
Resources for the Future  |  American Climate Prospectus: Economic Risks in the United States ‹#›

10 East 40th Street, Suite 3601, New York, NY 10016 
Tel: +1.212.532.1158 | Fax: +1.212.532.1162 | Web: www.rhgroup.net

Treatment of uncertainty in climate change risk assessments

Bob Kopp, Rutgers University  
robert.kopp@rutgers.edu

Methods for Characterizing Risk in Climate Change Assessments 
NAS workshop, March 23, 2016

mailto:robert.kopp@rutgers.edu


2

Key points
• It’s important to be cognizant of both forced and unforced changes, and about 

the interaction between physical and socio-economic uncertainty. 
• Simple, probabilistic climate models provide a useful complement to large-scale 

Earth system models, which represent modeling groups’ best estimates. 
• An increasing number of socio-economic impacts can be quantified using state-

of-the-art econometric and process models. 
• We need tools and frameworks for translating probabilistic information into 

actionable information. But these involve decision-specific values such as time 
horizon and risk tolerance – they can’t be decided by scientists acting in 
isolation. 

• Many potential impacts – such as ‘tipping points’ – remain (and will likely 
continue for a long while to remain) unquantified. 

• Although ‘tipping point’ probability may be hard to assess, and the ‘tipping 
points’ concept itself  has promoted confusion, it is important to be cognizant 
of (deeply uncertain) thresholds in both physical and social systems. 

• More value issues: In physical systems, many of the consequences of ‘tipping 
points’ may play out on timescales well beyond those of conventional decision-
making, but with important effects on our civilizational legacy.
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Working with our collaborators at Berkeley, UChicago, and Rhodium Group, we are 
working to leverage ‘big data’ and the recent explosion of empirical research to 
assess the associated climate risks.

Statistically downscaled, probabilistic 
physical climate projections Impact estimates based on meta-

analysis of econometric research

complemented by detailed 
sectoral models

Local and global information for 
benefit-cost and risk analysis

Targeting sectors where an adequate empirical basis for analysis exists: 

• Agricultural production 
• Health 
• Labor productivity  
• Energy supply and energy demand 

• Coastal buildings and infrastructure 
• Crime and conflict 
• Migration

Bold: included in US analysis
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Key sources of uncertainty considered

• Emissions (via RCPs) 
• Socio-economic baseline (via SSPs) [not considered for ACP] 
• Global temperature response (from probabilistic simple 

climate model), conditional upon emissions 
• Forced regional climate response, conditional upon global 

temperature response (derived from GCM) 
• Unforced regional climate variability (derived from GCM) 
• Socio-economic response, conditional upon local, daily 

weather (and socio-economic baseline) 
• Structural uncertainty/omitted factors (tipping points, etc.)
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Goal is to get distribution of local changes consistent with global 
mean temperature projection

Ghosted = pattern-scaled modern surrogate

Note:  models/surrogates  are weighted so as to match PDF, not evenly.

Probability 
distribution 
developed from 
simple climate 
model and 
downscaled global 
climate model 
projections with the 
surrogate/model 
mixed ensemble 
method of 
Rasmussen et al. (in 
rev.; available on 
Arxiv)

Used BCSD downscaled projections from the Bureau of Reclamation.

Rasmussen et al. (in rev.)
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FIG. 7. Average summer (June-July-August) temperature anomaly in 2080–2099 under RCP 8.5 (relative to

the 1981–2010 normal) under RCP 8.5 from an equal-weighted CMIP5 ensemble (left) and the SMME (middle)

and MCPR probabilistic methods (right). From top to bottom, shown are 95th, 50th and 5th percentiles for the

CMIP5 ensemble and 95th, 83rd, 50th, 17th, and 5th percentiles for SMME and MCPR.
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46

50%

17%

5%

83%

95%

Recall that IPCC AR5 
interprets the 5th-95th 
percentile of CMIP5 
temperature projections 
as a ‘likely’ (67% 
probability) range

Rasmussen et al. (in rev.)
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Contributors to annual temperature variance
(solid = CMIP5, dashed=SMME, dotted=MCPR) 

note that ratio of unforced/(forced + scenario) decreases over longer averaging intervals

A

B C

D E

FIG. 8. Fraction of temperature projection variance (solid = CMIP5, dashed = SMME, dotted = MCPR) due

to unforced (orange), forced (blue) and scenario (green) uncertainty for (A) global average, (B) Los Angeles,

California, (C) New Orleans, Louisiana, (D) Portland, Maine, and (E) Seattle, Washington.
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FIG. 8. Fraction of temperature projection variance (solid = CMIP5, dashed = SMME, dotted = MCPR) due

to unforced (orange), forced (blue) and scenario (green) uncertainty for (A) global average, (B) Los Angeles,

California, (C) New Orleans, Louisiana, (D) Portland, Maine, and (E) Seattle, Washington.
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Rasmussen et al. (in rev.)
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Econometric impact analyses based on identifying historical 
responses to short-/medium-run climatic variability/change.

