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Permafrost carbon release scales linearly
with overshoot warmingmediated by AMOC
tipping

Norman Julius Steinert 1,2 , Jörg Schwinger2, Eleanor Burke 3, Biqing Zhu4,
ThomasGasser 4,GregoryMunday 3,5, CamillaMathison 3,6, So-WonPark7&
Hanna Lee 8

Overshooting global warming targets risks irreversible Earth system changes.
However, uncertainties remain in how critical Earth system components such
as permafrost and the Atlantic Meridional Overturning Circulation (AMOC)
respond to and interact under warming. By using three climate models of
varying complexity to assess the permafrost carbon response under idealized
climate mitigation and overshoot scenarios, we here show that permafrost
loses 11–21 PgC of carbon per 100 degree-years of warming exposure (cumu-
lative warming over 100 years) during temperature overshoot in a robust
linear relationship. This relationship also holds true under relative Northern
Hemisphere cooling from a temporary AMOC slowdown during temperature
overshoot. This relative cooling partially offsets climate change impacts on
permafrost, while in itself causing adverse impacts on climate and society.
These results underscore the importance of including both destabilizing and
stabilizing Earth system feedbacks when assessing overshoot impacts, critical
for informing carbon budgets, net-zero planning, and climate change
reversibility.

Under current policies and pledges, overshooting 1.5 °C is almost
certainly inevitable, as the majority of scenario pathways consistent
with limiting global warming to 1.5 °C by the end of the century imply
a temperature overshoot1. Such overshoot involves a temporary
exceedance of the temperature goal, followed by the deployment of
large-scale carbon dioxide removal (CDR) (Fig. 1a–c) to reach lower
temperature levels. However, the extent to which a safe climate state
could be reached after a temperature overshoot, and which pro-
cesses triggered by the overshoot period might be irreversible, are
both subject to uncertainty2–4.

A prominent example for irreversible processes under climate
change is the degradation of the permafrost carbon pool, which has

been formed over thousands of years through the gradual accumu-
lation of organic material in cold environments where decomposi-
tion is slow. An estimated 1460–1600 PgC (1 PgC = 1 GtC = 1015 gC) of
permafrost carbon, with approximately 1000 PgC stored in the top
0–3m of soil, is contained in the northern circumpolar region5. As
permafrost thaws due to increasing global temperatures, soil
microbes begin to decompose previously frozen soil organic matter,
which releases carbon into the atmosphere. This process contributes
to further warming and is known as the permafrost carbon-climate
feedback. At present, northern permafrost regions experience higher
warming than the global average due to Arctic amplification6,7, and
permafrost thaw is projected to further intensify toward the end of
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the century5,8,9. Climate model simulations also suggest that the slow
response of high-latitude soil carbon to climate warmingwill result in
permafrost carbon loss that persists for centuries after a temperature
stabilization10,11.

The extent of carbon loss from permafrost depends on the tra-
jectory of warming12,13 and is therefore sensitive to the peak tempera-
ture and duration of temperature overshoot of climate mitigation
pathways. The carbon release from permafrost during an overshoot is
effectively irreversible, as there are no natural processes that can re-
sequester it within centennial-to-millennial timescales. Modeling stu-
dies show that temperature overshoots lead to greater permafrost
carbon release than scenarios that stabilize at a given temperaturegoal
without exceeding it10,11,13,14 (Fig. 1c, d).

The additional warming during a temperature overshoot may also
decrease the strength, or even trigger the collapse, of the Atlantic Mer-
idional Overturning Circulation (AMOC)15–18. The AMOC is a large system
of ocean currents that transports heat northward in the Atlantic, but
substantial warming and increased freshwater input from precipitation,
river runoff, and ice melt, especially in the North Atlantic, can reduce
upper-ocean density and weaken or even disrupt this circulation. Such
AMOCslowdownwould trigger a relative cooling (i.e., reducedwarming)
of the northern hemisphere high latitudes, producing the so-called
North Atlantic warming hole17,19–21. This cooling enhances atmospheric
stability and low cloud formation, increasing shortwave reflection and
amplifying the regional cooling effect22. The reduced northward heat
transport strengthens southern hemisphere ocean heat uptake (known
as the bipolar seesaw), increasing total ocean heat storage and lowering
global mean temperature (Fig. 1c). Such AMOC-induced cooling would
alter temperature and precipitation patterns in Europe, andmore widely
across the northern hemisphere, which could disrupt marine and ter-
restrial ecosystems17,23 and pose risks to food security24. Cooler regional
climates might temporarily offset global warming but could also inten-
sify extreme weather, such as temperature extremes in the North
Atlantic region25. The resulting climatic changes would also impact
infrastructure, and economic and political stability in affected regions26.

Studies that examine the interactions between the AMOC and
permafrost are rare27–29. For example, a recent review30 assigned “very
limited/missing evidence” to the strength and direction of the inter-
action between AMOC and permafrost carbon loss, as there is little
evidence how permafrost thaw directly influences AMOC dynamics.
Conversely, a weakening or collapse of the AMOC could induce
regional cooling in the Arctic, potentially slowing permafrost thaw and
reducing carbon emissions—a possible negative feedback on the per-
mafrost carbon-climate feedback that has not been quantified yet.
(Fig. 1d). Understanding this interplay is particularly important in the
context of temperature overshoot scenarios, as both AMOC stability
and permafrost carbon release are sensitive to the magnitude and
duration of climate warming.

Here, we investigate how permafrost carbon responds to a set of
experiments following idealized emission stabilization pathways,
including scenarios with and without temperature overshoot
of varying magnitude and duration (Fig. 2a)11,17. We consider four
stabilization pathways, in which emissions are phased out after
a cumulative total of 1500, 1750, 2000, or 2500 PgC has been
emitted during the first 100 years31. We refer to these stabilization
scenarios as Bx, where x denotes the cumulative carbon emissions
in PgC. The lowest stabilization scenario B1500, serves as a reference
pathway, which reaches the level of 1500 PgC cumulative
emissions without an overshoot. Overshoot trajectories branch
off from the higher stabilization scenarios, eventually bringing
cumulative carbon emissions down to 1500 PgC. We analyze a total
of six overshoots by varying the branching time from the
stabilization scenarios (either immediately or 100 years after positive
emissions have ceased) and exceeding the reference level of 1500 Pg
cumulative carbon emissions by 250, 500, and 1000 PgC, respec-
tively. The six overshoot pathways are referred to as OSxy , with x
indicating the cumulative amount of CDR in PgC and y indicating the
duration of the overshoot—for example, OS250100 being the overshoot
with 250 Pg of carbon removal starting 100 years after the cessation
of positive emissions.

