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Context of the long-term global temperature goal

Article 2 (a) of the Paris Agreement:

“Holding the increase in the global average temperature to well below 2 °C 
above pre-industrial levels and pursuing efforts to limit the temperature 
increase to 1.5 °C above pre-industrial levels, recognizing that this 
would significantly reduce the risks and impacts of climate 
change” 
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Context of the long-term global temperature goal

• 1996: 2°C was first established in established on EU level based on IPCC 
Second Assessment Report

• 2005: 2°C Reaffirmed by EU Environment council based on Third 
Assessment report

• 2009: Adoption by G8 and inclusion in the Copenhagen accord –
establishment of SED to review adequacy of temperature goal 

• 2010: “holding below 2°C” included in Cancun outcome (Para 4, 1/CP.16)

Since 2009: The most vulnerable countries including Small island 
developing states and Least Developed Countries have called for a 1.5°C 
limit
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• Periodic review of its adequacy was agreed as part 
of the inclusion of the hold below 2°C goal in 2010

• A scientific structured expert dialogue was 
established (2013-2015 Review)

Review of the below 2°C goal and the Structured 
Expert Dialogue (SED) under the UNFCCC
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• Periodic review of its adequacy was agreed as part 
of the inclusion of the hold below 2°C goal in 2010

• A scientific structured expert dialogue was 
established (2013-2015 Review)

Key Outcomes:

• The view that a warming of 2°C can be considered safe “is inadequate”.

• “Limiting global warming to below 1.5°C would come with several advantages in 
terms of coming closer to a safer ‘guardrail’”

• “The science on the 1.5 °C warming limit is less robust than for the 2°C warming 
limit or warming beyond this limit.”

Review of the below 2°C goal and the Structured 
Expert Dialogue (SED) under the UNFCCC
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The scientific basis – IPCC’s Reasons for Concern

IPCC	3rd AR	(2001) Based	on	IPCC	IPCC	4th AR	(2009)

Smith	et	al.	(2009)7
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• Recent study for the first time 
analyses the differences in impacts 
the world would face at 1.5°C and 
2°C in a comprehensive and 
comparable way. 

• Analysis of 11 relevant biophysical 
impacts, highlighting key differences 
both globally and in hot-spot regions.

Schleussner, Lissner et al.: Differential climate impacts for policy-relevant limits to 
global warming: the case of 1.5°C and 2 °C Earth Syst. Dynam., 7, 1–25, 2016 
doi:10.5194/esd-7-1-2016

Recent science on climate impacts at 1.5°C and 2°C
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Methodological background

• Assessment of impacts for global land-
mass (between 66° N and S) as well as 
for 26 world regions 
• Based on model inter-comparison data 

(CMIP5 and ISI-MIP)
• 20-year time slices centered around 

respective warming level for each model 
separately
• Regional cumulative density functions for 

each ensemble member: allows assessing 
changes over smaller areas within a 
region
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Temperature Extremes

Schleussner et	al.	(2016)13
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Temperature Extremes

Schleussner et	al.	(2016)

• At 2°C, (1.5°) 50% of the global 
land-mass experience a significant 
shift in heat extremes of 1.8 Std
(1.2 Std)
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Temperature Extremes

Schleussner et	al.	(2016)

• At 2°C, (1.5°) 50% of the global 
land-mass experience a significant 
shift in heat extremes of 1.8 Std
(1.2 Std)
• For 80% (60%) of the global land 

mass, former ‘unusual events’ 
become the new normal
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Temperature Extremes in Tropical Regions

• Most extreme increases for the 
tropics
• For South East Asia, ‘3-Sigma 

events’ become the ’new normal’ 
at 2°C
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Regional	changes:	South	East	Asia

Schleussner et	al.	(2016)
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Temperature Extremes and Heat Waves

Intensity	of	hot	extremes	(annual	maximum	temp) Duration	of	hot	extremes	(number	of	days)
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Temperature Extremes and Heat Waves

Intensity	of	hot	extremes	(annual	maximum	temp) Duration	of	hot	extremes	(number	of	days)

General increase in heat wave duration globally with strong 
increases over 25% of the global land-mass:

heat-wave duration increases of over 80 (50) days at 2°C (1.5°)



