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Materials and Methods 

We mined the literature subsequent to (1), including studies of paleoclimate change, observed 

change, early warning signals, future model projections, underlying theory, and existing 

assessments, to draw up a longlist of possible candidate tipping elements (Supplementary Table 

S3). For each we extracted information on evidence for self-perpetuation, temperature 

thresholds, hysteresis/irreversibility, transition timescales, and global/regional impacts on 

climate, which we then use subjective expert judgment to determine our best estimates. From 

this evidence (or lack of it) we drew up shortlists (Main text Table 1) of ‘core’ global tipping 

elements and regional ‘impact’ tipping elements (Main text Fig. 1), for which we summarize the 

rationale in the main text and Supplementary Text S2 & S3. Candidates that did not make the 

shortlists (Supplementary Table S3) are classed as: (a) ‘uncertain’ tipping elements – due to 

limited evidence for self-perpetuating feedback and threshold behavior; (b) ‘unlikely’ tipping 

elements – possessing only localized tipping or non-feedback response to climate change; and (c) 

‘threshold-free feedbacks’ – where feedbacks are not strong enough to self-perpetuate. Different 

parts or phenomena of some systems – notably permafrost – are assigned to different categories. 

We give (very low / low / medium / high / very high) confidence levels based on the IPCC’s 

confidence rating system (as a product of the authors’ judgements of both the robustness and 

the degree of agreement of the assessed literature) (101) for the estimates of central, minimum, 

and maximum temperature thresholds, timescales of transition, and global and local impacts on 

climate (Supplementary Text S2). We define crossing a CTP as ‘possible’ beyond its minimum 

temperature threshold and ‘likely’ beyond its best estimate. Differences to past lists of tipping 

elements are described in Supplementary Table S4. 
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Supplementary Text 

S1) Climate tipping points and elements definition 

The technical definition for a climate tipping point (CTP) provided by (1) is as follows: a tipping 

point is a critical point (ρcrit) in a (forcing) ‘control parameter’ (ρ) at which a small additional 

perturbation (δρ>0) causes a qualitative change (�̂�) in the future state of a system after some 

system-specific observation time (T>0): 

|𝐹(𝜌 ≥ 𝜌𝑐𝑟𝑖𝑡 + 𝛿𝜌|𝑇) − 𝐹(𝜌𝑐𝑟𝑖𝑡|𝑇)| ≥ �̂� > 0     Equation 1 

Assuming that the control parameter can be related to global temperature, a “small” additional 

perturbation was taken to be 0<δρ<0.2 °C, i.e., within natural temperature variability or 10% of 

the 2 °C Paris Agreement limit (1). A “qualitative change” in system state is taken to mean one 

that is significantly larger than the standard deviation of natural variability (of that system 

variable). It has been specified for some tipping elements in past expert elicitation (4) and is 

described in each case below. It may represent a fundamental change in the (balance of) 

feedbacks maintaining the new state (versus the old), i.e., a change in dynamical attractor. The 

observation time over which qualitative change is observed can range from ~10y for e.g., 

monsoons, to ~10ky for ice sheets. Additional requirements for the climate tipping element to 

be considered policy-relevant were: for its tipping point to be triggered by human activities within 

a ‘political’ time horizon (TP = <100y in (1)); for observed qualitative change in the tipping element 

to occur within an ‘ethical’ time horizon (TE = ~1000y in (1), here extended to ~10ky to better 

account for slower but irreversible ice sheet change), and; for a “significant number of people 

care about the fate of the [tipping element], because it contributes significantly to the overall 

mode of operation of the Earth system (such that tipping it modifies the qualitative state of the 

whole system), it contributes significantly to human welfare (such that tipping it impacts on many 

people), or it has great value in itself as a unique feature of the biosphere”. Here we adjust these 

final criteria, adding that tipping impacts >100 million people for human welfare, and expand 

from biosphere to the whole Earth system for unique valuable features, and note that near-

synchronous, large-scale crossing of smaller-scale tipping points that would otherwise be 

categorized as regional impact elements can qualify as a global core element if it amplifies 

warming by >0.1°C. 

A key additional requirement in our updated definition is a clearly defined self-perpetuation 

mechanism, so that if the original forcing (e.g. global warming) stopped the system change will 

tend to carry on until a qualitative change in system state is reached. Such self-perpetuation 

requires active countering in order to stop, but unlike some definitions, irreversibility is not 

specified. Some authors use ‘tipping point’ as a synonym for catastrophic fold bifurcations or 

basin boundary crossings in systems featuring hysteresis and alternative stable states. These 

certainly meet the definition, but self-perpetuating change to a new system state can also occur 

across non-catastrophic thresholds with and without bifurcations or reversibility (102, 103) (27). 
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For example, crossing non-catastrophic cusp, trans-critical, or Hopf bifurcations can all trigger 

critical transitions and self-perpetuating change (mathematically, in these bifurcations the real 

part of the system’s eigenvalue reaches zero, representing the transition from stabilizing net-

negative feedbacks to destabilizing net-positive feedbacks (103–106)) often (but not always) 

resulting in instability detectable by resilience indicators (102, 103, 107–110). A degree of self-

perpetuation can also occur in reversible cases without a true bifurcation (or the real part of the 

system’s eigenvalues, i.e. net-negative feedbacks, reaching zero); for example if the system’s 

response to strong forcing across a non-catastrophic threshold is lagged leading to the system 

overshooting the threshold, this would result in a substantial non-linear readjustment to the 

equilibrium. 

S2) Climate tipping points and elements definition 

In this section we explain how we arrived at our estimates for tipping thresholds, timescales, and 

impacts in Data S1 (Climate Tipping Elements Database), as well as the basis for our confidence 

level for each and for the overall tipping element categorization. Confidence levels are based on 

IPCC’s confidence rating system as a product of the authors’ judgements of both the robustness 

(the type, amount, quality, and consistency of the evidence available) and the degree of 

agreement of the assessed literature, giving five confidence level qualifiers: very low, low, 

medium, high, and very high (101). 

S2.1) Cryosphere 

Greenland ice sheet (GrIS). We take qualitative change for GrIS collapse to be loss of the majority 

of its volume of ~7m SLE (38, 44). Threshold estimates for GrIS of 1.5°C (0.8-3°C) largely follow 

(39), with additional support for a best estimate of ~1.5°C from both modelling and 

palaeorecords (40, 43, 44, 111, 112). Negative surface mass balance from 2000-2005 (at regional 

warming of ~2°C, i.e. at ~0.8°C GMST) and early warning signals from Central-west Greenland 

after regional 2°C provide a lower threshold bound (11, 37). For the upper bound, (44) indicates 

5m of sea level rise equivalent (SLE) from GrIS is locked in at >3°C, (64) indicates that ~2.5°C is 

likely sufficient for collapse in >10ky and ~4.5°C is sufficient for collapse within 6ky (so we 

estimate >3°C is therefore potentially sufficient for GrIS collapse in <10kyr), palaeoclimate data 

suggests past GrIS and WAIS retreats occurred in the 300-400 ppm CO2 range (i.e. ~0.5-2.5°C at 

an Earth system sensitivity of ~6°C per CO2 doubling, but also depending on orbital forcing) (42), 

and IPCC AR6 assess >3°C as leading to near complete GrIS loss over multiple millennia (and that 

>2.5°C was sufficient for this in the mid-Pliocene Warm Period), so we tighten the upper bound 

to 3°C. We give the GrIS threshold range high confidence based on multiple consistent estimates 

from different evidence bases (modelling and palaeorecords).  

We adopt a central estimate of ~10ky for GrIS timescale from (40), lowering the minimum 

timescale to ~1ky following (42, 113) and raising the maximum to ~15ky based on palaeorecords 

and models of GrIS collapse in MIS11 (111, 114) – greater scatter in timescale estimates in the 
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literature lead to our estimate of medium confidence. For impacts, we rely on the results of (115) 

– limited literature here result in low confidence for GrIS impacts. Multiple different models 

indicate the existence of a threshold beyond which GrIS collapse becomes inevitable as a result 

of self-perpetuating feedbacks such as the melt-elevation feedback, while both models and 

palaeorecords indicate GrIS has strong hysteresis and bistability. However, (44) suggest that the 

threshold may not be abrupt, although they do still find hysteresis and irreversible loss beyond 

3-4m SLE at ~2-2.5°C and so our CTP definition is still satisfied. Together, this indicates high 

confidence in GrIS having a CTP, and we categorize it as a global core element based on its 

substantial sea level impact and importance for defining the current Earth system as being in a 

bipolar icehouse state. 

Arctic winter sea ice (AWSI). We take qualitative change for AWSI collapse to be less than 1M 

km2 of sea ice remaining in March (32). Threshold estimates of 6.3 (4.5-8.2)°C for AWSI largely 

follow the range found for models featuring abrupt shifts in CMIP5 (19), with the upper bound 

increased to 8.7°C in line with the central estimate from all models of (32, 116). Timescale 

estimates of 20 (10-50) years are estimated from (32), with the upper bound extended to 100 

years to match some shifts observed in (19). The quantity of models involved provides high 

confidence for the threshold and timescale ranges. Global impact of ~0.6°C is based on several 

estimates (116–118) and so has high confidence, but regional impacts of an additional ~0.6-1.2°C 

are based on scaling the ratio between regional and global impacts for Arctic Summer Sea Ice 

(ASSI) (an extra ~0.25-0.5°C relative to global 0.19-0.3°C (115)) and so has low confidence. 

Support for AWSI featuring self-perpetuating feedback mechanisms driving the abrupt shifts and 

potential hysteresis and rate-dependence come from (20, 31). A reversible non-catastrophic 

threshold not driven by self-perpetuating feedbacks has also been proposed (119), but has been 

critiqued as being unable to explain the spread in abruptness seen across CMIP5 models (31). 

Based on this we assign medium confidence to AWSI having a CTP, with a clear global impact via 

global warming feedback and loss of unique ice-associated ecosystems. 

West Antarctic ice sheet (WAIS). We take qualitative change for WAIS collapse to be loss of the 

majority of WAIS’s volume of ~3-5m SLE (7, 25, 120, 121). We estimate the WAIS threshold to be 

1.5°C (1-3°C) based on a mixture of palaeorecords, observations, and modelling. Palaeorecords 

indicate that WAIS retreats previously occurred when CO2 was 300-400ppm (i.e. ~0.5-2.5°C at an 

Earth system sensitivity of ~6°C per CO2 doubling, but also depending on orbital forcing) (42), and 

likely occurred during previous interglacials (including the Last Interglacial; LIG) at around ~1-

1.5°C (46, 50, 120). The upper bound of the latter provides our central estimate, on the basis that 

collapse would unfold very slowly at the threshold. The upper bound is supported by future 

model projections finding that long-term WAIS collapse could be committed by ~2.7°C (64) or at 

~2-3°C (122), 2-2.7°C (123, 124), or 2.5-3°C (40), as well as palaeoclimate models and records 

indicating no WAIS during the warm Pliocene (~3°C) (125, 126). Including Marine Ice Cliff 

Instability (MICI) in models results in near-term WAIS collapse by ~3°C (51, 127) or in the equally 

warm Pliocene (128), although the importance of MICI is debated (49, 129). Some of these are 

likely over-estimates as the models involved may not have been run for long enough for observed 



Reassessment of climate tipping points – Supplementary Material 1 

retreats on lower warming pathways to progress to full collapses within the modelled time (e.g. 

(124, 130)). The lower bound of 1°C is supported by: the lower temperature bound during LIG 

(46, 50); recent observations that ice shelf retreat around WAIS is progressing rapidly (131–135) 

(although ice shelf retreat could be slowed by pinning points and does not necessarily trigger ice 

sheet collapse) (136, 137); modelling suggesting that current melt rates might be enough for self-

sustained grounding line retreat to occur (7) and at least partial collapse when run to equilibrium 

(25); and observations that grounding lines may already be close to this threshold (8, 138), with 

rapid grounding line retreat close to the retrograde slope in the Thwaites and Pine Island glaciers 

(9, 10, 139) and modelling suggesting that although irreversible retreat is not currently occurring 

in Antarctica long-term irreversible retreat in the Amundsen Sea Embayment cannot be ruled out 

for current climate conditions (140). We give the WAIS threshold range high confidence based on 

multiple consistent estimates from different evidence bases (modelling, observations, and 

palaeorecords), which is in contrast to the IPCC’s assessment of limited evidence for complete 

WAIS loss at 2-3°C (although substantial long-term losses are projected in this range) (21). 

Our central WAIS timescale estimate of 2ky is based on palaeorecords from the LIG which suggest 

1-1.5°C resulted in WAIS collapse over ~2ky (46), which is mirrored by some future modelling (50, 

64) and the upper end of (42)’s Earth system equilibration time to CO2 changes. The upper 

timescale bound of 13ky is provided by (7), and is mirrored by several other modelling studies 

showing collapse timescales of ~10ky when the threshold is only marginally transgressed (40, 50, 

122). The lower timescale bound of 500y is from models forced by very high emissions (64, 121) 

and also reflects some of the faster collapses resulting from including MICI in models (51, 127, 

128) and the lower end of (42)’s Earth system equilibration time to CO2 changes. We give medium 

confidence for WAIS tipping timescale given the variation seen across the modest number of long-

term modelling studies available. Tipping impacts of ~0.05°C globally and ~1°C regionally are 

primarily based on (115) with some indirect support from (126, 141), but we assign low 

confidence given the limited number of studies. Multiple studies provide support for WAIS 

featuring a self-perpetuating tipping mechanism in the form of the Marine Ice Sheet Instability 

(MISI) (e.g. (7, 8, 25, 40, 50, 142)) and to a more debated extent MICI (49, 51, 127–129), and some 

also find hysteresis (25, 46) (although it is not evident in long-term palaeorecords, possibly the 

result of insufficient temporal resolution for faster-timescale ice sheets (42)), providing high 

confidence that WAIS features tipping dynamics. The significant impact of WAIS collapse on sea 

level categorizes it as a global core element. 

