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Abstract

Global warming leads to widespread permafrost thaw and subsequent emissions of carbon diox-
ide and methane, driving the permafrost carbon—climate feedback (PCF) which amplifies climate
change. Many current-generation climate models omit this feedback, limiting projections of long-
term temperature outcomes and associated Earth system tipping risks. Here, we investigate how
this feedback affects the risk and timing of crossing tipping points in the Earth system by integrat-
ing permafrost carbon emissions into temperature projections for idealized stabilization and over-
shoot scenarios. In a conceptual network model of interacting climate tipping elements—including
the Greenland and West Antarctic ice sheets, the Atlantic Meridional Overturning Circulation, and
the Amazon rainforest, we find that PCF leads to additional warming that increases the probabil-
ity of exceeding one or more tipping elements by up to 50% and can substantially accelerate the
timing of tipping events by hundreds of years. The effect of PCF on tipping risk and acceleration

is particularly evident in overshoot scenarios with lower peak temperatures below 2—-3 °C or peak
cumulative emissions of below 2000 PgC. Considering PCEF, therefore, narrows the critical temper-
ature space for overshoot pathways. Our results highlight that failing to account for PCF underesti-
mates both climate risks and the urgency of mitigation, increasing the likelihood of tipping events

across the Earth system.

1. Introduction

As global temperatures continue to rise, the risk
of crossing climatic tipping points of critical
Earth system elements such as the Greenland

and West Antarctic ice sheets, the Atlantic
Meridional Overturning Circulation (AMOC)
or the Amazon rainforest increases [1, 2].

After crossing these tipping points, climatic sys-
tems and their associated ecosystems may undergo
detrimental and irreversible changes, with poten-
tially massive impacts on nature and society [1, 3].
Crucially, once tipping is initiated, self-reinforcing
feedback mechanisms lock the climate system into
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ongoing change, thereby prolonging or ampli-
fying impacts independently of future emission
trajectories.

Among the most relevant climate feedbacks, the
permafrost carbon—climate feedback (PCF) presents
a significant threat to global climate stability [4,
5]. Permafrost soil, that is soils containing perma-
nently frozen ground found in high-latitude regions,
holds vast amounts of organic carbon, sequestered
over millennia [4]. Due to Arctic amplification [6,
7], permafrost is thawing at an accelerating pace [8,
9], releasing significant quantities of carbon dioxide
(CO;) and methane (CH,) in the process. The release
of these greenhouse gases intensifies the greenhouse
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effect, creating a potentially positive feedback which
further warms the planet [4, 5].

Permafrost thaw interacts with climate tipping
elements through a network of climate feedbacks
that can both amplify and dampen warming, stabi-
lize and destabilize ecosystems, and have cascading
effects across the Earth system [10, 11]. The addi-
tional warming from permafrost carbon release, esti-
mated at 21 (4-48; 5%-95% range) PgC/°C in 2100
(Intergovernmental Panel on Climate Change’s 6th
assessment report; Box 5.1) [12], increases the like-
lihood of crossing tipping points across the Earth
system, potentially leading to a domino effect of
mutually reinforcing, and sometimes stabilizing, cli-
mate feedbacks. For example, enhanced warming
from permafrost emissions can accelerate the melt-
ing of the Greenland Ice Sheet, contributing to sea
level rise and disrupting ocean circulation patterns,
such as the AMOC, leading to shifts in regional cli-
mates and rainfall patterns, which may further stress
ecosystems like the Amazon rainforest [10]. High-
latitude warming could also intensify boreal forest
wildfires and sea ice loss, both of which reinforce the
PCF through increased carbon release [13, 14] and
albedo reduction [15, 16], respectively. As some pro-
cesses like CO, fertilization and vegetation expan-
sion may partly offset these effects, the strength of
the PCF is heavily influenced by the capacity of natu-
ral carbon sinks. Ocean and land sinks help mitigate
warming by absorbing CO,, but their effectiveness
is expected to decline under warming [17], with the
land carbon sink already showing significant weaken-
ing trends over key Earth system biomes such as the
Amazon rainforest [18-20]. This weakening reduces
their ability to slow permafrost thaw and compensate
for any additional carbon emissions from permafrost,
thereby damping climate change less and highlighting
the importance of how these sinks are represented in
climate models [21].

