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Abstract | The Intergovernmental Panel on Climate Change (IPCC) reports provide policy-relevant
insights about climate impacts, vulnerabilities and adaptation through a process of peer-reviewed
literature assessments underpinned by expert judgement. An iconic output from these assessments
is the burning embers diagram, first used in the Third Assessment Report to visualize reasons

for concern, which aggregate climate-change-related impacts and risks to various systems and
sectors. These burning embers use colour transitions to show changes in the assessed level of risk
to humans and ecosystems as a function of global mean temperature. In this Review, we outline
the history and evolution of the burning embers and associated reasons for concern framework,
focusing on the methodological approaches and advances. While the assessment framework and
figure design have been broadly retained over time, refinements in methodology have occurred,

Climate-change impacts are unfolding at a pace, inten-
sity and scale that captures increasing public attention'.
A key policy objective to limit human interference in
Earth’s climate system is expressed in Article 2 of the
United Nations Framework Convention on Climate
Change (UNFCCCQ): to stabilize greenhouse gas concen-
trations at a level that will prevent dangerous anthro-
pogenic interference with the climate system, in a time
frame sufficient to allow ecosystems to adapt naturally
and ensure food production is not threatened and ena-
ble economic development to proceed in a sustainable
manner’. However, it has been challenging to identify
precisely when anthropogenic interference becomes
‘dangerous’ because of uncertainties in model projec-
tions, sectoral and regional differences in impacts and
the influence of value judgements on what constitutes
dangerous’™®.

To facilitate judgements about risks, the Working
Group II (WGII) of the Intergovernmental Panel on
Climate Change (IPCC) Third Assessment Report (TAR)

including the consideration of different risks, use of confidence statements, more formalized
protocols and standardized metrics. Comparison across reports reveals that the risk level at a
given temperature has generally increased with each assessment cycle, reflecting accumulating
scientific evidence. For future assessments, an explicit, transparent and systematic process of
expert elicitation is needed to enhance comparability, quality and credibility of burning embers.

introduced the reasons for concern (RFC) framework’*,
In this framework, risks from global mean temperature
(GMT) rise are aggregated into five categories: risks to
unique and threatened systems; risks associated with
extreme weather events; risks associated with the distri-
bution of impacts; risks associated with global aggregate
impacts; and risks associated with large-scale singular
events’. Risk levels are identified using expert judge-
ment, based on available information about relevant
hazards, exposure, vulnerability, capacity to adapt and
impacts'’. RFCs are subsequently visualized as burning
embers diagrams (hereafter, burning embers), with risk
levels expressed as different colours and uncertainties
about precise changes conveyed through graded colour
transitions (FIG. 1).

Both the RFC framework and burning embers are
now widely used tools to communicate risks related
to anthropogenic climate change in a way that can
support both public discussions and policy decisions.
For example, the goal of the Paris Agreement to hold
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Key points

* The Intergovernmental Panel on Climate Change (IPCC) has used the reasons
for concern framework and burning embers diagrams since 2001 to assess
and communicate risks from increasing global mean temperature on human and
natural systems.

* The framework and burning embers diagrams are developed using expert judgement,
based on available information about climate impacts.

* While assessment methods and figure design have been broadly retained across IPCC
reports, risk levels at given temperatures have generally increased over time, owing to
more comprehensive science.

e Structured expert-elicitation methods can reduce bias and increase reproducibility
by specifying the process for selecting experts, providing external information,
eliciting individual and consensus judgements, and facilitating group interaction.

* Recent IPCC Special Reports introduced formal protocols and standardized metrics to
elicit risk thresholds. Despite challenges, these changes contributed to transparency
and reliability.

e Further development and use of standardized and transparent methods to elicit risk
thresholds and build burning embers diagrams will continue to increase the robustness
and credibility of IPCC assessments.

global average temperature “well below 2°C” (REF) was
informed by IPCC reports that indicated increasingly
high risks and limited adaptive capacity beyond warm-
ing of 1.5°C or 2°C (REFS>). As governments update
their Nationally Determined Contributions and work
to develop disaster-risk-reduction strategies mandated
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by the Sendai Framework for Disaster Risk Reduction,
accurate understanding of climate-related risks contin-
ues to be critical for decision-making. Indeed, at the 25th
UNFCCC Conference of Parties, governments called for
increased support on risk assessments, including those
from climate-change impacts. Accordingly, the Sixth
IPCC Assessment Report (AR6) will include a chapter on
risks across sectors and regions, with potential updates
to the RFCs and the burning embers', feeding into the
first Global Stocktake of the Paris Agreement in 2023.

However, the RFC framework and burning embers
have also been the subject of criticism'*~'%, with claims
that their production should be more systematic, trans-
parent and comparable across reports'”. Early assess-
ments, for example, did not detail methods (particularly
with regard to the assignment of risk thresholds), raising
concerns about the reliability and reproducibility of the
burning embers, potentially undermining confidence in
the robustness of the RFC framework for policymaking.
Some critics have further argued that expert judgement
in IPCC reports has been implemented inconsistently
across chapters and reports'. Critics have, thus, called
for a more formalized approach integrating numeri-
cal modelling with expert judgement, in addition to
indicating the full range of assessments made and any
disagreements®. Despite improved guidance from the
IPCC on the role of expert judgement and uncertainty
language®'~*, questions about the RFCs and the burning
embers remain.

In this Review, we trace the evolution of the RFC
framework and burning embers, using published lit-
erature and author experience in IPCC assessments
to examine changes in methods and expert-elicitation
processes. After outlining the history, we highlight rel-
evant lessons from other fields and document efforts
to develop a more systematic approach to estimating
risk transitions, as used in the IPCC Special Report on
Climate Change and Land (SRCCL)* and the Special
Report on the Ocean and Cryosphere in a Changing
Climate (SROCC)*. We subsequently discuss possible
improvements to expert consensus for future IPCC
cycles. Readers are referred to other reviews for in-depth
discussion of elicitation methods”-**.

History

We begin by outlining the history of the RFC framework
and burning embers, highlighting changes in methods,
design and risk thresholds.