Temperature extremes over Asutralia
Southern/Central	AustraliaNorthern	Australia

Schleussner et	al.	(2016)
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Temperature extremes over Australia 
Southern/Central	AustraliaNorthern	Australia
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At	2°C	(1.5°):	
• Extreme	temperatures	to	exceed	3°C	(2°)	above	recent	past	(1986-2005)
• Increase	in	annual	mean	length	of	warm	spells	around	20	(15)	days	in	
South/Central	Australia	and	up	to	60	(30-40)	days	in	northern	Australia



Water availability and precipitation

• More uncertain than temperature-
based impacts: regional hot-spots 
rather than global signal
• Globally, no significant trends, but 

regional changes 

• Dry regions getting dryer, wet regions 
getting wetter
• E.g. Mediterranean: 9% reduction at 

1.5°C, 17% at 2°C
Schleussner et	al.	(2016)
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Annual	water	availability	



Regional Hot-Spots of Change: Drying
Change in Consecutive Dry Days (CDD) relative to 1986-2005

Schleussner et	al.	(2016)
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Change in Consecutive Dry Days (CDD) relative to 1986-2005

Regional Hot-Spots of Change: Drying

Schleussner et	al.	(2016)
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Change in Consecutive Dry Days (CDD) relative to 1986-2005Change in Consecutive Dry Days (CDD) relative to 1986-2005

Regional Hot-Spots of Change: Drying

MED

Schleussner et	al.	(2016)
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Change in Consecutive Dry Days (CDD) relative to 1986-2005Change in Consecutive Dry Days (CDD) relative to 1986-2005

Regional Hot-Spots of Change: Drying

MED

Schleussner et	al.	(2016)

About 20% (5%) of the Mediterranean land area projected to annually 
experience dry events that would have been “unusual” in the recent past 
under a 2°C (1.5°C) warming.
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Extreme precipitation over Northern Europe

Schleussner et	al.	(2016)

• Median increase in annual maximum 5 days precipitation 
of ~ 8% (~6%) under a 2°C (1.5°C) warming 
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Extreme precipitation over Northern Europe

Schleussner et	al.	(2016)

• Median increase in annual maximum 5 days precipitation 
of ~ 8% (~6%) under a 2°C (1.5°C) warming 

• Around 15% (5%) of the land area projected to annually 
experience extreme precipitation events that would have 
been “unusual” in the recent past (1986-2005) under a 
2°C (1.5°C) warming.

• “Unusual” here refers to about 1% or less of the land-
area would experience such events over the 1986-2005 
reference period
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Impacts on global crop yields

1.5°C 2°C
Heat wave (warm spell) duration [month]

Global 1.1 [1;1.3] 1.5 [1.4;1.8] Tropical regions up to 2 months at 
1.5°C or up to 3 months at 2°C

Reduction in annual water availability [%]

Mediterranean 9 [5;16] 17 [8;28] 
Other dry subtropical regions like 
Central America and South Africa 
also at risk

Increase in heavy precipitation intensity [%]

Global 5 [4;6] 7 [5;7] Global increase in intensity due to 
warming; high latitudes (>45°N) 
and monsoon regions affected 
most.

South Asia 7 [4;8] 10 [7;14] 

Global sea-level rise

in 2100 [cm] 40 [30;55] 50 [35;65] 1.5°C end-of-century rate about 
30% lower than for 2°C reducing 
long-term SLR commitment.2081-2100 rate [mm/yr]  4 [3;5.5] 5.5 [4;8]

Fraction of global coral reefs at risk of annual bleaching [Constant case, %]

2050 90 [50;99] 98 [86;100] Only limiting warming to 1.5°C may 
leave window open for some 
ecosystem adaptation. 2100 70 [14;98] 99 [85;100]

Changes in local crop yields over global and tropical present day agricultural areas 
including the effects of CO2-fertilization [%]

Wheat                   Global 
Tropics

2 [-6;17] 
-9 [-25;12]  

0 [-8;21] 
-16 [-42;14] 

Projected yield reductions are 
largest for tropical regions, while 
high-latitude regions may see an 
increase. Projections not including 
highly uncertain positive effects of 
CO2-fertilization project reductions 
for all crop types of about 10% 
globally already at 1.5°C and 
further reductions at 2°C.