The role of the PCF in the Earth system response
to warming and its relation to tipping interactions is
addressed in some studies [3, 5, 22—25] but remains
underexplored, both from observational and mod-
eling standpoints [10]. This knowledge gap limits a
comprehensive understanding of how carbon emis-
sions from permafrost thaw could amplify tipping
risks. Here, we examine the potential effects of the
PCF on both the risk and timing of crossing Earth sys-
tem tipping points by integrating permafrost carbon
emissions in climate change simulations of idealized
stabilization and overshoot scenarios. By propagat-
ing temperature projections from the simple climate
model FalR [26, 27], with and without the PCEF to
the tipping network model PyCascades [28]—a sim-
plified model to quantify tipping risks in a coupled
network of four core tipping elements, we assess PCF-
induced global warming and its subsequent effect on
tipping risks and timings.
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2. Methods

2.1. Climate change emission pathways

We design a total of 73 emission scenarios to follow
specific pathways of cumulative emissions (figure S1).
For all scenarios, cumulative emissions ramp up over
200 years to nine levels of peak cumulative emissions
(cumEeqx), ranging 1000 PgC to 3000 PgC in incre-
ments of 250 PgC (9 variants). The emission ramp-
up follows a linear growth of emissions for 100 years
and declines to zero in the next 100 years. Thereafter,
emissions either stabilize at zero emissions (stabiliza-
tion commitment scenarios; SC hereafter), or return
to a cumulative emissions level of 1000 PgC follow-
ing the same but now reversed cumulative emission
curve (overshoot scenarios; OS hereafter) by assum-
ing idealized carbon dioxide removal (CDR). For sta-
bilization scenarios, combining cumEc,x with sub-
sequent zero emissions creates 9 variants. For over-
shoot scenarios, the 1000 PgC case is excluded (as it
does not go beyond the cumulative emissions level
of 1000 PgC), therefore giving 8 cumE,, variants.
Also for overshoot scenarios, CDR is applied, varying
its convergence time (tony) to return to 1000 PgC in
the duration of 100 to 800 years in increments of 100
years, therefore giving another 8 cumE,,, variants.
Combining the variants for camEax and tcony creates
64 overshoot scenarios. All scenarios have converged
their cumulative carbon emissions, at the latest, after
1000 years. These scenarios follow the notations of
SC*and OS;. Here, x denotes the cumulative emission
peak cumEy,,1, which at the same time is the stabiliza-
tion level in the stabilization scenarios, and y denotes
the convergence time t.ony for the overshoot scenar-
ios. The amount of CDR in the overshoot scenarios is
therefore equal to x — 1000 PgC. This scenario frame-
work allows us to explore a comprehensive space of
cumulative emission levels and subsequent applica-
tion of CDR.

2.2. FaIR simple climate model

The FalR simple climate model (version 1.6.4) [26,
27] is designed to simulate the global climate system’s
response to greenhouse gas emissions and short-lived
climate forcers. FalR models atmospheric carbon
dioxide and other greenhouse gases with an impulse
response function. The model includes components
for radiative forcing, carbon cycle feedbacks, and sim-
ple climate response dynamics, making it suitable for
analyzing temperature responses under various emis-
sion scenarios, including overshoot and mitigation
pathways. Additionally, FalR is computationally effi-
cient, which supports its use in probabilistic analyses
and comparisons of long-term climate stabilization
pathways. FalR is calibrated to produce plausible tem-
perature responses for a range of emissions scenarios
matching broad climate behavior of complex Earth
system models and represents their climate response
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uncertainties [26, 27]. This calibration is not a strict
fit to observational datasets in a statistical sense but
is consistent with the original FaIR formulation and
legacy tuning from earlier model versions [26, 27],
which makes it a suitable tool for the implementation
of the PCE

2.3. PyCascades tipping network model

PyCascades is a network model operating on a proba-
bilistic basis using simplified mathematical represen-
tations (equation (1)) of individual tipping elements
and interactions between them [28]. These interac-
tions can be both positive (amplifying) and negative
(damping), which allows exploration of how tipping
dynamics might unfold under different climate sce-
narios. PyCascades is computationally efficient, mak-
ing it suitable for testing a wide range of climate sce-
narios, particularly in terms of how specific climate
thresholds, mitigation strategies, or global temper-
ature changes affect the risk of (multiple) tipping
events [29, 30]. In this study, we use PyCascades
to assess the tipping risk and emerging cascading
effects among four core climate tipping elements:
the Greenland ice sheet (GIS), the AMOC, the West
Antarctic ice sheet (WAIS), and the Amazon rainfor-
est (AMAZ). In PyCascades, tipping elements are rep-
resented by differential equations of the form:

%— x-_x3+ ix%_’_d
a |7 V27 Tit,i

xZ%(xjH) Ti (1)

ji !

Here, x; represents the state of each tipping
element. The differential equation has two stable
states: a baseline around x; ~ —1 (initial condition)
and a transitioned state near x; ~ +1. The increase
of the global mean surface temperature change
beyond pre-industrial levels is denoted AGMT(¢),
and Tgji,; marks the critical temperature for each
tipping element [1]. Link strength values s; rep-
resent interaction mechanisms. While these val-
ues are quantified [28, 31], the absolute impact of
each interaction is uncertain. To account for this
uncertainty, PyCascades introduces the interaction-
strength parameter d, which we vary here between
0 and 0.5 in steps of 0.1. A value of d =0 implies
no interaction between the tipping elements, while
d = 0.5 suggests that interactions are roughly half as
influential as each element’s individual dynamics 28,
31]. This approach allows us to explore a broad range
of potential interactions among the tipping elements.
The timescale parameter 7; reflects the transition time
of each tipping element. The temperature tipping
point thresholds and response timescales are set to the
central (upper-to-lower limit) estimates, respectively
[1]: 1.5 (0.8-3.0) °C and 10000 (1000-15000) years
for GIS, 4.0 (1.4-8.0) °C and 50 (15-300) years for
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AMOC, 1.5 (1.0-3.0) °Cand 2000 (500-13 000) years
for WAIS, and 3.5 (2.0-6.0) °C and 100 (50-200)
years for AMAZ. To represent uncertainty in these
estimates, we use a sampling of these parameters (see
section 2.5).

