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Major restructuring of the Atlantic meridional overturnin g circulation,

the Greenland and West Antarctic ice sheets, the Amazon rain  forest
and ENSO, are a source of concern for climate policy. We have e licited
subjective probability intervals for the occurrence of suc h major
changes under global warming from 43 scientists. Although t he
expert estimates highlight large uncertainty, they alloca te signi®cant
probability to some of the events listed above. We deduce con ser-
vative lower bounds for the probability of triggering at lea st 1 of
those events of 0.16 for medium (2+4 IC), and 0.56 for high glo  bal
mean temperature change (above 4 IC) relative to year 2000 le  vels.

climate change uexpert elicitation

he potential of large-scale changes in the earth system asesult

of anthropogenic climate change has received increasingtah-
tion (cf. refs. 1 and 2), fuelled by observations of, among other
things, accelerated ice discharge from Greenland and West -
arctica (see ref. 3 for an overview). Nonetheless, the assesent of
the likelihood of such changes under global warming has lagly
defied quantification due to insufficient data, and a limited ability
to model the underlying processes (2). As a consequence, i i
difficult to account properly for the possibility of major changes in
the earth system in climate policy assessments, althoughetipo-
tentially large socioeconomic impacts of such events are asrce of
concern (4, 5).

To overcome this unsatisfactory situation, we have elicittbeliefs
about major changes in the Atlantic meridional overturningcircu-
lation (AMOC), the Greenland ice sheet (GIS), the West Antar ctic
ice sheet (WAIS), the Amazon rainforest and the EI Nifo/Sothern
Oscillation (ENSO) from experts in the field. These systemsave
been cited as candidates for harbouring large-scale disctnuities,
or “tipping points," where a small change in a driver, suchs global
mean temperature (GMT) can resultin a disproportionate reponse
of the system (2, 6). Building upon Lenton et al.'s (6) broad eview
of a range of potential tipping points, here we seek to quanty
beliefs about critical transitions in the 5 components of tie climate
system listed above. Each event of ““crossing a potentiappiing
point" was precisely defined in terms of the final state of he
transition process {fable S1). Our aim was to produce policy-
relevant information in terms of a set of subjective probalities for
““triggering" those transition processes under differeinscenarios of
future GMT increase. In this context, “triggering (the crasing of)
a tipping point" denotes the event of initiating the transition, or
making its future initiation inevitable.

In the Bayesian paradigm, subjective probabilities condtite a
measure of degree of belief as reflected in an individual's idposi-
tion to act (as opposed to the frequentist paradigm in which
probabilities are thought of as limiting frequencies) (7, §. The use
of subjective probabilities is closely linked to decision malysis,
which tries to identify best courses of action based on quaified
preferences and beliefs together with a set of normative deria for
rational decision making (cf. ref. 9). To better inform decision
making processes, formal elicitation protocols have beenayeloped
for assessing subjective probabilities of experts in thedid (see ref.
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10 for an overview). Such protocols established procedurés avoid
common biases in the assessment of probabilities, drawingha
large body of literature on heuristics and framing effectsn decision
making under uncertainty (11). A common criticism is that eypert
elicitations do not add to the body of scientific knowledge mless
verified by data or theory. In the context of risk analysis ad
decision making, however, expert elicitations have provetb be a
unique tool for systematically gathering and projecting sentific
information in complex policy problems (12, 13). It is increasingly
recognized that they can play a valuable role for informing kimate
policy decisions (14). Formal elicitations have already ken con-
ducted in various areas of climate sciencecf. refs. 15+17).

Subjective probabilities used in the context of normative dcision
theories can be interpreted as betting rates in a risk-neuéd (linear
utility) environment (18). For eliciting such probabiliti es, proper
scoring rules have been proposed that reward the specifidgah of
the probability value that reflects the expert's ““true" lelief (cf. ref.
19). In practice, however, it is more common to assess probdiby
values directly by measuring strength of belief in referene to
well-defined frequencies. Owing to the specific challengeof judg-
ing the prospect of tipping points in the climate system, we &ve
admitted imprecise probability assessments in this study.

