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A safe operating space for humanity

|dentifying and quantifying planetary boundaries that must not be transgressed could help prevent human
activities from causing unacceptable environmental change, argue Johan Rockstrom and colleagues.
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PLANETARY BOUNDARIES

Earth-system process Parameters Proposed Current Pre-industrial
boundary status value

Climate change (i) Atmospheric carbon dioxide 350 387 280
concentration (parts per million
by volume)
(iiy Change in radiative forcing 1 1.5 0
(watts per metre squared)

Rate of biodiversity loss Extinction rate (number of species 10 =100 0141
per million species per year)

Nitrogen cycle (part Amount of N, removed from 35 121 (0]

of a boundary with the the atmosphere for human use

phosphorus cycle) (millions of tonnes per year)

Phosphorus cycle (part Quantity of P flowing into the 1 8.5-95 ~1

of a boundary with the oceans (millions of tonnes per year)

nitrogen cycle)

Stratospheric ozone Concentration of ozone (Dobson 276 283 290

depletion unit)

Ocean acidification Global mean saturation state of 2.75 2.90 3.44
aragonite in surface sea water

Global freshwater use Consumption of freshwater 4,000 2,600 415
by humans (km? per year)

Change in land use Percentage of global land cover 15 n.7 Low
converted to cropland

Atrmospheric aerosol Overall particulate concentration in To be determined

loading the atmosphere, on a regional basis

Chemical pollution For example, amount emitted to, To be determined

or concentration of persistent
organic pollutants, plastics,
endocrine disrupters, heavy metals
and nuclear waste in, the global
environment, or the effects on
ecosystem and functioning of Earth
system thereof

Boundaries for processes in red have been crossed. Data sources: ref. 10 and supplementary information




1995: The WBGU Tolerable Windows Approach
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Key Message 2 - Social and Environmental Disruption

,remperature rises above 2°C [...] are likely to
cause major societal and environmental
disruptions through the rest of the century and
beyond.*”



Global mean annual temperature change relative to 1980-1999 (°C)

Increased water availability in moist tropics and high latitudes’ o
Decreasing water availability and increasing drought in mid-latitudes and semi-arid low latitudes 2 .

WATER —
5 3 3 Additional people
0.4t0 1.7 billion® > 1.0 to 2.0 billion 1.1 to 3.2 billion with incre
’ water stress
Increasing amphibian About 20 to 30% species at inc- nctions 4
lm'llnctlorlg & . reasingly high risk of extinction 4 Major exti around the globe
ECOSYSTEMS Increased coral bleaching 5 Most corals bleached® Widespread coral n'|o|'lalit;~'6
Terrestrial biosphere tends toward a net carbon source, as: 8
Increasing species range shifts and wildfire risk 7 ~15% P 4;% of ecosystems affected
Low latitudes -~
Crop Decreases for some cereals ° _ o All cereals decrease® =
FOOD <
prosiucthity Increases for some cereals® "> Decreases in some mg[ons!a >
Mid to high latitudes

Increased damage from floods and storms'©

COAST About 30% loss
of coastal wetlands 11
coastal foading each year  0to3million12 2 to 15 million 12

Increasing burden from malnutrition, diarrhoeal, cardio-respiratory and infectious diseases' >

Uul

HEALTH Increased morbidity and mortality from heatwaves, floods and droughts 14 :
Changed distribution of some disease vectors 15 3 Substantial burden on health services'® 3
Local retreat of ice in Long term commitment to several Leading to reconfiguration
Greenland and West ‘ metres of sea-level rise due to ice of coastlines world wide and
SINGULAR Antarctic 17 sheet loss 17 inundation of low-lying areas!8
EVENTS

Ecosystem changes due to weakening of the meridional overturning circulat

0 1 2 3 4 5°C

Table TS.3. Examples of global impacts projected for changes in climate (and sea level and atmospheric CO, where relevant) associated with
different amounts of increase in global average surface temperature in the 21st century [T20.8]. This is a selection of some estimates currently
available. All entries are from published studies in the chapters of the Assessment. (Continues below Table TS.4.)
Source: IPCC
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Global mean annual temperature change relative to 1980-1999 (°C)
1 2 3 4