2.4. Implementation of the PCF

The analysis of the PCF impacts on Earth system
tipping requires different sets of climate simulations
to separate its effects. For this study, we implement
the permafrost carbon feedback in FalR using the
simple permafrost carbon response model PerCX
(equation (2)) [32, 33]. This gives us a modified ver-
sion of FalR that incorporates an idealized represen-
tation of the PCF (FaIR-PerCX or ‘PCF case here-
after) that can be compared to the standard version
of FaIR without the PCF (‘base’ case hereafter). Here,
the combined FaIR-PerCX is not recalibrated because
the PCF effect during the historical period is small
and to ensure a cleaner comparison between the base
and PCF cases. PerCX emulates the permafrost car-
bon response to climate determined by the sum of the
CO, and CH,4 responses:

ACpr (t) = (Aco, +ACH4)'/0tAT(f/)'

ey )

with AT denoting the past temperature exposure,
C,(0) denoting the initial carbon pool of 1400 PgC
[4, 34] at time t=0 and C,(t) denoting the time-
evolving combined leftover CO, and CH4 permafrost
carbon pool at time t. Both CO, and CHy emis-
sions from permafrost are determined by an expo-
nential decay function that accounts for temperature
history, and are converted to units of carbon. Aco,
and Acp, are coefficients for the amplitude of CO,
and CH, emissions that are released on a combined
response timescale 7. All parameters are derived by
calibrating PerCX against PCF estimates given in
the Intergovernmental Panel on Climate Change’s
(IPCC) 6th assessment report [32], which here yields
776 parameter combinations. While the calibration
of the original version of PerCX v1.0.1 uses a fixed
CO,—-CHy ratio of 6/1 [32], here we use PerCX v1.0.2,
which adjusts the calibration process to incorporate a
probabilistic sampling of the CO,-CH, ratio ranging
between 5/1 and 100/1 to account for a wide range
of possible variety in microbial community com-
position and associated microbial metabolisms [35,
36]. Considering a variable CO,-CHy4 ratio makes
PerCX v1.0.2 overall slightly less sensitive to warm-
ing. PerCX assumes the carbon release timescales for
CO; and CH, to be identical. These emissions are
then fed individually into FaIR, which internally han-
dles their differences in lifetime and associated effec-
tive forcing. In the comparison with other models,
PerCX produces a slightly larger permafrost carbon
response than UVic [37, 38] and PAGE-ICE [39],
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largely because it is calibrated to the broader CMIP
range rather than a single model and has a compar-
atively larger initial carbon pool [39, 40], though it
still overlaps with these models at the lower end of
that range [32]. Due to this calibration, PerCX repre-
sents a suitable estimate of permafrost responses aris-
ing from uncertainty in CMIP land surface models.

2.5. Modeling chain and uncertainty propagation
Running the modeling framework (with and without
PCF) follows several steps. Prescribed emissions data
follow the trajectories corresponding to our stabiliza-
tion and overshoot scenarios. From these emissions,
FalR creates global mean temperature projections,
which are subsequently propagated to PyCascades.
All emissions of non-CO, species (the PCF-related
methane emissions not accounted for) are kept con-
stant at pre-industrial levels throughout the entire
simulations.

In order to capture tipping dynamics of the ice
sheets in PyCascades, all simulations have a total
duration of 10000 years. However, the temperature
timeseries from FalR and FaIR-PerCX are only simu-
lated for 1000 years and held constant afterwards. In
addition to computational efficiency (in particular for
the PCF case), the first 1000 years capture the tran-
sient climate response and feedback-driven warming
relevant for forcing ice sheets. Further, because PerCX
is calibrated to 21%' century estimates, extrapolations
beyond a millennium could result in biased projec-
tions. Although temperatures are likely to slightly
decrease (in relative terms) on millennial timescales
because of long-term land and ocean carbon uptake
that reduces atmospheric CO, concentration, keep-
ing temperature constant beyond year 1000, equiv-
alent to assuming the climate system has reached a
quasi-steady state, creates a relatively small bias and
maintains the PCF-induced temperature offset most
relevant for this analysis.