G����� M���

0

�	�
���

T����	��
	�

G����� A���	��������
a b

c d

E��

���

P���

T�	���
T����	��
	�

O��	
����
I�����

C�����
�

 ���	��
�
��
���� �����	��
	�
S������������

AMOC-���
���
������� ������

AMOC 
�������
�	����	��

O��	
����

T��� T���

P���

C�	��� E��

���

C
�
������ A���	�������� 
C�	��� E��

���


P�	���	�
�-�	��
C�	��� L�



N��-Z�	�
E��

���


N��-O��	
����
(R���� E��

��� 	��
����� ��
	���� T�	��� �����	��
	�)

(R������� �� CDR �� 	��
	� 
�� T�	��� T����	��
	�)

O��	
����

(W�	����-���
��� AMOC
	�
���
� ���� 	������� �������)

O��	
���� ���� AMOC

P�	����
R���	
�������

R�
���
� ���

�	�
���

0

0

Fig. 1 | Conceptual illustration of permafrost carbon response in mitigation
scenarios with and without slowdown of the Atlantic Meridional Overturning
Circulation (AMOC). a, bAnthropogenic carbon emissions and cumulative carbon
emissions without (blue) and with (purple) temporary overshoot, where the over-
shoot and the stabilization scenarios have the same final carbon budget. c Global
mean temperature in response to the carbonemissions of the non-overshoot (blue)
and overshoot (purple) pathways, with an additional case where an AMOC

slowdown is triggered in response to the elevated temperatures during overshoot
(orange). d Resulting permafrost carbon loss from the three scenarios. The stabi-
lization scenario causes long-term permafrost carbon loss, which is enhanced
under overshoot. With an additional AMOC response, permafrost carbon loss is
reduced due to a stabilization from an AMOC-induced cooling of the permafrost
region.Here, we aim toquantify the effect of AMOC-inducedcoolingonpermafrost
carbon loss.
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We use three models of different complexities to quantify the
permafrost carbon response in these scenarios: NorESM2-LM—a full
complexity Earth systemmodel (ESM), JULES—a complex land surface
model, and OSCAR—a compact ESM of reduced complexity (see
“Methods” for a description of these models). This multi-model
approach allows us to investigate the response ofmodels representing
a range of physical processes and their uncertainties and assess the
robustness of our findings across model types. Among these models,
NorESM2-LM is the only model representing an AMOC response to
warming. NorESM2-LM shows a relatively high sensitivity of AMOC
strength to warming, i.e., AMOC slows down quickly with small
increases in temperatures (Fig. S1), and there is a pronounced relative
cooling signal in global mean surface temperature (GMST) in the

stabilization and overshoot scenarios (Fig. S2) as conceptualized in
Fig. 1 (see also Fig. 3a, b, and ref. 17 for more details). NorESM2-LM’s
relatively strong AMOC decline in future scenarios32 is consistent with,
although at the upper end of the range of, a larger group of CMIP
models showing at least moderate AMOC decline under warming16,33.
The AMOC-related centennial GMST variations in our simulations lead
to substantially cooler surface temperatures, particularly at northern
high latitudes, compared towhat is expected from the assumption of a
constant GMST response to cumulative carbon emissions (TCRE)34,35.

The effect of the AMOC cooling on permafrost carbon release is
difficult to quantify with NorESM2-LM simulations alone because there
is no counterfactual realization of NorESM2-LM without AMOC slow-
down. We have therefore conducted additional experiments with

Fig. 3 | Regional cooling induced by the Atlantic Meridional Overturning Cir-
culation (AMOC). a NorESM2-LM global mean temperature response to the
cumulative emissions pathways in Fig. 2a for annual (pale solid lines) and 21-year
running mean (solid lines) data. Dashed lines in the background indicate expected
global mean surface temperatures (GMST) from a linear transient climate response
to cumulative emissions (TCRE; GMSTTCRE) for the four stabilization scenarios for
reference, and thus illustrate deviations of NorESM2-LM from this relationship.
b Spatial temperature response as the difference between a state with reduced
AMOC around the GMST minimum (years 180–190) and a state with stable AMOC
and GMST (years 80–90) for the OS2500 scenario, illustrating the high-latitude

regional cooling imposed by the AMOC slowdown. c Time-integrated global mean
temperatures (M; as illustrated in the top-right inset) per scenario relative to TCRE-
derived temperatures of the B1500 scenario. Solid bars indicate temperatures
expected froma linear TCRE relationship (expectedMTCRE; light gray shading in the
inset). Striped bars indicate actual temperatures simulated by NorESM2-LM (actual
MESM; dark gray shading in the inset). The difference between the respective bars
denotes the time-integrated AMOC-induced cooling ΔMAMOC. Note that the AMOC
cooling can lead to time-integrated temperatures lower than the reference sce-
nario, yielding negative numbers.

Fig. 2 | Linearity of permafrost carbon loss and warming exposure under
temperature overshoot. a Cumulative anthropogenic carbon emissions profile of
stabilization and overshoot scenarios following the Zero Emissions Commitment
Model Intercomparison Project (ZECMIP31) protocol (see “Methods”).bCumulative
permafrost carbon loss at year 400 in simulations following the emission pathways
shown in (a) with three models of different complexity (OSCAR, JULES, NorESM2-
LM). Note that NorESM2-LM was run directly from emissions, whereas OSCAR and
JULES were run with global mean temperatures derived from a linear transient
climate response to cumulative emissions (TCRE; see “Methods”). Vertical bars
denote uncertainty ranges from the simulation ensemble (minimum tomaximum),