Maize                    Global 
Tropics

-1 [-26;8] 
-3 [-16;2]

-6 [-38;2]  
-6 [-19;2] 

Soy                        Global 
Tropics

7 [-3;28]  
6 [-3;23] 

1 [-12;34] 
7 [-5;27]

Rice                       Global 
Tropics

7 [-17;24] 
6 [0;20] 

7 [-14;27] 
6 [0;24]

1.5°C 2°C
Heat wave (warm spell) duration [month]

Global 1.1 [1;1.3] 1.5 [1.4;1.8] Tropical regions up to 2 months at 
1.5°C or up to 3 months at 2°C

Reduction in annual water availability [%]

Mediterranean 9 [5;16] 17 [8;28] 
Other dry subtropical regions like 
Central America and South Africa 
also at risk

Increase in heavy precipitation intensity [%]

Global 5 [4;6] 7 [5;7] Global increase in intensity due to 
warming; high latitudes (>45°N) 
and monsoon regions affected 
most.

South Asia 7 [4;8] 10 [7;14] 

Global sea-level rise

in 2100 [cm] 40 [30;55] 50 [35;65] 1.5°C end-of-century rate about 
30% lower than for 2°C reducing 
long-term SLR commitment.2081-2100 rate [mm/yr]  4 [3;5.5] 5.5 [4;8]

Fraction of global coral reefs at risk of annual bleaching [Constant case, %]

2050 90 [50;99] 98 [86;100] Only limiting warming to 1.5°C may 
leave window open for some 
ecosystem adaptation. 2100 70 [14;98] 99 [85;100]

Changes in local crop yields over global and tropical present day agricultural areas 
including the effects of CO2-fertilization [%]

Wheat                   Global 
Tropics

2 [-6;17] 
-9 [-25;12]  

0 [-8;21] 
-16 [-42;14] 

Projected yield reductions are 
largest for tropical regions, while 
high-latitude regions may see an 
increase. Projections not including 
highly uncertain positive effects of 
CO2-fertilization project reductions 
for all crop types of about 10% 
globally already at 1.5°C and 
further reductions at 2°C.

Maize                    Global 
Tropics

-1 [-26;8] 
-3 [-16;2]

-6 [-38;2]  
-6 [-19;2] 

Soy                        Global 
Tropics

7 [-3;28]  
6 [-3;23] 

1 [-12;34] 
7 [-5;27]

Rice                       Global 
Tropics

7 [-17;24] 
6 [0;20] 

7 [-14;27] 
6 [0;24]

Schleussner et	al.	(2016)
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Impacts on crop yields in tropical regions

Schleussner et	al.	(2016a,	NCC)
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Sea-level	rise

Schleussner et	al.	(2016)
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Sea-level	rise	and	long-term	commitment

1.5°C 2°C
Heat wave (warm spell) duration [month]

Global 1.1 [1;1.3] 1.5 [1.4;1.8] Tropical regions up to 2 months at 
1.5°C or up to 3 months at 2°C

Reduction in annual water availability [%]

Mediterranean 9 [5;16] 17 [8;28] 
Other dry subtropical regions like 
Central America and South Africa 
also at risk

Increase in heavy precipitation intensity [%]

Global 5 [4;6] 7 [5;7] Global increase in intensity due to 
warming; high latitudes (>45°N) 
and monsoon regions affected 
most.

South Asia 7 [4;8] 10 [7;14] 

Global sea-level rise

in 2100 [cm] 40 [30;55] 50 [35;65] 1.5°C end-of-century rate about 
30% lower than for 2°C reducing 
long-term SLR commitment.2081-2100 rate [mm/yr]  4 [3;5.5] 5.5 [4;8]

Fraction of global coral reefs at risk of annual bleaching [Constant case, %]

2050 90 [50;99] 98 [86;100] Only limiting warming to 1.5°C may 
leave window open for some 
ecosystem adaptation. 2100 70 [14;98] 99 [85;100]

Changes in local crop yields over global and tropical present day agricultural areas 
including the effects of CO2-fertilization [%]

Wheat                   Global 
Tropics

2 [-6;17] 
-9 [-25;12]  

0 [-8;21] 
-16 [-42;14] 

Projected yield reductions are 
largest for tropical regions, while 
high-latitude regions may see an 
increase. Projections not including 
highly uncertain positive effects of 
CO2-fertilization project reductions 
for all crop types of about 10% 
globally already at 1.5°C and 
further reductions at 2°C.