Sub-Saharan species

1 1
10to15%' 2510 40% g opbit i

Semi-arid / arid areas increase by 5 to 8% 2

7510 250 million® > 350 to 600 million®  Additional people with increased water stress —1

2 to 5% decrease wheat and maize 5to 12% decrease Crop yleld
in India# rice in China4 potential
Additional people
Upto2 million® Up to 7 million 3 at risk of ¢t
flooding each year
0.1 to 1.2 billion® * 0.2to 1.0 billion®  Additional people with increased water str
Annual bleaching of Great Barrier Reef 7
3,000 to 5,000 more heat related deaths per year 8
10% Murray-Darling River flow ? -50% >
Decreasing water security in south and east Australia and parts of east New Zealand ' _3’
+5 t0 +15% in Northern Europe'’ » +10to +20%11
: 11 1 Water availability
0 to -25% in Southern Europe s Sto-3s%
+2to +10% in Northern Europe’>  +10 to +25%'2 e 2 +10 to +30% 2
< Wheat yield potential
+3 to +4% In Southern Eurape'2 10 to +20%'2 - ap -15to +30% 12 7
Potential extinction of about 25% Potential extinction of about ..
Central Brazilian savanna tree species 13" 45% Amazonian tree species’>
Many tropical glaciers dlsappear“ ~ Many mid-latitude glaciers disappear 14
10 to 80 million'® - 80 to 180 million'®  Additional people with increased water stress
5 to 20% Increase 70 to 120% increase forest
crop yield potential ® area burned in Canada 17
Decreased space heating and increased space cooling 18 :
About 70% increase in hazardous 3 to B times increase in heat-
ozone days 19 wave days in some cities19
I in depth of 1uwm%muctuggm
ncrease in . S
‘seasonal thaw of 10 1o 15%20 " 15t025%%0 e 30t050%%° R epiacatDy foreet
Arctic permafrost : : 15 to 25% polar desert
20 to 35% reduction of replaced by tundra 21
Arctic permafrost area 20
20 to 35% decrease annual
average Arctic sea ice area22

Alien species colonise mid-

Increasing coastal inundation and damage to infrastructure due to mﬁ_
and high latitude islands 24
3 4 5°

Agricultural losses up to 5% GDP
in high terrain Islands, up to 20%
GDP in low terrain islands 25

1 2

5°C

C

Source:

IPCC



Updated Reasons for Concern

TAR (2001) Reasons For Concern

Updated Reasons For Concern

5 5 &
4 4
3 3
} Future
. 2 2
yardnail
PosrtiveoT ERiTh
Negative Negative
Negative Market 1 egative Market 1
for Some Impacts; r So Impacts;
Regions; Majority Regions; Majority
Positive of People ! Positive of People
Risks to for Adversely Very Risks to for Adversely
Some Increase Others Affected Low i Some Increase Others Affected Low i
‘ Past
-0.6 -0.6 4
Risks to Risk of Distribution ~ Aggregate Risks of Large Risks to Risk of Distribution ~ Aggregate Risks of Large
Unique Extreme of Impacts Impacts Scale Unique Extreme of Impacts Impacts Scale
and Weather Discontinuities and Weather Discontinuities
Threatened Events Threatened Events
Systems Systems

Source: Synthesis Report (Smith et al. 2009 PNAS)

Increase in Global Mean Temperature above circa 1990 (°C)



Tipping elements in the Earth’s climate system

Timothy M. Lenton*!, Hermann Held?*, Elmar Kriegler*s, Jim W. Hall", Wolfgang Lucht*, Stefan Rahmstorf?,

and Hans Joachim Schellnhuber**|**

*School of Environmental Sciences, University of East Anglia, and Tyndall Centre for Climate Change Research, Norwich NR4 7TJ,
United Kingdom; *Potsdam Institute for Climate Impact Research, P.O. Box 60 12 03, 14412 Potsdam, Germany; SDepartment of
Engineering and Public Policy, Carnegie Mellon University, Pittsburgh, PA 15213-3890; "School of Civil Engineering and Geosciences,
Newecastle University, and Tyndall Centre for Climate Change Research, Newcastle NET 7RU, United Kingdom; and |Environmental
Change Institute, Oxford University, and Tyndall Centre for Climate Change Research, Oxford OX1 3QY, United Kingdom

