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Abstract

Climate policy aims to limit global warming by achieving net-zero greenhouse gas emissions. Climate mod-
els indicate that achieving net-zero emissions yields a nearly constant global temperature over the following
decades. However, whether temperatures remain stable in the centuries after net-zero emissions is uncer-
tain, as models produce conflicting results. Here, we explain how this disagreement arises from differing
estimates of two key climate metrics, which govern the carbon system’s disequilibrium and the ocean’s ther-
modynamic disequilibrium, respectively. By constraining these metrics using multiple lines of evidence, we
demonstrate—with greater than 95% confidence—that global temperature anomalies decline after net-zero.
In the centuries that follow net-zero, the global-mean temperature anomaly is projected to decrease by 40%
(median estimate). Consequently, achieving net-zero emissions very likely halts further temperature rise,
even on multi-century timescales.
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Introduction

The Paris Agreement seeks to stabilize global temperatures by achieving net-zero greenhouse gas (GHG)
emissions [1]. This net-zero strategy emerged just a few years before the agreement, spurred by recent research
suggesting that emissions must be almost entirely eliminated to prevent further warming [2-4]. Earlier policies
focused instead on stabilizing atmospheric GHG concentrations, allowing net-positive emissions that were offset
by carbon uptake from land and oceans [5].

With stabilized GHG concentrations, however, surface temperatures still continue to rise. This surface warm-
ing is governed by both the source of heat—radiative forcing from GHGs—and by the sinks of heat—mixing
with the cold, deep ocean and radiative cooling to space. Over time, the deep ocean warms, weakening the
deep-ocean heat sink and thus increasing surface temperatures. Therefore, simply stabilizing GHG concentra-
tions does not counteract the diminishing ocean heat sink. To stabilize the temperature, then, it is necessary
for the heat source (i.e., the radiative forcing) to decline as well.

Does the cessation of emissions, which enables natural land and ocean carbon sinks to lower atmospheric
CO; concentrations, reduce the heat source enough to stop warming? This question has been extensively
studied with climate models [2, 4, 6-11], which generally find that zeroing emissions indeed halts the rapid rise
in temperature rise observed over the historical period. Therefore, future warming appears to be mainly due
to future emissions.

Given the significant challenges in eliminating GHG emissions entirely, policies aim to stabilize the tem-
perature with net-zero, rather than zero, emissions [3, 12]. Net-zero emissions involve offsetting positive GHG
emissions with negative CO2 emissions, i.e., deliberate removal of COy from the atmosphere. It is generally
assumed that the long-term temperature responses to zero and net-zero emissions are similar (we confirm this
below, and in fact find that the former generally provides an upper bound on the latter). This similarity, along
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Fig. 1 Model responses to emissions cessation diverge over time. Post-emissions temperature change in ZECMIP models
[10] driven by a 1%/yr increase in COg2 concentration until diagnosed cumulative emissions reach 1000 GtC. Plot is reproduced
from Figure 3b of ref. [10] with a logarithmic x-axis to emphasize inter-model divergence over time.

with the relative simplicity of zero emissions scenarios, have made the zero-emissions response a useful tool for
understanding climate stabilization [13]. In its Sixth Assessment Report (ARG), the Intergovernmental Panel
on Climate Change (IPCC) assessed that the global-mean surface temperature change over the fifty years
following a complete cessation of emissions is only —0.1 + 0.2°C [Section 4.7.1 11].

This IPCC assessment was based on ZECMIP, a recent intercomparison of roughly two dozen models which
explored the temperature change after emissions cease, known as the Zero Emissions Committment (ZEC)
[7, 10]. As shown in Figure 1, the ZECMIP ensemble exhibits little temperature change in the first few decades
following emissions cessation. However, over subsequent centuries, simulations diverge, with models projecting
a multi-century spread exceeding 1°C. Thus, while emissions cessation may halt rapid warming in the near
term, ZECMIP suggests that prolonged, slow warming on oceanic timescales cannot be ruled out. Uncertainty
in long-term ZEC is perhaps unsurprising, given substantial inter-model differences in fundamental climate
parameters and processes. However, ZEC appears only weakly correlated with standard metrics of climate
sensitivity [10], leaving much of the variance in Figure 1 unexplained (Supplementary Fig. 1).

This uncertainty in the determinants of ZEC complicates efforts to maintain global temperatures below a
target value in the coming centuries [13]. Achieving temperature targets involves limiting cumulative emissions
to a prescribed total referred to as the “carbon budget” [3, 14]. If warming persists even after net zero, the
carbon budget must be tightened [15]. Given the uncertainty surrounding long-term ZEC, the IPCC assessed
with very low confidence that the AR6 carbon budgets guarantee climate stability beyond the 21st century
[16, Section 5.5.2.3].