East Antarctic subglacial basins (EASB). We take qualitative change for EASB collapse to be loss 

of the majority of the ice volume for either the Wilkes, Aurora, or Recovery Basins (~3m SLE each) 

(25). We estimate the EASB thresholds to be 3°C (2-6°C) based on a combination of 

palaeorecords, modelling, and observations. Ice sheet collapse occur in models for the Wilkes 

Basin – the EASB with the greatest losable ice volume (143) – in scenarios warmer than RCP6.0 

(at 3.6-3.9°C) in (40), beyond ~3°C in (122), and in the 3-6°C range in (25), while the Aurora basin 

is lost in scenarios warmer than RCP8.5 (at peak 4.6-4.9°C) in (40), by ~5.5°C in (122), and in the 

6-8°C range in (25). In contrast, (124) find that both Wilkes and Aurora collapse only occurs 
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beyond RCP 6.0 (>4.5°C) and (121) find that holding RCP8.5 warming at 2100 levels (~4.3°C) until 

3000CE triggers Wilkes and Aurora retreat only in extreme sub-shelf melt parameterizations, 

while another modelling study found substantial long-term losses from both WAIS and EASB by 

~2.7°C (64). Models resolving MICI feature future EASB collapse triggered by 2100 in RCP8.5 (i.e. 

at <5°C) but not at ~3°C by 2300 (although collapse at this level cannot be ruled out on longer 

timescales, and occurs when maintained long-term around this level in the Pliocene) (51, 127). 

Palaeorecords suggest a more mobile portion of the EAIS grows and retreats alongside WAIS and 

GrIS in the 300-400 ppm CO2 range, (i.e. ~0.5-2.5°C at an Earth system sensitivity of ~6°C per CO2 

doubling, but also depending on orbital forcing) (42), supporting the possibility of EASB retreat 

below 3°C. Palaeorecords and models of the warm Pliocene indicate EASB retreat by ~3°C (125, 

126, 128, 144), with some contribution from EAIS (likely via EASBs) postulated as necessary to fit 

sea level records (42, 51, 128, 145), although this interpretation is not universal (49) and MICI 

depends on glacier geometry (129) and the loss of an ice ‘plug’ for Wilkes Basin (143). In contrast, 

substantial EASB retreat is not found for previous interglacials such as LIG (~1-1.5°C) in 

palaeorecords (42) or models (50, 51), supporting a lower threshold bound between ~1.5°C and 

~3°C. Current observations also support current warming being insufficient to drive significant 

grounding line retreat in the EASBs (140). Based on the above, we assess palaeo and 

observational evidence as supporting a lower bound around 2°C (i.e. between LIG and Pliocene 

levels and above now), a central estimate at 3°C representing model and palaeorecord support 

for substantial retreat in at least the Wilkes Basin, and an upper bound of 6°C for Wilkes collapse 

being very likely in models and palaeorecords with Aurora Basin collapse also likely to have 

begun. Our range also aligns with the AR6’s assessment that at 3-5°C “substantial parts or all of 

Wilkes Subglacial Basin in East Antarctica will be lost over multiple millennia” (21). Given 

moderate model spread and palaeorecord uncertainty though, we assign only medium 

confidence to these estimates. 

For EASB timescales, we take 2ky as our central estimate based on (64, 128), the lower bound of 

(40), and AR6’s estimate of 1-2.5ky for the response timescale of Wilkes Basin during LIG (21). 

The upper bound of 10ky is based on Pliocene palaeorecords (144) and the upper bound or best 

estimate of several modelling studies (40, 64, 122, 143), while the lower bound of 500y is from 

models incorporating MICI or under a very high warming scenario (64, 127, 128). Given the 

literature variability here, we assign medium confidence to this timescale range. There are no 

direct estimates for warming impacts of EASB collapse, with (126) constraining the global impact 

of reduced GrIS, no WAIS, and no EASBs to 0.3d°C together with high spatial heterogeneity, and 

so we assume a similar global impact to WAIS loss (~0.05°C (115)) and assign low confidence. As 

with WAIS, multiple studies provide evidence of self-perpetuation dynamics once beyond a global 

warming threshold for EASB via MISI (50, 51, 124, 142) and potentially MICI (49, 51, 127–129), 

with additional evidence of hysteresis (25, 143) and potential rate-dependence (143). On this 

basis, we assign high confidence that the EASBs feature tipping dynamics, and their significant 

impact on sea level categorizes them as a global core element. 
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East Antarctic ice sheet (EAIS). We take qualitative change for EAIS collapse to be loss of the 

majority of EAIS land-based volume of ~40-45m SLE (25). The central estimate of 7.5°C for EAIS 

collapse is based on both the modelling of (25) and the palaeorecord compilation of (42), with 

additional support from the lower and upper bounds respectively of (122) and (64). The lower 

bound of 5°C is based on the modelling of (40) which found large-scale EAIS retreat in scenarios 

warmer than RCP8.5, as well as the lower bound of (64) in which scenarios peaking at more than 

5°C result in at least two thirds of the EAIS being lost over 10ky with loss continuing beyond that. 

The upper bound of 10°C is provided by the modelling of (25), beyond which minimal ice remains 

on Antarctica at equilibrium, and palaeorecords suggesting minimal EAIS volume above ~1200 

ppm CO2 (i.e. ~10°C at a long-term Earth system sensitivity of 6°C per CO2 doubling). 

Palaeorecords and modelling indicate substantial EAIS hysteresis, with substantial ice sheet 

growth once temperatures go below ~5-7°C GMST but able to survive if temperatures 

subsequently rise beyond that to ~8-10°C (25, 42, 53, 146) – this provides additional support for 

using 5°C as a lower threshold bound in case EAIS hysteresis is over-estimated (and the collapse 

threshold is unlikely to be below the formation threshold). We therefore assign medium 

confidence to our threshold range of 7.5°C (5-10°C) based on mixture of modelling and 

palaeoclimate evidence from a modest number of studies, which overlaps with AR6’s assessment 

of a commitment to an ice-free Earth at 7-13°C (21).  

EAIS tipping timescales of at least 10ky are reported from several modelling studies (40, 64, 122) 

while EAIS formation likely took place in ~40ky steps (146–148), and so we use 10ky as our lower 

bound with medium confidence, but few high-resolution models have been run long enough to 

fully resolve EAIS collapse timescales at different forcing levels to establish the upper bound (for 

which we assign low confidence). For tipping impacts on warming, we use ~0.6°C for global and 

~2°C for regional from the SI of (115), and as it is only from one study we assign low confidence 

for impacts. There is some evidence for self-perpetuation of EAIS collapse through e.g. the melt-

elevation feedback (25, 40, 64), although this has not been fully tested, and strong evidence for 

EAIS hysteresis (25, 42, 53, 146), and so we assign medium confidence for EAIS acting as a tipping 

element. EAIS collapse would have a very substantial impact on the Earth system through sea 

level rise and the end to the current icehouse state, justifying its inclusion as a global core 

element. 

Mountain glaciers (GLCR). We take qualitative change for GLCR to be the loss of the majority 

(>50%) of glaciers outside Greenland and Antarctica. GLCR does not have one systemic global 

tipping point, as each glacier has its own local thresholds and feedback dynamics, but there 

appear to be global warming levels at which many of these thresholds are near-synchronously 

passed. “Peak Water” from meltwater as a result of glacier melt is projected to occur globally at 

around 2°C (with some spatial heterogeneity), implying eventual disappearance for many of 

these glaciers (62), while 2°C is sufficient to commit near-total loss of European glaciers (20). 

Modelling by (64) suggests warming of ~2.7°C will lead to ~68% of extra-Antarctic glacier mass 

being lost after 200 years (and more if Arctic is excluded), committing total glacier loss across 

many non-polar regions. Another modelling study indicated that ~65% of glaciers outside 
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Greenland and Antarctica are committed to be lost at ~2°C and ~75-80% lost by ~3°C (149). 

Additional support for an upper bound of ~3°C is provided by a recent assessment of future 

glacier mass loss across multiple glacier models (150) the median loss is ~18% by 2100 and some 

small glacier regions semi-stabilize in RCP2.6 (max. ~1.6°C), but under RCP4.5 (~2.4°C) and above 

the rate of mass loss continues to increase up to 2100, and under RCP8.5 (~4.3°C by 2100) the 

global median loss by 2100 is ~36% and reaches >85% in some small glacier regions (e.g. the 

Rocky mountains, Europe, and low latitudes) and ~70% in Central and South Asia. Many of the 

glaciers in these regions would therefore likely be lost beyond 2100 in higher emission scenarios, 

with the modelling of (40) showing all glaciers (including polar glaciers) were eventually lost on 

millennial timescales at 1.7°C, supporting the lower bound of 1.5°C. Even at ~1°C around 36-45% 

of glacier mass loss may already be committed (149), although at this level mass would likely 

stabilize in the long-term. On this basis, we estimate GLCR thresholds to be 2°C (1.5-3°C) with 

medium confidence, with 2°C reflecting commitment to widespread loss in small glacier regions 

across the globe. This corresponds with AR6’s assessment (with low confidence) that 40-50% of 

glacier mass outside Antarctica (but including the Arctic) will be lost at 1.5-2°C, 50-60% by 2-3°C, 

and 60-75% at 3-5°C (the latter corresponding with near-total loss across many extra-polar 

regions) (21). For timescales, we take 200y for our central estimate from the stabilization time 

for the lowest scenario in (64) as well as the total loss horizon being beyond 2100 in most cases 

in (150), although in some cases for the latter mass loss under RCP8.5 could be complete in only 

~50 years (providing our lower bound). Our upper timescale bound is provided by the long-term 

modelling of (40) –being from only one model gives a lower confidence than for the central/lower 

estimates (low vs. medium confidence, respectively). For warming impact, we take the global 

estimate of 0.08°C of (115), and assign low confidence given limited studies. We assign medium 

confidence for GLCR being a regional impact tipping element, as although there is no single global 

threshold there is evidence from several studies for multiple regions being committed to glacier 

loss by ~2°C, which would have significant ramifications for people dependent on glacial 

meltwater in these regions. 

Boreal permafrost [collapse] (PFTP). We take qualitative change for PFTP collapse to be the self-

sustained thawing across ~1M km2 (i.e. on the order of 1000km, as defined for tipping elements 

covering at least sub-continental scales) of the Circum-Arctic permafrost region affecting ~100 

GtC in the Yedoma and other vulnerable regions. For PFTP, we base the threshold range on 

estimates for large regions of northerly permafrost experiencing abrupt drying at 4°C (3-6°C) (58), 

which puts this permafrost at greater risk of decay and internal heat production leading to self-

perpetuating thaw (the “compost bomb” instability). Similar soil drying feedbacks occur in a 

CMIP5 model which leads to abrupt permafrost loss at ~5.6°C (19), supporting the upper bound 

of this range. Additional support for this range is provided by a detailed permafrost model in 

which local mean annual temperature breaching ~0°C (which would be widely reached across the 

carbon-rich continuous permafrost zones beyond warming of ~5°C GMST (151)) allows self-

perpetuating thaw in carbon-rich permafrost (61), while the deep and carbon-rich Yedoma 

permafrost has been estimated to be at risk to abrupt thaw at ~9°C local warming (~5°C GMST) 
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(17, 152) with abrupt thaw reaching the deepest Yedoma by 2300 under RCP8.5 (~5-10°C) (153). 

By ~6°C the vast majority of permafrost including the Yedoma region is committed to thaw, 

supporting our upper bound of 6°C (151). However, given the limited number of models capable 

of resolving deep abrupt thaw in Yedoma domain and uncertainties around the carbon pool 

available for degradation upon abrupt Yedoma thaw or the carbon pool at risk from abrupt 

drying, we assign low confidence to this threshold range. We estimate tipping timescales of ~50y 

(10-300y) on the basis of the abrupt permafrost loss observed in an Earth system model by (19) 

and the time taken for deep permafrost carbon release to become significant in an abrupt thaw-

capable permafrost model (153), with the lower bound supported by abrupt drying in (58) 

occurring in as little as 15y and self-perpetuating heating becoming significant within 10y (61), 

and a higher upper bound supported by estimates for Yedoma collapse taking around a century 

to reach deeper deposits (17, 154) and continuing until at least 2300 in a permafrost model (153) 

– we assign medium confidence for these timescales based on converging estimates from 

different models.  

For PFTP impact, we assume that ~25-50% of carbon in the Yedoma domain (estimated at~400 

GtC by (59), of which ~10% and a maximum of 40% is estimated to be at risk of decomposition 

over 50y, but with no abrupt thaw thermo-erosional processes which we assume increases 

carbon loss) and permafrost in regions subject to abrupt drying beyond ~4°C (2.2 Mkm2 (58), i.e. 

~15% of total permafrost area of ~15 Mkm2 (21, 151, 155, 156) which would contain ~155 GtC in 

the top 3m if scaled linearly from (54)) decomposes over 50 years (assuming abrupt drying (58) 

leads to enhanced decomposition (54, 157, 158) and fast thaw processes make deep Yedoma 

accessible (54, 59)). This would release up to ~125-250 GtC, which when released at the ~4°C 

GMST threshold and accounting for amplification by partial methane release of ~40% (153) leads 

to ~0.2-0.4°C additional global warming. Given this is an inferred rather than modelled impact 

though and relies on multiple assumptions, we assign this impact estimate low confidence, as is 

our estimate of minimal regional warming impact (which assumes limited vegetation-climate 

feedbacks). We assign only low confidence for PFTP being a global core tipping element, as 

although there is evidence for a potential self-perpetuation threshold mechanism via abrupt 

drying, internal heat production, and abrupt thaw reaching deep Yedoma deposits (58, 60, 61, 

94, 152–154, 159, 160) and the impact would be global, the possible extent of these mechanisms 

across the permafrost region has not been fully assessed. 

