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IPCC	  Assessment	  Report	  4	  (AR4)	  



Think	  back	  in	  Cme	  6	  generaCons…	  



CCS	  Cheetah,	  Circa	  2004	  
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Science	  Goals,	  Circa	  2004	  

•  Is	  the	  global	  climate	  warming?	  
•  If	  so,	  are	  people	  causing	  the	  warming?	  
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Earth	  System	  Grid	  17	  TB	  
35	  TB	  total	  



Earth	  System	  Grid	   2500+	  scienJsts	  
550+	  papers	  

17	  TB	  
35	  TB	  total	  
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Intergovernmental	  Panel	  on	  Climate	  
Change	  

papers	  

Yes.	   And	  yes.	  
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Science	  Goals,	  Circa	  2004	  

•  Is	  the	  global	  climate	  warming?	  Yes.	  
•  If	  so,	  are	  people	  causing	  the	  warming?	  Yes.	  



IPCC	  Assessment	  Report	  5	  (AR5)	  

A	  Tale	  of	  Two	  Onions	  



AR5	  Recipe	  

•  CMIP5	  defines	  experiments	  
•  Develop	  a	  model	  

•  Run	  experiments	  

•  Provide	  simulaCon	  output	  

•  ScienCsts	  worldwide	  analyze	  output	  
•  ScienCsts	  worldwide	  publish	  papers	  
•  AR5	  authors	  cite	  papers	  



AR5	  Recipe	  

•  CMIP5	  defines	  experiments	  ✔	  
•  Develop	  a	  model	  ✔	  

•  Run	  experiments	  ✪	  

•  Provide	  simulaCon	  output	  

•  ScienCsts	  worldwide	  analyze	  output	  
•  ScienCsts	  worldwide	  publish	  papers	  
•  AR5	  authors	  cite	  papers	  

✪ We	  are	  here.	  



AR5	  Recipe	  

•  CMIP5	  defines	  experiments	  
•  Develop	  a	  model	  

•  Run	  experiments	  

•  Provide	  simulaCon	  output	  

•  ScienCsts	  worldwide	  analyze	  output	  
•  ScienCsts	  worldwide	  publish	  papers	  
•  AR5	  authors	  cite	  papers	  

???	  



Climate	  Model	  Intercomparison	  
Project,	  Phase	  5	  (CMIP5)	  



Climate	  Model	  Intercomparison	  
Project,	  Phase	  5	  (CMIP5)	  

“The	  grand	  challenge	  of	  the	  new	  set	  of	  
climate	  models	  examined	  in	  CMIP5	  is	  to	  
resolve	  regional	  climate	  changes,	  
parCcularly	  in	  the	  next	  few	  decades,	  to	  
which	  human	  socieCes	  will	  have	  to	  adapt,	  
and	  to	  quanCfy	  the	  magnitudes	  of	  the	  
feedbacks	  in	  the	  climate	  system,	  such	  as	  
feedbacks	  in	  the	  carbon	  cycle.”	  



Climate	  Model	  Intercomparison	  
Project,	  Phase	  5	  (CMIP5)	  

“The	  advances	  of	  CMIP5	  compared	  to	  
CMIP3	  include	  two	  classes	  of	  models	  which	  
address	  two	  Cme	  frames	  and	  two	  sets	  of	  
science	  quesCons:	  i)	  decadal	  predicCon	  and	  
predictability	  for	  the	  decade	  to	  come	  unCl	  
2035;	  and	  ii)	  long-‐term	  climate	  predicCon	  
unCl	  2100	  and	  beyond.”	  



Climate	  Model	  Intercomparison	  
Project,	  Phase	  5	  (CMIP5)	  

“Decadal	  predicCon	  models	  are	  higher	  in	  
resoluCon	  (50	  km)	  and	  will	  therefore	  
address	  science	  quesCons	  related	  to	  
regional	  climate	  and	  extremes.”	  



Climate	  Model	  Intercomparison	  
Project,	  Phase	  5	  (CMIP5)	  

“In	  contrast,	  the	  models	  developed	  for	  
centennial	  predicCons…	  will	  include	  fully	  
coupled	  Earth	  System	  Models,	  addressing	  
climate	  feedbacks	  and	  other	  large-‐scale	  
processes.	  The	  laber	  set	  of	  models	  will	  be	  
driven	  by	  new	  emission	  stabilizaCon	  
(miCgaCon)	  scenarios…”	  



Climate	  Model	  Intercomparison	  
Project,	  Phase	  5	  (CMIP5)	  

Decadal	  
•  High	  resoluCon	  
•  Regional	  climate	  

•  Extreme	  events	  

•  AdaptaCon	  

Long	  Term	  
•  Earth	  system	  
•  Climate	  feedbacks	  

•  Carbon	  cycle	  
•  MiCgaCon	  



CMIP5	  Onions	  
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PERSPECTIVES

The next generation of scenarios for climate
change research and assessment
Richard H.Moss1, Jae A. Edmonds1, Kathy A. Hibbard2, Martin R.Manning3, Steven K. Rose4, Detlef P. van Vuuren5,
Timothy R. Carter6, Seita Emori7, Mikiko Kainuma7, Tom Kram5, Gerald A. Meehl2, John F. B. Mitchell8,
Nebojsa Nakicenovic9,10, Keywan Riahi9, Steven J. Smith1, Ronald J. Stouffer11, Allison M. Thomson1,
John P. Weyant12 & Thomas J. Wilbanks13

Advances in the science and observation of climate change are providing a clearer understanding of the inherent variability of
Earth’s climate system and its likely response to human and natural influences. The implications of climate change for the
environment and society will depend not only on the response of the Earth system to changes in radiative forcings, but also on
how humankind responds through changes in technology, economies, lifestyle and policy. Extensive uncertainties exist in
future forcings of and responses to climate change, necessitating the use of scenarios of the future to explore the potential
consequences of different response options. To date, such scenarios have not adequately examined crucial possibilities, such
as climate change mitigation and adaptation, and have relied on research processes that slowed the exchange of information
among physical, biological and social scientists. Herewe describe a newprocess for creating plausible scenarios to investigate
some of the most challenging and important questions about climate change confronting the global community.

T
o improve understanding of the complex interactions of the
climate system, ecosystems, and human activities and condi-
tions, the research community develops and uses scenarios.
These scenarios provide plausible descriptions of how the

futuremight unfold in several key areas—socioeconomic, technological
and environmental conditions, emissions of greenhouse gases and
aerosols, and climate. When applied in climate change research,
scenarios help to evaluate uncertainty about human contributions to
climate change, the responseof theEarth systemtohumanactivities, the
impacts of a range of future climates, and the implications of different
approaches to mitigation (measures to reduce net emissions) and
adaptation (actions that facilitate response to new climate conditions).

Traditionally, model-based scenarios used in climate change
research have been developed using a sequential process focused on a
step-by-step and time-consuming delivery of information between
separated scientific disciplines. Now, climate change researchers from
different disciplines have established a new coordinatedparallel process
for developing scenarios. This starts with four scenarios of future radi-
ative forcings (the change in the balance between incoming and out-
going radiation to the atmosphere caused by changes in atmospheric
constituents, such as carbon dioxide). Using this starting point, the
parallel process will encourage research that will characterize a broad
range of possible future climate conditions, taking into account recent
climate observations and new information about climate system pro-
cesses. Studies will give more attention to evaluating adaptation needs
and strategies, exploring mitigation options, and improving under-
standing of potentially large feedbacks (that is, impacts of climate
change such as melting of permafrost or dieback of forests that cause
further changes in climate).