Here, we aim to address this lack of confidence by bringing the long-term implications of net-zero into
sharper focus. By appealing to a simple energy balance model, we explain how the ZECMIP model divergence
in Fig. 1 is explained by differing estimates of two key quantities: the forcing and thermal disequilibria at the
time of zero emissions. When these underlying disequilibria are constrained by multiple lines of evidence, and
made consistent with AR6 integrated assessments, the simple model robustly predicts multi-century cooling
after net-zero GHG emissions. This finding suggests that achieving net-zero halts temperature rise not only
this decade, but for centuries to come.

Climate dynamics after net zero

We define the long-term ZEC [7] as the difference between the “final” temperature anomaly T¢ and the
temperature anomaly at the time emissions cease T,

ZEC = Tt — Tje . (1)
Anomalies are taken with respect to preindustrial, and final refers to the quasi-equilibrium climate state that

emerges after many centuries of ocean overturning have equilibrated atmospheric and oceanic carbon and heat.
We approximate this equilibrium with the simulation results a thousand years after cessation.



Consider the magnitude of ZEC relative to the temperature anomaly at cessation,

ZEC  Tp
TZC N TZC

~1. 2)

In the final state, by definition, Tt = Fy/\, where F} is the final radiative forcing and A is the equilibrium
climate feedback parameter. Let T = F,./A be the hypothetical temperature that would arise if the climate
were in thermal equilibrium with the forcing at emissions cessation. Substitution yields

ZEC _Fi/Fe
T.e  T,/T

3)

The ratio Ft/F,, represents the forcing disequilibrium at cessation, due to (primarily short-lived) non-CO4
species and COs that is airborne at cessation but will be taken up by the ocean (or land) at equilibrium.
Likewise, T,e/ T quantifies the thermal disequilibrium due to the not-yet-warmed deep ocean.

To constrain T, /T, we appeal to the two-box model of climate [17-19]. This simple model partitions the
temperature response to forcing into two timescales: T & Ttist + Tsiow, Where Tt corresponds to a ~ 5 yr
mode associated with the fast adjustment of surface ocean, and T represents a ~ 200 yr mode associated
with slow deep ocean warming [20]. When the temperature response is dominated by the fast mode, the thermal
disequilibrium is approximately constant: in this state, T'(t) /T(t) ~ Trast (t)/T(t) = Trast (t) /A" F(t), and, given
the fast mode’s limited memory, Tt (t) is largely determined by the current forcing F(¢). In fact, to first order
we have Tras () o< F(t), fixing Tras (t)/A"LF(t) to a constant. (See Methods for a more complete derivation.)

The value of this constant thermal disequilibrium can be computed from any scenario in which the tem-
perature response is dominated by the fast mode. To make contact with established metrics, we compute the
fast-mode’s disequilibrium in the standard 1%/yr increase in COsz scenario [21, 22]. The temperature response
at the time of COy doubling (year 70) is the transient climate response: TCR & Tt (70 yr). The equilibrium
temperature if forcing were held constant at doubling is the equilibrium climate sensitivity, ECS = A 71 Fyy.
Therefore, the fast-mode’s disequilibrium is TCR/ECS.

For a general scenario, as long as the zero-emissions state is dominated by the fast mode, the thermal
disequilibrium is constrained to TCR/ECS, and hence

ZEC = F/F.
T.. TCR/ECS

1. (4)

Given the extensive literature constraining TCR and ECS with multiple lines of evidence [23, 24], the above
formula connects the post-emissions response to our broader understanding of climate change. The formula
makes precise the prior observation that ZEC simulations are influenced by the degrees of disequilibrium in the
carbon system and thermal response at the time of emission cessasion [9, 10, 25]. Equation 4 also generalizes
the related result of ref. [26], which derives an analytic expression for ZEC in the context of an idealized
carbon-cycle model.

We now validate the general formula against the higher-complexity models participating in ZECMIP. We
first apply the formula to experiments [10] in which the COy concentration increases at a rate of 1%/yr until
the diagnosed cumulative emissions reach 750, 1000, and 2000 GtC. Fig. 1 corresponds to the 1000 GtC case.
For models that simulate only the first century after emissions cessation, we adapt the formula to predict ZEC
at the end of the simulation, rather than at the long-term equilibrium (see Methods).

We use the ECS, TCR, and Fy, values reported for each model in ref. [10] and diagnose F,, and F} by
approximating the forcing as logarithmic in the COs concentration. Fig. 2 compares the formula’s predictions
for ZEC to the experimental values in the 1000 GtC experiment. See Supplemental Figure 8 for the 750 and
1000 GtC cases. Comparing theory to experiment across the three cases yields an average error of 0.10 and
a Pearson’s coefficient of R? = 0.78, building confidence that the formula generally captures the ZECMIP
responses to emissions cessation.