Emergence of the RFC framework and burning embers.
RFCs and the burning embers first appeared in the WGII
contribution to the TAR (Chapter 19) (REF”). During
their development, the multidisciplinary author team —
which included physical, biophysical and social scientists
— used peer-reviewed literature to debate and assess the
level of risk from climate change relevant to dangerous
anthropogenic interference. In doing so, it was deter-
mined that a single metric or measure would not be suf-
ficient to capture the diversity of risks relevant to policy
discussions: concerns included not only global economic
gains or losses but also ecosystem impacts and human
populations affected by projected climatic hazards* .
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Early drafts of the chapter, therefore, included three
lines of evidence regarding increases in GMT, which
were later renamed RFCs: impacts on unique and
threatened systems (such as tropical glaciers, coral reefs
or indigenous communities); global aggregated impacts
(such as net damages for market and non-market sec-
tors at the global scale); and large-scale discontinuities,
renamed large-scale singular events in later reports
(such as the shutdown of the North Atlantic thermo-
haline circulation or the collapse of the West Antarctic
Ice Sheet). These areas were deemed relevant to the
UNFCCC Article 2. However, authors later decided that
an assessment of aggregate damages alone was insuffi-
cient to capture economic impacts of climate change on
developing countries. Additionally, significant concern
was being raised in policy discussions about the impacts
of extreme events. Thus, two additional RFCs were sub-
sequently added: distribution of impacts (including the
heightened vulnerability of developing countries) and
probability of extreme climate events (including floods,
soil-moisture deficits and tropical storms)” (J. Smith,
personal communication).

For each RFC, future risks were mapped along a scale
of GMT rise above pre-industrial to produce the burning
embers, the GMT metric used owing to the availabil-
ity of relatable impact literature and the direct relation
to greenhouse gas concentrations'®. GMT as used in
the TAR, and in this paper, refers to global mean sur-
face temperature change as used also by all Working
Groups in the Fifth Assessment Report (AR5). GMT
increase was assessed in increments of whole degrees
as small (~2°C), medium (2-4°C) and large (>3°C)’".

Risks from Future
Large-Scale
Discontinuities

Very Low

Distribution

Negative for Some Regions of Impacts

Positive or Negative Market Impacts; N
Majority of People Adversely Affecte’d - Aggregate Impacts

Risks to Unique and

Risks to Some Threatened Systems

Risks from Extreme
Increase _ Cllmale Evenls
1 2 3 4 5

-0.6 0
= Pyt Future wp-
Increase in Global Mean Temperature after 1990 (°C)

Fig. 1| Third Assessment Report representation of burning embers and the reasons
for concern framework. The first depiction of burning embers to illustrate the impacts
or risks from climate change, with each row corresponding to a specific reason for
concern. Shading represents the severity of impact or risk: white signifies no or virtually
neutralimpact or risk, yellow signifies somewhat negative impacts or low risks and red
signifies more negative impacts or higher risks. Figure is reproduced from the Technical
Summary of the Contribution of Working Group Il to the Third Assessment Report; an
identical figure, in greyscale, was included in Chapter 19. Figure TS.12 from White, K. S.
etal, IPCC, 2001: Technical Summary. In Climate Change 2001: Impacts, Adaptation,
and Vulnerability. Contribution of Working Group Il to the Third Assessment Report of the
Intergovernmental Panel on Climate Change (McCarthy, J. J., Canziani, O.F, Leary, N. A.,
Dokken, D. J. & White, K. S. (eds)) (Cambridge Univ. Press, Cambridge, UK and New York,
NY, USA) https://www.ipcc.ch/report/ar3/wg2/ (REF.).

Expert judgement of the author team — solicited during
lead-author meetings and subject to rounds of expert
and government review — was subsequently used to
determine the transition between different levels of
risk; owing to similar levels of warming being reached
at different times in the literature, it was not possible to
directly detail rates of change or the dynamics of adapta-
tion. Importantly, judgements were based on the authors’
expert assessment of the literature, but this process was
not conducted nor documented systematically.

While a greyscale version of the burning embers was
included in Chapter 19 of the TAR, the first colour ren-
dition was published in the WGII TAR Summary for
Policy Makers” (SPM) (FIG. 1). For this figure, the colours
were selected to reflect those of a traffic light, a colour
scheme that has been used to inform decision-making
in fisheries management™-", health", the geosciences>*’
and climate change'**. Instead of green, however, white
was used to avoid the impression of safety or absence
of risk but, rather, to show neutral or small negative or
positive impacts™*. Yellow was used to indicate nega-
tive impacts for some systems or low risks that could
become evident at the denoted increase in GMT. Red, by
contrast, was used to indicate negative impacts or risks
that could be more widespread or greater in magnitude®.
Gradients of shading across the colours reflected the
fact that markers did not define absolute thresholds
but, rather, an approximate indicator of when impacts
might occur””. Uncertainties about transitions resulted
from various sources, including global-warming pro-
jections, changes in adaptation or social vulnerability
over time, nature of the impact assessments and expert
judgement itself.

Evolution of methods and design. Since the TAR,
the RFC framework and burning embers have been
used extensively in IPCC reports and other scientific
literature**->!, with refinement and enhancement of both
the construction methods and the design (FIC. 2).

For example, the IPCC’s Fourth Assessment Report
(AR4) (Chapter 19) included a section updating and
revising the RFC assessment™. In particular, it intro-
duced a more formal criteria-based approach to ensure
there was a clear and transparent logic to the choice
of specific RFCs™. The criteria included: magnitude of
impacts; timing of impacts; persistence and revers-
ibility of impacts; potential for adaptation; distribu-
tional aspects of impacts and vulnerabilities; likelihood
(estimates of uncertainty) of impacts and vulnerabilities,
and confidence in those estimates; and importance of
the systems at risk. In the end, only the first six criteria
were applied to the assessment, as the last was deemed
to be in the realm of the judgements of policymakers®.