The current knowledge base about tipping points is poor, wit
very limited data and process understanding that would all
experts to update their beliefs (2). Imprecise probabilitytheory
(20) offers a rigorous framework to capture potentially ambg-
uous beliefs. Such beliefs are described by an interval of bu
jective probabilities whose bounds can be interpreted as \wer
and upper betting rates in the context of generalized normatve
decision theories €f. ref. 21) (see Methods andS| Appendix1,
Section 2). From a practical point of view, probability assss-
ments aim to elicit some probability [ [0,1] that best charac-
terizes the expert’s belief, whereas imprecise probabilitassess-
ments seek to exclude those probabilitie§ [0,1] that would be
incommensurate with the expert's belief. It is the general
philosophy of this study to present a conservative assessni®f
the information available from experts.

The expert elicitation was conducted between October 2005
April 2006 with a computer-based interactive questionnai com-
pleted individually by participants. A total of 52 experts @rticipated
in the elicitation (see Table S2for names and affiliations). The
questionnaire included 7 events of crossing a tipping pointrive of
them are discussed here whereas the remaining 2, concernedgthv
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Table 1. Excerpts from de®nition of the events of crossing a tipping point, and distribution of responses from experts

Reorganisation of the Atlantic Meridional Overturning Circulation (CMOC)

Ghat involves a permanent shutdown of convection in the Labrador

Sea and a drastic reduction in deep water over ow across the Greenland-Scotland ridge by at least 80%. 0
(A) 16 (B) 4 [Reasons: remote; model results inconclusive] (C) 2 [local cooling overwhelmed by overall warming trend]

Melt of the Greenland ice sheet (MGIS) Q.. an alternative state that is largely ice-free. 0
(A) 13 (B) 1 [Reason: too far into the future] (C) 1 [fastest melt is 600 years, too slow to be dangerous]

Disintegration of the West Antarctic ice sheet (DAIS)

Q .. in which West Antarctica becomes an archipelago... 0

(A) 14 (B) 1 [Reason: uncertainty about time scale of disintegration; possibility of collapse due to glacial readjustments only]

Dieback of the Amazon rainforest (AMAZ)

Q .. in which at least half of its current area is converted to raingreen forest, savannah or grassland.

Besides climate change, a second driver . . . is land use change from human activity . . . factor out this driver by assuming . . . that not more
than 20 percent of the current rainforest will be deforested by human activity in the long run. 0

(A) 10 (B) 1 [Reason: vegetation change inconclusive for assessing feedbacks on climate] (C) 3 [Global effects limited; CO

conversion not a dangerous feedback on the climate]

5 sink to source

Shift to a more persistent EI Nid o regime (NINO) Q . . a shift of the ENSO mean state towards El Nid o like conditions. G
(A) 10 (A*) ° 1 (B) 3 [Reasons: original de®nition remote; Model results, paleo record inconclusive] (C) 1 [impacts of El Nilk o superimposed on a

warmer world uncertain]

Option A: event will lead to potentially dangerous climate change, and willing to answer questions about its probability; option B: elicitation of probabilities

not appropriate; option C: event will not lead to potentially dangerous climate change. See
“De®nition was changed during the ®nal phase of the elicitation during which participants were allowed to revise their statements (see

Table S1for more details of the expert response.
Table S1).

*Expert speci®ed probabilities only for the original de®nition of the event. The response is not included here.

a dieback of boreal forests and a decline of the ocean carborir,
were judged by experts to be of more speculative nature and ar
discussed inSI Appendix2 and Figs. S1 and S2The questionnaire
proceeded in 4 parts: {) selection of tipping points, (ii) ranking of
tipping points in terms of sensitivity to global warming anduncer-
tainty about underlying physical mechanisms,ii{) elicitation of
lower and upper probabilities for the event of triggering the
(crossing of) selected tipping points, and iff) assessment of inter-
actions between tipping points. The results from the rankig
exercise (partii) are reported in ref. 6, whereas this article focuses
on the elicited probability statements (partsiii and iv).

Participation in our study was voluntary, which may have imo-
duced a self-selection bias toward experts with higher corms
about tipping points. The possibility of such a bias will hag to be
judged on the basis of the list of participating experts{able S2. In
addition, nonzero probabilities of triggering major changes in the
climate system may have emerged simply because we conframte
experts with those particular events. We believe that suchna
“availability bias" is mitigated by the use of impreciseqpbabilities,
which allows experts to register concern in terms of a nonzerupper
probability, while at the same time expressing doubt with aero
lower probability. This article will therefore focus on the lower
probability estimates provided by the experts.