depicting different model-dependent sources of uncertainty. c Relationship
between the cumulative permafrost carbon loss and time-integrated temperature
exceedance (ΔMOS = MOS − MB) in all scenarios as a difference to the B1500 stabili-
zation reference scenario. Solid lines indicate a linear regression fit of the ensemble
median permodel for each scenario. Shaded areas, shown for OSCAR (orange) and
JULES (purple), depict the spread of linear fits stemming from the ensemble spread
in (b). Note that the upper bound of JULES's range coincides with OSCAR's median
regression line at 21 PgC/100 °C yr, and that JULES's andOSCAR's lower bounds are
almost identical at 3 PgC/100 °Cyr.
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JULES and OSCAR (see “Methods”) to extract the effects of the AMOC-
induced relative cooling signal on permafrost carbon loss. We refer to
these experiments following the notation modelPatternScalingforcing (Table 1),
where (1) model can be NorESM2-LM, JULES or OSCAR, (2) Pattern-
Scaling, if indicated, denotes which type of pattern scaling was used,
with either the average of 16 Coupled Model Intercomparison Project
Phase 6 (CMIP6) model patterns (PS—all, which includes the NorESM2
pattern) or the NorESM2 pattern alone (PS–NorESM), and (3) forcing
denotes the forcing specification from global mean NorESM (gmNor-
ESM) or TCRE-derived (gmTCRE) temperatures, or forcing from spatial
NorESM2-LMoutput fields (spatialNorESM). By using a combination of
JULES and pattern scaling36 with warming patterns derived from 16
CMIP6 ESMs covering a range climate sensitivities, we estimate
uncertainties and establish the robustness of our results across a wide
range of plausible climate responses. We do so similarly with OSCAR,
which provides a wide coverage of uncertainty in permafrost-related
parameterizations. First, these experiments are forced by idealized
temperature pathways derived from a linear TCRE relationship fol-
lowing the emission pathways of our scenarios (JULESPS�all

gmTCRE and
OSCARgmTCRE). Second, by forcing both models directly with global
mean temperatures from theNorESM2-LM simulations (JULESPS�NorESM

gmNorESM

and OSCARgmNorESM) and comparing them to the counterfactual
experiments forced with idealized TCRE-derived global mean tem-
peratures (JULESPS�NorESM

gmTCRE and OSCARgmTCRE), we obtain an estimate of
how the AMOC cooling simulated in NorESM2-LM affects permafrost
carbon loss in both of thesemodels. For JULES specifically, we conduct
an additional experiment (JULESspatialNorESM) that uses spatially
resolved climate output ofNorESM2-LM, insteadof the combinationof
globalmean temperature and pattern scaling, to test the robustness of
the results fromglobalmean forcing against results where the spatially
resolved temperature imprint of the AMOC slowdown is considered.

Results
Irreversible permafrost carbon loss under warming
Permafrost carbon loss derived from the three models (OSCAR, JULES,
and NorESM) consistently increases with the level of anthropogenic
carbon emissions and magnitude of the temperature overshoot in all
models (Fig. 2b). The multi-model comparison reveals variations in the
absolute magnitude of permafrost carbon loss, reflecting differences in
how these models represent permafrost dynamics, soil carbon decom-
position, and climate-carbon feedbacks. OSCAR shows both the stron-
gest permafrost carbon response to warming and the largest ensemble
spread (representing both model structural and climate sensitivity
uncertainties; see “Methods”), covering estimates of JULES and NorESM

on the lower end of its spread. JULES follows OSCAR’s response pattern
for each scenario, but the median permafrost carbon loss is smaller in
magnitude. JULES’s spread from the pattern scaling (depicting only cli-
mate uncertainty) is also much smaller. NorESM’s response is more
diverse, due to its more complex representation of climate variability
and feedbacks, but generally agrees with the range of estimates simu-
lated by JULES. The range of results across models indicates a model-
complexity-dependent permafrost carbon response under warming.

The effect of temperature overshoot on permafrost carbon loss
can also be seen across all models. Longer overshoot durations result
in substantially higher permafrost carbon release, even if global
temperatures return to lower levels eventually. The systematic
increase in permafrost carbon loss with overshoot severity suggests
that even short-lived temperature exceedance has long-lasting con-
sequences for global carbon cycle feedbacks. This also implies that
any prolonged exposure to higher temperatures leads to greater
permafrost degradation than a no-overshoot stabilization scenario,
and delaying temperature reversal (here simulated by a delay of 100
years) greatly amplifies the damage.

Despite the inter-model differences, a linear relationship emerges
between the overshoot-induced cumulative warming exceedance over
the B1500 scenario and cumulative permafrost carbon loss (time-inte-
grated; Table S1) in all three models (Fig. 2c). Cumulative temperature
exceedance (ΔMOS =MOS −MB) is the cumulative warmingM (warming
integrated over time; measured in degree-years ∘Cyr; Table S1) differ-
ence between the overshoot (MOS) and its exceedance over the
cumulative warming of the reference stabilization pathway (MB). A
quantification of this relationship for the three models gives: 21 (3–43)
PgC/100 °Cyr for OSCAR, 11 (3–21) PgC/100 °C yr for JULES, and
16 PgC/100 °C yr for NorESM. These values indicate that for every
100 °Cyr of excess warming under overshoot, permafrost regions will
release an estimated median range between models of 11 to 21 PgC/
100 °Cyr (absolute range of 3–43 PgC/100 °Cyr). The linearity of this
relationship remains robust across models and scenarios and implies
that both the magnitude and duration of temperature overshoot are
critical factors in determining the long-term permafrost carbon-
climate feedback, but also that these factors might compensate for
each other, i.e., a short but intense temperature overshoot is equiva-
lent to a long temperature overshoot with a lower peak as long as the
cumulative temperature exposure is identical.

AMOC-induced regional cooling reduces permafrost carbon loss
The implications of these findings extend beyond permafrost
dynamics alone, as they intersect with other critical Earth system

Table 1 | Experiment overview

ID Experiment
name (modelPatternScalingforcing )

Forcing variable Forcing variant Pattern scaling Output Note

1 OSCARgmNorESM Temperature NorESM2-LM glo-
bal mean

– Global mean AMOC cooling effect in global
mean forcing

2 OSCARgmTCRE Temperature TCRE global mean – Global mean –

3 JULESspatialNorESM Temperature NorESM2-LM spatial No Spatial Includes AMOC cooling pattern

4 JULESPS�all
gmNorESM

Temperature NorESM2-LM glo-
bal mean

16 patterns Spatial AMOC cooling effect in global
mean forcing

5 JULESPS�all
gmTCRE

Temperature TCRE global mean 16 patterns Spatial –

6 JULESPS�NorESM
gmNorESM

Temperature NorESM2-LM glo-
bal mean

NorESM2 pattern Spatial AMOC cooling effect in global
mean forcing

7 JULESPS�NorESM
gmTCRE

Temperature TCRE global mean NorESM2 pattern Spatial –

8 NorESM2-LM Emissions – – Spatial –

The naming convention for these experiments follows the notation modelPatternScalingforcing , where (1) model can be NorESM2-LM, JULES or OSCAR, (2) PatternScaling, if indicated, denotes which type of

pattern scaling was used, with either the average of 16 ESM patterns (PS—all, which includes the NorESM2 pattern) or the NorESM2 pattern alone (PS–NorESM), and (3) forcing denotes the forcing
specification from global mean NorESM (gmNorESM) or TCRE-derived (gmTCRE) temperatures or forcing from spatial NorESM2-LM output fields (spatialNorESM). Note that this study does not
represent all the feedback mechanisms quantified here in a fully coupled mode.
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elements, such as the AMOC. The linear dependence of permafrost
carbon loss on temperature exposure under warming suggests that it
also applies to any (relative) cooling scenario, which in turn is expected
to reduce the rate of carbon release.