Throughout the entire modeling chain, we simu-
late 1000 ensemble members. The parameters of each
model component in this chain are sampled from
their individual parameter pools and therefore create
a unique combination of parameters across all com-
ponents for each ensemble member. First, FaIR’s sam-
pling is based on 2237 parameter combinations [41—
43], from which we select 1000 with a uniform ran-
dom direct sampling (figure S2). Second, this sam-
pling approach is applied to the PerCX parameters.
Here, the selection of 1000 members increases the
original ensemble size of 776 parameter combinations
from PerCX’ calibration (figure S3). For the simula-
tions with FalR-PerCX, we ensure that the parame-
ters sampled are identical between FalR and FalR-
PerCX. Third, we sample PyCascades following the
same approach, which includes the sampling of tip-
ping point warming thresholds and timescales for
all four tipping elements. Since the literature typ-
ically only provides the central estimate as well as
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lower and upper bounds, we create a prior skew-
normal distribution of 10000 values (figure S4)
with its median representing the central estimate
and upper-to-lower values confined by the bound-
ary estimates (see section 2.3). Then, for the pos-
terior, again 1000 members are directly resampled
from the prior distribution. The PyCascades sam-
pling also includes parameter choices from interac-
tion strength and direction of interaction between
tipping elements, also sampled uniform-randomly
(figure S5). Figures S2-54 illustrate that resampling
to 1000 members still retains the general features of
the prior distribution in the posterior distribution.

The 1000-member ensemble of the modeling
chain is run for all 73 scenarios, resulting in 73 000
simulations. First, this is done without the PCF (FaIR
— PyCascades), generating the baseline temperature
timeseries. Then the runs are repeated including the
PCF (FaIR-PerCX — PyCascades) to yield results that
can be compared to the simulations without PCF to
isolate its effect on tipping risk and timing.

3. Results and discussion

3.1. Permafrost feedback on temperature

Figure 1(a) shows example trajectories for a stabiliza-
tion at 1000 PgC (SC!°?) and 1250 PgC (SC'*?),
as well as overshoot of 250 PgC with a cumulative
emissions peak at 1250 PgC and a convergence time
back to 1000 PgC of 100 years (OS13;°), illustrating
the smallest and shortest overshoot in our scenario
ensemble. The global mean temperature projections
of these scenarios (figure 1(a)) run by FalR (‘base’)
and FalR-PerCX (‘PCPF’) illustrate the effect of PCF
on temperature (figure 1(b)).

For the median base temperatures, SC'% sce-
nario ramps up to, and stabilizes at, around 1.4 °C,
while the overshoot scenario OS{3;° peaks at around
1.75°C (also see figure S6) and returns to its SC'%
reference temperature with a small temporary tem-
perature increase of less than 0.1 °C after emissions
cease, within 1000 years. Such temporary tempera-
ture increase after emissions cease can also be seen in
the SC!20 scenario, which approximately returns to
1.75 °C after 1000 years. From here, temperatures are
set constant over an additional 9000 years.

When PCF is included, median temperature out-
comes are substantially higher. SC'?*° with PCF peaks
about 0.2 °C higher than without, and both SC!%%
and 0S}%° follow a continuous increase in temper-
atures after zero emissions. Their median tempera-
ture reached after 1000 years is 2.2 °C, about 0.8 °C
higher than without PCE. There is a small but visi-
ble difference between the two, which illustrates the
impact of the overshoot on the PCF contribution.
In FaIR-PerCX, cumulative temperatures are higher
for the overshoot than for the non-overshoot, which
increases permafrost carbon emissions accordingly
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Figure 1. Permafrost carbon—climate feedback on temperature: (a) Cumulative carbon emissions for a subset of scenar-

ios illustrating examples of stabilization (SC) and overshoot (OS) emission pathways used to generate temperature in FalR.

(b) Temperature estimates from FalR based on the scenarios in panel (a) for both ‘base’ (without PCF) and ‘PCF’ (with PCF)
model configurations. Uncertainty ranges for the 5th to 95th percentiles from the probabilistic distribution of FalR (effectively
representing climate sensitivity and uncertainties in the permafrost carbon-climate feedback) are shown as whiskers on the right.

and results in a slightly higher forcing, which in
turn generates slightly higher temperatures for OS}23°
than for SC!%%, It is also evident that the additional
forcing from permafrost carbon emissions counter-
acts the CDR, which would now have to be larger
to equalize the resulting additional warming. Hence,
SC!2%0 shows substantially higher temperatures of up
to 2.75°C after 1000 years for PCFE, an increase of
1.0°C, with a slightly growing gap until the two
simulations stabilize at 1000 PgC until year 10 000.
The 5th—95th percentile range of temperature for the
simulations without PCF is relatively small at about
0.4°C (figure 1(b), whiskers). This range increases
substantially for the simulations with PCFE. The result
is an uncertainty range of up to 2.0 °C for the three
example scenarios shown here. Similar temperature
trajectories are simulated for the rest of the scenario
ensemble.

3.2. Amplified tipping risks due to PCF

Running the FalR-PyCascades modeling pipeline for
all 9 stabilization and 64 overshoot emissions sce-
narios generates a variation of responses for the four
tipping elements GIS, AMOC, WAIS and AMAZ—
here shown for all ensemble members without PCF
(figures 2(a)—(d)). A system state of ~ —1 describes
an (initial) stable state, which can transition to an
alternative stable state of ~ +1. After the initial forc-
ing ramp-up, all systems initially respond with a shift
to a more unstable state. Depending on the system’s
response timescales and their interactions, as well as
the temperature trajectory they are exposed to, they
subsequently either transition to the alternative sta-
ble state, or stabilize again.

