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Abstract
In light of uncertainties regarding climate sensitivity and future anthropogenic greenhouse gas
emissions, we explore the plausibility of global warming over the next millennium which is
significantly higher than what is usually expected. Although efforts to decarbonize the global
economy have significantly shifted global anthropogenic emissions away from the most extreme
emission scenarios, intermediate emission scenarios are still plausible. Significant warming in these
scenarios cannot be ruled out as uncertainties in equilibrium climate sensitivity (ECS) remain very
large. Until now, long-term climate change projections and their uncertainties for such scenarios
have not been investigated using Earth system models (ESMs) that account for all major carbon
cycle feedbacks. Using the fast ESM CLIMBER-X with interactive CO2 and CH4 (the latter typically
not included in most models), we performed simulations for the next millennium under extended
SSP1-2.6, SSP4-3.4 and SSP2-4.5 scenarios. These scenarios are usually associated with peak global
warming levels of 1.5 ◦C, 2 ◦C and 3 ◦C, respectively, for an ECS of∼3 ◦C, considered the best
estimate in the latest Intergovernmental Panel on Climate Change (IPCC) report. As ECS values
lower or higher than this estimate cannot be ruled out, we emulate a wide range of ECS from 2 ◦C
to 5 ◦C, defined as the ‘very likely’ range by the IPCC. Our results show that achieving the Paris
Agreement goal of a 2 ◦C temperature increase is only feasible for low emission scenarios and if
ECS is lower than 3.5 ◦C. With an ECS of 5 ◦C, peak warming in all considered scenarios more than
doubles compared to an ECS of 3 ◦C. Approximately 50% of this additional warming is attributed
to positive climate–carbon cycle feedbacks with comparable contributions from CO2 and CH4. The
interplay between potentially high ECS and carbon cycle feedbacks could drastically enhance
future warming, demonstrating the importance of properly accounting for all major climate
feedbacks and associated uncertainties in projecting future climate change.

1. Introduction

Extensive and concerted research efforts have focused
on predicting changes in the Earth’s climate over the
next century, yet comparatively less effort has been
devoted to quantifying the long-term implications
of the anthropogenic influence on climate (Forster
et al 2021). Although it has been known since the

beginning of the 21st century that anthropogenic
emissions will have a very long lifetime (Archer and
Brovkin 2008, Archer et al 2009b) and can still have
repercussions on the timescale of hundreds of thou-
sands of years (Ganopolski et al 2016), it is usually
expected that the elevated CO2 concentration will
rapidly decrease after the peak and subsequent ces-
sation of anthropogenic emissions, and that global
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temperature will follow (MacDougall et al 2020).
Developments toward the decarbonization of the eco-
nomy have caused global anthropogenic CO2 emis-
sions to significantly deviate from the most extreme
emission scenarios (e.g. SSP3-7.0 and SSP5-8.5, figure
S5) and instead track closer to the lower end of
Intergovernmental Panel on Climate Change (IPCC)
scenarios (Burgess et al 2020), with a plateau and
eventual decrease in global emissions forecasted to
come (International Energy Agency 2023). These
high emission scenarios, developed less than a dec-
ade ago and still used for future climate projections
today, are becoming increasingly unlikely to repres-
ent the future (Hausfather and Peters 2020), whereas
medium emission scenarios like SSP2-4.5 still can-
not be ruled out (Pielke et al 2022). Nevertheless,
Steffen et al (2018) recently suggested that even
modest anthropogenic emissions could cause the
destabilization of the Earth’s climate through a chain
of strongly nonlinear positive feedbacks, pushing it
towards a much warmer climate state named ‘hot-
house’. The possibility that temperature increases
from pre-industrial levels could be much higher than
usually expected, even in low-to-intermediate emis-
sion scenarios, is understudied (Kemp et al 2022).

Although some modelling studies have examined
the impact of equilibrium climate sensitivity (ECS;
Flynn and Mauritsen 2020, Huusko et al 2021) and
climate–carbon cycle feedbacks (Booth et al 2017,
Arora et al 2020, Melnikova et al 2021, Asaadi et al
2024) on climate projections, few have focused on
systematically examining the climate evolution bey-
ond 2100 CE (Mikolajewicz et al 2007, Solomon
et al 2009, Gillett et al 2011). This scarcity is largely
due to the high computational costs of Earth sys-
tem models (ESMs), which have otherwise disreg-
arded or simplified long-term processes (i.e. marine
sediment dynamics and chemical rock weathering)
that are marginally significant for centennial times-
cales. Instead, ESMs prioritize short-term processes
which are important for the centennial time scales tar-
geted by the IPCC. There are a few notable excep-
tions, such as permafrost carbon, which are incor-
porated in only a few ESMs and could crucial for
understanding the projected multi-centennial evol-
ution of atmospheric CO2 concentration. As only a
few ESMs have the ability to simulate CH4 interact-
ively, the long-term impacts of potentially significant
carbon cycle feedbacks from permafrost or wetlands
have not been accounted for. Previously, Koven et al
(2022) conducted a multi-model investigation for
temperature changes until 2300 CE with prescribed
greenhouse gas (GHG) concentrations from selec-
ted shared socioeconomic pathway (SSP) scenarios.
Zickfeld et al (2013) also performed a multi-model
investigation over the next millennium, and found
temperature changes at 3000 CE of∼−0.2 ◦C–0.7 ◦C

for RCP2.6, and∼1.3 ◦C–2.3 ◦C for RCP4.5 in simu-
lations with interactive CO2 concentration but pre-
scribed CH4. However, most models in Zickfeld
et al (2013) have ECSs close to 3 ◦C and extremely
high temperature changes (⪆6 ◦C) were only seen in
experiments with large anthropogenic emissions.