Maize                    Global 
Tropics

-1 [-26;8] 
-3 [-16;2]

-6 [-38;2]  
-6 [-19;2] 

Soy                        Global 
Tropics

7 [-3;28]  
6 [-3;23] 

1 [-12;34] 
7 [-5;27]

Rice                       Global 
Tropics

7 [-17;24] 
6 [0;20] 

7 [-14;27] 
6 [0;24]

1.5°C 2°C
Heat wave (warm spell) duration 

Global 1 month 1.5 month 1.5°C vs. 2°C marks transition from 
upper end of present-day natural 
variability to new climate regime in 
particular in tropical regions.

Tropics up to 2 month up to 3 month

Reduction in annual water availability

Dry subtropical regions 
(Mediterranean, Central 

America, South Africa)
up to 15-20% up to 25-30% 

Further drought risk increases in 
drought prone regions like the 
Amazon.

Increase in heavy precipitation intensity 

Global about 5% about 7% Global increase in intensity due to 
warming, high latitudes (>45°N) 
and monsoon regions affected 
most.

South Asia up to 8 % up to 14%

Global Sea-level Rise

in 2100 about 40 cm about 50 cm 1.5°C end-of-century rate 30% 
lower than for 2°C greatly reducing 
long-term SLR commitment. Steep 
rise in long-term risks between 
1.5°C and 2°C

2081-2100 rate  about 4 mm/yr about 5.5 mm/yr

Fraction of global coral reefs at risk of annual bleaching

2050 about 90% near 100% 1.5°C vs. 2°C decisive for the 
future of tropical coral reefs. Only 
limiting warming to 1.5°C may leave 
window open for some ecosystem 
adaptation. 

2100 about 70% near 100%

Crop yield reduction risk

50% of current crop-
producing regions may 

experience yield 
reductions of  

Wheat: 14% 
Maize: 8% 
Rice: 8% 
Soy: 10%

Wheat: 19% 
Maize: 12% 
Rice: 16% 
Soy: 12%

Projections not including highly 
uncertain positive effects of CO2-
fertilization.
Risks largest for tropical regions, 
while high-latitude regions (e.g. 
Siberia, Canada) may benefit.

Schleussner et	al.	(2016)
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Coral reefs at risk of severe degradation

Schleussner et	al.	(2016)

1.5°

2°
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Unprecedented global mass coral bleaching event

• Amplification of high water temperatures 
through strong El nino
• April 20, 2016: 93% of Australian Great 

Barrier Reef bleached
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https://www.coralcoe.org.au/media-releases/only-7-of-the-
great-barrier-reef-has-avoided-coral-bleaching



1.5°C,	2°C	and	tipping	points	in	the	Earth	System

Drijfhout et	al.	(2015)

• 37	abrupt	shifts	in	climate	system	
identified	in	CMIP5	models	for	a	
warming	exceeding	10°C
• Including	biome	changes,	permafrost	
loss,	ocean	circulation	changes,	sea-
ice	snow	and	glacier	loss

scale of the external forcing. Here we choose a methodology
consisting of three stages. Firstly, we systematically screen the
CMIP5 multimodel ensemble of simulations for evidence of abrupt
changes using search criteria (Methods) to make a first filtering of
regions of potentially relevant abrupt events from this dataset
(stage 1). These criteria are motivated by the definition of the as-
sessment report, AR5 (4): “A large-scale change in the climate
system that takes place over a few decades or less, persists (or is
anticipated to persist) for at least a few decades, and causes sub-
stantial disruptions in human and natural systems.” Other defini-
tions have emphasized the timescales of the change, e.g., 30 y (10),
and rapidity in comparison with the forcing (11), which also meet
our search criteria. Global maps of quantities with potential to
change abruptly are expressed as (i) the mean difference between
end and beginning of a simulation, (ii) the SD of the detrended
time series, and (iii) the maximum absolute change within 10 y.
These maps are made for all scenario runs and compared with
values for the preindustrial control runs. When at least two in-
dicators suggest locations of major change, we construct time se-
ries for area averages of at least 0.5 × 106 km2 (roughly 10 by 10
degrees) and visually inspect these for abrupt shifts standing out
from the internal variability (stage 2). Subsequently, we check
whether the selected cases can indeed be considered examples of
abrupt change applying formal classification criteria (Methods)
such as the criterion that the change should be larger than 4 times
the SD of the preindustrial simulation, in combination with ad-
ditional statistical tests (stage 3).
We find a broad range of transitions passing our classification