As in the TAR, RFCs produced during the AR4
were based on expert judgement, with a compilation
of evidence used to ascertain the location of transitions
between risk levels as a function of GMT. Judgements
about ‘risks of extreme weather events), for instance,
were based on the literature presented on the science
and impacts of extreme weather events in the AR4
Working Group I (WGI) and WGII reports®~°. The
assessment relied on the judgements of a different set of
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experts to the TAR, with only two overlapping authors.
The RFC framework and burning embers representa-
tion were the subject of considerable debate during the
report preparation, with some voices arguing that both
the choice of the RFCs and the assignment of risk levels
involved too high a degree of expert judgement’.
Following three rounds of review, the RFC assessment
was, nevertheless, considered robust and approved for
the SPM of both the AR4 WGII and Synthesis Reports™.
However, the IPCC eventually made an internal decision
not to include burning embers in neither Chapter 19 nor
the SPM.

While excluded from Chapter 19 and the SPM,
updates and variations of the burning embers appeared
in other scientific literature®® and in other chapters of
the AR4 WGII report™. For the first time, risks under
different warming trajectories and risk to specific sectors
were explored. For instance, in Chapter 4, risks to eco-
systems were depicted against different levels of global
mean annual temperature rise according to two different
global-warming trajectories™. Colour transitions corre-
sponding to those of the burning embers were applied
to visualize risks for impact categories and ecosystems
in general”. In Chapter 11, burning embers were used
to depict vulnerability of key sectors to climate change
against different emissions scenarios, highlighting pos-
sible coping and adaptive capacity at different levels of
temperature increase™.

Both RFCs and burning embers were also included
in the ARS, specifically, the WGII report (Chapter 19 and
the SPM)**"*! and the Synthesis Report®. The AR5 dif-
fered from its predecessors in that it built on a new risk
framework adapted from the 2012 IPCC Special Report
on Managing the Risks of Extreme Events and Disasters
to Advance Climate Change Adaptation (SREX)®**.
This framework more formally expressed risks as a
combination of climate stressors or hazards, and eco-
system and societal exposure and vulnerability to these
hazards, which varies widely. In the AR5 (and previous
assessments), exposure and vulnerability were incorpo-
rated implicitly in risk judgements to the extent that the
underlying literature took it into account. Autonomous
adaptation as well as limits to adaptation were also
considered””. At the time, the literature was not exten-
sive enough to support explicit differentiation of risks
along adaptation pathways or specific dimensions of
vulnerability and exposure. However, AR5 authors sug-
gested that future risk judgements in RFCs and burning
embers should be a function not only of GMT change but
also of levels of exposure, vulnerability and adaptation®*.

Using the literature, an initial assessment of risk tran-
sitions was made by AR5 Chapter 19 authors for each
RFC. These authors subsequently confirmed or revised
their judgements based on input from other chapters in
the WGII report. That input took the form of a novel
identification of 102 key risks (climate-related risks
with the potential to become severe and where there is
limited ability to adapt), grouped into eight overarching
categories and mapped onto the five RFCs. As before,
risk transitions were identified and assessed via group
consensus. However, the more systematized approach
of using key risks to inform RFCs was deemed to allow
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consistency and transparency, as well as integration of
different types of evidence’.

The AR5, and a subsequent academic paper, further
introduced confidence levels for transitions based on the
type, extent and agreement of evidence’. These confidence
levels complemented the visual representation of uncer-
tainty as blurred boundaries between risk transitions in
the burning embers and helped differentiate transition
judgements with higher and lower confidence. For exam-
ple, transitions from undetected to moderate risk for RFC1
and RFC2 (unique and threatened system, and extreme
weather events) were made with high confidence based, in
part, on a growing literature on the detection and attribu-
tion of impacts. By contrast, judgements about risk tran-
sitions for RFC5 (large-scale singular events) were made
with medium confidence, given substantial uncertainty in
the projection of the timing of ice-sheet loss’.

Although the design and aesthetics of the burning
embers has been broadly retained across successive
IPCC reports, variations have occurred. In concert with
the growing literature on detection and attribution of
climate impacts, the colour scale of the embers was
slightly modified in the AR5 (REF*); white now indicated
undetectable risk with no impacts that can be attributed
to climate change; yellow indicated moderate risk with
detectable impacts that could be attributed to climate
change with at least medium confidence; red indicated
high risk, where risks of severe and widespread impacts
are judged to be high on one or more of the specific cri-
teria for key risks; and purple was introduced to indicate
very high risk, where all specific criteria for key risks
were at very high levels, including irreversibility of an
impact and exceedance of adaptation limits.

Recent Special Reports further introduced refine-
ments and variations to the burning embers and REC
framework. For example, the 2018 IPCC Special Report
on Global Warming of 1.5 Degrees (SR15)** contained
sector-specific embers, along with aggregated RFC
embers. Given the remit of the SR15, risks were only
assessed up to relatively low levels of global warming,
focusing on present warming of +1.0°C and future
warming, such as +1.5°C and +2 °C above pre-industrial
levels. The two additional Special Reports in the AR6
cycle integrated an analysis of the role of changes in
vulnerability, exposure and adaptation for climate risk
more explicitly. Building on previous recommendations
and illustrations™®, the SRCCL considered differences
in vulnerability (including adaptive capacity) and expo-
sure to risk using the emerging literature based on the
Shared Socioeconomic Pathways®-%. It also assessed
risks associated with certain land-based mitigation
actions. The SROCC introduced burning embers illus-
trating risk reduction in the presence of specific effective
adaptation-related response®. Other metrics instead of
GMT, such as sea-level rise, atmospheric CO, and land
area used for bioenergy, were also used on the vertical
axis of burning embers figure building on innovations
that first appeared in the AR5 (FIC. 2).