The uncertainties in anthropogenic climate
change predictions primarily originate from future
emission scenarios and climate sensitivity. The lat-
ter is determined by the strength of several climate
feedbacks, some of which, especially the cloud feed-
back, are rather uncertain (Schneider et al 2019,
Mann 2021). It is for this reason constraining the
Earth’s ECS, defined as the steady-state global-mean
surface air temperature change due to a doubling
atmospheric CO2, is considered to be of fundamental
importance for climate science (Sherwood and Forest
2024). Observational data only provides loose con-
straints on ECS given the limited time period of
instrumental observations that is further complic-
ated by the many uncertainties in anthropogenic
radiative forcing (Carslaw et al 2013, Lee et al 2016,
Gregory et al 2020). Attempts at constraining the
ECS using paleoclimatic data have also been per-
formed (Rohling et al 2012), but this approach has
limitations as the most comprehensive data available
originates from cold (i.e. glacial) conditions. Since
ECS can be strongly climate-dependent (Pfister and
Stocker 2017, Bloch-Johnson et al 2021), climate sens-
itivity derived from colder climates is not necessarily
applicable to warmer climates. Understanding how
feedback processes operate in warm climatic condi-
tions (Caballero and Huber 2013, Shaffer et al 2016),
as well as any emergent constraints on ECS (Caldwell
et al 2018), are still in the early stages of investigation.

State-of-the-art ESMs and climate models which
participated in the Coupled Model Intercomparison
Project Phase 6 (CMIP6) exhibit a large spread in
ECS (1.8 ◦C–5.6 ◦C, Forster et al 2021), with ten
models reportedly having an ECS larger than 4.5 ◦C
(Zelinka et al 2020). This wide range in ECS estim-
ates is primarily attributed to the different strengths
of climate feedbacks, with cloud feedbacks exhibiting
the largest uncertainty (Zelinka et al 2020). Although
the IPCC estimates the ‘very likely’ range of ECS is
2 ◦C–5 ◦C (with a best estimate of 3 ◦C, Forster et al
(2021)), values even higher than 5 ◦C cannot be dis-
regarded as impossible at the present time (Knutti
et al 2017, Bjordal et al 2020, Rugenstein et al 2020,
Sherwood et al 2020, Mann 2021, Wall et al 2022).
While there is a tendency forCMIP6modelswith high
ECS to overestimate the historical warming trend, at
least some models with very different ECS can skill-
fully represent the increase of the global-mean sur-
face temperature over the industrial era (Nijsse et al
2020, Tokarska et al 2020). This can be at least partly
explained by the stronger negative aerosol forcing
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offsetting the impact of high ECS in these models
(Meehl et al 2020), as the direct and indirect effects
of aerosols on the radiation balance and clouds are
very uncertain (Lohmann et al 2010,Myhre et al 2013,
Zelinka et al 2013, Wall et al 2022).

Recent studies suggest that the likelihood of ECS
to be above 4.5 ◦C (the former upper bound of the
IPCC range) is approximately 10%, and 5% for ECS
above 5 ◦C (Sherwood et al 2020). While these high
ECS values are by no means very likely, they cannot
be entirely ruled out, and comprehensive risk man-
agement still demands an assessment of even themost
extreme cases, regardless of the likelihood (Kemp
et al 2022, Davidson and Kemp 2024). Investigating
uncertainties related to climate sensitivity, feedbacks
in the carbon cycle, and tipping points under more
realistic scenarios are, therefore, more pertinent,
especially as high emission pathways like SSP3-7.0
and SSP5-8.5 are becoming less aligned with cur-
rent emission trends (Burgess et al 2020, Hausfather
and Peters 2020, Pielke et al 2022, Hausfather 2025).
In this study, we investigate the effect of carbon
cycle feedbacks and uncertainties in climate sensit-
ivity on global warming using the newly developed
ESM CLIMBER-X (Willeit et al 2022, 2023). We per-
form millennium-long simulations of the future cli-
mate under three low-to-intermediate GHG emission
scenarios as defined by the SSPs emulating different
ECS in the range of 2 ◦C–5 ◦C (Forster et al 2021).
This approach provides insights into plausible future
climate trajectories, and demonstrates that the com-
bined effect of fast and slow positive climate feed-
backs can induce significant temperature changes,
even under relatively low anthropogenic emission
scenarios.

