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Abstract. We examine the behavior of ten Earth system models under a set of idealized CO, emissions-driven simulations to
look at regional temperature and precipitation changes in response to either an abrupt cessation of emissions or an idealized
exceedance-and-return pathway, in which emissions linearly ramp down from positive to negative emissions. This allows a
comparison of the regional climate at three different time points, all of which have the same level of cumulative CO,
emissions and therefore the same expected global warming amount. I.e., this lets us ask how regional climates would differ if
we first emit, and then remove, a given amount of CO,, as compared to a case where the CO, past a certain amount hadn't
been emitted, and the coupled carbon-climate system had been left to freely evolve over the same length of time. We find
consistently higher global precipitation for a given global temperature after zero emissions in both pathways, with a larger
increase under the exceedance-and-return pathway than the zero-emissions pathway. Averaging over land and ocean
domains, we find cooling over land relative to ocean, which is also stronger under exceedance-and-return than
zero-emissions, and for about half of the models a difference in the relationship between land-ocean temperature contrast and

global mean temperature change than occurs under positive emissions. We find low agreement across different models in the
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regional patterns of both temperature and precipitation change in all scenarios. For most of the models, there is a strong
gridcell-level correlation between the temperature changes in the exceedance-and-return and zero-emissions responses, such
that roughly half of the regional variance in temperature change at a given location that occurs under the
exceedance-and-return pathway also occurs under zero emissions. Because only a single realisation of each experiment is
available, this shared fraction is a lower bound on the common forced response: internal variability, which is uncorrelated
between the two experiments, acts to reduce the apparent correspondence rather than inflate it. However, for some models
there is low or negative correlation between the regional climate changes in the two cases, indicating a potential for
fundamentally different regional climate change under exceedance-and-return than under zero emissions. Regional

precipitation changes are more different between the exceedance-and-return and zero-emissions responses for all models.

1 Introduction:

The world is in the midst of breaching the warming level of 1.5 °C, set in the Paris agreement as a key level that
nations would pursue efforts to limit warming to (Bevacqua et al. 2025). Stabilizing global temperatures will
require reaching net zero emissions, and warming will continue until net zero is reached, meaning that unless CO,
emissions drop rapidly in the near future, the climate system will continue to breach higher warming levels (IPCC
2021). Even after a given warming level has been crossed, a set of questions around mitigating climate at that
warming level remain: 1) whether, and how, the world might return to that warming level after it has been
exceeded, 2) how the climate system might differ as a result of first exceeding and then returning to that warming
level, and 3) what a broader set of impacts might be as a result of exceeding and returning to that warming level
(Schleussner et al. 2024).

The theory that global warming is nearly proportional to cumulative CO, emissions (Matthews et al. 2009; Allen
et al. 2009) underlies both the hypotheses that net zero emissions roughly equate to climate stabilization
(MacDougall et al. 2020; Allen et al. 2022; Matthews and Caldeira 2008; Solomon et al. 2009), and that
net-negative emissions may be roughly as effective in cooling the climate as positive emissions are at warming
the climate (Sanderson et al. 2025; Koven et al. 2023; Zickfeld et al. 2016; Brovkin et al. 2025). This theory
applies only to global mean temperatures. Therefore, even under net zero emissions, continued regional climate
changes (MacDougall et al. 2022; Cassidy et al. 2024; Bossert et al. 2026), as well as continued and worsening
climate impacts, would still be expected. This is also true for exceedance-and-return pathways (also frequently
called “overshoot pathways”, though we avoid that term here due to ambiguities in its meaning and usage (Rogelj
et al. 2026)), where regional climate impacts are irreversible even if global mean climate is reversible (Pfleiderer
et al. 2024; Walton and Huntingford 2024; Steinert et al. 2025; Roldan-Gomez et al. 2025; Douglas et al. 2025;
Kim et al. 2022; Koven et al. 2022).

Since ongoing changes to the climate system beyond global mean temperatures are expected to occur even under
net-zero, the most relevant baseline against which to assess the climatic consequences of exceeding and returning
to a given temperature is not the climate at that temperature before reaching net zero, but one that stabilized at
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that temperature under a net-zero pathway for an equivalent amount of time, instead of following the
exceedance-and-return pathway. However, while previous experimental protocols allowed investigating the
regional climate response to both net-zero and exceedance-and-return pathways, they precluded a clean
comparison between the two. The goal of this analysis is to compare two sets of changes to the climate system
beyond global mean surface temperature: those that would occur under approximate climate stabilization at a
given global warming level due to zero emissions, and those that would occur if that warming level is first
crossed due to positive emissions, and then returned approximately back to the original level through net negative
emissions that achieve the same cumulative CO, emissions.

2 Methods:

We use an idealized set of experiments from flatlOMIP (Sanderson et al. 2025), in which Earth system models
(ESMs) are run in a simplified emissions-driven framework. The set of experiments comprise three separate ESM
runs: 1) esm-flat10, in which emissions are set at a constant 10 Pg C / yr for at least 150 years, 2) esm-flatl0-zec,
which branches from year 100 of esm-flat10, after which CO, emissions are abruptly set to zero and held there
subsequently, and 3) esm-flat10-cdr, which also branches form year 100 of esm-flat10 but in which the rate of
CO, emissions linearly ramps down from 10 Pg C/yr to -10 Pg C/yr over the interval from years 100 to 200, and
then remains constant after year 200. Cumulative CO, emissions of the three experiments, and thus also the
expected global mean surface temperature anomalies, are shown in Fig. 1. The cumulative emissions for the
esm-flat10-zec and esm-flat10-cdr experiments diverge from the same level (1000 Pg C) in year 100, at which
level esm-flat10-zec remains subsequently, while esm-flat]10-cdr exceeds and then returns to that same level of
cumulative emissions in year 200.