Temperature

Location A

Location B
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Econometric impact analyses based on identifying historical 
responses to short-/medium-run climatic variability/change.
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Econometric impact analyses based on identifying historical 
responses to short-/medium-run climatic variability/change.
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Temperature

Location A
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Econometric analysis of historical data allows us to relate 
historical climate ‘doses’ to economically-relevant responses.
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We’ve developing an open platform (the Distributed Meta-Analysis 
System) for aggregating and meta-analyzing climate impact functions
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(assuming adequate irrigation water)
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Climate change will have unevenly distributed economic impacts.
RCP 8.5, 2080-2099 average impact, median projections
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Climate change will make socio-economic extremes more common.

Expected number of extremely fatal hot years nationally

1-in-20 year event in current population: 25,000 deaths

Both Bayesian 
uncertainty about 
future states of the 
world and response 
functions, and also 
frequentist 
uncertainty about 
climate variability, 
come into play 
here. 

This plot answers: 
Given what we 
know now, how 
many economic 
extremes do we 
expect in a given 
future year?
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Translating uncertain projections to inform 
decision-making: An example of sea-level rise
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PROJECT DESCRIPTION 

An American Climate Risk Assessment 
Next Generation, in collaboration with Bloomberg Philanthropies and the 
Paulson Institute, has asked Rhodium Group (RHG) to convene a team of climate 
scientists and economists to assess the risk to the US economy of global climate 
change.  This assessment, to conclude in late spring 2014,will combine a review 
of existing literature on the current and potential impacts of climate change in 
the United States with original research quantifying the potential economic 
costs of the range of possible climate futures Americans now face. The report 
will inform the work of a high-level and bipartisan climate risk committee co-
chaired by Mayor Bloomberg, Secretary Paulson and Tom Steyer.  

BACKGROUND AND CONTEXT 

From Superstorm Sandy to Midwest droughts to wildfires in the Rocky Mountains, our 
weather is becoming more extreme and more expensive. In 2012, climate and weather 
disasters cost Americans more than $110 billion. Not only was it the hottest year on 
record, but precipitation was 2.6 inches lower than last century’s average, leading to 
massive crop losses across the Heartland and wildfires covering more than 9 million 
acres in the west. And while Sandy was the most destructive storm of the year, it wasn’t 
the only one with a multi-billion dollar economic price tag. 

Weather is inherently variable and no single storm, heat wave or drought can be 
conclusively attributed to climate change. But there is mounting scientific evidence that 
greenhouse gas (GHG) emissions are increasing the frequency and severity of many 
extreme weather events. Sea level rise resulting from human-induced climate change 
amplified coastal flooding during Sandy. And increased atmospheric concentrations of 
GHG emissions are already resulting in prolonged stretches of excessively high 
temperatures, heavier downpours and more severe droughts.  

While our understanding of climate change has improved dramatically in recent years, 
predicting future impacts is still a challenge. Uncertainty surrounding the level of GHG 
emissions going forward and the sensitivity of the climate system to those emissions 
makes it difficult to know exactly how much warming will occur. And we are learning 
more and more every day about how human and natural systems respond to potential 
changes in temperature, precipitation, sea level and storm patterns.   

Uncertainty, of course, is not unique to climate change. The military plans for a wide 
range of possible conflict scenarios and public health officials prepare for pandemics of 
low or unknown probability. Households buy insurance to guard against myriad 
potential perils. And effective risk management is critical to business success and 
investment performance. In all these areas, decision makers consider a range of possible 
futures in deciding on a course of action. They work off the best information at hand and 
take advantage of new information as it becomes available.  

