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Abstract

Due to insufficient emission reductions in recent years, it is increasingly likely that global warming
will exceed the 1.5 °C temperature limit in the late 2020s or 2030s. As a result, several Earth sys-
tem tipping elements could, at least temporarily, have their tipping points surpassed, posing risks
of large-scale and profound structural change. Tipping does not always occur immediately upon
crossing such a critical threshold. If the length of time the driver is beyond the critical level is short
enough, tipping could still be avoided for some slow-responding elements of the climate system.

© 2026 The Author(s). Published by IOP Publishing Ltd
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An improved understanding is therefore needed of whether tipping remains avoidable, for which
systems, and under what conditions. Here, we review how minimising the magnitude and
duration of any temperature overshoot beyond 1.5 °C could decrease tipping risks. Tipping
elements with fast response times, such as warm-water coral reefs, are especially vulnerable to
overshoot. In contrast, those with slow response times, such as polar ice sheets, may be less
sensitive to temporary overshoot. Potential interactions between tipping elements and additional
human pressures, such as deforestation in the Amazon or pollution and overfishing of coral reef
habitats, may further lower tipping points, narrowing the range of overshoot trajectories that can
still avoid it. The vulnerability of many tipping elements, even under shorter overshoot
conditions, underscores that global warming must peak below 2 °C above pre-industrial levels,
return to below 1.5 °C as quickly as possible (i.e. within this century), and to around 1 °C

thereafter to limit tipping point risks.

1. Introduction

Anthropogenic global warming is likely to exceed
1.5 °C relative to pre-industrial levels (Friedlingstein
et al 2025), within the next 10 years (Rockstrém et al
2024), and current policies would take us towards
2.6 °C of global warming later this century (Climate
Action Tracker 2025). However, this warming could
be further amplified by possible tipping events or trig-
gering so far unaccounted for climate-carbon cycle
feedbacks (Steffen et al 2018, Ripple et al 2023a,
Deutloff et al 2025). To eventually limit warming
levels at or below 1.5 °C, it is now almost inevitable
that there will be a period of temperature overshoot
during which this warming target will be at least tem-
porarily exceeded (Bustamante et al 2023, Bevacqua
et al 2025, Reisinger et al 2025). Temperature over-
shoot refers to pathways of global warming (aver-
aged over a climatological period of 30 years) that
first exceed a warming target (such as 1.5 °C), fol-
lowed by an eventual return to, or below, the warm-
ing target, as opposed to exceedance scenarios that
permanently surpass a warming target. Therefore,
temperature overshoots are often characterised by
their peak warming, duration, and final stabilisation
level (Schwinger et al 2022b, Wunderling et al 2023,
Schleussner et al 2024). Two conceptual temperat-
ure overshoot pathways are illustrated in figure 1(a).
Note that realistic scenarios that manage a return to
1.5 °C by the end of the century have an upper limit
of peak warming of about 1.8 °C due to the feas-
ibility and scale of carbon dioxide removal (CDR)
deployment required to achieve the necessary decline
(Reisinger et al 2025).

Many components of the climate system are
judged to have critical thresholds in global warming
beyond which positive feedbacks can cause irrevers-
ible and self-reinforcing change to a drastically differ-
ent state, if exceeded for too long (Armstrong Mckay
et al 2022, Lenton et al 2023). The critical thresholds
are here referred to as tipping points and the com-
ponents of the climate system as tipping elements (see

table 1 and section 4 for a description of individual
tipping elements). If an element is tipped it can cause
substantial negative impacts for human societies, the
biosphere, and the climate system itself (Lenton et al
2008). During temperature overshoot, there is an
increased risk of exceeding tipping points (i.e. path-
ways in figure 1(a) temporarily exceed an uncertainty
range for a tipping point). While temperature over-
shoot pathways have many negative consequences,
assessing whether they exceed tipping points and
cause tipping is crucial, due to the potentially devast-
ating impacts they bring.

When assessing risks of tipping from a temperat-
ure overshoot, considering the response timescale of
the relevant system is important. Earth system tip-
ping elements can be categorised by their response
timescales to climate change: slow elements (e.g. ice
sheets) have a response over multi-centennial to mil-
lennial timescales much slower than the manifesta-
tion time of current climate change itself, while fast
tipping elements (e.g. North Atlantic Subpolar Gyre,
monsoons, or warm water coral reefs) respond on
similar or faster annual to few centuries timescales
(Ritchie et al 2021, Swingedouw et al 2021, Bochow
et al 2023, Lenton et al 2024).

For a temperature overshoot that exceeds a tip-
ping point by a large amount and for a long time,
there is a high risk of triggering tipping, even for
slow elements (figure 1(b)). However, a temporary
crossing of a tipping point will not necessarily res-
ult in triggering the tipping of some inherently slow
systems, if the temperature overshoot is small and
short (figure 1(c)) (Ritchie et al 2019). This is because
such systems have substantial inertia and so are slow
to respond to warming that has already occurred, as
their response lags behind the forcing (i.e. anthropo-
genic greenhouse gas emissions).

Ideally, temperature exceedance of tipping points
(even temporarily) should be avoided, but this may
already be too late for some tipping elements (see
table 1). That is, the lower (and, in the case of
coral reefs, central) uncertainty ranges of some Earth
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Table 1. List of tipping elements along with their global warming tipping point and tipping timescale estimates based on data from
Lenton et al (2023), and in case of no updates, from Armstrong Mckay et al (2022). Note: in instances where no minimum and/or
maximum tipping timescale is given in the original source, the central estimate is also used as the minimum and/or maximum. Global
tipping elements are written in bold and regional tipping elements are in regular text.

Global warming
tipping point (°C)

Tipping timescale (years)

Tipping element Est.

Min Max Est. Min Max

Cryosphere tipping elements

Greenland ice sheet 1.5
West Antarctic Ice Sheet 1.5
Marine Basins East Antarctica 3.0
Non-marine East Antarctica 7.5
Mountain glaciers 2.0
Land permafrost 1.5

0.8 3.0 10k 1k 15k
1.0 3.0 2k 500 13k
2.0 6.0 2k 500 10k
6.0 10.0 10k 10k 10k
1.5 3.0 200 50 1k

1.0 2.3 200 100 300

Ecological tipping elements

Amazon rainforest 3.5
Boreal forest 4.0
Warm-water coral reefs 1.2

2.0 6.0 100 50 200
1.4 5.0 100 50 100
1.0 1.5 10 10 10

Ocean and atmosphere tipping elements

West African monsoon 2.8
North Atlantic subpolar gyre 1.8
Atlantic Meridional overturning circulation 4.0

2.0 3.5 50 10 500
1.1 3.8 10 5 50
1.4 8.0 50 15 300

system tipping points are already exceeded (figure 2).
Further committed warming is inevitable and is
almost certain to exceed 1.5 °C in the near future,
therefore exceeding the lower uncertainty ranges of
even more tipping points (placed at around 1.5 °C),
and in the case of coral reefs exceeding the upper tip-
ping point range, see figure 2. Therefore, limiting the
peak warming and duration of temperature overshoot
is crucial for avoiding many key Earth system tipping
elements from tipping (Ritchie et al 2021). Hence,
fundamental questions arise on what the limits for
peak warming and overshoot duration are to avoid or
limit the risk of tipping specific elements (Ritchie et al
2021).

The paper aims to evaluate the current status of
a probabilistic risk assessment of tipping Earth sys-
tem elements for temperature overshoot pathways
of 1.5 °C. To address this, we consider how uncer-
tainties in temperature overshoot and tipping ele-
ment characteristics can be handled in section 2.
In section 3 we assess the risk of triggering tip-
ping during and after overshoot from a concep-
tual dynamical systems perspective. We explore the
implications of a temperature overshoot for indi-
vidual tipping elements in section 4, before we con-
sider in section 5 how additional pressures may
increase the risk of tipping. What these tipping risks
imply for mitigation are identified in section 6.
Finally, in section 7 we discuss what still needs to
be addressed to form a quantitative probabilistic risk
assessment.

2. Handling uncertainties relevant for
tipping elements during and after
temperature overshoots

Considering the potentially severe and irreversible
consequences from triggering tipping events requires
a framework for assessing and acting under uncer-
tainty. Due to the limited predictability of the precise
tipping points (Ben-Yami et al 2024, Boers et al 2025),
a probabilistic risk assessment approach becomes
essential. Similar methods to those used in insur-
ance and actuarial industries can help quantify risks.
Such approaches have recently been embraced in vari-
ous reports for tipping points research (Laybourn
et al 2024, Trust et al 2024, Saye et al 2025) and
help quantify the likelihood of crossing tipping points
under different emission scenarios (Abrams et al
2023, Wunderling et al 2023, Moller et al 2024,
Deutloff et al 2025). Within this risk framework, we
can systematically address different types of uncer-
tainties in temperature overshoot and tipping ele-
ment characteristics, and in cases where we cannot
apply a probabilistic risk assessment yet, we detail
what would be necessary to do so.

2.1. Types of uncertainties in global temperature
trajectories

Understanding the characteristics of temperature
overshoot pathways is crucial for assessing tipping
risks and informing mitigation strategies that can
minimise these dangerous consequences of climate
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(a) Conceptual temperature overshoot pathways

Global
warming

= |arge & long overshoot
== Small & short overshoot

~ Tipping point un-

Global warming

target
(b) System response to large & long overshoot
System Untipped state
state
Tipped state
= [ast system
(c) System response to small & short overshoot — Slow system
System Untipped state
state
Tipped state

Time

Figure 1. Schematic response of fast and slow systems with a common tipping point to different temperature overshoot pathways.
(a) Two idealised temperature overshoot pathways that exceed a global warming target (purple dashed line), subsequently reach

a level of peak warming, before returning and stabilising at the global warming target. These temperature overshoot pathways
temporarily cross an uncertain tipping point (burning ember range) that is here assumed to be the same for both a fast and a slow
system. One pathway has a high peak and long overshoot duration (black), the other a low peak and short overshoot duration
(grey). (b) For the large and long temperature overshoot, the fast system (red) tips very quickly after the tipping point is crossed,
while for the slow system (blue), tipping is delayed although it still occurs. (c) For the small and short temperature overshoot, the
fast system (red) again tips, but tipping is avoided for the slow system (blue) despite also temporarily exceeding its tipping point,
due to its inherent slow timescale. Note that the shown temperature trajectories only cover the case where the loss of a tipping ele-
ment (i.e. tipping in the first place) is avoided. Instead, a recovery of an element after tipping is not shown as this would happen

at even lower temperatures.

change (figure 2). Understanding the peak and dur-
ation of potential global temperature overshoots
requires an examination of the relationship between
greenhouse gas concentrations, emissions pathways,
and the resulting warming. Deriving an emissions
pathway perspective considers the full chain from
greenhouse gas emissions to resulting temperature
changes (Meinshausen et al 2024). While the concept
of temperature overshoot scenarios is straightfor-
ward, projecting actual temperature trajectories from
emissions involves dealing with substantial uncer-
tainties. These uncertainties—stemming from sev-
eral sources such as climate sensitivity (how much
warming results from a given increase in green-
house gases), carbon cycle feedbacks (how nat-
ural systems respond to warming), and the effic-
acy of mitigation measures—can be summarised as
follows:

Uncertainties in climate sensitivity and result-
ing peak warming levels. The Transient Climate
Response to cumulative carbon Emissions (TCREs)
describes how much warming results from a given
amount of cumulative CO: emissions (Allen et al
2009, Matthews et al 2009, Tachiiri et al 2019, Jones
and Friedlingstein 2020, Meehl et al 2020, Nijsse et al
2020, Winkler et al 2024). However, TCRE estim-
ates vary considerably across models, with the IPCC
ARG likely range (17th—83rd percentile range) span-
ning 1.0 °C-2.3 °C per 1000 GtC (Canadell et al
2021). This uncertainty implies that even with scen-
arios that have identical cumulative CO: emissions,
peak warming projections can differ substantially.
Additionally, non-CO: forcings and carbon cycle
feedbacks that may originate from the uncertain-
ties in the impact of triggering tipping elements,
such as permafrost thaw and forest changes, can
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further extend this uncertainty range. While some
of these feedbacks are already represented to varying
degrees in the models used to derive current TCRE-
estimates, many models (as of CMIP6) still lack a
full representation of their dynamics and long-term
impacts. Land and ocean carbon sinks have absorbed
approximately 56% of anthropogenic emissions over
1960-2023, with the remaining portion retained in
the atmosphere (Friedlingstein et al 2025). While
the future of these carbon sinks remains uncertain,
there is growing evidence of a long-term weakening
of land sinks (e.g. for the Amazon rainforest; Gatti
etal 2021, Ke et al 2024), whereas ocean carbon sinks,
while also weakening long-term, are comparatively
stable across Earth System Models (ESMs) (Tokarska
et al 2019, Schwinger et al 2022b, Koven et al 2023,
Sanderson et al 2025).

Uncertainties in temperature stabilisation and
reversal. Even if emissions reach net-zero and
are maintained at that level—known as the zero
emissions commitment (ZEC) (Jones et al 2019,
MacDougall et al 2020, Corner et al 2023), consid-
erable uncertainty remains over how global temper-
atures would subsequently evolve. Some ESMs show
continued warming after emissions cease, while oth-
ers indicate a plateau or gradual cooling. These diver-
gent responses primarily reflect differences in how
models represent ocean heat and carbon uptake and
the interplay of several positive and negative feed-
back processes within the Earth system that affect
global warming. Prominent examples for positive
climate feedbacks (meaning they amplify warming)
are ice-albedo feedback, permafrost thaw or deser-
tification (Lenton et al 2023, Ripple et al 2023b).
Additionally, many tipping elements themselves pos-
sess self-reinforcing feedbacks through their disin-
tegration, such as the large ice sheets or forest sys-
tems (e.g. Armstrong Mckay et al 2022). Such feed-
backs do not only affect TCRE during the warming
ramp-up (see previous subsection) and subsequently
whether stabilisation will occur after net-zero is
reached, but they also strongly condition the revers-
ibility of global temperatures following overshoot
pathways. When emissions become net negative, the
temperature reversal is determined by ZEC (here as
committed warming after positive emissions) and
TCRE (here reversed TCRE that quantifies temperat-
ure response during carbon removal). This response
is further modified by (yet uncertain) corrections
due to the asymmetry in temperature response to
net positive and net negative emissions (Zickfeld
et al 2016, 2021, Koven et al 2023, Sanderson et al
2025). In principle, reducing atmospheric green-
house gas concentrations should cool the climate,
yet these feedback-driven processes and hysteresis
effects can delay or even prevent a return to previous
climate states, particularly where tipping points are
crossed. Together with current inadequate progress

6

P D L Ritchie et al

in emissions reductions, which increases the risk of
overshoot (Climate Action Tracker 2025, Forster et al
2025, World Meteorological Organization 2025),
these uncertainties raise fundamental challenges
for the feasibility of returning to internationally
agreed temperature targets once they have been
exceeded.

2.2. Implications for projected temperature
overshoots and tipping

The characteristics of temperature overshoots are
strongly influenced by the timing of emission reduc-
tions and carbon removals. Delayed action increases
both the peak warming and the duration of the tem-
perature overshoot, exacerbating tipping risks.

Pathways that temporarily exceed 1.5 °C with a
50% likelihood of returning to this warming level
by 2100 exhibit a temperature overshoot of 0.1 °C-
0.3 °C in the best estimate (Kikstra et al 2022). The
IPCC categorises temperature overshoot scenarios
as either ‘limited overshoot’ (C1), which refers to
exceeding the specified limit by up to about 0.1 °C, or
‘high overshoot’ (C2), which refers to exceeding it by
more than 0.1 °Cand up to 0.3 °C (IPCC AR6 WGIII-
SPM 2022, Schleussner et al 2024). Limited temperat-
ure overshoot pathways typically display exceedance
of median temperature projections for up to a few
decades before returning to below 1.5 °C by or before
the year 2100 (IPCC SR1.5-SPM 2018). However,
the uncertainty ranges around these projections are
substantial, with much higher warming peaks pos-
sible due to stronger than expected climate sensitiv-
ity and Earth system feedbacks (Reisinger and Geden
2023, Schleussner et al 2024, Kaufhold et al 2025,
Myhre et al 2025).

There has not been a thorough assessment of
overshooting 2.0 °C as there has been for 1.5 °C.
However, the scenario SSP5-3.4-over (although the
underlying socio-economics in this scenario are now
not likely given ongoing mitigation efforts) offers
some insight into temperature pathways and the
response of the carbon cycle in a pathway overshoot-
ing 2.0 °C (Melnikova et al 2021). Under this scen-
ario, models show peak warming between 2.4 °C and
4.1 °C occurring between the 2040s and 2070s, after
which temperatures decrease (due to carbon removal)
and stabilise between 2 °C-3°C by 2300, with tem-
peratures remaining as high as ~3 °C above pre-
industrial at the end of the 21st century. The rate
of temperature decrease varies largely across mod-
els from steep to almost non-existent. Furthermore,
most models show a decrease in TCRE during the
cooling phase, reflecting hysteresis in the coupled
carbon-climate system. Land and ocean carbon sinks
weaken or even (temporarily) reverse for declin-
ing CO; concentration levels, leading to irreversib-
ility in the cooling phase of an overshoot traject-
ory. As a result, atmospheric CO: concentrations
decline more slowly for a given rate of anthropogenic
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CO: removal, and the relationship between cumu-
lative removals and temperature reduction devi-
ates from that observed during the warming phase
(Melnikova et al 2021).

2.3. Tipping element uncertainty

Risk assessments must account for uncertainties
in tipping points, system timescales, and inter-
actions. Central estimates for tipping points and
timescales vary considerably across tipping elements
(Armstrong Mckay et al 2022, Lenton et al 2023).
The tipping point uncertainty range for each element
also differs from very small values for the warm-water
coral reefs (tipping point between 1.0 °C-1.5 °C,
uncertainty: 0.5 °C) to large uncertainty ranges in the
case of the Atlantic meridional overturning circula-
tion (AMOC) (tipping point between 1.4 °C-8.0 °C,
uncertainty: 6.6 °C), see figure 2. Likewise, the tip-
ping timescale uncertainties can vary by up to two
orders of magnitude for single elements. Both uncer-
tainties will have profound impacts on a tipping ele-
ment’s risk of tipping during and after an overshoot
(Lux-Gottschalk and Ritchie 2025). Further, tipping
elements such as the AMOC or the large ice sheets,
are not isolated subsystems but form a coupled sys-
tem, whereby the number of stable states and tip-
ping points can exceed the number of tipping ele-
ments. Not all interactions are fully understood, and
there is large uncertainty in their strengths but also
more fundamentally in their direction of interac-
tion (Falkena and von der Heydt 2024, Wunderling
et al 2024), and the impact of sub-system timescales
on the response to forcing (Bastiaansen et al 2023).
Interactions between elements can change effective
tipping points (Wunderling et al 2023), and destabil-
ising interactions introduce the risk of possible cas-
cading transitions (Dekker et al 2018, Klose et al 2021,
Wunderling et al 2024), which could be triggered even
if only the lowest tipping point is crossed (Rosser et al
2024).