The flat10MIP experimental design allows for a separation of two distinct effects (Fig. 1). The first is the “zero
emissions response” (which for the global mean surface temperature is the zero emission commitment, or ZEC),
which is governed by the unforced slow adjustment of the Earth system to prior emissions. Under long-term zero
emissions, atmospheric CO, is continued to be taken up by the land and ocean, which tends to cool the climate,
but this is counteracted by continued but weakening ocean heat uptake, which tends to warm the climate (Palazzo
Comner et al. 2023). The drivers of the ZEC, and in particular the near-cancellation between deep ocean warming
and post-cessation carbon drawdown, are analysed in a companion study using a coupled impulse-response
framework fitted to the same flatlOMIP ensemble (Sanderson et al. 2026), which also shows that the linear
carbon-climate feedback diagnosed from esm-flatl0 and esm-flatl0-zec does not generalise to esm-flat10-cdr.
The second is the “exceedance-and-return response” which is due to addition and subsequent removal of carbon
dioxide from the atmosphere, which leads first to forced warming and then to forced cooling. Crucially,
comparing the climate before and after an addition and subsequent removal of CO, mixes the time-evolving
response with the response to exceedance and return. Thus it is possible that some of the projected changes over
the time interval would have occurred in the absence of any CO, emissions, and we can measure this difference
using the esm-flatl(-zec experiment.
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Figure 1: Diagram of experimental design and analysis. The ‘Zero Emissions Response’ is the difference
between a given variable at year 200 of the esm-flat10-zec experiment relative to year 100 of the esm-flat10
experiment. The ‘Exceedance and Return Response’ is the difference between a given variable at year 200
of the esm-flat10-cdr experiment, also relative to year 100 of the esm-flat10 experiment. All three points
have the same cumulative emissions (1000 Pg C). For all analyses, 30-year periods (thick lines) centered on
each of these three points are used.

Here, we analyze results from ten Earth system models that participated in flat10MIP (table 1). In addition to the
ten ESMs, three simple climate models (SCMs) and one Earth system model of intermediate complexity (EMIC)
also participated in flatlOMIP, however we do not analyze these models as they either do not predict regional
climate dynamics or do so using fundamentally different approaches from the ESMs. Details of the experimental
protocol, as well as key coupled global-scale metrics for each model, are described in (Sanderson et al. 2025). For
each model, we analyze 30-year mean temperature and precipitation patterns at periods centered on the three key
time points: year 100 of the esm-flat10 experiment, year 200 of the esm-flat10-zec experiment, and year 200 of
the esm-flat10-cdr experiment. We calculate the “zero emissions response” as the difference of a given variable
between the period centered at year 200 of esm-flatl0-zec and year 100 of esm-flat10, and the
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"exceedance-and-return response” as that between year 200 of esm-flat10-cdr and year 100 of esm-flat10. These
regional responses correspond to two of the metrics defined in (Sanderson et al. 2025) for the global mean surface
air temperature: ZEC100 (the zero emissions commitment 100 years after abrupt emissions cessation) and
TR1000 (the temperature difference after returning to 1000 Pg C cumulative emissions). The inter-model
variance of these two global-mean temperature metrics have a high correlation, and thus the key question here is
whether that extends to regional variation of temperature and precipitation as well.

We assess statistical significance to the results within any given model by comparing to the emissions-driven
control runs, esm-piControl, for each model. We calculate differences in the climate between 1000 pairs of
random, non-overlapping 30-year periods for each model, and assess significance if the gridcell-level changes are
less than the 5th percentile or greater than the 95th percentile of the control run changes. For inter-model
consistency, we assess that changes are consistent if >90% of the models (i.e. nine or ten, out of ten) agree in the
sign of the response.

Earth System Model Primary Reference
ACCESS-ESM1-5 (Ziehn et al. 2020)
CESM2 (Danabasoglu et al. 2020)
GFDL-ESM4 (Dunne et al. 2020)
GISS-E2.1 (Kelley et al. 2020)
NorESM2-LM (Seland et al. 2020)
MPI-ESM1-2-LR (Mauritsen et al. 2019)
CNRM-ESM2-1 (Séférian et al. 2019)
UKESM1.2 (Mulcahy et al. 2023)
HadCM3LC-Bris (Valdes et al. 2017)
MIROC-ES2L (Hajima et al. 2020)

Table 1: List of models and their primary references used in this study.
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3 Results
3.1 Global Mean Responses

Global mean temperature responses (Fig. 2, top panels) follow the expected proportionality between temperature
and cumulative emissions for all experiments, as described in greater detail in (Sanderson et al. 2025).
Globally-integrated precipitation changes (Fig. 2, bottom panels) also follow the temperature changes, with
models that warm the most during the esm-flatl0 experiment also showing a higher fractional increase in global
precipitation. A key difference in the timeseries of precipitation and temperature can be seen after net zero
(starting at year 100) in the esm-flat]0-zec experiment, in which precipitation continues to increase in most
models, despite approximate temperature stabilization across the ensemble. This is similar to the results described
in (Borowiak et al. 2024), also under zero emissions, who note a suggestion that precipitation tends to increase
but that the changes are not consistently outside the range of interannual variability across models. Likewise, in
the esm-flat10-cdr, precipitation decreases lag temperature decreases across the ensemble.
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Figure 2. Timeseries of global mean temperature and precipitation changes relative to the first two decades
of the esm-flat10 simulation under each of the experiments in flat10MIP. All temperature and precipitation
timeseries are shown as smoothed using a 15-year Savitzky-Golay filter.