2. Methods

2.1. ESM
CLIMBER-X (Willeit et al 2022, 2023, 2024) is a
fast ESM which was specifically designed to sim-
ulate the evolution of the Earth system on times-
cales ranging from decades to hundreds of thou-
sands of years. It is computationally efficient, which
allows CLIMBER-X to perform the large number of
long simulations which are required to explore the
response of the Earth system to anthropogenic for-
cing over the current millennium. This is also pos-
sible because processes related to synoptic/interan-
nual variability and diurnal cycles are not explicitly
represented. The model has a horizontal resolution
of 5◦ × 5◦ and uses a daily time-step. The compre-
hensive evaluation of model performance conduc-
ted by Willeit et al (2022) includes an assessment for
both climate of the present-day and for the historical
period. Not only does this evaluation involve model-
data comparisons to assess accuracy in simulating

past conditions, but it also provides model-model
comparisons for climate feedbacks and future climate
projections.Willeit et al (2023) shows thatCLIMBER-
Xwell reproduces historical CO2 andCH4 changes, as
well as carbon cycle feedbacks and sensitivities, and its
performance is generally comparable to state-of-the-
art ESMs.

The climate component of CLIMBER-X is
described in detail in Willeit et al (2022), while the
details of the global carbon cycle model are presen-
ted in Willeit et al (2023). Of particular relevance for
this study is that CLIMBER-X includes a fully inter-
active carbon cycle, which enables it to interactively
compute the evolution of atmospheric CO2 and CH4

concentrations for given emission scenarios, there-
fore explicitly taking into account the carbon cycle
feedbacks. The comprehensive carbon cycle model
includes the explicit treatment of permafrost carbon,
chemical rock weathering and natural methane emis-
sions from wetlands. Although CLIMBER-X has the
capability to simulate ice sheets interactively (Willeit
et al 2024), they are prescribed by their present-day
state in model simulations presented in this study to
maintain a more straight-forward analysis between
climate and carbon cycle feedbacks.

2.2. Ensemble with different climate sensitivities
Climate models exhibit a wide range of ECS val-
ues, contributing to significant uncertainties in future
climate projections when combined with different
anthropogenic emission scenarios. Comparing res-
ults of climate model simulations carried out within
CMIP6 is a direct way to assess these uncertainties,
but for SSP1-2.6 and SSP2-4.5, simulations gener-
ally only extend to 2100 and use prescribed GHGs,
limiting investigations on the interplay between ECS
and climate–carbon cycle feedbacks. An alternat-
ive approach involves creating a perturbed physics
ensemble within a single model (Murphy et al 2004),
but this method addresses only parameter uncertain-
ties and lacks the structural uncertainties of multi-
model ensembles (Yamazaki et al 2021). Moreover,
most members of such an ensemble simulate the
present climate much less realistically than the prop-
erly calibrated original model version (Schneider von
Deimling et al 2006).

To overcome these limitations, we use a scaling
method to adjust GHG radiative forcing, enabling
emulation of different ECSs within a single model
without compromising the pre-industrial state.
Climate sensitivity in the standard CLIMBER-X
model version is ∼3 ◦C (Willeit et al 2022). This
model configuration is used in the reference exper-
iments, however, we additionally create a model
ensemble which emulates a spectrum of different ECS
values ranging from 2 ◦C–5 ◦C (given as the ‘very
likely’ range in the latest IPCC report, Forster et al
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2021). Unlike conventional approaches to exploring
the uncertainty of ECS by modifying the strength of
individual climate feedbacks, here we instead scale
the radiative forcing of GHGs as follows:

COeq,α
2 = e(α lnCOeq

2 +(1−α) lnCOref
2 ) (1)

where α is the scaling coefficient (α= ECS
ECS0

), ECS
is the is the ECS we want to emulate, ECS0 = 3◦C
is the standard ECS of CLIMBER-X, COref

2 = 280
ppm is the reference pre-industrial CO2 concentra-
tion and COeq

2 is the equivalent CO2 concentration
for radiation, which includes also the effect of the
otherGHGs (i.e. CH4, N2OandCFCs) as described in
Willeit et al (2022). By definition, ECS excludes feed-
backs from the carbon cycle, and primarily accounts
for fast climate feedbacks such as those from water
vapor, lapse rate, clouds, and albedo. The scaling
method introduced here only affects the CO2 con-
centration used in the radiation scheme, but does not
directly influence the actual CO2 simulated as part of
the carbon cycle in CLIMBER-X. Although the radi-
ative forcing of GHGs also has some uncertainties,
the main source of uncertainty in the ECS is the cli-
mate feedbacks, primarily the cloud feedback. Thus,
our scaling approach is based on a strong assump-
tion that the response of climate models with dif-
ferent ECS to radiative forcing can be mimicked by
scaling the forcing rather than changing the model
physics. Validation confirms that this method repro-
duces the results of models with different ECSs (see
SI), including global and spatial temperature patterns
as simulated by CMIP6 models with different ECSs
(figures S3, S11, S12 and S13); critical for the repres-
entation of climate–carbon cycle feedbacks. Simple
ways of scaling ECS have been applied in previous
studies (Govindasamy et al 2005, Colbourn et al 2015,
Clark et al 2016, Tanaka and O’Neill 2018, Bouttes
et al 2024).