Results and Discussion

Overview of Expert Response. Table 1 shows a break down of the
expert response (sed able S1for more details). Participants were
allowed to choose the subset of tipping points they wished to
comment upon, but were encouraged to restrict themselves tiheir
area of expertise. Participants were asked for a self-assesent of
their expertise on the selected tipping points, ranging on acale
from ""1: Active researcher" to “4: Leading expert." Tt identified
subsets of ““core experts," defined as those who gave thhighest
self-assessment for the particular tipping point in questin. An
exception was made for the 2 pairs of cryosphere (Greenlandnal
West Antarctic ice sheet) and biosphere tipping points (Amaon
rainforest and boreal forests). Core experts on tipping pait A of a
pair (A, B) were also assigned "“core" status on B if self-aessments
matched the combinations (4, 3), (4, 2), (3, 2), or (2, 1) for , B).
Participants were free to refuse to specify probabilities btriggering
a tipping point (options B and C, Table 1) and, in 21% of all
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responses, experts exercised this option. Nine of 52 expedeclined
to estimate probabilities at all. The elicitation process $ described
in SI Appendix1.

Fig. 1 shows the elicited probability intervals for “triggring” the
events in Table 1 conditional on 3 scenarios representing Vo,
medium and high warming (numerical values listed inTable S3.
These scenarios are specified in terms of corridors of GMT iorease
relative to the year 2000 (Fig. 1 upper row). The corridors rm out
to 2200 to allow for a long-time perspective that is particLdrly
important for the assessment of major changes in the ocean drithe
cryosphere. The long time horizon distinguishes our studyrém
other assessments of abrupt climate change focusing on thd s
century (e.g., ref. 17). In particular, it extends beyond th time
frame of the IPCC Fourth Assessment Report's (AR4) conclusbn
that “abrupt climate changes .. are not considered likelyptoccur in
the 21st century" (ref. 2, p 818). Nonetheless, the slow trssition
time scales of particularly the cryosphere can extend far lyend a
policy relevant time horizon of at most 200 years, which reqes us
to focus on the triggering of the transition process rather han the
reaching of its final state. Because the former event can befficult
to observe, the additional cognitive demand on the experts ay add
to ambiguity in beliefs.

The probability of an event B conditional on some environ-
mental variable is typically assessed across a range of etoni-
mental conditions, in our case described by the temperature
corridors C1, C2, C3. Fig. 1 shows the change in the probaltyi
of triggering a tipping point (CMOC, row 2; MGIS, row 3; DAIS,
row 4; AMAZ, row 5; NINO, row 6) from low ( Left) to high
warming (Righ?). Each panel summarizes the probability inter-
vals of the respondents, thus providing information about lhe
spread of assessments across experts. The dependence ofiind
vidual estimates on the amount of warming can be traced by
focusing on the bins with identical expert label across parg. A
trend toward higher probabilities with increasing warmingis
clearly visible for all tipping points. With the exception of expert
A1, all individual lower and upper probability values are mao-
tonically increasing with temperature corridor. Because aor-
ridors specifies a range of GMT trajectories, the spread beteen
lower and upper probability of tipping may incorporate not only
the ambiguity in expert beliefs, but also the range of trajetries
within the corridor.

Kriegler et al.
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Fig.1. Probability intervals from experts for the events CMOC, MGIS, DAIS, AMAZ, and NINO (see Table 1) conditional on 3 different corridors for future global
mean temperature (GMT) increase to 2200 (relative to year 2000 temperatures, see top row). The presentation of expert opinions has been anonymized by
numbering a random permutation of experts (shown below each panel). Labels are tipping point speci®c as indicated by the preceding letters C, M, D, A, and
N. The self-assessment of experts is shown above each panel. Probability estimates of core experts (see text for an explanation) are depicted in black, and the
remaining estimates are shown in gray. The rightmost bar in each panel shows the aggregation of probability intervals from core experts based on increasingly

restrictive assumptions about expert weights: (

i) weights are allowed to vary by 6 100% (green) or 6 50% (yellow) around uniform weights, and (i) unweighted

average of lower and upper bounds (red). The increasing strength of assumptions leads to nested probability intervals (Red , Yellow , Green). If bounds fall
onto each other, the color of the outer interval is not seen.