Climate-risk thresholds. Alongside the evolution of the
RFC framework and burning embers has come a cor-
responding shift in the quantification of climate-risk
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< Fig. 2| The evolution of the burning embers diagram. Timeline of the evolution of
burning embers in Intergovernmental Panel on Climate Change (IPCC) assessments (left)
and other scientific literature (right), illustrating examples of the application of the
burning embers concept. Variations in design and content have occurred since the Third
Assessment Report (TAR), including the introduction of embers for specific sectors and
regions in the Fourth Assessment Report (AR4); the use of axes other than global mean
temperature starting in the Fifth Assessment Report (AR5); and comparison of risks for
different socio-economic pathways and adaptive capacities in the Special Reports of
the Sixth Assessment Cycle. Images published in the literature outside of the IPCC have
varied more widely, but often retained similar colour schemes. GHG, greenhouse gas;
GMST, global mean surface temperature; RCP, Representative Concentration Pathway;
RFC, reasons for concern; SPM, Summary for Policy Makers; SR15, Special Report on
Global Warming of 1.5 Degrees; SRCCL, Special Report on Climate Change and Land;
SROCC, Special Report on the Ocean and Cryosphere in a Changing Climate; WG,
Working Group IIl. TAR WCGII SPM (top left, Increase in global mean temperature relative to
1990), from figure SPM.2 from IPCC, 2001: Summary for policymakers. In Climate Change
2001: Impacts, Adaptation, and Vulnerability. Contribution of Working Group Il to the Third
Assessment Report of the Intergovernmental Panel on Climate Change (McCarthy, J. J.,
Canziani, O.F, Leary, N. A,, Dokken, D.]. & White, K. S., eds) (Cambridge Univ. Press,
Cambridge, UK and New York, NY, USA) https://www.ipcc.ch/report/ar3/wg2/ (REF?).
AR4 WG|, figure 11.4 from Hennessy, K. et al,, 2007: Australia and New Zealand. Climate
Change 2007: Impacts, Adaptation and Vulnerability. Contribution of Working Group Il to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (Parry, M. L,
Canziani, O. F, Palutikof, ). P, van der Linden, P. J. & Hanson, C. E., eds) (Cambridge Univ.
Press, Cambridge, UK) https://www.ipcc.ch/report/ar4/wg?2/ (REF.*%). AR5, from figure 2.5
from IPCC, 2014: Topic 2 - Future climate changes, risk and impacts. In Climate Change
2014: Synthesis Report. Contribution of Working Groups |, Il and Ill to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change (Core writing team, Pachauri, R. K.
& Meyer, L. A, eds) (IPCC, Geneva, Switzerland) https://www.ipcc.ch/report/ar5/syr/
(REF.Y). SRCCL, from figure SPM.2(b) from IPCC, 2019: Summary for policymakers. In
Climate Change and Land: an IPCC special report on climate change, desertification, land
degradation, sustainable land management, food security, and greenhouse gas fluxes in
terrestrial ecosystems (Shukla, P.R et al,, eds) (IPCC, 2019) https://www.ipcc.ch/srccl/
(REF.). SROCC from figure SPM.5(a) from IPCC, 2019: Summary for policymakers.

In IPCC Special Report on the Ocean and Cryosphere in a Changing Climate (Pértner H.-O.
etal, eds) (IPCC, 2019) https://www.ipcc.ch/srocc/ (REF.). Traffic light reprinted from
REF", Springer Nature Limited. Panel ‘Coastal and marine organisms’ reprinted from REF.*’,
Springer Nature Limited. Bottom right panel reprinted from REF.?, Springer Nature Limited.

transitions. In most cases, the risk level at a given
temperature has increased with each subsequent
assessment, especially between the TAR and the AR4
(REFS*"7) (FIG. 3). A comprehensive determination of the
causes of these changes in judgements would require
analysis beyond the scope of this paper, but major fea-
tures of the changes suggest that advances in science
(including detection and attribution) and broadening
of the available literature explains most of the differ-
ences between assessments®. Indeed, for RFC3 (distri-
bution of impacts), it is thought that new knowledge
synthesized in the AR4 provided a better identification
of systems, sectors and regions that are particularly at
risk, especially in Africa®. Similarly, more information
on changes in extremes and their impacts led to the
increased risk reported in RFC2 (extreme events) in
the AR4 (REF>).

Across RFC categories, a striking change occurred
in judgements of the temperature at which risks associ-
ated with large-scale singular events (such as ice-sheet
collapse) become high, falling from ~5.5°C (above
pre-industrial) in the TAR to <2°C in the SR15 fol-
lowing new findings in climate science”~"°. For exam-
ple, the AR5 indicates that the main cause of change
since the AR4 was new evidence about ice-sheet loss
during the last interglacial period, at no more than
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2°C average global warming above pre-industrial®.
Adaptation to associated sea-level rise was deemed to
be possible if ice-sheet loss occurs slowly, such as over
a millennium’. However, since the AR5, new observa-
tions suggest that the West Antarctic Ice Sheet is already
in the early stages of marine-ice-sheet instability®’. The
SR15 also considered findings about the slowdown
of the Atlantic meridional overturning circulation, the
EINifio-Southern Oscillation and the role of the Southern
Ocean in the global carbon cycle, concluding that risk
levels at lower temperatures had increased®.

By contrast, a number of risk transitions have
remained relatively stable across multiple reports, such
as the transition to medium and to high risk for the RFC
on unique and threatened systems and for the RFC on
distribution of impacts. New literature is still impor-
tant in such cases, when it provides more confidence
in judgements through broader physical, ecological
and socio-economic evidence compared with previous
assessments. For example, between the AR4 and the
ARG, the literature provided new insight on how ocean
acidification and warming together increase long-term
coral degradation”.

In some cases, the level of risk at a given temperature
has decreased slightly in subsequent reports. For exam-
ple, risk levels associated with extreme events appear at
somewhat higher global warming levels in the AR5 com-
pared with the AR4. At least two factors may have con-
tributed to such changes: refinement of the framework,
with clearer criteria for judging risk, and more precision
in the consideration of temperature levels associated
with risks. In particular, the TAR mainly refers to risk
estimates for broad temperature ranges (observed past,
<2°C above 1990, 2-3°C, >3°C), and it further clarifies
that temperature should be taken as approximate indi-
cations of impacts, not as absolute thresholds’. Thus,
the information from the TAR was both more limited
and expressed with less detail, indicating that small dif-
ferences with the following reports should not be over-
interpreted. Moreover, the TAR associated white areas
with no or virtually neutral impact or risk”, while the
ARS refined the definition for the transition between
white and yellow by adding the criterion that impacts
had to be detectable and attributable to climate change
with at least medium confidence®. The requirement
of attribution of impacts to climate change in the AR5
has probably also contributed to the judgement of less
climate-change-related risk from extreme events at low
levels of warming.