criteria (Fig. 1, Table 1, and SI Appendix, Table S1), which can be
grouped into four categories (Table 1 and Fig. 2). They include
abrupt shifts in sea ice and ocean circulation patterns as well as
abrupt shifts in vegetation and the terrestrial cryosphere. Fig. 2
shows a selected example for each category. All other time series
are displayed in Fig. 3. Information on the regions where the shifts

occur and the results of the statistical tests used for classification
are displayed in SI Appendix, Tables S2 and S3, respectively. A list
of the climate models and their acronyms is provided in SI Ap-
pendix, Table S1.

Results
Category I, Type 1, Cases a, b, c, and d: Unforced Bimodal Switches in
Sea Ice Cover. Sea ice abrupt changes are particularly common in
climate simulations and may be explained by a relatively simple
feedback between sea ice and open-ocean convection (12). In
preindustrial climate, some models already simulate irregular
switches between two regimes as a feature of internal variability
(Fig. 2A). In four preindustrial cases, they meet the criteria for
abrupt shifts, occurring as a sequence of abrupt reversals. In all
four cases, these abrupt switches continue throughout the his-
torical period and RCP scenarios, but often become weaker
when the climate warms. These switches only appear in the
Southern Ocean and mainly coincide with the regions of open-
ocean convection, which are the main deep water formation
regions in the models (13). During periods when convection
brings warm water to the surface, no permanent ice cover can
form, allowing cooling of surface water and favoring convection.
In addition, the large formation rate of brine during freezing in
areas of seasonal sea ice cover destabilizes the water column
further, inhibiting the formation of sea ice. On the other hand,
once the surface is covered by perennial sea ice, much less brine
formation occurs, making the water column more stable, en-
abling the formation of more sea ice. Accordingly, open-ocean
convection occurs mostly in regions featuring seasonal ice cover
and seasonal ice-free conditions in the models (13). The de-
pendence of sea ice cover on deep water formation also explains
the long residence times of the sea ice regimes between decades
and centuries, a feature which is hard to either verify or falsify
given the lack of long-term observations.

Fig. 1. Geographical location of the abrupt climate change occurrences. All 30 model cases listed in Table 1 are depicted. Of the 41 abrupt shifts, when
regarding similar events for different simulations by the same climate model, this reduces to 30 distinct model cases. Marker color indicates the lowest global
warming level, at which the abrupt change occurs, and the shape indicates category.
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Abrupt transitions of regional climate in response to the gradual
rise in atmospheric greenhouse gas concentrations are notori-
ously difficult to foresee. However, such events could be particu-
larly challenging in view of the capacity required for society and
ecosystems to adapt to them. We present, to our knowledge, the
first systematic screening of the massive climate model ensemble
informing the recent Intergovernmental Panel on Climate Change
report, and reveal evidence of 37 forced regional abrupt changes in
the ocean, sea ice, snow cover, permafrost, and terrestrial biosphere
that arise after a certain global temperature increase. Eighteen out of
37 events occur for global warming levels of less than 2°, a threshold
sometimes presented as a safe limit. Although most models predict
one or more such events, any specific occurrence typically appears in
only a few models. We find no compelling evidence for a general
relation between the overall number of abrupt shifts and the level of
global warming. However, we do note that abrupt changes in ocean
circulation occur more often for moderate warming (less than 2°),
whereas over land they occur more often for warming larger than 2°.
Using a basic proportion test, however, we find that the number of
abrupt shifts identified in Representative Concentration Pathway
(RCP) 8.5 scenarios is significantly larger than in other scenarios of
lower radiative forcing. This suggests the potential for a gradual
trend of destabilization of the climate with respect to such shifts,
due to increasing global mean temperature change.