Both the US National Academies of Science and the Intergovernmental Panel on Climate 
Change (IPCC) have suggested that this kind of “iterative risk management” is also the 
right way to approach climate change. Using this framework, the scientific community is 
preparing two major assessments of the risks to human and natural systems under a 
range of possible climate futures.  The IPCC’s Fifth Assessment Report (AR5) will provide 
a global outlook, while the US government’s National Climate Assessment (NCA) will 

For more, see: 
Kopp et al. (2014), Earth’s Future, doi:10.1002/2014EF000239 
Buchanan et al. (in rev.), arxiv:1510.08550.
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Sea-level rise projections based on bottom-up, probabilistic 
assessment

Kopp et al. 2014

Expert assessment

Climate models

Continuation of
historical trends

Ice sheets

Glaciers

Non-climatic
background

Land water
storage

Thermal expansion
and ocean dynamics

Local
sea level

Physical model
of local effects

Expert elicitation

Historical demand/
population
relationship



Projected GMSL rise and sources of uncertainty

Kopp et al. 2014
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Local sea-level rise projections show significant spatial variability

19Kopp et al. 2014

Median projection: RCP 8.5
GSL = 0.79 m
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Users of our sea-level rise projection framework (in part or whole)

• NOAA nuisance flooding analysis 
• California Energy Commission 
• Southeast Florida Water Management District 
• City of Boston 
• New Jersey Climate Adaptation Alliance 
• State of Delaware 
• Structures of Coastal Resilience 

• similar approach (which inspired ours) adopted by 
New York City Panel on Climate Change
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How do we translate probabilistic projections into actionable information?
The sea-level rise allowance framework provides one illustrative approach.

Buchanan et al., in rev.

6 Maya K. Buchanan, Robert E. Kopp, Michael Oppenheimer, Claudia Tebaldi

a"

b"

β"

β"

β"

β"

β"

β"

Fig. 2 A flow chart for application of the SLR allowance framework (a). A simple example of application of the SLR allowance
framework (for a homeowner in Boston) (b).

3 Results

Across U.S. tide gauges, the instantaneous allowance A is strongly correlated with expected sea-level rise
E[�t]. This is to be expected: as demonstrated in the SI, the offset between the instantaneous allowance
A(t) and the expected sea-level rise E[�t] does not depend on the first moment of the distribution of �t,
although it can depend on higher-order moments and on the parameters of the extreme flood level distribution.
Accordingly, if the higher-order moments and extreme flood level distribution were identical across sites and
only the expected sea-level rise differed, Figure 3a would show these points along a line with slope 1. Across
all sites, the instantaneous allowance is larger than expected SLR on average by 4 cm in 2050 and 60 cm in
2100. This gap increases because the variance and skewness of the SLR projections increase over the course
of the century.

Figure 4 shows several curves. First, it shows the historic flood curve (N) for the Boston tide gauge,
accounting for uncertainty in the GPD fit. Second, it shows flood curves adjusted for deterministic SLR
estimates equal to the expected value of SLR (N +E(SLt)) and the worst-case SLR (N +SL99.9(t)) in 2050
and 2100. Third, it shows the expected flood curves under the full PDF of SLR for 2050 and 2100 (Ne(t))).
The instantaneous allowances for 2050 and 2100 are given by the horizontal offsets between the historic curve
and the expected curves (Ne(t))). Fourth, the figure shows average expectations under the full PDF of SLR
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Extreme value statistics
Expected number of floods per year at the Battery, New York City (1920-2013) 
based on maximum-likelihood Generalized Pareto Distribution fit to observed extremes
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Expected number of flood events changes significantly with SLR
Expected number of floods per year at the Battery, New York City
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Expected number of flood events changes significantly 
Expected number of floods per year at the Battery, New York City
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Under uncertainty, expectation heavily skews toward high end – 
even if SLR projection is symmetric
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Allowances provide a framework for thinking about the 
interaction of extremes and changes in the mean
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For 1% flood risk in Baltimore: 
0.5 m in 2060 
0.3 m for fixed length 2020-2060

But may also want to consider 
the possibility of over-confidence in PDF. 
Robust decision-making literature offers some approaches to address.
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A tipping point in “tipping points”
Google N-Gram Frequency 

Gladwellian tipping points are: (1) contagious and 
involve a large change that (2) results from small 
changes and (3) occurs quickly.

Kopp et al. (in rev.)