Constraining with more evidence

Equation 4 highlights the limitations of inferring the long-term zero-emissions response from the ZECMIP
results. We do not expect the TCR/ECS distribution of the ZECMIP models (an ensemble of opportunity) to
be fully consistent with ARG central estimates. In addition, Fy/F,. depends on the rate of emissions, and the
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Fig. 2 Theory captures variation across models of varying complexity. Comparison between the analytic formula (Eqn.
4) and the experimental values for the fractional temperature change after emissions cessation following a 1%/yr increase in CO2
up to 1000 GtC in the ZECMIP ensemble (a) and following historical emissions in the FalR ensemble (b). For ZECMIP models,
these results do not represent long-term committed warming, as simulations terminate before equilibrium. For the FalR ensemble,
a kernel density estimate of the ensemble’s probability density function (PDF) is also shown with bandwidth set by Silverman’s
rule [27].

lifetime of the emitted species. Historical emissions have been notably slower and more diverse in species than
the ZECMIP COgz-only 1%/yr scenarios [28].

Here we aim to provide ZEC estimates that are consistent with historical emissions and the IPCC AR6
assessments of TCR and ECS. To begin, we consider historical ZEC (i.e., the temperature change that occurs
absent future emissions). We expect that the present-day thermal disequilibrium is dominated by the fast-
mode. Most of the rise in historical forcing has occurred in the last few decades [28], leaving insufficient time for
the multi-century mode to react to modern forcing [18]. The absence of a substantial slow-mode contribution
to present-day temperature is confirmed by climate-model simulations [18, 29] in which the forcing is abruptly
zeroed and the temperature rapidly returns to near pre-industrial levels. We therefore estimate the present-day
thermal disequilibrium as equal to the characteristic fast-mode value of TCR/ECS.

IPCC ARG inferred an ECS central estimate of 3.0 K with a very likely (i.e., 5th-95th interquantile) range of
[2.0-5.0] K and a TCR estimate of 1.8 [1.2-2.4] K [30, Table 7.1.13]. These assessments synthesize process-based
understanding, warming over the instrumental record, paleoclimate data, and emergent constraints [23, 30].
The present-day forcing (2023 relative to 1750), in this context, Fje, is estimated to be 2.8 [1.8-3.6] W /m? [28].

The forcing at equilibrium, Fy, is non-zero and is not assessed in AR6. Millennial simulations in ZECMIP
and other studies [31] find that roughly 20% of CO2 emissions are stranded in the atmosphere on multi-century
timescales, yielding F ~ 1.2 W/m? (see Methods). Evaluating the fractional ZEC formula (Eqn. 4) with these
ARG central estimates yields —30%. In other words, the temperature is expected to decrease by roughly 0.4 K
absent future emissions. The diminishing heat source from declines in GHG concentrations trumps the declining
heat sink from ocean equilibration, yielding cooling. Assessing confidence in this estimate, however, requires
considering the uncertainty and covariance among the four input parameters.

To estimate these covariances (and, in the next section, to project future scenarios), we take advantage of
the AR6-tuned Finite-amplitude Impulse Response (FalR) ensemble [32]. FaIR consists of an energy balance
model coupled to an idealized carbon cycle and simple analytic forcing expressions [33—-35]. In ARG, the IPCC
extensively relied upon FalR for future projections, uncertainty assessment, and scenario exploration [36, 37].
Despite FalR’s reduced-complexity, the simple model can successfully emulate state-of-the-art models from the
Coupled Model Intercomparison Project Phase 6 (CMIP6) and replicate historical observations [32, 34]. And,
enabled by this simplicity, FalR can be run in large ensembles, accounting for key uncertainties.

In what follows, we use the AR6-tuned FalR ensemble to compute the distribution of ZEC/T,. consistent
with the key findings of the AR6 report[32]. This ensemble consists of roughly 10 members, constrained out
of a 10%-member prior ensemble to replicate AR6-assessed ranges of climate metrics (including ECS, TCR,
and radiative forcing) and selected to match historical observations of global-mean temperature, ocean heat
uptake, and CO4 concentrations (see Methods). This ensemble, therefore, provides a joint inference of the four
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Fig. 3 Emissions cessation experiments reveal cooling after net zero. The median temperature response to emissions
cessation in the Shared Socioeconomic Pathways (SSPs) given only CO2 emissions (a) and all forcings (b+c) as projected by the
FalR ensemble. The scenarios in descending order are SSP5-8.5, SSP3-7.0, SSP2-4.5, SSP5-3.4, SSP4-3.4, SSP1-2.6, SSP1-1.9, and
historical (black). In panels a and b, cessation occurs in 2100, whereas in panel c, at the time of net-zero greenhouse gas emissions
(circles), emissions immediately cease (solid) or ramp-down (dotted) over the subsequent century.

parameters needed to evaluate ZEC, which captures the covariances implied by multiple lines of evidence (see
Supplemental Figure 2).

Driving the ensemble with historical emissions followed by cessation at present yields the experimental
ZEC/T,. probability density function (PDF) shown in Figure 2(b), indicating that given our best estimates and
associated uncertainties, there is a greater than 90% chance that emissions cessation today stops temperature
rise, even on multi-century timescales. As evidenced by the scatter points in Figure 2(b), evaluating the analytic
formula with each member’s forcing and thermal disequilibrium yields essentially the same result.