2.4. Structural uncertainties and alternative
tipping mechanisms beyond saddle-node
bifurcations

Studies of tipping during and after overshoot have
mostly focused on the crossing of a smooth saddle-
node bifurcation starting from an equilibrium state of
the system (Ritchie ef al 2019, 2021, Wunderling et al
2023), but the real Earth system is often more com-
plicated. The initial states of relevant systems may not
be simple equilibrium states (Lohmann and Ditlevsen
2021, Lohmann et al 2024b), opening up the possib-
ility of other forms of tipping (Thompson et al 1994,
Alkhayuon et al 2019, 2021, Ashwin and Newman
2021, Budd and Kuske 2024). For example, if the tip-
ping element has periodic behaviour (e.g. monsoon
systems such as in West Africa), the given phase of the
period at the time an overshoot starts may determ-
ine if the system tips or not (Alkhayuon and Ashwin
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2018). Therefore, the possibility of structural uncer-
tainty further complicates the estimation of a peak
warming and overshoot duration that avoids tipping.

Tipping can occur via other mechanisms such as
rate-induced tipping, which is caused by an external
forcing changing too quickly (Ritchie et al 2023). As
one example, the AMOC, a tipping element with a
tipping point between 1.4 °C and 8.0 °C (Armstrong
Mckay et al 2022), has been shown to exhibit rate-
induced tipping before a tipping point has been
crossed both conceptually (Alkhayuon et al 2019,
Chapman et al 2024) and in complex ocean mod-
els (Lohmann and Ditlevsen 2021, Lohmann et al
2024a). Rate-induced tipping complicates the com-
mitment from overshoot scenarios, and in some cases
may make them more dangerous. For example, some
fast overshoots can be more dangerous than slower
ones (O’Keeffe and Wieczorek 2020), as shown to
be the case for a box-model of the AMOC (Ritchie
et al 2023). Thus, the risk of tipping does not neces-
sarily continually increase with the duration of the
overshoot (Ritchie et al 2023). Similar behaviour
might occur if a tipping element possesses multiple
stable states (e.g. ice sheets, ocean circulation cur-
rents, vegetation patterns) that do not correspond to a
full collapse of the system (Robinson et al 2012, Garbe
et al 2020, Bastiaansen et al 2022, Bochow et al 2023,
Lohmann et al 2024a), which could be reached for dif-
ferent overshoot profiles.

Structural uncertainty propagates further once
interactions between tipping elements are considered
(Wunderling et al 2024). Returning to the AMOC
example, conceptual modelling already indicates that
a tipping in the cryosphere can lead to rate-induced
tipping in the AMOC (Lohmann et al 2021, Klose et al
2024b, Sinet et al 2024). There is thus a necessity to
consider rate-induced tipping and other alternative
scenarios in tipping cascade models to understand the
full impact of various overshoot scenarios.

2.5. Modelling approaches to temperature
overshoots and implications for tipping points

It is important to utilise the full modelling hier-
archy when analysing the impact of temperature over-
shoots for tipping points. Conceptual models have the
advantage of minimal computational cost, even for
many stochastic realisations and long runs (Dijkstra
2024). Therefore, it is possible to qualitatively invest-
igate tipping mechanisms for overshoot scenarios
using conceptual models (e.g. Chapman et al 2024,
Rosser et al 2024, Lux-Gottschalk and Ritchie 2025).
Conceptual climate models generally describe sub-
systems of the Earth’s climate and are limited in
the scale and processes they model (Dijkstra 2013).
Hence, conceptual models cannot provide a quant-
itative assessment for tipping risks during and after
temperature overshoot. However, they can support
the understanding of tipping behaviour in more com-
plex models (Dijkstra 2024). Increasing scale leads to
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intermediate complexity models of the ocean/atmo-
sphere, while increasing both scale and processes res-
ults in ESMs of Intermediate Complexity (EMICs),
and eventually complex ESMs.

Complex ESMs typically approximate solutions
to the fundamental laws that govern the behaviour
of the atmosphere, ocean, land, sea ice, land ice, and
other components on a three-dimensional finite grid.
While this allows for the resolution of a high number
of processes, this makes it more difficult to diagnose
the mechanisms causing the behaviour (e.g. tipping)
observed in these complex models. Previous genera-
tions of ESMs were often limited to a horizontal resol-
ution of 50-100 km (Eyring et al 2016); however, the
next generation is expected to allow for coupled sub-
20 km simulations (Roberts et al 2025). Even at this
higher resolution, many important processes are still
not explicitly resolved but are instead parameterised.
Additionally, computational costs remain high, per-
mitting a limited number of simulations on a 100-
200 year timescale, making it challenging to invest-
igate overshoot scenarios under consideration of all
relevant uncertainties (see section above) especially
in the context of crossing tipping points of slow tip-
ping elements, which require long simulation runs.
Furthermore, there have been discussions regarding
the tuning process and the general ability of ESMs
to represent tipping elements (Valdes 2011, Hourdin
et al 2017). As models increase in complexity, they
become more costly to run and challenging to explain
output behaviour (Flato et al 2013). Conversely, as the
number of processes and feedbacks increases, models
produce a more realistic representation of overshoots.

However, there is another tool that is computa-
tionally efficient and can reproduce the behaviour
of more complex climate models, providing a rapid
translation of emissions into probabilistic estimates
of changes to the physical climate system (Nicholls
et al 2020), or explore the uncertainty associated
with selected climate variables (Beusch et al 2021):
These are so-called emulators. Emulators are simpli-
fied surrogates of complex models (typically ESMs)
that reproduce their behaviour for a selection of vari-
ables to enable large, efficient ensemble runs within
the limits of the training data. Physical emulation
can be performed by simple parameterisations or
statistical methods, where the emulator behaviour is
tuned to reproduce the response of a given (more
complex) model ensemble. Consequently, emulat-
ors can only resolve and show the impacts of non-
linear and self-amplifying feedbacks if they have been
accurately tuned against modelling approaches that
include these processes. Because they can rapidly
emulate complex model dynamics, emulators provide
an excellent tool for developing quantitative frame-
works for tipping-overshoot risk assessments, making
them highly useful for probabilistic and ensemble-
based analyses. To assess the probability of tipping for
emission pathways, conceptual tipping models (e.g.

8

P D L Ritchie et al

Wunderling et al 2021a) can be used in conjunction
with climate emulators (Abrams et al 2023, Deutloff
et al 2025, Moller et al 2024). Such approaches how-
ever, currently do not resolve direct temperature feed-
backs from destabilising tipping elements (Moller
et al 2024). Existing climate emulators are not fully
tuned for overshoot scenarios due to limited train-
ing data, leading to large uncertainties about the
response of the climate system. However, newer emu-
lators have shown improved performance for such
scenarios (Mathison et al 2025, Sandstad et al 2025).

These difficulties are increased by the challenges
of detecting tipping points. Many systems experience
critical slowing down before reaching a tipping point,
indications of which have been modelled in a range of
tipping elements including the AMOC (Boers 2021,
Ditlevsen and Ditlevsen 2023) and the Amazon rain-
forest (Boulton et al 2022, Bochow and Boers 2023).
There is no comparable empirical technique to indic-
ate the exceedance of any tipping point prior to the
transition to a new state. Nonetheless, modelling sug-
gests that some tipping points may have already been
crossed, however, the impacts of their crossing are
not yet realised (i.e. the element is not yet tipped).
Even further, it may be difficult or impossible to
recognise before substantial impacts begin to unfold.
According to current best estimates in the literature
(Armstrong Mckay et al 2022, Lenton et al 2023), it is
possible that the tipping points of the Greenland ice
sheet (GrIS), West Antarctic Ice Sheet (WAIS), North
Atlantic Subpolar Gyre convection, warm water coral
reefs, and boreal permafrost are below the current
warming level (Lenton et al 2023, Forster et al 2025,
Stokes et al 2025). However, only the warm water
coral reefs are assessed to have a central tipping point
estimate below 1.5 °C, where 1.5 °C corresponds
to the coral reefs upper tipping point (Lenton et al
2023).

2.6. Approaches to constraining uncertainties

In the previous subsections we have covered many
sources of uncertainties including: (i) future global
temperature trajectories due to uncertainties in the
relationship between greenhouse gas concentrations,
emission pathways and the resulting warming; (ii)
tipping element characteristics such as uncertainties
in tipping points, timescales and interactions; (iii)
structural and tipping mechanisms, that may cause
tipping from rapid rates of increasing global warming
as opposed to just the peak warming level and dura-
tion of an overshoot.

Reducing uncertainty in future forcing scenarios
and tipping element characteristics is essential for
estimating the response of individual tipping ele-
ments (Ritchie et al 2019). Given the role of uncer-
tainty in temporarily crossing tipping points, tip-
ping risks of selected emission pathways need to be
evaluated probabilistically (Méller et al 2024). Using
a simple conceptual climate model, Lux-Gottschalk
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and Ritchie (2025) identify confidence levels for the
location of the boundary that separates tipping from
not tipping based on the peak overshoot and over-
shoot duration. They present a proof of concept,
using Bayesian inference on how data could be used to
better constrain uncertain system characteristics and
hence also the tipping boundary. A similar approach
could be followed for uncertainties in global temper-
ature trajectories. From investigations of the impact
of uncertainties in conceptual climate models (Rosser
et al 2024), conclusions can be drawn on which
model parameters have the biggest impact on tipping
dynamics and thus need to be better constrained in
more complex climate models.

Data-driven methods to better constrain the cur-
rent proximity of tipping points have also been
attempted. One avenue is to exploit critical slowing
down as an early-warning signal of an approaching
tipping point (Boers 2021, Boers and Rypdal 2021,
Ben-Yami et al 2023, Ditlevsen and Ditlevsen 2023,
Boers et al 2025). Another avenue that has recently
gained attention involves using deep learning and AlI-
methods to predict both the occurrence and timing of
tipping events (Huang et al 2024, Zhuge et al 2025).
However, in the context of overshoots, extrapolat-
ing early warning signals to predict a tipping event
can provide false conclusions due to assumptions on
the future forcing trajectory (Ben-Yami et al 2024,
Ashwin et al 2025). Additionally, early warning sig-
nals can fail when a system is not in equilibrium, such
as for slow tipping elements with long internal times-
cales (e.g. ice sheets). Instead, new methods need to be
developed to determine when an element has crossed
its tipping point but not yet tipped (Gottwald and
Gugole 2020). This would enable first order approx-
imations for the chances of a return to the previous
state (Ritchie et al 2019). Another method is to infer
the strength of the underlying physical mechanisms
from observations, thereby adjusting biases in ESMs,
leading to better estimates of the tipping point, a so-
called observation-based constraint (e.g. Liuetal 2017,
Sgubin et al 2017, Portmann et al 2025).

3. Risk of triggering tipping during and
after temperature overshoot

Multiple tipping elements of the Earth system could
have their tipping point below 2 °C of global
warming, and some below 1.5 °C (Lenton et al
2023, Armstrong Mckay et al 2022; see figure 2).
Consequently, even under the most optimistic emis-
sion scenarios of stabilising warming at 1.5 °C
without any overshoot, it is considered as likely as not
(33%—-66% probability) that three Earth system ele-
ments will tip (see figure 3(a) based on Lenton et al
2023 or Armstrong Mckay et al 2022). One of these
elements will be the warm water coral reefs, which are
virtually certain (>99% probability) to tip, given the
upper range of their tipping point is 1.5 °C (Lenton
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etal 2023; figure 2). The other two can be any combin-
ation of the North Atlantic Subpolar Gyre, land per-
mafrost, and the Greenland and WAISs. However, it
is considered very unlikely (<10% probability) for all
of them to tip. However, delayed climate action and
stabilising global warming at 2 °C (without an over-
shoot) would change the probability of five elements
tipping from very unlikely to as likely as not. Mountain
glaciers, boreal forests and the AMOC are the addi-
tional elements that risk being tipped under this scen-
ario. Stabilising global warming at 3 °C would likely
(>66% probability) cause eight elements to undergo
tipping.

If the warming was subsequently reduced, such
that 1.5 °C is only temporarily exceeded, the number
of elements that would undergo tipping could be lim-
ited, see figure 3(b). As illustrated in figure 1, systems
with a slow response timescale are more likely to avoid
tipping than those with a fast response timescale for
any given overshoot profile. This has been captured by
some mathematical theory that describes a power law
between the exceedance peak and duration, which not
only depends on the tipping point but also the times-
cale of the system (Ritchie et al 2019). This theory
indicates that doubling the exceedance peak requires
reducing the exceedance duration of the tipping point
by a factor of four to maintain the same level of tip-
ping risk as before. Here is an example: assume that
a particular tipping element would have a 1% prob-
ability of tipping if warming remains 100 years, with
a 0.1 °C peak exceedance, beyond the tipping point.
The theory suggests that if the peak exceedance of
the same tipping point was instead 0.2 °C then the
exceedance duration of the tipping point would need
to be limited to 25 years to maintain the same 1%
tipping risk. Utilising this theory, we here assess the
tipping risk for overshoots of the 1.5 °C target (see
figure 3(b)).

Limiting the temperature overshoot beyond
1.5 °C to a duration of 100 years could substantially
reduce the number of elements that undergo tipping
(compare figure 3(b) to 3(a)). For a peak warming
of 2 °C, the number of elements that are as likely as
not (33%—66% probability) to tip drops from five to
three and tipping five becomes very unlikely (<10%
probability) if warming is brought back to 1.5 °C
(or below) within 100 years. A 100 year overshoot
of 1.5 °C with a peak warming of 3 °C halves the
number of elements likely (>66% probability) to be
tipped (from eight to four) relative to staying at 3 °C.
However, to limit such an overshoot scenario with a
large peak to 100 years would require extraordinary
carbon removal rates that are not considered to be
feasible (Schleussner et al 2024).

Figure 4 extends this analysis to consider differ-
ent overshoot durations for different levels of tipping
risk (see Supplement for an animation). Using the
best estimates from the latest literature (Armstrong
Mckay et al 2022, Lenton et al 2023), tipping elements
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Figure 3. Tipping risk for Earth system tipping elements with and without temperature overshoot. (a) Cumulative number of
tipped elements if global warming stabilises at different peak levels without return, and (b) cumulative number of tipped ele-
ments for different peak warming levels in an overshoot scenario lasting for 100 years and stabilising at 1.5 °C. Colour is used to
represent the cumulative probability density of the number of tipped elements using the IPCC likelihood scale (IPCC AR6 WGI-
SPM 2021): <1% exceptionally unlikely, <10% very unlikely, <33% unlikely, 33%-66% about as likely as not, >66% likely,
>90% very likely, >99% virtually certain). The same global and regional tipping elements are considered as in figure 2. These
values are determined by using the upper and lower estimates for the tipping point and tipping timescales given in Lenton et al
(2023), and if not provided, from Armstrong Mckay et al (2022).

Peak warming (°C)

0.66 0.90 0.99

with fast timescales and a low warming tipping point
(North Atlantic Subpolar Gyre and warm-water coral
reefs) are the most susceptible to tipping even for
short overshoot durations. In contrast, elements with
slow timescales and a low tipping point (Greenland
and WAISs) may avoid tipping if the overshoot dura-
tion is sufficiently short and warming stabilises below
their tipping point (figure 4(a)). However, these ice
sheets have a non-negligible probability that their tip-
ping point is below 1.5 °C. Therefore, following a pre-
cautionary principle approach that seeks to limit the
devastating long-term consequences of committing
to ~10 m of sea-level rise from tipping these elements,
means that limiting the time over 1.5 °C is not suffi-
cient (figures 4(b) and (c)). Instead, warming must
return to below 1.0 °C in the long term (Stokes et al
2025).

4. Implications of temperature overshoot
for individual tipping elements

A temperature overshoot will have varying implica-
tions for the different tipping elements of the Earth
system. Here we provide a brief summary for all ele-
ments considered in the previous sections, except
for the terrestrial (non-marine) parts of the East
Antarctic Ice Sheet, given its projected high tipping
point, and the West African monsoon, which requires
further research in the context of overshoot scenarios.

GrIS: The GrlS is generally assessed as a slow tipping
element where a complete disappearance would occur
on the time scale of centuries to millennia (Robinson
et al 2012, Solgaard and Langen 2012, Pattyn et al
2018, Bochow et al 2023, Honing et al 2023, Petrini
et al 2025). Different modelling studies show that an
exceedance of the tipping point does not necessarily
imply a complete melting of the GrIS but reversing
the forcing can result in, at least, a partial regrowth
of the ice sheet (Ridley et al 2010, Gregory et al
2020, Bochow et al 2023, Honing et al 2023, 2024).
However, for some overshoot scenarios, a regrowth
might not be possible as atmosphere-ice sheet inter-
actions such as the surface mass balance-elevation
feedback may impede reversibility (Pattyn et al 2018,
Gregory et al 2020, Bochow et al 2023, Héning et al
2024). Additionally, there is substantial uncertainty
about the tipping point global warming level (Noél
et al 2021, Petrini et al 2025), which makes it difficult
to assess an overshoot duration that would prevent
a tipping of the GrIS. In any case, an exceedance of
the tipping point implies substantial melt and there-
fore sea level rise, depending on the overshoot peak
temperature and duration (e.g. Riickamp et al 2018,
Bauer et al 2023).

WAIS: The response of the Antarctic Ice Sheet—
the largest source of potential long-term sea-level
rise—to global warming overshoot scenarios remains
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Figure 4. Tipping risk for overshoots characterised by peak warming and time over 1.5 °C. (a) Best estimate for the cumulative
number of tipped elements for overshoots characterised by their peak warming and time over 1.5 °C. (b) and (c) are the same
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Adapted from Ritchie et al (2025b) CC BY 4.0.

poorly constrained, with only a few modelling stud- of past and ongoing warming may take centuries
ies available (Mengel et al 2018, Bauer et al 2023). or longer to unfold (Clark et al 2016, Klose et al
As a ‘slow’ tipping element, the full consequences 2024a). Nevertheless, Antarctica is losing mass and
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contributing to sea-level rise already today, with
losses projected to accelerate even if global temper-
atures were stabilised at current levels (Reese et al
2023). The WAIS, in particular, is highly vulner-
able due to its marine-based configuration (mean-
ing that the ice sheet rests on bedrock submerged
below the sea level), making it susceptible to runaway
retreat through marine ice sheet instability (Garbe
et al 2020). This causes the WAIS to have a partic-
ularly low tipping point, estimated at about 1 °C-
3 °C of warming above pre-industrial levels (Pattyn
et al 2018, Garbe et al 2020, Armstrong Mckay et al
2022). In fact, models suggest that even under present
observed warming levels, a partial WAIS collapse may
already be unavoidable in the long term (Reese et al
2023, Chandler et al 2025, van den Akker et al 2025),
though its onset could range from centuries to mil-
lennia. Ice-shelf disintegration driven by oceanic and
atmospheric warming could further accelerate ice
loss, compounding global sea-level rise. Some mod-
els suggest this could trigger an even more dangerous
instability cascade within the ice sheet itself (DeConto
et al 2021), though the precise mechanisms remain
debated. Consequently, overshooting global warming
targets, even temporarily, severely increases the risk of
transgressing tipping points in Antarctica (Stokes et al
2025).