abrupt climate change | critical transitions | CMIP5 | IPCC | climate change

The gradual rise in greenhouse gas concentrations is projected
to drive a mostly smooth increase in global temperature

(1). However, the Earth system is suspected to have a range of
“tipping elements” with the characteristic that their gradual change
will be punctuated by critical transitions on regional scales (2, 3).
That is, for relatively small changes in atmospheric concentrations
of greenhouse gases, parts of the Earth system exhibit major
changes. The recent fifth Assessment Report (AR5) of the Inter-
governmental Panel on Climate Change (IPCC) presents a catalog
of possible abrupt or irreversible changes (table 12.4 in ref. 4). This
catalog builds on a previous literature review (2) of components
believed to have the potential for an acceleration of change as
fossil fuel burning changes atmospheric composition and thus
radiative forcing.
The expert elicitation (2) motivated discussion of a multitude of

environmental threats to the planet in which it was critically argued
that atmospheric carbon dioxide concentration should not cross 350
ppm (5), trying to determine what constitutes safe levels of global
warming. This threshold was suggested in ref. 5 to minimize the risk
due to massive sea ice change, sea level rise, or major changes to
terrestrial ecosystems and crops. An alternative purely temperature-
based threshold is that from the Copenhagen accord, setting an
upper limit of 2° (6). However, major uncertainty exists in knowl-
edge of climate sensitivity (7), which makes it difficult to relate this

warming level to a precise CO2 concentration. However, despite this
and the growing interest in the societal effects of such transitions,
there has been no systematic study of the potential for abrupt shifts
in state-of-the-art Earth System Models.
To explore what may be deduced from the current generation of

climate models in this context, we analyze the simulations produced
by Coupled Model Intercomparison Project 5 (CMIP5) (8) that
were used to inform the IPCC. CMIP5 provides a compilation of
coordinated climate model experiments. Each of 37 analyzed models
includes representations of the oceans, atmosphere, land surface, and
cryosphere. The climate models have been forced with future
changes in atmospheric gas concentrations, depicted in four Repre-
sentative Concentration Pathways (RCPs) (9), starting in year 2006.
Of these, we analyze RCP2.6, RCP4.5, and RCP8.5 to explore a
range of changes in radiative forcing, reaching levels of 2.6 W·m−2,
4.5 W·m−2, and 8.5 W·m−2, respectively, by year 2100 (including all
available simulations that go beyond 2100). We also analyze historical
simulations, capturing changes from preindustrial conditions in year
1850 to the present, and preindustrial control simulations.
To assess future risks of abrupt, potentially irreversible, changes

in important climate phenomena, we first need to define what we
mean by “abrupt.” This term clearly refers to time scale and is
usually defined as when changes observed are faster than the time
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1.5°C,	2°C	and	tipping	points	in	the	Earth	System

50%	of	thresholds	of	abrupt	shifts	
crossed	for	2°C	compared	to	20%	
under	1.5°C

relatively slowly (decades rather than years). In addition, local
biophysical feedbacks between land and atmosphere may be
relatively weak compared with feedbacks involving sea ice cover
and ocean convection. Lastly, heterogeneity of the land surface
leads to smoothing of vegetation changes (50). In general we find
no evidence of ecosystem collapses, except the case of Amazon
dieback. However, ecosystem variables were often not available
in the output.
Abrupt shifts due to internal variability (also occurring in

preindustrial runs) are present in 11% of the models [3.9 out of
37 accounting for the fraction in each model ensemble (SI Ap-
pendix, SI Methods)]. We find three cases of sequences of re-
versing switches after a certain temperature threshold is passed
in the RCP scenarios (category II). In one case, a single reversing
switch occurs. All other cases we identify are nonreversing shifts
that occur in historical plus RCP scenario simulations. These
forced shifts occur after passing a temperature threshold. Eighteen
out of 37 forced abrupt shifts occur in simulations for global
warming levels below 2° (Fig. 4), a threshold often proposed as a
potentially safe upper bound on global warming (6). The frequency
of occurrence, that is, the fraction of abrupt events per model run,
is 33% for the RCP scenarios and 53% for the RCP8.5 scenario
(Methods and SI Appendix, Table S1). This result suggests that it is
likely that the Earth system will experience sharp regional transi-
tions at moderate warming, although the prediction of any par-
ticular event has a very high uncertainty.
When ranking the abrupt shifts against temperature (Fig. 5), a