NorESM2-LM is well suited to address this hypothesis because it
shows cooling relative to the expected temperature under the
assumption of constant TCRE (GMSTTCRE; using NorESM2-LM’s
TCRE of 1.32 K/EgC derived from the concentration-driven 1pctCO2
simulation37) in all scenarios (Fig. 3a). The relative cooling is caused
by an AMOC slowdown under warming (even without overshoot)
that is intensified during temperature overshoot17. During positive
anthropogenic emission phases, the strength of the AMOC declines
by 48–76% from its preindustrial levels of 22.7 Sverdrup (Sv; Fig. S1).
During the zero-emission phases, AMOC gradually recovers, stabi-
lizing at a level slightly below its unperturbed state, with a differ-
ence of about 3–5 Sv, consistent with the range of previous
studies38. Further, the AMOC recovery is accelerated under tem-
perature overshoot (Fig. S1).

The AMOC-slowdown induces cooling due to reduced northward
ocean heat transport and regional radiative feedbacks. The relative
cooling significantly reduces the cumulative temperature exposure of
permafrost regions between the expected temperatures from the
TCRE relationship and actual temperatures from the ESM simulations
(Figs. S3b and S4). The spatial pattern of the AMOC-induced cooling,
consistent with other modeling studies18,20, is centered around the
North Atlantic but extends far into northern Eurasia and, to a lesser
extent, northern North America, where large areas of permafrost are
located (Fig. 3b), thereby leading to a lower integrated warming
exposure of permafrost regions.

Although the AMOC does not permanently collapse in these
NorESM2-LM simulations (Fig. S1), the recovery of the ocean circu-
lation is a slow process. This induces a substantial cooling in stabili-
zation scenarios, which is even stronger in the temperature overshoot
scenarios (Fig. 3a, c). After emissions cease at year 100, the GMST
evolution reflects: (1) declining radiative forcing as atmospheric car-
bon dioxide (CO2) falls while land and ocean continue to absorb
carbon, and (2) changes in ocean heat uptake. In many models,
roughly constant post-emissions temperatures imply a balance
between these two effects31. However, in NorESM2-LM, a strong
AMOC decline increases ocean heat uptake enough to dominate the
weakening radiative forcing, which produces continued cooling until

AMOC recovery reduces ocean heat uptake and allows subsequent
surface warming. In overshoot scenarios, the relative cooling is
amplified because the reduction of the atmospheric CO2 concentra-
tion due to idealized CDR is rapid and happens during a phase of
reduced northward heat transport by the AMOC, before it can
recover17. The time-integrated temperature exposure simulated by
NorESM2-LM (MESM) is therefore substantially smaller than the time-
integrated TCRE-derived temperature exposure (MTCRE) for all sce-
narios (Fig. 3c). In the stabilization scenarios, MTCRE is approximately
232 °C yr higher for each 500 Pg cumulative carbon emissions above
the reference pathway. Further, the actual MESM is 129–172 °C yr
cooler than the corresponding MTCRE (Figs. 3c and S3). For example,
the B1750 simulation, which is expected to be roughly 116 °C yr warmer
than the reference pathway B1500 for MTCRE, is actually cooler by
29 °C yr for MESM. In the overshoot scenarios, MTCRE is larger for all
overshoots, scaling with overshoot duration and magnitude. How-
ever, the actual MESM, which includes the effect of AMOC cooling, is
lower than the expectedMTCRE for all overshoots, and even lower than
the B1500 reference scenario for 5 out of 6 overshoots (the exception
being the most extreme overshoot OS1000100 ).

Utilizing the specific JULES experiments (Table 1) allows to
quantify the effect of the AMOC cooling on the magnitude of per-
mafrost carbon loss. Permafrost carbon loss is substantially lower in
the experiments with AMOC slowdown (JULESspatialNorESM) than in
the counterfactual experiments without AMOC slowdown
(JULESPS�NorESM

gmTCRE ; Fig. 4a). These reductions range between 26 and
40% for the stabilization scenarios, and 40–57% for the temperature
overshoot scenarios. For the overshoots, the largest difference in
permafrost carbon loss can be found in the OS500x overshoot sce-
narios, correlating with the strongest AMOC slowdown relative to
the warming in these scenarios (Fig. S3). These results indicate that
AMOC-induced cooling provides a stabilizing effect on permafrost
carbon loss by lowering regional temperatures and reducing per-
mafrost thaw and associated carbon release. In turn, such a reduc-
tion in permafrost carbon loss is expected to weaken the permafrost
carbon-climate feedback strength.

The reductions in permafrost carbon loss due to AMOC cooling
decrease in high-emission scenarios, driven by two mechanisms.
Firstly, the AMOC weakening response to warming has a maximum
rate at a specific temperature range (around 2–2.5 °C, equivalent to
emissions in B2000 and OS500X in NorESM2-LM; see Figs. 3 and S3).

Fig. 4 | Atlantic Meridional Overturning Circulation (AMOC) effect on perma-
frost carbon loss. a Cumulative permafrost carbon response per scenario for
JULESPS�NorESM

gmTCRE (white bars with colored borders; JULES without AMOC-induced
cooling), and JULESspatialNorESM (colored bars; JULES with AMOC-induced cooling).
The percentage reduction due to AMOC cooling is indicated next to the bars.
b Relationship between the cumulative permafrost carbon loss difference (ΔcumEPF)
and cumulative AMOC-induced cooling (difference between original and

counterfactual simulations for OSCAR and two JULES variants) in all 10 scenarios. The
three experiment combinations consist of:ΔOSCAR =OSCARgmTCRE �OSCARgmNorESM,
ΔPS�NorESM
JULES = JULESPS�NorESM

gmTCRE � JULESPS�NorESM
gmNorESM , and ΔspatialNorESM

JULES = JULESPS�NorESM
gmTCRE �

JULESspatialNorESM (also see Table 1). Solid lines indicate the linear regression fit. Note
that a shows the results for the two experiments associated with only one (dark blue)
of the variants shown in (b).
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Secondly, the strength of the AMOC effect on permafrost depends
on the strength of the AMOC slowdown in relation to the warming
that causes it. Importantly, there is an absolute limit for the cooling
capacity of the AMOC. Once the warming is large enough to trigger a
complete collapse of the AMOC, further warming will not induce
further relative cooling. It is therefore important to emphasize that
rapid emission reductions is the most effective way to protect per-
mafrost carbon integrity.