Fig. 1 reveals that the experts' ambiguity about the probabty of ~ express near ignorance. In addition, expert intervals scatr widely.
triggering a tipping point (as measured by the distance beteen  Nonetheless, there is a considerable amount of informatiorcon-
their lower and upper probability assignments) is large. Oae-third  tained in the expert assessments. The prospect of triggegna
of all estimates (38% of estimates from core experts) covertdeast  tipping point may be considered “remote" if the upper prolability
half the range of the unit probability interval, and severalof them  P*(B), 0.1. It may be labeled "“significant" if the lower probabity
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P.(B) $ 0.1, and “large" ifP,(B) $ 0.5. It can be seen that the
majority of experts assessed the prospect of triggering apping
point as “"not remote" for all cases except for "CMOC, coidor C1"
(41% of experts) and “"NINO, corridor C1" (33% of experts).For
all tipping points, for high climate change, the majority ofexperts
regard the probability of triggering as significant," ad in the case
of MGIS and AMAZ as “large." For medium climate change
(corridor C2), the majority sees a "significant” probality of MGIS
and AMAZ, and 50% of core experts judge the probability of
MGIS to be “‘large." These results can be compared with a
discussion of reasons for concern in the IPCC Third Assessme
Report, which included large-scale climate system discoinuities
(4). The qualitative assessment of increasing risk from shcdis-
continuities for small to medium warming and high risk abovet !C
warming is broadly supported by our collection of expert esinates.

Some aggregation of the probability information in Fig. 1 is
required for making it accessible to decision analysis. Weave
conducted a sensitivity analysis of pooling rules (Methodand S
Appendix1, Section 3), and found weighted averages for lower and
upper expert probabilities, respectively, a so-called lisar opinion
pool (22), the most satisfactory choice. The assessment okpert
weights is typically attempted by cross- or self-evaluatioof experts,
or scoring past expert performance if available (13). Beyathe use
of self-evaluation to identify core experts for each tippirg point,
none of this was practical in our application. Like others (ef. 20,
chapter 5), we are skeptical of using a uniform weighting fuction
to capture ignorance about the quality of expert statementsThere-
fore, we compare uniform weighting with 2 cases where the erpt
weights can vary by6 50% and 6 100%, respectively, around
uniform weights. Fig. 1 shows the probability intervals fran linear
pooling under those 3 assumptions about expert weights forllsb
tipping points and GMT corridors (rightmost bar in each pand).
We restricted the aggregation to core experts. Obviously,he
pooled probability intervals will widen with increasing inrprecision
in expert weights. We note that ambiguity in individual expet
beliefs, and ambiguity in the weighting of expert estimatesepre-
sent 2 different layers of imprecision that contribute to the overall
imprecision of the pooled probability estimates.

Reorganization of AMOC (CMOC).The probability intervals for

CMOC are marked by comparatively low values for corridor C1,
with a large increase in predominantly the upper probabiliy bounds
toward corridor C3. We associate the response pattern withhie

inconclusive nature of evidence from model intercompariso stud-

ies of a collapse of AMOC in the long run (2, 23, 24). A previous
study (17) conducted detailed interviews with 12 scientistin the

field (5 of whom participated in our survey) on the response 6the

AMOC to climate change. In qualitative agreement to our resuts,

Zickfeld et al. (17) report probability estimates for the shutdown of

AMOC (until 2100) in the range of 0+0.2 for low (, 2 !C), 0+0.6 for
medium (2+£4 IC), and 0.05+0.95 for high climate change (4+8)

from those experts who considered a shutdown possible.

Shift of ENSO (NINO) and Dieback of the Amazon Rainforest (AMAZ).
The expert response for NINO shows a similar pattern to CMOC.
However, as GMT increases, experts tend to fall into 2 groupsThe
response of experts N8 and N14 were motivated by model inter-
comparison studies that showed no consistent trend in El Mio
amplitude and frequency under climate change (25, 26). In atrast,
other experts assume an increase in the probability of more
persistent El Nifo conditions in a warmer world, as found ina
subset of models that best simulate the tropical Pacific ¢lhatology
(27). The prospect of a dieback of the Amazon rainforest is dsely
linked to future changes in ENSO. Vegetation models driven vith

a strong drying of the Amazon basin have shown a dieback (28)ut
the magnitude of potential precipitation decrease over theAmazon
remains controversial. Expert responses for AMAZ cluster &ove
a probability of 0.5 for corridor C3 with the exception of expert A6,
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who believes that more persistent EI Nil\o conditions in a waner
world are remote.