Since atmospheric CO, is prognostic in these experiments, we show the time-evolving change in atmospheric
CO, concentrations relative to their value for each model at year 100 of esm-flatl0 in Fig. 3a. By year 200 of
esm-flat10-zec, CO, concentrations decrease by 67 =9 ppm, whereas they decrease by 92 +13 ppm in
esm-~flat10-cdr. Thus, for any individual ESM, CO, decreases more at year 200 in esm-flat1(0-cdr than in
esm-flat10-zec by 25 +5 ppm, even though cumulative CO, emissions are the same at this point in both
experiments. The reason for the larger decrease in atmospheric CO, in the exceedance-and-return experiment is
that additional positive CO, emissions (years 100-150) happen before the negative emissions (years 150-200),
and thus the positive emissions have a longer time to propagate away from the atmosphere and into the deep
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ocean and long-lived land reservoirs than the negative emissions (Koven et al. 2023). Thus the atmospheric CO,
anomalies from the positive emissions are more attenuated than those from the negative emissions, leading to a
negative atmospheric CO, anomaly at year 200 as compared to the zero-emissions case. There may also be some
contribution to the asymmetric CO, concentration response to emissions due to fundamental process asymmetry
or climate feedbacks, as in (Chimuka and Zickfeld 2026; Asaadi et al. 2024), but these cannot be separated here
without partially-coupled flat1 OMIP variants, which are proposed for the Coupled Model Intercomparison Project
phase 7 (CMIP7) Coupled Carbon-Cycle Climate Model Intercomparison Project (C*MIP) in Arora et al., (in
prep). Under esm-flatl0-zec, the ensemble-mean CO, concentrations are still larger than year-200 esm-flat10-cdr
at the end of the experiment at year 300 (at which point the decrease in CO, for esm-flat10-zec is 86 + 13ppm),
even though the cumulative emissions for esm-flatl0-zec are the same as year-200 of esm-flatl0-cdr throughout.

Notably, the pattern for temperature is different, with the ensemble-averaged global mean surface temperatures
close at year 200 both to each other and to the global mean temperature at year 100 (Fig. 3b; mean £ 1 standard
deviation temperature difference for esm-flati10-zec is -0.02 £ 0.12 and for esm-flat10-cdr is -0.02 £ 0.24). This is
expected given the TCRE proportionality, but we also note that there is wider ensemble spread relative to the
year-100 values in esm-flatl0-cdr than in esm-flatl0-zec.
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Figure 3 (a) Timeseries of CO, for all ESMs in the three experiments esm-flat10 (black), esm-flat10-zec
(blue) and esm-flat10-cdr (green), relative to the CO, concentrations for each ESM at year 100 of
esm-flat10, when the three experiments diverge. (b) Corresponding timeseries of global mean surface air
temperature anomalies with respect to the year-100 values. Bars to right of each panel show ensemble
means and standard deviations of year-200 values for the esm-flat10-zec (blue) and esm-flatl10-cdr (green)
experiments.

The lower year-200 CO, concentration under esm-flat10-cdr relative to esm-flat10-zec, despite having the same
cumulative emissions and similar temperatures, points to a general mechanism that might be expected to
differentiate the climate responses between these two scenarios (fig. 4). The fundamental tradeoff that gives rise
to a near-zero ZEC—and near-zero path-dependency to the temperature cumulative emissions relationship more
generally—is between declining CO, concentrations and declining ocean heat uptake (Palazzo Corner et al.
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2023). That tradeoff is stronger for esm-flatl0-cdr in year 200 than for esm-flati10-zec: CO, concentrations are
lower in esm-flat10-cdr and temperatures are similar, implying a greater decline in ocean heat uptake as the ocean
transitions from a heat sink to a heat source to the atmosphere during the cooling period. This transition of ocean
heat uptake in esm-flatl0-cdr was shown for one model in (Brovkin et al. 2025), and explored further in
Romanou et al., (in prep). However, that tradeoff does not apply to all aspects of the climate system or equally in
all locations — e.g., land might respond more rapidly than ocean to declining CO, due to both differing thermal
inertia and plant biophysical effects, or precipitation might respond differently than temperature. As a result,
temperature and precipitation changes driven by this tradeoff might be hypothesized to show an amplified pattern
in their exceedance-and-return response relative to those that appear in the zero-emissions response.