2.3. Experimental set-up
All model simulations are initialized from a pre-
industrial equilibrium state that is obtained from
a 100 000 year equilibrium spinup procedure as
described in Willeit et al (2023). Since the ECS scal-
ing procedure and the aerosol forcing do not affect the
pre-industrial climate, the pre-industrial equilibrium
state is the same for all ensemble members with dif-
ferent ECS. For the historical period we apply stand-
ard forcings used also in the CMIP6 model simula-
tions, as described in Willeit et al (2022) and Willeit
et al (2023). Since our model simulations are emis-
sion driven (for both CO2 and CH4), anthropogenic
CO2 and CH4 emissions are prescribed instead of
concentrations. For the future projections we apply
the extended SSP1-2.6, SSP4-3.4 and SSP2-4.5 scen-
arios as CO2 emissions have been tracking reasonably
close to all three since 2015 (Meinshausen et al 2020,

figure S5). This is more extensively described in the SI
(section S1.3).

3. Results

3.1. Future climate change in the reference
simulation
Figure 1 shows global air temperature, atmospheric
CO2 and CH4 concentrations and steric sea level
rise over the whole simulated period (1850–3000
CE), across different model versions and three SSP
scenarios. All model versions with different climate
sensitivity not only realistically reproduce historical
changes in global temperature, but also atmospheric
concentration of CO2 and CH4 (figure 1). The res-
ults of the reference simulation with ECS = 3 ◦C
is described next, while the effect of the uncertain-
ties in ECS is explored in section 3.2. The simu-
lated atmospheric CO2 concentration in our refer-
ence runs (ECS = 3 ◦C) closely follows the scenarios
of Meinshausen et al (2020). All simulations exhibit
a rapid increase of atmospheric CO2 concentration,
which is largely controlled by the prescribed SSP scen-
ario (figure S2(a)). Peak CO2 concentration gener-
ally occurs around 2060 CE for SSP1-2.6, 2085 CE
for SSP4-3.4, and 2220 CE for SSP2-4.5 (figures 1(d)–
(f)). In our reference runs, peak CO2 concentrations
are approximately 470, 500 and 640 ppm for SSP1-
2.6, SSP4-3.4 and SSP2-4.5, respectively. By 2500 CE,
small differences relative to Meinshausen et al (2020)
become apparent as our simulations indicate a more
significant decline in CO2 concentrations. The CH4

concentration in our reference run falls in between
that of previous studies (Meinshausen et al 2020,
Kleinen et al 2021), with peak concentrations in the
SSP1-2.6, SSP4-3.4 and SSP2-4.5 scenarios of approx-
imately 1990, 2400 and 2200 ppb. In SSP1-2.6 and
SSP2-4.5, the model simulates higher atmospheric
CH4 levels than Meinshausen et al (2020) because
we not only account for anthropogenic CH4 emis-
sions, but also increases in natural emissions from
wetlands as a response to increasing vegetation pro-
ductivity and rising soil temperatures. These factors
have been shown to substantially increase natural
CH4 emissions and consequently atmospheric CH4

levels (Kleinen et al 2021). Our simulated CH4 con-
centrations are lower than those in Kleinen et al
(2021) (figures 1(g) and (i)). This is mainly because
we make the conservative assumption that the atmo-
spheric lifetime of CH4 is constant, although it has
been shown it is generally increasing in the long-term
under global warming (Lelieveld et al 1998, John et al
2012, Voulgarakis et al 2013). In SSP4-3.4, the CH4

concentration in Meinshausen et al (2020) is quite
similar to our reference because anthropogenic CH4

emissions dominate over natural emissions in this
scenario (figures S2(b) and S6(b)).

4



Environ. Res. Lett. 20 (2025) 044027 C Kaufhold et al

Figure 1. Global changes in (a)–(c) surface air temperature, (d)–(f) atmospheric CO2 concentration, (g)–(i) CH4 concentration,
and (j)–(l) steric sea level from 1850–3000 CE, following the SSP1-2.6, SSP4-3.4 and SSP2-4.5 scenarios. Global mean
temperature has been taken relative to 1850–1880 CE, and global mean thermal expansion is relative to 1986–2005 CE. The colors
represent simulations with interactive CO2 and CH4 under different ECS values. Observational values (Köhler et al 2017, Morice
et al 2021) are provided in black, whereas any comparable studies (Meinshausen et al 2020, Hermans et al 2021, Kleinen et al
2021) have been provided in assorted shades of purple. Simulated temperature changes for a set of CLIMBER-X experiments has
also been plotted in (a) and (b) using prescribed concentrations from Meinshausen et al (2020). CMIP6 data for global mean
temperature has been smoothed with a 30 year running mean to remove interannual variability.

Under future SSP scenarios (figure S2), tem-
peratures continue to rise following the increase in
atmospheric CO2 and CH4 concentrations. While
SSP1-2.6, SSP4-3.4 and SSP2-4.5 are often associ-
ated with 1.5 ◦C, 2 ◦C and 3 ◦C of warming, we see
peak values of approximately 1.8 ◦C, 2.3 ◦C, 3.5 ◦C
in our reference run (ECS = 3 ◦C, figures 1(a)–(c)).
Once anthropogenic CO2 emissions are no longer
supplied to the atmosphere, the atmospheric bur-
den starts to diminish as carbon continues to be
taken up by the ocean (figures 2(d)–(f)). In turn,
we observe that global mean temperature begins to
decline over the nextmillennium.Under the reference

ECS, temperatures at the year 3000 CE are still 1.2 ◦C,
1.8 ◦C, 2.6 ◦C higher than pre-industrial levels in the
SSP1-2.6, SSP4-3.4 and SSP2-4.5 scenarios.