These results highlight the potential use of the RFC
framework and burning embers in evaluating trends in
risks over time. It is also clear that, to allow for com-
parisons, consistent and fully reproducible techniques
must be used in rendering the embers, including choice
of colours. Continued use of the RFC framework and
burning embers requires enhanced and sustained atten-
tion to how the increasing amount of knowledge is taken
into account to assess risks. More clarity on the details of
the evolution of the conceptual framework and greater
rigour in the assessment methodology are needed, while
considering that it would be preferable for results to still
be comparable with earlier assessments.
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Fig. 3 | Comparison of risk thresholds across Intergovernmental Panel on Climate Change assessments. Burning
embers link the global mean surface temperature increase to estimates of risk to unique and threatened ecosystems
(panel a), extreme climate or weather events (panel b), distribution of impacts (panel c), aggregate impacts (panel d)

and large-scale discontinuities (called large-scale singular events in the Fifth Assessment Report (AR5) and the Special
Report on Global Warming of 1.5 Degrees (SR15)) (panel e). All burning embers are presented with the same colour and
temperature scale, removing technical details that varied between the original publications. Grey areas at the top of
each column correspond to temperatures above the assessed range in the corresponding report. Dashed lines connect
the midpoints between undetectable and moderate risk, and moderate and high risk. Risks transitions have generally
shifted towards lower temperatures with updated scientific understanding. See Supplementary Information for details.

TAR, Third Assessment Report. Figure produced using the Ember Factory online application.

Expert elicitation
Given the critical role of expert judgement in the RFC
framework and construction of burning embers, it is
prudent to explore how expert elicitation is conducted
in other, well-established disciplines. Expert elicitation,
for example, is used frequently in health sciences*****
when insufficient empirical evidence exists to inform
clinical recommendations, parameters of decision ana-
lytic models, research priorities, quality indicators or
best practices in research”*. Best practices from other
disciplines can inform the development of an explicit,
systematic and transparent protocol for eliciting expert
judgements in IPCC processes, such as the construction
of burning embers.

Well-known approaches for structured, formal expert
elicitation include the Classical Method"’, Consensus
Development Conference®, the Delphi method®, the

Nominal Group Technique” and the Sheffield Elicitation
Framework (SHELF)”' (BOX 1). All these approaches
share several common practices for recruiting experts,
preparing the elicitation exercise, eliciting and aggregat-
ing expert judgements, transforming individual judge-
ments into data useful for analyses and aggregation, and
providing feedback to experts and the wider scientific
and policy communities”’****. However, these formal
expert-elicitation methods vary in the specific design
features that have been developed to facilitate the per-
formance of experts in providing accurate, reliable and
replicable judgements (TABLE 1).

Previous syntheses of expert-elicitation approaches
have not identified any one standard methodol-
ogy as inherently superior to others but, rather,
discuss which approaches may be more or less appro-
priate for a given context in their traditional form***»*.
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Box 1| Overview of formal expert-elicitation methods

The Classical Model of structured elicitation scores experts on their performance
against empirical data for known parameters, using their performance to create
and validate combinations of all expert judgements on the unknown variables of
interest''*'?’. Calibration questions are used to assess the statistical accuracy and
information provided by each expert. Performance-based weights are then used
for combining the expert judgements on the unknown variables of interest.

The Consensus Development Conference involves an open meeting over several days
of a selected group of experts®. This provides a public forum for the discussion of issues
on the topic of interest. Stakeholders external to the expert group make presentations
that are considered by the expert group until they reach consensus on a decision.

Both the public and the private sessions of the Consensus Development Conference
are chaired®.

The Delphi method provides a structured, systematic communication approach for
experts to independently and anonymously provide their initial judgements about the
topic of inquiry. There are iterative rounds of feedback and modification of judgements
based on the views of other experts on the panel®. The final group consensus?® is from
statistical aggregation of the individual responses.

The Nominal Group Technique aims to structure interaction within a group or
committee with differing views. Experts first record their ideas independently and
privately. After collating these ideas, the facilitator then lists one idea from each
expert in front of the group in a ‘round-robin’ fashion until all ideas have been listed
and discussed. Each expert privately records their judgements for each idea until
discussion ceases. Lastly, the individual expert judgements are aggregated statistically
to derive the group judgement. This technique allows more ideas to be expressed
and elaborated due to the initial brainstorming and following discussion of all
generated ideas™.

The Sheffield Elicitation Framework (SHELF) elicits probability distributions for
uncertain quantities from a group of experts to inform policy decisions®’. SHELF
typically involves a face-to-face meeting with a small group (approximately 6-10) of
experts led by a trained facilitator. All members are aware of each other’s responses
and the group discusses modifications to a probability distribution aggregated from
their individual responses until consensus is reached. Guidance and templates for
pre-elicitation, elicitation, facilitation and achieving group consensus judgements
based on the perspective of a rational impartial observer are publicly available.

Aspects of elicitation to consider for a given exercise
include the data-collection technique (such as Likert
ratings or parameter values), elicitation mode (such as
in-person, online or hybrid) and process for synthesizing
individual elicitations into a group judgement (such as
statistical aggregation or group facilitator discretion).

Expert-elicitation processes can take considera-
ble effort on the part of the researcher and require the
commitment of respondents. As a result, there are sev-
eral considerations that need to be taken into account.
While face-to-face discussions provide an opportunity
for experts to examine disagreements in depth” and
take ownership of the material®®, they are also more
costly in time and money. In addition, facilitators of
expert-elicitation exercises need to consider poten-
tial biases that can result from the type of respondents
selected, the type of preparatory material provided, the
elicitation questions and method of analysis, and specific
research design. For example, anchoring subsequent
questions to answers given to the first question, access-
ing the easiest-to-retrieve memory to answer questions
and lowering probabilities through range-frequency
compromise are only a few of the psychological
biases found in expert elicitation’. Careful consid-
eration and reporting of sources of bias is, therefore,
required®” .

Despite these challenges, structured expert-elicitation
approaches are increasingly used in a variety of fields™*,
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including in environmental and climate sciences'*~'*.