**This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected on May 3, 2005.

Edited by William C. Clark, Harvard University, Cambridge, MA, and approved November 21, 2007 (received for review June 8, 2007)
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,Mass loss on Himalayan glacier endangers
water resourcCes” (kehrwald et al. 2008 Geophys Res Lett)




Extensive dynamic thinning on the margins of the

Greenland and Antarctic ice sheets

Hamish D. Pritchard’, Robert J. Arthern!, David G. Vaughan' & Laura A. Edwards”

<15 -05 02 0
| |

m yr!

Figure 2 | Rate of change of surface elevation for Antarctica and
Greenland. Change measurements are median filtered (10-km radius),
spatially averaged (5-km radius) and gridded to 3km, from intervals (Ar) of
at least 365 d, over the period 2003-2007 (mean At is 728 d for Antarctica

1,000 km

| I I

and 746 d for Greenland). East Antarctic data cropped to 2,500-m altitude.
White dashed line (at 81.5° S) shows southern limit of radar altimetry
measurements. Labels are for sites and drainage sectors (see text).

Nature, 24 Sep 2009
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G8 and E

DECLARATION OF THE LEADERS
THE MAJOR ECONOMIES FORUM ON
ENERGY AND CLIMATE

We, the leaders of Au B

France, Germay India, Indoies

Ttaly, an July %, 2009, and declare as follows

1, Canada, China, the European Union,

Ttaly, fapan, the Republic of Korea,
o, Russia, South Africa, the United Kingdom, and the United States
the Major Economies Forum on Energy and Climate in L' Aquila,

1. Consistent with the Convention's objective and sclence:
Our countries will undestal P lly appeopriat
mitigation actioms, subject to applicable measurement, reporting, and
wenification, and prepase low~carbon growih plans. Developed countries
ameong us will take the lead by prompily undertaking robust aggregate
and individual reductions in the midbeem consistent with our sespechive
ambitous long-term objectives and will work together betose
Copenhagen to achieve a strong seault in fhis regard. Developing
countrics among us will prompily undertalee actions whose projected
fusl o from bustness as

ebfects on represent a
waal in Mhe midierm, in fhe context of sustuinable development,
supported by fnancing, technology, and capactty-bullding. The peaking,
of global and nabonal emistons sheuld take place a3 soon as pasadbile,
recognizing Hat fhe Hmefeame for pealing will be longer in developing
countries, bearing in mind that social and economic development and
poverty eradication are the first and everriding priovities in developing
countries and that low carbon development i3 indispensible to
sustainable development. We secognize the scienbific view Hat the
increase in global average temperatare above pre-industrial levels ought
1ok to exceed 7 degrees © In fhin segaed and in fhe context of the
wlbimate objective of fhe Convention and the Bali Action Plan, we will
waork bebween now and Copenhagen. with each other and under the
Conveation, to ideatify a global goal for substanbially seducing glohal
emussions by 2050, Progress toward the global goal would be regularly
reviewed, noking the impostunce of frequent, comprehensive, and
Aaccurate vweentories.

We will take steps nationally and intesnationally, including under the
Conveation. fo  reduce from and ferest
degradation and to enhance semavals of greenhouse gas emissions by

ferests, including providing enhanced sppost to developing coumtbries

tor such prerposes.