Marine Basins East Antarctica: The marine basins
of East Antarctica hold ice equivalent to about 19.2
metres of potential sea-level rise and have been identi-
fied as a ‘global core’ climate tipping element (Lenton
et al 2023). However, critical warming thresholds
vary strongly between individual basins: The low-
est tipping point in East Antarctica is found for the
Wilkes Subglacial Basin and is estimated at around
2 °C-3 °C above pre-industrial levels based on mod-
elling and paleo reconstructions (Garbe et al 2020,
Armstrong Mckay et al 2022, Lenton et al 2023).
Paleoclimate data reveals that past warm periods with
global temperatures as low as 1 °C-2 °C above pre-
industrial levels led to significant ice retreat in this
basin (Wilson et al 2018, Blackburn et al 2020). Other
East Antarctic marine ice basins, such as the Aurora
and Recovery Subglacial Basins, likely have higher
thresholds at around 5 °C-8 °C and 6 °C-8 °C of
warming, respectively (Garbe et al 2020, Armstrong
Mckay et al 2022, Lenton et al 2023). If tipping points
for these basins are crossed, self-reinforcing feedbacks
such as marine ice sheet instability, reduced ice shelf
buttressing, and basal thawing, which together can
trigger irreversible ice retreat and long-term sea-level
rise (Garbe et al 2020, Abram et al 2025). In the scen-
ario of a temperature overshoot exceeding these tip-
ping points even temporarily, the marine basins could
undergo self-sustaining retreat with substantial ice
loss, committing these basins to long-term mass loss
and sea-level rise, despite subsequent climate cool-
ing efforts. Such retreat would unfold over time scales
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ranging from centuries to millennia, with irrevers-
ible impacts due to hysteresis, which would require
cooling far below pre-industrial levels to be reversed
(Mengel and Levermann 2014, Garbe et al 2020).

Mountain glaciers: Mountain glaciers have been
identified as a potential tipping element (e.g.
Armstrong Mckay et al 2022), though the response of
mountain glaciers to global warming and potential
overshoot are not uniform globally and depend on
region and the individual glaciers’ sensitivity to tem-
perature change. Like the polar ice sheets, mountain
glaciers do not respond immediately to changes in
climate, but rather the committed volume loss due to
warming manifests over decades to centuries follow-
ing the change in temperature forcing (Zekollari et al
2025). Few studies have investigated the response
of mountain glaciers to overshoot and thus there
remains considerable uncertainty in the timing and
rate of mountain glacier mass loss and potential
recovery. Despite their typically-linear response to
warming (Rounce et al 2023), the few available studies
demonstrate that slowly-responding glaciers will still
undergo additional long-lasting glacier mass loss with
overshoot than if temperatures were stabilised to the
same level without a period of overshoot (Schuster
et al 2025). Fast-responding glaciers, such as those
in steeper regions (Zekollari et al 2020), may exhibit
partial regrowth following overshoot.

AMOC: A collapse of the AMOC has been shown by
models across the hierarchy, from conceptual models
(Stommel 1961) to state-of-the-art ESMs (Romanou
et al 2023, Van Westen et al 2024) and usually takes
more than a century to occur. The main positive feed-
back leading to this tipping behaviour is related to the
salt-advection feedback (Stommel 1961, Van Westen
et al 2024). The AMOC’s response to overshoot scen-
arios can be thoroughly understood in conceptual
models (e.g. Alkhayuon et al 2019, Chapman et al
2024) and explored in ESMs using extreme freshwa-
ter or temperature forcing profiles (e.g. Hawkins et al
2011, Jackson et al 2023). However, the tipping point
for the AMOC has the largest uncertainty range of
all tipping elements (Armstrong Mckay et al 2022,
Lenton et al 2023) and therefore determining over-
shoot profiles that avoid tipping the AMOC is chal-
lenging. This is due to the large uncertainty in AMOC
projections, with reduction going from 3%-72% in
2100 mainly depending on the CMIP6 model con-
sidered. As such, coordinated experiments are useful
to assess the AMOC dynamics (and notably import-
ant is the strength of the salt advection feedback)
in various models, in response to the same surface
perturbations (contrary to emission scenarios where
surface forcing of the AMOC can be very different
among models). In this respect, the TIPMIP initi-
ative (Winkelmann et al 2025) is welcome to bet-
ter understand differences in models. Improvements



10P Publishing

Environ. Res. Lett. 21 (2026) 043001

in the understanding of key oceanic processes that
influence the AMOC like eddies (Hirschi et al 2020)
and salt fluxes (Faure Ragani and Dijkstra 2025),
combined with the observational-constraints frame-
work (Portmann et al 2025), allows to reduce uncer-
tainty concerning its tipping point and characterist-
ics to better assess tipping risk related to overshooting
scenarios.

North Atlantic Subpolar Gyre convection (SPG):
The SPG is a subset of the larger-scale AMOC, focus-
ing on the subpolar gyre region, south of Iceland.
This specific circulation has been suggested to have
a bistability regime based on conceptual (Born and
Stocker 2014) and EMIC (Levermann and Born 2007)
model results. Moreover, in CMIP models multiple
abrupt transitions in the SPG have been observed
(Sgubin et al 2017, Swingedouw et al 2021). The
mechanism underlying the tipping point in sea sur-
face temperature, salinity, and deep convection may
be linked to a critical surface salinity threshold. As
surface salinity decreases, stratification strengthens,
and below a certain threshold it becomes too strong
to permit deep convection, even when surface tem-
peratures decline and surface density increases. In
this regime, the phase-change threshold limits further
cooling: once temperatures reach the freezing point,
additional heat loss leads instead to sea-ice forma-
tion rather than continued cooling. This inhibits fur-
ther density increase and ultimately suppresses con-
vection, which can be seen as a tipping point for the
SPG (Swingedouw et al 2020, Wood et al 2024). The
time scale of a deep convection collapse in the SPG is
about one decade, making this tipping element faster
than an AMOC collapse. As such, it might be very
sensitive even to short-term overshoot. The response
of the SPG strongly depends on the model considered,
so the implications of an overshoot on the risk of
collapse have not been properly assessed up to now.
However, some models do show a collapse of the deep
convection in the SPG for low-emission scenarios like
SSP1-2.6, raising concerns for neighbouring regions
like the UK and western Europe (Sgubin et al 2019).
To improve estimates of the proximity to a deep
convection collapse in the SPG linked with poten-
tial global temperature overshoots, improvements in
deep convection processes and the spread of freshwa-
ter from the borders of the SPG (related to Greenland
melting for instance) to the centre might be crucial to
improve (e.g. Swingedouw et al 2022).

Amazon rainforest: The potential of climate change
to cause an Amazon rainforest tipping from a closed-
canopy, humid tropical forest system to an open-
canopy degraded ecosystem remains an iconic risk
associated with rising atmospheric greenhouse gases
(Flores et al 2024, Brando et al 2025, Melnikova
et al 2025). This leads to regional climate change and
water stress to the forest system, first identified by
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Friend et al (1997) and Cox et al (2000) but also
in subsequent literature (Cox et al 2004, Malhi et al
2009, Nobre et al 2016, Parry et al 2022, Flores et al
2024). In addition to climate change alone, direct
deforestation and forest degradation (e.g. from fires)
also pressure the Amazon rainforest. When com-
bined, these pressures interact, reducing the over-
all resilience and lowering the tipping point, poten-
tially anticipating tipping from one adverse influence
alone (Boers et al 2017, Lovejoy and Nobre 2019,
Bochow and Boers 2023, Flores et al 2024). This
implies that all efforts are needed for the preven-
tion of Amazon rainforest tipping, potentially includ-
ing whether deliberate reforestation could adjust the
Amazon rainforest’s tipping point, or create inertial
effects, such that the forest would be more resilient
to any imposed decadal or century-timescale tem-
perature overshoot. Following a conceptual analysis
Ritchie et al (2021) estimate that the Amazon rain-
forest may be resilient if exceedance of its warm-
ing tipping point was limited to only a few decades.
However, as of yet, a dedicated study on temporary
exceedance of the Amazon rainforest tipping point
is still lacking. Frequent extreme droughts, such as
in the years of 2005, 2010, 2015/2016 and 2023/2024
(Lewis etal 2011, Jiménez-Munoz et al 2016, Espinoza
et al 2024, Marengo et al 2024), may provide empir-
ical evidence of how forests may respond in the future.
Trees can withstand drier conditions for a certain
period of time, but there are limits to adaptation
(Wunderling et al 2022). Better ecological under-
standing will reveal if a temperature overshoot path-
way associated with a temporary dry period in the
Amazon rainforest can be withstood or not. Initial
studies suggest that once a temperature overshoot
period ceases, regional rainfall patterns are expected
to experience lasting changes through atmosphere—
vegetation feedbacks, as reduced forest cover weakens
evapotranspiration and moisture recycling, leading to
either higher or lower rainfall levels depending on the
region (Kim et al 2022, Oh et al 2022, Schleussner et al
2024).

Boreal forests: Boreal forests, one of the largest ter-
restrial biomes on Earth, store about a third of the
global terrestrial carbon above and below ground
(Bradshaw and Warkentin 2015) and destabilisation
could result in additional global warming due to
the release of greenhouse gases (Armstrong Mckay
et al 2022). The biome does not exhibit a gradual
decline in tree cover towards the ecological lim-
its, but demonstrates high susceptibility to abrupt
shifts between stable but competing forest, grassland-
steppe, and shrubland states with differing effects on
surface albedo and disturbance regimes (Scheffer et al
2012, Gauthier et al 2015). Two primary tipping pro-
cesses influence boreal forest dynamics and the asso-
ciated carbon sequestration rates. Firstly, southern
dieback is driven by warming-induced drought stress,



10P Publishing

Environ. Res. Lett. 21 (2026) 043001

coupled with increased fire frequency, lower pest resi-
lience, and limited seed availability, which constrains
regrowth, leading to rapid shifts in forest composition
and density, and facilitating the expansion of steppe
or temperate forests at regional to sub-continental
spatial scales (Rao et al 2023). On the other hand,
northern forest expansion into tundra areas is expec-
ted due to longer and warmer growing seasons and
would reduce winter surface albedo, potentially rein-
forcing warming effects. Recent evidence suggests
that this shift is much slower than the southern
steppe transition but that improved growing condi-
tions have increased the productivity in the north-
ern boreal forests (Berner and Goetz 2022, Rotbarth
et al 2023). Therefore, for a temperature overshoot,
the risk of boreal forest dieback in the south is greater
than boreal forest expansion in the north (assuming
the same tipping point). While boreal forest loss is
generally reversible on centennial timescales, nonlin-
ear biome shift at the southern margin, to woodland
or treeless states, alter the ecosystem state at regional
to sub-continental spatial scales. A temperature over-
shoot could in turn lead to the loss of ecosystem-
protected and -modified permafrost, which exhibits a
strong coupling between forest cover and active layer
dynamics, particularly in terms of water availability
(Stuenzi et al 2022). The associated permafrost thaw
and ground ice melt is not reversible within centen-
nial timescales.

Warm-water coral reefs: Warm-water coral reefs,
which play a critical role in supporting marine biod-
iversity and human livelihoods, are among the most
vulnerable ecosystems to anthropogenic driven cli-
mate change, with a tipping point for collapse closely
tied to rising global temperatures and CO: concen-
trations. Collapse is defined as having insufficient liv-
ing cover (typically <10%) and diversity of hard cor-
als to support the wide diversity of species and ecolo-
gical interactions typical of a coral reef (Lenton et al
2023). Stressors such as rising sea surface temper-
atures (i.e. more severe and frequent marine heat-
waves), ocean acidification, overfishing and pollu-
tion are the primary drivers of potentially irrevers-
ible transformations (Pearce-Kelly et al 2025). The
likelihood of reaching these tipping points is high,
as many reefs already experience conditions bey-
ond their thermal tolerance (Muniz-Castillo et al
2019, IPCC AR6 WGII-SPM 2022, Cooley et al 2023,
Lenton et al 2023, Goreau and Hayes 2024, Klein
et al 2024, Reimer et al 2024, Byrne et al 2025). A
global mean surface temperature increase of 1.2 °C
above pre-industrial levels (range 1 °C-1.5 °C) and
atmospheric CO: concentrations exceeding 350 ppm
are recognised as key tipping points for mass bleach-
ing events and coral reef collapse that would lead
to biodiversity and ecosystem services loss (Veron
et al 2009, Hansen et al 2013, IPCC AR6 WGII-SPM
2022, Lenton et al 2023, Pearce-Kelly et al 2025).
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Previous generally acknowledged estimates for tem-
perature driven coral reef loss is 70%—-90% loss at
1.5 °C warming and 99% loss at 2 °C (Frieler et al
2013, Schleussner et al 2016, Hoegh-Guldberg et al
2018, Dfaz et al 2019, Souter et al 2021, Armstrong
Mckay et al 2022, Reimer et al 2024). Finer-scale mod-
elling projects a 100% loss at 2.0 °C (Dixon et al
2022, Kalmus et al 2022). Moreover, co-occurring
stressors (Setter et al 2022), such as ocean acidifica-
tion, pollution, storms and disease, together with cas-
cading Earth system and ecological impacts, may fur-
ther lower these tipping points, accelerating ecosys-
tem collapse (Pearce-Kelly et al 2025). Corals have
very fast response timescales (mortality may play out
over weeks to months for thermal stress, or years
for chronic threats such as disease and pollution, but
prolonged failure to recover over a decade or more
is necessary to qualify as collapsed), suggesting any-
thing other than the briefest overshoot period is likely
to cause irreversible damage. Recovery from such
tipping events is (partially) possible (Donner and
Carilli 2019, Devlin 2022, Anderson 2025) but chal-
lenging due to slowed coral recruitment and calci-
fication rates following repeated disturbances. A reli-
ance on climate resilient corals and the existence of
connected coral refuges offer the greatest hope for
these critical ecosystems not to die-out completely
(Camp eral 2018, Bartels et al 2023, McClanahan et al
2024, Dubé et al 2025, Greiner et al 2025). Ongoing
mass coral mortality events increasingly comprom-
ise recovery potential of corals. This creates hysteresis,
where reefs fail to recover even if environmental con-
ditions improve. Hence, when emission-driven tem-
perature overshoot is considered, lower target tem-
peratures with a temporary overshoot can mean little
difference in the coral survival compared to stabilisa-
tion scenarios at higher temperatures (Tachiiri et al
2019).

Land permafrost: Overshooting temperature targets
presents a substantial risk to permafrost stability and
its climate impacts due to its potential to release vast
amounts of greenhouse gases from the large quant-
ities of carbon in the form of frozen soil organic
matter (Schuur et al 2022) in an almost irreversible
manner. While permafrost thaw is characterised by
multiple regional-scale tipping processes, including
abrupt thermokarst lake formation and slope slump-
ing, these processes do not aggregate to a single glob-
ally coherent tipping point (Nitzbon et al 2024).
Therefore, permafrost is likely not a tipping ele-
ment on a global scale. This means that, in con-
trast to other tipping elements, permafrost thaw com-
mences with every increment of global warming and
therefore there is no maximal warming limit up to
which climate change impacts are minimal to perma-
frost (Nitzbon et al 2024). The severity of permafrost
degradation under overshoot depends on both the
peak and duration of the overshoot, i.e. cumulative
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heat exposure (Gasser et al 2018, Schleussner et al
2024). Even if an overshoot is temporary, heat can
penetrate deep into the soil, causing continued per-
mafrost degradation. While some may refreeze if tem-
peratures decline after the warming peak, much of the
carbon loss is likely irreversible due to the slow form-
ation timescales of permafrost. Even if temperature
levels eventually decline, sustained microbial decom-
position of previously frozen organic matter causes
continued carbon emissions over centennial to mil-
lennial timescales and reinforces warming through a
self-perpetuating, although relatively weak, positive
teedback loop (de Vrese and Brovkin 2021, Schwinger
et al 2022b, Ji et al 2025). Furthermore, permafrost
thaw does not occur uniformly, as some areas exper-
ience localised abrupt thaw, leading to rapid car-
bon loss and landscape destabilisation, i.e., degrad-
ation of ice-rich permafrost, and subsequent rapid
ground subsidence and the formation of thermokarst
landscapes (Turetsky et al 2020, Park et al 2025).
Temperature overshoot enhances the risk of causing
localised abrupt thaw. Overshooting temperature tar-
gets also increases the risk of tipping cascades, where
permafrost degradation—in addition to its carbon-
climate feedback—interacts with other Earth system
components, such as boreal forest dieback (Alfaro-
Sanchez et al 2024), including wildfire occurrence
(Kim et al 2024) or a modified ocean circulation
(Schwinger et al 2022a, Park et al 2025), potentially
accelerating global climate change.

5. Additional pressures on tipping
elements

In addition to direct global warming impacts, fur-
ther pressures such as direct anthropogenic interfer-
ence, tipping element interactions and Earth system
feedbacks may threaten the stability of tipping ele-
ments, and the feasibility of realising/maintaining sta-
bilisation target levels. This means that global warm-
ing tipping points may effectively be lower than their
reported value in the recent literature (e.g. Armstrong
Mckay et al 2022, Lenton et al 2023) where they are
studied in isolation, consequently reducing the allow-
able peak and duration for a temperature overshoot
that does not cause tipping.

Additional anthropogenic pressures: Ecological tip-
ping elements suffer from additional anthropogenic
interference such as deforestation in the Amazon
forest, or overfishing, ocean acidification and pol-
lution in warm-water coral reefs, further reducing
their resilience. Comparable pressures are evident in
the cryosphere: soot and black carbon deposition on
snow and ice accelerate melting, while infrastruc-
ture development in permafrost regions destabilises
ground systems and releases greenhouse gases; and
in the atmosphere: emissions of aerosols and short-
lived climate forcers (like methane and tropospheric
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ozone) alter radiative forcing patterns and regional
monsoon dynamics. Combined with global warm-
ing, these additional pressures may cause these tip-
ping elements to have their tipping point at effect-
ively lower temperatures than would be the case for
global warming pressure alone (e.g. Hughes et al
2018, Lovejoy and Nobre 2018, Setter et al 2022,
Lenton et al 2023, Pearce-Kelly et al 2025). Or, in
turn, opportunities for improved management and
local agency offer to limit these pressures and provide
increased resilience within these ecological tipping
elements.

Interactions between tipping elements: Most direct
interactions between tipping elements are assessed
as destabilising (Lenton et al 2023, Wunderling et al
2024). Therefore, interactions between tipping ele-
ments exert additional pressure on the resilience of
tipping elements and become relevant at 1.5 °C of
global warming or higher. This means that increas-
ing temperatures can trigger a first element into tip-
ping that in turn effectively lowers the warming tip-
ping point for subsequent tipping elements via dir-
ect physical interactions (Wunderling e al 2021a).
The AMOC sits centrally in a network of tipping ele-
ments and is therefore often viewed as a mediator
of a possible cascade of tipping events (Wunderling
etal 2021a). For instance, a destabilisation of the GrIS
could cause a collapse of the AMOC, that could then
impact the Amazon rainforest or monsoon systems.
In such an accelerating cascade of tipping elements
(Ritchie et al 2025a), an overshoot that may only tem-
porarily cross the GrISs tipping point and not cause
tipping (due to its slow timescale), may still be suffi-
cient to cause tipping of the AMOC as a result of its
faster timescale (Klose et al 2024b). Conversely, due
to the relatively fast timescales of the AMOC, a slow-
down could stabilise the slower responding GrIS and
lead to a mutual stabilisation of both tipping elements
(Poppelmeier and Stocker 2025). Alternatively, melt-
ing from the Antarctic ice sheets could have a sta-
bilising effect on the AMOC (Sinet et al 2023, 2025,
Knight and Condron 2025).