Expert judgement has now been employed to exam-
ine climate sensitivity'®, tipping points in the climate
system'?” and future sea-level rise”. Expert-elicitation
processes, as well as techniques such as systematic
reviews'>!%1%17 may be useful to summarize and eval-
uate findings or help fill knowledge gaps where insuf-
ficient data are available. Such techniques could also
be employed constructively in IPCC risk assessments,
as a wide range of literature needs to be assessed and
emerging trends appraised.

Expert elicitation in IPCC Special Reports
Responding to earlier critiques of the standardization
and rigour of the RFC framework and burning embers,
Special Reports in the IPCC AR6 cycle***>!% have
incorporated elements of expert-elicitation protocols
used elsewhere. The SRCCL, for example, focused on
documenting and standardizing the expert-elicitation
process, while the SROCC developed a standardized
scoring system for risk-threshold judgements.

Methods in the SRCCL. The SRCCL sought to identify
risks to humans and ecosystems from climate-change
interactions with land processes. To address these issues,
a wide range of literature related to climate change, land-
use change and socio-economic development pathways
was assessed. A systematic approach was needed to
characterize the risks reflected in this wider literature
and to account for sources of uncertainty and variabil-
ity, including professional biases inherent in individual
experts’ interpretation of the literature.

An expert-elicitation process based on design fea-
tures commonly employed in the Delphi and SHELF
methods was used to combine the benefits of both indi-
vidual and collective deliberations (FIC. 4; Supplementary
Information). To make the methodology more transpar-
ent, a protocol for eliciting expert opinions was devel-
oped including an a priori plan for analysing the data
(a pre-analysis plan), an explicit sampling frame and eli-
gibility criteria for selecting experts to participate in the
process. Eight SRCCL authors participated in the elici-
tation process, representing different chapters, regions,
genders and disciplinary backgrounds, decreasing the
impact of individual subjective biases on risk transitions
and confidence levels'®.

In the first step, >300 journal articles referenced in
SRCCL chapters and beyond were reviewed to extract
quantitative and qualitative information about past
and future impacts of climate change, socio-economic
pathways and land-use scenarios on humans and eco-
systems. Evidence from each of these articles was added
to a shared database, which experts used to agree upon
thresholds for each risk level. A risk was considered mod-
erate if fewer than 1 million people or between 50 and
300 million hectares were likely to be adversely affected.

The expert elicitation took place over three rounds.
In the first round, for every ember, experts provided
a quantitative judgement of the GMT levels (upper
bound, lower bound and best estimate of location of
transition) corresponding to each of the three risk-level
transitions, along with reasoning for these judgements.
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These results were anonymized, transitions were aggre-
gated and plotted to show the spread of results (FIG. 5),
and then shared with the full group of experts. In the
second round, experts had the opportunity to revise
their quantitative assessment and rationale. This revi-
sion typically involved re-examining the literature for
transitions in which the initial judgement differed from
other experts. Results were again compiled, anonymized
and shared with experts. The third round consisted of
a group discussion with a facilitator, who ensured that
due consideration was given to differing evidence-based

viewpoints among panellists

107

. In the group conversa-

tion, an expert would present an ember, describing their
choice of transition and citing the literature that supports
it. Each transition was discussed until consensus was
reached. The anonymized results and facilitated discus-
sion diminished the risk of any one expert dominating

the consensus process'”.

Several factors during the group discussion helped
experts refine the transition ranges and converge
towards consensus. First, ‘very high risk’ requires that
there is limited ability to adapt®. Agreeing on what con-
stituted adaptation and what constituted a limit to adap-
tation narrowed the uncertainty range for the transition
to very high risk. Second, the assessment involved a large
number of studies reporting a wide variety of indicators
and methods (such as detection and attribution, bio-
physical models and economic models). The group dis-
cussion led to a better understanding of how to account
for diverse sources in judgements. Lastly, uncertainty
in the risk transitions is represented through both the
width of the temperature transition and the confidence
level of the transition. Narrow transitions may be more
informative for policymaking. However, narrowing a
transition range typically comes at the cost of reduc-
ing the confidence level associated with the transition.
A compromise had to be found during the discussion to
minimize the width of the transition while maintaining
the highest possible confidence level.

Methods in the SROCC. While the SRCCL used a struc-
tured process to improve the robustness and traceability
of the risk assessments, the SROCC used standardized
metrics to evaluate end-of-century risks from sea-level
rise. The assessment also considered risks under specific
adaptation pathways, as well as four illustrative geogra-
phies covering a wide range of low-lying coastal situations
across different latitudes, hemispheres, development con-
texts and urban or rural settings®: resource-rich coastal
cities, large tropical agricultural deltas, urban atoll islands
and Arctic communities. Nine metrics were used as prox-
ies for the components of the IPCC risk framework: the
hazard (coastal flooding; coastal erosion; and saliniza-
tion of groundwater lenses, soils and surface waters) and
exposure and vulnerability of ecosystems and people
(density of assets and degree of degradation of natural
buffer ecosystems). As an innovation, four generic types
of response to sea-level rise (hard-engineered coastal
defences; restoration of degraded ecosystems; reloca-
tion of people and assets; and limiting subsidence) were
incorporated into the assessment, making it possible
to explore risk levels and transitions by 2100 under
low-to-moderate and maximum adaptation.

The SROCC assessment method relied on a scoring
system and expert judgement by eight chapter and exter-
nal contributing authors, but without implementing a
formal elicitation method, as done in the SRCCL (FIC. 6;
Supplementary Information). The scoring system was
designed to assess the relative contribution of each of
the nine metrics to risk at present and by 2100 against
three sea-level-rise scenarios: mean Representative
Concentration Pathway 2.6 (RCP2.6) (+43 cm), mean
RCP8.5 (+84 cm) and the upper likely range of RCP8.5
(+110cm). The scoring exercise relied on the existing liter-
ature and considered well-documented specific real-world
case studies, such as New York City (USA), Rotterdam
(Netherlands) and Shanghai (China) for the resource-rich
coastal cities, and Malé (Maldives), South Tarawa (Kiribati)
and Fongafale (Tuvalu) for the urban atoll islands.