Boreal permafrost [abrupt thaw] (PFAT). We estimate qualitative change for PFAT as being 

abrupt thaw area increasing by 50% (beyond the historical baseline of ~0.9M km2, out of a total 

vulnerable extent of ~3.6M km2 within the Circum-Arctic permafrost region (57, 161, 162)). We 

base the PFAT threshold range on estimates for gradual thaw (PFGT) on the assumption that their 

extent expands at a similar rate in models (57), and that the threshold represents when 

permafrost thaw becomes widespread. Our threshold range of 1.5°C (1-2.4°C) is based on 

palaeorecords showing thaw in non-continuous Siberian permafrost in the MIS-5 interglacial (~1-

1.5°C, providing our lower bound) and substantial permafrost thaw during LIG (~1.5°C, providing 

our central estimate) (55, 163), vegetation models indicating widespread abrupt ecosystem 
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regime shifts to boreal forest in tundra regions (likely leading to amplified regional warming and 

permafrost thaw) by 1.5°C (84), permafrost-enabled Earth system models showing substantial 

permafrost thaw under RCP4.5 scenarios (~2.4°C by 2100 in CMIP5, providing our upper bound) 

(164–166) and in some cases under RCP2.6 (peak ~1.6°C in CMIP5) (167), and an assessment of 

permafrost distribution sensitivity indicating that 4.8 million km2 of permafrost will be committed 

to loss at 1.5°C and 6.6 Mkm2 at 2°C (151). Additionally, palaeorecords and modelling indicate 

mid-Pliocene warmth (~3.3°C) would result in the majority of alpine permafrost being lost (168), 

while Fennoscandia and Northwest Siberia will become unsuitable for permafrost-peatlands by 

~1.7°C and ~2.8°C respectively (169). In contrast, methane budgets up to 2016-2017 show limited 

contribution by permafrost thaw to observed global methane increases, suggesting warming of 

~1°C was insufficient to generate a significant permafrost-carbon feedback at least on decadal 

timescales (170, 171). We assign this threshold range medium confidence as it incorporates 

robust evidence from multiple evidence streams. While localized PFAT is by definition abrupt 

(~10y), global aggregate PFAT timescales of 300y (100-300<y) follow estimates for (57) and PFGT 

(which is assumed to respond at a similar rate), in which around half of the modelled permafrost-

carbon feedback occurs 2000-2100, the other half 2100-2300, and models rarely extending 

beyond 2300 (but a long tail of gradual long-term emissions likely) (54, 57, 167, 172–174). Given 

the match between PFGT timescales and the PFAT estimates of (57), but also limited post-2300 

modelling for constraining the upper bound and the lack of abrupt thaw processes in most 

models that could make timescales faster, we assign medium confidence to this timescale range 

for PFAT. 

For PFAT impact, it has previously been suggested that abrupt thaw processes (such as slope 

slumping, thermokarst lake formation, erosion gullies, etc.) could up to double permafrost 

emissions from gradual thaw (161). (57) used permafrost inventory models to provide a first-

order estimate ~80 GtC of permafrost carbon emissions due to abrupt thaw by 2300, amounting 

to feedback of ~2.3-3.1 GtC per °C from 2000 to 2100 (RCP4.5-8.5) and ~7.2-11.6 GtC per °C from 

2100 to 2300 (RCP8.5-4.5 – note that emissions are greater for RCP4.5 in the long-term, indicating 

nonlinearity). Abrupt thaw results in greater methane amplification than for gradual thaw as 

methane reaches >20% of carbon emissions, accounting for ~75% of forcing at 2100 and ~50% of 

the forcing at 2300 (Fig. 2a in (57)). Adjusting the figures above by these ratios gives ~9.2-12.4 

GtCe per °C and ~14.4-23.2 GtCe per °C by 2100 and 2300 respectively, resulting in ~0.03-0.06°C 

per °C at 2100-2300, i.e. an extra ~33% feedback versus PFGT. This is lower than the ~100% extra 

suggested by (57, 161), as the gradual thaw emission estimates used for comparison in (57) were 

on the low side compared to the literature range assessed earlier ((57) quotes ~70.8 GtCO2 / 

~19.2 GtC emitted in 2000-2100 for RCP8.5, i.e. ~7.9 GtC per °C, versus ~57.4 GtC in 2010-2100 

for RCP8.5, i.e. ~23.6 GtC per °C in the study (175) cited, and our synthesized estimate of ~20 GtC 

per °C by 2100). (54)’s expert judgement raised their estimate for permafrost carbon emissions 

from ~92 GtC from modelled gradual thaw to 130-160 GtC when accounting for unresolved 

processes, implying a greater ~58% (41-74%) amplification by abrupt thaw processes. 

Interactions of abrupt thaw processes with abrupt drying and carbon-rich Yedoma deposits could 
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produce even more emissions in some regions, which we consider under PFTP. Based on these 

studies, we estimate that abrupt thaw adds an extra ~50% (25-75%) on top of gradual thaw 

emissions, which is 10 GtC / 14 GtCe / 0.04°C per °C by 2100 and 25 GtC / 35 GtCe / 0.11°C per °C 

by 2300. Given this is based on only two studies, one of which is a first-order estimate from 

modelling and the other an expert judgement, we assign low confidence to this impact estimate 

prior to further modelling. Abrupt permafrost thaw features self-reinforcing feedbacks such as 

thaw subsidence in thermokarst lakes and vegetation-albedo in wetlands (57), but these 

processes are relatively localized. However, the evidence summarized suggests that such 

localized tipping dynamics will become synchronously widespread beyond particular global 

warming levels. The lack of abrupt permafrost thaw in Earth system models means this has not 

yet been fully demonstrated in models – we therefore assign medium confidence for PFAT being 

a regional impact tipping element. 

Barents Sea ice (BARI). We take qualitative change for BARI collapse to be <10% annual mean 

sea ice cover remaining (19). Our threshold estimates of 1.6°C (1.5-1.7°C) and timescale estimate 

(~25y) come from 2 models in (19), although as an assessment of abrupt shifts across 37 CMIP5 

models we assign these low confidence. Quantitative estimates of regional and global warming 

impacts are lacking, but we assign high confidence to minimal global impacts but significant 

regional warming being likely (with the Barents sea region currently seeing experiencing warming 

of up to 2.7°C per decade (176)). We have medium confidence that BARI constitutes a regional 

impact tipping element based on some model evidence that collapse can be self-reinforced by 

an increased inflow of warm Atlantic waters (19, 33, 34) and has substantial regional impacts (34, 

176, 177). 

S2.2) Ocean-Atmosphere (circulation) 

Atlantic Meridional Overturning Circulation (AMOC). We take qualitative change for AMOC 

collapse to be an 80% decline in overturning strength (1, 178). There is substantial uncertainty 

over the potential tipping threshold for the AMOC, which is reflected by our wide estimate range 

of 4°C (1.4-8°C). Support for our central estimate comes from modelling of long-term cryosphere 

change, in which warming greater than ~4°C along with GrIS collapse causes the AMOC to 

collapse (although it recovers after ~1000y once GrIS runoff reduces, suggesting collapse is 

reversible in this model) (40), and the post-CMIP5 model HadGEM3-GC2 which found rate-

dependent weakening at freshwater forcing of 0.1-0.3 Sv but rapid rate-independent collapses 

after 0.3 Sv (which can be reached under RCP8.5, i.e. ~4.3°C (179)). The AMOCMIP assessment, 

which used CMIP5 models and an emulator incorporating improved GrIS runoff (178) assessed 

most AMOC collapses as occurring more gradually, with only one model showing a hysteretic-

type collapse, and the ~80% weakening threshold for collapse becoming likely at ~8°C (providing 

our upper bound) with quasi-linear weakening rather than total collapse below ~4.5-5°C (22). 

However, CMIP5 and CMIP6 models likely tend towards over-stability (21) with a CCSM3 model 

bias-corrected to counter this exhibiting collapse at only ~1.5°C (14), a lower bound supported 

by two CMIP5 models showing abrupt collapses at ~1.9°C (19, 65), along with the AMOC 
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potentially having already declined by ~15% (67, 180) (the value expected by ~2°C in AMOCMIP, 

although the observed trend is not yet possible to fully differentiate from natural variability (181, 

182)) and possible early warning signals of instability in AMOC fingerprint indices over the past 

century (12). Given the wide range and lack of agreement amongst models, as well as potential 

complexities from sensitivity to freshwater forcing location, rate-dependence, and a possibly 

‘fractal’ threshold (69, 183), we assign low confidence to this threshold range.  

For AMOC collapse timescales, we adopt the 50y time horizon observed in models showing 

abrupt hysteretic-type collapses (19, 183), with a lower bound of ~15y based on extreme (~1 Sv) 

forcing (65) and an upper bound of 300y based on the more gradual AMOC collapses observed 

in many models (14, 40, 69, 71, 178). We assess this timescale range as having medium confidence 

given their basis in multiple different models. We estimate AMOC collapse impact as being a 

global cooling of ~-0.5°C and regional North Atlantic cooling of ~-4°C (as well as localized cooling 

of up to ~-10°C in deep convection regions and see-saw warming in the Southern Ocean) (14, 65, 

69) once the total impact is separated from LABC collapse (which is connected but collapses 

earlier) (19, 65, 72), which is supported by projections of ~-0.3°C global cooling and ~3°C regional 

cooling with a 40% AMOC weakening (184). We assign the regional impact estimate medium 

confidence as it is supported by multiple different models, but only low confidence for the overall 

global cooling as fewer models provide this estimate and it requires further investigation. There 

is considerable observational and model evidence that the AMOC is self-sustaining due to salt-

advection feedback and palaeoclimate evidence for abrupt switches between alternative ‘strong’ 

and ‘weak’ AMOC stable states in the past (68), and that this feedback-driven bistability could 

lead to AMOC instability and collapse as a result of current warming (12, 14, 19, 69, 183). 

However, given model disagreement and uncertainty we assign medium confidence to AMOC 

being a climate tipping element. We categorize it as a global core element based on its substantial 

potential global impact. 

North Atlantic SPG / Labrador-Irminger Sea Convection (LABC). We take qualitative change for 

LABC collapse to be a 50% decline in mixed layer depth over the SPG region (19, 65, 66). Threshold 

estimates for LABC of 1.8°C (1.1-3.8°C) were adopted from the CMIP5 assessment of (65), in 

which ~18% of models projected rapid SPG cooling independent of AMOC collapse and which 

covered some additional cases compared with the CMIP5 abrupt events database (19). A follow-

up with CMIP6 found a ~36% risk of SPG collapse-triggered abrupt cooling (marginally lower than 

the ~46% found for CMIP5), which occurred in the low-emission SSP1-2.6 and SSP-4.5 scenarios 

in the ~2040s (i.e. at ~1.5-2°C GMST) and so supports the best estimate above (66). Given the 

agreement of several different models across both CMIP5 and CMIP6, we assign high confidence 

to this threshold range. Similarly we adopt timescale estimates of 10y (5-50y) based on abrupt 

cooling in CMIP5 and CMIP6 models (19, 65), assigning high confidence based on model 

agreement. For impact, we adopt the ~0.5°C global cooling found in (65) by comparing model 

ensembles with and without SPG collapses. However, part of this difference could be due to non-

uniform model sampling or climate sensitivities across the ensembles, and so we assign low 

confidence for this (and the regional cooling of ~3°C from (19, 65)) prior to more systematic 
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exploration of the impacts of LABC collapse. Potentially self-reinforcing convection feedbacks 

perpetuating warming-induced stratification giving rise to bistability have been identified, but as 

further exploration is needed to understand these feedback dynamics more fully we assign 

medium confidence for LABC being a climate tipping element. We categorize it as a global core 

element given its potentially substantial regional and global impacts. 

S2.3) Biosphere 

Low-latitude Coral Reefs (REEF). We take qualitative change for REEF die-off to be a 90% loss of 

low-latitude coral reefs (93, 185–187). Our threshold range of 1.5°C (1-2°C) for REEF is based on 

modelling studies in which 70-90% of warm-water coral reefs are severely degraded at ~1.5°C, 

after reaching a die-off threshold of bleaching event recurrence of twice a decade, reaching ~99% 

by 2°C (93, 186). In a more recent analysis a different and slightly higher critical thermal threshold 

of 8 Degree Heating Weeks is reached around 2°C, providing support for this as an upper bound 

(187) (in this study bleaching events reach 3 a decade even at 1.5°C, higher than the 2 a decade 

at 1.5°C in (186)), while current local-scale thermal refugia in global coral reefs decline from 84% 

now to 0.2% at 1.5˚C (and 0% at 2.0˚C) (185) making ~1.5˚C catastrophic for coral reef 

ecosystems. Current observations support the lower bound, with mass bleaching events now 

occurring frequently across the tropics and for example in the Great Barrier Reef five times since 

1998 (187). While there is some uncertainty about the exact bleaching threshold and the degree 

to which coral adaptation possibly affects it (92, 93, 188), we assign high confidence to the 

threshold range given current observations of increasingly frequent bleaching events and severe 

impacts by 1.5-2°C. We approximate the tipping timescale at 10y (medium confidence), as while 

bleaching can occur within a season the time from reaching a thermal threshold for a reef to die-

off is unclear but likely short. We have high confidence that coral reef die-off has a minimal 

impact on global or regional warming, with impacts mostly severely affecting biodiversity and 

people dependent on reefs (92). There is clear evidence that coral die-off is self-perpetuating and 

irreversible beyond a threshold (with symbiotic algae being expelled often leading to coral 

death), but is localized to that reef system (93, 188). However, given that localized tipping is 

projected to occur synchronously across low-latitude waters at a sub-continental scale (>1000km 

scale, e.g. the Great Barrier Reef) with substantial regional impacts, we assign high confidence to 

REEF being a regional impact climate tipping element. 