The high-latitudes consistently show the largest
changes in temperature (figure 3). At 2300 CE, warm-
ing in the SSP1-2.6 and SSP4-3.4 scenarios is particu-
larly pronounced over areas of the Arctic Ocean with
retreating sea ice margins, like that of the Greenland
and Barents-Kara seas (figures 3(a) and (b)). Arctic
temperatures in SSP1-2.6 exhibit an average increase
of approximately 4 ◦C by year 2300, which can reach
up to 11 ◦C in some regions (figure 3(a)). In SSP2-4.5,
the average temperature in the Arctic nearly doubles
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Figure 2. Carbon fluxes of (a)–(c) the land to atmosphere, (d)–(f) ocean to atmosphere, and (g)–(i) global natural methane
emissions over the entire simulated period (1850–3000) and across the different SSP scenarios. Positive values represent carbon
flux to the atmosphere. Observational data (Friedlingstein et al 2023) has been provided in the black line, and experiments under
different ECS values is given by the colored line. Land to atmosphere carbon flux was plotted with a 3 year moving average for
visibility.

compared to SSP1-2.6, with some regions having
temperature increases up to ∼15 ◦C by 2300 CE
(figures 3(c) and (j)). The increased warming of the
high-latitudes is primarily attributed to polar ampli-
fication, caused by the reduction of sea ice and snow
(surface-albedo feedback) and surface confinement
of warming (positive lapse-rate feedback). While
summer sea ice area at 2300 CE ranges between 1–2
million km2 in the SSP1-2.6 and SSP4-3.4 scenarios,
this value approaches near-zero in SSP2-4.5 (figures
S7(a)–(c)). Winter sea ice also decreases substan-
tially (figures S7(a)–(c)). Permafrost area decreases
between∼30%–60% compared to the pre-industrial,
depending on the emission scenario (figures 3(d)–
(f)) and S8(a)–(c)). The spatial patterns of temper-
ature change at the time of peak global warming
closely resemble those at the end of the millennium
(figures 3(d)–(f)).

Steric sea level rise, primarily caused by the
thermal expansion of sea water, continues to increase
across all SSP scenarios long after emissions cease
(figures 1(j)–(l)). Like CO2 concentration, steric
sea level in our reference scenario follows the
CMIP6 mean over the current century quite closely

(figures 1(j) and (l)). In SSP1-2.6, sea level increases
by approximately 0.4 m by the end of the millen-
nium from thermosteric changes alone. This value
increases with larger cumulative emissions, as steric
sea level rises by 0.9m in SSP2-4.5 at the year 3000.We
note that thermosteric changes under the reference
sensitivity generally agree with magnitudes reported
by previous studies: Zickfeld et al (2013) found an
ensemble mean of 0.4 m and 0.8 m for RCP 2.6 and
RCP 4.5 at the year 3000.

3.2. Impact of climate sensitivity on future climate
change
Uncertainties in climate sensitivity cause a substan-
tial spread in the simulated temperature change
(figures 1(a)–(c)). A similar uncertainty range is pro-
duced by the CMIP6 ensemble, mainly due to the
large spread in ECS among CMIP6models (table S1).
In the case when we used the same forcings as in
CMIP6, the results for SSP1-2.6 and SSP2-4.5 are in
good agreement with CMIP6 models (figures S3(a)
and (b)). However, in simulations with the interact-
ive carbon cycle (figures 1(a) and (c)), our highest
simulated temperature change exceeds the range of
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Figure 3. Changes in annual mean near surface air temperature at selected timeslices relative to the pre-industrial period under
the SSP1-2.6, SSP4-3.4 and SSP2-4.5 emisson scenarios and different ECS conditions. (a)–(c) Peak warming around year 2300
CE, (d)–(i) remaining temperature increase by the end of the current millennium for (a)–(f) ECS= 3 ◦C and (g)–(i) ECS=
5 ◦C. Magenta lines (a)–(i) display the annual maximum sea ice extent, whereas cyan lines (a)–(i) display the permafrost area.
Zonal mean temperature changes (j)–(l) are additionally shown for SSP1-2.6 (blue), SSP4-3.4 (yellow), and SSP2-4.5 (red) across
the rows. Contour intervals and colorbar are nonlinear as to provide visual clarity of small temperature changes.

