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“Little things can make a big difference”

Tipping element 
A component of the Earth system, at least sub-continental in 

scale (~1000km), that can be switched – under certain 
circumstances – into a qualitatively different state by a small 
perturbation.

Tipping point
The corresponding critical point – in forcing and a feature of the 

system – at which the future state of the system is qualitatively 
altered.

Lenton et al. (2008) PNAS 105(6): 1786-1793



Defining a tipping element

For components of the Earth system: 

The parameters controlling the system can be 
transparently combined into a single control r, 

there exists a critical control value rcrit from which a 
small perturbation by dr > 0 leads to 

a qualitative change F in a crucial system feature F, after 
some observation time T > 0, i.e.

|F(r ≥rcrit+dr|T) – F(rcrit|T)| ≥ F > 0

Lenton et al. (2008) PNAS 105(6): 1786-1793



Two types of tipping point

Bifurcation



Two types of tipping point

Bifurcation No bifurcation



Policy relevant tipping elements

Add the following conditions:

1. Human activities are interfering with the system such 
that decisions taken within a “political time horizon” (TP

> 0) can determine whether rcrit is reached.

2. The time to observe a qualitative change plus the time 
to trigger it lie within an “ethical time horizon” (TE ≥ tcrit

+ T).

3. A significant number of people care about the fate of 
the system.

We use TP ~ 100 years, TE ~ 1000 years

Lenton et al. (2008) PNAS 105(6): 1786-1793



= High growth

= Mid growth

= Low growth

Our criterion for „policy-relevance‟

IPCC (2007)



Lenton et al. (2008) PNAS 105(6): 1786-1793

Tipping elements in the climate system



Results from literature review and workshop

Lenton & Schellnhuber (2007) Nature Reports Climate Change

Estimates of proximity



Ranking of six tipping elements

Boreal forest 

dieback

Instability of West 

Antarctic ice sheet

Amazon rainforest 

dieback

ENSO regime shift to El Niño mean 

state 

Reorganisation 

of thermohaline 

circulation
Melt of 

Greenland ice 

sheet

Uncertainty 

in sensitivity to 

global warming

Global warming

required for tipping

Low

Medium

High

Low Medium High

Lenton et al. (2008) PNAS 105(6): 1786-1793



Greenland ice sheet

2007 melt days 

anomaly relative 

to 1988-2006

The Copenhagen Diagnosis (2009)

Net mass balance of Greenland ice sheet



West Antarctic ice sheet

Shepherd & Wingham (2007) Science 315: 1529-1532

Net mass balance of Antarctic ice sheet

The Copenhagen Diagnosis (2009)



Atlantic meridional overturning circulation

GENIE-1 model, data assimilated with Ensemble Kalman Filter, for IPCC AR4, 3°C climate sensitivity
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Changes in ENSO

Guilyardi (2006) Climate Dynamics 26: 329-348, Yeh et al. (2009) Nature 461: 511-514

• Increase in ENSO 

amplitude in most 

realistic models under 

3-6°C warmer 

stabilised climate

• No clear change in El 

Niño frequency

• Shift toward Central 

Pacific Modoki 

replacing classic East 

Pacific El Niño?



Amazon rainforest dieback

2080-2100 Simulated

6

4

2

shrubland

3

7

barren

grassland

savanna

rainforest

1981-2000 Observed

cropland

rainforest

savanna

Cook and Vizy (2009) Journal of ClimateCox et al. (2000) Nature 408: 184-187

• Regional climate model (60km) coupled to CCCMA GCM

• In HadCM3LC dieback occurs under 3-4°C global warming due to more 

persistent El Niño

• Could be triggered by land-use and/or climate change



Committed ecosystem change

August 24, 2010

Jones et al. (2009) Nature Geoscience 2: 484-487

Rapid forcing creates large lag between 

equilibrium and actual states, then 

dynamic solution tries to „catch up‟, 

creating apparent „tipping point‟



Results of expert elicitation

Kriegler et al. (2009) PNAS

10.1073/pnas.0809117106

Imprecise probability 

statements from experts 

formally combined

Under 2-4 °C warming: 

>16% probability of 

passing at least one of 

five tipping points

Under >4 °C warming: 