Central to the new parallel process is the concept that the four
radiative forcing pathways can be achieved by a diverse range of socio-
economic and technological development scenarios. Among other
issues, the parallel process facilitates exploration of the question
‘What are the ways in which the world could develop in order to reach
a particular radiative forcing pathway?’ An immediate consequence of
this new approach will be heightened collaboration between impacts,
adaptation and vulnerability research, and climate and integrated
assessment modelling (Box 1). This will improve the analysis of com-
plex issues, such as the costs, benefits and risks of different policy
choices and climate and socioeconomic futures. The parallel process
will reduce the time lags between the creation of emissions scenarios,
their use in climate modelling, and the application of the resulting
climate scenarios in research on impacts, adaptation and vulnerability.

This Perspective provides an overview of how scenarios are used in
climate change research, and summarizes the new process initiated
with ‘representative concentration pathways’ (RCPs) that will pro-
vide a framework for modelling in the next stages of scenario-based
research. Additional information can be found in refs 1–4.

Alternative futures
The use of scenarios originated in military planning and gaming, and
in the early 1960s was extended into strategic planning in businesses
and other organizations where decision makers wanted to analyse, in
a systematic way, the implications of investment and other strategic
decisions with long-term consequences5–8. The goal of working with
scenarios is not to predict the future, but to better understand un-
certainties in order to reach decisions that are robust under a wide
range of possible futures9.

1Joint Global Change Research Institute, Pacific Northwest National Laboratory/University of Maryland, 5825 University Research Court, Suite 3500, College Park, Maryland 20740,
USA. 2National Center for Atmospheric Research, Climate and Global Dynamics Division, 1850 Table Mesa Drive, Boulder, Colorado 80305, USA. 3New Zealand Climate Change
Research Institute, VictoriaUniversity ofWellington, POBox 600,Wellington, NewZealand. 4Electric Power Research Institute, 2000 L Street NW, Suite 805,Washington DC20036,
USA. 5Netherlands Environmental Assessment Agency, Postbus 303, 3720 AH Bilthoven, The Netherlands. 6Finnish Environment Institute, Box 140, Mechelininkatu 34a, Helsinki
00251, Finland. 7National Institute for Environmental Studies, 16-2, Onogawa, Tsukuba 305-8506, Japan. 8MetOffice, Fitzroy Road, Exeter, Devon EX1 3PB, UK. 9International Institute
for Applied Systems Analysis, Schlossplatz 1, A-2361 Laxenburg, Austria. 10Vienna University of Technology, Karlsplatz 13, A-1040 Vienna, Austria. 11Geophysical Fluid Dynamics
Laboratory, National Oceanic and Atmospheric Administration, Princeton, New Jersey 08542, USA. 12Stanford University, Stanford, California 94305, USA. 13Environmental Sciences
Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA.
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targets identified by policy makers. In addition, the integrated assess-
ment modellers will develop entirely new scenarios with different
radiative forcing pathways to explore additional issues and un-
certainties. For example, new reference scenarios will be developed
to explore alternative demographic, socioeconomic, land use, and
technology scenario backgrounds. Scenarios will be created to explore
alternative stabilization levels, includinghigherovershoot pathways, as
well as the technology, institutional, policy and economic conditions
associated with these pathways. Other scenarios will be developed to
explore uncertainties in processes such as the terrestrial carbon cycle,
the ocean carbon cycle and the atmospheric chemistry of aerosols. A
variety of new regionally based scenarios will be developed using
regional models by research teams in developing and transition-
economy countries. The process by which new scenarios will be pro-
duced and the nature of coordination across research teams is not
specified here and remains to be determined.

The socioeconomic assumptions underlying the new emissions
scenarios (along with information about the spatial distribution of
these characteristics, when possible) will be used to develop scenarios
of factors affecting vulnerability, and will then be paired with climate
model results to provide consistent inputs for impact, adaptation and
vulnerability research. It is an open research question how wide a
range of socioeconomic conditions could be consistent with a given
forcing pathway, including its ultimate level, pathway over time and
spatial pattern; however, the range of underlying socioeconomic
scenarios that are consistent is potentially very wide (carbon cycle
uncertainties are among the major unknowns affecting scenario
development46).

A significant portion of the new research anticipated to result from
the RCPs and the subsequent process will be assessed in the IPCC’s

Fifth Assessment Report, now under way and scheduled for release
during 2013 and 2014.

Selection process for the RCPs
A careful selection process was used to identify the RCPs, using
criteria that reflected the needs of both climate scenario developers
and users3. As a user of the RCPs and the ensuing research, the IPCC
requested the development of new scenarios compatible with the
literature of reference and mitigation scenarios and helped catalyse
the selection process. The criteria established by the research com-
munity included compatibility ‘with the full range of stabilization,
mitigation, and reference emissions scenarios available in the current
scientific literature’43; amanageable and even number of scenarios (to
avoid the inclination with an odd number of cases to select the central
case as the ‘best estimate’); an adequate separation of the radiative
forcing pathways in the long term in order to provide distinguishable
forcing pathways for the climatemodels; and the availability ofmodel
outputs for all relevant forcing agents and land use. The scientific
community used these criteria to identify four radiative forcing path-
ways, and a new Integrated Assessment Modelling Consortium
(IAMC), comprising 45 participating organizations (http://www.
iamconsortium.org), then assembled a list of candidate scenarios
for each radiative forcing level from the peer-reviewed literature.
The selection process relied on previous assessment of the literature
conducted by IPCC Working Group III during development of the
Fourth Assessment Report49. Of the 324 scenarios considered, 32met
the selection criteria and were able to provide data in the required
format. An individual scenario was then selected for each RCP
(Table 1). The final RCP selections (RCP2.6, RCP4.5, RCP6.0 and
RCP8.5) were made on the basis of discussions at an IPCC expert

Table 1 | The four RCPs

Name Radiative forcing Concentration
(p.p.m.)

Pathway Model providing RCP* Reference

RCP8.5 .8.5Wm22 in 2100 .1,370 CO2-equiv. in 2100 Rising MESSAGE 55,56

RCP6.0 ,6Wm22 at stabilization after 2100 ,850 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

AIM 57,58

RCP4.5 ,4.5Wm22 at stabilization after 2100 ,650 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

GCAM 48,59

RCP2.6 Peak at ,3Wm22 before 2100 and
then declines

Peak at ,490 CO2-equiv. before 2100 and
then declines

Peak and decline IMAGE 60,61

*MESSAGE, Model for Energy Supply Strategy Alternatives and their General Environmental Impact, International Institute for Applied Systems Analysis, Austria; AIM, Asia-Pacific Integrated
Model, National Institute for Environmental Studies, Japan; GCAM, Global Change AssessmentModel, Pacific Northwest National Laboratory, USA (previously referred to asMiniCAM); IMAGE,
Integrated Model to Assess the Global Environment, Netherlands Environmental Assessment Agency, The Netherlands.
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Figure 5 | Representative concentration pathways. a, Changes in radiative
forcing relative to pre-industrial conditions. Bold coloured lines show the
four RCPs; thin lines show individual scenarios from approximately 30
candidate RCP scenarios that provide information on all key factors
affecting radiative forcing from ref. 47 and the larger set analysed by IPCC
Working Group III during development of the Fourth Assessment Report49.

b, Energy and industry CO2 emissions for the RCP candidates. The range of
emissions in the post-SRES literature is presented for the maximum and
minimum (thick dashed curve) and 10th to 90th percentile (shaded area).
Blue shaded area corresponds to mitigation scenarios; grey shaded area
corresponds to reference scenarios; pink area represents the overlap between
reference and mitigation scenarios.
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targets identified by policy makers. In addition, the integrated assess-
ment modellers will develop entirely new scenarios with different
radiative forcing pathways to explore additional issues and un-
certainties. For example, new reference scenarios will be developed
to explore alternative demographic, socioeconomic, land use, and
technology scenario backgrounds. Scenarios will be created to explore
alternative stabilization levels, includinghigherovershoot pathways, as
well as the technology, institutional, policy and economic conditions
associated with these pathways. Other scenarios will be developed to
explore uncertainties in processes such as the terrestrial carbon cycle,
the ocean carbon cycle and the atmospheric chemistry of aerosols. A
variety of new regionally based scenarios will be developed using
regional models by research teams in developing and transition-
economy countries. The process by which new scenarios will be pro-
duced and the nature of coordination across research teams is not
specified here and remains to be determined.