Closer agreement between Eqn. 4 and FalR, compared to with ZECMIP models, is unsurprising. Many of
the full-complexity models suffer from energy imbalance at the start of the ZECMIP simulations (Supplemental
Figure 7). In addition, the ECS values in FalR correspond to true equilibrium values, while in full-complexity
models, ECS is extrapolated from transient runs, making the ECS values inputted into the formula another
possible source of error for more complex models. Finally, FalR is a box model with well-separated fast and slow
modes, matching the structural assumptions underlying the formula, while ZECMIP models exhibit greater
structural complexity. Nonetheless, Fig. 2a suggests that most of the spread in normalized ZEC across the
ZECMIP models is parametric and captured by uncertainty in two quantities: TCR/ECS and Fy/F,e.

Central estimates of these parameters indicate significant cooling when all forcings are considered, but only
minor cooling when CO; is the sole forcing. Evaluating the analytic formula with only the COy component
of present-day forcing—estimated at 2.3 W/m? [28]-yields ZEC/T,, = —0.1. As demonstrated by the black
curve in Figure 3a, the FalR ensemble driven by only historical CO5 emissions with emissions cessation at
present day yields a relatively flat temperature response. The ensemble’s estimate for COq-only historical ZEC
is —0.1[—0.3 to 0.2], with a 75% probability of cooling for COq-only historical ZEC (Supplemental Figure 9),
consistent with the majority of ZECMIP COs-only results in Figure 2a.

Adding in the mostly short-lived non-COsy species yields more negative ZEC values, as demonstrated by
the black curve in Figure 3b. Here FalR is driven with all forcings up to emissions cessation at present day
(2024). The additional forcing elevates F,, above the COs-only value, but does not significantly raise Fy, given
the shorter-lived nature of non-COq species. Therefore, cooling in the all forcings case arises from combining
transient non-CO» warming with a relatively flat temperature response to only COs.

This finding generalizes to the Shared Socieconomic Pathways (SSPs) as demonstrated by the colored lines
in Figure 3a,b. Here the AR6-tuned FalR ensemble is driven by each emissions pathway up to 2100, after which
all emissions are zeroed. COq-only SSP experiments are shown in Figure 3a, and again exhibit relatively little
change after cessation. Repeating these experiments with all forcings yields substantial cooling after emissions
cessation (Figure 3b). As detailed in Supplementary Figure 11, the FalR ensemble estimates a 89% or greater
probability that long-term ZEC is negative in the SSPs. Cooling in the SSPs again results from decaying
non-COy warming superimposed on a relatively flat COq-only response.
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Fig. 4 Cooling distributions. Probability density functions (PDFs) of the fractional change in temperature after net-zero in the

relevant SSPs (colors) and given no future emissions (black) as realized by the FalR ensemble. PDFs are kernel density estimates
with bandwidths set by Silverman’s rule [27].

Cooling after net zero in the SSPs

We now shift our attention from climate change after emissions cessation to climate change after net-zero
greenhouse gas emissions (hereafter, net-zero). Net-zero emissions result from offsetting positive emissions of
minor GHGs with negative COs emissions. Here we define net-zero with respect to the total global warming
potential over 100 years (GWP100) assessed in AR6 [37].

As claimed earlier, the temperature responses to net-zero and zero emissions are closely related. In Figure 3c,
we compare emissions cessation at net-zero (solid curve) to maintaining net-zero emissions (dotted curve) with
offsetting emissions. Offsetting, however, cannot continue indefinitely, due to the finite capacities of negative
emissions technologies and land-use strategies [38]. To extend the SSPs beyond the time of net-zero, the dotted
curves in Figure 3c assume a linear ramp-down of net-zero emissions levels over the subsequent century. (The
standard SSP extensions result in net negative emissions, and are thus not explored here.)

The relationship between the ramp-down and immediate cessation experiments can be understood as follows.
By design, active net-zero emissions yield temperatures comparable to zero emissions over the near term.
However, in the long-term, continued offsetting of minor GHG emissions with negative CO5 emissions yields a
lower long-term forcing in the net-zero case, as COs is the longest-lived GHG. In this manner, the long-term
temperature that results from ceasing emissions at net-zero provides a general upper bound on the long-term
temperature that evolves under active net-zero GHG emissions.

Cessation experiments in Figure 3¢ provide a median estimate of this upper bound, indicating at least
a 38% cooling following net-zero emissions in scenarios where offset emissions persist. Median estimates are
similar across scenarios, due to limited changes in Fy/F,, and T/ T between the present and the time of net-zero
emissions (indicated by the circle in Fig. 3b). To the extent that the ocean thermodynamics and carbon cycle
do advance toward equilibrium between today and net-zero, these effects largely compensate, leaving ZEC/T,.
roughly fixed (Supplemental Figure 6).