Table 1 | Comparison of different expert-elicitation approaches

Requirement

Pre-elicitation training on
probabilities and uncertainty

Primary mode of expert
elicitation

Individual judgements elicited
privately

Controlled feedback provided
to participants

Multiple rounds of individual
elicitation

Direct contact among experts

Statistical aggregation of
individual elicitation into
group judgement

Classical
Model

Yes

Mail or phone
questionnaire

Yes
No
No

No
Yes

Consensus Delphi Nominal Group SHELF

Development method Technique

Conference

No No No Yes

In-persongroup Mailoronline  In-person Online or

discussion questionnaire  questionnaire in-person
questionnaire

No Yes Yes Yes

No Yes Yes Yes

No Yes Yes No

Yes No Yes Yes

No Yes Yes Yes

Comparisons are based on the traditional or default approach to implementing each approach. Specific groups can and do make
modifications in actual implementation. SHELF, Sheffield Elicitation Framework.
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Fig. 4 | Flow chart of expert elicitation used in the Special Report on Climate Change

]

and Land. The methods included a standardized literature review, development of
assessment protocol and three rounds of expert elicitation combining elements
of both the Delphi technique and the Sheffield Elicitation Framework method'®.
IPCC, Intergovernmental Panel on Climate Change.

For each illustrative region and each metric, the scores
were aggregated by sea-level-rise scenario to highlight
two risk levels in 2100, one under a ‘low-to-moderate
response’ scenario (with small additional efforts in
adaptation compared with today) and one under a
‘maximum potential response’ scenario. ‘Maximum
potential response’ in this context referred to an ambi-
tious and effective combination of both incremental
and transformational adaptation (population reloca-
tion), assuming minimal financial, social and political
barriers. Such distinction was made by associating pos-
itive scores to the hazard and exposure-vulnerability
metrics, as they increase risk, and negative scores to the
adaptation-response metrics, as they decrease risk.

The full range of theoretical aggregated scores (min-
imum to maximum, from 0 to 75) represented the full
range of the IPCC risk colouring language (from white to
deep purple) to highlight nine scoring levels: undetect-
able, undetectable to moderate, moderate, moderate
to high, high, high to very high, very high, very high to
extremely high and extremely high. As such, a spe-
cific risk level was assigned to each aggregated score,
producing the final burning embers and risk transitions.

Strengths and limitations of the SRCCL and the SROCC
approaches. The use of formal expert-elicitation pro-
cesses and the development of scoring systems for judge-
ments increased the transparency and robustness of the
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RFC framework and burning embers. For example,
methodological techniques used in the SRCCL — such
as a common database of literature, anonymous judge-
ments with justification and multiple expert-elicitation
rounds — is considered to have reduced biases arising
from pressure to conform to dominant individuals or
anchoring in individual opinions®>'*>''°, The scoring
process in the SROCC, and the articulation of metrics
and judgement criteria and publication of outcome in
a detailed supplement, further increased transparency
and standardization.

Despite this progress, limitations remain. Both the
SRCCL and the SROCC assessments would further ben-
efit from the involvement of a greater diversity of experts.
Studies have shown that heterogeneity, or a diversity of
profiles and areas of expertise, in expert groups may
lead to better performance than a more homogeneous
group'®. Common social and psychological biases in
human decision-making, such as groupthink''' and
overconfidence'"?, may limit performance in homo-
geneous groups. The SRCCL could also have more
clearly articulated metrics with which to evaluate risk
thresholds. In turn, the SROCC could have used multi-
ple rounds of independent evaluations to better record
spread and changes in judgements. Additionally, the
relationship between risk and selected SROCC metrics
and aggregated scores will need to be further validated.

Ultimately, the selection of an optimal expert-
elicitation technique within the IPCC process will
need to balance the confidential nature of the process,
finite funds, limited time for meetings, coordination
challenges related to the geographical distribution of
authors across different time zones'"?, the broad scope
of relevant literature, the integration of different forms of
evidence and different values'. Future IPCC assess-
ments may wish to build on, or combine, the advances
made in the SRCCL and the SROCC. For example, a set
of experts could use a scoring system, as in the SROCC,
to estimate the contribution of different human-related
drivers to risk levels under various climate-change sce-
narios. Then, as in the SRCCL, multiple independent
assessment rounds could be used in combination with
collective deliberations to discuss individual experts’
underlying rationales and get consensus on final risk
scores. This approach could be particularly useful
for evaluating risks from climate change to human
well-being or security — areas in which identifying
temperature-related thresholds for risk could be diffi-
cult, given both the state of the literature and context
specificities. Future assessments could alternatively draw
from other relevant expert-elicitation approaches. Either
way, we believe that adding structured design features to
expert elicitation should be encouraged, and the advan-
tages and disadvantages of different approaches further
investigated.

Summary and future recommendations

The RFC framework and burning embers are key com-
ponents of the IPCC’s risk-assessment process. The REC
framework helps aggregate climate-related risks into easily
understood and policy-relevant categories, while the
burning embers communicate risks using a common
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colour system and scale. This framework and iconic
image have played a role in public policy and discourse®.
Whereas methods for analysis and design elements have
been broadly retained across successive IPCC reports,
changes have been made over time, including the con-
sideration of key risks, altered use of colours and the
addition of confidence judgements. This Review indi-
cates that the risk level at a given temperature has gen-
erally increased with each subsequent assessment. It is
critical to ensure that these changes are driven by new
science and not by methodological variations between
reports or author bias. The SRCCL and the SROCC
added innovations to the expert-elicitation process to
strengthen scientific robustness and credibility.

For further enhanced usefulness in IPCC assess-
ments, authors of IPCC reports may wish to identify
and apply a standardized expert-elicitation protocol
to unify anonymous judgements with group discus-
sions. Whatever method is selected, at a minimum,
the protocol should specify the process for providing
external information, eliciting individual judgements,
facilitating group interaction and developing consensus
judgements. Assessment objectivity can be ensured by
having an independent moderator (not a chapter author
or a participant in expert elicitation) facilitate discus-
sions. Assessment transparency can be strengthened
by making workflows open, including tables with data
from relevant literature, scoring and by pre-publishing

a First round

b Second round

the protocol®. Authors might also wish to provide

clear criteria or narratives for risk transitions used in
ember diagrams. Maintaining consistent risk thresh-
olds and metrics across chapters and reports would help
strengthen communication about changes in risk levels
for the decision-makers as well as the general public.
Additionally, clear design protocols should be created
for burning embers figure creation, including the use of
standardized colours for risk levels and a standardized
format to indicate confidence levels, as well as specific
requirements on translating numerical risk estimates
into ember graphs, preferably using a standard computer
code or program.