The socioeconomic assumptions underlying the new emissions
scenarios (along with information about the spatial distribution of
these characteristics, when possible) will be used to develop scenarios
of factors affecting vulnerability, and will then be paired with climate
model results to provide consistent inputs for impact, adaptation and
vulnerability research. It is an open research question how wide a
range of socioeconomic conditions could be consistent with a given
forcing pathway, including its ultimate level, pathway over time and
spatial pattern; however, the range of underlying socioeconomic
scenarios that are consistent is potentially very wide (carbon cycle
uncertainties are among the major unknowns affecting scenario
development46).

A significant portion of the new research anticipated to result from
the RCPs and the subsequent process will be assessed in the IPCC’s

Fifth Assessment Report, now under way and scheduled for release
during 2013 and 2014.

Selection process for the RCPs
A careful selection process was used to identify the RCPs, using
criteria that reflected the needs of both climate scenario developers
and users3. As a user of the RCPs and the ensuing research, the IPCC
requested the development of new scenarios compatible with the
literature of reference and mitigation scenarios and helped catalyse
the selection process. The criteria established by the research com-
munity included compatibility ‘with the full range of stabilization,
mitigation, and reference emissions scenarios available in the current
scientific literature’43; amanageable and even number of scenarios (to
avoid the inclination with an odd number of cases to select the central
case as the ‘best estimate’); an adequate separation of the radiative
forcing pathways in the long term in order to provide distinguishable
forcing pathways for the climatemodels; and the availability ofmodel
outputs for all relevant forcing agents and land use. The scientific
community used these criteria to identify four radiative forcing path-
ways, and a new Integrated Assessment Modelling Consortium
(IAMC), comprising 45 participating organizations (http://www.
iamconsortium.org), then assembled a list of candidate scenarios
for each radiative forcing level from the peer-reviewed literature.
The selection process relied on previous assessment of the literature
conducted by IPCC Working Group III during development of the
Fourth Assessment Report49. Of the 324 scenarios considered, 32met
the selection criteria and were able to provide data in the required
format. An individual scenario was then selected for each RCP
(Table 1). The final RCP selections (RCP2.6, RCP4.5, RCP6.0 and
RCP8.5) were made on the basis of discussions at an IPCC expert

Table 1 | The four RCPs

Name Radiative forcing Concentration
(p.p.m.)

Pathway Model providing RCP* Reference

RCP8.5 .8.5Wm22 in 2100 .1,370 CO2-equiv. in 2100 Rising MESSAGE 55,56

RCP6.0 ,6Wm22 at stabilization after 2100 ,850 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

AIM 57,58

RCP4.5 ,4.5Wm22 at stabilization after 2100 ,650 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

GCAM 48,59

RCP2.6 Peak at ,3Wm22 before 2100 and
then declines

Peak at ,490 CO2-equiv. before 2100 and
then declines

Peak and decline IMAGE 60,61

*MESSAGE, Model for Energy Supply Strategy Alternatives and their General Environmental Impact, International Institute for Applied Systems Analysis, Austria; AIM, Asia-Pacific Integrated
Model, National Institute for Environmental Studies, Japan; GCAM, Global Change AssessmentModel, Pacific Northwest National Laboratory, USA (previously referred to asMiniCAM); IMAGE,
Integrated Model to Assess the Global Environment, Netherlands Environmental Assessment Agency, The Netherlands.
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Figure 5 | Representative concentration pathways. a, Changes in radiative
forcing relative to pre-industrial conditions. Bold coloured lines show the
four RCPs; thin lines show individual scenarios from approximately 30
candidate RCP scenarios that provide information on all key factors
affecting radiative forcing from ref. 47 and the larger set analysed by IPCC
Working Group III during development of the Fourth Assessment Report49.

b, Energy and industry CO2 emissions for the RCP candidates. The range of
emissions in the post-SRES literature is presented for the maximum and
minimum (thick dashed curve) and 10th to 90th percentile (shaded area).
Blue shaded area corresponds to mitigation scenarios; grey shaded area
corresponds to reference scenarios; pink area represents the overlap between
reference and mitigation scenarios.
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countries. Unlike previous emissions scenarios, the quantitative SRES
projections were complemented by ‘storylines’ or narratives of the
future, which facilitated the interpretation of the scenarios. Unlike
previous scenarios that were developed using only one or two models,
the SRES scenarios were produced through an ‘open process’ involving
manydifferentmodelling teams.The IS92 andSRES scenarios assumed
there were no policy actions to mitigate climate change.

Many other organizations have developed scenarios that include
greenhouse gas emissions and their interactions with other socio-
economic and environmental systems (for example, the International
Energy Agency33 and theMillennium Ecosystem Assessment34) or have
played a substantial role in shaping the scenario development process
(the Energy Modelling Forum). Overviews of scenario development in
climate change research are available32,35,36 (see also timeline in Fig. 1).

Motivations for new scenarios
Although the previous IPCC scenarios and process have been produc-
tive, new scenarios and a new process for selecting and using them are

needed.Nearly adecadeofneweconomicdata, informationabout emer-
ging technologies, and observations of environmental factors such as
land use and land cover change should be reflected in new scenarios37,87.

Endusers, includingpolicymakers, havenew informationneeds that
require changes in scenario focus. For example, there is a high level of
interest in climate scenarios that explore different approaches to miti-
gation in addition to the traditional ‘no climate policy’ scenarios. As a
result, an increasing number of scenarios are being developed to
explore conditions consistent with managed long-run climate out-
comes, including a 2 uCmaximum global average surface temperature
increase over pre-industrial levels, as well as ‘overshoot’ scenarios in
which radiative forcing peaks and then declines to a target level38–42. In
addition, increasing attention to the impacts of climate change and the
need for adaptation has spawned an interest in climate scenarios that
focus on the next two to three decadeswith higher spatial and temporal
resolution and improved representation of extreme events. Analysis of
adaptation also requires development of socioeconomic scenarios suit-
able to support analysis of vulnerability.

Box 1 jModels and frameworks

Scenarios are generated and used by three broad types of models and
analytic frameworks in climate change research: integrated assessment
models, climate models, and models and other approaches used to help
assess impacts, adaptation and vulnerability.

(1) Integrated assessment models represent key features of human
systems, such as demography, energy use, technology, the economy,
agriculture, forestry and land use. They also incorporate simplified
representations of the climate system, ecosystems, and in somecases, climate
impacts12. These simplified representations are calibrated against more
complex climate and impact models. Because of their breadth, these models
integrate information needed to study the interactions of human systems
(including potential climate policies) and environmental processes that affect
climate change and its impacts. Integrated assessment models typically
disaggregate theworld into a dozen ormore regionswith time steps of about a
decade. Integrated assessment models are used to develop emissions
scenarios, estimate the potential economic impacts of climate change and the
costs and benefits of mitigation, simulate feedbacks, and evaluate
uncertainties. Because they are increasingly comprehensive and includemore
detail about air pollutant emissions and landuse, thesemodels are increasingly
important for research on the interaction of climate change with other policy
objectives (such as air-pollution control and biodiversity protection).