Melt of the GIS (MGIS). The expert response for MGIS differs
markedly from NINO and CMOC. The upper bounds of some
probability intervals already reach 0.9 for corridor C1. Tte lower
bounds increase strongly toward larger warming. The exceph is
expert M3, who judged MGIS likely to be avoidable in the year 200
regardless of the magnitude of warming (a similar response ag
given by expert D7 for DAIS). This points to an important
controversy to what extent positive feedback such as) (increased
ablation due to changes of ice sheet topography and surface
properties and (i) rapid ice discharge due to lubrication of the ice
sheet base (29) affect the stability of GIS. Dynamic deglaation
processes were discussed, but not incorporated in model-ted
inferences about GIS stability presented in IPCC AR4 (2). Tke
expert response in our study might indicate a larger concerabout
such feedback, reinforced by data about rapidly increasingce
discharge from Greenland (30). However, this conclusion ganot be
drawn unanimously from our elicitation, because the assesgnt of
the likelihood of ice sheet decay will also depend on the exapo-
lation of the GMT corridors beyond 2200, which was left to the
discretion of the experts. IPCC AR4 gives a threshold of 1.94.6 IC
warming above preindustrial ( 1.3+4.0 !C above 2000, which in-
tersects corridor C1 and C2 here) at which the surface mass laace
of GIS becomes negative (ref. 2, p. 829). After the elicitatin, more
information about the extent of GIS during the last interglacial has
become available (31, 32). This information might affect epert
estimates for low climate change (corridor C1), but less soof the
other 2 corridors describing temperature changes above thkast
interglacial.

Disintegration of WAIS (DAIS). The response pattern for DAIS is
marked by large uncertainty among experts. This reflects thfact
stated in IPCC AR4 that “"no quantitative information is avalable
from the current generation of ice sheet models as to the likhood"
of a disintegration of WAIS (ref. 2, p. 819). In the absence ofmodel
studies, a survey of expert opinions was conducted by ref. 16
revealing disagreement on the likely mechanism and time sleaof
a WAIS disintegration. In our study, experts mentioned speifically
(i) the uncertain role of ongoing glacial readjustments andi{) the
lack of data on the size of WAIS and buttressing ice shelves in
previous interglacials as contributing factors to the unceainty.
Point ii is closely related to a finding in IPCC AR4 identifying the
role of surrounding ice shelves for the stability of WAIS as anajor
uncertainty (ref. 2, p. 817). At the time of the study of Vaughan and
Spouge (16), recent evidence of ice shelf disintegration ahsub-
sequent acceleration of ice flows (3) was not available. Thi
evidence may now be reflected in the high upper probability bunds
for medium and high climate change. We note that experts exgss
such concern despite the fact that quantitative model studss are
lacking. This points to the strength of expert elicitationsin provid-
ing a holistic picture of beliefs incorporating not only mocel results,
but also insights from empirical data and theoretical conslerations.

Interactions Between Tipping Points. The probability of triggering a
tipping point may be increased or reduced depending upon whker

or not a tipping point in another subsystem has already beerrassed
(6). For the tipping points selected under option A or B (Table 1),
we asked participants whether knowing that another tippingpoint

on the list had been triggered would (increase/decreasefimease or
decrease/have no effect on) their estimate of the probabtly of
triggering the particular tipping point in question at a later point in

time. As depicted in Fig. 2, a majority of respondents idenfied an
effect of some kind in 12 of 20 possible combinations of preating
and succeeding tipping point, highlighting the intricate veb of
interactions between these sensitive components of the ehr
system. As a matter of concern, the majority of experts antipated

Kriegler et al.
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Fig. 2.
arrow A 3 Bif (i) atleast 4 experts judged that some effect of triggering A onthe
saw no effect of A on B. Each arrow is accompanied by information about (
uncertainty in the direction ( 6) of change in the probability of triggering B
increase/decrease/uncertain direction/no effect (top line, gray boxes), (
to change after A occurred (union of PFintervals from only those experts that provide

Sketch of the main interactions between tipping points as described by participating experts. Pairs of tipping events
i) whether the majority of experts identi®ed an increase (

iii) the range of probability ratios

A, Bare connected with a directed
B exists and (ii) they outhumbered the experts who
1), decrease (2), or
after A occurred (white circles), ( ii) the number of experts supporting an
PFby which the probability of triggering Bis believed
d estimates in accordance with the type of effect attributed to each arrow;

probability of triggering

bottom line, gray boxes), and ( iv) the dominant physical mechanism(s) described by some of the experts (white rectangles). Verbal descriptions of mechanisms

for NINO 3 DAIS and CMOC3 AMAZ could be obtained only from 1+2 experts, and therefore remain particularly speculative. For CMOC

3 NINO, the described

mechanism was identi®ed only recently (35), and was hinted at, but not fully disclosed at the time of elicitation.

an aggravating effect in 7 of 12 cases. The depicted interach
between the ice sheets via sea level rise and associated gnding
line retreat might have to be reevaluated due to a recent finthg of
grounding line stability (33) that was not available at the ime of
elicitation. However, the coupling between the 2 ice sheetsia
bipolar see-saw [mediated via AMOC (34)] is unaffected by tis
finding.