minimum amount of shifts occurs between 3° and 5° temperature
increase, although this minimum is not statistically significant.
It arises because many ocean and sea ice changes are related
to shifts in open-ocean convection, which occur for relatively
moderate temperature increases, whereas shifts in the terrestrial
system and Arctic winter sea ice occur for much larger temper-
ature increases. The RCP8.5 scenario shows more shifts than the
RCP4.5 scenario, even in the range of temperature increases
they have in common, suggesting that not only amplitude but
also speed of temperature increase is destabilizing. Another ca-
veat in ranking abrupt shifts against temperature increase is that
small temperature increases are associated with more simulation
years than larger temperature increases. Due to differences in
the scenario selection for each model, and differences in climate
sensitivity between models, the temperature space in CMIP5 is
not well sampled, preventing further statistical analysis of the
relation between abrupt events and global temperature change. No

type of abrupt shifts occurs in all models. Many of them occur by
chance; that is, they depend sensitively on details in the simulated
climate state, including natural variability. Some depend on model
(bio)physics, (oversimplified) parameterizations, or thresholds not
being reached in other model simulations.
Most abrupt shifts found in our analysis have been previously

identified and possible mechanisms proposed, although often using
simplified models (4). Exceptions include abrupt change in the
marine productivity (case g) and permafrost thaw and snow melt
(cases A, B, and C). Permafrost carbon release (51) and methane
hydrates release (52) were not expected in CMIP5 simulations,
because of missing biogeochemical components in those models
capable of simulating such changes. Proposed abrupt changes in
monsoon circulation (53) and in long-term droughts (54) were not
found, possibly due to limitations of our method focusing on annual
mean data. Boreal forest dieback at the southern forest border (2)
was not found; however, we identified an example of boreal forest
expansion to tundra (case E) expected in a warmer climate. This
abrupt expansion is linked to the permafrost collapse in high-lati-
tude regions, as its thaw allows shrubs and trees to develop roots in
deeper soil layers. Although, in the CMIP5 experiments, permafrost
and vegetation were not interacting, this is an example of a possible
cascade of abrupt changes as a shift in one climate subsystem
(cryosphere) subsequently causes abrupt changes in another do-
main (vegetation).
The character, timing, and location of abrupt events we de-

tect are model-specific, illustrating the uncertainty associated
with predicting particular events. Sometimes, simpler or older
non-CMIP5 models suggest tipping points that disappear in
more-complex versions (55). Alternatively, CMIP5 models could
underrepresent the likelihood of abrupt shifts. For instance,
there is some reluctance to upload simulations to the CMIP5
database, that contain large abrupt changes [e.g., a collapse of
the AMOC (56)], representing a behavior not observed in the

Fig. 4. Abrupt shifts as a function of global temperature increase. Shown
are the number of abrupt climate changes occurring in the CMIP5 database
for different intervals of warming relative to the preindustrial climate.

Fig. 5. The frequency of occurrence of forced abrupt shifts as a function of
global temperature increase. This number depends on the width of the
temperature interval. Nevertheless, its qualitative shape gives an indication
of how forced abrupt changes are divided over the range of temperature
increases relative to the preindustrial area as simulated by the CMIP5
models. The frequency of occurrence is displayed per 0.5° temperature in-
terval; see also Methods. Forced abrupt shifts occur only once in a particular
scenario.
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scale of the external forcing. Here we choose a methodology
consisting of three stages. Firstly, we systematically screen the
CMIP5 multimodel ensemble of simulations for evidence of abrupt
changes using search criteria (Methods) to make a first filtering of
regions of potentially relevant abrupt events from this dataset
(stage 1). These criteria are motivated by the definition of the as-
sessment report, AR5 (4): “A large-scale change in the climate
system that takes place over a few decades or less, persists (or is
anticipated to persist) for at least a few decades, and causes sub-
stantial disruptions in human and natural systems.” Other defini-
tions have emphasized the timescales of the change, e.g., 30 y (10),
and rapidity in comparison with the forcing (11), which also meet
our search criteria. Global maps of quantities with potential to
change abruptly are expressed as (i) the mean difference between
end and beginning of a simulation, (ii) the SD of the detrended
time series, and (iii) the maximum absolute change within 10 y.
These maps are made for all scenario runs and compared with
values for the preindustrial control runs. When at least two in-
dicators suggest locations of major change, we construct time se-
ries for area averages of at least 0.5 × 106 km2 (roughly 10 by 10
degrees) and visually inspect these for abrupt shifts standing out
from the internal variability (stage 2). Subsequently, we check
whether the selected cases can indeed be considered examples of
abrupt change applying formal classification criteria (Methods)
such as the criterion that the change should be larger than 4 times
the SD of the preindustrial simulation, in combination with ad-
ditional statistical tests (stage 3).
We find a broad range of transitions passing our classification