Figure 4 explores the uncertainty in these upper bounds by comparing the ZEC/T,, distributions to the
historical case. While all share similar median estimates, cooling is more likely in the SSPs. The narrower
probability density functions (PDFs) for the SSPs are linked to greater confidence in the aerosol forcing at net-
zero compared to present-day. Aerosol forcing is presently —1.2[—2.1to — 0.5] W/ m? [28], but contributes only
—0.14 [-0.27 to 0.01] VV/m2 at net-zero in SSP1-1.9, for instance. Lower aerosol forcing narrows the spread
in F,, and thus ZEC/T,. (and eliminates the temperature spike exhibited by the historical curve in Figure
3b). Given this reduced uncertainty, cooling after net-zero is extremely likely (> 95% probability) in the FaIR
ensemble. The balance of evidence, therefore, strongly indicates that the decrease in radiative heating (due to
natural sinks) overcomes the loss of the ocean heat sink, yielding cooling after net-zero.



These findings contextualize two recent studies of FalR’s multi-decadal response to zero and net-zero emis-
sions [39, 40]. After net-zero was reached in 2050 following a 1.5°C stabilization pathway, ref. [39] found a likely
temperature decline of —0.1°C over the subsequent decades. Ref. [40] simulated FaIR’s temperature response to
present-day cessation through the end of the century, yielding results consistent with the 21st-century segment
of the historical ZEC simulation presented here (black curve, Figure 3b). The present study demonstrates how
these multi-decadal findings fit into a larger multi-century decline, which generalizes across the SSPs, emerges
from the interplay between an enduring CO5 response and transient non-COs heating, and is predicted by key
climate metrics via a simple formula (Eqn. 4).

Caveats

The magnitude of cooling after net-zero is additionally sensitive to the fate of managed lands. In Fig. 3b,
we did not restore managed lands to their preindustrial state. Rather, we fixed the land-use albedo forcing
(—0.2 W /m?) and left the carbon sink unmodified. (Note that negative land-use albedo forcing yields the slightly
lower long-term values in Fig. 3b compared to Fig. 3a.) However, if we cease land use altogether, ecosystems
recover, modifying the albedo and taking up additional carbon. We crudely represent this in additional FalR
experiments by allowing ecosystem restoration to draw down historical land-use emissions (~ 250 GtC) on a
centennial timescale [41]. As illustrated in Supplemental Figure 3, ecosystem restoration lowers ZEC/T,, from
roughly —30% to —50%.

Our analysis does not include permafrost processes, which remain uncertain and are omitted from most
CMIP6 projections. Reversing the roughly —0.5° C cooling trends in Figure 3¢ would require a substantial
net carbon loss from permafrost regions—on the order of 300 GtC, based on the AR6 central assessment of
1.65° C warming per 1000 GtC of CO5 emissions [42]. However, a recent comparison [43] of models that do
include permafrost processes found a net carbon gain of 8-244 GtC in these regions under a middle-of-the-
road emissions scenario (RCP4.5 extended to 2300), as increased vegetation growth outweighed thaw-induced
decomposition. Therefore, incorporating permafrost processes seems unlikely to overturn our main conclusions.

The ZEC formula indicates eventual cooling after net-zero, but the formula cannot rule out a transient
peak. After net-zero, FalR indeed monotonically cools to lower equilibrium temperatures, but FalR’s reduced
complexity could be limiting its ability to resolve a transient peak. Such a transient peak in the all-forcings
ZEC would have to emerge from a strong peak in the COs-only ZEC response overcoming cooling from declin-
ing shorter-lived forcings. Of the greater complexity models participating in ZECMIP, TAPRAS is the only
model that demonstrates a COq-only response with a post-warming peak of sufficient magnitude (=~ 0.4°C) to
plausibly imprint itself on the all-forcings case (Supplemental Figure 5a); however, IAPRAS also suffers from
an anomalous and perplexing reversal in the sign of the top-of-atmosphere energy flux at emissions cessation,
raising concerns over the physicality of this result (Supplemental Figure 5b).

While the evidence points to net-zero likely halting warming across timescales, we note that stopping tem-
perature rise does not reverse the intensifying trend of many climate-change impacts. Even at fixed temperature,
the continued oceanic uptake of heat and carbon is expected to raise sea levels and acidify the ocean [4, 44].

Conclusions

Our findings alleviate concerns raised in AR6 (and prompted by COs-only ZECMIP experiments) that the
climate may continue to slowly warm after net-zero emissions. By linking the Zero Emissions Commitment
(ZEC) response to established climate metrics through an analytic formula, we show that a strongly positive
COs-only ZEC is unlikely. Moreover, when non—CQO5 forcings are included, the ZEC response shifts decisively
toward cooling. Finally, we find that the ZEC represents an upper bound on the actual long-term temperatures
after net zero. Collectively, these insights strongly suggest gradual cooling after net zero.