Sahel & the West African Monsoon (SAHL). An exact definition for Sahel greening is unclear in 

the literature, but we take qualitative change for Sahel greening to be a biome shift (e.g. from 

desert to savanna or savanna to forest) across at least 1M km2 (i.e. sub-continental scale) (19, 86, 

88, 189). We base our SAHL threshold range of 2.8°C (2-3.5°C) primarily on the temperature range 

in which abrupt shifts occur in CMIP5 models (19), with additional support for the lower bound 

from WAM shifts occurring beyond regional warming of 2°C in the early Holocene African humid 

period and future (190, 191) and for the upper bound from other models showing Sahel greening 

during the 21st century but later declining under RCP8.5 (<4.3°C) (91, 189, 192, 193) and in 

general statistically significant changes in regional precipitation is expected by 2.5-3°C (23). 
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However, as the range of (19) is based on only one CMIP5 model demonstrating abrupt shifts and 

that many models struggle to resolve West African Monsoon and vegetation shifts during the 

African humid period (70, 88) or disagree on future trends (189, 193), we assign only low 

confidence to this threshold range. For timescales we also follow the abrupt shift in (19) of ~50y 

and a lower bound of 10y, but based on Holocene palaeorecords of past abrupt monsoon shifts 

we extend the upper bound to 500y (88, 194), and we assign low confidence to SAHL timescales 

for the same rationale as for the threshold estimates. Although abrupt greening would increase 

regional vegetation carbon storage, global impacts are likely to be minimal (medium confidence 

based on limited carbon storage in dry shrubland biomes, but prior to model confirmation), while 

regional impacts are expected to be significant but lack robust quantification (low confidence). 

There is some support from palaeoclimate studies for Holocene Sahel greening being associated 

with strong vegetation or dust feedbacks (88, 195–197) potentially driving locally abrupt shifts 

but at differing times across latitudes (194), but as it has not yet been demonstrated to what 

extent these feedback-driven shifts are self-perpetuating we assign low confidence to SAHL being 

a regional impact tipping element. 

Boreal forest [southern dieback] (BORF). We take qualitative change for BORF dieback to be a 

biome shift from forest to steppe (<50% tree cover) across at least 1M km2 (i.e. sub-continental 

scale) (83–85). We estimate a threshold range for BORF of 4°C (1.5-5°C), with the central estimate 

provided by vegetation modelling showing abrupt ecosystem shifts in this region beyond ~3.5°C, 

becoming widespread by ~4°C, and very widespread by ~5°C (marking our upper bound) (198). 

IPCC SR1.5 (90) estimated boreal forest tipping at 3-4°C with low confidence based on previous 

assessments and modelling (1, 4, 17, 199), but also assessed that tree mortality will increase 

along the southern boreal forest by 1.5°C. Together with a study taking an alternative climate 

niche approach to bypass vegetation model limitations which indicates substantial southern 

boreal forest retreat occurs by 2050 under RCP4.5 (i.e. at ~1.4°C) (85), and an emerging reversal 

in boreal forest greening at only ~1°C (200), this sets our lower bound of 1.5°C. Given the limited 

evidence base and emerging model-observation disagreements, we assign low confidence for the 

BORF threshold range. For timescale we adopt 100y as our central estimate from the vegetation 

modelling of (84, 199) and 50y as a lower bound from the assessment of (1), but given the limited 

evidence base we assign this low confidence. 

For BORF impact, (3) estimate that ~50% boreal forest dieback would lead to ~52 GtC release 

(~0.06°C global warming at tipping threshold of 4°C) based on the difference between estimated 

boreal forest and temperate grassland carbon densities. (201) estimated boreal forests contain 

~109 GtC in biomass (~54 GtC) and deadwood, litter, etc. (~54 GtC) and ~163 GtC in soil carbon, 

while (202) estimated 65-195 GtC for total vegetation biomass including deadwood, and (203) 

estimated ~41 GtC in live biomass. In contrast, arbitrary total boreal deforestation by (204) 

released only ~8 GtC, (205) estimates only ~17.1 GtC in above-ground vegetation for the 60-80°N 

latitudes, and a linear scaling of the latest IPCC estimate for potential boreal forest loss carbon 

release yields ~35 GtC at 4°C (56, 85). Despite the wide range in boreal forest carbon storage and 

release estimates, we take ~100 GtC as a plausible upper bound for total losable biomass, 
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including above and below-ground biomass and deadwood but ignoring potential soil carbon 

change, and keep ~52 GtC as our 50% boreal dieback estimate. Biogeophysical-only effects for 

total dieback in the 60-80°N latitude band are estimated at ~0.48°C global cooling and ~1-4°C 

regional cooling (204, 205), half of which would result in a net global cooling of ~0.18°C (and 

regional cooling of ~0.5-2°C) when combined with the carbon release above. Given the multiple 

sources for carbon release range and the agreement that counter-acting biogeophysical 

feedbacks are greater in magnitude (204–206), we assign global BORF impact as having medium 

confidence, but regional impact as low confidence until there is further spatially explicit 

modelling. Several studies posit potential feedback mechanisms capable of driving boreal forest 

dieback, for example via drying and increased wildfire frequency or linked to permafrost thaw, 

leading to observations indicating biome bistability between boreal forest and more open 

savanna or steppe (82, 83, 207). This supports the existence of tipping dynamics for BORF, but 

given the currently limited capacity of vegetation models to incorporate these feedbacks we 

assign medium confidence, and as tipping would likely be localized but occur semi-synchronously 

(84) we class it as a regional impact climate tipping element. 

Boreal forest [northern expansion] (TUND). We take qualitative change for TUND afforestation 

to be a biome shift from tundra to savanna/forest (>50% tree cover) across at least 1M km2 (i.e. 

sub-continental scale; largely north of 70oN) (19, 83–85). We estimate a threshold range for 

TUND of 4°C (1.5-7.2°C), for which the central estimate is derived from vegetation modelling 

showing widespread abrupt biome shifts in the boreal tundra region at ~4°C (84, 199). However, 

some more localized abrupt shifts can be seen from ~1.5°C (84) and ~2.4°C (199) in this modelling, 

while in another model, woody cover increases by up to 52% in the Arctic by ~2°C (208), tracking 

shifting climate zones suggests significant tundra afforestation beyond ~1.4°C (85), and boreal 

forest expansion to parts of the Arctic coast are reported for the mid-Holocene (19), supporting 

our lower bound of 1.5°C. For our upper bound, we use the threshold where one CMIP5 model 

experiences abrupt tundra afforestation (~7.2°C) (19). We assign only low confidence to this 

threshold range, as it is primarily based on a limited number of vegetation models, and CMIP5 

did not feature many models with sufficiently complex dynamic vegetation to resolve this shift 

(19). For timescale, we take 100y as our central estimate based on shifts observed in dynamic 

vegetation models (19, 199) and a lower bound of ~40y from modelled changes for 2010-2050 

(208), but given the limited evidence base we assign this low confidence. 

Fewer estimates are available for carbon uptake due to boreal forest expansion into the boreal 

tundra than for southern dieback, but ~13 GtC has been projected for total boreal afforestation 

(204) and IPCC AR6 estimating a similar value for boreal expansion carbon uptake as for boreal 

forest dieback carbon release (~21 GtC scaling to 4°C (56, 85). Taking a different approach, using 

biome areas and carbon densities from (3) would give a larger ~71.9 GtC drawdown of carbon if 

half of the tundra afforested and reached the carbon density of the boreal forest. However, 

boreal forest expansion also results in counteracting biogeophysical feedbacks (adding 0.3°C to 

global warming for total boreal afforestation (204)). Here, given the lack of specific modelling of 

the global impacts of tundra afforestation for both biogeophysical and biogeochemical 
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feedbacks, we simply adopt the biogeophysical estimate of (204) and scale it by 50% to represent 

partial afforestation, which yields ~0.14°C net global warming (and ~0.5-1°C regional warming). 

This partly balances out warming from dieback on the southern edge of the boreal forest biome, 

but regional effects and nonlinear interactions will be non-negligible. Given this impact estimate 

is based on one modelling study from 2010, takes an assumed afforestation extent, and 

biogeochemical and ecological feedbacks are poorly resolved in this region in models, we assign 

low confidence for TUND impact. Some evidence exists for self-perpetuation in TUND via 

decreasing albedo and increasing evapotranspiration amplifying local warming and boosting 

further forest expansion in the vicinity (19, 84, 208, 209) and for biome bistability in the boreal-

tundra region (82, 83, 207), but as with BORF this has not yet been fully demonstrated in 

vegetation or Earth system models and tipping is likely to be localized (but widespread by ~4°C), 

and so we assign medium confidence for TUND being a regional impact climate tipping element. 

Both boreal forest dieback and expansion also have complex and poorly quantified interactions 

with permafrost thaw (54). In some regions thaw can lead to forest loss and wetland formation 

(210, 211). Boreal forest disturbances like wildfires are likely to accelerate permafrost thaw in 

some but not all ecosystems (212–214). Regional warming of up to ~1°C from forest expansion 

(204) could potentially accelerate permafrost thaw in tundra regions, which could either restrict 

or enhance further forest expansion depending on whether thaw leads to localized wetting or 

drying (58, 210, 211). In this assessment we focus on climate drivers rather than ecological 

interactions to produce independent estimates for each element but note that these interactions 

add uncertainty and require further study to constrain. 

Amazon rainforest (AMAZ). We take a qualitative change for AMAZ dieback to be a biome shift 

from forest to savanna (<50% tree cover) or degraded forest across at least 1M km2 (i.e. sub-

continental scale) due to climate change rather than deforestation (77, 84, 215–219). Threshold 

estimates for AMAZ of 3.5°C (2-6°C) are based on a number of models, but subject to high 

uncertainty. The central estimate is based on several different vegetation and Earth system 

models projecting partial dieback in the 3-4°C range (78), including abrupt vegetation shifts in 

the Amazon above ~3.5°C in a dynamic vegetation model (84), localized losses in the south and 

east under RCP8.5 by 2070 (~3°C, (218)) and 2100 (~4°C, (77)) in hydrological and statistical 

models of the Amazon’s climate niche, most of the Amazon becoming bistable and therefore at 

risk of tipping by ~4°C in a global hydrological model (18), the likely precipitation threshold of 

<1500 mm/y being passed at ~3°C in HadCM3 (220), and dieback in the east in one vegetation 

model occurring at 2-3°C if CO2 fertilization rates fall by 100% vs. 1960-1990 and 4-5°C if CO2 

fertilization rates fall by 75%, which is the basis of the commonly cited 3-4°C estimate in (78) 

along with (1) and (221). Additionally, substantial retreat of the hydrologically-defined tropical 

rainforest niche (ignoring feedbacks) occurs by ~4°C (222), ~20% of HadCM3 runs exploring its 

parameter space committed to dieback by ~3.4°C (with another ~38% of runs experiencing loss) 

(223), long-term projections using HadCM3-TRIFFID resulting in widespread (~80%) Amazon 

dieback after 2100 under RCP4.5 or hotter (at ~3.5°C in ~2200) (224), and localized partial (~20%) 



Reassessment of climate tipping points – Supplementary Material 1 

diebacks occurring in the north and eastern Amazon at 1.3-2.8°C in CMIP6 models contributing 

to net Amazon vegetation carbon decline beyond 3°C (216). 

The upper AMAZ threshold bound is supported by one of the two abrupt Amazon diebacks in 

CMIP5 occurring at ~6.2°C (19) as well as more widespread vegetation shifts occurring at ~5°C in 

(84), the upper end of the dieback threshold range (5°C) of (221) for low CO2 fertilization, and 

committed dieback reaching ~90% by ~5°C in an earlier climate-vegetation model (217). The 

lower bound is supported by the other of the two CMIP5 models to feature abrupt dieback (19) 

as well as partial dieback being committed beyond 2°C in (217), dieback in one instance of 

HadCM3-ESE beyond ~2.2°C (225), ~15% of HadCM3 runs exploring its parameter space 

committed to dieback by ~2°C (with another ~30% of runs experiencing loss) (223), the low end 

of the no CO2 fertilization dieback range (2°C) of (221), partial retreat of the hydrologically-

defined tropical rainforest niche (ignoring feedbacks) from ~2°C (222), much of the Amazon 

breaching a thermal threshold for substantial carbon loss around 2°C (226), a ~200 ppm increase 

in atmospheric CO2 (which would be associated with ~2°C warming) triggering as much change 

in precipitation as total deforestation in one vegetation-climate model (227), localized abrupt 

dieback occurring in the north and eastern Amazon from as low as ~1.3-1.7°C in three CMIP6 

models (216), and the Science Panel for the Amazon listed warming exceeding 2°C as one of 

several potential Amazon dieback triggers, although considered uncertain and a specific basin-

wide threshold was not identified (228). Furthermore, recent observations suggest that the 

capacity of the Amazon carbon sink has declined since the 1990s (~0.5°C) and combined with 

direct human degradation has recently become a net carbon source (~1.1°C) and will be a carbon 

source even without anthropogenic interventions by ~1.5°C, although this does not represent a 

self-perpetuating dieback tipping point (15, 226, 229, 230).  