CMIP6 models, even though the highest ECS con-
sidered in our experiments (5 ◦C) is lower than the
maximumECS in the CMIP6 ensemble (5.6 ◦C). This
is related to the positive carbon cycle feedbacks in our
model. High ECS values are associated with greater
warming and larger CO2 and CH4 concentrations
than in the reference run, with the reverse being true
for low ECS values. In addition to this, the spread in
temperature due to different ECS generally increases
with increasing cumulative emissions. Compared to
the reference run, low climate sensitivity (ECS =
2 ◦C) results in global temperature anomalies which
are approximately 0.5 ◦C, 0.8 ◦C and 1.4 ◦C lower,
corresponding to temperature peaks of just 1.2 ◦C,
1.5 ◦C and 2.1 ◦C across the different emission scen-
arios. On the contrary, a high ECS (ECS = 5 ◦C) can
cause additional temperature increases of approxim-
ately 1.6 ◦C, 2.3 ◦C and 3.7 ◦C in the SSP1-2.6, SSP4-
3.4, and SSP2-4.5 scenarios compared to the refer-
ence run, leading to maximum global mean temper-
ature anomalies of around 3.4 ◦C, 4.6 ◦C and 7.2 ◦C;
roughly twice the maximum warming produced with
ECS = 3 ◦C. Therefore, there is a non-negligible
probability that, despite the ambitious decarboniza-
tion efforts in SSP1-2.6, Earth can undergo ∼3.5 ◦C
warming (figure 1(a)). This possibility increases to
10% for ECS = 4.5 ◦C (Sherwood et al 2020), which
anticipates a ∼3 ◦C peak increase in our simulations
(figure 1(a)). According to our simulations, achieving
the goal of a 1.5 ◦C temperature increase as outlined
in the 2015 Paris Agreement (UNFCC 2015) is only

feasible for SSP1-2.6 if ECS is lower than the current
best estimate of 3 ◦C (Forster et al 2021). This implies
that, if ECS is greater than 3 ◦C, carbon reduction and
removal must be even faster than the SSP1-2.6 scen-
ario to ‘keep 1.5 ◦C alive’.

Climate sensitivity also has a sizeable effect on
temperatures simulated at the end of the millen-
nium, with projected warming at 3000 CE ranging
from 0.7 ◦C–1.5 ◦C when ECS = 2 ◦C, to 2.6 ◦C–
5.3 ◦C when ECS= 5 ◦C, depending on the scenario.
Increasing ECS from the reference 3 ◦C to 5 ◦C res-
ults in a significant rise in temperatures worldwide,
resulting in larger differences compared to the pre-
industrial (figures 3(g)–(i)). Temperature increases in
the Arctic more than double when compared to the
globalmeanunder all emission scenarios (figure 3(l)).

Atmospheric CO2 concentration in the SSP scen-
arios is higher by 26–138 ppm for a high ECS, and
lower by 11–52 ppm for a low ECS, compared to the
reference run. Similar differences are seen in CH4

concentration but in ppb. By the end of the mil-
lennium, sea level rise from thermosteric changes is
highly dependent on ECS, and ranges from ∼0.3–
0.9 m in SSP1-2.6, to∼0.5–1.7 m in SSP2-4.5.

3.3. Role of carbon cycle feedbacks
The simulated additional global warming under high
ECS is disproportionately larger thanwhat is expected
from a simple linear relation between climate sens-
itivity and global warming. For instance, an increase
of ECS from 3 ◦C to 5 ◦C (factor 1.66 increase) leads
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Figure 4. Attribution of changes in (a)–(c) global mean temperature, (d)–(f) CO2 concentration, (g)–(i) CH4 concentration, and
(j)–(l) steric sea level resulting from climate sensitivity and additional carbon cycle feedbacks. Here, we use ECS= 5 ◦C for the
high ECS considered, and ECS= 2 ◦C for the low ECS considered. The trajectories for ECS= 2 ◦C and 5 ◦C (in the
dotted-and-dashed lines) are equivalent to those plotted in figure 1. For ECS= 5 ◦C, additional carbon cycle feedbacks can be
broken down into contributions from CO2 (area between dashed and tightly dashed lines), and CH4 (area between tightly dashed
and dotted-and-dashed lines). The warming contribution due to climate–carbon cycle feedbacks in the ECS= 5 ◦C case is
additional warming due to changing climate sensitivity, as compared to the case where ECS= 3 ◦C. Temperature and steric sea
level is relative to 1850–1880 CE.

to a temperature increase by more than a factor of
two (figures 1(a)–(c)). This is because a substantial
portion of the temperature changes can be attrib-
uted to positive carbon cycle feedbacks, which act
to increase the atmospheric concentrations of CO2

and CH4 (Govindasamy et al 2005). By running
additional experiments under different ECS values,
and prescribing CO2 and CH4 concentrations from
the reference run, we separated the contribution of
the carbon cycle feedbacks to temperature changes
(figure 4).