Methods

Fast and slow modes of warming

The two-box model provides a conceptual framework for understanding transient warming in climate models
[17-19, 45]. The lower box represents the deep ocean, and the upper box combines the ocean’s mixed layer and
the atmosphere. The energy budget of the surface and deep-ocean box, respectively, are approximated as

T
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dT,
Ca—t = (T —Ta), (6)

where T' and Ty are the temperature anomalies (rel. preindustrial) of the respective boxes; Cs is the surface
ocean’s heat capacity (per area with units of J/K/m?); F is the radiative forcing (units of W/m?); v is the
heat transfer coefficient between the two ocean layers (units of W/m?2/K); and X is the equilibrium feedback
parameter, i.e., the change in the top-of-atmosphere outgoing radiation per change in surface temperature at
equilibrium (in units of W/m?/K). Finally, \’ represents the transient deviation in the feedback parameter
(a.k.a., the pattern effect), driven primarily by cloud and ice-albedo dynamics that evolve with warming [e.g.,
19, 46, 47].

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 approximately five years, and a slow mode that warms over a few centuries
[17, 18, 20, 48]. The fast mode is characterized by a negligible deep-ocean response (Ty — 0) and surface
quasi-equilibrium (Cs dT/dt — 0):

_r (1)
A+ N4y

The magnitude of the fast mode can be calibrated against the standard 1%/yr increase in COy experiment.
In year 70, the forcing corresponds to a CO5 doubling, F5«, and the temperature anomaly is defined as the
transient climate response: TCR ~ Fby /(A + X + 7). Substituting this result into Eqn. 7 yields a general
approximation for the fast-mode response:

Tfast ~

F
Thost ~ T ,
e~ TOR () )

which accurately replicates historical temperatures (Supplemental Figure 8).

Define T to be the equilibrium warming expected if F were held fixed: T = F /). By the definition of the
equilibrium climate sensitivity (ECS), note that A = Fb, /ECS and thus T = ECS (F/Fyy). Therefore, in the
only-fast-mode regime, the thermal disequilibrium is given by,

Tfast _ TCR
T  ECS’ ©)

In the net-zero scenarios, T/T increases over time due to the gradually evolving slow mode; the largest effect
occurs for SSP1-1.9, in which the surface temperature stabilizes, affording the deep-ocean the opportunity to
raise T/T from near 0.6 at present to 0.8 by the end of the century (Supplementary Figure 6a).

Note that the analytical formula (and the FalR climate model) assumes that warming is paced by approxi-
mately two modes that are well seperated in time. The finding that a 1D diffusive model (which possesses modes
at all timescales) provides equivalently accurate fits to comprehensive models [49] poses a challenge to this
framework. Because historical forcing has increased slower than the 1%/yr trajectory, a diffusive model would
suggest that we are closer to thermal equilibrium with our current forcing than the 1%/yr-driven ocean is with
Fyy at the time of doubling (year 70). Therefore, in a diffusive model, present-day 7'/ T would be greater than
TCR/ECS, implying even greater cooling after zero emissions: the closer the ocean is to thermal equilibrium
with present-day forcing, the more the decline in forcing dominates the zero-emissions response. Replacing the
two-box model with a 1D diffusive model would therefore strengthen, rather than contradict, our main findings.

Final forcing

COg is the dominant forcing on multi-century timescales (Supplementary Figure 13). Radiative forcing from
CO,, is approximately logarithmic in the concentration, or equivalently, in the mass of airborne COq [50]:

Fco, (t) ~ F,log (1 + A(t) Cemit (t)/cpre) ) (10)

where Cpre ~ 590 GtC is the pre-industrial mass of atmospheric carbon, A(t) is the airborne fraction of
cumulative emissions Copie (currently 740 GtC), and F, ~ 5.6 W/m? [28, 41].

Carbon-cycle projections find that roughly 20% of cumulative emissions are stranded in the atmosphere on
multi-century timescales [10, 31, 51], in agreement with carbon-chemistry theory [52]. Evaluating eqn. 10 with
a final airborne fraction of A; ~ 0.2 yields a final CO, forcing of 1.2 W/m?, close to the central value found in
FalR (1.3 W /m?).



The total forcing in the primary FalR experiments (Fig. 3b) additionally includes —0.2 W/m? of albedo
change from land use, yielding F} = 1.1 W/m?. If land-use ceases altogether, biomass recovers, reducing the
albedo forcing. Restoring biomass also lowers the CO5 forcing by drawing down prior land-use emissions. In
an alternate experiment (Supplemental Figure 3), restoring biomass on managed land to preindustrial values
yields an additional 0.2 °C of eventual cooling.

Finally, we consider the sensitivity of our findings to uncertainty in A¢. If we recompute the final temperature
with A¢ sampled from the ZECMIP ensemble instead of FalR, the resultant ZEC /T, distribution shifts towards
greater cooling (Supplemental Figure 11), due to a lower median Af in ZECMIP..