AMAZ threshold estimates from several different models and approaches cluster at 3-4°C, but 

given the lack of sufficient representation in many vegetation-climate models of aspects such as 

tree physiology and ecology (such as adaptation (231) , heat mortality (15, 226) drought mortality 

(232, 233), potential limits to CO2 fertilization (81, 231), and key mechanisms and feedbacks 

involving fire and rainfall (234), and conversely some studies arguing that previous models over-

estimated Amazon sensitivity to dieback (80, 235, 236), we assign low confidence to our AMAZ 

threshold range. For timescale, we adopt 100y as our central estimate based on the time taken 

in several vegetation and vegetation-climate models (84, 217, 225), with an upper bound of 200y 

from the longer timescale observed in for example the two CMIP5 abrupt shifts (19, 217), and a 

lower bound of 50y from diebacks observed in HadCM3C-ESE (223) and the more rapid localized 

abrupt shifts observed in several CMIP6 models (216). Given the model limitations mentioned 

above for threshold confidence though, some of which could affect timescales (e.g. droughts 

creating intense wildfires that could accelerate dieback), we assign low confidence to these AMAZ 

timescale estimates.  

For AMAZ impact, we first had to establish best estimates for total above-ground biomass (AGB; 

~70 GtC, i.e. ~127 MgC/ha), below-ground biomass (BGB; ~21 GtC, assuming relationship of 
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(237)), and soil carbon (60-110 GtC – approximately similar to biomass), which together amount 

to 150-200 GtC (3, 74, 75, 238). If all of the Amazon was converted to degraded secondary forest 

or savanna and we assume an AGB density of ~20 MgC/ha (based on repeatedly burnt secondary 

forest in (239) and neighboring Cerrado savanna (240, 241)) and constant soil carbon (as soil 

carbon response to deforestation is more complex, and can even increase (242)) then AGB would 

decline to ~11 GtC and BGB to ~4 GtC, releasing ~75 GtC to the atmosphere (causing a global 

warming of ~0.1°C, plus ~0.1°C biogeophysical feedbacks (204, 205)). A partial ~40% dieback 

(matching current bistable area (18, 77, 215, 243)) would therefore release ~30 GtC (~0.1°C), and 

a total dieback (possible if bistable area grows by the time of tipping threshold (18)) ~75 GtC 

(~0.2°C), along with regional warming of ~1-2°C (~0.4-1°C) under total (partial) dieback. We 

assign this impact estimate medium confidence, as the biomass and bistability extent estimates 

come from several different sources and approaches, but some assumptions had to be made, for 

example on carbon storage in post-dieback degraded ecosystems. Support for a self-

perpetuation mechanism in the form of moisture recycling and fire feedbacks (19, 77, 78, 223, 

225, 228, 243–245), early warning signals indicative of declining resilience and/or approaching 

tipping points (13, 225), and for biome bistability (18, 215, 243, 245–247) comes from multiple 

sources, but given the model limitations and disagreements discussed for the thresholds 

confidence we assign medium confidence for AMAZ featuring tipping dynamics. The substantial 

Earth system impacts and bio-cultural losses justify it as global core element. 

S3) Other climate tipping element candidates 

In this section we describe other systems that have been proposed as potential climate tipping 

elements and included in Data S1 (Climate Tipping Elements Database), including their proposed 

dynamics and why we have designated them as either uncertain, unlikely, or threshold-free 

feedbacks. Uncertain elements are candidate elements for which some evidence exists for 

tipping dynamics but high uncertainty results in very low confidence. Unlikely elements are 

elements with evidence suggesting that they do not (or no longer) have tipping dynamics but are 

not clearly feedbacks either. Threshold-free feedbacks are elements where the available 

evidence indicates no tipping dynamics exist but they can act as a quasi-linear feedback on global 

warming. 

S3.1) Uncertain potential climate tipping elements 

Southern Ocean sea-ice (SOSI). Several abrupt shifts in SOSI occur in CMIP5 models (19). Abrupt 

loss was detected in the Pacific and Atlantic Ocean sectors at ~2.1°C (1.4-2.9°C) in two models, 

an abrupt increase occurred at ~1.6°C in the Indian Ocean sector in one model, and forced 

bimodal switches occurred in the Southern Ocean at ~2.9°C (1.7-4.7°C) in two models. These 

shifts are likely feedback-driven and may be self-perpetuating, although further analysis is 

required to determine threshold dynamics. However, AR6 has only low confidence in past and 

future simulations for Antarctic sea ice due to model limitations (21). Hence, we include Southern 

Ocean sea ice as an uncertain potential regional/impact tipping element with limited global 
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impacts, and best estimates of thresholds and timescales 25-50y based on Drijfhout et al. (2015) 

[with low to medium confidence depending on number of models]. 

Tibetan Plateau Snow (TIBS). Abrupt snow melt on the Tibetan Plateau was detected in two 

CMIP5 models at 1.7-2°C (19). Despite its abruptness, this abrupt melt is not driven by self-

perpetuating feedback. Instead, this nonlinear response to warming is a threshold mechanism 

related to a negative annual mass flux balance resulting from greater seasonality in snow cover. 

It also occurs in only two CMIP5 models. As a result, we categorize Tibetan Plateau snow melt as 

an uncertain tipping element. 

Indian summer monsoon (INSM). Simple models suggest that the existence of a self-propelling 

moisture-advection feedback can result in two stable states (the current wet state and an 

alternative dry state) and threshold behavior for the South Asian monsoon (248, 249). Past 

research has suggested that if planetary albedo over South Asia becomes greater than 0.5 the 

INSM could collapse, based on the possible presence of multiple metastable regimes (249). 

However, more recently there has been debate as to whether this feedback is strong enough to 

give rise to alternative stable states (24, 250, 251). It is also uncertain as to whether a global 

warming threshold exists for INSM separate to pollution, with warming instead tending to 

counteract the aerosol effect and overall strengthening likely by 3°C (90, 252). We therefore 

categorize INSM as an uncertain potential tipping element with a non-GMST anthropogenic 

driver. 

Indian Ocean upwelling (IOUP). An abrupt but temporary increase in upwelling and an associated 

phytoplankton bloom occurs in one CMIP5 model at ~10.9°C (19). This is driven by self-amplifying 

increase in upwelling (initially triggered by increased wind stress and equatorial divergence) that 

delivers extra nutrients to the surface, but the reversal a few decades later makes it unclear as 

to what extent these feedbacks are self-perpetuating. If evidence emerged from several sources 

supporting the existence of this as a tipping point, then IOUP would be categorized as a regional 

impact tipping element, but for now we categorize it as an uncertain potential tipping element. 

Equatorial stratocumulus clouds (EQSC). In a recent model a positive feedback-driven abrupt 

breakup of equatorial stratocumulus clouds occurs at >1200 ppm atmospheric CO2 (1400-2200 

ppm in sensitivity analysis), which is equivalent to a GMST of 6.3°C (7-8.9°C) (97). This results in 

a dramatic ~8°C increase in GMST (~10°C in subtropics) in only ~10 years, and substantial model 

hysteresis indicates the existence of bistable states. However, this has only been resolved in one 

model so far, and so remains highly uncertain. If further research supports the existence of this 

tipping point, EQSC would constitute a global core tipping element, albeit one that is unlikely to 

triggered by anthropogenic warming unless global policy fails. 

Ocean deoxygenation (ANOX). A tipping threshold for weathered phosphorus input to the ocean 

triggering global ocean anoxia has been previously identified and was likely triggered multiple 

times during the Mesozoic era, with extreme consequences for the marine biosphere (1, 253, 

254). However, the associated global warming level required to reach this phosphorous threshold 
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is unclear, although it is likely that RCP8.5 would be sufficient if maintained for tens of millennia 

(253, 255, 256). We conclude that there is likely an oceanic anoxia tipping point that would have 

serious global consequences if triggered. However, given the uncertainty around the climate 

forcing required and the length of time likely needed to trigger tipping we categorize ocean 

anoxia as an uncertain potential tipping element. 

Antarctic bottom water / Southern MOC (AABW). The impact of Antarctic ice sheet meltwater 

on AABW formation is not resolved in most Earth system models, and did not feature in any 

CMIP5 model (257). However, observations suggest it may already be weakening, and collapse 

over ~50 years was found to be possible beyond a freshwater melt threshold (equivalent to 1.75-

3°C GMST) in one model adapted to include this process (257). It is categorized as an uncertain 

potential tipping element, due to lack of models, but if confirmed it would likely act as a 

Global/Core tipping element as its collapse would have global consequences.  

Cloud feedbacks (CLFB). Several recent models indicate that cloud feedbacks (especially over the 

Southern Ocean) could also transition to net-positive and amplify climate sensitivity beyond a 

threshold in the 3-5°C range (258–260). This could be a rare example of a global tipping point in 

that it markedly increases climate sensitivity from ~3°C to ~5°C global warming for each CO2 

doubling. However, the realism of these high-sensitivity models has been questioned (261, 262), 

and although it features a threshold it is unclear if this threshold results from tipping dynamics. 

We therefore categorize this as an uncertain potential tipping element, requiring further study 

to constrain. 

Temperate forests (TEMF). Recent observations suggest that temperate forests are experiencing 

regional mortality increases as a result of heat stress, droughts, extreme weather, and insect 

outbreaks (263–271). Potential self-amplification might occur under increasing soil moisture 

deficits stemming from reduced forest cover, which in turn influence precipitation regimes (272–

275) and amplify local warming (276). However, it is unclear from theory or models whether 

temperate forests feature strong enough self-amplifying feedbacks to result in the same scale 

bistability associated with parts of the Amazon rainforest and boreal forest (277). As such, we 

categorize temperate forests as an uncertain potential regional impact tipping element. 

Congo forest (CONG). The Congo rainforest has been proposed as a potential climate tipping 

element with similar possible tipping dynamics to the Amazon (18), but evidence of a specific 

tipping threshold across large parts of the forest is currently lacking. Furthermore, the regional 

forest-rainfall feedback in the Congo is weaker than in the Amazon. Bistability analysis indicates 

that currently the whole Congo rainforest lacks resilience against rainfall decline, but unlike the 

Amazon, global warming may actually increase resilience and create larger mono-stable 

rainforest areas and a greater potential forest range (18). Conversely, this same analysis indicated 

that southeast Asian rainforests are not vulnerable to forest-rainfall feedback (as the climate 

zone is largely maritime across mainland and maritime southeast Asia) and is therefore not 

proposed as a potential climate tipping element. 
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Other potential tipping elements or feedbacks. There are a number of other potential climate 

tipping points suggested or implied by the literature, for example aridification of inner East Asia 

(278), forest colonization of non-frozen peatlands (279), and soil organic carbon (280). However, 

there is currently insufficient evidence to classify them or determine their potential thresholds 

and impacts, and so we leave them out of this assessment. 

S3.2) Unlikely tipping elements 

Arctic ozone hole (AOZH). Stratospheric ozone depletion has been driven by now-declining 

anthropogenic CFC emissions but can be enhanced by cooler temperatures. It has previously 

been suggested that global warming, which is associated with stratospheric cooling, could 

therefore lead to increased ozone destruction in polar regions by increasing polar stratospheric 

clouds and strengthening the polar vortex (20, 281–285). As ozone destruction itself also leads 

to cooling this could have potentially triggered an abrupt self-perpetuating expansion of the 

Arctic ozone hole, potentially seriously impacting Europe (20). However, stratospheric ozone is 

gradually recovering since the Montreal Protocol limited CFC emissions from 1987, and it is 

projected that a global warming-induced Arctic ozone hole expansion will become impossible 

beyond 2030-2060, although some uncertainties in the response of polar vortex behavior to high 

global warming levels remain (17, 20). As such, we categorize it is unlikely to be a tipping element 

unless a substantial breakdown in the Montreal Protocol occurs. 

El Niño Southern Oscillation (ENSO). (1) identified ENSO as a potential tipping element on the 

basis that ENSO was possibly persistent during the Pliocene (~3°C above pre-industrial) and so 

could potentially tip into a persistent-El Nino state with warming. Alternatively, it was posited 

that ENSO could tip to a higher amplitude regime (1). However, subsequent modelling has shown 

there is insufficient evidence for a sharp regime threshold for a more extreme or persistent ENSO, 

although the amplitude of rainfall variability is projected to increase with warming (22, 23). We 

therefore conclude that ENSO is unlikely to be a tipping element itself, although other tipping 

points might have substantial impacts on ENSO. 

Northern polar jet stream (JETS). It has been proposed that Arctic warming amplification has 

destabilized the Northern polar jet stream, leading to increased extreme weather events in 

Northern mid-latitudes (286). This led to the jet stream being included as a potential tipping 

element by Steffen et al. (2018), although no justification was given for the 3-5°C temperature 

threshold estimate. However, the link between Arctic amplification and mid-latitude weather 

trends has been challenged, with longer datasets suggesting the previous correlation may not 

have been causal (287). IPCC AR6 concluded that there was low agreement on mechanisms 

linking Arctic amplification and jet stream response (70) and low confidence on the contribution 

of Arctic warming to mid-latitude climate (288). As a result of this uncertainty and the lack of a 

proposed self-perpetuating feedback mechanism for jet stream instability we categorize the 

Northern polar jet stream as unlikely to be a tipping element. 
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S3.3) Threshold-free feedbacks 

Arctic summer sea ice (ASSI). ASSI has been declining since the 1970s particularly since the 

1990s, outpacing past IPCC projections (35). This decline is amplified by the ice-albedo feedback 

(sea ice retreat exposes darker water that absorbs more incoming solar energy), and might be 

further amplified by feedbacks to cloud cover, but negative feedbacks can act to prevent runaway 

sea ice loss (20). CMIP6 models better capture historical ASSI decline, and project occasional ice-

free Septembers will occur above 1.5°C GMST, becoming common beyond 2°C and permanent 

around 3°C (36). However, current models suggest that it is unlikely to feature a tipping point 

beyond which loss would self-perpetuate (21). Hence, we re-categorize ASSI as a threshold-free 

feedback, adding ~0.25°C to global warming (116). 