Subtracting the original and the counterfactual experiments
for each scenario yields the permafrost carbon loss difference
(ΔcumEPF) in relation to the time-integrated AMOC cooling
(ΔMAMOC = MTCRE�MESM). The permafrost carbon loss difference
shows a general trend where larger cumulative AMOC-induced
cooling corresponds with lower cumulative permafrost carbon loss
(Fig. 4b, see Table 1 and the “Methods” section for experiment
details). Assuming a linear relationship, we find a median AMOC-
induced reduction of permafrost carbon loss of 12 PgC/100 ∘C yr for
OSCAR (ΔOSCAR), and 15 PgC/100 ∘C yr for two JULES variants
(ΔPS�NorESM

JULES , and ΔspatialNorESM
JULES ). These results are in good agreement

with the relationship derived under positive warming changes (Fig. 2)
and support its applicability under relative cooling. Due to the large
temporal and spatial variability of the regional climate response to
the AMOC collapse and the complexity of the permafrost responses
to the temperature forcing in NorESM, there can be deviations from
that relationship among individual simulations. However, the linear
fit improves when using the pattern scaling approach with the
NorESM2-LM global mean temperature response instead of the spa-
tially and temporally resolved NorESM2-LM temperature to force
JULES (compare the light blue and dark blue dots). The relationship is
robust also against other methodological variations (Fig. S4).

Quantifying the AMOC-slowdown effect on permafrost
carbon loss
The interaction between AMOC cooling effects and the permafrost
carbon-climate feedback exhibits positive and negative feedback
loops impacting the global climate (Fig. 5). For NorESM2-LM, each
799 PgC of cumulative anthropogenic carbon emissions leads to 1 ∘Cof
global warming (Figs. 5 top right, S5). Subsequently, this warming
causes permafrost carbon loss of 16 (3–43) PgC/100 ∘Cyr (Fig. 2). This
carbon release can intensify the greenhouse effect via the permafrost
carbon-climate feedback, further warming the atmosphere, which in
turn speeds up permafrost thaw and amplifies greenhouse gas release,
perpetuating a self-reinforcing cycle that drives continued global
warming (Fig. 5, orange loop).

We have shown here that this positive climate feedback loop can
be weakened by reduced permafrost carbon loss as a consequence of
relative cooling induced by an AMOC slowdown in response to
anthropogenic carbon emissions. In NorESM2-LM, the AMOC is wea-
kened under global warming (Fig. S2), and its maximum decline
(ΔAMOCmax) is generally well correlated with the cumulative anthro-
pogenic emissions peak (cumEpeak) of each scenario (Fig. S6), which
yields a maximum AMOC decline of 7.3 Sv per 1000PgC of cumulative
emissions (Fig. 5, bottom right). However, cumEpeak and ΔAMOCmax do
not account for any temporal variations of the AMOC, such as its
accelerated recovery under temperature overshoot. Particularly after
substantial weakening of the AMOC and eventual stabilization of
emissions in all scenarios, this relationship between cumulative emis-
sions and AMOC strength becomes highly nonlinear or even decou-
pled. This is illustrated by a scenario-pathway dependent correlation of
the cumulative AMOC decline (ΔAMOCcum; AMOC change integrated
over time; units: Sv yr) with cumEpeak (Fig. S6), which is why the latter is
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Fig. 5 | AMOC cooling impact on permafrost carbon. Conceptual feedback dia-
gram of the common permafrost carbon-climate feedback (positive feedback;
orange loop) and the stabilizing AMOC-induced cooling effect (negative feedback;
blue loop). While the effect of an AMOC slowdown decreases the permafrost

carbon-climate feedback strength, the latter remains effectively positive under the
warming scenarios discussed here. Note that the feedback numbers provided here
do not represent all the feedback mechanisms in a fully coupled mode.
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a weak predictor for the overall impact of the AMOC slowdown over
time. We therefore argue that the integral-based estimates provide a
more robust quantification of these relationships. Hence, to fully
account for AMOC’s temporal evolution (both the magnitude and
duration) in the estimate of warming impact on the AMOC, we consider
the cumulative emissions pressure cumEpr (integrated cumulative
emissions over time; 5.1 × 104 PgC yr per 1000PgC of cumulative
emissions; see Figs. 5 top right, S5, and Table S1) and the cumulative
AMOC decline ΔAMOCcum as proxies for systemic forcing. Per
1 × 105 PgC yr of cumEpr, there is an integrated AMOC slowdown of
−407 Sv yr (Fig. 5, bottom right). In turn, this metric can be used to
estimate the AMOC-induced relative cooling from this slowdown
(ΔMAMOC; Fig. S7), which yields −100 ∘Cyr per −1459 Sv yr of integrated
AMOC slowdown (Fig. 5 bottom left). Note that this relationship is
compromised in the highest emission scenarios B2500 and OS1000x , pre-
sumably because of interfering climate feedback effects on the global
mean temperature that lead to smaller than expected integrated
AMOC-induced cooling, which is why we omitted them in the quanti-
fication of this step of the feedback loop (Fig. S7). The relative cooling
is particularly strong in the northern high latitudes (Fig. 3), such that
the thawing process of permafrost is slowed down. With fewer emis-
sions contributing to the permafrost carbon-climate feedback, warm-
ing slows, creating a stabilizing effect on temperatures that can
partially slow down further climate warming. This stabilizing AMOC
effect on permafrost carbon loss from these regions leads to a 30%
reduction of permafrost carbon loss per 100 ∘Cyr of AMOC-induced
relative cooling (Figs. 5, bottom right, S8). It should be noted that, while
this effect can partially offset further climate warming from the per-
mafrost carbon-climate feedback, it does not halt or even reverse
global warming, and it neither would protect from any climate change
impacts that would manifest under any of the considered warming
scenarios. On the contrary, the AMOC slowdown itself brings many
adverse impacts on climate39,40, environment, society, and economy24,26.