Across the different scenarios, we find that car-
bon cycle feedbacks as a whole are responsible for
nearly half of the additional temperature increase
(compared to the reference climate sensitivity) when
ECS is high, meaning that this effect is equally
as important as the change in climate sensitivity
(figures 4(a)–(c)). High climate sensitivity (ECS =

5 ◦C) is responsible for an additional 0.7 ◦C, 1.0 ◦C
and 1.3 ◦C by the end of the millennium compared
to the reference run for the SSP1-2.6, SSP4-3.4, and
SSP2-4.5 scenarios. Carbon cycle feedbacks addition-
ally increases this temperature by 0.6 ◦C, 0.7 ◦C and
1.3 ◦C (figures 4(a)–(c)). In simulations with a low
ECS, however, the effect of carbon cycle feedbacks
is not as strong, and the majority of temperature
changes come from changes in climate sensitivity.
The additional temperature change from carbon cycle
feedbacks can be further broken down into contribu-
tions from CO2 and CH4 (figure 4), with the effect
of CO2 on temperature being larger than that of CH4

across all SSP scenarios. Accounting for changes in the
atmospheric lifetime ofCH4, thereby resulting in sim-
ulated CH4 concentrations closer to those in Kleinen
et al (2021) (figure 1(c)), would lead to the effects of
CO2 and CH4 being more similar.
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The response of the land carbon cycle to cli-
mate changes is primarily controlled by two oppos-
ing feedback mechanisms. The first is the CO2 fer-
tilization effect, which increases land carbon uptake
and occurs because higher CO2 concentrations stim-
ulate vegetation to consume more carbon via pho-
tosynthesis (negative land CO2–carbon cycle feed-
back). The second, warming-enhanced soil respira-
tion, reduces land carbon uptake and occurs when
CO2 is released from the soil from heightened micro-
bial activity (positive land climate–carbon cycle feed-
back). The positive carbon cycle feedback as a whole
(i.e. including the ocean) is driven mainly by the
land carbon response (figures 2(a)–(c)) through the
temperature dependence of soil respiration. Different
ECS strongly impact the amount of carbon stored in
soils, with a larger ECS resulting in less soil carbon
(figures S9(g)–(i)), while changes in vegetation car-
bon are only marginal (figures S9(d)–(f)) and driven
by changes in net primary production (figures S9(a)–
(c)). In our simulations the positive climate–carbon
cycle feedback dominates over the negative CO2–
carbon cycle feedback as ECS increases.

Over the historical period (1850–2015 CE), veget-
ation carbon decreases due to land use change, while
soil carbon increases. This changes during the 21st
century as land becomes a net sink of carbon across all
emission scenarios (figures 2(a)–(c)) from increases
in net primary productivity (figures S9(a)–(c)). This
agrees with earlier studies (Brovkin et al 2013). While
increases in vegetation carbon are largely dependent
on the SSP scenario over the 21st century (figures
S9(d)–(f)), ECS has a large role in determining the
magnitude of these changes. Globally, soil carbon
shows an initial increase across the different SSP scen-
arios, reaching its peak earlier under high ECS val-
ues. This is followed by a rapid decrease, which res-
ults in the soil carbon reservoir being either a net
source (high ECS) or net sink (low ECS), depend-
ing on climate sensitivity (figures S9(g)–(i)). A sub-
stantial part of the positive land carbon cycle feed-
back can be attributed to the changes in carbon
stored in permafrost. More than 50% (61%–94%)
of permafrost area is lost in simulations when ECS
= 5 ◦C (figure S8), where the majority of held car-
bon is released back into the atmosphere (figures
S10(g)–(i)). Although permafrost area decreases in
simulations with a low ECS, the corresponding car-
bon loss in soil is dampened to some degree by an
increase in net primary production (figures S10(a)–
(c)) and a consequently larger carbon input to the
soil. The higher the ECS, the less carbon is stored
on land at all times. By the year 3000 CE in SSP1-
2.6, the land stores 50 PgC more carbon than at pre-
industrial if ECS = 2 ◦C, while it loses 240 PgC if
ECS = 5 ◦C (figure S9(j)). Under the SSP2-4.5 scen-
ario, this range broadens to an increase of 150 PgC

for ECS= 2 ◦C, and a loss of 380 PgC for ECS= 5 ◦C
(figure S9(l)). SSP4-3.4 exhibits significantly smaller
land carbon compared to the pre-industrial period
across the entire simulated period (1850–3000 CE)
(figure S9(k)), primarily due to decreasing vegetation
carbon associatedwith higher land-use change (figure
S2(d)). The land can be either a net source or sink
of CO2 emissions over the next millennium, depend-
ing on the dominant process (figures 2(a)–(c))
and S9(j)–(l)).

The positive climate–CH4 feedback arises from
the temperature dependence of the simulated natural
CH4 emissions (figures S6(a)–(c)) due to the fraction
of total soil carbon respired as CH4 from wetlands
increasing with temperature. The natural CH4 emis-
sions are clearly dominated by tropical sources, with
the extratropics playing a secondary role (figure S6).

The ocean serves as a carbon sink in all sim-
ulations (figures 2(d)–(f)) and the ocean carbon
response is very similar for different ECS in our
simulations (figures 2(d)–(f)). This is explained by
the fact that the effect of accompanying changes in
climate (positive ocean climate–carbon cycle feed-
back) and atmospheric CO2 concentrations (negat-
ive ocean CO2–carbon cycle feedback) on air-sea car-
bon exchange almost compensate each other. Still,
the total ocean carbon uptake by 3000 CE is lar-
ger in experiments with higher ECS (figures S9(m)–
(o)). While the strength of carbon cycle feedbacks
depends on how different processes are represented in
the model, land and ocean carbon cycle feedbacks in
CLIMBER-X fall well within the range of the CMIP6
ensemble (figure 33 in Willeit et al 2023).