Before zero After zero After exceedance
emissions emissions and return
(year 100 of (year 200 of (year 200 of

esm-flat10) esm-flat10-zec)

esm-flat10-cdr)

Relative longwave
energy to space

Lowest
CO;

Atmosphere Atmosphere

Relative ocean
heat flux

Figure 4 Schematic of relative differences in the energetic balance for the three time points considered here
(year 100 of esm-flat10, year 200 of esm-flat10-zec, and year 200 of esm-flatl0-cdr). All three time points
have the same level of cumulative CO, emissions, and similar global mean surface air temperature, which
reflects different energetic balance due to the differing atmospheric CO, concentrations and ocean heat
uptake between the three points. Prior to net zero (left), concentrations are highest, inhibiting radiative
loss to space and leading to ocean heat uptake and warming. After zero emissions (center), CO,
concentrations decline, allowing greater radiative heat loss, which is roughly balanced by the decline in
ocean heat uptake to give a similar global temperature. After exceedance and return (right),
concentrations are lower still, allowing further radiative energy loss, while ocean heat uptake declines
further and reverses sign to become a small net ocean heat source to the atmosphere either before or after
the time point of interest, depending on models (Romanou et al., in prep), again leading to similar global
temperature.
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The changing relationship between global temperature and precipitation after net zero can be seen more clearly in
Fig. 5, which shows the changes in temperature and precipitation relative to the first two decades of the
esm-flat10 simulation plotted against each other. As expected based on energetic constraints to precipitation
changes (Held and Soden 2006), under the positive emissions of the esm-flat1( experiment, precipitation
increases by 1-2 %/°C (median 1.4%/°C) across the ensemble. Under zero emissions, the precipitation
relationship to global temperature has a steeper slope (median 2.2%/°C) in all but one ESM, where the one
exception (MIP-ESM) has a strongly negative ZEC. Under negative emissions (esm-flat10-cdr, after year 150)
the precipitation response returns to a similar slope as under positive emissions (median 1.3%/°C), but with a
substantial offset (median 0.8% increase in precipitation) that is consistent with the time-integrated change under
zero emissions. For all regressions shown in Fig. 5, slopes are significantly different from zero, and all
regressions for esm-flat10-zec and esm-flat10-cdr have slopes and/or intercepts that are significantly different
from those of the corresponding esm-flat10 regressions based on a Chow test at 0.05 significance level. The
change in slope under zero emissions, and consistent positive offset under negative emissions, shows a
consistency towards greater total precipitation at a given global temperature under both zero emissions and
net-negative emissions, even if global temperatures decrease. This also explains the lack of a consistent increase
in precipitation under zero emissions reported in (Borowiak et al. 2024), where the one model that showed a
global precipitation decrease (also MPI-ESM) also showed a strongly negative ZEC. Thus, at the global level, a
substantial change in the relationship between temperature and precipitation change is expected to occur after net
zero, towards higher global precipitation rates at a given global temperature, across pathways. We discuss this
further in the discussion section.
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Figure 5: Temperature change versus precipitation change, both relative to the first two decades of the
esm-flat1( simulation, across all experiments and models. Regression equations apply to the esm-flat10
data (black), esm-flat10-zec data (blue), and the post-net-zero period of the esm-flatl0-cdr data (green).
Individual-year data for each model was smoothed using a 15-year Savitzky-Golay filter for each curve,
and unsmoothed data was used for regressions.

3.2 Regional Temperature Responses

Maps of the zero emissions response, the exceedance-and-return response, and the difference between the two
responses, are shown for each ESM in Fig. 6. Stippling covers areas where the response for a given model lies
between the Sth and 95th percentiles of pairs of randomly-chosen period differences from the control run. Most
models show a similar spatial pattern between the zero emissions response and exceedance-and-return response.
However, in some cases the pattern differs strongly between the zero emissions response and the
exceedance-and-return response, either by being amplified (ACCESS-ESM-1.5, UKESM1.2, MIROC-ES2L),
weakened (NorESM2-LM), or just entirely different (GFDL-ESM4). Further, the consistency in spatial
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temperature change patterns across models is weak, with no regions showing significant and consistent change
across all the models for any of the responses.
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Figure 6. Maps of mean surface air temperature changes under zero emissions (left column)
exceedance-and-return (middle column), and the difference between exceedance-and-return and zero
emissions (right column). The zero emissions response is defined as year 200 of esm-flat10-zec minus year
100 of esm-flat10, and the exceedance-and-return response is defined as year 200 of esm-flat10-cdr minus
year 100 of esm-flat1(. Hatching indicates that the response is between the Sth and 95th percentiles of
differences between pairs of random 30-year periods in the control simulation for each model and gridcell.

This lack of inter-model spatial pattern coherence can be further seen in Fig. 7, which shows the ensemble mean
response, with stippling covering areas with less than 90% agreement in the sign of the response between models.
For the zero emissions response, robust changes include cooling over some continental regions including Central
Asia, Southern Africa, and the southern US, and warming over some ocean regions including the North Atlantic
and parts of the Southern Ocean. For the exceedance-and-return response, again a large majority of the planet
does not show a robust agreement in the sign of the response, but some further areas of common responses
include cooling over land regions that include Central Asia, and parts of the Amazon and the US, and warming
over parts of the Southern Ocean. For the difference between the exceedance-and-return and zero emissions
responses, essentially no land regions show robust changes, while there is agreement for weak cooling in part of
the Western Equatorial Pacific and warming in parts of the Southern Ocean. Taken together, these results mean
that, under both zero emissions and exceedance-and-return pathways, there is model agreement that many land
regions will cool relative to the climate just before zero emissions, however, there is not a robust signal in the
sign of the difference between these pathways at these points.
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Figure 7. Multi-model mean regional temperature responses. Hatching indicates less than 90% agreement
in the sign of the response between the models.