(2) Climatemodels44,84 are numerical representations of the Earth’s natural
systems used to study how climate responds to changes in natural and
human-induced perturbations. There are a wide variety and complexity of
climate models. Atmosphere–ocean general circulation models are the most
complex physical climate models, and include components that simulate
interactions of the atmosphere, ocean, land and sea ice. They divide the
atmosphere and oceans into thousands of grid cells, and include interactive
land-surface and biophysical processes. Regional climate models focus on
subcontinental scale geographies at finer resolution. Earth systemmodels are

based on physical climate models, and include additional ecological and
chemical processes, such as the land and ocean carbon cycle, vegetation and
atmospheric chemistry, which respond to changes in climate simulated by the
model. Earth system models of intermediate complexity represent many of
the key systems and processes, but with simplified equations and reduced
spatial resolution. These models are useful for sensitivity experiments,
questions involving long timescales (hundreds to thousandsof years), orwhen
a largenumberof simulationsare required. Simple climatemodels incorporate
fewer detailed processes in the atmosphere–ocean system and at coarser
spatial scales. They are useful for exploring key uncertainties and have been
incorporated into many integrated assessment models.

(3) Assessing impacts, adaptation and vulnerability to climate change
depends on awide array ofmethods and tools that includes both quantitative
and qualitative approaches. Prominent approaches include observations,
modelling, assessment techniques that engage stakeholders in participatory
processes, economic evaluation methods and decision analysis85. The
models and frameworks span the range from biophysical to economic, and
explore the consequences of changes in climate for climate-sensitive
resources and activities, such as agriculture, water resources, human health,
ecosystems and coastal infrastructure. These frameworks inform decision
makers of the potential risks and opportunities presented by climate change,
and provide a means of evaluating the impacts associated with different
magnitudes of climate change and the comparative effectiveness of various
response strategies andmanagement options.When impact models include
representations of changes in fluxes of greenhouse gases to the atmosphere
from natural and managed systems, they are useful for studying climate
system ‘feedbacks’; for example, from forest dieback or permafrost melting.
The figure depicts the domains of the three sets of models and
frameworks86, and illustrates that the models increasingly are covering
overlapping substantive domains, which underscores the importance of
coordination and consistency in using scenarios.
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countries. Unlike previous emissions scenarios, the quantitative SRES
projections were complemented by ‘storylines’ or narratives of the
future, which facilitated the interpretation of the scenarios. Unlike
previous scenarios that were developed using only one or two models,
the SRES scenarios were produced through an ‘open process’ involving
manydifferentmodelling teams.The IS92 andSRES scenarios assumed
there were no policy actions to mitigate climate change.

Many other organizations have developed scenarios that include
greenhouse gas emissions and their interactions with other socio-
economic and environmental systems (for example, the International
Energy Agency33 and theMillennium Ecosystem Assessment34) or have
played a substantial role in shaping the scenario development process
(the Energy Modelling Forum). Overviews of scenario development in
climate change research are available32,35,36 (see also timeline in Fig. 1).

Motivations for new scenarios
Although the previous IPCC scenarios and process have been produc-
tive, new scenarios and a new process for selecting and using them are

needed.Nearly adecadeofneweconomicdata, informationabout emer-
ging technologies, and observations of environmental factors such as
land use and land cover change should be reflected in new scenarios37,87.

Endusers, includingpolicymakers, havenew informationneeds that
require changes in scenario focus. For example, there is a high level of
interest in climate scenarios that explore different approaches to miti-
gation in addition to the traditional ‘no climate policy’ scenarios. As a
result, an increasing number of scenarios are being developed to
explore conditions consistent with managed long-run climate out-
comes, including a 2 uCmaximum global average surface temperature
increase over pre-industrial levels, as well as ‘overshoot’ scenarios in
which radiative forcing peaks and then declines to a target level38–42. In
addition, increasing attention to the impacts of climate change and the
need for adaptation has spawned an interest in climate scenarios that
focus on the next two to three decadeswith higher spatial and temporal
resolution and improved representation of extreme events. Analysis of
adaptation also requires development of socioeconomic scenarios suit-
able to support analysis of vulnerability.

Box 1 jModels and frameworks

Scenarios are generated and used by three broad types of models and
analytic frameworks in climate change research: integrated assessment
models, climate models, and models and other approaches used to help
assess impacts, adaptation and vulnerability.

(1) Integrated assessment models represent key features of human
systems, such as demography, energy use, technology, the economy,
agriculture, forestry and land use. They also incorporate simplified
representations of the climate system, ecosystems, and in somecases, climate
impacts12. These simplified representations are calibrated against more
complex climate and impact models. Because of their breadth, these models
integrate information needed to study the interactions of human systems
(including potential climate policies) and environmental processes that affect
climate change and its impacts. Integrated assessment models typically
disaggregate theworld into a dozen ormore regionswith time steps of about a
decade. Integrated assessment models are used to develop emissions
scenarios, estimate the potential economic impacts of climate change and the
costs and benefits of mitigation, simulate feedbacks, and evaluate
uncertainties. Because they are increasingly comprehensive and includemore
detail about air pollutant emissions and landuse, thesemodels are increasingly
important for research on the interaction of climate change with other policy
objectives (such as air-pollution control and biodiversity protection).

(2) Climatemodels44,84 are numerical representations of the Earth’s natural
systems used to study how climate responds to changes in natural and
human-induced perturbations. There are a wide variety and complexity of
climate models. Atmosphere–ocean general circulation models are the most
complex physical climate models, and include components that simulate
interactions of the atmosphere, ocean, land and sea ice. They divide the
atmosphere and oceans into thousands of grid cells, and include interactive
land-surface and biophysical processes. Regional climate models focus on
subcontinental scale geographies at finer resolution. Earth systemmodels are

based on physical climate models, and include additional ecological and
chemical processes, such as the land and ocean carbon cycle, vegetation and
atmospheric chemistry, which respond to changes in climate simulated by the
model. Earth system models of intermediate complexity represent many of
the key systems and processes, but with simplified equations and reduced
spatial resolution. These models are useful for sensitivity experiments,
questions involving long timescales (hundreds to thousandsof years), orwhen
a largenumberof simulationsare required. Simple climatemodels incorporate
fewer detailed processes in the atmosphere–ocean system and at coarser
spatial scales. They are useful for exploring key uncertainties and have been
incorporated into many integrated assessment models.