For GIS, most stabilization scenarios (black) lead
to tipping, primarily depending on whether stabiliza-
tion temperatures exceed its critical threshold. In con-
trast, fewer overshoot scenarios result in tipping, as
temporary overshoots followed by cooling can reduce

5

GIS’s tipping risk due to its slow response time, allow-
ing it to resist short-term warming perturbations [29,
44, 45]. GIS can remain in transitional states for
long periods, unlike AMOC and AMAZ, which switch
states more rapidly. AMOC does not stay in transi-
tion for long and may start tipping over a wide range
of years. This could indicate that AMOC tipping is
often driven by other systems’ (e.g. GIS) state tran-
sitions, which is consistent with a proposed AMOC
slowdown from North Atlantic freshwater influx from
GIS melt [46, 47]. AMAZ behaves similarly, though
more scenarios keep it in its initial state. Its transitions
also span the simulation period and suggest interac-
tions with GIS and AMOC in a cascading sequence
[46]. WAIS exhibits much faster tipping behaviour
than GIS, often within the first millennium. Only
overshoot scenarios with the lowest peaks and fastest
recovery can avoid WAIS tipping.

The effects of PCF increase tipping risk across all
four elements (figures 2(e)—(h)). Scatter points in the
lower left and upper right corners mean that non-PCF
states (base) and PCF states (PCF) agree, i.e. there is
no state difference between the two cases, regardless
of whether it is in the initial or the alternative stable
state. Conversely, scatter points in the upper left cor-
ner indicate a tipped state in the PCF case, whereas
the base case is still in its initial state, and vice versa
for the lower right corner. Scenarios with PCF (tran-
sition along y-axis) often show earlier tipping than
their non-PCF counterparts (transition along x-axis).
In such cases, PCF system transitions occur sooner in
the simulation, which is why there are a lot of scat-
ter points in the upper left corner. This is especially
evident for ice sheets, where slow transition dynam-
ics cause PCF and non-PCF states to diverge during
tipping. These effects are consistent across both stabi-
lization and overshoot pathways and are determined
by the forcing pressure from the cumulative emission
pathways.
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Figure 2. State evolution of tipping elements under stabilization and overshoot scenarios: (a)—(d) State transitions for the four
tipping elements in PyCascades: Greenland Ice Sheet (GIS), West Antarctic Ice Sheet (WAIS), Atlantic Meridional Overturning
Circulation (AMOC), and the Amazon rainforest (AMAZ), for all 1000 ensemble members for the case without PCF (’base’),
times 73 scenario pathways. The scenarios are split into 9 stabilization (black) and 64 overshoot (orange) pathways. (e)—(h) State
comparison scatterplots with points at each timestep of all scenarios in panels (a)—(d) between ‘base’ (without PCF) and ‘PCF’
(with PCF) cases. Points in the lower left and upper right corners mean equal states between the two case; points in the upper left
corner means that PCF case tipping happens before the base case tipping.
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Tipping risk generally increases with peak tem-
perature, both in stabilization and overshoot sce-
narios (figures 3(a)—(d)), consistent with previous
studies [29, 30, 45]. Tipping risk is assessed here
as the occurrence of at least one transition above a
state threshold of +0.577 (crossing the mathemat-
ically exact stable state of % [48]), regardless of
whether the system remains in the alternative stable
state or not for the remainder of the simulation. This
definition of tipping risk is useful because tipping of
any of the four tipping elements would cause signif-
icant harm to society, be it due to strong sea-level
rise from the ice sheets, interruption of the AMOC or
dieback of the Amazon rainforest [49]. Stabilization
commitment scenarios increase tipping risk relatively
linearly with peak temperature because of their step-
wise increase in cumulative temperature exposure
(figure S7). PCF’s effect on tipping risk follows the
same relationship, but leads to higher peak temper-
atures and temperature exposure over time. The risk
increase from overshoot is steeper for AMOC, WAIS
and AMAZ than for GIS. Overall, this indicates that
any overshoot can increase the tipping risk com-
pared to its counterfactual low stabilization scenario,
but also that it prevents higher tipping risk com-
pared to a higher stabilization scenario. For AMOC
and WAIS, PCF yields an increased tipping risk of
around 40%, which is particularly evident for low
overshoots with peak temperatures below 3 °C. For
GIS (+30%) and AMAZ (420%), it is more homo-
geneous across peak temperature levels. While cumu-
lative temperature exposure can be similar between
overshoots (figure S7), the peak temperatures over
shorter timescales play a role in modulating tipping
risks and indicate a strong path dependence of AMOC

and AMAZ. For example, a large overshoot with a
short convergence time might have the same cumu-
lative temperature exposure as a lower stabilization
scenario. However, the high peak temperature of the
overshoot may cause a temporary crossing of the crit-
ical warming threshold for AMOC or AMAZ (both
of which have relatively high thresholds of 3.5 °C and
4°C), which can lead to tipping owing to their fast
response timescales.