By quantifying each step in the feedback loop between cumu-
lative anthropogenic carbon emissions, AMOC changes, and perma-
frost carbon loss, this study enables estimation of the permafrost
carbon loss under (cumulative) warming, and equally, the reduction
of permafrost carbon loss from (cumulative) AMOC-induced cooling,
directly from cumulative emission pathways, while taking into
account the uncertainties in each step of the feedback loop. For
example, the OS250100 scenario, a moderate emissions overshoot of a
duration of 100 years, exerts 5.8 × 105 PgC yr of cumulative emissions
pressure, which yields a reduction of permafrost carbon loss of 57%
due to AMOC-induced cooling - an overestimation of 9% to the actual
calculation of this feedback effect in this specific scenario (Table S2
and Fig. 4). Further estimates of this feedback loop are robust across
all scenarios, although the generalization provided here applies less
to the stabilization and overshoot scenarios based on 2500 PgC of
peak cumulative emissions because of the smaller than expected
integrated AMOC-induced cooling is these scenarios (Table S2). Note
that this study does not represent all the feedback mechanisms in a
fully coupled mode. Regardless, our analysis provides useful insights
into the direction and strength of the effect of an AMOC slowdown
on permafrost carbon in a warming climate.

Discussion
Here, we explore the interaction between the AMOC and permafrost,
both widely considered as key Earth system components and potential
tipping elements, in idealized climate mitigation scenarios using three
models of varying complexity. Across all models, we find a robust,
linear relationship between permafrost carbon loss and cumulative
warming exposure under overshoot of 11–21 PgC per 100 ∘Cyr, indi-
cating that even temporary temperature overshoots lead to long-
lasting and effectively irreversible permafrost carbon release. The
extent of permafrost carbon release depends on both the peak

temperature and the duration of warming, suggesting that longer and
higher overshoots cause more significant permafrost carbon loss.
Hence, the duration and magnitude of temperature exceedance, not
just peak warming, are critical determinants of long-term carbon cycle
feedbacks, which underscores the importance of minimizing any
exceedance of temperature targets.

The effect of cumulativewarming exposureonpermafrost carbon
loss also applies in scenarios of relative cooling due to an AMOC
slowdown. We estimate that permafrost carbon loss is reduced by up
to 40% in zero-emission stabilization scenarios and up to 60% in
overshoot scenarios when temporary AMOC weakening leads to
cooling over the permafrost region. This effect scales approximately
linearly with the magnitude of this cooling and partially counteracts
the permafrost carbon-climate feedback. While this process slows
down carbon release, it does not reverse permafrost degradation or
restore carbon already emitted. Although NorESM2-LM shows a com-
paratively strong AMOC sensitivity to warming, and therefore poten-
tially overestimates the absolute effects of AMOC cooling on the
reduction of permafrost carbon loss, we describe and quantify a gen-
eral feedback mechanism that is applicable to any future emission
pathway where AMOC’s response to warming is variable. While the
AMOC-induced cooling reduces the permafrost carbon-climate feed-
back, it should be noted that an AMOC slowdown in itself will shift
regional climate patterns and increase the risk of extreme events,
which might subsequently threaten food and water security and may
cause economic and geopolitical instability in affected regions17,23,24,26.

Further warming or temporary exceedance of a climate warming
limit may lead to a potentially “quiet” contribution of Arctic carbon
emissions due to permafrost thaw, given that the permafrost carbon-
climate feedback is still not well represented in many climate
assessments14,41. The absence of the permafrost carbon-climate feed-
back in climate models likely leads to an overestimation of the
remaining carbon budget for achieving specific global warming
targets13,42. Including the permafrost carbon-climate feedback could
reduce the remaining carbon budgets for staying below warming tar-
gets, such as 1.5 or 2 ∘C. In turn, the existenceof a negative AMOCeffect
on permafrost, not considered in previous carbon budget estimates,
means a refined contribution of the permafrost carbon-climate feed-
back to these estimates.

The quantification of the AMOC effect on permafrost provided
here is not a closed feedback loop, as the reduced permafrost carbon
loss does not interactively feed back to the climate in our simula-
tions. Future research should incorporate this coupling and refine
the permafrost-carbon representation in climate models to incor-
porate these findings into climate projections that support long-term
climate change mitigation strategies. For example, our results,
obtained from more complex models, can inform the implementa-
tion of the permafrost carbon-climate feedback in simple climate
models and models of intermediate complexity that intend to
resolve climate tipping dynamics43. By integrating functions of the
permafrost carbon response to cumulative warming and overshoot-
dependent emissions, combined with the AMOC effect on perma-
frost, simple climate models can provide more realistic projections
of future warming and mitigation efforts. Such efforts could also be
crucial for designing climate policies and scenarios, and ensuring
more accurate predictions of long-term climate trajectories from
processes that are yet difficult to represent (e.g., permafrost carbon
loss to warming14,41,44) or to model (e.g., AMOC slowdown32,45,46) in
more complex climate models, such as ESMs.

Situated at the intersection of AMOC dynamics, climate mitiga-
tion, carbon-climate feedbacks, and tipping point research, this
study establishes a linear relationship between temperature expo-
sure and permafrost carbon loss. While permafrost carbon release is
often nonlinear at local scales because abrupt thaw features, such as
thermokarst lakes, can trigger strong initial emissions pulses47, the
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aggregated pan-Arctic scale response is expected to still appear
roughly proportional to warming in current assessments44,48. Cur-
rently, there is no clear evidence that Arctic permafrost shows
tipping-like behavior even under high-magnitude warming and
extended time scales. However, because current climate models still
represent permafrost structure, physics, and carbon dynamics
poorly, and centennial climate projections beyond 2100 remain
uncertain, large-scale abrupt permafrost change at high temperature
levels (e.g., above 5 ∘C global warming44) or multi-centennial time
scales cannot be ruled out completely either.