COs-only case

If COy is the only forcing (as in Figure 3a), the forcing disequilibrium can be directly related to the disequilib-
rium in the carbon system. Given the airborne fractions A,, and A¢ in the zero-emissions state and final state,
respectively, Eqn. 10 yields
Ff _ 10g (1 + Af Cemit/cpre) ~ Af (11)
er 1Og (]- + Azecemit/cpre) Aze ’
where we linearized by assuming Cemit < Cpre/Ase =~ 1500 GtC, estimated given the present-day air-
borne fraction (= 0.5; [41]). The post-emissions response is then determined by simply comparing the carbon
disequilibrium (A¢/A,c) to the thermal disequilibrium:

ZEC _ AtfAe

~ — 12
T.. = TCR/ECS (12)

The nearly flat responses in Figure 3a arise because the carbon and thermal disequilibria are both about 1/2,
which, according to the formula above, yields a COz-only ZEC of approximately zero.

ZECMIP

To account for natural variability, the zero-emissions temperature 7T, is taken to be the 20-year average centered
on the time of zero emissions. The final temperature Tt is the average over the last 20 years in each simulation.
The majority of ZECMIP simulations are of too-short duration to reach the final carbon and thermal equilibria.
If the simulated final state is out of thermal equilibrium, planetary energy balance yields e Ny = Fy — \Tt, where
Nt is the top of the atmosphere energy imbalance (units of W/m?), and here e is the efficacy of planetary heat
uptake. This serves as an alternative parameterization of the pattern effect (rather than X as in Eqn. 6), which
we employ here because values of € have been previously fit to the ZECMIP models [10]. We approximate € as
constant and use the value fit to years 10 through 140 of the 1%/yr COq computed in ref. [10].
Repeating the derivation of the ZEC formula with Tt = (Ft — eNg)/A yields

ZEC (Ff - ENf)/er
~ -1 13
Tw. TCR/ECS ’ (13)

which is plotted in Figure 2. A subset of models have a non-zero N at the simulation’s start due to energy con-
servation error or insufficient spin-up time. We compute Nt relative to this preindustrial imbalance, estimated
as the y-intercept of a linear regression of N versus F' over the first 20 years of data (Supplementary Figure 7).

FalR

To understand how estimates of key climate metrics covary, and to project future temperatures in line with
ARG 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
models [34]. Here we use the Finite Amplitude Impulse Response (FalR) ensemble, arising from IPCC efforts to
build a model ensemble consistent with their integrated assessments [32, 33, 35, 53]. We rely on the AR6-tuned
FalR ensemble, which is fully described in [35], and calibrated to ARG in [32].

We briefly note that FalR 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 adjust-
ments to incorporate carbon-climate feedbacks. Simple treatments of methane chemistry, aerosol direct and
cloud-interaction effects, land-use albedo, and other minor GHGs are also included (see ref. [35] for details) and
calibrated to match ARG distributions [32]. For the historical ZEC experiment, we drive the FalR ensemble
with the latest Indicators of Global Climate Change (IGCC) emissions reconstruction [28]. Future projections
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are driven with emissions from the Shared Socioeconomic Pathways [38]. In ZEC experiments, anthropogenic
emissions are zeroed by instantaneously reverting all emissions to pre-industrial (1750) baselines.

Supplementary information. Supplementary Figures 1-13 are attatched to this manuscript.
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Supplementary Fig. 1 ZEC correlates weakly with established metrics. Correlations between ZEC realized in the ZECMIP 1000 GtC
simulations (of varying duration) shown in Figure 1 of the main text and the transient climate response (left), equilibrium climate sensitivity
(center), and the transient climate response to cumulative emissions (right).
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Supplementary Fig. 2 Estimates of distributions and covariances in the AR6-tuned FalR ensemble. Diagonals present the kernel-
density estimates of the 841-member ensemble of FalR configurations, tuned to the AR6 report. See Methods for details. Off-diagonals show
the kernel-density estimates for covariances betweeen the different variables that determine ZEC. The ensemble’s TCR and ECS distribution
are compared to the ARG estimates. The present-day forcing, in this context, F,e, is compared to the best estimate of 2023 forcing based on
ARG methods [28]. The final forcing after carbon equilibrium is not assessed in AR6, so no comparison is made.
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Supplementary Fig. 3 Including ecosystem restoration after emissions cessation. Median temperature response in the FalR ensem-
ble to immediate emissions cessation assuming no regrowth on managed land (solid) and full regrowth (dashed), modeled as reuptake of
historical land-use emissions on a centennial e-folding timescale.
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Supplementary Fig. 4 COz-equivalent emissions in the SSPs with ramp-down after net-zero. The Shared Socioeconomic Pathways
(SSP) CO2 and COaz-eqiuvalent emissions for scenarios that achieve net-zero greenhouse gases this century [38], modified to linearly ramp-
down emissions after net-zero. AR6 estimates of global warming potential at 100 years (GWP100) are used to compute COz-equivalent.
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Supplementary Fig. 5 Temperature anomaly and top-of-atmosphere radiative imbalance (TOA) in IAPRAS compared to
other ZECMIP models. Data corresponds to post-emissions evolution in the ZECMIP A1l experiment [10], which follows a 1%/yr growth
in the CO2 concentration until diagonsed cumulative emissions equal 1000 GtC, at which time emissions cease. Results are smoothed with
a 20-year, centered average. IAPRAS is the only model to exhibit a sharp reversal in the sign of the TOA imbalance shortly after emissions
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Supplementary Fig. 6 Evolution of disequilibria and ZEC in the net-zero SSPs. FalR model results for the thermal disequilibrium
(a), forcing disequilibrium (b), and the fractional change in ZEC (c) for the SSPs that achieve net-zero GHG (circles) this century.