Marine methane hydrates (MMHD). Methane hydrates (also known as clathrates) are deposits 

of methane in subsea sediments that under high pressure and low temperature are locked into 

ice-like structures. The widespread dissociation of subsea methane hydrates has previously been 

hypothesized as a tipping element in the climate system that may have previously driven the 

Eocene hyperthermal events (289–294). As such, it has been suggested that anthropogenic 

warming, which is projected to be of a similar magnitude but faster rate if unabated, could also 

trigger hydrate dissociation (1, 289, 295). However, more detailed mechanistic modelling of the 

response of hydrates to warming suggests a lag of 100s-1000s of years between warming and 

methane release due to latent heat slowing heat propagation and the loss of much of the 

released methane during sediment transport processes (292). There is also no clear mechanism 

for hydrate dissociation to be able to self-perpetuate independently of thermal forcing, with 

latent heat processes instead resisting rather than amplifying thermal propagation through 

hydrate deposits. Instead, hydrates may have more likely acted as a gradual feedback during 

events like the PETM, helping to amplify and lengthen the hyperthermal rather than causing the 

abrupt initial warming itself (296, 297). As hydrates are scattered around the Earth’s continental 

shelves and slopes in isolated deposits, they are unlikely to trigger each other, but if deposits 

were concentrated around a particular depth, then ocean warming could hypothetically trigger 

synchronous dissociation and release that could amount to a threshold-like response. However, 

no such depth concentration is known and ocean warming and hydrate dissociation are slow 

enough processes to smooth out any release. Instead, smaller shallow hydrate deposits are 

expected to gradually begin to dissociate and release methane in to the overlying ocean in the 

next few centuries under higher warming scenarios while larger deep deposits remain relatively 

stable until much later (298). IPCC AR6 projects a minimal release of hydrate-derived methane in 

the 21st Century, with a maximum increase in atmospheric methane of ~20 ppb (56). Based on 

the evidence that hydrate dissociation likely does not independently self-perpetuate beyond a 

clear global threshold, we categorize methane hydrates as a threshold-free feedback that will 

somewhat amplify the future stabilized global warming level on geological timescales. 

Boreal permafrost [gradual thaw] (PFGT). Permafrost is permanently frozen soil containing 

substantial organic carbon deposits, and its thaw with global warming leads to the respiration 
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and release of this carbon as CO2 and methane (54). Gradual permafrost thaw (PFGT) in the 

Circum-Arctic permafrost region is observable in modern and palaeorecords beyond 1-1.5°C (54–

56, 163) and in several models acts as a potentially nonlinear but threshold-free feedback (153, 

164, 165, 167, 173, 174, 299). We summarize the literature (Table S3) as indicating that gradual 

thaw processes act as a threshold-free feedback that becomes widespread by 1.5°C (1-2.3°C) 

[high confidence], occurring over a timescale of 200y (100-300y) [medium confidence], with 

emissions of ~20-50 GtC at 2100-2300 respectively per degree of warming (~0.09-0.21°C per °C 

at pre-industrial, including estimated ~40% amplification by methane (54)). For PFGT impact, we 

subjectively judge a central estimate reflecting the range assessed literature. We estimate a 

feedback strength of ~20 GtC (~0.09°C from a pre-industrial baseline) released per degree of 

global warming at 2100 (when many studies evaluate permafrost feedback strength at; IPCC AR6 

(56) estimated ~18 GtC, (54) implied ~25 GtC), increasing to ~50 GtC (~0.21°C) by 2300, reflecting 

that the majority of emissions likely occurs after 2100 (~59% in (54)). The assessed studies range 

from 10 to 27 GtC per °C by 2100 (reflecting the IPCC AR6 5th-95th percentile range of 3-41 GtC), 

and 27 to 65 GtC per °C by 2300 (excluding some outliers). The above temperature figures also 

include a ~40% amplification due to methane (assuming ~2.3% of carbon is emitted as methane 

based on Schuur et al. (2015)), although some studies suggest a smaller amplification by methane 

(e.g. 10-18% amplification in (173), and even less in (300) where methane is estimated to account 

for only ~0.2% of carbon emissions). These estimates exclude carbon uptake by surface 

vegetation growth, which partly or wholly offsets permafrost carbon losses in some studies (e.g. 

(160, 166)) but is far less in others (e.g. (300)), with complex ecological interactions making the 

response highly uncertain. 

Ocean biological pump and ocean carbon sink (PUMP). The ocean takes up around a quarter of 

all anthropogenic CO2 emissions, making it a substantial carbon sink (301). While this mostly 

driven by the ‘solubility pump’ (i.e. dissolution of CO2 into seawater), the flow of carbon from 

surface to deep ocean is modulated by the ‘biological pump’ (302). This describes the drawdown 

of CO2 from the surface ocean into marine biomass and the export of this biomass into the deep 

ocean, where it remains for several centuries. This export is weakening in response to climate 

change, with warming leading to the expansion of low-nutrient ‘oligotrophic’ regions and a shift 

to smaller-sized plankton that produce less exportable carbon, slightly reducing the capacity of 

the ocean carbon sink (303, 304). The biological pump has been presented by some as a potential 

tipping element (e.g. https://www.pik-potsdam.de/en/output/infodesk/tipping-

elements/kippelemente), but there is no known self-perpetuation mechanism that enables its 

decline to become independent of climate forcing, and in models the changes scale quasi-linearly 

with emission scenario (304). The solubility pump also declines with rising CO2 and warming (as 

warmer and more acidic water can dissolve less CO2) but like the biological pump also has no 

known tipping behavior, leading to an eventual peak but not a reversal of the overall ocean 

carbon sink in the latest CMIP6 models (56). Potential ocean tipping points mostly consist of 

ecosystem regime shifts in response to warming or acidification rather than for ocean carbon 

storage in general (305). It has been hypothesized that there may be a reachable threshold for 
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carbon release rate into the ocean carbon cycle that could trigger a more substantial carbon cycle 

disruption like in previous mass extinction events (306, 307), but this relies on a highly simplified 

model and remains speculative. As such, we categorize the warming-induced decline of the ocean 

biological pump (and the ocean carbon sink in general) as threshold-free feedbacks rather than 

tipping points, although nonlinear behavior cannot be fully ruled out. 

Land carbon sink (LAND). Alongside the ocean carbon sink, the terrestrial biosphere takes up 

around another quarter of anthropogenic CO2 emissions, mostly as a result of higher CO2 

concentrations leading to more productive plants (the ‘CO2 fertilization’ effect) (301). However, 

increasing temperatures, droughts, and nutrient limitations will eventually limit how much CO2 

the land biosphere can take up, leading to a reduced fraction of emitted CO2 being drawn down 

and eventually to a transition from net carbon sink to net carbon source after 2100 (56). 

Projections of the future global land sink vary widely though as a result of missing model 

processes such as nutrient limitation or vegetation dynamics, leading to low agreement in AR6 

on the timing and eventual magnitude of this transition. Recent observations indicate that land 

carbon sink slowdown may have already begun after 2000 (~0.7°C) and entered decline since 

~2015 (~1.0°C) (200, 308), while another analysis of observations suggests CO2 fertilization began 

to decline above as low as ~0.3°C and may reach zero beyond ~1.2°C (309). This suggests that 

models are overestimating CO2 fertilization and underestimating land carbon sink slowdown, in 

particular in the boreal region (200, 310). The carbon sink of individual ecoregions and biomes 

such as tropical forests are already declining in some cases, with for example the Amazon’s 

carbon uptake rate declining beyond ~0.5°C, projected to become a net sink by ~1.5°C, and in 

combination with deforestation the south-eastern likely a net source already (15, 226, 229, 230). 

Parts of the Amazon and the Boreal forests may also have tipping points beyond which a regime 

shift and therefore carbon storage capacity substantially shifts (78, 85). At a global scale though 

these changes are currently compensated by other still active land sinks increasing instead, with 

for example boreal and tundra greening compensating for the decline in the tropical sink (311). 

While a global sink-to-source transition will occur at some point, for example as a result of 

photosynthesis rates peaking and falling in sub-tropical ecoregions while respiration rates 

continue to increase (312), this transition is not a tipping point in itself as it is a gradual shift in 

feedback strengths which is not self-perpetuating. Hence, we categorize the land carbon sink as 

a threshold-free feedback, although nonlinear behavior is still probable.  
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Table S1. Thresholds, timescales, and impacts of previously proposed climate tipping elements. Red boxes indicate thresholds <2°C (i.e. 
accessible under Paris Agreement), yellow 2-4°C (accessible this century), and green >4°C (only accessible with high emissions/sensitivity). For 
impact, +/-/~ indicate unquantified positive/negative/minimal impact on global warming, regn. a substantial regional impact, @2°C the global 
feedback at 2°C, ? indicates value is unclear in source study, and blanks are where a value is not stated. 

Proposed Climate Tipping Element 
[and Tipping Point] or  
Abrupt Event (Drijfhout et al., 2015) 

Lenton et al. (2008) Schellnhuber et al. (2016) Steffen et al. (2018) Lenton et al. (2019) Drijfhout et al. (2015) 

Thres-
hold 
(°C) 

Time-
scale  

(y) 

Impact 
(°C) 

Thres-
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(°C) 

Time-
scale 

(y) 

Impact 
(°C) 

Thres-
hold 
(°C) 

Time-
scale 

(y) 
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(°C) 

Thres
-hold 
(°C) 

Time-
scale 

(y) 

Impact 
(°C) 

Thres-
hold 
(°C) 

Time-
scale 

(y) 

Impact 
(°C) 

Arctic Summer Sea Ice [loss] (ASSI) 0.5-2 10 + 0.8-2.5   1-3  + 2< - +regn. 
Rapid ice melt feedbacks 

not well represented 
Greenland Ice Sheets [collapse] (GrIS) 1-2 >300 ~ 0.8-3.2   1-3  + 1.5 1k-10k  

West Antarctic Ice Sheet [collapse] (WAIS) 3-5 >300 ~ 0.8-5.5   1-3  + 1-1.5 100-1k<  

Atlantic M.O. Circulation [collapse] (AMOC) 3-5 100 -regn. 3.5-5.5   3-5  ±regn.   ±regn. 1.6* 50 -4 regn. 

Amazon Rainforest [dieback] (AMAZ) 3-4 50 ~ 3.5-4.5   3-5  0.05@2°C   + 2.5 / 6.2 150  

Boreal Forest [southern dieback] (BORF) 3-5 50 ~ 3.5-5.5   3-5  0.06@2°C   + Limited veg. dynamics 

Boreal Permafrost [collapse] (PFTP) N/A <100 + 4.8-9+   5+  0.1@2°C   + 5.6 50  

Sahel & W. African Monsoon [greening] (SAHL) 3-5 10 ~ 3.5-5.5   3-5  ~?    2.8 50  

El Niño [permanent/extreme] (ENSO) 3-6 100 ~ 3.5-7.0   3-5  regn.?       

Low-latitude Coral Reefs [die-off] (REEF)    1.3-1.8?   1-3  ~? <2   Not represented 

East Antarctic Ice Sheet [collapse] (EAIS)    4.5-9+   5+  +?    Timescale not modelled 

Arctic Winter Sea Ice [collapse] (AWSI)    5.5-9+   5+  +?    6.3 100 +regn. 

Mountain Glaciers [loss] (GLCR)    1-2.6   1-3  ~?       

Northern Polar Jet Stream [instability] (JETS)       3-5  ~?       

Indian Summer Monsoon [collapse] (INSM) N/A 1 ~    3-5  ~?       

Ocean Oxygenation [global anoxia] (ANOX)  10k ~             

Arctic Ozone Hole [abrupt expansion] (AOZH)  <1 ~             

Antarctic Bottom Water [collapse] (AABW)  100 ~             

Marine Methane Hydrates [dissoc.] (MMHD)  1k-100k +    N/A 1k< 0.5       

Boreal forest [northern expansion] (TUND) N/A 100 +          7.2 100 +regn. 

Southern Ocean sea ice [bimodality] (SOSI-Bi)             2.9 50 +regn. 

Indian Ocean upwelling [increase] (IOUP)             10.9 25  

Barents sea ice [loss] (BARI)             1.6 25 +regn. 

Southern Ocean sea ice [loss] (SOSI-AP)             2.1 25 +regn. 

Southern Ocean sea ice [increase] (SOSI-In)             1.6 25 -regn. 

Labrador Sea / SPG Convection [collapse] (LABC)             1.7 10 -regn. 

Tibetan Plateau Snow [abrupt loss] (TIBS)             1.8 25 +regn. 

Equatorial Stratocumulus Clouds [breakup] (EQSC)          ~6.3  8    

Ocean Biological Pump [weaken] (PUMP)       N/A  0.02@2°C       

Global Land Carbon Sink [weaken] (LAND)       N/A  0.25@2°C       

*Likely too low  
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Table S2. Summary of abrupt events detected in CMIP5 by Drijfhout et al. (2015). Colors for GMST thresholds indicate tipping points occurring 
below 2°C (red), between 2 and 5°C (yellow), and above 5°C (green). Bolded abrupt event names indicate phenomena that have previously been 
characterized as climate tipping points. Bolded number of models indicate the abrupt event is found in more than three models, and italic font 
only in one model. 