Earth system feedbacks: Further, there may be Earth
system feedbacks that alter the risk for trigger-
ing tipping elements. Many tipping elements would
cause feedbacks that increase global warming levels
if they tip (Armstrong Mckay et al 2022, Lenton
et al 2023, Ripple et al 2023b, Deutloff et al 2025).
For instance, the large ice sheets would add up to
0.2 °C of additional global warming if they disin-
tegrate due to the ice-albedo feedback and likewise
0.2 °C for a dieback of the Amazon rainforest because
of decreased carbon uptake. Further positive climate
feedbacks include cloud feedbacks (Bjordal et al 2020,
Ceppi and Nowack 2021) or the permafrost car-
bon feedback (MacDougall et al 2020, Steinert and
Sanderson 2025). However, there are also few but
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potentially strong negative feedbacks on global tem-
peratures (e.g. 0.5 °C cooling due to AMOC tipping)
(Armstrong Mckay et al 2022). Therefore, the over-
all effect of temperature feedbacks of disintegrated
tipping elements on tipping risks remains uncertain
and requires improved constraints of their feedback
mechanisms, direction and magnitude (Bdolach et al
2025). Furthermore, changes in the land and ocean
carbon sinks under ongoing global warming may
affect global warming pathways themselves. So far,
around 60% of all emissions have been taken up by
land and ocean carbon sinks and only the remain-
ing 40% contribute to atmospheric CO;-increase and
global warming (Friedlingstein et al 2025). There is
now growing evidence of a long-term weakening of
land carbon sinks (e.g. in the Amazon rainforest or
permafrost (Gatti et al 2021, Ke et al 2024)). On the
other hand, while also weakening on the long term,
ocean carbon sinks seem to be comparatively stable
across ESMs (Tokarska et al 2019, Schwinger et al
2022b, Koven et al 2023, Sanderson et al 2025).

6. Implications of climate tipping risks for
mitigation ambition during and after
temperature overshoot

Considering these findings, the prospects of tem-
perature overshoot must inform climate mitigation
ambition in the near and longer term. Given the
potential of initiating tipping processes during over-
shoot, and the severe risks tipping events present to
societies, the ambition reflected in greenhouse gas
emission reductions should aim to minimise tipping
risks by limiting the peak and duration of temperat-
ure overshoot, and bringing temperatures back down
to levels well below 1.5 °C.

A race to net-zero CO;: Limiting overshoot requires
mitigation strategies that minimise the global peak
temperature, keeping it as close to 1.5 °C as possible,
and returning to below 1.5 °C as soon as possible
(Palter et al 2018, Wunderling et al 2023, Schleussner
et al 2024). Peak temperature and return time are
mutually dependent—the higher the peak, the longer
the overshoot duration likely becomes. Minimising
the global peak temperature (McKenna et al 2021)
requires immediate peaking of global greenhouse gas
emissions and stringent emission reductions there-
after towards global net zero CO, emissions by 2050
(IPCC AR6 WGIII-SPM 2022).

Limits and feasibility of minimising overshoot:
Substantial net negative emissions are required to
achieve a rapid reversal in warming. This is needed to
limit the higher risks of crossing tipping points asso-
ciated with large and long overshoot pathways, given
that already under present global warming levels, we
enter the uncertainty ranges for triggering several tip-
ping elements such as GIS, WAIS or the subpolar gyre
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(Armstrong Mckay et al 2022, Lenton et al 2025).
Achieving net negative emissions requires anthropo-
genic CDR to exceed remaining emissions that can-
not be eliminated. However, these must be viewed
in light of the very real risks that these interven-
tions pose for marine and terrestrial systems, as well
as human wellbeing (Heck et al 2016, 2018, Pereira
et al 2024). CDR refers to a set of methods aimed
at actively extracting CO, from the atmosphere and
durably storing it in terrestrial, geological, or ocean
reservoirs. There is an immediate need to invest in
and bring to scale sustainable methods of CDR as
a complement to—not a substitute for—mitigation
to enable future temperature reduction. Achieving
net zero greenhouse gas emissions as of Article 4.1
of the Paris Agreement requires CDR deployment to
achieve net-negative CO, emissions to balance out
residual non-CO, emissions and may therefore lead
to a long-term temperature decline (Fuglestvedst et al
2018, Schleussner et al 2022). Achieving a faster and
sustained temperature decline may require going even
beyond net-zero greenhouse gases.

Current assessments indicate that CDR rates in
overshoot 1.5 °C scenarios range from 7 to 10
GtCO,/yr (Smith et al 2024). With a current rate
of CDR of 2 GtCO,/yr from conventional methods
such as Afforestation, Forestry and Other Land Use,
massive upscaling will be required to achieve the
removal rate required to return warming to below
1.5 °C by 2100 (Smith et al 2024). These removals
would need to be in tandem with reductions in CO,
emissions to near zero. Even higher rates of CDR
would be needed to reduce temperatures below the
most sensitive tipping points (at around 1 °C warm-
ing). While several technological CDR approaches,
such as bioenergy with carbon capture and stor-
age, direct air carbon capture and storage, enhanced
weathering, or ocean-based methods, are under act-
ive development, most remain at early deployment
stages and face considerable challenges in terms of
cost, energy demand, infrastructure, and scalability
(Smith et al 2024) and risks (Heck et al 2016). Land-
based methods are limited by land availability, ecosys-
tem trade-offs, and saturation effects. Additionally,
there are capacity limits for some forms of CDR,
which constrain the space for feasible CDR deploy-
ment (Gidden et al 2025). Consequently, achiev-
ing sustained removal rates of several gigatonnes
per year would require rapid technological innova-
tion, global policy coordination, and major financial
and institutional support (Smith et al 2024). Even if
CO, removal rates required to restore temperature to
1.5 °C after various levels of overshoot prove to be
technically feasible, large upscaling of CDR is subject
to various sustainability and feasibility constraints,
including political preferences and social acceptabil-
ity (Schleussner et al 2024, Smith et al 2024).

The reversibility of global temperatures remains
uncertain, and achieving net-negative CO, emissions
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might be required should Earth system feedbacks
exceed current expectations, with the implication of
potentially greater deployment of CDR (Schleussner
et al 2024, Kauthold et al 2025). Furthermore, the
potential reversibility of global mean temperature
does not mean that the impacts of climate change
can be reversed. While some impacts may be revers-
ible with lowering global mean temperature, others
such as sea level rise, loss of ecosystem function-
ality, increased risks of species extinction, and gla-
cier and permafrost loss are not reversible on times-
cales of decades to millennia (Tokarska and Zickfeld
2015, Ehlert and Zickfeld 2018, Drouet et al 2021,
Bauer et al 2023). Further, even if temperature can
be reversed on a global scale, there will likely be sub-
stantial impacts on regional-to-local scales as con-
sequence of the overshoot (Pfleiderer et al 2024,
Schleussner et al 2024, Steinert et al 2025) or of
the interventions taken to drawdown the CO, that
has already been or will continue to be emitted
should drastic decarbonisation efforts not materialise
(Pereira et al 2024). These factors together highlight
the need for climate governance to evolve to collect-
ively manage global emissions and temperature path-
ways rather than focus only on achieving the long-
term temperature goal. This pathway focus has dir-
ect implementation potential in the ambition cycle
of the Paris Agreement, e.g., with explicit consider-
ations in Nationally Determined Contributions, the
Global Stocktake, and the Enhanced Transparency
Framework.

Long-term temperature stabilisation: The Paris
Agreement temperature goal sets upper limits
for global mean temperature increase above pre-
industrial levels in light of the ultimate Objective of
the Climate Convention to avoid ‘dangerous anthro-
pogenic interference’ (United Nations Framework
Convention on Climate Change) (UNFCCC 1992).
The Paris Agreement climate objectives are designed
to achieve long-term temperature decline and do not
specify a ‘safe’ level of global temperature stabilisa-
tion (Schleussner et al 2022). Emerging science on
tipping risks indicates that temperature levels well
below 1.5 °C, potentially around 1 °C above pre-
industrial levels, would be required to limit tipping
risks in the long-run and be a more ‘just’ level, lim-
iting harm to people and ecosystems (Breyer et al
2023, Rockstrom et al 2023, Gupta et al 2024, Moller
et al 2024). Considering this emerging evidence, the
current temperature goal may require amendments
e.g., in a future Periodic Review process under the
UNFCCC.

7. Conclusion

Recent assessments indicate that current global car-
bon emissions remain at high levels, making at least
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a temporary overshoot of the 1.5 °C target increas-
ingly likely. Combined with evidence that some tip-
ping points may already have been crossed, this tra-
jectory heightens the risk that additional Earth sys-
tem tipping elements could be pushed beyond their
tipping points.

Five, and possibly up to eight, tipping elements of
the Earth system may reach their tipping point below
2 °C of global warming, with some tipping points
potentially exceeded below 1.5 °C (see figure 2). The
risk of tipping for individual elements is found to
increase for larger and longer overshoots. Minimising
the peak of an overshoot is crucial, but arguably
minimising the duration of an overshoot is of even
greater importance. However, these characteristics are
interrelated—invariably a higher peak temperature
will result in a longer overshoot duration. Therefore,
limiting peak global warming to as close to 1.5 °C
as possible will contribute to ensuring that the over-
shoot duration is limited too. This will help to avoid as
many tipping points as possible from being exceeded,
particularly those associated with fast elements (e.g.
North Atlantic Subpolar Gyre), where it will be dif-
ficult to prevent tipping once the tipping point is
exceeded, even if overshoot duration is comparatively
short. Keeping the overshoot duration as short as pos-
sible and then pursuing efforts to reduce warming to
levels of 1 °C and below, will aid in preventing slow
elements (e.g. polar ice sheets) from tipping in the
long term despite some maybe already having reached
their tipping points (in terms of level of warming).

The current theoretical understanding on
whether an overshoot profile, characterised by over-
shoot peak and duration, will trigger tipping for a
given element has been derived from a simple dynam-
ical context. Therefore, more research is required
to determine how this scales with complexity, for
example where the tipping mechanism cannot be
represented by passing through a saddle-node bifurc-
ation or if the system is chaotic. Moreover, deriv-
ing dynamically simple emulators based on saddle-
node bifurcation tipping that resemble more com-
plex dynamics could address this complexity gap.
Additionally, global mean temperature is often depic-
ted as the main driver of the tipping elements, argu-
ably for policy relevance. However, many of the ele-
ments respond to other quantities such as regional
temperatures, including polar amplification that can-
not be captured fully by global temperature. Further
research on how this affects risk assessments is still
required.

Further research is needed to better understand
the reversibility of elements if they were to tip.
This includes determining how much further global
warming must be reduced, compared to the level that
triggered tipping in the first instance, to restore an ele-
ment to its original state. The magnitude and times-
cale of such hysteresis effects, and how they differ
across Earth system tipping elements, are still poorly
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constrained. Further, rate-induced tipping requires
considerably more research: while rapidly reducing
temperatures after an overshoot could shorten the
period of high tipping risk, fast changes in forcing
may destabilise systems that are sensitive to the rate of
change rather than just absolute level. Exploring these
interactions systematically across different temperat-
ure pathways is crucial for anticipating unintended
consequences of both overshoot and rapid-reversal
scenarios. More generally, reducing key uncertain-
ties on tipping points, the strength and interactions
of Earth system feedbacks, and the value of cli-
mate sensitivity remains fundamental for narrow-
ing the range of possible futures and for design-
ing strategies that minimise tipping risks. However,
uncertainty can never be fully eliminated and so this
calls for a comprehensive risk assessment approach to
quantify tipping likelihoods for various temperature
overshoot pathways and for changes in climate gov-
ernance to limit the risks related to Earth tipping pro-
cesses. Therefore, we envision that the following steps
towards a novel risk assessment for tipping elements
subjected to overshoot pathways can (and should) be
taken:

1. Derive simplified process-based dynamics from
complex ESMs. Recent advances in the process-
based representation of tipping elements within
complex ESMs now enable the extraction of their
dynamics in a simplified form. Large-scale mod-
elling efforts such as TIPMIP (Winkelmann et al
2025) and related projects, as well as complex
system-specific modelling efforts (for example,
simulations with ocean models such as Veros
(Lohmann et al 2024a) or ice sheet models such
as PISM (Bochow et al 2023)) already provide a
solid foundation for this development.

2. Integrate process-based tipping dynamics into
efficient climate models for development of a
probabilistic tipping framework. These sim-
plified representations can be incorporated into
reduced-complexity and computationally effi-
cient modelling tools such as FalR (Moller
et al 2024, Deutloff et al 2025) and PyCascades
(Wunderling et al 2021b, Bdolach et al 2025).
This would allow for large-scale Monte Carlo
simulations across a range of overshoot scenarios
(such as in Wunderling et al 2023, Moller et al
2024, Ritchie et al 2025b). The resulting distribu-
tion of tipping likelihoods would constitute the
probabilistic risk assessment for tipping elements.
However, unlike earlier approaches, which have
their limitations, this more comprehensive frame-
work can provide process-based knowledge from
ESMs on characteristics such as the tipping point
and the tipping timescale.
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3. Extend the framework to include spatially expli-
cit tipping dynamics. In subsequent stages, the
simplified tipping dynamics should be enriched
by incorporating spatially explicit dynamics.
Spatially resolved dynamics are particularly rel-
evant for tipping elements exhibiting basin or
region-specific thresholds, such as the Antarctic
ice sheet (Garbe et al 2020) and the Amazon rain-
forest (Boulton et al 2022), where local feedbacks
can govern the onset and propagation of tipping.
In this way, the phenomenon of fragmented tip-
ping, where only a part of the spatial domain
has transitioned to an alternative state, can be
addressed as well (Bastiaansen et al 2022).

Achieving the rapid reversal in warming needed to
prevent many tipping elements from tipping, requires
substantial net negative emissions. The longer CO,
emission reductions are delayed, the larger net neg-
ative emissions must be. Additionally, the larger the
overshoot, the larger the need for negative emis-
sions and the implications of those for our planet’s
critical biophysical systems. Potential pathways that
overshoot 1.5 °C and return to this level by 2100
with 50% probability require up to five times the
current rates of CDR, which are mainly achieved
through conventional methods such as Afforestation,
Forestry and Other Land Use (Smith et al 2024).
These methods, together with alternatives that would
be required if upscaling is not possible, carry their
own risks and impacts for people and ecosystems
(Heck et al 2018, Pereira et al 2024). Additional feed-
backs have the capacity to impede the reversal of
warming, such as the potential of permafrost thaw-
ing and Amazon rainforest dieback to amplify global
warming (e.g. Deutloff et al 2025) or the weakening of
land carbon sinks under climate change. Therefore,
urgent climate action to minimise tipping risks is
required, also considering additional anthropogenic
pressures, interactions between tipping elements as
well as uncertainties in tipping points and system
timescales. This means that peak overshoot temperat-
ure (below 2.0 °C), overshoot duration (below 1.5 °C
by the end of this century), and long-term warm-
ing stabilisation (at or below 1.0 °C) must be limited
to sufficiently low levels to prevent Earth system ele-
ments from tipping in the short and long term.
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The data and the code that support the find-
ings of this study are openly available at the fol-
lowing URL/DOL:. URL/DOI: https://github.com/
PaulRitchie89/Overshoots_review (Ritchie 2025).
Tipping risk overshoot animation available at
http://doi.org/10.1088/1748-9326/ae3cad/datal.


https://github.com/PaulRitchie89/Overshoots_review
https://github.com/PaulRitchie89/Overshoots_review
http://doi.org/10.1088/1748-9326/ae3cad/data1

10P Publishing

Environ. Res. Lett. 21 (2026) 043001

Acknowledgments

This review article has been carried out within the
framework of the Global Tipping Points Report 2025.
P D L R acknowledges support from the European
Union’s Horizon Europe research and innovation
programme under Grant Agreement No. 101137601
(ClimTip): Funded by the European Union. This is
ClimTip contribution #137. PD LR, CH, T M
L and D S also acknowledge support by the UK
Advanced Research and Invention Agency (ARIA)
via the project ‘AdvanTip’ and D S via the Project
‘SORTED. N W is grateful for funding support
from the Center for Critical Computational Studies
and the Klaus Tschira Foundation (under the Grant
Agreement ID 25545). N J S has been supported by
the Research Council of Norway through the pro-
ject NAVIGATE (Grant 352142). D S acknowledges
support from the European Union’s Horizon Europe
research and innovation programme under Grant
Agreement No. 101137673 (TipESM) funded by the
European Union. ] F A acknowledges support from
the PREDICT project which has received funding
from the European Space Agency (ESA) under ESA
Contract No. 4000146344/24/1-LR.J F A also acknow-
ledges support from the Earth Commission, which
is hosted by Future Earth. C Q acknowledges sup-
port from the Australian Research Council under
Discovery Early Career Researcher Award Project
Number DE250101025. K L-G acknowledges the
Irene Curie fellowship of the Eindhoven University
of Technology. T M acknowledges financial support
by the Luxembourgish Fond National de la Recherche
(FNR) (under the AFR PhD Grant 18824314). N B
acknowledges support from the Research Council of
Norway (Project Number 314570).

