centage points. Reversing the long-term cooling found in Fig. 4b, 
however, requires a much larger correction of near 70%.

The permafrost carbon feedback, however, warrants further atten-
tion because, unlike the other neglected processes, the release of CO2 
from thawing permafrost is cumulative and thaw is expected to persist 
on multi-century timescales9,65. As a rough benchmark, offsetting the 
0.8 °C NZEC cooling with permafrost warming would require on the 
order of 500 GtC of additional cumulative CO2 emissions from per-
mafrost (using the AR6 best-estimate TCRE of 1.65 °C per 1,000 GtC). 
This mass is comparable to the entire organic carbon stock in the upper 
metre of permafrost regions66. The AR6 assessment of permafrost 
carbon release is an order of magnitude smaller (18 [3–41] GtC per °C 
of global warming) but covers thaw only out to 2100 (Box 5.1 of ref. 9). 
AR6 expresses low confidence in the timing and magnitude of release 
beyond that horizon, as modelling permafrost on multi-century time-
scales is an open challenge9. Permafrost modules are not implemented 
in most CMIP models and the land models that do include permafrost 
yield widely differing projections for permafrost soil carbon67.

The available evidence, although limited, suggests that 
multi-century thaw falls short of mobilizing the entire upper metre of 
permafrost68,69. In particular, ref. 68 reported cumulative permafrost 
release of 178 [70–346] GtC over 500 years following CO2 cessation in 
UVic70, yielding +0.27 [0.12–0.49] °C of permafrost-induced warming. 
We view this as an upper bound: UVic exhibits ZEC > 0 even without 
permafrost feedbacks (Fig. 3a of ref. 68), so this estimate combines a 
lagged thaw response to prior warming with intensifying thaw driven 
by continued post-cessation warming. Our NZEC scenarios, by contrast, 

exhibit temperature decline after emissions reach net-zero GHGs. Our 
scenarios are thus closer to the temperature-stabilization protocol of 
ref. 69, which isolates the emissions due to the lagged component of 
thaw using the same UVic permafrost module70. In these simulations, 
temperature is prescribed to stabilize at 2 °C in year 2060, following 
historical emissions extended by SSP2-4.5. An additional ~50 [22–
75] GtC of permafrost carbon is then released between stabilization 
and the end of the simulation in 2300. Release decelerates strongly 
after stabilization: ~20 [15–25] GtC is emitted between stabilization 
in 2060 and 2100, compared with ~4 [0–7] GtC over the final 40 years 
(2260–2300) of the simulation (Fig. 3c of ref. 69). Linearly extrapolating 
this end-of-simulation rate to a full millennium past stabilization for 
each ensemble member yields a cumulative post-stabilization release 
of ~116 [22–206] GtC. Because thaw decelerates over the simulated 
period, this linear extrapolation is likely an overestimate. Applying the 
AR6 TCRE scaling to this millennial-scale release suggests an additional 
0.19 [0.04–0.34] °C of warming from permafrost. Although rudimen-
tary, this extrapolation suggests that permafrost is unlikely to reverse 
the NZEC cooling reported here. Further research is clearly warranted, 
however, given the sparsity of permafrost-enabled millennial-scale 
simulations and models, along with the omission of abrupt thaw and 
wildfire-driven carbon loss71.

Finally, we note that a further high-latitude process not fully cap-
tured by FaIR may act in the opposite direction: the northward expan-
sion of boreal forests. Most of the C4MIP models used to tune the 
carbon cycle of FaIR lack dynamic vegetation, yet there is evidence that 
such effects could drive high-latitude carbon uptake at magnitudes 
comparable to permafrost loss72.

Data availability
The datasets analysed in this study are publicly available from their orig-
inal sources: the ZECMIP model output from ref. 7; the AR6-calibrated 
FaIR ensemble and forcing data from refs. 31,34; the historical emis-
sions reconstruction from the Indicators of Global Climate Change 
dataset25; and the SSP emissions from ref. 40. The processed data gener-
ated in this study are available via Zenodo at https://doi.org/10.5281/
zenodo.10120439 (ref. 73).