(3) Assessing impacts, adaptation and vulnerability to climate change
depends on awide array ofmethods and tools that includes both quantitative
and qualitative approaches. Prominent approaches include observations,
modelling, assessment techniques that engage stakeholders in participatory
processes, economic evaluation methods and decision analysis85. The
models and frameworks span the range from biophysical to economic, and
explore the consequences of changes in climate for climate-sensitive
resources and activities, such as agriculture, water resources, human health,
ecosystems and coastal infrastructure. These frameworks inform decision
makers of the potential risks and opportunities presented by climate change,
and provide a means of evaluating the impacts associated with different
magnitudes of climate change and the comparative effectiveness of various
response strategies andmanagement options.When impact models include
representations of changes in fluxes of greenhouse gases to the atmosphere
from natural and managed systems, they are useful for studying climate
system ‘feedbacks’; for example, from forest dieback or permafrost melting.
The figure depicts the domains of the three sets of models and
frameworks86, and illustrates that the models increasingly are covering
overlapping substantive domains, which underscores the importance of
coordination and consistency in using scenarios.
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targets identified by policy makers. In addition, the integrated assess-
ment modellers will develop entirely new scenarios with different
radiative forcing pathways to explore additional issues and un-
certainties. For example, new reference scenarios will be developed
to explore alternative demographic, socioeconomic, land use, and
technology scenario backgrounds. Scenarios will be created to explore
alternative stabilization levels, includinghigherovershoot pathways, as
well as the technology, institutional, policy and economic conditions
associated with these pathways. Other scenarios will be developed to
explore uncertainties in processes such as the terrestrial carbon cycle,
the ocean carbon cycle and the atmospheric chemistry of aerosols. A
variety of new regionally based scenarios will be developed using
regional models by research teams in developing and transition-
economy countries. The process by which new scenarios will be pro-
duced and the nature of coordination across research teams is not
specified here and remains to be determined.

The socioeconomic assumptions underlying the new emissions
scenarios (along with information about the spatial distribution of
these characteristics, when possible) will be used to develop scenarios
of factors affecting vulnerability, and will then be paired with climate
model results to provide consistent inputs for impact, adaptation and
vulnerability research. It is an open research question how wide a
range of socioeconomic conditions could be consistent with a given
forcing pathway, including its ultimate level, pathway over time and
spatial pattern; however, the range of underlying socioeconomic
scenarios that are consistent is potentially very wide (carbon cycle
uncertainties are among the major unknowns affecting scenario
development46).

A significant portion of the new research anticipated to result from
the RCPs and the subsequent process will be assessed in the IPCC’s

Fifth Assessment Report, now under way and scheduled for release
during 2013 and 2014.

Selection process for the RCPs
A careful selection process was used to identify the RCPs, using
criteria that reflected the needs of both climate scenario developers
and users3. As a user of the RCPs and the ensuing research, the IPCC
requested the development of new scenarios compatible with the
literature of reference and mitigation scenarios and helped catalyse
the selection process. The criteria established by the research com-
munity included compatibility ‘with the full range of stabilization,
mitigation, and reference emissions scenarios available in the current
scientific literature’43; amanageable and even number of scenarios (to
avoid the inclination with an odd number of cases to select the central
case as the ‘best estimate’); an adequate separation of the radiative
forcing pathways in the long term in order to provide distinguishable
forcing pathways for the climatemodels; and the availability ofmodel
outputs for all relevant forcing agents and land use. The scientific
community used these criteria to identify four radiative forcing path-
ways, and a new Integrated Assessment Modelling Consortium
(IAMC), comprising 45 participating organizations (http://www.
iamconsortium.org), then assembled a list of candidate scenarios
for each radiative forcing level from the peer-reviewed literature.
The selection process relied on previous assessment of the literature
conducted by IPCC Working Group III during development of the
Fourth Assessment Report49. Of the 324 scenarios considered, 32met
the selection criteria and were able to provide data in the required
format. An individual scenario was then selected for each RCP
(Table 1). The final RCP selections (RCP2.6, RCP4.5, RCP6.0 and
RCP8.5) were made on the basis of discussions at an IPCC expert

Table 1 | The four RCPs

Name Radiative forcing Concentration
(p.p.m.)

Pathway Model providing RCP* Reference

RCP8.5 .8.5Wm22 in 2100 .1,370 CO2-equiv. in 2100 Rising MESSAGE 55,56

RCP6.0 ,6Wm22 at stabilization after 2100 ,850 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

AIM 57,58

RCP4.5 ,4.5Wm22 at stabilization after 2100 ,650 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

GCAM 48,59

RCP2.6 Peak at ,3Wm22 before 2100 and
then declines

Peak at ,490 CO2-equiv. before 2100 and
then declines

Peak and decline IMAGE 60,61

*MESSAGE, Model for Energy Supply Strategy Alternatives and their General Environmental Impact, International Institute for Applied Systems Analysis, Austria; AIM, Asia-Pacific Integrated
Model, National Institute for Environmental Studies, Japan; GCAM, Global Change AssessmentModel, Pacific Northwest National Laboratory, USA (previously referred to asMiniCAM); IMAGE,
Integrated Model to Assess the Global Environment, Netherlands Environmental Assessment Agency, The Netherlands.
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Figure 5 | Representative concentration pathways. a, Changes in radiative
forcing relative to pre-industrial conditions. Bold coloured lines show the
four RCPs; thin lines show individual scenarios from approximately 30
candidate RCP scenarios that provide information on all key factors
affecting radiative forcing from ref. 47 and the larger set analysed by IPCC
Working Group III during development of the Fourth Assessment Report49.

b, Energy and industry CO2 emissions for the RCP candidates. The range of
emissions in the post-SRES literature is presented for the maximum and
minimum (thick dashed curve) and 10th to 90th percentile (shaded area).
Blue shaded area corresponds to mitigation scenarios; grey shaded area
corresponds to reference scenarios; pink area represents the overlap between
reference and mitigation scenarios.
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targets identified by policy makers. In addition, the integrated assess-
ment modellers will develop entirely new scenarios with different
radiative forcing pathways to explore additional issues and un-
certainties. For example, new reference scenarios will be developed
to explore alternative demographic, socioeconomic, land use, and
technology scenario backgrounds. Scenarios will be created to explore
alternative stabilization levels, includinghigherovershoot pathways, as
well as the technology, institutional, policy and economic conditions
associated with these pathways. Other scenarios will be developed to
explore uncertainties in processes such as the terrestrial carbon cycle,
the ocean carbon cycle and the atmospheric chemistry of aerosols. A
variety of new regionally based scenarios will be developed using
regional models by research teams in developing and transition-
economy countries. The process by which new scenarios will be pro-
duced and the nature of coordination across research teams is not
specified here and remains to be determined.

The socioeconomic assumptions underlying the new emissions
scenarios (along with information about the spatial distribution of
these characteristics, when possible) will be used to develop scenarios
of factors affecting vulnerability, and will then be paired with climate
model results to provide consistent inputs for impact, adaptation and
vulnerability research. It is an open research question how wide a
range of socioeconomic conditions could be consistent with a given
forcing pathway, including its ultimate level, pathway over time and
spatial pattern; however, the range of underlying socioeconomic
scenarios that are consistent is potentially very wide (carbon cycle
uncertainties are among the major unknowns affecting scenario
development46).

A significant portion of the new research anticipated to result from
the RCPs and the subsequent process will be assessed in the IPCC’s

Fifth Assessment Report, now under way and scheduled for release
during 2013 and 2014.

Selection process for the RCPs
A careful selection process was used to identify the RCPs, using
criteria that reflected the needs of both climate scenario developers
and users3. As a user of the RCPs and the ensuing research, the IPCC
requested the development of new scenarios compatible with the
literature of reference and mitigation scenarios and helped catalyse
the selection process. The criteria established by the research com-
munity included compatibility ‘with the full range of stabilization,
mitigation, and reference emissions scenarios available in the current
scientific literature’43; amanageable and even number of scenarios (to
avoid the inclination with an odd number of cases to select the central
case as the ‘best estimate’); an adequate separation of the radiative
forcing pathways in the long term in order to provide distinguishable
forcing pathways for the climatemodels; and the availability ofmodel
outputs for all relevant forcing agents and land use. The scientific
community used these criteria to identify four radiative forcing path-
ways, and a new Integrated Assessment Modelling Consortium
(IAMC), comprising 45 participating organizations (http://www.
iamconsortium.org), then assembled a list of candidate scenarios
for each radiative forcing level from the peer-reviewed literature.
The selection process relied on previous assessment of the literature
conducted by IPCC Working Group III during development of the
Fourth Assessment Report49. Of the 324 scenarios considered, 32met
the selection criteria and were able to provide data in the required
format. An individual scenario was then selected for each RCP
(Table 1). The final RCP selections (RCP2.6, RCP4.5, RCP6.0 and
RCP8.5) were made on the basis of discussions at an IPCC expert

Table 1 | The four RCPs

Name Radiative forcing Concentration
(p.p.m.)