2. Adaphation to the adverse effects of climate change is essenbial. Such
cliects are already taking place. Further, while increased mibigabion

elforts will reduer chimate fmpacts, cven the el aggressive siligation

merging Economies Agree on

o

C Long-term Target

10 i
e

§
%,

“G8

RESPONSIBLE LEADERSHIP FOR A SUSTAINABLE
FUTURE

Climate change and environment
Fighting climatr change

61 This is a cracial year for taking rapid and effective plobal acticn to combat
climate change. We welcome the decision mben within the UN Framework
Comvention on Climate Change (UNFOUC) 1w Posman to enter fill negobatmg, msode,
in order to shape a global and comprebensive post-2012 agreement by the end of
2009 in Copenhagen, as mandated by the Bali Conference in 2007. We must seize
thes decnmve oppeshmsty (o ackueve a tuly zmblsous global comscms

&1 We reconfirm our strong, comsmtment o the UNFUUE negotatons and to
the successful conclusion of a global. wide-ranging and ambitious post-2012
agicoment m Copenbagen, wyvohng all comtne, conasical wilk (e prmcple of
common but differentisted responsibilities and respective capabilities Tn this context
we alsa welcome the i of the Major E: ies Forum on
Faerpy and Chmate o spport 3 siccesfisl oulcome m Copenbagen. W call upon all
Pamies 10 the UNFCCC and to its Kyowo Protecol 1o ensure that the negosiations
under both the Convention and (e Protocel result m a coberent and envuoumentally
effective global agreement

65 We reaffirm the ingottance of the work of the Tnterpovernmmental Panel on
Climate Change (IPCC) and nowbly of im Founh Assessment Report, which

trtules the srost of the science We tecognise (he
broad scientific view that the increase in global average temperature above pre-
industrial levels ought not 1o exceed 2°C. Because this global challenge can andy be
met by a plobal repomse, we teiterale o willmgness to share with all countries the
poal of achicving 2 least 3 $0%, reduction of plobal emissions by 2030, recopnising
that s pophess that ghobal ermssos need fo peak a5 soon a5 possibile md dechne
thereafter As part of thes, we abo suppert 3 goal of developed coumtres reducmg
emissions of greenbogse gases in aggregate by §0% or more by 2050 compared 1o
1990 o1 mese recenl years, Consssient with thes mmbabicns bomg-torm objective, we
will mndertake robust agpregate and individusl mid-term redictions, taking into
account that basclines may vary and that cffors need 1o be comparable. Similarly,
mapn emepmy econome need o anderiake quentfiable achons b collectvely
reduce emissions significantly below business-as-usual by a specified year.

&4, We recognize that the accelersted phase-out of HCFCs mandated under the
Montreal Protocol s leadmg 1o 3 raped morease m the se of HFCs, many of which
are very potent GEHGs. Therefore we will work with cur partners to ensure that HFC
comsmom teduchons are achucved undes e approprate Ganowerk We are also
commtted 1o tkmg rapad action to sddiess ofer sEmbcmt clmate forcmg apents,
such a5 black carbon. These efforts, however, nmst pot draw away attention from

constitutes the most comprehensive assessment of the science. We recognise the
[broad] scientific view that the increase in global average temperature above pre-
industrial levels ought not to exceed 2°C. Because this global challenge can only be




SPRING BOOKS ROBERT COSTANZA ON NICHOLAS STERN'S ‘BLUEPRINT'

30 April 2009 | www.nature.com/nature | £10 THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE
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Global emissions [Gt CO2]

The world‘s CO, budget

Peak year Maximum reduction rate
= 3,7% per year
— 5,3% per year
9 0% per year

40

35 1

30 -
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20 -

15 -

10 -

5 -

0
2005 20

1

0 2015 2020 2025 2030 2035 2040 2045 2050

Year

Exemplary emission pathways in order to remain within a budget of 750 Gt between 2010
and 2050. At this level, there is a 67% probability of staying below a warming of 2° C.