The emergent permafrost-warming dependency shown here
allows to quantify the effects of temperature-modifying processes
triggered by climate change on permafrost carbon pools, and thus
fills a critical gap by explicitly assessing the missing interactions
between major climate tipping elements30. The AMOC response
analyzed here reflects the current scientific debate and uncertainty
regarding a potential near-future slowdown and its impacts49–51.
Equally, permafrost is expected to experience irreversible carbon
loss under any warming scenario, and especially under
overshoot2,10,52–54. While previous studies have examined these sys-
tems largely in isolation, our results create a link between future
AMOC changes and permafrost response and how AMOC weakening
and recovery modulate regional and global temperatures, and
thereby influence the timing and magnitude of permafrost carbon
release. Neglecting such interactions could misrepresent long-term
warming risks, carbon-cycle feedbacks, and the challenges of
achieving climate stabilization after an overshoot. The established
permafrost-warming relationship also allows to infer that, if tem-
porary cooling from carbon storage in nature55 or peak-shaving from
geoengineering56 would be able to reduce overshoot warming, this
can be directly translated into a reduction in permafrost carbon loss.

The results presented here underscore the urgency of limiting
global temperature overshoots rather than relying on CDR to com-
pensate for excessive anthropogenic carbon emissions. Further, the
interplay between these positive and negative climatic feedbacks
demonstrates the sensitivity of climate systems, where fluctuations in
AMOC strength can significantly affect permafrost stability and
greenhouse gas emissions. The strong coupling between AMOC
variability and the permafrost carbon response demonstrates that
transient circulation changes can mask or amplify warming over dif-
ferent timescales, adding uncertainty to the climate response during
and after overshoot periods. Given the irreversible nature of perma-
frost carbon loss and the uncertainties surrounding AMOC’s response
to warming, policymakers should prioritize strategies that minimize
time-integrated temperature exposure, i.e., lower overshoot peak
temperature and shorter duration, to reduce long-term risks. Our
results are critical for understanding the interplay between ocean
circulation changes and carbon cycle feedbacks in a warming world,
especially where tipping points and long-term carbon budgets are
concerned. Incorporating these coupled tipping-element dynamics
into carbonbudget assessments andCDRplanning is essential to avoid
underestimating future warming, carbon feedbacks, and the societal
and ecological costs of delayed mitigation. AMOC stability thus
emerges as a crucial factor in modulating climate change impacts,
where its overall effect on permafrost carbon loss depends on the level
of warming, and the duration and magnitude of the temperature
overshoot, underscoring the importance of early and sustained emis-
sion reductions to limit cascading Earth system responses.

Methods
OSCAR
We utilize the compact Earth system model OSCARv3.1.257, which
incorporates parameterizations for permafrost thaw, soil organic
matter decomposition, and CO2 and CH4 emissions since version
v2.2.113. TheOSCAR’s permafrost carbonmodule specifically addresses

high-latitude processes. Its climate response is tuned to 21 ESMs from
CMIP6, its permafrost carbon response is calibrated on five advanced
land surface models (JSBACH, ORCHIDEE-MICT, and JULES-DeepResp,
JULES-SuppressResp, UVic), and is further scaled up to match the low-
or high-end estimates of the initial permafrost carbon pool size from
the IPCC SROCC58. The permafrost carbon module offers a 210-
member ensemble for global permafrost carbon loss, with its uncer-
tainty range representing the differences in land surface models cap-
able of simulating the permafrost system, as well as differences in
climate response. The parameters for the permafrost module were
calibrated for North America and Eurasia using outputs from complex
models over the period 1850–2300 under RCP scenarios 8.5, 4.5, and
2.613. Permafrost carbon refers to the carbon pool that was frozen and
therefore inactive during preindustrial times. The permafrost carbon
pools change over time according to the thawing carbon flux. This flux
is calculated as the product of the preindustrial size of the frozen pool
and the rate of change of the currently thawed fraction calibrated by
the land surface model’s thawing carbon fluxes and heterotrophic
respiration rates, and driven only by the temperature change taken
from the emulated land surface model.

JULES
The Joint UK Land Environment Simulator (JULES59,60) is the land
surface component of the UK Earth System Model (UKESM) and is
used herein to simulate the set of ten climate change scenarios.
JULES is a model that simulates the physical, biophysical, and bio-
chemical processes governing the exchange of radiation, momen-
tum, heat, water, and carbon between the land surface and the
atmosphere. JULES models the terrestrial response to changes in
these climate variables, with each grid point representing multiple
land-cover types and non-vegetated areas. The surface energy bal-
ance is calculated based on the fractional coverage of these land
types within a grid, although the underlying soil is treated as a single
column that receives aggregated mean fluxes.

Here, we use a permafrost-adapted version of JULES61,62. To
enhance the representation of physical and biogeochemical processes
in cold regions, several keymodifications have been incorporated into
JULES. These include updated soil thermal and hydraulic properties to
consider the presence of organic matter and a vertically resolved soil
carbon decomposition. The model supports a deeper and more finely
resolved soil column for the simulation of thermal, hydrological, and
biogeochemical processes, with 20 layers nodes increasing in thick-
ness from 0.65m at the surface to 5m at the deepest level, reaching a
total soil column depth of 7.2m. Below this depth, a thermal column
represents bedrock, where only thermal processes are simulated. The
standardmodel configuration, typically used inUKESM, also includes a
dynamic vegetation component that simulates vegetation distribution
and its response to climate change. However, for the purpose of this
study, dynamic vegetation is turned off, as it offsets some of the per-
mafrost carbon loss by increasing soil carbon input from vegetation
growth in thawed permafrost areas under warming. Since neither
OSCAR nor NorESM2-LM represents dynamic vegetation, this also
enhances comparability between models. Regardless, we note that
processes, such as dynamic vegetation or nitrogen fertilization may
enhance the simulated carbon sink and can therefore reduce the
permafrost carbon-climate feedback.

NorESM2-LM
NorESM263,64 is based on the Community Earth System Model
(CESM2.1)65 and employs the original land (CLM5) and sea-ice (CICE)
components as well as the coupling infrastructure of CESM2.1. The
atmospheric component is CAM6 (as in CESM) but with modifications
regarding the energy and angular momentum conservation, and a
different atmospheric aerosol module. The ocean physical and bio-
geochemical components of NorESM2 are the isopycnal ocean
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circulation and carbon cycle components updated from NorESM166,67.
The model has contributed to the CMIP6, and is used here in the
configuration with 1 degree resolution in the ocean/sea-ice compo-
nents and 2 degree resolution in the atmosphere/land components
(NorESM2-LM). NorESM2-LM includes atmospheric, oceanic, sea ice,
and land surface components and incorporates an advanced carbon-
cycle representation. It is particularly suited for studying feedbacks
between the ocean, atmosphere, biosphere, and cryosphere, including
complex interactions related to carbon emissions and climate
dynamics. For the simulations provided here, solely CO2 emissions are
considered as the forcing factor, while land use and non-CO2 green-
house gas forcings are kept at pre-industrial levels11.