Code availability
The code used to perform the analysis and generate the figures in 
this study are available via Zenodo at https://doi.org/10.5281/
zenodo.10120439 (ref. 73).
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Extended Data Fig. 1 | ZEC correlates weakly with established metrics. 
Correlations between ZEC realized in the ZECMIP 1000 GtC simulations  
(of varying duration) shown in Fig. 1 of the main text and the transient climate 

response (left), equilibrium climate sensitivity (center), and the transient climate 
response to cumulative emissions (right). Climate metrics are sourced from 
ZECMIP documentation7.
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Extended Data Fig. 2 | Fast-mode response dominates historical and near-term 
temperature rise. Median FaIR ensemble globalmean temperature change 
versus total radiative forcing for the historical period (black) and SSP extensions 
(colors). Mitigation SSPs are shown until they reach net-zero GHG emissions; 

other SSPs are shown through 2100. The dashed line shows the fast-mode 
prediction. By late century the slow mode becomes apparent, contributing 
roughly 10–20% of total warming depending on the scenario.
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Extended Data Fig. 3 | Theory compared to all ZECMIP experiments. Comparison between the analytic formula (Eq. 6) and the experimental values for the temperature 
change after emissions cessation following a 1%/yr increase in CO2 up to 750 (triangles), 1000 GtC (squares), and 2000 GtC (circles) in the ZECMIP ensemble.
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Extended Data Fig. 4 | Shapley decomposition of ZECMIP-FaIR differences. 
Each row corresponds to a ZECMIP-A1 long-running model. Within a  
row, horizontal bars stack the per-parameter Shapley contributions for  
(ECS, TCR, Aeq, Aze) along with the off-theory residual difference εm - εFaIR, 
accumulating outward from the FaIR median ZECeq (vertical line) to the model’s 

reported ZECeq (black tick). Rightward segments indicate parameters that  
push a model toward additional post-cessation warming (high ECS or Aeq, or 
low TCR or Aze); leftward segments indicate the opposite tendencies, driving 
post-cessation cooling.
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Extended Data Fig. 5 | Estimates of distributions and covariances in the 
AR6-tuned FaIR ensemble. Diagonals present the kernel density estimates 
of the 841-member ensemble of FaIR configurations, tuned to the AR6 report. 
See Methods for details. Off-diagonals show the kernel-density estimates for 
covariances between the different variables that determine ZEC. The ensemble’s 

TCR and ECS distribution are compared to the AR6 estimates. The present-day 
CO2 forcing, in this context, Fze, is compared to the best estimate of 2023 forcing 
based on AR6 methods25. The forcing at carbon equilibrium is not assessed in 
AR6, so no comparison is made.
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Extended Data Fig. 6 | Comparing FaIR and ZECMIP parameters. Per-parameter distributions under the ZECMIP-A1 protocol: the FaIR 841-config ensemble is shown 
as a horizontal box-and-whisker (box: 25–75%; whiskers: 5–95%; line: median), with each ZECMIP-A1 long-running model overlaid as a colored point.
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Extended Data Fig. 7 | ZECMIP-sampled equilibrium airborne fraction shifts 
ZEC_eq more negative. (a) Aeq as a function of cumulative emissions for the 
millennial-scale ZECMIP models (colored points: 750, 1000, and 2000 GtC 
pulses; lines: linear fits used to interpolate to other emissions). The black star 

marks FaIR’s default Aeq at the ensemble-median cumulative emissions. (b) FaIR’s 
ZECeq distribution under the historical cessation experiment with the default Aeq 
(solid) and with Aeq Monte Carlo sampled from the ZECMIP fits (dashed).
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Extended Data Fig. 8 | Equilibrium forcing dominated by CO2. The median total (blue) versus CO2 (orange) radiative forcing simulated by the FaIR ensemble under 
the Shared Socioeconomic Pathways (SSPs) (panels a-h) with an immediate cessation at year 2100, alongside the historical case with cessation at 2024 (panel i).  
The cessation year is marked by a dotted vertical line in each panel.
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Extended Data Fig. 9 | Non-CO2 forcing increases over the 21st century in all SSPs. The median radiative forcing not due to CO2 as simulated by the FaIR ensemble 
under the Shared Socioeconomic Pathways (SSPs). Even in the mitigation SSPs, the non-CO2 radiative forcing increases from 2025 onward because declining sulfate 
emissions reduce the magnitude of aerosol cooling.
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Extended Data Fig. 10 | Sensitivity to the definition of net-zero greenhouse 
gases. Temperature evolution in the mitigation SSPs (panels a-c) under net-zero 
GHG emissions. As in Fig. 4a, but with CO2 -equivalence computed using GWP20 
(blue), GTP50 (orange), and GTP100 (purple), in addition to GWP100 (grey). 
For each metric, the year at which net-zero is reached is indicated by a dashed 

vertical line. After net-zero, the emissions mix is held fixed, but the magnitude of 
emissions declines on an exponential timescale of a century. The experiment in 
which emissions cease when net-zero is first achieved as defined by GWP100 is 
also shown (black).
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