18



N [W/m?]

N [W/m?]

N [W/m?]

N [W/m?]

N [W/m?]

Supplementary Fig. 7 Initial energy imbalance in ZECMIP models. The top-of-the-atmosphere energy imbalance N versus the
radiative forcing for ZECMIP models over the first 20 years of the 1%/yr COg2 experiments. Linear regression (dotted) is performed to estimate
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the pre-industrial N, which may be non-zero due to energy conservation error or insufficient spin-up time.
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Supplementary Fig. 8 Theory compared to all ZECMIP experiments. Comparison between the analytic formula (Eqn. 4) and the
experimental values for the fractional 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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Supplementary Fig. 9 Non-CO: forcings lower ZEC. The probability density function (PDF) for ZEC/T,e resulting from driving the
1157 FaIR ensemble with all forcings (solid curve) versus only CO2 (dashed curve) up to present-day (2024) followed by emissions cessation. PDFs

are kernel density estimates with bandwidths set by Silverman’s rule [27].
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Supplementary Fig. 10 Anthropogenic component of historical temperature rise explained by fast mode. The median tempera-
ture response of the FalR ensemble (blue) when driven by only anthropogenic forcing compared to the fast-mode solution: Tt,s¢ = TCR (F/ Fay).
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Supplementary Fig. 12 ZECMIP A; results and their implications for ZEC/T.. Left: Final airborne fraction (Ay) in the millennial
ZECMIP experiments for cumulative CO2 emissions of 750, 1000, and 2000 GtC. Per-model linear fits (via least-squares regression) are also
shown. The black marker indicates the final Ay from FalR, which is larger than that of most ZECMIP models. Right: Probability density
functions (PDFs) for historical ZEC/T;. (i.e., the relative temperature change given no future emissions). The solid line shows results using
FalR’s default Ay, while the dotted line results from substituting FalR’s Ay with the ZECMIP results. In this case, for each ZECMIP model,
we use the per-model linear fits to find Ay for historical emissions, then recalculate the FalR ensemble’s predictions given that A;. Results for
all ZECMIP models are combined into an ensemble of size 7 x 841, whose PDF is shown by the dotted curve. Because the average ZECMIP
model has a smaller Ay than FalR’s default, this PDF is shifted toward greater cooling relative to the default FalR ensemble.

23



1335

1336
1337
1338
1339
1340
1341
1342
1343
1344 5 : 3.0 - : 0.5 - :
1345 a) Anthropogenic b) CO, c) Aerosols
1346 4 . 2.5 - 1 0.0 7 f
1347 — 05 -
1348 £, | 2.0 1
1349 33 104
1350 2 157 (5
1351 €27 o
[s) 1.0 H
1352+ : —2.0
1353 " : zero 0.5 1 25
1354 : emissions : :
1355 O T T T T 1 00 T T T T 1 _30 T T T T 1
1356 0.8 - , 0.30 1 , 0.8 - ,
1357 d) CH,4 e) N,O f) Ozone
1358 i 0.25 : :
1359 _ 0.6 : 0.6
1360 NE 0.20 ~
1361 =, : 0.4 -
1362 2 047 0.15 :
1363 S
0.10 ~
1364 " o5 - : 0.2 7
1365 : 0.05 :
1366 : : 0.0 :
1367 OO T T T T 1 000 T T T T 1 T T T T 1
1368 0.8 4 - 0.0 1 : 0.30 -
1369 g) Halogens i) Other
1370 : 01 : 0.25 A :
1371 _ 0.6 : ' :
1372 NE o2 4 0.20 A
1373 2 '
1374 E, 0.4 + o 0.15 A
S 03 -
1375 5 0.10
1376 0.2 1 .
: —0.4 1 : i
}g;; : h) Land-use albedo 0.05
1379 0.0 T T T T 1 -0.5 — T T T 1 0.00 — T T T 1
1380 1900 2000 2100 2200 2300 2400 1900 2000 2100 2200 2300 2400 1900 2000 2100 2200 2300 2400
1381

1382 Supplementary Fig. 13 Anthropogenic ERF absent future emissions. ERF computed in the FalR ensemble driven by historical
1383 emissions and no future emissions (i.e., the historical ZEC experiment). Shading shows the 5th-95th interquantile range.
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