Many climatic ‘tipping elements’ don’t fit the third criterion.
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cur immediately after the cause or much later. The definition
encompasses equilibrium properties with threshold behavior as
well as critical rates of forcing. In its equilibrium application, it
includes all orders of phase transition and the most common
bifurcations found in nature: saddle-node and Hopf bifurcations.
The definition could in principle be applied at any time, e.g., in
Earth’s history. The feature of the system and the parameter(s)
that influence it need not be climate variables. Critical condi-
tions may be reached autonomously (without human interfer-
ence), and natural variability could trigger a qualitative change.

Here we restrict ourselves to tipping elements that may be
accessed by human activities and are potentially relevant to
current policy. We define the subset of policy-relevant tipping
elements by adding to condition 1 the following conditions:

2. Human activities are interfering with the system ! such that
decisions taken within a ‘‘political time horizon’’ (TP " 0) can
determine whether the critical value for the control !crit is
reached. This occurs at a critical time (tcrit) that is usually
within TP but may be later because of a commitment to further
change made during TP.

3. The time to observe a qualitative change plus the time to
trigger it lie within an ‘‘ethical time horizon’’ (TE); tcrit # T "
TE. TE recognizes that events too far away in the future may
not have the power of influencing today’s decisions.

4. A significant number of people care about the fate of the
component !, because it contributes significantly to the
overall mode of operation of the Earth system (such that
tipping it modifies the qualitative state of the whole system),
it contributes significantly to human welfare (such that tipping
it impacts on many people), or it has great value in itself as
a unique feature of the biosphere. A qualitative change
should correspondingly be defined in terms of impacts.

Conditions 2–4 give our definition of a policy-relevant tipping
element an ethical dimension, which is inevitable because a focus
on policy requires the inclusion of normative judgements. These
enter in the choices of the political time horizon (TP), the ethical
time horizon (TE), and the qualitative change that fulfills con-
dition 4. We suggest a maximum TP $ 100 years based on the
human life span and our (limited) ability to consider the world
we are leaving for our grandchildren, noting also the Intergov-
ernmental Panel on Climate Change (IPCC) focus on this
timescale. We suggest TE $ 1,000 years based on the lifetime of
civilizations, noting that this is longer than the timescale of

nation states and current political entities. Thus, we focus on the
consequences of decisions enacted within this century that
trigger a qualitative change within this millennium, and we
exclude tipping elements whose fate is decided after 2100.

In the limit #! 3 0, condition 1 would only include vanishing
equilibria and first-order phase transitions. Instead we consider
that a ‘‘small’’ perturbation #! should not exceed the magnitude
of natural variability in !. Considering global temperature,
climate variability on interannual to millennial timescales is
0.1–0.2°C. Alternatively, a popular target is to limit anthropo-
genic global mean temperature increase to 2°C, and we take a
‘‘small’’ perturbation to be 10% of this. Either way, #! $ 0.2°C
seems reasonable.

One useful way of classifying tipping elements is in terms of
the time, T, over which a qualitative change is observed: (i) rapid,
abrupt, or spasmodic tipping occurs if the observation time is
very small compared with TP (but T % 0); (ii) gradual or episodic
tipping occurs if the observation time is intermediate (e.g., of
order TP); and (iii) slow or asymptotic tipping occurs if the
observation time is very long (in particular, T 3 TE).

Several key questions arise. What are the potential policy-
relevant tipping elements of the Earth system? And for each:
What is the mechanism of tipping? What is the key feature F of
interest? What are the parameter(s) projecting onto the control
!, and their value(s) near !crit? How long is the transition time
T? What are the associated uncertainties?

Policy-Relevant Tipping Elements in the Climate System
Earth’s history provides evidence of nonlinear switches in state
or modes of variability of components of the climate system
(6–10). Such past transitions may highlight potential tipping
elements under anthropogenic forcing, but the boundary con-
ditions under which they occurred were different from today,
and anthropogenic forcing is generally more rapid and often
different in pattern (11). Therefore, locating potential future
tipping points requires some use of predictive models, in com-
bination with paleodata and/or historical data.