Pathway Model providing RCP* Reference

RCP8.5 .8.5Wm22 in 2100 .1,370 CO2-equiv. in 2100 Rising MESSAGE 55,56

RCP6.0 ,6Wm22 at stabilization after 2100 ,850 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

AIM 57,58

RCP4.5 ,4.5Wm22 at stabilization after 2100 ,650 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

GCAM 48,59

RCP2.6 Peak at ,3Wm22 before 2100 and
then declines

Peak at ,490 CO2-equiv. before 2100 and
then declines

Peak and decline IMAGE 60,61

*MESSAGE, Model for Energy Supply Strategy Alternatives and their General Environmental Impact, International Institute for Applied Systems Analysis, Austria; AIM, Asia-Pacific Integrated
Model, National Institute for Environmental Studies, Japan; GCAM, Global Change AssessmentModel, Pacific Northwest National Laboratory, USA (previously referred to asMiniCAM); IMAGE,
Integrated Model to Assess the Global Environment, Netherlands Environmental Assessment Agency, The Netherlands.
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Figure 5 | Representative concentration pathways. a, Changes in radiative
forcing relative to pre-industrial conditions. Bold coloured lines show the
four RCPs; thin lines show individual scenarios from approximately 30
candidate RCP scenarios that provide information on all key factors
affecting radiative forcing from ref. 47 and the larger set analysed by IPCC
Working Group III during development of the Fourth Assessment Report49.

b, Energy and industry CO2 emissions for the RCP candidates. The range of
emissions in the post-SRES literature is presented for the maximum and
minimum (thick dashed curve) and 10th to 90th percentile (shaded area).
Blue shaded area corresponds to mitigation scenarios; grey shaded area
corresponds to reference scenarios; pink area represents the overlap between
reference and mitigation scenarios.
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Judging	  Criteria	  

•  Winners	  should	  represent	  “the	  full	  range	  of	  
stabilizaCon,	  miCgaCon,	  and	  reference	  
emissions	  scenarios	  available	  in	  the	  current	  
scienCfic	  literature”	  

•  Manageable	  and	  even	  number	  of	  winners	  	  
(no	  “middle	  one”)	  

•  Far	  enough	  apart	  from	  each	  other	  

•  With	  available	  output	  
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targets identified by policy makers. In addition, the integrated assess-
ment modellers will develop entirely new scenarios with different
radiative forcing pathways to explore additional issues and un-
certainties. For example, new reference scenarios will be developed
to explore alternative demographic, socioeconomic, land use, and
technology scenario backgrounds. Scenarios will be created to explore
alternative stabilization levels, includinghigherovershoot pathways, as
well as the technology, institutional, policy and economic conditions
associated with these pathways. Other scenarios will be developed to
explore uncertainties in processes such as the terrestrial carbon cycle,
the ocean carbon cycle and the atmospheric chemistry of aerosols. A
variety of new regionally based scenarios will be developed using
regional models by research teams in developing and transition-
economy countries. The process by which new scenarios will be pro-
duced and the nature of coordination across research teams is not
specified here and remains to be determined.

The socioeconomic assumptions underlying the new emissions
scenarios (along with information about the spatial distribution of
these characteristics, when possible) will be used to develop scenarios
of factors affecting vulnerability, and will then be paired with climate
model results to provide consistent inputs for impact, adaptation and
vulnerability research. It is an open research question how wide a
range of socioeconomic conditions could be consistent with a given
forcing pathway, including its ultimate level, pathway over time and
spatial pattern; however, the range of underlying socioeconomic
scenarios that are consistent is potentially very wide (carbon cycle
uncertainties are among the major unknowns affecting scenario
development46).

A significant portion of the new research anticipated to result from
the RCPs and the subsequent process will be assessed in the IPCC’s

Fifth Assessment Report, now under way and scheduled for release
during 2013 and 2014.

Selection process for the RCPs
A careful selection process was used to identify the RCPs, using
criteria that reflected the needs of both climate scenario developers
and users3. As a user of the RCPs and the ensuing research, the IPCC
requested the development of new scenarios compatible with the
literature of reference and mitigation scenarios and helped catalyse
the selection process. The criteria established by the research com-
munity included compatibility ‘with the full range of stabilization,
mitigation, and reference emissions scenarios available in the current
scientific literature’43; amanageable and even number of scenarios (to
avoid the inclination with an odd number of cases to select the central
case as the ‘best estimate’); an adequate separation of the radiative
forcing pathways in the long term in order to provide distinguishable
forcing pathways for the climatemodels; and the availability ofmodel
outputs for all relevant forcing agents and land use. The scientific
community used these criteria to identify four radiative forcing path-
ways, and a new Integrated Assessment Modelling Consortium
(IAMC), comprising 45 participating organizations (http://www.
iamconsortium.org), then assembled a list of candidate scenarios
for each radiative forcing level from the peer-reviewed literature.
The selection process relied on previous assessment of the literature
conducted by IPCC Working Group III during development of the
Fourth Assessment Report49. Of the 324 scenarios considered, 32met
the selection criteria and were able to provide data in the required
format. An individual scenario was then selected for each RCP
(Table 1). The final RCP selections (RCP2.6, RCP4.5, RCP6.0 and
RCP8.5) were made on the basis of discussions at an IPCC expert

Table 1 | The four RCPs

Name Radiative forcing Concentration
(p.p.m.)

Pathway Model providing RCP* Reference

RCP8.5 .8.5Wm22 in 2100 .1,370 CO2-equiv. in 2100 Rising MESSAGE 55,56

RCP6.0 ,6Wm22 at stabilization after 2100 ,850 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

AIM 57,58

RCP4.5 ,4.5Wm22 at stabilization after 2100 ,650 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

GCAM 48,59

RCP2.6 Peak at ,3Wm22 before 2100 and
then declines

Peak at ,490 CO2-equiv. before 2100 and
then declines

Peak and decline IMAGE 60,61

*MESSAGE, Model for Energy Supply Strategy Alternatives and their General Environmental Impact, International Institute for Applied Systems Analysis, Austria; AIM, Asia-Pacific Integrated
Model, National Institute for Environmental Studies, Japan; GCAM, Global Change AssessmentModel, Pacific Northwest National Laboratory, USA (previously referred to asMiniCAM); IMAGE,
Integrated Model to Assess the Global Environment, Netherlands Environmental Assessment Agency, The Netherlands.
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Figure 5 | Representative concentration pathways. a, Changes in radiative
forcing relative to pre-industrial conditions. Bold coloured lines show the
four RCPs; thin lines show individual scenarios from approximately 30
candidate RCP scenarios that provide information on all key factors
affecting radiative forcing from ref. 47 and the larger set analysed by IPCC
Working Group III during development of the Fourth Assessment Report49.

b, Energy and industry CO2 emissions for the RCP candidates. The range of
emissions in the post-SRES literature is presented for the maximum and
minimum (thick dashed curve) and 10th to 90th percentile (shaded area).
Blue shaded area corresponds to mitigation scenarios; grey shaded area
corresponds to reference scenarios; pink area represents the overlap between
reference and mitigation scenarios.
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targets identified by policy makers. In addition, the integrated assess-
ment modellers will develop entirely new scenarios with different
radiative forcing pathways to explore additional issues and un-
certainties. For example, new reference scenarios will be developed
to explore alternative demographic, socioeconomic, land use, and
technology scenario backgrounds. Scenarios will be created to explore
alternative stabilization levels, includinghigherovershoot pathways, as
well as the technology, institutional, policy and economic conditions
associated with these pathways. Other scenarios will be developed to
explore uncertainties in processes such as the terrestrial carbon cycle,
the ocean carbon cycle and the atmospheric chemistry of aerosols. A
variety of new regionally based scenarios will be developed using
regional models by research teams in developing and transition-
economy countries. The process by which new scenarios will be pro-
duced and the nature of coordination across research teams is not
specified here and remains to be determined.