The influence of the PCF in increasing tipping
risks is evident in all tipping elements (figure 3(e)—
(h)). Stabilization scenarios show larger tipping risks
than associated overshoot scenarios, owing to their
stabilization at high temperature levels. Nonetheless,
tipping risk under overshoot can be much enhanced
by PCE For example for GIS, many overshoot scenar-
ios have a base tipping risk below 10%, while it is at
around 40% for PCF simulations (also see figure S7).
This difference decreases the larger the base tipping
risk becomes, but has large implications for the aver-
age tipping risk increase from PCE. AMOC and WAIS
both already show comparatively high risks of tip-
ping without PCF across scenarios. Regardless, PCF
can substantially increase tipping risks with as much
as 40% for low overshoot scenarios. This also means
that, with PCF, tipping risk is above 90% for WAIS
and above 70% for AMOC for overshoot peaks of
below 2 °C, equivalent to below 1500 PgC (figure S6).

Isolating the effects of PCF for the overshoot,
grouping them by overshoot peak emissions, reveals
different patterns for the different tipping elements
(figure 3(i)). GIS tipping risks are around 35%, and
remain high for all levels of peak overshoot because
of GIS’s combination of a low critical warming
threshold and its slow response timescale. Increased
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Figure 3. Effects of PCF on tipping risks: (a)—(d) Absolute tipping risks for the four investigated tipping elements with respect
to stabilization (SC, hollow points) and overshoot (OS, filled points) peak temperature for ‘base’ (without PCF; red) and ‘PCF
(with PCF; teal) cases. (e)—(h) Tipping risk comparison between ‘base’ (x-axis) and ‘PCF’ (y-axis) cases, i.e. how much the tip-
ping risk increases due to PCEF, for SC (purple) and OS (gray) scenarios. (i) Heatmaps of increased tipping risk due to PCF sep-
arated by overshoot peak emissions (averaged over 8 overshoot durations). The numbers represent the additional risk contribu-
tion from PCF for each of the overshoot scenarios, and the heatmap color scales are normalized per element to illustrate their
changes with increasing emissions overshoot.

warming exposure from PCF in each overshoot sce-
nario group can therefore affect its tipping dynam-
ics homogeneously across scenarios. For AMOC and
WALS, increased tipping risks from PCF mainly affect
overshoots with lower peak emissions, with tipping
risks of 39%—47%. With higher emission peaks, PCF-
induced increases in tipping risks change from 39%
to 24% for AMOC, and from 47% to 22% for WAIS.
This means that both AMOC and WAIS have much
enhanced tipping risks from PCF for small overshoots
(figure S7) because PCF’s effect is largest if base tem-
peratures are close to the tipping point and only
exceed it with the PCF temperature contribution.
In contrast, in higher overshoots, more simulation
ensemble members are tipped already in the ‘base’
case, for which the additional warming of the PCF
does not add additional risk of tipping. This means
that climate tipping risks could be underestimated
by not considering the PCF if global warming would
approach a critical temperature threshold of a given
tipping element. The results mirror the behavior seen
in panels (e)—(f). AMAZ is the only element for which
tipping risk slightly increases with larger overshoot.
Its risk increase due to PCF peaks at 29%. Overshoots,
peaking around 2000-2500 PgC of cumulative emis-
sions, generate temperatures closest to the critical
warming threshold of AMAZ. This means that in
these cases the additional warming from PCF causes
AMAZ to tip, whereas in the base case, temperatures
would stay slightly below this threshold. Lower and

higher overshoots, instead, are more likely to have a
stable or tipped state in both base and PCF simula-
tions, which slightly decreases the impact of the PCF,
respectively.

3.3. Critical temperature spaces for tipping risks
Based on all tipping timeseries, we investigate the tip-
ping risks’ dependence on the overshoot peak tem-
perature and the convergence time (time until cumu-
lative emissions have reached 1000 PgC after the over-
shoot). Without the influence of the PCF, we find that
tipping risks are generally high for WAIS and AMOC
(figures 4(b) and (c)). They show tipping risks of 50%
with an overshoot peak temperature of 1.8-2.8 °C for
WAIS and 3.0-4.0 °C for AMOC depending on the
overshoot duration. In the case of WAIS, the final sta-
bilization temperatures lie above its tipping point in
many cases. AMAZ shows a tipping risk lower than
20% for overshoot peak temperatures below 3.0 °C
regardless of the overshoot duration (figure 4(d)).
However, higher overshoots (with peak temperature
close to its tipping point) show a strong increase
of tipping risks, owing to its relatively fast response
timescale. Consistent with figures 2 and 3, overshoot
keeps GIS tipping risks relatively low, i.e. below 15%
(figure 4(a)). These results are comparable with other
studies [29, 30].