Future risk assessments should also include consid-
eration of regional risks, the impacts of socio-economic
pathways on risk and diversified adaptation and miti-
gation scenarios and dynamics. Demand for region-
ally specific RFC or embers has been growing'”>. The
SRCCL and the SROCC laid some foundations for such
analysis by including illustrative geographies or embers
for specific latitudes. The SRCCL paved the way for
the consideration of the influence of socio-economic
pathways on risk, while the SROCC considered the
relationship between different adaptation measures and
risk. Assessing the potential benefits of adaptation in
terms of risk reduction is key to progressively informing
important and emerging policy concerns, such as limits
to adaptation, residual risks and benefits to be expected

¢ Third round
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Fig. 5 | Expert elicitation for the food stability ember in the Special Report on Climate Change and Land. Probability
density functions of transition thresholds for the first round (panel a) and second round (panel b) of the expert-elicitation
process. Transitions from undetectable to moderate are shown in yellow, moderate to high in red and high to very highin
purple. After the third round, the final temperature ranges for transitions were identified (panel c). The temperature range
of two of the distributions — undetectable to moderate and high to very high— ‘shrank’ between the first (panel a) and
second rounds (panel b). This indicates increasing consensus around transitions, as experts had the chance to consider
justifications and evidence presented by colleagues in the first round of elicitation. For moderate to high risk, the
distribution did not change substantially, demonstrating that the elicitation does not always result in convergence.
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Development of the assessment protocol

« |dentification of the relevant metrics (based on initial
proposal by one lead author and then interaction with all

contributors)

¢ Definition of the scoring system and aggregation rules
¢ Establishment of correlations between the scoring system

and the IPCC risk colour scale

Literature review for each metric and illustrative

geography (including real-world case studies)

¢ |dentification of author teams for each illustrative
geography (1 to 2 chapter authors and potentially 1 or 2
external contributing authors)

e Search for relevant literature

Round 1
e First round of assessment, per geography

¢ Collective discussion of results (per
geography and across geographies)

.

Round 2

¢ Revised scores for each geography
¢ Consistency checking across geographies

From scores to burning embers

e Translation of aggregated scores (per sea-level rise and
per adaptation scenario) into burning embers

¢ Update of the final details of the presentation and
wording during the SPM approval, taking care that it

remains consistent with the report’s findings

!

Final versions of the Chapter 4 burning embers

Fig. 6 | Flow chart of sea-level-rise risk assessment in the Special Report on the
Ocean and Cryosphere in a Changing Climate. A standardized scoring system was
created to assess the relative contribution of nine metrics to risk at present and by 2100
against three sea-level-rise scenarios®. IPCC, Intergovernmental Panel on Climate

Change; SPM, Summary for Policy Makers.

from both mitigation and adaptation. The influence of
the rate of climate change on risks and adaptation poten-
tial could also benefit from further investigation. Further
methodological improvement is needed to evaluate
human adaptation, adaptation capacity relative to the
degree of climate change and adaptation limits including
evolutionary and sociocultural factors.

Going forwards, the expert-judgement-based risk
assessments should explicitly document how they con-
sider changes in ecological and anthropogenic exposure
and vulnerability (driven by socio-economic develop-
ment as well as adaptation or mitigation responses), in
addition to changes in physical climate drivers of risk
related to rising GMTs (as provided by IPCC WGI). One
important contribution to this integration is provided
by new impact modelling initiatives that can streamline
the development of burning embers across the RFCs
and contribute to tracking their evolution over time.
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The Inter-Sectoral Impact Model Intercomparison
Project (ISIMIP)'*, for example, aims at harmonizing
impact projections across a range of sectors by providing
consistent socio-economic and meteorological forcing
data and a unified simulation protocol for multi-model
assessments. The ongoing phase (ISIMIP2b)'"” provides
a unique opportunity for supporting quantitative risk
assessments for the AR6 cycle. Acknowledging that no
one modelling approach is free of shortcomings and
that models are unable to capture all dynamic processes
related to impacts and adaptation, it will be important
to continue to consider other sources of evidence of
changing risks and effectiveness of various options for
risk management.

Finally, there have been calls to better communicate
the likelihood of future impacts to help policymak-
ers set priorities on actions'”''*. Some attempts have
been made to do this in the past. For example, Figure
SPM.10 in the AR5 links the levels of risk by GMT with
over-time-cumulative anthropogenic CO, emissions,
illustrating the emissions reductions required to keep
GMT, and risks, below certain levels''*. However, find-
ing ways to clearly visualize the severity of impacts, the
likelihood and rate of change of temperature remains a
challenge. WGI and WGII might wish to collaborate and
identify ways to further communicate the probability of
potential impacts, considering that risk associated with
low likelihood but severe impacts cannot be ignored.

The run-up to the first global stocktake of the Paris
Agreement in 2023 and the next round of the UNFCCC'’s
periodic review of the long-term global goal under the
Convention and of overall progress towards achieving it
provide an opportune moment for ongoing work in all
these areas. Increasing the reproducibility and credibility
of risk assessments, and improving clarity and communi-
cation of the results, can facilitate more effective global,
regional and local decision-making about consequences
of dangerous anthropogenic interference with the climate
system. Having more credible and traceable information
about risk levels associated with different levels and rates
of warming, and different socio-economic pathways
or adaptation measures, policymakers will be better
equipped to make decisions about mitigation, adaptation
and disaster-risk reduction. The IPCC has made signifi-
cant progress in this area, with innovations to the reasons
for concern framework and burning embers figures in
recent Special Reports. We hope this Review will enable
future assessments to continue to strengthen expert elic-
itation, thus, allowing information to aid a range of cli-
mate policy decisions to minimize, and preferably avert,
dangerous anthropogenic climate change.
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