To quantify the interactions for those tipping points B for which
the respondents had provided probability intervals, we agd them
to specify lower and upper bounds on the factoPF by which their
probability of triggering B would [increase/decrease/increase (up-
per bound) or decrease (lower bound)] if they learned that tpping
point A had already been triggered (see Methods an&! Appendix
1, Section 4). Fig. 2 records the union ofPF intervals from those
experts who agreed with the majority on the particular diretion of
the effect. These intervals are conservative in as much ase
always include the possibility that tipping pointA has no effect on
B,i.e,PF5 1.

Because all tipping points listed in Table 1 may inflict larg
damages on socioeconomic systems, and may also aggravate th
probability of triggering yet another tipping point (Fig. 2), we
deduced bounds on the overall probability of triggering atéast 1 of
the 5 tipping points (henceforth called event ONE) conditional on
the 3 GMT corridors. Including the information about the pro ba-
bility ratios above (Fig. 2), we have calculated the probabty
intervals for ONE, for (i) a sample of possible combinations of
probability estimates from core experts for different tipang points
and (i) the pooled probability intervals for triggering the individual
tipping points (see Methodsand S| Appendix1, Section 4). In the
latter case, assuming linear pooling withi{.a) uniform weighting of
expert estimates (red bars, Fig. 1) andii.b) 6 100% imprecision in
expert weights (green bars), we calculate lower bounds on ¢h
probability of triggering ONE of 0.10 (ii.a) and O (ii.b) for low
(, 2!C, corridor C1), 0.36 (i.a) and 0.16 (i.b) for medium (2+4 !C,
corridor C2), and 0.69 (i.a) and 0.56 (i.b) for high GMT change
(. 4!C, corridor C3). The upper probability bounds are uninfor-
mative (5 1 for all cases and corridors, except of 0.86 for casiea and
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corridor C1). As shown in Fig. S3 we find that the probability
intervals for ONE derived in case (i.b) encompass the probability
intervals for at least 96% of expert combinations investiged in
case () and therefore can be considered a very conservative
estimate. These results are reported in the abstract.

Conclusion

Our results indicate that the large uncertainty among expéds about
the prospect of triggering major changes in the climate sysm (Fig.
1) does not necessarily imply that such events are consider& be
remote. We have presented subjective probability estimasgelicited
from 43 experts in the field, that do not support the notion of high
consequence, low probability events. Even when allowing perts to
express large ambiguity in their beliefs, and, using conseative
assumptions for aggregating their probability estimateswe find
significant lower probability bounds for triggering majorchanges in
the climate system. In many cases, they are considerably hay than
the probability allocated to catastrophic events in currehclimate
damage assessments, e.g., in ref. 36, Table 4.9 (25% loss afsg
world product with probability 0.012 for 2.5 !C and 0.068 for6 !C
warming) and ref. 37 (5£20% loss with probability 0.1 T 2 5!C)
forawarming T $ 5 IC), although this comparison is limited by the
fact that the economic losses from the major climate changes
discussed here are uncertain.

It should be noted that expert beliefs are tied to the time of
elicitation, and may be updated in light of new information.With
regard to a possible self-selection bias mentioned in the tno-
duction, we note that spread and imprecision in expert resposes
do not indicate an overly coherent cohort of experts, as reficted
by the list of participants (Table S2. With regard to our
hypothesis that the “availability bias" is mitigated byhe use of
imprecise probabilities we note that experts registered aero
lower probability for crossing a tipping point in 71% of case for
low, 33% for medium, and 10% for high climate change. Face to
face interviews with carefully selected experts as used ieft 17
remain the gold standard for expert elicitations (12), but ecome
increasingly infeasible if large numbers of experts are to é
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included (38). It is reassuring that ref. 17 found a pattern ®
expert beliefs about a shutdown of AMOC that is in qualitative
agreement to our results. Our questionnaire design with irgr-

pants, who were then given the opportunity to revise their in dividual submis-
sions. Further details on this method are provided in Sl Appendix 1, Sections 1
and 2.

active consistency checks and a subsequent revision phase

involving extensive E-mail communication mitigated diffeences
in comprehension and commitment among participating expds.