criteria (Fig. 1, Table 1, and SI Appendix, Table S1), which can be
grouped into four categories (Table 1 and Fig. 2). They include
abrupt shifts in sea ice and ocean circulation patterns as well as
abrupt shifts in vegetation and the terrestrial cryosphere. Fig. 2
shows a selected example for each category. All other time series
are displayed in Fig. 3. Information on the regions where the shifts

occur and the results of the statistical tests used for classification
are displayed in SI Appendix, Tables S2 and S3, respectively. A list
of the climate models and their acronyms is provided in SI Ap-
pendix, Table S1.

Results
Category I, Type 1, Cases a, b, c, and d: Unforced Bimodal Switches in
Sea Ice Cover. Sea ice abrupt changes are particularly common in
climate simulations and may be explained by a relatively simple
feedback between sea ice and open-ocean convection (12). In
preindustrial climate, some models already simulate irregular
switches between two regimes as a feature of internal variability
(Fig. 2A). In four preindustrial cases, they meet the criteria for
abrupt shifts, occurring as a sequence of abrupt reversals. In all
four cases, these abrupt switches continue throughout the his-
torical period and RCP scenarios, but often become weaker
when the climate warms. These switches only appear in the
Southern Ocean and mainly coincide with the regions of open-
ocean convection, which are the main deep water formation
regions in the models (13). During periods when convection
brings warm water to the surface, no permanent ice cover can
form, allowing cooling of surface water and favoring convection.
In addition, the large formation rate of brine during freezing in
areas of seasonal sea ice cover destabilizes the water column
further, inhibiting the formation of sea ice. On the other hand,
once the surface is covered by perennial sea ice, much less brine
formation occurs, making the water column more stable, en-
abling the formation of more sea ice. Accordingly, open-ocean
convection occurs mostly in regions featuring seasonal ice cover
and seasonal ice-free conditions in the models (13). The de-
pendence of sea ice cover on deep water formation also explains
the long residence times of the sea ice regimes between decades
and centuries, a feature which is hard to either verify or falsify
given the lack of long-term observations.

Fig. 1. Geographical location of the abrupt climate change occurrences. All 30 model cases listed in Table 1 are depicted. Of the 41 abrupt shifts, when
regarding similar events for different simulations by the same climate model, this reduces to 30 distinct model cases. Marker color indicates the lowest global
warming level, at which the abrupt change occurs, and the shape indicates category.
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Research perspectives

• Pathway dependent impacts not represented in current scenario set-
up for 1.5° and 2°pathways
• Important implications for time-lagged impacts and reversibility

Ø Comprehensive integrated and scenario-based analysis of 1.5°C and 
2°C impacts and mitigation pathways to better understand trade-offs
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Research perspectives

• Studies show large differences in impacts between regions and 
between warming levels: major implications for adaptation 
requirements and potentials

Ø better resolved impact analyses to inform pathway-dependent 
adaptation planning
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Research perspectives

• IPCC special report on 1.5° (Decision 1/CP.21): “Invites the 
Intergovernmental Panel on Climate Change to provide a special report in 
2018 in the impacts of global warming of 1.5°C above pre-industrial levels 
and related global GHG emission pathways”

Ø analyses to assess our existing knowledge on near-term impacts and 
lower warming pathways
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