>56% probability of 

passing at least one of 

five tipping points

Greenland

Atlantic

Antarctica

Amazon

El Niño



Interactions between tipping events

Dieback

of Amazon

rainforest

Shift to a 

(more) persistent 

El Nino

regime

Disintegration of 

West Antarctic Ice Sheet

Collapse of

Atlantic 

thermohaline

circulation

Melt of

Greenland 

Ice Sheet

+

+

+

+

+

-

+ +

+/-

+/-

+/-

Reduced warming of Greenland

Cooling of NE tropical Pacific, 

thermocline shoaling, weakening of 

annual cycle in EEP

Enhanced water 

vapour export from 

Atlantic

-

Heat accumulation in 

Southern Ocean

Southward shift of Inter-

tropical Convergence 

Zone

Drying over 

Amazonia

Tropical 

moisture 

supply 

changes

Increase in 

meridional salinity 

gradient

Fast advection of 

salinity anomaly to 

North Atlantic

Sea level rise causing 

grounding line retreat

Freshwater input

Warming of Ross and 

Amundsen seas

Increase in probability

Decrease in probability

Uncertain direction of change

+

-

+/-

Tipping events are connected A→B

if at least 5 experts judged that

triggering A had a direct effect on the

probability of triggering B thereafter

Kriegler et al. (2009) PNAS 10.1073/pnas.0809117106



Boreal forest dieback

Lucht et al. (2006) Carbon Balance and Management 1: 6

Joos et al. (2001) Global Biogeochemical Cycles 15: 891-907

Occurs under ~3°C global 

warming (~7°C local 

warming) 

LPJ Dynamic Global 

Vegetation Model driven by 

climate change from SRES 

A2 forcing of HadCM3 

GCM

Change in vegetation 

(VEGC) and soil (SOILC) 

carbon content from 2000 

to 2100



Yedoma permafrost meltdown

Extent of permafrost melt is 
forecast to be proportional to 
warming (not a tipping element)

But Yedoma, containing up to 500 
PgC, could undergo runaway 
meltdown due to biochemical heat 
release

Estimated threshold is at 9 °C 
regional warming, but note that this 
region warmed >3 °C in 2007

August 24, 2010

Khvorostyanov et al. (2008) Geophysical Research Letters 35, L10703



Revised map

August 24, 2010
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Tipping element risk assessment

Tipping element Likelihood of 

passing a tipping 

point 

(by 2100)

Relative 

impact** of 

change in state 

(by 3000) 

Risk score

(likelihood x 

impact)

Risk ranking

Arctic summer sea-ice High Low 3 4

Greenland ice sheet Medium-High* High 7.5 1 (highest)

West Antarctic ice sheet Medium* High 6 2

Atlantic THC Low* Medium-High 2.5 6

ENSO Low* Medium-High 2.5 6

West African monsoon Low High 3 4

Amazon rainforest Medium* Medium 4 3

Boreal forest Low Low-Medium 1.5 8 (lowest)

August 24, 2010

*Likelihoods informed by expert elicitation

**Initial judgment of relative impacts is my subjective assessment 



Prospects for early warning

August 24, 2010

Generic early warning signals:

Slowing down

Increasing variability

Skewness of responses

Flickering between states System being

forced past a

tipping point

Lenton et al. (2008) PNAS 105(6): 1786-1793

Held & Kleinen (2004) Geophysical Research Letters 31: L23207



Model test of early warning method

CLIMBER-2 intermediate complexity model

Linear increase in CO2 from 280 to 800 ppmv

Stochastic perturbation of freshwater forcing

Held & Kleinen (2004) Geophysical Research Letters 31: L23207



Alternative propagators

August 24, 2010

Real geophysical data (air temperature, river flux, etc.)
carry memory caused by various types of inertia.

Statistically, the memory is described in terms of
correlations, and there exist several methods to estimate
correlations:

1) Power spectrum exponent, b

2) Auto-correlation function (ACF) exponent, g

3) Detrended fluctuation analysis (DFA) exponent, a

They are related: a = 1 - g/2 = (1+b)/2

We developed an alternative propagator using DFA:

a = 0.5  uncorrelated data

a > 0.5  correlated data

a = 1.5  random walk with uncorrelated steps

We rescaled: propagator = 1 when a = 1.5 

Livina & Lenton (2007) Geophysical Research Letters 34: L03712



Example of transition (but not bifurcation)