Conflict of interest
The authors declare no competing financial interests.
Author contributions

Paul D L Ritchie @ 0000-0002-7649-2991
Conceptualization (equal), Formal analysis (lead),
Project administration (equal), Supervision (equal),
Visualization (lead), Writing — original draft (equal),
Writing — review & editing (lead)

Norman J Steinert ¢ 0000-0002-2154-5857
Conceptualization (equal), Formal

analysis (supporting), Project

administration (equal), Supervision (equal),
Visualization (supporting), Writing — original
draft (equal), Writing — review & editing (lead)

Jesse F Abrams @ 0000-0003-0411-8519
Writing — original draft (equal), Writing — review &
editing (supporting)

19

P D L Ritchie et al

Hassan Alkhayuon @ 0000-0001-8117-4907
Writing — original draft (equal), Writing — review &
editing (supporting)

Constantin W Arnscheidt @ 0000-0002-0791-1814
Writing — original draft (equal), Writing — review &
editing (supporting)

Nils Bochow @ 0000-0003-4578-5780
Writing — original draft (equal), Writing — review &
editing (supporting)

Ruth R Chapman @ 0000-0002-7927-325X
Writing — original draft (equal), Writing — review &
editing (supporting)

Joseph Clarke @ 0000-0002-6250-1543
Writing — original draft (equal), Writing — review &
editing (supporting)

Donovan P Dennis (2 0000-0002-5423-7703
Writing — original draft (equal), Writing — review &
editing (supporting)

Jonathan F Donges @ 0000-0001-5233-7703
Writing — original draft (equal), Writing — review &
editing (supporting)

Bernardo M Flores @ 0000-0003-4555-5598
Writing — original draft (equal), Writing — review &
editing (supporting)

Julius Garbe @ 0000-0003-3140-3307
Writing — original draft (equal), Writing — review &
editing (supporting)

Annika Hogner (& 0000-0002-4178-9664
Writing — original draft (equal), Writing — review &
editing (supporting)

Chris Huntingford @ 0000-0002-5941-7770
Writing — original draft (equal), Writing — review &
editing (supporting)

Timothy M Lenton @ 0000-0002-6725-7498
Conceptualization (supporting), Writing — original
draft (equal), Writing — review &

editing (supporting)

Johannes Lohmann 0000-0002-6323-6243
Writing — original draft (equal), Writing — review &
editing (supporting)

Kerstin Lux-Gottschalk @ 0000-0001-8412-2707
Writing — original draft (equal), Writing — review &
editing (supporting)

Manjana Milkoreit @ 0000-0002-7862-3561
Writing — original draft (equal), Writing — review &
editing (supporting)

Tessa Moller @ 0000-0001-7757-1985
Writing — original draft (equal), Writing — review &
editing (supporting)


https://orcid.org/0000-0002-7649-2991
https://orcid.org/0000-0002-7649-2991
https://orcid.org/0000-0002-2154-5857
https://orcid.org/0000-0002-2154-5857
https://orcid.org/0000-0003-0411-8519
https://orcid.org/0000-0003-0411-8519
https://orcid.org/0000-0001-8117-4907
https://orcid.org/0000-0001-8117-4907
https://orcid.org/0000-0002-0791-1814
https://orcid.org/0000-0002-0791-1814
https://orcid.org/0000-0003-4578-5780
https://orcid.org/0000-0003-4578-5780
https://orcid.org/0000-0002-7927-325X
https://orcid.org/0000-0002-7927-325X
https://orcid.org/0000-0002-6250-1543
https://orcid.org/0000-0002-6250-1543
https://orcid.org/0000-0002-5423-7703
https://orcid.org/0000-0002-5423-7703
https://orcid.org/0000-0001-5233-7703
https://orcid.org/0000-0001-5233-7703
https://orcid.org/0000-0003-4555-5598
https://orcid.org/0000-0003-4555-5598
https://orcid.org/0000-0003-3140-3307
https://orcid.org/0000-0003-3140-3307
https://orcid.org/0000-0002-4178-9664
https://orcid.org/0000-0002-4178-9664
https://orcid.org/0000-0002-5941-7770
https://orcid.org/0000-0002-5941-7770
https://orcid.org/0000-0002-6725-7498
https://orcid.org/0000-0002-6725-7498
https://orcid.org/0000-0002-6323-6243
https://orcid.org/0000-0002-6323-6243
https://orcid.org/0000-0001-8412-2707
https://orcid.org/0000-0001-8412-2707
https://orcid.org/0000-0002-7862-3561
https://orcid.org/0000-0002-7862-3561
https://orcid.org/0000-0001-7757-1985
https://orcid.org/0000-0001-7757-1985

10P Publishing

Environ. Res. Lett. 21 (2026) 043001

Paul Pearce-Kelly 2 0000-0003-2356-7061
Writing — original draft (equal), Writing — review &
editing (supporting)

Laura Pereira 2 0000-0002-4996-7234
Writing — original draft (equal), Writing — review &
editing (supporting)

Courtney Quinn €2 0000-0001-5298-5233
Writing — original draft (equal), Writing — review &
editing (supporting)

Carl-Friedrich Schleussner @ 0000-0001-8471-848X
Writing — original draft (equal), Writing — review &
editing (supporting)

Simone M Stuenzi @2 0000-0002-6071-289X
Writing — original draft (equal), Writing — review &
editing (supporting)

Didier Swingedouw @ 0000-0002-0583-0850
Writing — original draft (equal), Writing — review &
editing (supporting)

Larissa N Van der Laan (2 0000-0002-8892-9011
Writing — original draft (equal), Writing — review &
editing (supporting)

Kirsten Zickfeld € 0000-0001-8866-6541
Writing — original draft (equal), Writing — review &
editing (supporting)

Nico Wunderling @ 0000-0002-3566-323X
Conceptualization (equal), Formal analysis (lead),
Project administration (equal), Supervision (equal),
Visualization (lead), Writing — original draft (equal),
Writing — review & editing (lead)

References

Abram N J et al 2025 Emerging evidence of abrupt changes in the
Antarctic environment Nature 644 621-33

Abrams J F et al 2023 Committed global warming risks triggering
multiple climate tipping points Earth’s Future
11 e2022EF003250

Alfaro-Sanchez R, Richardson A D, Smith S L, Johnstone J F,
Turetsky M R, Cumming S G, Le Moine ] M and Baltzer J L
2024 Permafrost instability negates the positive impact of
warming temperatures on boreal radial growth Proc. Natl
Acad. Sci. 121 e2411721121

Alkhayuon H M and Ashwin P 2018 Rate-induced tipping from
periodic attractors: partial tipping and connecting orbits
Chaos Interdiscip. J. Nonlinear Sci. 28 033608

Alkhayuon H, Ashwin P, Jackson L C, Quinn C and Wood R A
2019 Basin bifurcations, oscillatory instability and
rate-induced thresholds for Atlantic meridional overturning
circulation in a global oceanic box model Proc. R. Soc. A
475 20190051

Alkhayuon H, Tyson R C and Wieczorek S 2021 Phase tipping:
how cyclic ecosystems respond to contemporary climate
Proc. R. Soc. A 477 20210059

Allen M R, Frame D J, Huntingford C, Jones C D, Lowe J A,
Meinshausen M and Meinshausen N 2009 Warming caused
by cumulative carbon emissions towards the trillionth tonne
Nature 458 1163-6

Anderson G D 2025 Recovery of coral cover at Lizard island
Australia 6 years post-disturbance Front. Mar. Sci.
11 1509455

20

P D L Ritchie et al

Armstrong Mckay D I, Staal A, Abrams ] F, Winkelmann R,
Sakschewski B, Loriani S, Fetzer I, Cornell S E, Rockstrém J
and Lenton T M 2022 Exceeding 1.5 C global warming could
trigger multiple climate tipping points Science 377 eabn7950

Ashwin P, Bastiaansen R, von der Heydt A S and Ritchie P 2025
Early warning skill, extrapolation and tipping for
accelerating cascades Proc. A 481 20250405

Ashwin P and Newman J 2021 Physical invariant measures and
tipping probabilities for chaotic attractors of asymptotically
autonomous systems Eur. Phys. J. Special Top. 230 3235-48

Bartels N, Dilernia N J, Howlett L and Camp E F 2023 Stress event
for “super corals” in Great Barrier Reef mangrove lagoon
Mar. Biodiver. 53 64

Bastiaansen R, Ashwin P and von der Heydt A S 2023 Climate
response and sensitivity: time scales and late tipping points
Proc. R. Soc. A 479 20220483

Bastiaansen R, Dijkstra H A and von der Heydt A S 2022
Fragmented tipping in a spatially heterogeneous world
Environ. Res. Lett. 17 045006

Bauer N et al 2023 Exploring risks and benefits of overshooting a
1.5 C carbon budget over space and time Environ. Res. Lett.
18 054015

Bdolach T, Kurths J and Yanchuk S 2025 Tipping in an adaptive
climate network model Chaos Interdiscip. J. Nonlinear Sci. 35
053157

Ben-Yami M, Morr A, Bathiany S and Boers N 2024 Uncertainties
too large to predict tipping times of major Earth system
components from historical data Sci. Adv. 10 eadl4841

Ben-Yami M, Skiba V, Bathiany S and Boers N 2023 Uncertainties
in critical slowing down indicators of observation-based
fingerprints of the Atlantic overturning circulation Nat.
Commun. 14 8344

Berner L T and Goetz S J 2022 Satellite observations document
trends consistent with a boreal forest biome shift Glob.
Change Biol. 28 3275-92

Beusch L, Nicholls Z, Gudmundsson L, Hauser M,

Meinshausen M and Seneviratne S I 2021 From emission
scenarios to spatially resolved projections with a chain of
computationally efficient emulators: MAGICC (v7.
5.1)-MESMER (v0. 8.1) coupling Geosci. Model. Dev.
Discuss. 2021 1-26

Bevacqua E, Schleussner C F and Zscheischler ] 2025 A year above
1.5° C signals that Earth is most probably within the 20-year
period that will reach the Paris Agreement limit Nat. Clim.
Change 15 1-4

Bjordal J, Storelvmo T, Alterskjer K and Carlsen T 2020
Equilibrium climate sensitivity above 5 °C plausible
due to state-dependent cloud feedback Nat. Geosci.

13 718-21

Blackburn T, Edwards G H, Tulaczyk S, Scudder M, Piccione G,
Hallet B, McLean N, Zachos ] C, Cheney B and Babbe J T
2020 Ice retreat in Wilkes Basin of East Antarctica during a
warm interglacial Nature 583 554-9

Bochow N and Boers N 2023 The South American monsoon
approaches a critical transition in response to deforestation
Sci. Adv. 9 eadd9973

Bochow N, Poltronieri A, Robinson A, Montoya M, Rypdal M and
Boers N 2023 Overshooting the critical threshold for the
Greenland ice sheet Nature 622 528-36

Boers N 2021 Observation-based early-warning signals for a
collapse of the Atlantic Meridional overturning circulation
Nat. Clim. Change 11 680—8

Boers N, Liu T, Bathiany S, Ben-Yami M, Blaschke L L, Bochow N
and Smith T 2025 Destabilization of Earth system tipping
elements Nat. Geosci. 18 1-12

Boers N, Marwan N, Barbosa H M ] and Kurths J 2017 A
deforestation-induced tipping point for the South American
monsoon system Sci. Rep. 7 41489

Boers N and Rypdal M 2021 Critical slowing down suggests that
the western Greenland Ice Sheet is close to a tipping point
Proc. Natl Acad. Sci. 118 €2024192118

Born A and Stocker T F 2014 Two stable equilibria of the Atlantic
subpolar gyre J. Phys. Oceanogr. 44 24664


https://orcid.org/0000-0003-2356-7061
https://orcid.org/0000-0003-2356-7061
https://orcid.org/0000-0002-4996-7234
https://orcid.org/0000-0002-4996-7234
https://orcid.org/0000-0001-5298-5233
https://orcid.org/0000-0001-5298-5233
https://orcid.org/0000-0001-8471-848X
https://orcid.org/0000-0001-8471-848X
https://orcid.org/0000-0002-6071-289X
https://orcid.org/0000-0002-6071-289X
https://orcid.org/0000-0002-0583-0850
https://orcid.org/0000-0002-0583-0850
https://orcid.org/0000-0002-8892-9011
https://orcid.org/0000-0002-8892-9011
https://orcid.org/0000-0001-8866-6541
https://orcid.org/0000-0001-8866-6541
https://orcid.org/0000-0002-3566-323X
https://orcid.org/0000-0002-3566-323X
https://doi.org/10.1038/s41586-025-09349-5
https://doi.org/10.1038/s41586-025-09349-5
https://doi.org/10.1029/2022EF003250
https://doi.org/10.1029/2022EF003250
https://doi.org/10.1073/pnas.2411721121
https://doi.org/10.1073/pnas.2411721121
https://doi.org/10.1063/1.5000418
https://doi.org/10.1063/1.5000418
https://doi.org/10.1098/rspa.2019.0051
https://doi.org/10.1098/rspa.2019.0051
https://doi.org/10.1098/rspa.2021.0059
https://doi.org/10.1098/rspa.2021.0059
https://doi.org/10.1038/nature08019
https://doi.org/10.1038/nature08019
https://doi.org/10.3389/fmars.2024.1509455
https://doi.org/10.3389/fmars.2024.1509455
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1098/rspa.2025.0405
https://doi.org/10.1098/rspa.2025.0405
https://doi.org/10.1140/epjs/s11734-021-00114-z
https://doi.org/10.1140/epjs/s11734-021-00114-z
https://doi.org/10.1007/s12526-023-01374-9
https://doi.org/10.1007/s12526-023-01374-9
https://doi.org/10.1098/rspa.2022.0483
https://doi.org/10.1098/rspa.2022.0483
https://doi.org/10.1088/1748-9326/ac59a8
https://doi.org/10.1088/1748-9326/ac59a8
https://doi.org/10.1088/1748-9326/accd83
https://doi.org/10.1088/1748-9326/accd83
https://doi.org/10.1063/5.0256156
https://doi.org/10.1063/5.0256156
https://doi.org/10.1126/sciadv.adl4841
https://doi.org/10.1126/sciadv.adl4841
https://doi.org/10.1038/s41467-023-44046-9
https://doi.org/10.1038/s41467-023-44046-9
https://doi.org/10.1111/gcb.16121
https://doi.org/10.1111/gcb.16121
https://doi.org/10.5194/gmd-15-2085-2022
https://doi.org/10.5194/gmd-15-2085-2022
https://doi.org/10.1038/s41558-025-02246-9
https://doi.org/10.1038/s41558-025-02246-9
https://doi.org/10.1038/s41561-020-00649-1
https://doi.org/10.1038/s41561-020-00649-1
https://doi.org/10.1038/s41586-020-2484-5
https://doi.org/10.1038/s41586-020-2484-5
https://doi.org/10.1126/sciadv.add9973
https://doi.org/10.1126/sciadv.add9973
https://doi.org/10.1038/s41586-023-06503-9
https://doi.org/10.1038/s41586-023-06503-9
https://doi.org/10.1038/s41558-021-01097-4
https://doi.org/10.1038/s41558-021-01097-4
https://doi.org/10.1038/s41561-025-01787-0
https://doi.org/10.1038/s41561-025-01787-0
https://doi.org/10.1038/srep41489
https://doi.org/10.1038/srep41489
https://doi.org/10.1073/pnas.2024192118
https://doi.org/10.1073/pnas.2024192118
https://doi.org/10.1175/JPO-D-13-073.1
https://doi.org/10.1175/JPO-D-13-073.1

10P Publishing

Environ. Res. Lett. 21 (2026) 043001

Boulton C A, Lenton T M and Boers N 2022 Pronounced loss of
Amazon rainforest resilience since the early 2000s Nat. Clim.
Change 12 271-8

Bradshaw C ] and Warkentin I G 2015 Global estimates of boreal
forest carbon stocks and flux Glob. Planet Change 128 24-30

Brando P M et al 2025 Tipping points of Amazonian forests:
beyond Myths and toward solutions Annu. Rev. Environ.
Resour. 50 97-131

Breyer C, Keiner D, Abbott B W, Bamber J L, Creutzig F,
Gerhards C, Mithlbauer A, Nemet G F and Terli O 2023
Proposing a 1.0 C climate target for a safer future PLoS
Clim. 2 0000234

Budd C and Kuske R 2024 Dynamic tipping and cyclic folds, in a
one-dimensional non-smooth dynamical system linked to
climate models Physica D 457 133949

Bustamante M et al 2023 Ten new insights in climate science 2023
Glob. Sustain. 7 e19

Byrne M et al 2025 Catastrophic bleaching in protected reefs of
the Southern Great Barrier Reef Limnol. Oceanogr. Lett.

10 340-8

Camp E F, Schoepf V, Mumby P ], Hardtke L A,

Rodolfo-Metalpa R, Smith D J and Suggett D J 2018 The
future of coral reefs subject to rapid climate change: lessons
from natural extreme environments Front. Mar. Sci. 5 4

IPCC AR6 WGI Canadell ] G et al 2021 Global carbon and other
biogeochemical cycles and feedbacks Climate Change 2021:
The Physical Science Basis. Contribution of Working Group I
to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change ed V Masson-Delmotte et al (Cambridge
University Press) ch 5, pp 673-816

Ceppi P and Nowack P 2021 Observational evidence that cloud
feedback amplifies global warming PNAS 118 2026290118

Chandler D M, Langebroek P M, Reese R, Albrecht T, Garbe J and
Winkelmann R 2025 Antarctic Ice Sheet tipping in the last
800,000 years warns of future ice loss Commun. Earth
Environ. 6 420

Chapman R, Sinet S and Ritchie P D 2024 Tipping mechanisms in
a conceptual model of the Atlantic meridional overturning
circulation Weather 79 316-23

Clark P U et al 2016 Consequences of twenty-first-century policy
for multi-millennial climate and sea-level change Nat. Clim.
Change 6 360-9

Climate Action Tracker 2025 Warming projections global update.
Little change in warming outlook for four years; new 2035
climate targets make no difference (available at: https://
climateactiontracker.org/publications/warming-projections-
global-update-2025/) (Accessed 20 November 2025)

Cooley S, Schoeman D, Bopp L, Boyd P, Donner S, Kiessling W
and Simmons C T 2023 Oceans and Coastal Ecosystems and
Their Services. Contribution of Working Group II to the Sixth
Assessment Report of the Intergovernmental Panel on Climate
Change ed H-O Portner et al (Cambridge University Press)
pp 379-550

Corner § et al 2023 The zero emissions commitment and climate
stabilization Front. Sci. 1 1170744

Cox P M, Betts R A, Collins M, Harris P P, Huntingford C and
Jones C D 2004 Amazonian forest dieback under
climate-carbon cycle projections for the 21st century Theor.
Appl. Climatol. 78 137-56

Cox P M, Betts R A, Jones C D, Spall S A and Totterdell I ] 2000
Acceleration of global warming due to carbon-cycle
feedbacks in a coupled climate model Nature 408 184-7

de Vrese P and Brovkin V 2021 Timescales of the permafrost
carbon cycle and legacy effects of temperature overshoot
scenarios Nat. Commun. 12 2688

DeConto R M et al 2021 The Paris Climate Agreement and future
sea-level rise from Antarctica Nature 593 83-89

Dekker M M, Von Der Heydt A S and Dijkstra H A 2018
Cascading transitions in the climate system Earth Syst. Dyn.
9 1243-60

Deutloff ], Held H and Lenton T M 2025 High probability of
triggering climate tipping points under current policies

21

P D L Ritchie et al

modestly amplified by Amazon dieback and permafrost
thaw Earth Syst. Dyn. 16 565-83

Devlin M ] 2022 Coral reefs: the good and not so good news with
future bright and dark spots for coral reefs through climate
change Glob. Change Biol. 28 4506

Diaz S, Settele J, Brondizio E S, Ngo H T, Gueze M, Agard J and
Zayas C 2019 Summary for policymakers of the global
assessment report on biodiversity and ecosystem services of
the Intergovernmental science-policy platform on
biodiversity and ecosystem services Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services

Dijkstra H A 2013 Nonlinear Climate Dynamics (Cambridge
University Press)

Dijkstra H A 2024 The role of conceptual models in climate
research Physica D 457 133984

Ditlevsen P and Ditlevsen S 2023 Warning of a forthcoming
collapse of the Atlantic meridional overturning circulation
Nat. Commun. 14 1-12

Dixon A M, Forster P M, Heron S F, Stoner A M K, Beger M and
Storto A 2022 Future loss of local-scale thermal refugia in
coral reef ecosystems PLoS Clim. 1 e0000004

Donner S D and Carilli ] 2019 Resilience of Central Pacific reefs
subject to frequent heat stress and human disturbance Sci.
Rep. 9 3484

Drouet L ef al 2021 Net zero-emission pathways reduce the
physical and economic risks of climate change Nat. Clim.
Change 11 1070-6

Dubé C E, Pogoreutz C, Reverter M, Boitel C, Mills S C, Aqua A
and Brahmi C 2025 Bleaching of reef organisms: current
knowledge, challenges, and future directions into the
Anthropocene Future Coral Reefs 21 41-72

Ehlert D and Zickfeld K 2018 Irreversible ocean thermal
expansion under carbon dioxide removal Earth Syst. Dyn.
9197-210