We find that the PCF considerably narrows
the risk zones to lower overshoot peak tem-
perature and duration for all tipping elements
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Figure 4. Critical temperature spaces for tipping risks under overshoot: (a)—(d) Tipping risks (color scale) depending on the
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PCF panels span different temperature range due to the effect or absence of the PCF contribution to temperature.

(figures 4(e) and (f)). All tipping risk increases are in
the range of 20%—40% for specific overshoot peak
temperatures and durations (also see figure S7).
This increases the tipping risk to about 40% for
GIS because of its slow response timescale. AMOC’s
tipping risk increases to at least 70% even with an
overshoot peak temperature of below 2 °C. Similarly,
AMAZ’s risk zone substantially reduces to lower over-
shoot peak temperatures. More importantly, AMAZ’s
sensitivity to overshoot duration also increases when
including PCE. For example, a 50% chance of AMAZ
tipping is reduced by about 1 °C (from approximately
3.2°Cto 2.2 °C) for long overshoots with PCF. While
WAIS already has high risks of tipping above 45%
without PCEF, considering PCF brings its tipping risk
to 94%-99% even for the shortest 100-year over-
shoots below 2 °C.

3.4. Tipping acceleration due to PCF

Besides PCF’s effect on tipping risks, we also quantify
its impact on the timing of simulated tipping events.
Here we define the tipping timing as the first time
a system state crosses the threshold for the alterna-
tive stable (system state 0.577). Tipping timing fol-
lows a reverse relationship with peak temperature
across all tipping elements (figures 5(a)—(d)) and is
earlier with increasing peak temperature. There is a
high acceleration of this timing under low stabiliza-
tion and overshoot scenarios, concurring with lower
cumulative warming exposure (figure S7). GIS’s tip-
ping times range from 8000 years in scenarios that just
tip before the end of the simulation to as early as 2000
years. In contrast, AMOC, WAIS, and AMAZ can all
have a range of ensemble-mean tipping times between
a few decades and up to 4000 years, which quickly
reduces in higher peak warming scenarios. Although

AMOC and AMAZ are faster tipping elements than
WAIS, WAIS often has an earlier state transition onset
because it has a low temperature tipping threshold.
While AMOC and AMAZ state transition happens
faster, their tipping onset may happen later in the sim-
ulations, depending on the scenario. Across all sce-
narios and ensemble members, WAIS’s tipping times
are therefore the fastest.

The timing of tipping due to PCF can be faster
on the order of decades to thousands of years
(figures 5(e)—(h)). GIS tipping acceleration can be
as high as 4000 years. However, there is a clear sep-
aration between stabilization and overshoot scenar-
ios. For AMOC, WAIS and AMAZ, the responses are
more diverse than for GIS. Their tipping acceleration
can range from no acceleration to up to 4000 years,
with no substantial difference between stabilization
and overshoot scenarios. Matching the results of tip-
ping risks, there is a minority of cases for AMOC
and AMAZ where PCF delays the tipping timing, but
only by a maximum of a few centuries. For the high-
warming stabilization scenarios, tipping across all tip-
ping elements often occurs regardless of PCF. Instead,
PCF in overshoot scenarios tends to cause tipping
accelerations of 3000-4000 years. That is because in
many overshoot scenarios without PCE, early tipping
can be prevented by the lower cumulative warming
exposure. However, the PCF substantially increases
this cumulative warming exposure, which leads to
earlier tipping.

The tipping acceleration due to PCF is high-
est for the low-to-mid overshoots (1250-2000 PgC
of peak cumulative emissions; about 1.5-2.5°C
peak warming; figure S6) across all tipping ele-
ments (figure 5(i)). Higher overshoots generally
show much lower acceleration of tipping timing for
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Figure 5. Effects of PCF on the timing of tipping events: (a)—(d) Tipping timing for the four investigated tipping elements with
respect to (stabilization and overshoot). (e)—(h) Tipping timing comparison between between ‘base’ (without PCF; x-axis) and
‘PCF’ (with PCF; y-axis) cases, i.e. how much the tipping accelerates due to PCF. (i) Heatmaps of tipping acceleration due to PCF
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average tipping acceleration due to PCF (see figure S8) for each of the overshoot scenarios, and the heatmap color scales are
normalized per element. Note the difference in y-axis range between the panels.

AMOC, WAIS, and AMAZ, decreasing from multiple
millennia to centuries, and even decades in the case
of AMAZ. This is, again, due to the faster tipping in
scenarios with a high warming exposure, where tip-
ping happens regardless of the PCF. The exception is
GIS, where the influence of PCF is seen across the full
range of overshoots, matching the behavior of tipping
risks.