The socioeconomic assumptions underlying the new emissions
scenarios (along with information about the spatial distribution of
these characteristics, when possible) will be used to develop scenarios
of factors affecting vulnerability, and will then be paired with climate
model results to provide consistent inputs for impact, adaptation and
vulnerability research. It is an open research question how wide a
range of socioeconomic conditions could be consistent with a given
forcing pathway, including its ultimate level, pathway over time and
spatial pattern; however, the range of underlying socioeconomic
scenarios that are consistent is potentially very wide (carbon cycle
uncertainties are among the major unknowns affecting scenario
development46).

A significant portion of the new research anticipated to result from
the RCPs and the subsequent process will be assessed in the IPCC’s

Fifth Assessment Report, now under way and scheduled for release
during 2013 and 2014.

Selection process for the RCPs
A careful selection process was used to identify the RCPs, using
criteria that reflected the needs of both climate scenario developers
and users3. As a user of the RCPs and the ensuing research, the IPCC
requested the development of new scenarios compatible with the
literature of reference and mitigation scenarios and helped catalyse
the selection process. The criteria established by the research com-
munity included compatibility ‘with the full range of stabilization,
mitigation, and reference emissions scenarios available in the current
scientific literature’43; amanageable and even number of scenarios (to
avoid the inclination with an odd number of cases to select the central
case as the ‘best estimate’); an adequate separation of the radiative
forcing pathways in the long term in order to provide distinguishable
forcing pathways for the climatemodels; and the availability ofmodel
outputs for all relevant forcing agents and land use. The scientific
community used these criteria to identify four radiative forcing path-
ways, and a new Integrated Assessment Modelling Consortium
(IAMC), comprising 45 participating organizations (http://www.
iamconsortium.org), then assembled a list of candidate scenarios
for each radiative forcing level from the peer-reviewed literature.
The selection process relied on previous assessment of the literature
conducted by IPCC Working Group III during development of the
Fourth Assessment Report49. Of the 324 scenarios considered, 32met
the selection criteria and were able to provide data in the required
format. An individual scenario was then selected for each RCP
(Table 1). The final RCP selections (RCP2.6, RCP4.5, RCP6.0 and
RCP8.5) were made on the basis of discussions at an IPCC expert

Table 1 | The four RCPs

Name Radiative forcing Concentration
(p.p.m.)

Pathway Model providing RCP* Reference

RCP8.5 .8.5Wm22 in 2100 .1,370 CO2-equiv. in 2100 Rising MESSAGE 55,56

RCP6.0 ,6Wm22 at stabilization after 2100 ,850 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

AIM 57,58

RCP4.5 ,4.5Wm22 at stabilization after 2100 ,650 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

GCAM 48,59

RCP2.6 Peak at ,3Wm22 before 2100 and
then declines

Peak at ,490 CO2-equiv. before 2100 and
then declines

Peak and decline IMAGE 60,61

*MESSAGE, Model for Energy Supply Strategy Alternatives and their General Environmental Impact, International Institute for Applied Systems Analysis, Austria; AIM, Asia-Pacific Integrated
Model, National Institute for Environmental Studies, Japan; GCAM, Global Change AssessmentModel, Pacific Northwest National Laboratory, USA (previously referred to asMiniCAM); IMAGE,
Integrated Model to Assess the Global Environment, Netherlands Environmental Assessment Agency, The Netherlands.
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Figure 5 | Representative concentration pathways. a, Changes in radiative
forcing relative to pre-industrial conditions. Bold coloured lines show the
four RCPs; thin lines show individual scenarios from approximately 30
candidate RCP scenarios that provide information on all key factors
affecting radiative forcing from ref. 47 and the larger set analysed by IPCC
Working Group III during development of the Fourth Assessment Report49.

b, Energy and industry CO2 emissions for the RCP candidates. The range of
emissions in the post-SRES literature is presented for the maximum and
minimum (thick dashed curve) and 10th to 90th percentile (shaded area).
Blue shaded area corresponds to mitigation scenarios; grey shaded area
corresponds to reference scenarios; pink area represents the overlap between
reference and mitigation scenarios.
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targets identified by policy makers. In addition, the integrated assess-
ment modellers will develop entirely new scenarios with different
radiative forcing pathways to explore additional issues and un-
certainties. For example, new reference scenarios will be developed
to explore alternative demographic, socioeconomic, land use, and
technology scenario backgrounds. Scenarios will be created to explore
alternative stabilization levels, includinghigherovershoot pathways, as
well as the technology, institutional, policy and economic conditions
associated with these pathways. Other scenarios will be developed to
explore uncertainties in processes such as the terrestrial carbon cycle,
the ocean carbon cycle and the atmospheric chemistry of aerosols. A
variety of new regionally based scenarios will be developed using
regional models by research teams in developing and transition-
economy countries. The process by which new scenarios will be pro-
duced and the nature of coordination across research teams is not
specified here and remains to be determined.

The socioeconomic assumptions underlying the new emissions
scenarios (along with information about the spatial distribution of
these characteristics, when possible) will be used to develop scenarios
of factors affecting vulnerability, and will then be paired with climate
model results to provide consistent inputs for impact, adaptation and
vulnerability research. It is an open research question how wide a
range of socioeconomic conditions could be consistent with a given
forcing pathway, including its ultimate level, pathway over time and
spatial pattern; however, the range of underlying socioeconomic
scenarios that are consistent is potentially very wide (carbon cycle
uncertainties are among the major unknowns affecting scenario
development46).

A significant portion of the new research anticipated to result from
the RCPs and the subsequent process will be assessed in the IPCC’s

Fifth Assessment Report, now under way and scheduled for release
during 2013 and 2014.

Selection process for the RCPs
A careful selection process was used to identify the RCPs, using
criteria that reflected the needs of both climate scenario developers
and users3. As a user of the RCPs and the ensuing research, the IPCC
requested the development of new scenarios compatible with the
literature of reference and mitigation scenarios and helped catalyse
the selection process. The criteria established by the research com-
munity included compatibility ‘with the full range of stabilization,
mitigation, and reference emissions scenarios available in the current
scientific literature’43; amanageable and even number of scenarios (to
avoid the inclination with an odd number of cases to select the central
case as the ‘best estimate’); an adequate separation of the radiative
forcing pathways in the long term in order to provide distinguishable
forcing pathways for the climatemodels; and the availability ofmodel
outputs for all relevant forcing agents and land use. The scientific
community used these criteria to identify four radiative forcing path-
ways, and a new Integrated Assessment Modelling Consortium
(IAMC), comprising 45 participating organizations (http://www.
iamconsortium.org), then assembled a list of candidate scenarios
for each radiative forcing level from the peer-reviewed literature.
The selection process relied on previous assessment of the literature
conducted by IPCC Working Group III during development of the
Fourth Assessment Report49. Of the 324 scenarios considered, 32met
the selection criteria and were able to provide data in the required
format. An individual scenario was then selected for each RCP
(Table 1). The final RCP selections (RCP2.6, RCP4.5, RCP6.0 and
RCP8.5) were made on the basis of discussions at an IPCC expert

Table 1 | The four RCPs

Name Radiative forcing Concentration
(p.p.m.)