WBGU

German Advisory Council on Global Change
(WBGU)

Solving the
cimatediiemmas

Thebudget approach

Special Report




“World Formula” for Climate Policy

Cglob ( p) — Jg Eglob (t)dt

!
/ ' N

Total global CO, budget in period Integral over global

[T,,T,] that keeps global warming profile of CO, emissions

below 2°C with probability p

T
2 M et (T )

Crat = | Enae (1)t =Cyyq () ——
t 'T'[ t o M glob (TM)

/ T \

National Integral over  Fraction of global CO, budget
CO, national as defined by ratio of national
budgetin  emission population M__, to world

[T,,T,] profile population M, at time T,




“World Formula“ for Climate Policy

A Egos(t)

Gt CO,/a
Cglob(p) / (Tz'T1)

lllustration

A

Global carbon budget

T, t T,

Share in world population

Remaining Asia

Russia

Germany

Remaining Europe
Nigeria

Vietnam
Philippines
Japan
Bangladesh
Pakistan
Indonesia

Remaining Africa

United States
Brazil
- Mexico

Remaining America
Australia/Oceania

China Other

National carbon budget



Scenario 2: Future responsibility approach
T,=2010, T, = 2050, T,, = 2010, p = 2/3
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Estimated emissions 2008
6 = B Mean annual budget
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CO, emissions in 2008 (light green) and permissible average annual budgets (dark
green) according to the WBGU approach for selected countries.



Examples of theoretical emission trajectories
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Year

2020

Examples of equal per-capita emissions of selected countries for 2010 - 2050,
without emissions trading. Trajectories start from current emission levels.



CO, emissions by country

[ Countries with per-capita CO» emissions above 5,4 t Annex | countries
[ ] Countries with per-capita CO2 emissions of 2,7-5.4 t

[ ] Countries with per-capita CO2 emissions below 2,7 t

Per-capita CO, emissions in 2005, differentiated by emission levels and country.



Examples of Per-Capita Emissions Paths of CO, for
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Source: WBGU Special Report 2009



Pattern of warming by 2090s, A1FI Mean of “high-
end” MOHC simulations (14 simulations,
mean global warming 5.4°C)

O 1 2 3 4 S 6 7/ 8 10121416

Temperature change (°C) relative to 1961-1990

Source: Met Office
Hadley Centre



Precipitation changes by 2090s, A1FI Mean of
“high-end” MOHC simulations (14
simulations, mean global warming 5.4°C)

90N j

45N

455

90S &
180 90W O 90k

Source: Met Office
Hadley Centre



Global
Carbon

Project

Carbon Stored in Permafrost Soils
Estimates Corrected Upwards

Soil Organic Carbon Con
~ |001-10kg/m’
1001 - 50 kg/m’

- > 50 kg/m’
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The new estimate of frozen carbon stored in permafrost soils of the
circumpolar region is over 1.5 trillion tons, about twice as much carbon as

contained in the atmosphere.

(Tarnocai et al. 2009 Global Biogeochemical Cycles)



Interdependency Between Tipping Points
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(Kriegler et al. 2009 PNAS)




“Runaway Greenhouse Effect”

Conceptual approach

Energy gain per additional degree of warming [W/m?/K]
VS.
Energy export through thermal radiation

0))

“Limited
runaway effect”

9)

W

- Radiative
damping

Feedback strength (W/m?/K)
NN

N

0 5 10 15 20
Temperature increase (K)

(Levermann & Schneider v. Deimling, pers. comm., 2009)



Radiative Feedback (Wlmzll()

Present estimate of
physical feedbacks

“Runaway Greenhouse Effect”

Where do we stand at present ?
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(Soden & Held, J. Clim, 2006)
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ST. ]AMES"S PALACE
NOBEL LAUREATE
SYMP®SIUM
The St James Palace Memorandum

“Action for a Low Carbon and Equitable Future”
London, UK, 26 — 28 May 2009

MILESTONES of the Great Transformation

An effective and just global agreement on climate change

A low carbon infrastructure

.[-..] we should confine the temperature rise to 2°C to avoid unmanageable climate
risks. This can only be achieved

» with a peak of global emissions of all greenhouse gases by 2015

« at least a 50% emission reduction by 2050 on a 1990 baseline. [...] developed
countries have to aim for a 25-40% reduction by 2020.