Here we focus on policy-relevant potential future tipping
elements in the climate system. We considered a long list of
candidates (Fig. 1, Table 1), and from literature review and the
aforementioned workshop, we identified a short list of candi-
dates that meet conditions 1–4 (top nine rows in Table 1). To
meet condition 1, there needed to be some theoretical basis ("1
model study) for expecting a system to exhibit a critical threshold

Fig. 1. Map of potential policy-relevant
tipping elements in the climate system, up-
dated from ref. 5 and overlain on global
population density. Subsystems indicated
could exhibit threshold-type behavior in re-
sponse to anthropogenic climate forcing,
where a small perturbation at a critical point
qualitatively alters the future fate of the
system. They could be triggered this century
and would undergo a qualitative change
within this millennium. We exclude from the
map systems in which any threshold appears
inaccessible this century (e.g., East Antarctic
Ice Sheet) or the qualitative change would
appear beyond this millennium (e.g., marine
methane hydrates). Question marks indicate
systems whose status as tipping elements is
particularly uncertain.

Lenton et al. PNAS ! February 12, 2008 ! vol. 105 ! no. 6 ! 1787
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The term ‘‘tipping point’’ commonly refers to a critical threshold at which a tiny perturbation can qualitatively alter the state or
development of a system. Here we introduce the term ‘‘tipping element’’ to describe large-scale components of the Earth system that
may pass a tipping point. We critically evaluate potential policy-relevant tipping elements in the climate system under anthropogenic
forcing, drawing on the pertinent literature and a recent international workshop to compile a short list, and we assess where their tipping
points lie. An expert elicitation is used to help rank their sensitivity to global warming and the uncertainty about the underlying physical
mechanisms. Then we explain how, in principle, early warning systems could be established to detect the proximity of some tipping points.

Earth system " tipping points " climate change " large-scale impacts " climate policy

H uman activities may have the potential to push com-
ponents of the Earth system past critical states into
qualitatively different modes of operation, implying
large-scale impacts on human and ecological systems.

Examples that have received recent attention include the po-
tential collapse of the Atlantic thermohaline circulation (THC)
(1), dieback of the Amazon rainforest (2), and decay of the
Greenland ice sheet (3). Such phenomena have been described
as ‘‘tipping points’’ following the popular notion that, at a
particular moment in time, a small change can have large,
long-term consequences for a system, i.e., ‘‘little things can make
a big difference’’ (4).

In discussions of global change, the term tipping point has
been used to describe a variety of phenomena, including the
appearance of a positive feedback, reversible phase transitions,
phase transitions with hysteresis effects, and bifurcations where
the transition is smooth but the future path of the system
depends on the noise at a critical point. We offer a formal
definition, introducing the term ‘‘tipping element’’ to describe
subsystems of the Earth system that are at least subcontinental
in scale and can be switched—under certain circumstances—
into a qualitatively different state by small perturbations. The
tipping point is the corresponding critical point—in forcing and
a feature of the system—at which the future state of the system
is qualitatively altered.

Many of the systems we consider do not yet have convincingly
established tipping points. Nevertheless, increasing political
demand to define and justify binding temperature targets, as well
as wider societal interest in nonlinear climate changes, makes it
timely to review potential tipping elements in the climate system
under anthropogenic forcing (5) (Fig. 1). To this end, we
organized a workshop entitled ‘‘Tipping Points in the Earth
System’’ at the British Embassy, Berlin, which brought together
36 leading experts, and we conducted an expert elicitation that
involved 52 members of the international scientific community.
Here we combine a critical review of the literature with the
results of the workshop to compile a short list of potential
policy-relevant future tipping elements in the climate system.
Results from the expert elicitation are used to rank a subset of
these tipping elements in terms of their sensitivity to global
warming and the associated uncertainty. Then we consider the
prospects for early warning of an approaching tipping point.

Defining a Tipping Element and Its Tipping Point
Previous reviews (6–10) have defined ‘‘abrupt climate change’’
as occurring ‘‘when the climate system is forced to cross some

threshold, triggering a transition to a new state at a rate
determined by the climate system itself and faster than the
cause’’ (8), which is a case of bifurcation (i.e., one that focuses
on equilibrium properties, implying some degree of irreversibil-
ity). We have formulated a much broader definition of a tipping
element, because (i) we wish to include nonclimatic variables; (ii)
there may be cases where the transition is slower than the
anthropogenic forcing causing it; (iii) there may be no abrupt-
ness, but a slight change in control may have a qualitative impact
in the future; and (iv) for several important phase changes,
state-of-the-art models differ as to whether the transition is
reversible or irreversible (in principle).