Separating gridcells based only on whether they are land or ocean (using a 10% land fraction as the masking
condition), and looking at aggregate changes to the histograms of area-weighted gridcell-level temperature in
each response (Fig. 8) shows a more consistent response. On land (Fig. 8, upper panels), the ensemble mean
response is one of widespread cooling for both the zero-emissions and exceedance-and-return responses (medians
-0.12 and -0.15 °C). The difference between the two responses over land is also broadly negative (median -0.04),
showing that the exceedance-and-return response is a stronger cooling than the zero-emissions response, and
supporting the hypothesis that the exceedance-and-return response should be amplified relative to the
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zero-emissions response. Over the oceans (Fig. 8, lower panels), the histograms for both responses show a peak
just below zero (medians -0.04 and -0.02 °C), but offset by tails extending farther into positive temperatures, and
no clear pattern in the difference between the two responses (median 0.01 °C). In all cases, median values lie
outside the 5th-95th percentiles of equivalent differences in the ensemble means of paired 30-year periods from
PI control runs (+0.005 °C land and £0.003°C ocean). However, none of the ensemble mean values of mean land
or ocean temperature changes in any of the three responses are more than one ensemble standard deviation of the
mean land or ocean response away from zero, indicating that the structural uncertainty remains dominant even at
this aggregated level.
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Figure 8. Land-ocean Differences in temperature responses. Histograms of area-weighted gridcell-level
temperature responses on land (top row) and over the ocean (bottom row). Zero-emissions response (left
column), Exceedance-and-return response (center column) and the difference between the
exceedance-and-return and zero-emissions responses (right column). Thick black lines show histograms of
the multi-model ensemble mean temperature response, colored lines show the individual-model histograms
on land (brown) and ocean (blue).

To more clearly investigate whether the differential land-ocean temperature responses are driven by changes in
the global mean temperature, figure 9 shows, for each model, the average land minus average ocean surface air
temperatures as a function of global mean surface air temperature. For the esm-flat]0 experiment in all models,
there is a proportional relationship between the two quantities, as seen in previous global warming experiments
and expected from theory (Joshi et al. 2008; Byrne and O’Gorman 2013). After net zero, however, about half of
the models show a different response, with cooler land for a given temperature than under warming; the other half
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of the models follow the same rough relationship, although only the NorESM regression for esm-flatl0-zec is
statistically indistinguishable from its esm-flati0 regression, with all other models showing statistically
significant differences in regression slopes and/or intercepts in esm-flat10-zec and esm-flatl(-cdr than for
esm-flat10 based on a Chow test at 0.05 level. There is thus not a uniform response across models in the relative
amplification of total global warming over land relative to the ocean after net zero, with either no clear change or
a tendency towards a decrease in the land-ocean temperature gradient at a given global mean surface temperature
after net zero. We discuss this further in the discussion section.
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Figure 9. Changes in the global mean surface air temperature versus changes in the difference between the
surface air temperature averaged over all global land areas minus the surface air temperature averaged
over all global ocean areas.

To better quantify the degree of similarity between the regional zero emissions and exceedance-and-return
temperature responses, Fig. 10 shows, for each model, the gridcell-level relationships between the two responses.
For all but one model, there is a clear positive relationship between the two, with regression slopes ranging from
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0.58 to 1.25 (median 0.87), and regression r* values ranging from 0.4 to 0.77 (median 0.63). The cooler land than

ocean responses can be seen in the relative separation of the land and ocean gridcells in this space. The one
outlier model, GFDL-ESM4, shows a dramatically different pattern of temperature change in the

exceedance-and-return and zero emissions responses, with substantial cooling over the North Atlantic in the

exceedance-and-return response but warming there in the zero emissions response.

Given that the regression slopes between the zero emissions and exceedance-and-return responses are, aside from

the one exception, all positive, and many cluster around a value of one, we also compute the r* values for the 1:1

line between the two responses. Again, for most models the zero emissions response directly predicts a
substantial fraction of the regional variance in the exceedance-and-return response, with R? values of the 1:1 line
ranging from -0.9 to 0.75, and a median value of 0.54. Thus, roughly half of the regional variance in

exceedance-and-return responses is directly predicted by the zero emissions responses. Though we note the
bimodality, whereby one model (GFDL-ESM4) is behaving opposite the others in its relationship between the
two responses.
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Figure 10: Regional exceedance-and-return responses for surface air temperature (difference of period
centered on year 200 of esm-flatl0-cdr experiment relative to the period centered on year 100 of esm-flat10

17



https://doi.org/10.5194/egusphere-2026-5381
Preprint. Discussion started: 12 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

experiment) as compared to zero emissions responses (difference of period centered on year 200 of
esm-flat10-zec experiment relative to the period centered on year 100 of esm-flat1( experiment).