CMIP5 Abrupt Event 

Global Mean Surface Temperature (°C) 
the abrupt event occurs at: Number of models 

found in 
Mean RCP8.5 RCP4.5 RCP2.6 

Southern Ocean sea ice bimodality  2.9 4.7 2.1  2 

Indian Ocean Upwelling change 10.9 10.9   1 

Arctic winter sea ice collapse  6.3 6.3   5 

Barents Sea ice loss 1.6 1.6   2 

Southern Ocean sea ice loss 
(Pacific/Atlantic) 

2.1 2.6 1.9 1.4 2 

Southern Ocean sea ice increase (Indian) 1.6  1.6  1 

Labrador Sea convection collapse 1.9 3.8 1.6 1.5 4 

AMOC collapse 1.6 1.9 1.6 1.4 1 

Permafrost collapse 5.6 5.6   1 

Tibetan Snow Melt  1.8 2.0 1.7  2 

East Sahel Vegetation changes  2.8 3.5 2.8 2.1 1 

Boreal Forest expansion 7.2 7.2   1 

Amazon Forest dieback  4.4 2.5-6.2   2 
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Table S3. Summary Table of literature-based estimates for thresholds, timescales, impact, activation time, self-perpetuation, rate-dependence, 
and hysteresis (see Materials and Methods for details). Colors for element acronyms represent Earth system domains (blue = cryosphere; green 
= biosphere; orange = ocean/atmosphere), all other colors represent confidence (red = low confidence; yellow = medium confidence; green = 
high confidence). For impact, +/-/~ indicate unquantified positive/negative/minimal impact on global warming, and ? indicates unknown. 
Threshold and timescale values for threshold-free feedbacks and unlikely tipping elements represent the temperature ranges these feedbacks or 
phenomena are expected to become substantial/widespread by and the timescales their impacts will occur over. 

Category 

Proposed  
Climate Tipping 

Element  
[and Tipping 

Point]* 

Threshold (°C) Timescale (y) Max. Impact** (°C) 
Activ-
ation 
Time 

Dynamics 

Comments 
Est. Min. Max. Est. Min. Max. Global Regional 

Self- 
perpet
uate? 

Rate- 
depen
dent? 

Hyster-
esis/bi-
stability

? 

Global 
Core 

Tipping 
Elements 

GrIS 
Greenland 
Ice Sheet  
[collapse] 

1.5 0.8 3.0 10k 1k 15k 0.13 0.5 to 3.0 ? Y N Y 

GrIS has partially or fully collapsed over long millennial 
timescales within the Paris Agreement Target range in 
previous warm interglacials (albeit with orbital forcing 
differences), with models also supporting a tipping 
threshold and significant hysteresis in this range. IPCC 
express uncertainty on tipping below 3°C, but indicates 
collapse beyond 3°C is likely and cites studies with 
lower thresholds. 

WAIS 

West 
Antarctic 
Ice Sheet  
[collapse] 

1.5 1.0 3.0 2k 500 13k 0.05 1.0 60 Y N Y 

WAIS has partially or fully collapsed over millennial 
timescales within the Paris Agreement Target range in 
previous warm interglacials, with some models and 
observations showing current or near-future warming 
already potentially sufficient to trigger collapse. Faster 
collapse within coming centuries possible beyond 2°C. 
Features clear potential self-perpetuation mechanisms 
(via MISI, or more uncertainly MICI). 

LABC 

Labrador-
Irminger 
Sea / SPG 
Convec-
tion 
[collapse] 

1.8 1.1 3.8 10 5 50 -0.5 -3.0 ? M M M 

Labrador-Irminger Sea / North Atlantic SPG convection 
collapse is resolved by multiple CMIP5 & CMIP6 
models, and has strong regional consequences. 
Effectively a branch of AMOC with marginally smaller 
consequences but a much lower warming threshold in 
models that do resolve it. Potential self-reinforcing 
convection feedbacks can maintain warming-induced 
stratification and give rise to bistability 

EASB 

East 
Antarctic 
Subglacial 
Basins 
[collapse] 

3.0 2.0 6.0 2k 500 10k 0.05 ? 200 Y P Y 

Consists of Wilkes, Aurora, and Recovery Basins. 
Marine-based like WAIS and unlike rest of EAIS, but 
thresholds are higher than WAIS. Wilkes has range of 
~2-6°C, and Aurora & Recovery ~6-8°C. Partly depends 
on the debated MICI feedback, though is also 
vulnerable to MISI (depending on local factors such as 
buttressing) and so still has a self-perpetuation 
mechanism. 
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AMAZ 
Amazon 
Rainforest  
[dieback] 

3.5 2.0 6.0 100 50 200 

Partial Dieback: 
30 GtC / 0.1°C 
Total Dieback:  
75 GtC / 0.2°C 

Partial: 
0.4-1 
Total:  
1 to 2 

5-50 Y P Y 

Partial bistability amplified by moisture recycling 
provides a clear self-perpetuation mechanism. 
However, not all models show Amazon dieback, but 
not all relevant processes are resolved and 
observations indicate higher mortality than modelled. 
There is also a strong non-climate driver in 
deforestation that makes dieback more likely, 
complicating temperature threshold estimation (our 
estimates assume climate-only forcing, and so are 
likely over-estimates). Total dieback (assuming most 
Amazon becomes bistable by ~4°C) = 75 GtC released 
(~0.2°C, including biogeophysical feedbacks), partial 
dieback (~40% currently bistable, S. & E. Amazon) = 30 
GtC (~0.09°C). 

PFTP 

Boreal 
Perma-
frost  
[collapse] 

4.0 3.0 6.0 50 10 300 
125-250 GtC /  

175-350 GtCe /  
0.2-0.4°C 

~ ? Y P P 

Warming beyond 4°C may risk wide-scale abrupt-
drying regime shifts followed by self-perpetuating 
thawing in carbon-rich High Arctic & Yedoma regions 
(the "compost bomb"). The exact carbon pool 
vulnerable to drying/compost bomb instabilities is 
uncertain, so our estimate here assumes 25-50% C loss 
over 100y in Yedoma domain (~400GtC [Strauss et al., 
2017]) & Teufel et al., (2019) abrupt drying area 
(2.2Msqkm = ~15% PF area [Turetsky et al., 2020] = 
~155GtC [Schuur et al., 2015]), rounded down to 
account for some area overlap. This instability is 
subject to hysteresis as soil C would take a long time to 
reform if climate were to cool, and has partial rate-
dependence as although the "compost bomb" is rate-
dependent itself abrupt drying could abruptly induce 
collapse instead. 

AMOC 

Atlantic 
Meriod-
ional 
Overturn-
ing 
Circula-
tion  
[collapse] 

4.0 1.4 8.0 50 15 300 -0.5 -4 to -10 ? Y P M 

Palaeo data and simple models suggest AMOC 
bistability and tipping thresholds, but CMIP models 
tend to show linear AMOC weakening rather than 
abrupt collapse. However, CMIP models are likely 
under-sensitive and do not include e.g. GrIS runoff 
effects. A runoff threshold is moderately likely (~0.1-
0.5 Sv) but associated GMST highly uncertain; rate-
dependence at lower end of range (0.1-0.3 Sv) is also 
likely but uncertain. Overshoot may also be possible, 
but the exceedance time is uncertain. May not be fully 
hysteretic as in some models the AMOC recovers when 
GRIS forcing declines (i.e. AMOC collapse is a response 
to GrIS rather than to global warming directly). 

AWSI 
Arctic 
Winter 

6.3 4.5 8.7 20 10 100 0.6 0.6 to 1.2 <10 M M M 
Unlike ASSI, AWSI features a threshold for abrupt 
decline in many CMIP5 models, which may be 
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Sea Ice  
[collapse] 

feedback-driven and hysteretic. Regional warming 
scaled from ASSI by global impact ratio. 

EAIS 

East 
Antarctic 
Ice Sheet  
[collapse] 

7.5 5.0 10.0 ? 10k ? 0.6 2.0 ? M N Y 

The land-based EAIS is subject to strong hysteresis that 
protects it above its formation temperature (~5°C). 
Very gradual melt is projected, self-amplified by 
elevation feedback although unconfirmed if fully self-
perpetuating due to modelling constraints for long 
timescales. 

Regional 
Impact 
Tipping 

Elements 

REEF 

Low-
latitude 
Coral 
Reefs  
[die-off] 

1.5 1.0 2.0 10 / / ~ ~ ? L/P M P 

70-90% warm-water coral reef loss is likely at ~1.5°C, 
with ~99% loss likely by 2°C. Partial hysteresis/self-
perpetuation results from bleached reefs being 
irrecoverable directly, but new reefs can re-grow 
below threshold. There may be some rate dependence 
as slower warming rate may be adaptable to through 
ecosystems shifts to thermally-adapted species/taxa. 

PFAT 

Boreal 
Perma-
frost  
[abrupt 
thaw] 

1.5 1.0 2.4 300 100 300< 

Abrupt thaw adds 
c. 50% to gradual: 
10GtC / 14GtCe / 

0.04°C per°C 
@2100; 

25GtC / 35GtCe / 
0.11°C per°C 

@2300 

~ ? L P P 

While most permafrost thawing below ~4°C is likely to 
be gradual, ~20% of the circum-arctic permafrost 
region is vulnerable to abrupt thaw processes (e.g. 
thermokarst lakes, slumping, etc.) which are not yet in 
models. These add an extra ~2.3 to ~11.6 GtC/°C (0.03-
0.07°C/°C) at 2100-2300 in Turetsky et al., (2020) (i.e. 
~33% extra) and ~41-74% extra in Schuur et al., 
(2015)'s expert judgement - we loosely estimate ~50% 
(25-75%) extra based on this. Very fast warming 
(RCP8.5) suppresses CH4 & total feedback over longer 
timescales, with highest PCF strength in RCP4.5-6. 
Palaeorecords & models indicate both gradual & 
abrupt wide-scale thaw starts by ~1.5°C and in RCP2.6-
4.5. 

BARI 

Barents 
Sea Ice  
[abrupt 
loss] 

1.6 1.5 1.7 25 ? ? ~ + ? M N ? 

Some models show abrupt loss of winter sea ice in 
Barents Sea region (resulting from a positive feedback-
driven shift in sea ice state) is possible in both the past 
and with further warming, with significant impacts on 
regional warming and weather patterns 

GLCR 
Mountain 
Glaciers  
[loss] 

2.0 1.5 3.0 200 50 1000 0.08 + ? L/P N N 

Not a global tipping point, with each glacier having 
local thresholds & elevation feedbacks. 1.5°C leads to 
semi-stabilisation by 2100 in many small-glacier 
regions (but long-term survival not guaranteed); 
models & AR6 suggests widespread small glacier losses 
outside Antarctica expected to be committed by ~2-
3°C, satisfying our synchronous sub-continental 
localised tipping requirement. High Mountain Asia 
threshold might be a bit higher / take longer, but "peak 
water" (and therefore societal impacts) are also 
reached at ~2°C. 
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SAHL 

Sahel & 
West 
African 
Monsoon 
[greening] 

2.8 2.0 3.5 50 10 500 ~ + ? M N M 

Recent models suggest further global warming will lead 
to overall stronger WAM, leading to drying in W.Africa 
and wetting in parts of Sahel, likely leading to greening 
& forest expansion in current grasslands that might be 
self-perpetuating and hysteretic to some degree via 
rainfall/dust feedbacks. However, the existence of 
tipping threshold for WAM and/or Sahel greening is 
uncertain, but based on evidence for regime shifts in 
palaeo data we maintain Sahel/WAM as a likely 
regional tipping element. 

BORF 

Boreal 
Forest  
[southern 
dieback] 

4.0 1.4 5.0 100 50 ? 

Partial: -0.18°C 
(biogeophys.:-

0.24,  
carbon: 52GtC / 

0.06dC) 
[Total: -0.36°C 
(biogeophys.:-

0.48,  
carbon: 100GtC / 

0.12dC)] 

Partial:  
-0.5 to -2 

[Total:  
-1 to -4] 

? M M Y 

More likely to occur as localised dieback rather than a 
large swathe all at once, but widespread synchronous 
dieback is likely at higher warming (and is possibly 
rate-dependent). Current DGVMs may under-predict 
dieback (Koven, 2013), and there are substantial 
uncertainties around the relative effect of CO2 
fertilisation and nutrient limitation in models. Boreal 
dieback would predominantly cause global/regional 
cooling despite carbon release due to biogeophysical 
feedbacks. Here we assume an arbitrary partial dieback 
of 50% loss C & albedo for our impact estimate. 

TUND 

Boreal 
Forest  
[northern 
expan-
sion] 

4.0 1.5 7.2 100 40 ? 

Partial afforest:  
-6 GtC / net 

+0.14°C 
[Total afforest: 

13GtC / net 
+0.28°C] 

Partial: 
0.5-1 

[Total:  
1-2] 

? M N M 

Self-amplification (and possible bistability/hysteresis) 
likely from tree cover maintaining local warmth, but 
unclear if self-amplification is sufficient to become self-
perpetuating. Threshold and impact estimates are 
uncertain with wide ranges, but a net warming is likely 
despite carbon sink gain due to biogeophysical 
feedbacks. Impact estimated by assuming arbitrary 
50% C gain & albedo from Bathiany et al. (2010) 

Threshold
-free 

nonlinear 
feedbacks 

PFGT 

Boreal 
Perma-
frost  
[gradual 
thaw] 

1.5 1.0 2.4 300 100 300< 

20 GtC/28 
GtCe/0.09°C per 

°C @2100; 
50 GtC/70 

GtCe/0.21°C per 
°C @2300,   

up to max. c. 260 
GtC (0.7°C) 

~ N/A N P P 

In most regions and at GWLs below ~4°C, permafrost 
thawing is likely to primarily act as a gradual threshold-
free feedback semi-proportional to global warming 
(with some non-linearities). For gradual thaw, we 
estimate a permafrost carbon feedback (PCF) of 
approx. 90GtC by 2100 RCP8.5, i.e. 20 GtC/°C & 
0.09°C/°C (inc. +40% from CH4), & 60% of total 
emissions after 2100, i.e. 50 GtC/°C & 0.21°C/°C total 
(up to a max. of ~0.73°C, accounting for decline in 
forcing strength at higher GWLs). Palaeorecords & 
models indicate both gradual & abrupt wide-scale 
thaw starts by ~1.5°C and in RCP2.6-4.5. 