We consider ‘‘components’’ (!) of the Earth system that are
associated with a specific region (or collection of regions) of the
globe and are at least subcontinental in scale (length scale of
order "1,000 km). A full formal definition of a tipping element
is given in supporting information (SI) Appendix 1. For the cases
considered herein, a system ! is a tipping element if the
following condition is met:

1. The parameters controlling the system can be transparently
combined into a single control !, and there exists a critical
control value !crit from which any significant variation by "! #
0 leads to a qualitative change (F̂) in a crucial system feature
F, after some observation time T # 0, measured with respect
to a reference feature at the critical value, i.e.,

"F$! # !crit $ "! "T% % F$!crit"T% " # F̂ & 0. [1]

This inequality applies to forcing trajectories for which a slight
deviation above a critical value that continues for some time
inevitably induces a qualitative change. This change may oc-
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Committed vs. realized changes

Many ‘tipping elements’ exhibit a long lag between commitment and realization 
– and thus may be more important for the long-term future of the Earth system 
than typical economic/adaptation timescales. 

Small lags are most likely for tipping elements involving what are conventionally 
called ‘fast feedbacks’ – atmosphere, surface ocean, sea ice. Other elements (ice 
sheets, permafrost, large-scale ecosystems) likely exhibit long lags.

NATURE GEOSCIENCE DOI: 10.1038/NGEO555
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Figure 1 | Dynamic and equilibrium Amazon forest extent throughout the
simulations. a, Fractional tree cover (represented as fractional coverage of
broadleaf trees in the region 40�–70� W, 15� S–5� N) as it evolves
dynamically through the SRES A2 simulation and the committed state
corresponding to each year. b, The same information plotted as the
percentage of complete die-back as a function of global mean temperature
rise above pre-industrial (defined as 0 for the original, pre-industrial forest
cover, and 100 for complete loss of tree cover in this region).

There seems to be a temperature below which the equilibrium
state of the forest is approximately constant, but above which the
equilibrium forest cover declines steadily with changing climate.
This point could be seen as a threshold beyond which some degree
of loss of Amazon forest is inevitable. Beyond this point there is
no sudden transition from ‘forest’ to ‘no forest’, rather a gradual
increase in the level of future committed die-back: the impacts are
more progressive than sudden.

Our results also show that the forest may be committed to some
degree of die-back before any is observed. For example, if climate
forcing was stabilized at 2050, when tree cover fraction is virtually
unchanged from the present day, a significant die-back would still
occur subsequently over the next 100–200 years (see Supplementary
Fig. S3). This has serious implications for any definition of
dangerous climate change, as it means that stabilization of climate
does not necessarily mean stabilization of climate impacts. It may
not become apparent for some time when a threshold of committed
change has been passed.

A further aspect of such committed changes is to consider the
potential of the system to recover. Experiments to assess recovery
of ecosystems under a return to pre-industrial global climate
showed that forests did indeed have the potential for recovery but
only on very long (multi-century) timescales (see Supplementary
Information). This has implications for temperature-overshoot
scenarios. First, from an impacts perspective, once the full change
in forest cover has been achieved, the length of time that society
has to exist without the forest may be so long that the change is,
for practical purposes, irreversible. Second, as the amount of forest
cover feeds back on to global atmospheric CO2 concentration, the
long recovery implies that the slow regrowth will make it more
difficult to lower CO2 concentrations and make it more difficult to
approach a safe level of CO2 andwarming from above19.

The concept of committed ecosystem changes applies equally to
other biomes and to forest expansion as well as die-back although
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Figure 2 | Geographical distribution of Amazon forest tree cover at 2050.
a,b, Realized (a) and committed (b) states represented as fractional
coverage of broadleaf trees simulated by the model. The black rectangle
shows the region used for calculating mean forest cover.

the response/lag times and impact on carbon storage might be
different20,21. Figure 3 shows equivalent results for the boreal forest.
Using tree cover between 45� and 80� N as a simple measure of
northern latitude forest expanse, the dynamic solution shows a
steady, but slow, increase in coverage up to the year 2100. Much
of this is an intensification of tree cover in existing areas of forest,
which occurs more rapidly than an expansion of the treeline.
By 2100 we also see a northward expansion of forest cover. The
committed state shows much greater expansion, by more than a
factor of 3, by 2100. The large difference between realized and
committed expansion is due to the slow timescales of areal changes.

The boreal forest region is expected to experience greater than
average warming over the twenty-first century22 and is a region
where tree growth is generally more limited by temperature than
precipitation. As most GCMs agree qualitatively on warming across
high-latitude land areas, it may be expected that results here
are more robust across different models (see further discussion
in Supplementary Information). Boreal forest expansion has
also been seen in other vegetation models9 and in response
to other climate models16. Pollen records and tree mortality
observations indicate that previous warm periods in the mid-
Holocene and medieval warm period did experience greater
northward extent of boreal forest23.