3.3 Regional Precipitation Responses

Regional patterns of precipitation changes for the zero emissions response, exceedance-and-return response, and
exceedance-and-return minus zero emissions response are shown in Fig. 11. As with the temperature maps shown
in Fig. 6, stippling covers areas where the response for a given model lies between the 5th and 95th percentiles of
pairs of randomly-chosen period differences from the control run. There is substantial disagreement between
models in each of the patterns, and much less of a response in all models that is significantly outside the range of
unforced variability. Further, the correspondence between the exceedance-and-return response and zero emissions
response for any given model is substantially weaker for precipitation than for temperature. Several of the models
show asymmetric responses between the ITCZ precipitation in each hemisphere, which in some cases (e.g.,
ACCES-ESM1.5, GFDL-ESM4) have a consistent sign in the zero emissions and exceedance-and-return
responses, while in other cases (e.g. CESM2, HadCM3LC-Bris) the two responses differ in the sign of their
hemispheric asymmetry.
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Figure 11: Maps of mean precipitation changes under zero emissions (left column) net-negative emissions
(middle column), and the difference between net-negative and zero emission (right column). Hatching
indicates that the response is between the Sth and 95th percentiles of differences between pairs of random
30 year periods in the esm-piControl simulation for that model and gridcell.

Ensemble-mean precipitation response maps (Fig. 12) show very little agreement between the predicted sign of
the response across models, particularly for the zero emissions response where only small patches of ocean, and
almost no land, show a consistent response. One consistent pattern is an increase in precipitation in the North
Atlantic, which may be driven by the consistent increase in temperature in that region shown in figure 7. There is
somewhat greater agreement in the exceedance-and-return response for an increase in precipitation in the
southern tropical Pacific, which is consistent with previous research using a different idealized negative emission
scenario (Kug et al. 2022). In addition, there is a robust prediction of increased precipitation in the subtropical
Atlantic, as well as a reduction in precipitation over tropical Africa across the ensemble in the
exceedance-and-return response.

Exceedance & Exceedance & Return
Zero Emissions Response Return Response — Zero Emissions

(et 777,
WK 7 &
~/f; yv‘ 77

%

V..777.7.77) Low model agreement
Precipitation difference (mm/yr) [_Color ] High model agreement

—200-160-120-80 —40 0 40 80 120 160

Figure 12: Multi-model mean regional precipitation responses. Hatching indicates less than 90%
agreement in the sign of the response between the models.

Aggregating again across land and ocean regions to highlight the overall differences in the responses between the
two domains, Fig. 13 shows histograms of each of the precipitation responses. As with Fig. 8, clear differences in
the patterns can be seen over land and ocean. Over land, the ensemble mean histograms in both responses broadly
show a tendency towards increased precipitation (median values 2.2 and 3.1 mm/yr) The difference between the
two over land is more symmetric around zero (median value 0.55), so showing only weak evidence for an
amplified exceedance-and-return relative to a zero-emissions response. Over the oceans, the histograms are more
shifted than over land towards positive precipitation responses (median values 6.5 and 9.2 mm/yr), and with a
clearer difference (median value 2.4 mm/yr) showing an amplified exceedance-and-return response than the
zero-emissions response. As with temperature, in all cases, median values lie outside the 5th-95th percentiles of
equivalent differences in the ensemble means of paired 30-year periods from PI control runs (+0.15 mm/yr land
and £0.13mm/yr ocean), but none of the ensemble mean values of mean land or ocean precipitation changes are
more than one ensemble standard deviation away from zero.
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Figure 13: Land-ocean Differences in precipitation responses. Histograms of gridcell-level precipitation
responses on land (top row) and over the ocean (bottom row). Zero-emissions response (left column),
Exceedance-and-return response (center column) and the difference between the exceedance-and-return
and zero-emissions responses (right column). Thick black lines show histograms of the multi-model
ensemble mean response, colored lines show the individual-model histograms on land (brown) and ocean
(blue).

Scatterplots of the zero emissions and exceedance-and-return responses for each model (Fig. 14) support the
much poorer correspondence for precipitation than for temperature. Regression lines are all less than one
(0.41-0.79, median value 0.54), and the regression R? values are much lower (.15-.57, median value 0.25) than for
temperature. Interestingly, the one model that has very low correlation between the zero emissions and
exceedance-and-return responses for temperature, GFDL-ESM4, has one of the highest correlations for
precipitation. The direct prediction of exceedance-and-return responses by zero emissions responses, as measured
by the R? of the 1:1 lines in these plots, is much weaker, with values ranging from -.23 to .53 (median .08). Thus,
little of the regional variance in precipitation response under exceedance-and-decline would also occur under zero
emissions, unlike the case for temperature.
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Figure 14: Regional exceedance-and-return responses for precipitation (difference of year 200 of
esm-flat10-cdr experiment relative to year 100 of esm-flat10 experiment) as compared to zero emissions
responses (difference of year 200 of esm-flatl10-zec experiment relative to year 100 of esm-flat10
experiment).