ACF-propagator (without detrending) is more sensitive to transitions

Sigmoid function with red noise, fluctuation exponent 0.7

Livina, Ditlevsen, Lenton (submitted) Nonlinear Processes in Geophysics



Fully 3-D dynamical model test

August 24, 2010

Lenton et al. (2009) Phil. Trans. A 367: 871-884

Early warning indicator from 

autocorrelation function

Early warning indicator from 

detrended fluctuation analysis

Atlantic meridional overturning circulation 

GENIE-2 model



August 24, 2010

Paleo-data test of early warning method

Livina & Lenton (2007) Geophysical Research Letters 34: L03712

Greenland ice-core regional 

temperature record 

Early warning indicator from 

detrended fluctuation analysis

Early warning indicator from 

autocorrelation function



Alternative method for detecting 
changing number of climate states

August 24, 2010

Simple stochastic model for climate variables:

Assume polynomial potential U(z) with noise sh

Potential analysis:

Estimate number of states i.e. order of polynomial

Estimate noise level

Derive potential coefficients and hence shape of potential

Livina, Kwasniok & Lenton (2010) Climate of the Past, 6: 77-82



Estimation of the number of states

Fokker-Planck equation for the 

probability density function

Polynomials of increasing even

degree are fitted, and the highest

degree with a positive leading

coefficient is adopted

Livina, Kwasniok & Lenton (2010) Climate of the Past, 6: 77-82
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Test of estimation of number of states 
using artificial data

August 24, 2010

Livina, Kwasniok & Lenton (2010) Climate of the Past, 6: 77-82

Artificial data 

generated using

Euler scheme

Colour scheme for

Number of states: 

1, 2, 3, 4



Changing number of climate states:
GRIP & NGRIP δ18O data

Livina, Kwasniok & Lenton (2010) Climate of the Past, 6: 77-82

Number of states: 1, 2, 3, 4



Bifurcation in the GRIP δ18O data

August 24, 2010



Confirmation in GRIP calcium data

August 24, 2010

Livina, Kwasniok & Lenton (2010) Climate of the Past, 6: 77-82

Number of states: 1, 2, 3, 4



“Blind test” of potential analysis

9 samples of data generated from 
different (unknown) models provided

Potential analysis used to try and 
deduce underlying models, then 
simulate data equivalent to the test 
samples

Method correctly reconstructs 
generating equation where there is 
potential behaviour, and recognises 
sample with non-potential behaviour 

Livina, Ditlevsen, Lenton (submitted) Nonlinear Processes in Geophysics



Pre-processing geophysical data 
for potential analysis

As we deal with the probability distribution (histogram), we can 
interpolate data if there are gaps or poor temporal resolution 

But care is required, as too high resolution together with 
small sliding window may give meaningless results

If there are nonstationarities in the data, it is useful to use 
wavelet denoising for the estimation of the noise level

Still, many datasets are studied in “raw” format, if there is no 
obvious trend or other nonstationarities



Tree ring data for past millennium

August 24, 2010

Early warning 

indicators

Composite

tree ring 

record

Data from Rosanne D’Arrigo (LDEO)



Tree ring data for past millennium

August 24, 2010

Number of states: 1, 2, 3, 4



European monthly temperature anomaly 
(1659-2004)

August 24, 2010

Livina et al. (in revision) Climate Dynamics

Number of states: 1, 2, 3, 4



Atlantic Multi-decadal Oscillation index
(1856-present)

Livina et al. (in revision) Climate Dynamics

Number of states: 1, 2, 3, 4



Analysis of NOAA SST data

August 24, 2010

Number of states: 1, 2, 3, 4



Arctic region NOAA SST data

August 24, 2010



Is the signal present in the raw data?

August 24, 2010

Number of states: 1, 2, 3, 4, 5, 6



SST anomaly in ERA-Interim reanalysis

August 24, 2010

2006-2010 average minus 1989-1993 average 



August 24, 2010

Conclusion

Tipping elements in the climate system could be triggered this 
century by anthropogenic forcing

The Greenland and West Antarctic ice sheets probably 
represent the largest risks

In principle, a tipping point can be anticipated before it is 
reached, but in practice sufficiently high-resolution, long records 
are often lacking

A change in the number of climate states can also be 
detected, in a noisy climate system that is moving between 
states

There are tantalising signs that a new climate state may be 
starting to appear

Improved understanding is needed to help policy makers 
“avoid the unmanageable and manage the unavoidable”