Methods

Interpretation and Elicitation of Imprecise Probabilities.
tion, the probability of some event  Bis identi®ed with the certainty equivalent of
abeton Bassuming linear utility of payoffs (18). Consider a bet that pays $1if B
occurs. An expected utility maximizer holding probability P(B) would buy the bet
foraprice$ p, $P(B), and sellthe betforaprice$ q. $P(B). Thus, P(B) constitutes
the certainty equivalent or fair betting rate of the bet on B. In the presence of
ambiguity about the probability P, (B)# P(B)# P*(B), the individual will become
more conservative and accept the bet only if the price is redu  ced below $ p, ,
$P, (B) (supremum buying price). Likewise, the individual may iss  ue the bet only
for a price above $ g* . $P*(B) (in®mum selling price) (20). For p, 5 g*, the
Bayesian case of a fair betting rate is recovered. For p, 5 0 and g* 5 1, the
individual would not indulge in any type of betting on the eve nt B, signaling a
state of complete ignorance. Itis important to note that the concept of imprecise
probability is very different from the assumption of a secon d-order (meta)prob-
ability distribution  Hpg): [0,1] 3 [0,1] on the probability ~P(B). From an expected
utility point of view, second order probabilities are an ill -de®ned concept. Be-
cause the fair betting rate on the event B would then be described by the
expectation "P&B) 5 * %deF(pB), only the mean value of the distribution Hpg) is
relevant for the betting decision. Therefore, a decisionma  ker holding a second-
order probability Hpg) on P(B)is indistinguishable from a decision maker holding

a @rst-order probability "P&B). The presence of imprecision indicates ambiguity
about the probability P(B) that cannot be resolved by some second-order
(meta)probability model.

The elicitation of lower and upper probabilities was design ed toreduce typical
biases of overcon®dence and anchoring (11). Participantsw  ere asked (i) which of
the 2 complementary events " Triggering" and “"Not Trigge  ring" they judge to be
more probable, and (' ii) which in a set of linguistic probability labels based on the
IPCC categorization of uncertainty (39) they ®nd incommens urate with their
belief. They were then askedto (i) provide conservative lower and upper bounds
on the probability of tipping taking into account their prev ious judgments in ( i)
and (ii). The full information was subjected to interactive cross-  checks for basic
consistency of expert statements. Compiled results were pr esented to partici-
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Aggregation of Expert Probabilities. Notwithstanding their theoretical limita-
tions, we have explored 2 prominent axiom-based aggregatio  n rules, the linear
and logarithmic opinion pool (22), together with other pool ingrules, in particular
a proposal by Nau (40) based on the betting interpretation of lower and upper
probabilities ( Fig. S4). A detailed discussion of our implementation and compar-
ison of various pooling rules is given in S| Appendix 1, Section 3. We found the
linear opinion pool to be most robust against outliers in exp ertestimates ( Fig. S5).
For any rule, there remains the problem of specifying meanin  gful expert weights
(36). We compared a standard (but not particularly defensib  le) assumption of
uniform expert weights with weaker assumptions incorporat ing ambiguity
about the expert weights. In the latter case, expert weights were adjusted within

6 50% or 6 100% of uniform weights so as to minimize (maximize) the pool ed
lower (upper) probability ( SI Appendix 1, Section 3).

Derivation of the Joint Probability of Triggering ONE.
triggering ONE is constrained by the marginal lower and uppe
triggering the individual tipping points, and the probabil
before B)/P(B) capturing the effect of preceding tipping point A on succeeding
tipping point  B. PFwill in general depend on the magnitude of the marginal
probability P(B), and hence on the conditioning GMT corridor. Nevertheless , we
only asked for a single generic interval capturing the range of PFto reduce the
complexity of the question. The consequences of this assump  tion are explored in
(Fig. S6). Because we asked for cause-effect relationships and not ¢  orrelations to
elicit the probability ratios, their inclusion in the calcu lation required a careful
consideration of the sample space ( S| Appendix 1, Section 4).

The probability of
r probabilities of
ity ratio PF5 P(BWA
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