4 Discussion

At the global scale, the ESMs all show a consistent pattern of increasing global precipitation at a given global
temperature for both the esm-flat10-zec and esm-flatl0-cdr experiments (Fig. 5). This response is consistent with
that previously observed for CO, concentration stabilization and reversal experiments (Wu et al. 2010), as well as
zero emissions experiments (Borowiak et al. 2024) and are explained by (Cao et al. 2011) as the differing
response of precipitation to CO, on long and short timescales, as the reverse of what is seen under increasing CO,
concentrations (Andrews et al. 2009). Because the energy released in the atmosphere through precipitation must
be balanced by radiative energy loss, the addition of CO, on short timescales leads to a precipitation adjustment,
whereby the increased CO, concentration decreases the longwave radiative loss to space and precipitation must
decrease in response (Allen and Ingram 2002). Over longer timescales, this is offset by the hydrological
sensitivity, whereby warming increases both ocean evaporation and radiative energy losses to space and, as a
result, precipitation. The set of processes that gives rise to a near-zero ZEC also involve a tradeoff between these
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two timescales of atmospheric energetic balance responses to CO,, as a near-zero ZEC is characterised by a
decrease in atmospheric CO, concentrations due to continued but weakening carbon sinks in the land and ocean,
which is offset by continued but declining ocean heat uptake (Palazzo Corner et al. 2023; Sanderson et al. 2026).
At the same time as the ocean heat uptake weakens, CO, concentrations also drop and, as a result, the radiative
loss of energy to space increases. The synchronized balance between these two shifts is what allows for global
temperature stabilization under zero emissions, which here acts analogously to the fixed-SST experiments that are
frequently used to quantify precipitation adjustment (Richardson et al. 2016). This response is stronger in
esm-flat10-cdr than in esm-flat10-zec (fig. 4). From an atmospheric energetic perspective, this shift of energy
from ocean heat sinks to radiative losses to space, all at a roughly constant temperature, means that precipitation
should also increase to balance the increased radiative energy loss. This is roughly what is seen in all ESMs (Fig.
5) for the esm-flat10-zec experiment, and the offset in the esm-flatl0-zec response is also observed in the increase
in intercepts of the regression lines for the esm-flat10-cdr experiments. Further, in the ensemble mean, the
precipitation increase is larger in the exceedance-and-return response than the zero-emissions response (fig. 8).
Thus the increased precipitation at a given temperature reflects a common set of processes that occur after net
zero, and which will be relatively stronger after negative emissions than under net zero at a given cumulative
emissions level due to the lower CO, concentrations under such pathways.

(MacDougall et al. 2022) show similar patterns in the regional temperature changes under the ZECMIP
experiment to what is shown here in Fig. 6. Notably, (MacDougall et al. 2022) point out the high inter-model
variation in the projected response after zero emissions, as well as some common features such as the cooling
over land relative to the ocean, is also shown here in Figs. 7 and 8. However, we note that the cooling over land
relative to the ocean is not common across all models, hence the widespread hatching over most of the land
surface in Fig. 7 despite the clear signal in the ensemble mean, as well as the different responses in different
models in the relationship between global mean temperature change and land-sea temperature differential seen in
Fig. 9. Both aspects of the cooling over land seen in the zero emissions response—the clear pattern in the
ensemble mean and lack of high model agreement in sign—are also seen in the exceedance-and-return response,
again indicating that this is a common feature of post-net-zero trajectories, although likely amplified under
exceedance-and-return pathways than zero-emissions ones. The driver for this land-ocean temperature difference
is unclear, as there are at least two potential mechanisms that might cause it. The first is that the lower CO,
concentrations after net zero may lead to radiative cooling over land that is less balanced by greater ocean heat
content than over the ocean. The second is that lower CO, concentrations and their physiological impact on plant
functioning, in combination with changes to precipitation, may lead to changes in evapotranspiration, latent
cooling, and relative humidity over land, which in turn may govern land-sea temperature contrasts via differential
lapse rates over land and ocean (Joshi et al. 2008; Byrne and O’Gorman 2013). Separating these responses will be
enabled by partially-coupled experiments in the proposed CMIP7 C4MIP experimental protocol (Arora et al., in

prep).

In the initial flat1OMIP experiment, there is only a single ensemble member of each model for each experiment,
thus it is difficult to quantify how much of the observed changes are due to internal rather than forced variability.
However, the pattern that roughly 50% of the variance in the exceedance-and-return response of regional
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temperature change is common to the zero emissions response (median 1:1 line R* = 0.54 in Fig. 8) suggests that
the remaining 50% must be shared between pathway-dependent forced changes in the exceedance-and-return
response, and internal variability. Internal variability contributes strongly to regional variance, however the size
of this contribution varies greatly between the pairs of random periods in the control run (Fig. 15), which
prevents further decomposition of variance into forced and unforced responses. However, the greater-than-zero
unforced variance implies that the forced exceedance-and-return-specific response must be smaller than the zero
emissions response that is common to both experiments, at least for the median model. Further, there are
effectively no consistent spatial patterns in the residual exceedance-and-return minus zero emissions response for
temperature, particularly over land. Thus, while we can say that the regional exceedance-and-return responses
will differ from the zero emissions responses, it is not clear how they will differ at any location.
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Figure 15. Histograms of global gridcell-level spatial variance in temperature and precipitation across the
Zero Emissions and Exceedance and Return responses, as well as in a set of random differences between

thirty-year periods in the preindustrial control runs.

However, the very different dynamics in some models, particularly GFDL-ESM4, which shows essentially no

link in the temperature pattern between the two experiments, suggests the possibility for crossing thresholds in

the esm-flat10-cdr experiment that lead to qualitatively different dynamics than expected under zero emissions.