ASSI 

Arctic 
Summer 
Sea Ice  
[loss] 

2.0 1.3 2.9 20 10 50 0.25 0.25 to 0.5 N/A N N N 

ASSI is best represented as a threshold-free feedback 
as it lacks self-perpetuation (due to countering 
negative feedbacks) or hysteresis, and it would semi-
linearly regrow if warming was reversed (in contrast to 
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AWSI, which features more nonlinear dynamics and 
possible hysteresis). 

LAND 

Global 
Land 
Carbon 
Sink  
[weaken] 

2.0 1.0 3.5 ? ? ? >0.13°C per °C ~ N/A L M L 

Collectively the decline of the terrestrial carbon sink 
behaves as a threshold-free feedback with no clear 
global threshold featuring a self-perpetuation 
mechanism (although a sink-to-source transition 
threshold is likely) - our threshold estimates instead 
demarcate the point beyond which there is significant 
sink decline. Observations suggest weakening is 
occurring faster than in models, implying models over-
estimate the net effect of CO2 fertilisation or under-
estimate nutrient limitation or tree mortality. Total 
impact is uncertain due to wide model spread and 
missing processes, and a faster rate would likely yield 
greater decline due to biome migration lag. Declining C 
sinks with increasing temperature/CO2 leads to more 
CO2 in atmosphere per unit emission, but 
simultaneously this CO2 has less effect at higher CO2 
baselines (i.e. C sink weakening is counteracted by 
logarithmic greenhouse effect) and so counters C sink 
decline to some extent. 

PUMP 

Ocean 
Biological 
Pump  
[weaken] 

N/A 1.0 ? ? ? ? 
5GtC /  

0.01°C per °C 
~ N/A N N N 

There is no known tipping dynamics or nonlinear 
threshold for the ocean biological pump, and so we 
class it as a threshold-free feedback with a magnitude 
of 2-6 GtC per °C (rounded estimate 5GtC/°C). Some 
simple mathematical models have suggested that the 
ocean carbon sink as a whole (which the biological 
pump modulates) may have thresholds for massive 
carbon injections into ocean-atmosphere system 
(Rothman, 2017, 2019), but this remains hypothetical 

MMHD 

Marine 
Methane 
Hydrates 
[dissoc-
iation] 

~2.0 ? ? 1k< 1k 5k <0.5 ~ 100 N M P 

A global threshold for clathrates is uncertain - more 
likely to act as a threshold-free feedback at the global 
scale as likely not self-perpetuating in itself. Max. 
impact based on modelling of Archer et al. (2009) is 
generous due to simplistic hydrate representation. 
Possibly subject to hysteresis as it takes a long time for 
hydrates to "recharge" after global re-cooling, and 
possible rate-dependence for overcoming methane-
degradation at higher production rates. IPCC AR6 
concludes that for 21st Century the clathrate impact is 
effectively zero (only relevant on millennial 
timescales). 
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Uncertain 
Potential 
Tipping 

Elements 

INSM 

Indian 
Summer 
Monsoon  
[shift] 

N/A (only if AMOC 
collapses) 

? 1 100 ~ ? 
10-
100 

M N M 

Uncertain as to whether a global warming threshold 
exists for INSM separate to e.g. pollution, with 
warming instead tending to the counteract pollution 
effect and strengthen the monsoon. Global monsoon 
tipping/irreversible change only projected by IPCC AR6 
if the AMOC collapses, in which case it would be an 
abrupt response to a different tipping point 

SOSI-In 

South. 
Ocean Sea 
Ice  
[Ind. 
increase] 

1.6 ? ? 25 ? ? ~ - ? M N ? 

CMIP5 Abrupt Event catalogue indicate a positive 
feedback-driven abrupt increase in Southern Ocean 
sea ice in the Indian Ocean sector, but IPCC AR6 has 
low confidence in SOSI model projections due to 
significant model limitations in this region. 

SOSI-AP 

South. 
Ocean Sea 
Ice  
[Pac./Atl. 
loss] 

2.1 1.4 2.9 25 ? ? ~ + ? M N ? 

CMIP5 Abrupt Event catalogue indicate a positive 
feedback-driven abrupt decrease in Southern Ocean 
sea ice in the Atlantic & Pacific Ocean sectors, but IPCC 
AR6 has low confidence in SOSI model projections due 
to significant model limitations in this region. 

SOSI-Bi 

South. 
Ocean Sea 
Ice  
[bi-
modality] 

2.9 1.7 4.5 50 ? ? ~ +/- ? M N M 

CMIP5 Abrupt Event catalogue indicates a positive 
feedback-driven shift in sea ice state to bimodality, 
potentially indicating bistable states and hysteresis, 
but IPCC AR6 has low confidence in SOSI model 
projections due to significant model limitations in this 
region. 

EQSC 

Equatorial 
Strato-
cumulus 
Clouds 
[breakup] 

~6.3 ~6.3 ~8.9 10 ? ? 8.0 10.0 ? Y N? Y 

Occurs at 1200+ppm (1400-2200ppm sens. analysis) => 
approx. 6.3°C (7-8.9°C) at ECS of 3°C per 2xCO2. Only in 
one model so far, so relatively uncertain. If proven 
then could be involved in high palaeo climate 
sensitivity for hothouse periods 

AABW 

Antarctic 
Bottom 
Water  
[collapse] 

2.0 1.8 3.0 50 30 100 ? ? ? 

M Y Y 

Uncertain as CMIP models lack Antarctic freshwater 
melt forcing, so only based on one model, and is also 
sensitive to e.g. sea ice (which AR6 has low confidence 
in projections for). SMOC collapse likely to be globally 
impactful if it occurred though, making it a potential 
candidate for global core tipping element 

IOUP 

Indian 
Ocean 
Upwelling  
[abrupt 
increase]  

10.9 ? ? 25 ? ? ~ ~ ? M N M 

Features in CMIP5 Abrupt Event catalogue nut only in 
one model, results in strong productivity increase as a 
result of a self-amplifying increase in upwelling 
strength (triggered by increased wind stress & 
equatorial divergence). 

TIBS 

Tibetan 
Plateau 
Snow  
[abrupt 
loss] 

1.8 1.4 2.2 25 ? ? ~ + ? N N ? 

CMIP5 Abrupt Event catalogue indicates abrupt snow 
loss from Tibetan Plateau passed a threshold (likely 
due to a threshold mechanism rather than positive 
feedbacks), but this only occurs in a couple of model 
runs. 
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ANOX 

Ocean 
Deoxygen
-ation  
[global 
anoxia] 

? ? 8.0 10k 2k 500k ~ ~ >1k Y M Y 

Level of warming required to double phosphorus 
weathering (which is theoretically sufficient for a GOAE 
to eventually develop) is uncertain, and most ESMs 
cannot run long enough for a GOAE to fully develop, 
but RCP8.5 may be sufficient to more than double P 
weathering over long enough timescales 

Unlikely 
to be a 
Tipping 
Element 

AOZH 

Arctic 
Ozone 
Hole  
[abrupt 
expan-
sion] 

N/A ? ? 1 ? ? ? ? N/A M N N 

Only a climate tipping point in combination with CFC 
emissions (with stratospheric cooling from both global 
warming & ozone destruction by CFCs triggering 
further ozone destruction, providing a potential self-
perpetuation mechanism). However, due to reversed 
CFC emissions and ozone layer recovery this is 
projected to be an insignificant risk by mid 21st 
Century 

ENSO 

El Nino 
Southern 
Oscillation 
[perm-
anent / 
extreme] 

N/A 3.0 6.0 100 ? ? N/A ? N/A N N N 

Insufficient evidence for a sharp regime threshold for 
more extreme or persistent ENSO, though rainfall 
amplitude variability is projected to increase with 
warming by AR6 

JETS 

Northern 
Polar Jet 
Stream  
[in-
stability] 

N/A ? ? ? ? ? N/A ? N/A ? ? ? 

Insufficient evidence to confirm Arctic amplification / 
Jet stream instability link, and no evidence yet for a 
warming threshold driven by tipping dynamics. Only 
included as a candidate tipping element in map of 
Steffen et al. (2018), with no explanation provided as 
to likely tipping dynamics 

*Bold = featured in previous climate tipping element characterizations in Table S1 

**Global feedback strengths in °C are calculated using ECS and baseline CO2 corresponding to the central tipping threshold estimate (or pre-

industrial for gradual/abrupt permafrost thaw). Feedback strength declines with further degrees of warming (by ~21% per °C). Actual feedback 

strength for a given warming should be calculated with original GtC emission and then converted to equivalent °C.  

***Self-perpetuation, rate-dependence, and hysteresis key: Y = Yes; M = Maybe; N = No; P = Partial; L = Localized; ? = Unknown 
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Table S4. Table comparing estimated tipping threshold ranges in past climate tipping element characterizations, CMIP5 abrupt events, and in 
this assessment. Bolded elements are global core elements, normal font indicates regional impact elements, and italics indicates uncertain 
tipping elements, unlikely tipping elements, or threshold-free feedbacks. Colors indicate the proximity of the central threshold estimate (red = 
<2°C, yellow = 2-4°C, green = >4°C; where no central threshold is given we take the lower bound), and ? indicates value is unknown. 

Proposed Climate Tipping Element [& Tipping 
Point] or Abrupt Event (Drijfhout et al., 2015) 

Thresholds (°C) 

Lenton et al. (2008) Schellnhuber et al. (2016) Steffen et al. (2018) Lenton et al. (2019) Drijfhout et al. (2015) This Assessment 

Arctic Summer Sea Ice [loss] (ASSI) 0.5-2 1-2.6 1-3 2< Rapid ice melt 
feedbacks not well 

represented 

2.0 (1.3-2.9) 

Greenland Ice Sheets [collapse] (GrIS) 1-2 1-3.2 1-3 1.5 1.5 (0.8-3.0) 

West Antarctic Ice Sheet [collapse] (WAIS) 3-5 1-5.6 1-3 1-1.5 1.5 (1.0-3.0) 

Atlantic M.O. Circulation [collapse] (AMOC) 3-5 3.5-5.6 3-5  1.6* 4.0 (1.4-8.0) 

Amazon Rainforest [dieback] (AMAZ) 3-4 3.5-4.6 3-5  2.5 / 6.2 3.5 (2.0-6.0) 

Boreal Forest [southern dieback] (BORF) 3-5 3.5-5.6 3-5  Limited veg. dynamics 4.0 (1.4-5.0) 

Boreal Permafrost [collapse] (PFTP) N/A 4.8-9+ 5+  5.6 4.0 (3.0-6.0) 

Sahel & W. African Monsoon [greening] (SAHL) 3-5 3.5-5.6 3-5  2.8 2.8 (2.0-3.5) 

El Niño [permanent/extreme] (ENSO) 3-6 3.5-6.6 3-5   N/A (3.0-6.0) 

Low-latitude Coral Reefs [die-off] (REEF)  ~1.3-1.8 1-3 <2 Not represented 1.5 (1.0-2.0) 

East Antarctic Ice Sheet [collapse] (EAIS)  4.5-9+ 5+  Timescale not modelled 7.5 (5.0-10.0) 

Arctic Winter Sea Ice [collapse] (AWSI)  5.5-9+ 5+  6.3 6.3 (4.5-8.7) 

Mountain Glaciers [loss] (GLCR)  1-2.6 1-3   2.0 (1.5-3.0) 

Northern Polar Jet Stream [instability] (JETS)   3-5   N/A 

Indian Summer Monsoon [collapse] (INSM) N/A  3-5   N/A (only if AMOC) 

Ocean Deoxygenation [global anoxia] (ANOX)      ? (<8.0) 

Arctic Ozone Hole [abrupt expansion] (AOZH)      N/A 

Antarctic Bottom Water [collapse] (AABW)      2.0 (1.8-3.0) 

Marine Methane Hydrates [dissoc.] (MMHD)   N/A   2.0 

Boreal forest [northern expansion] (TUND) N/A    7.2 4.0 (1.5-7.2) 

Southern Ocean sea ice [bimodality] (SOSI-Bi)     2.9 2.9 (1.7-4.5) 

Indian Ocean upwelling [increase] (IOUP)     10.9 10.9 

Barents sea ice [loss] (BARI)     1.6 1.6 (1.5-1.7) 

Southern Ocean sea ice [loss] (SOSI-AP)     2.1 2.1 (1.4-2.9) 

Southern Ocean sea ice [increase] (SOSI-In)     1.6 1.6 

Labrador Sea/SPG Convection [collapse] (LABC)     1.7 1.8 (1.1-3.8) 

Tibetan Plateau Snow [abrupt loss] (TIBS)     1.8 1.8 (1.4-2.2) 

Equatorial Stratocumul. Clouds [breakup] (EQSC)    1200ppm (~6.3°C)  ~6.3 (6.3-8.9) 

Ocean Biological Pump [weaken] (PUMP)   N/A   N/A 

Global Land Carbon Sink [weaken] (LAND)   N/A   2.0 (1.0-3.5) 

*Likely too low 
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