NorESM2-LM has run three initial condition ensemble members
for each of the stabilization and overshoot pathways in emission-
driven mode (see ref. 17 for more details). With 22.7 Sv at 40∘N,
NorESM2-LM is among the CMIP6 models with a stronger-than-
observed contemporary overturning strength (CMIP6 range: 9.6–23
Sv;mean: 17.7 Sv, observation-based estimate 17.4 Sv)32, and it tends to
simulate a strong decline in AMOC strength with climate change.

Pattern scaling
To generate projections of regional climate impacts on permafrost
on the spatially resolved grid in JULES from the idealized TCRE-
derived global mean temperature (GMSTTCRE) and NorESM2-LM
global mean temperature (GMSTESM) time series, we make use of
pattern scaling as in ref. 36 to derive climate forcing for the JULES
land surfacemodel. An early form of pattern scalingmethodology68,69

is followed to emulate the response of 16 CMIP6 ESMs, sampling the
CMIP6 ensemble’s range of uncertainty. For each ESM, monthly lin-
ear relationships are derived between the global mean temperature
anomaly (relative to the 1850–1889 mean) and eight variables (near-
surface air temperature, diurnal temperature range, near-surface
specific humidity, 10m wind speed, surface pressure, precipitation,
surface downwelling shortwave radiation, and surface downwelling
longwave radiation)36 at each grid cell using the SSP5-8.5 climate
scenario70. Wells et al.71 show that the best all-round emulation per-
formance is achieved by using a high warming scenario to obtain the
patterns, hence our choice of SSP5-8.5 as the training scenario. We
then use the IMOGEN code72 (as part of JULES) to generate hourly
data, simulate the diurnal cycle and exchange of heat, water, and
momentum; this is similar to the disaggregator described in ref. 73.
These patterns are scaled by GMSTTCRE or GMSTESM profiles are then
used to drive JULES and return the permafrost carbon loss. We note
that the temperature patterns (and those of other climate variables)
used for the pattern-scaling approach contain little, if any, imprint of
the AMOC slowdown, since they are derived from transient warming
simulations over a relatively short time span of 85 years (2015–2100;
Fig. S9). The climate patterns used here can be reproduced using
ESMValTool with the pattern recipe, including automatic downloads
of the required CMIP6 data from ESGF74.

Scenario design
The carbon emissions in the B-simulations are described by idealized
bell-shaped curves, with 50 years of increasing emissions followed by
50 years of decreasing emissions, following the Zero Emissions
Commitment Model Intercomparison Project (ZECMIP) protocol75.
Negative cumulative emission trajectories exhibit a similar pattern
but with negative values. In the stabilization scenarios B1500, B1750,
B2000, and B2500, cumulative carbon emissions amount to 1500, 1750,
2000, and 2500 PgC during the initial 100 years, followed by zero
emissions for the subsequent 300 years. The reference simulation
B1500 of 1500 PgC of cumulative emissions results in a long-term
global warming level of approximately 1.7 ∘C in NorESM2-LM due to
its low transient climate response to cumulative emissions (TCRE) of
1.32 K/EgC37. For the overshoot simulations, the emission trajectories

involve the same emissions profile as the stabilization scenarios for
the first 100 years, followed by the application of CDR, assumed here
as idealized negative emissions, which removes 250, 500, and
1000 PgC over another 100 years. CDR is applied in two different
periods, one starting immediately after peak emissions are reached
in year 100, and one after emission stabilization was maintained for
100 years. Following the cessation of negative emissions, the sce-
narios enter an extended phase of 200 and 100 years of zero emis-
sions, respectively, resulting in identical cumulative carbon
emissions as in B1500 for these periods. This setup gives 4 stabilization
and 6 overshoot scenarios, and allows analyzing climate system
responses under clearly defined overshoot trajectories, including
overshoots of different magnitudes and durations and different rates
of CDR applied. Land-use and non-CO2 forcings are kept constant at
pre-industrial levels.

Simulation experiment setups
Various simulation experiment setups and forcing variants were used
to simulate the response of permafrost carbon to warming and to
extract the effects of AMOC-induced cooling on permafrost carbon
loss (Table 1). NorESM2-LM served as a reference for spatially explicit
atmospheric conditions and AMOC behavior. Since there is no coun-
terfactual simulation of NorESM with a stable AMOC under warming,
we conduct simulations with JULES in standalone mode using several

variants: (1) JULESPS�all
gmTCRE, driven by global mean temperature time

series derived from a linear TCRE relationship (ΔGMSTTCRE) using

pattern scaling based on 16 CMIP6 models; (2) JULESPS�all
gmNorESM, using

global mean temperatures from NorESM2-LM with pattern scaling (all
16 patterns) to preserve AMOC-induced effects; (3 and 4) same as (1
and 2) but using only the NorESM climate pattern for the pattern

scaling (JULESPS�NorESM
gmTCRE and JULESPS�NorESM

gmNorESM ); and (5) JULESspatialNorESM,

using the full spatial temperature output from NorESM2-LM (without
pattern scaling). OSCAR simulations were similarly run with two for-
cing setups: (1) OSCARgmTCRE, forced by global mean temperatures
assuming constant TCRE, and (2) OSCARgmNorESM, forced directly by
global mean temperature from NorESM2-LM simulations. Subtracting
the experiments with AMOC-induced cooling and the counterfactual
experiments without AMOC-induced cooling yields the permafrost
carbon loss difference in relation to the time-integrated AMOC cool-

ing. Here, we subtract JULESPS�all
gmTCRE and JULESPS�all

gmNorESM, JULES
PS�NorESM
gmTCRE

and JULESPS�NorESM
gmNorESM , and JULESPS�NorESM

gmTCRE and JULESspatialNorESM to pro-

vide results for various experiment variants of JULES. We do the same
for OSCAR by subtracting OSCARgmTCRE and OSCARgmNorESM.

Data availability
All data to reproduce the analyses and figures are available via figshare
at https://doi.org/10.6084/m9.figshare.3071054076.

Code availability
Python notebooks, together with the Python environment, to repro-
duce the analyses and figures, are available via figshare at https://doi.
org/10.6084/m9.figshare.3071054076.
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