The specific pattern of temperature change in GFDL (cooling centered on the North Atlantic but extending

throughout the northern hemisphere) suggests an AMOC-weakening origin. This is consistent with the idea that

the additional emissions under the positive phase of the esm-flatl0-cdr experiment might trigger a tipping

dynamic that cannot be reversed under exceedance-and-return.(Schleussner et al. 2024), using a somewhat

different experiential protocol, also point to AMOC as potentially governing a consistently different regional

temperature response under overshoot than under zero emissions. Here, the North Atlantic-centered temperature
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variability indicative of AMOC is not consistently different between the simulations, but rather as a possible

difference, particularly where the overall regional variation in responses differ most strongly.

The dynamics of regional precipitation change are fundamentally different from those of regional temperature
change. Despite the unambiguous global-mean increase in precipitation, there are even fewer areas of
widespread model agreement in the sign of the response under either emissions pathway. One pattern that
appears to be robust is the interhemispheric shift towards greater precipitation in the southern tropical Pacific
under exceedance-and-return, which was also identified by (Kug et al. 2022; Steinert et al. 2025) under CO,
concentration reversal experiments, and which is not observed consistently for the zero emissions experiment
here. Further, a consistent pattern across models is that the zero emissions response in precipitation is less
predictive of the exceedance-and-return response (median 1:1 line R* = 0.09) than it is for temperature. It is
possible that the relative magnitude of internal variability to forced response is larger for precipitation than for
temperature, but we do not separate these contributions here since we have only the single ensemble member.
Nonetheless the results here point to a greater degree of pathway dependence in the regional variability of

precipitation change than for temperature change.

The hypothesis that a given exceedance-and-return response should be amplified relative to the zero-emissions
one, based on the lower CO, concentration at year 200 of esm-flat10-cdr relative to esm-flatl10-zec despite the
same level of cumulative emissions (schematic in Fig. 4), is partially supported by the aggregated temperature
change histograms in Fig. 8 and more strongly for the aggregated precipitation change histograms in Fig. 13, but
not clearly supported by the gridcell-level spatial patterns or correlations in the responses ot the two experiments.
Taken together, these point to a greater confidence that there will be a consistent set of changes to temperature
(with cooler land than ocean) and that a greater amount of precipitation will occur, on a given timescale under
pathways that exceed and then return to a given temperature than under ones that stabilize via zero emissions, but

with little confidence in the spatial patterns associated with those changes.

Taken together, the results discussed above support a conclusion that, for regional temperature change, the
hysteretic aspects under several decades-worth (here, 250 Pg C) of cumulative CO, emissions followed by
removal are likely to be smaller than the time-dependent changes that would happen even without the additional
emissions and removal. However, the risk of crossing some threshold that substantially changes the dynamics of
the climate system increases as a result of the additional emissions and removal. And other aspects of the climate
system, such as regional precipitation variability, may be more pathway-dependent and more prone to irreversible

changes than regional temperature variation.
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5 Conclusions

The idealized emissions-driven experimental design of flat10MIP allows a straightforward comparison of the
differing response of the coupled carbon-climate system to either an abrupt zeroing of CO, emissions to one
where emissions gradually decline to zero and then proceed on to net negative emissions, returning to the same
level of cumulative emissions as in the net zero case after a period of time. This lets us separate the time-evolving
response of the Earth system to the forced response of positive and then negative emissions. We note that
although the three analysis points share the same cumulative emissions (1000 Pg C), they do not share the same
atmospheric CO, concentration, due to their differing emissions pathways (Fig. 3). The airborne fraction depends
on the rate and direction of emissions, so the year-200 esm-flat10-zec and year-200 esm-flat10-cdr states reach
1000 Pg C along different uptake histories that differ in concentration, and therefore in CO, radiative forcing,
(fig. 4) at the comparison point. This distinction matters particularly for the precipitation analysis, where a
residual difference in concentration drives a fast atmospheric energetic response that is separable from the slow

temperature-mediated response.

Overall, we find several aspects of the climate system are consistent between these two emissions pathways.
Approximately half of the regional variance in temperature change is common to both pathways, although the
differences between models are large both in how much variance is shared, as well as the specific temperature
patterns associated with either pathway. For precipitation, at the global scale, there is a shared dependency on
time such that global precipitation increases for a given warming level under both the abrupt zero emissions and
during the gradual transition from positive to negative emissions. Regionally, there is little consistent pattern
across models for the response to zero emissions, but a more consistent increase in Southern Tropical Pacific
under negative emissions. Less of the regional variance in precipitation is shared between the two scenarios than
for temperature. At the same time, we show that key aggregated responses are amplified under exceedance-and
return relative to the zero-emissions response, in particular a stronger land-ocean temperature contrast and

precipitation increase in the ensemble mean, driven by roughly half the models..

These results inform the expected response of the climate system to mitigation in a few key ways. The
observation that about half of the regional variation in temperature under negative emissions also occurs under
positive emissions suggests that much of the regional changes are shared across a wide set of post-zero-emission
pathways, and so will occur regardless of whether climate is stabilized at a given warming level or that warming

level is first exceeded and then returned to. However, other aspects will differ strongly between these pathways,
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in particular for regional changes to precipitation. This supports the idea that we must both not be overconfident
that regional climate changes can be straightforwardly reversed through negative emissions, even if such an
approach is effective in reversing global mean temperatures, and that we should focus efforts to better understand
the expected ongoing changes to the climate system that will occur after we reach net zero, even as we pursue

efforts to achieve that goal as rapidly as possible.
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