Espinoza J-C, Jimenez J C, Marengo ] A, Schongart J, Ronchail J,
Lavado-Casimiro W and Ribeiro ] V M 2024 The new record
of drought and warmth in the Amazon in 2023 related to
regional and global climatic features Sci. Rep. 14 8107

Eyring V, Bony S, Meehl G A, Senior C A, Stevens B, Stouffer R ]
and Taylor K E 2016 Overview of the Coupled Model
Intercomparison Project Phase 6 (CMIP6) experimental
design and organization Geosci. Model. Dev. 9 193758

Falkena S K and von der Heydt A S 2024 Subpolar gyre variability
in CMIP6 models: is there a mechanism for bistability?
(arXiv:2408.16541)

Faure Ragani A and Dijkstra H A 2025 Physical characterization
of the boundary separating safe and unsafe AMOC
overshoot behavior Earth Syst. Dyn. 16 1287-301

IPCC AR5 WGI Flato G et al 2013 Evaluation of climate models
Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change ed
T F Stocker et al (Cambridge University Press) ch 9, pp
741-866

Flores B M et al 2024 Critical transitions in the Amazon forest
system Nature 626 555-64

Forster P M et al 2025 Indicators of Global climate change 2024:
annual update of key indicators of the state of the climate
system and human influence Earth Syst. Sci. Data Discuss.
17 1-72

Friedlingstein P, O’sullivan M, Jones M W, Andrew R M, Hauck J,
Landschiitzer P and Zeng J 2025 Global carbon budget 2024
Earth Syst. Sci. Data 17 965-1039

Frieler K, Meinshausen M, Golly A, Mengel M, Lebek K,

Donner S D and Hoegh-Guldberg O 2013 Limiting global
warming to 2 C is unlikely to save most coral reefs Nat.
Clim. Change 3 165-70

Friend A D, Stevens A K, Knox R G and Cannell M G R 1997 A
process-based, terrestrial biosphere model of ecosystem
dynamics (Hybrid v3. 0) Ecol. Model. 95 249-87

Fuglestvedt J, Rogelj J, Millar R J, Allen M, Boucher O, Cain M,
Forster P M, Kriegler E and Shindell D 2018 Implications of


https://doi.org/10.1038/s41558-022-01287-8
https://doi.org/10.1038/s41558-022-01287-8
https://doi.org/10.1016/j.gloplacha.2015.02.004
https://doi.org/10.1016/j.gloplacha.2015.02.004
https://doi.org/10.1146/annurev-environ-111522-112804
https://doi.org/10.1146/annurev-environ-111522-112804
https://doi.org/10.1371/journal.pclm.0000234
https://doi.org/10.1371/journal.pclm.0000234
https://doi.org/10.1016/j.physd.2023.133949
https://doi.org/10.1016/j.physd.2023.133949
https://doi.org/10.1017/sus.2023.25
https://doi.org/10.1017/sus.2023.25
https://doi.org/10.1002/lol2.10456
https://doi.org/10.1002/lol2.10456
https://doi.org/10.3389/fmars.2018.00004
https://doi.org/10.3389/fmars.2018.00004
https://doi.org/10.1017/9781009157896.007
https://doi.org/10.1073/pnas.2026290118
https://doi.org/10.1073/pnas.2026290118
https://doi.org/10.1038/s43247-025-02366-2
https://doi.org/10.1038/s43247-025-02366-2
https://doi.org/10.1002/wea.7609
https://doi.org/10.1002/wea.7609
https://doi.org/10.1038/nclimate2923
https://doi.org/10.1038/nclimate2923
https://climateactiontracker.org/publications/warming-projections-global-update-2025/
https://climateactiontracker.org/publications/warming-projections-global-update-2025/
https://climateactiontracker.org/publications/warming-projections-global-update-2025/
https://doi.org/10.1017/9781009325844.005
https://doi.org/10.3389/fsci.2023.1170744
https://doi.org/10.3389/fsci.2023.1170744
https://doi.org/10.1007/s00704-004-0049-4
https://doi.org/10.1007/s00704-004-0049-4
https://doi.org/10.1038/35041539
https://doi.org/10.1038/35041539
https://doi.org/10.1038/s41467-021-23010-5
https://doi.org/10.1038/s41467-021-23010-5
https://doi.org/10.1038/s41586-021-03427-0
https://doi.org/10.1038/s41586-021-03427-0
https://doi.org/10.5194/esd-9-1243-2018
https://doi.org/10.5194/esd-9-1243-2018
https://doi.org/10.5194/esd-16-565-2025
https://doi.org/10.5194/esd-16-565-2025
https://doi.org/10.1111/gcb.16271
https://doi.org/10.1111/gcb.16271
https://doi.org/10.1016/j.physd.2023.133984
https://doi.org/10.1016/j.physd.2023.133984
https://doi.org/10.1038/s41467-023-39810-w
https://doi.org/10.1038/s41467-023-39810-w
https://doi.org/10.1371/journal.pclm.0000004
https://doi.org/10.1371/journal.pclm.0000004
https://doi.org/10.1038/s41598-019-40150-3
https://doi.org/10.1038/s41598-019-40150-3
https://doi.org/10.1038/s41558-021-01218-z
https://doi.org/10.1038/s41558-021-01218-z
https://doi.org/10.1007/978-3-031-98584-3_4
https://doi.org/10.1007/978-3-031-98584-3_4
https://doi.org/10.5194/esd-9-197-2018
https://doi.org/10.5194/esd-9-197-2018
https://doi.org/10.1038/s41598-024-58782-5
https://doi.org/10.1038/s41598-024-58782-5
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://arxiv.org/abs/2408.16541
https://doi.org/10.5194/esd-16-1287-2025
https://doi.org/10.5194/esd-16-1287-2025
https://doi.org/10.1017/CBO9781107415324.020
https://doi.org/10.1038/s41586-023-06970-0
https://doi.org/10.1038/s41586-023-06970-0
https://doi.org/10.5194/essd-17-2641-2025
https://doi.org/10.5194/essd-17-2641-2025
https://doi.org/10.5194/essd-17-965-2025
https://doi.org/10.5194/essd-17-965-2025
https://doi.org/10.1038/nclimate1674
https://doi.org/10.1038/nclimate1674
https://doi.org/10.1016/S0304-3800(96)00034-8
https://doi.org/10.1016/S0304-3800(96)00034-8

10P Publishing

Environ. Res. Lett. 21 (2026) 043001

possible interpretations of ‘greenhouse gas balance’in the
Paris Agreement Phil. Trans. R. Soc. A 376 20160445

Garbe J, Albrecht T, Levermann A, Donges J F and Winkelmann R
2020 The hysteresis of the Antarctic ice sheet Nature
585 538-44

Gasser T, Kechiar M, Ciais P, Burke E J, Kleinen T, Zhu D,
Huang Y, Ekici A and Obersteiner M 2018 Path-dependent
reductions in CO; emission budgets caused by permafrost
carbon release Nat. Geosci. 11 830-5

Gatti L V et al 2021 Amazonia as a carbon source linked to
deforestation and climate change Nature 595 388-93

Gauthier S, Bernier P, Kuuluvainen T, Shvidenko A Z and
Schepaschenko D G 2015 Boreal forest health and global
change Science 349 819-22

Gidden M J et al 2025 A prudent planetary limit for geologic
carbon storage Nature 645 124-32

Goreau T J and Hayes R L 2024 2023 Record marine heat waves:
coral reef bleaching HotSpot maps reveal global sea surface
temperature extremes, coral mortality, and ocean circulation
changes Oxford Open Clim. Change 4 kgae005

Gottwald G A and Gugole F 2020 Detecting regime transitions in
time series using dynamic mode decomposition J. Stat.
Mech. 179 1028-45

Gregory ] M, George S E and Smith R § 2020 Large and
irreversible future decline of the Greenland ice sheet The
Cryosphere 14 4299-322

Greiner A, Darling E S, Wenger A, Krkosek M and Fortin M ] 2025
Identifying priority stepping stone reefs to maintain global
networks of connected coral reefs bioRxiv 2025-08

Gupta J et al 2024 A just world on a safe planet: a lancet planetary
health—earth commission report on earth-system
boundaries, translations, and transformations Lancet Planet
Health 8 e813—¢873

Hansen J ef al 2013 Assessing “dangerous climate change”:
required reduction of carbon emissions to protect young
people, future generations and nature PLoS One
8 81648

Hawkins E, Smith R S, Allison L C, Gregory ] M, Woollings T J,
Pohlmann H and De Cuevas B 2011 Bistability of the
Atlantic overturning circulation in a global climate model
and links to ocean freshwater transport Geophys. Res. Lett.
38 L10605

Heck V, Donges ] F and Lucht W 2016 Collateral transgression of
planetary boundaries due to climate engineering by
terrestrial carbon dioxide removal Earth Syst. Dyn.
7 783-96

Heck V, Gerten D, Lucht W and Popp A 2018 Biomass-based
negative emissions difficult to reconcile with planetary
boundaries Nat. Clim. Change 8 151-5

Hirschi J J-M et al 2020 The Atlantic meridional overturning
circulation in high-resolution models J. Geophys. Res.
Oceans 125 ¢2019]C015522

Hoegh-Guldberg O, Kennedy E V, Beyer H L, McClennen C and
Possingham H P 2018 Securing a long-term future for coral
reefs Trends. Ecol. Evol. 33 936-44

Hoéning D, Willeit M, Calov R, Klemann V, Bagge M and
Ganopolski A 2023 Multistability and transient response of
the Greenland ice sheet to anthropogenic CO, emissions
Geophys. Res. Lett. 50 €2022GL101827

Honing D, Willeit M and Ganopolski A 2024 Reversibility of
Greenland ice sheet mass loss under artificial carbon dioxide
removal scenarios Environ. Res. Lett. 19 024038

Hourdin F et al 2017 The art and science of climate model tuning
Bull. Am. Meteorol. Soc. 98 589-602

Huang Y, Bathiany S, Ashwin P and Boers N 2024 Deep learning
for predicting rate-induced tipping Nat. Mach. Intell.
6 1556-65

Hughes T P et al 2018 Global warming transforms coral reef
assemblages Nature 556 492—6

IPCC AR6 WGI-SPM 2021 Summary for Policymakers Climate
Change 2021: The Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change ed

22

P D L Ritchie et al

V Masson-Delmotte et al (Cambridge University Press) pp
3-32

IPCC AR6 WGII-SPM 2022 Summary for Policymakers Climate
Change 2022: Impacts, Adaptation, and Vulnerability.
Contribution of Working Group II to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change ed
H-O Portner et al (Cambridge University Press) pp 3-33

IPCC AR6 WGIII-SPM 2022 Summary for Policymakers. In:
Climate Change 2022: Mitigation of Climate Change.
Contribution of Working Group III to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change ed
P R Shukla et al (Cambridge University Press) (https://doi.
org/10.1017/9781009157926.001)

IPCC SR1.5-SPM 2018 Summary for Policymakers Global
Warming of 1.5 °C. An IPCC Special Report on the Impacts of
Global Warming of 1.5 ° C above Pre-industrial Levels and
Related Global Greenhouse Gas Emission Pathways, in the
Context of Strengthening the Global Response to the Threat of
Climate Change, Sustainable Development, and Efforts to
Eradicate Poverty ed V Masson-Delmotte et al (Cambridge
University Press) pp 3-24

Jackson L C, Hewitt H T, Bruciaferri D, Calvert D, Graham T,
Guiavarc’h C, Menary M B, New A L, Roberts M and
Storkey D 2023 Challenges simulating the AMOC in climate
models Phil. Trans. R. Soc. A 381 20220187

Ji D, Cui M, Chen Y and Dai Y 2025 Permafrost response in
northern high-latitude regions to 1.5 C warming and
overshoot scenarios achieved via solar radiation
modification J. Geophys. Res. Atmos. 130 €2024]JD041772

Jiménez-Muiioz J C, Mattar C, Barichivich J,

Santamaria-Artigas A, Takahashi K, Malhi Y, Sobrino J A
and Schrier G V D 2016 Record-breaking warming and
extreme drought in the Amazon rainforest during the course
of El Nifio 2015-2016 Sci. Rep. 6 33130

Jones C D et al 2019 The zero emissions commitment model
intercomparison project (ZECMIP) contribution to C4MIP:
quantifying committed climate changes following zero
carbon emissions Geosci. Model. Dev. 12 4375-85

Jones C D and Friedlingstein P 2020 Quantifying process-level
uncertainty contributions to TCRE and carbon budgets for
meeting Paris Agreement climate targets Environ. Res. Lett.
15074019

Kalmus P, Ekanayaka A, Kang E, Baird M and Gierach M 2022
Past the precipice? Projected coral habitability under global
heating Earth’s Future 10 e2021EF002608

Kaufhold C, Willeit M, Talento S, Ganopolski A and Rockstrém J
2025 Interplay between climate and carbon cycle feedbacks
could substantially enhance future warming Environ. Res.
Lett. 20 044027

Ke P et al 2024 Low latency carbon budget analysis reveals a large
decline of the land carbon sink in 2023 Natl Sci. Rev.

11 nwae367

Kikstra J S et al 2022 The IPCC sixth assessment report WGIII
climate assessment of mitigation pathways: from emissions
to global temperatures Geosci. Model. Dev. 15 9075-109

Kim I-W, Timmermann A, Kim J-E, Rodgers K B, Lee S-S, Lee H
and Wieder W R 2024 Abrupt increase in Arctic-Subarctic
wildfires caused by future permafrost thaw Nat. Commun.
15 7868

Kim S-K, Shin J, An S-I, Kim H-J, Im N, Xie S-P, Kug J-S and
Yeh S-W 2022 Widespread irreversible changes in surface
temperature and precipitation in response to CO, forcing
Nat. Clim. Change 12 834-40

Klein S G, Roch C and Duarte C M 2024 Systematic review of the
uncertainty of coral reef futures under climate change Nat.
Commun. 15 2224

Klose A K, Coulon V, Pattyn F and Winkelmann R 2024a The
long-term sea-level commitment from Antarctica The
Cryosphere 18 4463-92

Klose A K, Donges J F, Feudel U and Winkelmann R 2024b
Rate-induced tipping cascades arising from interactions
between the Greenland ice sheet and the Atlantic meridional
overturning circulation Earth Syst. Dyn. 15 635-52


https://doi.org/10.1098/rsta.2016.0445
https://doi.org/10.1098/rsta.2016.0445
https://doi.org/10.1038/s41586-020-2727-5
https://doi.org/10.1038/s41586-020-2727-5
https://doi.org/10.1038/s41561-018-0227-0
https://doi.org/10.1038/s41561-018-0227-0
https://doi.org/10.1038/s41586-021-03629-6
https://doi.org/10.1038/s41586-021-03629-6
https://doi.org/10.1126/science.aaa9092
https://doi.org/10.1126/science.aaa9092
https://doi.org/10.1038/s41586-025-09423-y
https://doi.org/10.1038/s41586-025-09423-y
https://doi.org/10.1093/oxfclm/kgae005
https://doi.org/10.1093/oxfclm/kgae005
https://doi.org/10.1007/s10955-019-02392-3
https://doi.org/10.1007/s10955-019-02392-3
https://doi.org/10.5194/tc-14-4299-2020
https://doi.org/10.5194/tc-14-4299-2020
https://doi.org/10.1016/S2542-5196(24)00042-1
https://doi.org/10.1016/S2542-5196(24)00042-1
https://doi.org/10.1371/journal.pone.0081648
https://doi.org/10.1371/journal.pone.0081648
https://doi.org/10.1029/2011GL047208
https://doi.org/10.1029/2011GL047208
https://doi.org/10.5194/esd-7-783-2016
https://doi.org/10.5194/esd-7-783-2016
https://doi.org/10.1038/s41558-017-0064-y
https://doi.org/10.1038/s41558-017-0064-y
https://doi.org/10.1029/2019JC015522
https://doi.org/10.1029/2019JC015522
https://doi.org/10.1016/j.tree.2018.09.006
https://doi.org/10.1016/j.tree.2018.09.006
https://doi.org/10.1029/2022GL101827
https://doi.org/10.1029/2022GL101827
https://doi.org/10.1088/1748-9326/ad2129
https://doi.org/10.1088/1748-9326/ad2129
https://doi.org/10.1175/BAMS-D-15-00135.1
https://doi.org/10.1175/BAMS-D-15-00135.1
https://doi.org/10.1038/s42256-024-00937-0
https://doi.org/10.1038/s42256-024-00937-0
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1038/s41586-018-0041-2
https://doi.org/10.1017/9781009157896.001
https://doi.org/10.1017/9781009325844.001
https://doi.org/10.1017/9781009157926.001
https://doi.org/10.1017/9781009157926.001
https://doi.org/10.1017/9781009157940.001
https://doi.org/10.1098/rsta.2022.0187
https://doi.org/10.1098/rsta.2022.0187
https://doi.org/10.1029/2024JD041772
https://doi.org/10.1029/2024JD041772
https://doi.org/10.1038/srep33130
https://doi.org/10.1038/srep33130
https://doi.org/10.5194/gmd-12-4375-2019
https://doi.org/10.5194/gmd-12-4375-2019
https://doi.org/10.1088/1748-9326/ab858a
https://doi.org/10.1088/1748-9326/ab858a
https://doi.org/10.1029/2021EF002608
https://doi.org/10.1029/2021EF002608
https://doi.org/10.1088/1748-9326/adb6be
https://doi.org/10.1088/1748-9326/adb6be
https://doi.org/10.1093/nsr/nwae367
https://doi.org/10.1093/nsr/nwae367
https://doi.org/10.5194/gmd-15-9075-2022
https://doi.org/10.5194/gmd-15-9075-2022
https://doi.org/10.1038/s41467-024-51471-x
https://doi.org/10.1038/s41467-024-51471-x
https://doi.org/10.1038/s41558-022-01452-z
https://doi.org/10.1038/s41558-022-01452-z
https://doi.org/10.1038/s41467-024-46255-2
https://doi.org/10.1038/s41467-024-46255-2
https://doi.org/10.5194/tc-18-4463-2024
https://doi.org/10.5194/tc-18-4463-2024
https://doi.org/10.5194/esd-15-635-2024
https://doi.org/10.5194/esd-15-635-2024

10P Publishing

Environ. Res. Lett. 21 (2026) 043001

Klose A K, Wunderling N, Winkelmann R and Donges J F 2021
What do we mean, ‘tipping cascade’? Environ. Res. Lett.