Considering long-timescale changes in ecosystems also has
implications for multi-gas mitigation policies owing to the direct
physiological effect of CO2 on vegetation24. As ecosystems are also
responding to changes in CO2 concentration, future ecosystem
commitments will probably depend not only on the stabilization
of radiative forcing, but also the relative contribution of CO2 and
non-CO2 greenhouse gas mitigationmeasures. For a given radiative
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Illustrative candidate climatic tipping elements
Candidate Main impact pathways Potentially 

Gladwellian
Regional North Atlantic convection regional temperature, precipitation yes

Atlantic Meridional Overturning 
Circulation

regional temperature, precipitation; global mean 
temperature; regional sea level

yes

El Niño-Southern Oscillation regional temperature, precipitation yes

Arctic sea ice regional temperature, precipitation yes

West African Monsoon regional temperature, precipitation yes

Coral reefs ecosystem services yes

Atmospheric superrotation climate sensitivity (cloudiness) yes

Greenland ice sheet sea level no

Antarctic ice sheet sea level no

Permafrost carbon greenhouse gas emissions no

Methane hydrates greenhouse gas emissions no

Amazon rainforest ecosystem services; greenhouse gas emissions no

Boreal forest ecosystem services; greenhouse gas emissions; albedo no

Kopp et al. (in rev.)
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Illustrative potentially climate-related social tipping points

Candidate

Environmental policy change (‘punctuated equilibrium’ model)

Technology learning curves (mitigation or adaptation)

Technology diffusion (mitigation or adaptation)

Migration

Conflict-development trap

Kopp et al. (in rev.)
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Illustrative potentially climate-related economic catastrophes

Economic catastrophe Illustrative effect

Environmental disaster ~15% output reduction for >20 years due to 1-in-100 country-year 
cyclone

Civil war ~15% output reduction for >10 years if combined with strengthened 
executive power

Temperature-induced growth rate 
effects

Potential stalling of growth in warm countries with low productivity 
growth

Twin currency/banking crises ~10% output reduction for >10 years

International war on country's 
own soil

Transient per-capita output drop of > 50% in Europe during World 
War II

Large-scale political and 
economic restructuring

45% drop in GDP/capita in Russia from 1989 to 1996

Kopp et al. (in rev.)

Economic catastrophes are often confused with physical tipping points in 
the integrated assessment literature – but there is no necessary relationship 
between the two.
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Some paths forward

For climatic tipping elements: 
– What is the probability of occurrence? (Role for expert elicitation, combined 
with models of physical processes?) 
– What are the consequences of crossing a critical thresholds? (Use physical 
models to determine magnitude, timescale of resulting physical changes? Use 
empirical models and sectoral process models to assess how those physical 
changes translation into economic costs?) 

For social tipping points: 
–  What is the landscape like? What are the relevant social mechanisms driving 
positive feedbacks? How can they be characterized? 

For economic catastrophes: 
–  What causes economic catastrophes, and how might they be influenced by 
climate change? (Clearest links for environmental catastrophes, civil conflict, 
temperature effects on growth) 

Kopp et al. (in rev.)
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Key points
• It’s important to be cognizant of both forced and unforced changes, and about 

the interaction between physical and socio-economic uncertainty. 
• Simple, probabilistic climate models provide a useful complement to large-scale 

Earth system models, which represent modeling groups’ best estimates. 
• An increasing number of socio-economic impacts can be quantified using state-

of-the-art econometric and process models. 
• We need tools and frameworks for translating probabilistic information into 

actionable information. But these involve decision-specific values such as time 
horizon and risk tolerance – they can’t be decided by scientists acting in 
isolation. 

• Many potential impacts – such as ‘tipping points’ – remain (and will likely 
continue for a long while to remain) unquantified. 

• Although ‘tipping point’ probability may be hard to assess, and the ‘tipping 
points’ concept itself  has promoted confusion, it is important to be cognizant 
of (deeply uncertain) thresholds in both physical and social systems. 

• More value issues: In physical systems, many of the consequences of ‘tipping 
points’ may play out on timescales well beyond those of conventional decision-
making, but with important effects on our civilizational legacy.