4. Discussion and conclusions

We have investigated the plausibility that the Earth
system can undergo temperature changes signi-
ficantly higher than usually expected in low-to-
intermediate emission scenarios (SSP1-2.6, SSP2-4.5
and SSP4-3.4) under a range of ECS between 2 ◦C
and 5 ◦C as given by the IPCC (Forster et al 2021).
Our simulations for the three scenarios show a large
spread with up to a factor >3 difference in projec-
ted global temperature change resulting from uncer-
tainties in the ECS and its interplay with carbon cycle
feedbacks. Achieving the goal of a 2 ◦C increase as
outlined in the Paris Agreement not only needs sig-
nificant decarbonization efforts (as in SSP1-2.6 and
SSP4-3.4) but also requires climate sensitivity to be
3.5 ◦C or less, depending on the magnitude of car-
bon removal. For ECS values at the upper end, the
simulated global warming generally exceeds what is
typically expected for these scenarios. Global warm-
ing above 3 ◦C, while unlikely, cannot be dismissed
even for the present-day cumulative CO2 emissions
(∼500 PgC as in SSP4-3.4, figure 1(b)). Although
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SSP2-4.5 is generally perceived as a 3 ◦C increase scen-
ario, we cannot exclude the possibility (i.e. with a 10%
probability that ECS> 4.5 ◦C according to Sherwood
et al 2020) that global temperatures in this scenario
could rise by more than 6 ◦C above pre-industrial
levels (figure 1(c)). Temperature changes simulated
in this case are within the range of the paleoclimate
reconstructions for the middle Eocene (ca. 40 My
ago), which often is referred to as a ‘hothouse climate’
(Burke et al 2018, Westerhold et al 2020). In previous
studies, such levels of global warming were only sim-
ulated with the SSP5-8.5/RCP8.5 scenarios (Zickfeld
et al 2013, Koven et al 2022), which anticipates a
threefold increase in cumulative carbon emissions by
2300 CE compared to SSP2-4.5. This is explained by
the combination of a broader range of ECS and expli-
cit treatment of carbon cycle feedbacks related to both
CO2 and CH4 in our study, which were not accounted
for in the earlier investigations.

As with any study based on a single model,
these results should be interpreted with recognition
of inherent biases and assumptions when generaliz-
ing the effects of carbon cycle feedbacks on global
warming. For example, we do not consider a poten-
tial saturation of the CO2 fertilization effect at high
CO2 concentrations, nitrogen limitation, or extreme
weather events, although these could have an impact
on simulated atmospheric CO2 concentration (Reich
et al 2006, Frank et al 2015, Shi et al 2021). While the
permafrostmodel used in our study is rather standard
for coarse-resolutionESMs, there are indications that,
in reality, permafrost degradation can occur much
faster than what has been simulated (Steinert et al
2023). Recent studies have also shown that there is
the possibility that CH4 lifetime can increase under
high anthropogenic emissions due to strong posit-
ive feedbacks (Lelieveld et al 1998, John et al 2012,
Voulgarakis et al 2013). It is also possible that certain
ocean carbon cycle processes related to the food web
(Rohr et al 2023), ballast effect (Cram et al 2018), cal-
cification (Zhang and Cao 2016), and bacteria (Kim
et al 2023) could drive important feedbacks in the
climate system, which could potentially introduce
additional uncertainties. The potential contribution
of methane hydrates is also not considered (Archer
et al 2009a, Ruffine et al 2023). Although these unac-
counted factors could potentially enhance climate–
carbon cycle feedbacks, leading to increased atmo-
spheric concentrations of CO2 and CH4 (and con-
sequently, global warming), it is also possible that
some of the considered positive feedbacks are over-
estimated in our model or that some negative feed-
backs will be more significant than anticipated. This
highlights the need for emissions-drivenmulti-model
projections, especially in the framework of the forth-
coming CMIP7 project (Sanderson et al 2024).

With high levels of global warming, as seen in
all scenarios with a high ECS (figures 1(a)–(c)), it
is rather likely that critical thresholds of some tip-
ping elements of the Earth systemwould be breached,
which could provide additional feedbacks not con-
sidered here (Winkelmann et al 2023, Wunderling
et al 2024). This could have implications on sea
level rise (from the Greenland and West Antarctic
ice sheets), regional climate change (from the reor-
ganization of ocean circulation, e.g. shutdown of the
Atlantic Meridional Overturning Circulation), and
ecosystems (from the Amazon rainforest dieback and
West African monsoon shift). The impact of ocean
acidification, deoxygenation, and warming, although
not fully understood and only poorly accounted for
in our model, could also lead to the crossing of crit-
ical thresholds with possible negative impacts on the
ocean carbon sink (Heinze et al 2021). Although the
net effect of all these changes on global climate is
yet to be understood, our study demonstrates the
non-negligible possibility that climate and carbon-
cycle feedbacks can induce significant temperature
changes, even within anthropogenic emission scen-
arios which are considered relatively ‘safe’. This war-
rants careful consideration and further investigations,
and emphasizes the importance of properly account-
ing for all major climate-related feedbacks and asso-
ciated uncertainties for future climate projections.
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