16 125011

Knight J and Condron A 2025 Freshwater from Antarctica
mitigates the risk of an AMOC slowdown (available at:
www.researchsquare.com/article/rs-5369100/v1)

Koven C D, Sanderson B M and Swann A L 2023 Much of zero
emissions commitment occurs before reaching net zero
emissions Environ. Res. Lett. 18 014017

Laybourn L, Abrams J F, Benton D, Brown K, Evans J, Elliott J,
Swingedouw D, Lenton T M and Dyke J G 2024 The security
blind spot: cascading climate impacts and tipping points
threaten national security, IPPR (available at: www.ippr.org/
articles/security-blind-spot)

Lenton T M et al 2024 Remotely sensing potential climate change
tipping points across scales Nat. Commun. 15 343

Lenton T M, Held H, Kriegler E, Hall ] W, Lucht W, Rahmstorf S
and Schellnhuber H J 2008 Tipping elements in the Earth’s
climate system Proc. Natl Acad. Sci. 105 1786-93

Lenton T M, Mckay D I A, Loriani S, Abrams J F, Lade S J,
Donges ] F and Rockstrom J 2023 The global tipping points
report 2023 (University of Exeter)

Lenton T M, Milkoreit M, Willcock S, Abrams J F, Mc Kay D L A,
Buxton J E and Wieners C 2025 Global tipping points report
2025

Levermann A and Born A 2007 Bistability of the Atlantic subpolar
gyre in a coarse-resolution climate model Geophys. Res. Lett.
34 124605

Lewis S L, Brando P M, Phillips O L, Van Der Heijden G M F and
Nepstad D 2011 The 2010 Amazon drought Science 331 554

Liu W, Xie S-P, Liu Z and Zhu ] 2017 Overlooked possibility of a
collapsed Atlantic Meridional Overturning Circulation in
warming climate Sci. Adv. 3 1601666

Lohmann J, Castellana D, Ditlevsen P D and Dijkstra H A 2021
Abrupt climate change as rate-dependent cascading tipping
point Earth Syst. Dyn. 12 819-35

Lohmann J, Dijkstra H A, Jochum M, Lucarini V and
Ditlevsen P D 2024a Multistability and intermediate tipping
of the Atlantic Ocean circulation Sci. Adv. 10 eadi4253

Lohmann J and Ditlevsen P D 2021 Risk of tipping the
overturning circulation due to increasing rates of ice melt
PNAS 118 €2017989118

Lohmann J, Wuyts B, Ditlevsen P D and Ashwin P 2024b On the
predictability of possible storylines for forced complex
systems J. Phys. Complex 5 035015

Lovejoy T E and Nobre C 2018 Amazon tipping point Sci. Adv.

4 eaat2340

Lovejoy T E and Nobre C 2019 Amazon tipping point: last chance
for action Sci. Adv. 5 eaba2949

Lux-Gottschalk K and Ritchie P D L 2025 Uncertainty
quantification for overshoots of tipping thresholds Earth
Syst. Dyn. 16 1153-68

MacDougall A H et al 2020 Is there warming in the pipeline? A
multi-model analysis of the Zero Emissions Commitment
from CO; Biogeosciences 17 2987-3016

Malhi Y, Aragao L E O C, Galbraith D, Huntingford C, Fisher R,
Zelazowski P, Sitch S, McSweeney C and Meir P 2009
Exploring the likelihood and mechanism of a
climate-change-induced dieback of the Amazon rainforest
Proc. Natl Acad. Sci. 106 206105

Marengo J A, Cunha A P, Espinoza J-C, Fu R, Schongart J,
Jimenez J C, Costa M C, Ribeiro ] M, Wongchuig S and
Zhao S 2024 The drought of Amazonia in 2023-2024 Am. J.
Clim. Change 13 567-97

Mathison C et al 2025 A rapid-application emissions-to-impacts
tool for scenario assessment: probabilistic regional impacts
from model patterns and emissions (PRIME) Geosci. Model.
Dev. 18 1785-808

Matthews H D, Gillett N P, Stott P A and Zickfeld K 2009 The
proportionality of global warming to cumulative carbon
emissions Nature 459 829-32

23

P D L Ritchie et al

McClanahan T R et al 2024 Diversification of refugia types needed
to secure the future of coral reefs subject to climate change
Conserv. Biol. 38 €14108

McKenna C M, Maycock A C, Forster P M, Smith CJ and
Tokarska K B 2021 Stringent mitigation substantially
reduces risk of unprecedented near-term warming rates Nat.
Clim. Change 11 126-31

Meehl G A, Senior C A, Eyring V, Flato G, Lamarque J-F,

Stouffer R J, Taylor K E and Schlund M 2020 Context for
interpreting equilibrium climate sensitivity and transient
climate response from the CMIP6 Earth system models Sci.
Adv. 6 eabal981

Meinshausen M et al 2024 A perspective on the next generation of
Earth system model scenarios: towards representative
emission pathways (REPs) Geosci. Model. Dev. 17 453359

Melnikova I, Boucher O, Cadule P, Ciais P, Gasser T, Quilcaille Y,
Shiogama H, Tachiiri K, Yokohata T and Tanaka K 2021
Carbon cycle response to temperature overshoot beyond 2
C: an analysis of CMIP6 models Earth’s Future
9 €2020EF001967

Melnikova I, Hajima T, Shiogama H, Hayashi M, Ito A, Nishina K,
Tachiiri K and Yokohata T 2025 Amazon dieback beyond the
21st century under high-emission scenarios by Earth System
models Commun. Earth Environ. 6 670

Mengel M and Levermann A 2014 Ice plug prevents irreversible
discharge from East Antarctica Nat. Clim. Change
4 451-5

Mengel M, Nauels A, Rogelj ] and Schleussner C-F 2018
Committed sea-level rise under the Paris Agreement and
the legacy of delayed mitigation action Nat. Commun.

9601

Moller T, Hogner A E, Schleussner C-F, Bien S, Kitzmann N H,
Lamboll R D, Rogelj ], Donges ] E, Rockstrém J and
Waunderling N 2024 Achieving net zero greenhouse gas
emissions critical to limit climate tipping risks Nat.
Commun. 15 6192

Muiiz-Castillo A I, Rivera-Sosa A, Chollett I, Eakin C M,
Andrade-Goémez L, McField M and Arias-Gonzélez ] E 2019
Three decades of heat stress exposure in Caribbean coral
reefs: a new regional delineation to enhance conservation
Sci. Rep. 911013

Myhre G, Hodnebrog @, Loeb N and Forster P M 2025 Observed
trend in Earth energy imbalance may provide a constraint
for low climate sensitivity models Science 388 1210-3

Nicholls Z R J et al 2020 Reduced complexity model
intercomparison project phase 1: introduction and
evaluation of global-mean temperature response Geosci.
Model. Dev. 13 5175-90

Nijsse F ] M M, Cox P M and Williamson M S 2020 Emergent
constraints on transient climate response (TCR) and
equilibrium climate sensitivity (ECS) from historical
warming in CMIP5 and CMIP6 models Earth Syst. Dyn.

11 737-50

Nitzbon J et al 2024 No respite from permafrost-thaw impacts in
the absence of a global tipping point Nat. Clim. Change
14 573-85

Nobre C A, Sampaio G, Borma L S, Castilla-Rubio J C, Silva ] S
and Cardoso M 2016 Land-use and climate change risks in
the Amazon and the need of a novel sustainable
development paradigm Proc. Natl Acad. Sci. 113 1075968

Noél B, Van Kampenhout L, Lenaerts ] T M, Van de Berg W J and
Van Den Broeke M R 2021 A 21st century warming
threshold for sustained Greenland ice sheet mass loss
Geophys. Res. Lett. 48 €¢2020GL090471

O’Keeffe P E and Wieczorek S 2020 Tipping phenomena and
points of no return in ecosystems: beyond classical
bifurcations STAM J. Appl. Dyn. Syst. 19 2371-402

Oh J-H, An S-I, Shin J and Kug J-S 2022 Centennial memory of
the Arctic Ocean for future Arctic climate recovery in
response to a carbon dioxide removal Earth’s Future
10 e2022EF002804


https://doi.org/10.1088/1748-9326/ac3955
https://doi.org/10.1088/1748-9326/ac3955
https://www.researchsquare.com/article/rs-5369100/v1
https://doi.org/10.1088/1748-9326/acab1a
https://doi.org/10.1088/1748-9326/acab1a
https://www.ippr.org/articles/security-blind-spot
https://www.ippr.org/articles/security-blind-spot
https://doi.org/10.1038/s41467-023-44609-w
https://doi.org/10.1038/s41467-023-44609-w
https://doi.org/10.1073/pnas.0705414105
https://doi.org/10.1073/pnas.0705414105
https://doi.org/10.1029/2007GL031732
https://doi.org/10.1029/2007GL031732
https://doi.org/10.1126/science.1200807
https://doi.org/10.1126/science.1200807
https://doi.org/10.1126/sciadv.1601666
https://doi.org/10.1126/sciadv.1601666
https://doi.org/10.5194/esd-12-819-2021
https://doi.org/10.5194/esd-12-819-2021
https://doi.org/10.1126/sciadv.adi4253
https://doi.org/10.1126/sciadv.adi4253
https://doi.org/10.1073/pnas.2017989118
https://doi.org/10.1073/pnas.2017989118
https://doi.org/10.1088/2632-072X/ad7b95
https://doi.org/10.1088/2632-072X/ad7b95
https://doi.org/10.1126/sciadv.aat2340
https://doi.org/10.1126/sciadv.aat2340
https://doi.org/10.1126/sciadv.aba2949
https://doi.org/10.1126/sciadv.aba2949
https://doi.org/10.5194/esd-16-1153-2025
https://doi.org/10.5194/esd-16-1153-2025
https://doi.org/10.5194/bg-17-2987-2020
https://doi.org/10.5194/bg-17-2987-2020
https://doi.org/10.1073/pnas.0804619106
https://doi.org/10.1073/pnas.0804619106
https://doi.org/10.4236/ajcc.2024.133026
https://doi.org/10.4236/ajcc.2024.133026
https://doi.org/10.5194/gmd-18-1785-2025
https://doi.org/10.5194/gmd-18-1785-2025
https://doi.org/10.1038/nature08047
https://doi.org/10.1038/nature08047
https://doi.org/10.1111/cobi.14108
https://doi.org/10.1111/cobi.14108
https://doi.org/10.1038/s41558-020-00957-9
https://doi.org/10.1038/s41558-020-00957-9
https://doi.org/10.1126/sciadv.aba1981
https://doi.org/10.1126/sciadv.aba1981
https://doi.org/10.5194/gmd-17-4533-2024
https://doi.org/10.5194/gmd-17-4533-2024
https://doi.org/10.1029/2020EF001967
https://doi.org/10.1029/2020EF001967
https://doi.org/10.1038/s43247-025-02606-5
https://doi.org/10.1038/s43247-025-02606-5
https://doi.org/10.1038/nclimate2226
https://doi.org/10.1038/nclimate2226
https://doi.org/10.1038/s41467-018-02985-8
https://doi.org/10.1038/s41467-018-02985-8
https://doi.org/10.1038/s41467-024-49863-0
https://doi.org/10.1038/s41467-024-49863-0
https://doi.org/10.1038/s41598-019-47307-0
https://doi.org/10.1038/s41598-019-47307-0
https://doi.org/10.1126/science.adt0647
https://doi.org/10.1126/science.adt0647
https://doi.org/10.5194/gmd-13-5175-2020
https://doi.org/10.5194/gmd-13-5175-2020
https://doi.org/10.5194/esd-11-737-2020
https://doi.org/10.5194/esd-11-737-2020
https://doi.org/10.1038/s41558-024-02011-4
https://doi.org/10.1038/s41558-024-02011-4
https://doi.org/10.1073/pnas.1605516113
https://doi.org/10.1073/pnas.1605516113
https://doi.org/10.1029/2020GL090471
https://doi.org/10.1029/2020GL090471
https://doi.org/10.1137/19M1242884
https://doi.org/10.1137/19M1242884
https://doi.org/10.1029/2022EF002804
https://doi.org/10.1029/2022EF002804

10P Publishing

Environ. Res. Lett. 21 (2026) 043001

Palter ] B, Frolicher T L, Paynter D and John ] G 2018 Climate,
ocean circulation, and sea level changes under stabilization
and overshoot pathways to 1.5 K warming Earth Syst. Dyn.
9 817-28

Park S-W, Mun J-H, Lee H, Steinert N J, An S-I, Shin J and
Kug J-S 2025 Continued permafrost ecosystem carbon loss
under net-zero and negative emissions Sci. Adv. 11 eadn8819

Parry I M, Ritchie P D L and Cox P M 2022 Evidence of localised
Amazon rainforest dieback in CMIP6 models Earth Syst.
Dyn. 13 1667-75

Pattyn F et al 2018 The Greenland and Antarctic ice sheets under
1.5 C global warming Nat. Clim. Change 8 1053—61

Pearce-Kelly P et al 2025 Considerations for determining
warm-water coral reef tipping points Earth Syst. Dyn.

16 275-92

Pereira L M et al 2024 Equity and justice should underpin the
discourse on tipping points Earth Syst. Dyn. 15 341-66

Petrini M, Scherrenberg M D W, Muntjewerf L, Vizcaino M,
Sellevold R, Leguy G R, Lipscomb H and Goelzer H 2025 A
topographically controlled tipping point for complete
Greenland ice sheet melt Cryosphere 19 6381

Pfleiderer P, Schleussner C F and Sillmann ] 2024 Limited reversal
of regional climate signals in overshoot scenarios Environ.
Res. 3 015005

Poppelmeier F and Stocker T F 2025 Mutual stabilization of
AMOC and GrIS due to different transient response to
warming Environ. Res. Lett. 20 094015

Portmann V, Chavent M and Swingedouw D 2025 ClimLocol. 0:
CLimate variable confidence interval of multivariate linear
observational constraint EGUsphere 18 1-32

Rao M P et al 2023 Approaching a thermal tipping point in the
Eurasian boreal forest at its southern margin Commun.
Earth Environ. 4 247

Reese R et al 2023 The stability of present-day Antarctic
grounding lines—Part 2: onset of irreversible retreat of
Amundsen Sea glaciers under current climate on centennial
timescales cannot be excluded The Cryosphere 17 376183

Reimer J D et al 2024 The fourth global coral bleaching event:
where do we go from here? Coral. Reefs 43 1121-5

Reisinger A et al 2025 Overshoot: a conceptual review of
exceeding and returning to global warming of 1.5° C Annu.
Rev. Environ. Resour. 50 185-217

Reisinger A and Geden O 2023 Temporary overshoot: origins,
prospects, and a long path ahead One Earth 6 16317

Ridley J, Gregory ] M, Huybrechts P and Lowe ] 2010 Thresholds
for irreversible decline of the Greenland ice sheet Clim. Dyn.
35 1049-57

Ripple W J et al 2023a The 2023 state of the climate report:
entering uncharted territory BioScience 73 841-50

Ripple W J, Wolf C, Lenton T M, Gregg ] W, Natali S M,

Duffy P B, Rockstrém H J and Schellnhuber H J 2023b
Many risky feedback loops amplify the need for climate
action One Earth 6 86-91

Ritchie P D L, Alkhayuon H, Cox P M and Wieczorek S 2023
Rate-induced tipping in natural and human systems Earth
Syst. Dyn. 14 669-83

Ritchie P D L, Clarke ] J, Cox P M and Huntingford C 2021
Overshooting tipping point thresholds in a changing climate
Nature 592 517-23

Ritchie P D L, Bastiaansen R, von der Heydt A S and Ashwin P
2025a The role of coupling and timescales for interacting
tipping elements (arXiv:2509.03996v1)

Ritchie P D, Huntingford C and Cox P M 2025b ESD Ideas.
Climate tipping is not instantaneous—the duration of an
overshoot matters Egusphere (https://doi.org/
10.5194/esd-16-1523-2025)

Ritchie P 2025 Python scripts to generate figures for paper titled
‘The implications of overshooting 1.5C on Earth system
tipping elements - a review’” Github (available at: https://
github.com/PaulRitchie89/Overshoots_review)

Ritchie P, Karabacak O and Sieber J 2019 Inverse-square law
between time and amplitude for crossing tipping thresholds
Proc. R. Soc. A 475 20180504

24

P D L Ritchie et al

Roberts M J et al 2025 High-resolution model intercomparison
project phase 2 (HighResMIP2) towards CMIP7 Geosci.
Model. Dev. 18 1307-32

Robinson A, Calov R and Ganopolski A 2012 Multistability and
critical thresholds of the Greenland ice sheet Nat. Clim.
Change 2 429-32

Rockstrom J, Gupta J, Qin D, Lade S J, Abrams J F, Andersen L S
and Zhang X 2023 Safe and just Earth system boundaries
Nature 619 10211

Rockstrom J, Warszawski L and Schuster A 2024 A stable planet is
a prerequisite for development Horizons 27 36-49 (available
at: www.jstor.org/stable/48790036)

Romanou A, Rind D, Jonas J, Miller R, Kelley M, Russell G,

Orbe C, Nazarenko L, Latto R and Schmidt G A 2023
Stochastic bifurcation of the North Atlantic circulation
under a midrange future climate scenario with the
NASA-GISS ModelE J. Clim. 36 6141-61

Rosser ] P, Winkelmann R and Wunderling N 2024 Polar ice
sheets are decisive contributors to uncertainty in climate
tipping projections Commun. Earth Environ. 5 702

Rotbarth R, Van Nes E H, Scheffer M, Jepsen J U, Vindstad O P L,
Xu C and Holmgren M 2023 Northern expansion is not
compensating for southern declines in North American
boreal forests Nat. Commun. 14 3373

Rounce D R et al 2023 Global glacier change in the 21st century:
every increase in temperature matters Science 379 78-83

Riickamp M, Falk U, Frieler K, Lange S and Humbert A 2018
The effect of overshooting 1.5° C global warming on the
mass loss of the Greenland ice sheet Earth Syst. Dyn.

9 1169-89

Sanderson B M et al 2025 flat10MIP: an emissions-driven
experiment to diagnose the climate response to positive,
zero, and negative CO, emissions Geosci. Model Dev.

18 5699-724

Sandstad M, Steinert N J, Baur S and Sanderson B M 2025
METEORVL. 0.1: a novel framework for emulating
multi-timescale regional climate responses Geosci. Model
Dev. 18 8269-312

Saye L, Bettis O, Bedenham G, Hampshire O, Lenton T M and
Abrams J F 2025 Planetary solvency—finding our balance
with nature (available at: https://actuaries.org.uk/news-and-
media-releases/news-articles/2025/jan/16-jan-25-planetary-
solvency-finding-our-balance-with-nature/)

Scheffer M, Hirota M, Holmgren M, Van Nes E H and
Chapin F S IIT 2012 Thresholds for boreal biome transitions
Proc. Natl Acad. Sci. 109 21384-9

Schleussner C-F et al 2016 Differential climate impacts for
policy-relevant limits to global warming: the case of 1.5 C
and 2 C Earth Syst. Dyn. 7 327-51

Schleussner C-F et al 2024 Overconfidence in climate overshoot
Nature 634 36673

Schleussner C-F, Ganti G, Rogelj J and Gidden M ] 2022 An
emission pathway classification reflecting the Paris
Agreement climate objectives Commun. Earth Environ.
3135

Schuster L, Maussion F, Rounce D R, Ultee L, Schmitt P, Lacroix F
and Schleussner C F 2025 Irreversible glacier change and
trough water for centuries after overshooting 1.5° C Nat.
Clim. Change 15 634-41

Schuur E A G et al 2022 Permafrost and climate change: carbon
cycle feedbacks from the warming Arctic Annu. Rev.
Environ. Resour. 47 343-71

Schwinger J, Asaadi A, Goris N and Lee H 2022a Possibility for
strong northern hemisphere high-latitude cooling under
negative emissions Nat. Commun. 13 1095

Schwinger J, Asaadi A, Steinert N J and Lee H 2022b Emit now,
mitigate later? Earth system reversibility under overshoots of
different magnitudes and durations Earth Syst. Dyn.