[...] atotal carbon budget [...] should be accepted as the base for measuring the
effectiveness of short-term (2020) and long-term (2050) targets”




Memorandum Signatories

S57T. JAMES'S PALACE
NOBEL LAUVUREATE
SY MPSSSIULINA

1 Professor Peter Agre Chemisty 2003 United States

2 Professor Kenneth Arrow Economics 1972 United States

3 Professor Francoise Barre-Sinoussi Medicine 2008 France

<4 Dr Paul Berg Chemistny 1980 United States

5 Dr Marno Capecchi Medicine 2007 United States

L] Professor John Coetzecs Literature 2003 South Africa

& Professor Paul Crut=en Chemisty 1995 Germany

8 Professor Johann Deisenhofer Chemistry 1988 Germany

o Dir Mohamed ElBaradei Peace 2005 Ausiria

10 Professor Claude Cohen-Tannouwudji Physics 1997 France

11 Professor Peter Doherty Medicine 1996 Australia

12 Professor Richard Emst Chemistry 1991 Swit=eriand

13 FProfessor Dr Gerhard Ertl Chemistry 2007 SGermany

1< MMr Mikhail Gorbachew Peace 1990 Russia (Former USSR)
15 Ms Madine Gordimer Literature 1991 South Africa

16 Dr Paul Greengard Medicine 2000 United States
1 Professor Dawvid Gross Physics 2004 United States
18 Professor Robert Grubbs Chemisty 2005 United States
19 Dr Roger Guillemin Medicine 1977 United States
20 Dr Lee Hartwell PMedicine 2001 United States
21 Professor Alan Heeger Chemisty 2000 United States
22 Professor Dudley Herschbach Chemistry 1986 United States
23 Professor Antony Hewish Physics 1974 United Kingdom
24 Professor Roald Hoffimann Chemistry 1981 United States
25 Professor Gerardus "t Hooft Physics 1999 Metherlands

26 Professor Aaron Klug Chemistny 1982 United Kingdom
27 Professor Walter Kaohn Chemistry 1998 United States
28 Professor Masatashi Koshiba Physics 2002 Japan

29 Professor Sir Harold Kroto Chemistry 1996 United Kingdom
30 His Holiness the Dalai Lama Peace 1989 Tibet

31 Professor Wuan Tseh Lee Chemistny 1986 United States
32 Ms Doris Lessing Literature 2007 United Kingdom
33 Frofessor Wangan Maathai FPeace 2004 Kenya

3 Dr Toshihide Maskawa Physics 2008 Jdapan

3D Professor Eric Maskin Economic Sciences 2007 United States
36 Professor Dr Harimut Michel Chemistny 1988 Gernmmany

3T Professor James Mirrlees Economic Sciences 1996 United Kingdom
38 Professor Mario Molina Chemistoy 1995 United States
39 Professor Roger Myerson Economics 2007 United States
40 Professor Doctor Erwin MNeher PMedicine 1991 Gernmany

41 Dir Ryoji Noyori Chemisty 2001 Japan

42 Sir Paul Nurse PMedicine 2001 United Kingdom
43 Professor Douglas Osheroff Physics 1996 United States
44 Dr. Rajendra Pachauri on behalf of IPCC Peace 2007 India

a5 FProfessor Edmund Phelps Economic Sciences 1996 United States
a6 Professor Johmn Polanyi Chemisty 1986 Canada

a7 Professor Dawvid Polit=zer Physics 2004 United States
a8 Frofessor Burton Richter Chemisty 1976 United States
45 Professor F. Shernwood Rowland Chemistry 1995 United States
50 Professor Carlo Rubbia Physics 1984 Itz by

51 Dr Hideki Shirakawa Chemisty 2007 Japan

52 Dr Jens Christian Skou Chemisty 1997 Denmark

53 Professor Wole Sovwinka Literature 1986 Nigeria

S Professor Jack Steinberger Physics 1988 United States
55 Sir John Sulston Medicine 2002 United Kingdom
5656 Professor Susumu Tonegawa Medicine 1987 JdJapan

57 Professor Klaus wvon Kilit=ing Physics 1985 Germany

58 Professor Sir John Walker Chemistny 1997 United Kingdom

Dr Torsten Wiesel

Medicine 1981

United States