4, Conclusions

The permafrost carbon—climate feedback (PCF) plays
an important role in amplifying Earth system tipping
risks. We find that assessed ranges of PCF contribute
to increased global warming, which in turn elevate
the likelihood of tipping critical Earth system compo-
nents. This effect is particularly strong for WAIS and
AMOC, where including PCF raises tipping proba-
bilities by up to 50% and leads to earlier tipping.
GIS tipping risk also increases, though less dramat-
ically, likely due to its slow response timescale and
stabilizing interactions with AMOC. Notably, includ-
ing the PCF can cause tipping even in low peak tem-
perature overshoot scenarios that otherwise would
remain below critical thresholds. For example, with
PCE, tipping risk is above 90% for WAIS and above
70% for AMOC for overshoot peaks of below 2 °C,
while it increases to around 40% for GIS and AMAZ
below 3 °C. Equally, tipping acceleration due to PCF
is highest for the low-end overshoots (1250-2000 PgC

of peak cumulative emissions or about 1.5-2.5°C
peak warming).

Furthermore, it is evident that the effect of the
PCF is highest when scenario pathways bring tem-
peratures close to the tipping thresholds of a spe-
cific system, for which the additional warming from
the PCF results in a tipping of the otherwise sta-
ble system. For faster tipping elements, such as the
AMOC and AMAZ, this means that peak temper-
atures substantially influence the tipping behaviors.
Conversely, for slower systems, such as GIS, it is
rather the cumulative warming exposure that leads
to a slow transition out of its stable state. The PCF
also accelerates the timing of tipping, reducing the
safe overshoot temperature range and making climate
stabilization efforts more challenging. This acceler-
ation is pronounced for systems with both inher-
ently slow and fast tipping dynamics, where PCF
can advance tipping timing by thousands of years,
predominantly found in lower-end overshoot sce-
narios ranging 1250-2000 PgC of peak cumulative
emissions.

The presence of the PCF also redefines the cli-
matic risk space for tipping by shifting the bound-
aries of temperature overshoot and duration within
which tipping can be avoided. With PCEF, the criti-
cal zones for tipping risks of 50% substantially shift
toward lower peak temperatures (below 2 °C for GIS,
AMOC and WAIS; below 3.5°C for AMAZ) and
shorter overshoot durations (as little as 100 years
for GIS, AMOC, WAIS). These shifts underscore the
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fact that tipping elements are more vulnerable than
previously assumed when considering the effects of
PCE, and consequently that climate targets which per-
mit temporary overshoots may lead to irreversible
changes when PCF is included.

This is a conceptual risk study. Both the con-
ceptual scenario design and the treatment of tem-
perature evolution over 10000 years are idealized
and in addition ignore non-CO, species contribu-
tions and anthropogenic disturbances, so the quan-
tities derived here are associated with uncertainties.
However, despite the inclusion of only a subset of tip-
ping elements simulated in PyCascades with simpli-
fied threshold behavior and interactions, it can actu-
ally represent these interactions, opposed to either
Earth system models that often do not show tipping
behavior or conceptual tipping models that only cap-
ture the dynamics of a single tipping element. We fur-
ther note that the implementation of the PCF used
here is rather simple. Although calibrated against
estimates from complex Earth system models and
their uncertainties, PerCX does not explicitly resolve
the processes that enhance natural carbon sinks that
could weaken the effect of the PCE such as CO,
fertilization, vegetation expansion, nitrogen fertiliza-
tion and formation of new permafrost carbon at high
latitudes. Explicitly accounting for these effects, in
addition to yet undiscovered and unrepresented feed-
backs on permafrost carbon loss itself, may modify
PCF’s impact on the estimate of increased tipping
risks and acceleration provided here. These caveats
present themselves as research priorities that should
be addressed in future research.

Our results support a unified interpretation in
which permafrost carbon feedback acts as a miss-
ing Earth system feedback in conventional car-
bon budget-based climate-policy metrics such as
the Transient Climate Response to cumulative car-
bon Emissions (TCRE). Here, carbon released from
permafrost in addition to anthropogenic emissions
can be interpreted as a scaling factor for effective
TCRE since total cumulative carbon driving warm-
ing is higher than accounted for in standard bud-
gets estimates [32, 50, 51]. A more complete repre-
sentation of permafrost thaw processes such as abrupt
thaw, wildfire disturbances, and post-fire dynamics
can therefore lead to an overestimation, and there-
fore tightening, of remaining carbon budgets consis-
tent with temperature targets and may even intro-
duce potential state-dependency [52]. In risk terms,
it implies that the probability and timing of climate
tipping events are underestimated. This reinforces the
conclusion that pathways toward lower temperature
targets become more attractive when Earth system
feedbacks such as PCF are included, as they simul-
taneously reduce expected damages [39] and limit
exposure to high-impact, potentially irreversible tip-
ping dynamics.
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Overall, these results reveal that the permafrost
PCF could not only alter the probability of cross-
ing tipping points but can also bring forward the
timeline for potentially irreversible changes, reduc-
ing the window for effective climate mitigation. They
underscore the necessity of including PCF in com-
plex climate models, where it is often missing [50, 51].
Hence, current climate policies and emission path-
ways may underestimate the risks associated with per-
mafrost thaw, necessitating more aggressive emission
reductions and carbon removal strategies to mitigate
these additional feedback-driven warming effects. An
inclusion of the PCF in climate risk assessments is
therefore essential for a more accurate estimation of
safe emission thresholds and for designing effective
climate policies.
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