13 1641-65

Setter R O, Franklin E C, Mora C and Mumby P J 2022
Co-occurring anthropogenic stressors reduce the timeframe
of environmental viability for the world’s coral reefs PLoS
Biol. 20 €3001821


https://doi.org/10.5194/esd-9-817-2018
https://doi.org/10.5194/esd-9-817-2018
https://doi.org/10.1126/sciadv.adn8819
https://doi.org/10.1126/sciadv.adn8819
https://doi.org/10.5194/esd-13-1667-2022
https://doi.org/10.5194/esd-13-1667-2022
https://doi.org/10.1038/s41558-018-0305-8
https://doi.org/10.1038/s41558-018-0305-8
https://doi.org/10.5194/esd-16-275-2025
https://doi.org/10.5194/esd-16-275-2025
https://doi.org/10.5194/esd-15-341-2024
https://doi.org/10.5194/esd-15-341-2024
https://doi.org/10.5194/tc-19-63-2025
https://doi.org/10.5194/tc-19-63-2025
https://doi.org/10.1088/2752-5295/ad1c45
https://doi.org/10.1088/2752-5295/ad1c45
https://doi.org/10.1088/1748-9326/adf45a
https://doi.org/10.1088/1748-9326/adf45a
https://doi.org/10.5194/gmd-18-9015-2025
https://doi.org/10.5194/gmd-18-9015-2025
https://doi.org/10.1038/s43247-023-00910-6
https://doi.org/10.1038/s43247-023-00910-6
https://doi.org/10.5194/tc-17-3761-2023
https://doi.org/10.5194/tc-17-3761-2023
https://doi.org/10.1007/s00338-024-02504-w
https://doi.org/10.1007/s00338-024-02504-w
https://doi.org/10.1146/annurev-environ-111523-102029
https://doi.org/10.1146/annurev-environ-111523-102029
https://doi.org/10.1016/j.oneear.2023.11.008
https://doi.org/10.1016/j.oneear.2023.11.008
https://doi.org/10.1007/s00382-009-0646-0
https://doi.org/10.1007/s00382-009-0646-0
https://doi.org/10.1093/biosci/biad080
https://doi.org/10.1093/biosci/biad080
https://doi.org/10.1016/j.oneear.2023.01.004
https://doi.org/10.1016/j.oneear.2023.01.004
https://doi.org/10.5194/esd-14-669-2023
https://doi.org/10.5194/esd-14-669-2023
https://doi.org/10.1038/s41586-021-03263-2
https://doi.org/10.1038/s41586-021-03263-2
https://doi.org/10.48550/arXiv.2509.03996v1
https://doi.org/10.5194/esd-16-1523-2025
https://doi.org/10.5194/esd-16-1523-2025
https://github.com/PaulRitchie89/Overshoots_review
https://github.com/PaulRitchie89/Overshoots_review
https://doi.org/10.1098/rspa.2018.0504
https://doi.org/10.1098/rspa.2018.0504
https://doi.org/10.5194/gmd-18-1307-2025
https://doi.org/10.5194/gmd-18-1307-2025
https://doi.org/10.1038/nclimate1449
https://doi.org/10.1038/nclimate1449
https://doi.org/10.1038/s41586-023-06083-8
https://doi.org/10.1038/s41586-023-06083-8
https://www.jstor.org/stable/48790036
https://doi.org/10.1175/JCLI-D-22-0536.1
https://doi.org/10.1175/JCLI-D-22-0536.1
https://doi.org/10.1038/s43247-024-01799-5
https://doi.org/10.1038/s43247-024-01799-5
https://doi.org/10.1038/s41467-023-39092-2
https://doi.org/10.1038/s41467-023-39092-2
https://doi.org/10.1126/science.abo1324
https://doi.org/10.1126/science.abo1324
https://doi.org/10.5194/esd-9-1169-2018
https://doi.org/10.5194/esd-9-1169-2018
https://doi.org/10.5194/gmd-18-5699-2025
https://doi.org/10.5194/gmd-18-5699-2025
https://doi.org/10.5194/gmd-18-8269-2025
https://doi.org/10.5194/gmd-18-8269-2025
https://actuaries.org.uk/news-and-media-releases/news-articles/2025/jan/16-jan-25-planetary-solvency-finding-our-balance-with-nature/
https://actuaries.org.uk/news-and-media-releases/news-articles/2025/jan/16-jan-25-planetary-solvency-finding-our-balance-with-nature/
https://actuaries.org.uk/news-and-media-releases/news-articles/2025/jan/16-jan-25-planetary-solvency-finding-our-balance-with-nature/
https://doi.org/10.1073/pnas.1219844110
https://doi.org/10.1073/pnas.1219844110
https://doi.org/10.5194/esd-7-327-2016
https://doi.org/10.5194/esd-7-327-2016
https://doi.org/10.1038/s41586-024-08020-9
https://doi.org/10.1038/s41586-024-08020-9
https://doi.org/10.1038/s43247-022-00467-w
https://doi.org/10.1038/s43247-022-00467-w
https://doi.org/10.1038/s41558-025-02318-w
https://doi.org/10.1038/s41558-025-02318-w
https://doi.org/10.1146/annurev-environ-012220-011847
https://doi.org/10.1146/annurev-environ-012220-011847
https://doi.org/10.1038/s41467-022-28573-5
https://doi.org/10.1038/s41467-022-28573-5
https://doi.org/10.5194/esd-13-1641-2022
https://doi.org/10.5194/esd-13-1641-2022
https://doi.org/10.1371/journal.pbio.3001821
https://doi.org/10.1371/journal.pbio.3001821

10P Publishing

Environ. Res. Lett. 21 (2026) 043001

Sgubin G, Swingedouw D, Drijthout S, Mary Y and Bennabi A
2017 Abrupt cooling over the North Atlantic in modern
climate models Nat. Commun. 8 14375

Sgubin G, Swingedouw D, Garcia de Cortdzar-atauri I, Ollat N
and Van Leeuwen C 2019 The impact of possible
decadal-scale cold waves on viticulture over Europe in a
context of global warming Agronomy 9 397

Sinet S, Ashwin P, von der Heydt A S and Dijkstra H A 2024
AMOC stability amid tipping ice sheets: the crucial role of
rate and noise Earth Syst. Dyn. 15 859-73

Sinet S, Von Der Heydt A S and Dijkstra H A 2023 AMOC
stabilization under the interaction with tipping polar ice
sheets Geophys. Res. Lett. 50 ¢2022GL100305

Sinet S, von der Heydt A S and Dijkstra H A 2025 West Antarctic
meltwater can prevent an AMOC Collapse (arXiv:2502.
17104)

Smith S, Geden O, Gidden M, Lamb W, Nemet G, Minx J and
Vaughan N 2024 The State of Carbon Dioxide Removal
(available at: https://doi.org10.17605/OSEIO/F85QJ)

Solgaard A M and Langen P L 2012 Multistability of the
Greenland ice sheet and the effects of an adaptive mass
balance formulation Clim. Dyn. 39 1599-612

Souter D, Planes S, Wicquart J, Logan M, Obura D and Staub F
2021 Status of coral reefs of the world: 2020: executive
summary (available at: https://bvearmb.do/handle/
123456789/3190)

Steffen W et al 2018 Trajectories of the earth system in the
Anthropocene Proc. Natl Acad. Sci. 115 8252-9

Steinert N J and Sanderson B M 2025 Normalizing the permafrost
carbon feedback contribution to TCRE and ZEC EGUsphere,
2025 in press pp 1-14

Steinert N J, Schwinger J, Chadwick R, Kug J S and Lee H 2025
Irreversible land water availability changes from a potential
ITCZ shift during temperature overshoot Earth’s Future
13 e2024EF005787

Stokes C R, Bamber J L, Dutton A and DeConto R M 2025
Warming of+ 1.5° C is too high for polar ice sheets
Commun. Earth Environ. 6 1-12

Stommel H 1961 Thermohaline convection with two stable
regimes of flow Tellus 13 224-30

Stuenzi S M, Kruse S, Boike J, Herzschuh U, Oehme A,
Pestryakova L A, Westermann S and Langer M 2022
Thermohydrological impact of forest disturbances on
ecosystem-protected permafrost J. Geophys. Res.

127 €2021JG006630

Swingedouw D, Bily A, Esquerdo C, Borchert L F, Sgubin G,
Mignot J and Menary M 2021 On the risk of abrupt changes
in the North Atlantic subpolar gyre in CMIP6 models Ann.
New York Acad. Sci. 1504 187-201

Swingedouw D, Houssais M N, Herbaut C, Blaizot A C,
Devilliers M and Deshayes ] 2022 AMOC recent and future
trends: a crucial role for oceanic resolution and Greenland
melting? Front. Clim. 4 838310

Swingedouw D, Ifejika Speranza C, Bartsch A, Durand G, Jamet C,
Beaugrand G and Conversi A 2020 Early warning from space
for a few key tipping points in physical, biological, and
social-ecological systems Surv. Geophys. 41 1237-84

Tachiiri K, Hajima T and Kawamiya M 2019 Increase of the
transient climate response to cumulative carbon emissions
with decreasing CO2 concentration scenarios Environ. Res.
Lett. 14 124067

Thompson ] M T, Stewart H B and Ueda Y 1994 Safe, explosive,
and dangerous bifurcations in dissipative dynamical systems
Phys. Rev. E 49 1019

Tokarska K B and Zickfeld K 2015 The effectiveness of net
negative carbon dioxide emissions in reversing
anthropogenic climate change Environ. Res. Lett. 10 094013

25

P D L Ritchie et al

Tokarska K B, Zickfeld K and Rogelj J 2019 Path independence of
carbon budgets when meeting a stringent global mean
temperature target after an overshoot Earth’s Future
7 1283-95

Trust S B, Saye O, Bedenham L, Lenton G, Abrams T M and
Kemp J F 2024 Climate scorpion—the sting is in the tail:
introducing planetary solvency

Turetsky M R, Abbott B W, Jones M C, Anthony K W, Olefeldt D,
Schuur E A and McGuire A D 2020 Carbon release through
abrupt permafrost thaw Nat. Geosci. 13 138-43

UNFCCC (United Nations Framework Convention on Climate
Change) 1992 ‘Articles 1-26’ (available at: http://unfccc.int/
resource/docs/convkp/conveng.pdf)

Valdes P 2011 Built for stability Nat. Geosci. 4 414—6

van den Akker T, Lipscomb W H, Leguy G R, Bernales J,

Berends C J, van de Berg W ] and van de Wal R S 2025
Present-day mass loss rates are a precursor for West
Antarctic Ice Sheet collapse Cryosphere 19 283-301

Van Westen R M, Kliphuis M and Dijkstra H A 2024
Physics-based early warning signal shows that AMOC is on
tipping course Sci. Adv. 10 eadk1189

Veron ] E, Hoegh-Guldberg O, Lenton T M, Lough ] M,

Obura D O, Pearce-Kelly P A U L, Sheppard CR C,
Spalding M, Stafford-Smith M G and Rogers A D 2009 The
coral reef crisis: the critical importance of< 350=""
ppm=""> Mar. Poll. Bull. 58 1428-36

Wilson D J, Bertram R A, Needham E F, van de Flierdt T,

Welsh K J, McKay R M, Mazumder A, Riesselman C R,
Jimenez-Espejo F J and Escutia C 2018 Ice loss from the East
Antarctic Ice Sheet during late Pleistocene interglacials
Nature 561 383—6

Winkelmann R, Dennis D, Donges J F, Loriani S, Klose A K,
Abrams J F and Yang S 2025 The tipping points modelling
intercomparison project (TIPMIP): assessing tipping point
risks in the Earth system Earth Syst. Dyn. Discuss. (https://
doi.org/10.5194/egusphere-2025-1899)

Winkler A J, Myneni R, Reimers C, Reichstein M, Brovkin V and
Xu Y 2024 Carbon system state determines warming
potential of emissions PLoS One 19 ¢0306128

Wood R A, Baker J A, Beaugrand G, Boutin J, Conversi A,
Donner R V and Swingedouw D 2024 Opportunities for
earth observation to inform risk management for ocean
tipping points Surv. Geophys. 46 443-502

World Meteorological Organization 2025 State of the Global
Climate 2024, WMO-No. 1368

Waunderling N et al 2024 Climate tipping point interactions and
cascades: a review Earth Syst. Dyn. 15 41-74

Wunderling N, Donges ] F, Kurths ] and Winkelmann R 2021a
Interacting tipping elements increase risk of climate
domino effects under global warming Earth Syst. Dyn.

12 601-19

Waunderling N, Kronke J, Wohlfarth V, Kohler J, Heitzig J, Staal A,
Willner S, Winkelmann R and Donges ] F 2021b Modelling
nonlinear dynamics of interacting tipping elements on
complex networks: the PyCascades package Eur. Phys. J.
Special Top. 230 316376

Wunderling N, Staal A, Sakschewski B, Hirota M,

Tuinenburg O A, Donges ] F, Barbosa H M J and
Winkelmann R 2022 Recurrent droughts increase risk of
cascading tipping events by outpacing adaptive capacities
in the Amazon rainforest Proc. Natl Acad. Sci.

119 2120777119

Wunderling N, Winkelmann R, Rockstrom J, Loriani S,
Armstrong Mckay D I, Ritchie P D L, Sakschewski B and
Donges ] F 2023 Global warming overshoots increase risks
of climate tipping cascades in a network model Nat. Clim.
Change 13 75-82


https://doi.org/10.1038/ncomms14375
https://doi.org/10.1038/ncomms14375
https://doi.org/10.3390/agronomy9070397
https://doi.org/10.3390/agronomy9070397
https://doi.org/10.5194/esd-15-859-2024
https://doi.org/10.5194/esd-15-859-2024
https://doi.org/10.1029/2022GL100305
https://doi.org/10.1029/2022GL100305
https://arxiv.org/abs/2502.17104
https://arxiv.org/abs/2502.17104
https://doi.org10.17605/OSF.IO/F85QJ
https://doi.org/10.1007/s00382-012-1305-4
https://doi.org/10.1007/s00382-012-1305-4
https://bvearmb.do/handle/123456789/3190
https://bvearmb.do/handle/123456789/3190
https://doi.org/10.1073/pnas.1810141115
https://doi.org/10.1073/pnas.1810141115
https://doi.org/10.1029/2024EF005787
https://doi.org/10.1029/2024EF005787
https://doi.org/10.1038/s43247-025-02299-w
https://doi.org/10.1038/s43247-025-02299-w
https://doi.org/10.3402/tellusa.v13i2.9491
https://doi.org/10.3402/tellusa.v13i2.9491
https://doi.org/10.1029/2021JG006630
https://doi.org/10.1029/2021JG006630
https://doi.org/10.1111/nyas.14659
https://doi.org/10.1111/nyas.14659
https://doi.org/10.3389/fclim.2022.838310
https://doi.org/10.3389/fclim.2022.838310
https://doi.org/10.1007/s10712-020-09604-6
https://doi.org/10.1007/s10712-020-09604-6
https://doi.org/10.1088/1748-9326/ab57d3
https://doi.org/10.1088/1748-9326/ab57d3
https://doi.org/10.1103/PhysRevE.49.1019
https://doi.org/10.1103/PhysRevE.49.1019
https://doi.org/10.1088/1748-9326/10/9/094013
https://doi.org/10.1088/1748-9326/10/9/094013
https://doi.org/10.1029/2019EF001312
https://doi.org/10.1029/2019EF001312
https://doi.org/10.1038/s41561-019-0526-0
https://doi.org/10.1038/s41561-019-0526-0
http://unfccc.int/resource/docs/convkp/conveng.pdf
http://unfccc.int/resource/docs/convkp/conveng.pdf
https://doi.org/10.1038/ngeo1200
https://doi.org/10.1038/ngeo1200
https://doi.org/10.5194/tc-19-283-2025
https://doi.org/10.5194/tc-19-283-2025
https://doi.org/10.1126/sciadv.adk1189
https://doi.org/10.1126/sciadv.adk1189
https://doi.org/10.1016/j.marpolbul.2009.09.009
https://doi.org/10.1016/j.marpolbul.2009.09.009
https://doi.org/10.1038/s41586-018-0501-8
https://doi.org/10.1038/s41586-018-0501-8
https://doi.org/10.5194/egusphere-2025-1899
https://doi.org/10.5194/egusphere-2025-1899
https://doi.org/10.1371/journal.pone.0306128
https://doi.org/10.1371/journal.pone.0306128
https://doi.org/10.1007/s10712-024-09859-3
https://doi.org/10.1007/s10712-024-09859-3
https://doi.org/10.5194/esd-15-41-2024
https://doi.org/10.5194/esd-15-41-2024
https://doi.org/10.5194/esd-12-601-2021
https://doi.org/10.5194/esd-12-601-2021
https://doi.org/10.1140/epjs/s11734-021-00155-4
https://doi.org/10.1140/epjs/s11734-021-00155-4
https://doi.org/10.1073/pnas.2120777119
https://doi.org/10.1073/pnas.2120777119
https://doi.org/10.1038/s41558-022-01545-9
https://doi.org/10.1038/s41558-022-01545-9

10P Publishing

Environ. Res. Lett. 21 (2026) 043001

Zekollari H et al 2025 Glacier preservation doubled by limiting
warming to 1.5° C versus 2.7° C Science 388 979-83
Zekollari H, Huss M and Farinotti D 2020 On the imbalance and

response time of glaciers in the European Alps Geophys. Res.

Lett. 47 €2019GL085578
Zhuge C, LiJ and Chen W 2025 Deep learning for predicting the
occurrence of tipping points R. Soc. Open Sci. 12 242240

P D L Ritchie et al

Zickfeld K, Azevedo D, Mathesius S and Matthews H D 2021
Asymmetry in the climate—carbon cycle response to positive
and negative CO, emissions Nat. Clim. Change 11 613-7

Zickfeld K, MacDougall A H and Matthews H D 2016 On the
proportionality between global temperature change and
cumulative CO, emissions during periods of net negative
CO; emissions Environ. Res. Lett. 11 055006

26


https://doi.org/10.1126/science.adu4675
https://doi.org/10.1126/science.adu4675
https://doi.org/10.1029/2019GL085578
https://doi.org/10.1029/2019GL085578
https://doi.org/10.1098/rsos.242240
https://doi.org/10.1098/rsos.242240
https://doi.org/10.1038/s41558-021-01061-2
https://doi.org/10.1038/s41558-021-01061-2
https://doi.org/10.1088/1748-9326/11/5/055006
https://doi.org/10.1088/1748-9326/11/5/055006

	The implications of overshooting 1.5 C on Earth system tipping elements—a review
	1. Introduction
	2. Handling uncertainties relevant for tipping elements during and after temperature overshoots
	2.1. Types of uncertainties in global temperature trajectories
	2.2. Implications for projected temperature overshoots and tipping
	2.3. Tipping element uncertainty
	2.4. Structural uncertainties and alternative tipping mechanisms beyond saddle-node bifurcations
	2.5. Modelling approaches to temperature overshoots and implications for tipping points
	2.6. Approaches to constraining uncertainties

	3. Risk of triggering tipping during and after temperature overshoot
	4. Implications of temperature overshoot for individual tipping elements
	5. Additional pressures on tipping elements
	6. Implications of climate tipping risks for mitigation ambition during and after temperature overshoot
	7. Conclusion
	References