Pathway Model providing RCP* Reference

RCP8.5 .8.5Wm22 in 2100 .1,370 CO2-equiv. in 2100 Rising MESSAGE 55,56

RCP6.0 ,6Wm22 at stabilization after 2100 ,850 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

AIM 57,58

RCP4.5 ,4.5Wm22 at stabilization after 2100 ,650 CO2-equiv. (at stabilization after 2100) Stabilization without
overshoot

GCAM 48,59

RCP2.6 Peak at ,3Wm22 before 2100 and
then declines

Peak at ,490 CO2-equiv. before 2100 and
then declines

Peak and decline IMAGE 60,61

*MESSAGE, Model for Energy Supply Strategy Alternatives and their General Environmental Impact, International Institute for Applied Systems Analysis, Austria; AIM, Asia-Pacific Integrated
Model, National Institute for Environmental Studies, Japan; GCAM, Global Change AssessmentModel, Pacific Northwest National Laboratory, USA (previously referred to asMiniCAM); IMAGE,
Integrated Model to Assess the Global Environment, Netherlands Environmental Assessment Agency, The Netherlands.
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Figure 5 | Representative concentration pathways. a, Changes in radiative
forcing relative to pre-industrial conditions. Bold coloured lines show the
four RCPs; thin lines show individual scenarios from approximately 30
candidate RCP scenarios that provide information on all key factors
affecting radiative forcing from ref. 47 and the larger set analysed by IPCC
Working Group III during development of the Fourth Assessment Report49.

b, Energy and industry CO2 emissions for the RCP candidates. The range of
emissions in the post-SRES literature is presented for the maximum and
minimum (thick dashed curve) and 10th to 90th percentile (shaded area).
Blue shaded area corresponds to mitigation scenarios; grey shaded area
corresponds to reference scenarios; pink area represents the overlap between
reference and mitigation scenarios.
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AR5	  Recipe	  

•  CMIP5	  defines	  experiments	  
•  Develop	  a	  model	  

•  Run	  experiments	  

•  Provide	  simulaCon	  output	  

•  ScienCsts	  worldwide	  analyze	  output	  
•  ScienCsts	  worldwide	  publish	  papers	  
•  AR5	  authors	  cite	  papers	  



www.cesm.ucar.edu	  
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Some	  New	  Features	  of	  CESM	  

•  Parallel	  I/O,	  parallel	  data	  models	  
•  OpenMP	  in	  all	  components	  
•  New	  atmospheric	  physics	  
•  Full	  and	  “fast”	  atmospheric	  chemistries	  
•  “High	  top”	  atmosphere	  (stratosphere)	  
•  Dynamic	  vegetaCon	  with	  carbon	  &	  nitrogen	  
biogeochemistry	  

•  Ocean	  ecosystem	  
•  Land	  ice-‐sheet	  model	  



AR5	  Recipe	  

•  CMIP5	  defines	  experiments	  
•  Develop	  a	  model	  

•  Run	  experiments	  

•  Provide	  simulaCon	  output	  

•  ScienCsts	  worldwide	  analyze	  output	  
•  ScienCsts	  worldwide	  publish	  papers	  
•  AR5	  authors	  cite	  papers	  



AR5	  Recipe	  

•  CMIP5	  defines	  experiments	  
•  Develop	  a	  model	  

•  Run	  experiments	  

•  Provide	  simulaCon	  output	  

•  ScienCsts	  worldwide	  analyze	  output	  
•  ScienCsts	  worldwide	  publish	  papers	  
•  AR5	  authors	  cite	  papers	  

Requirements!	  



229	  ConfiguraCon	  Variables	  

•  42	  variables	  for	  the	  overall	  experiment	  
•  58	  variables	  for	  the	  “configure”	  step	  
•  34	  variables	  for	  the	  parallel	  layout	  
•  27	  variables	  for	  the	  “build”	  step	  
•  68	  variables	  for	  the	  “run”	  step	  



Input	  Data	  

•  IniCal	  condiCons	  
•  Prescribed	  quanCCes	  	  
(emissions,	  concentraCons,	  land	  use)	  

•  2	  TB,	  	  9400	  files,	  and	  growing	  	  
(increasing	  resoluCon	  and	  model	  complexity)	  

•  Requirement:	  fast,	  shared,	  unswept	  scratch	  
(/tmp/proj)	  
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Cooking	  the	  CMIP5	  Long-‐Term	  Onion	  
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Except	  
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And	  some	  development	  runs	  

•  Code	  changes	  resulCng	  in	  idenCcal	  (bit	  for	  bit)	  
results	  
– Short	  debug	  runs	  
– Use	  “debug”	  queue	  

•  Code	  changes	  that	  change	  results	  
– Must	  prove	  they	  don’t	  change	  “climate”	  
– 20	  or	  more	  simulated	  years	  
– 1-‐2	  days	  of	  runCme	  



Requirement:	  Ability	  to	  perform	  
day-‐to-‐week-‐long	  terascale	  runs	  

…	  to	  get	  to	  petascale	  runs	  



“Mother	  of	  All	  Runs”	  (MOAR)	  

•  History	  output	  is	  usually	  monthly	  averages	  
•  MOAR	  adds	  output	  high	  resoluCon	  in	  Cme	  

•  Ongoing	  at	  NCAR	  
•  20th-‐century	  run	  done	  
•  RCP	  runs	  starCng	  



40	  TB	  to	  archive	  





Requirement:	  PB	  archive	  space	  

(see	  ESG)	  



AR5	  Recipe	  

•  CMIP5	  defines	  experiments	  
•  Develop	  a	  model	  

•  Run	  experiments	  

•  Provide	  simulaCon	  output	  

•  ScienCsts	  worldwide	  analyze	  output	  
•  ScienCsts	  worldwide	  publish	  papers	  
•  AR5	  authors	  cite	  papers	  

<	  DiagnosJcs	  



Requirement	  







•  Serial	  NCL	  scripts	  generate	  HTML	  and	  images	  
– Requirement:	  Analysis	  nodes	  with	  big	  I/O	  (Lens)	  

– Requirement:	  Web	  hosCng	  ($HOME/www)	  

•  Becoming	  a	  bobleneck	  
– 8-‐9	  hours	  for	  T341	  (1/3°	  resoluCon)	  
– Development	  need:	  Parallel	  analysis	  scripts	  

– Requirement:	  Parallel	  analysis	  system	  (Lens)	  



AR5	  Recipe	  

•  CMIP5	  defines	  experiments	  
•  Develop	  a	  model	  

•  Run	  experiments	  

•  Provide	  simulaCon	  output	  

•  ScienCsts	  worldwide	  analyze	  output	  
•  ScienCsts	  worldwide	  publish	  papers	  
•  AR5	  authors	  cite	  papers	  
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Postprocessing	  ESG	  Output	  

•  SimulaCons	  produce	  history	  snapshots	  
(many	  fields	  averaged	  over	  a	  single	  month)	  

•  ScienCsts	  oren	  want	  Cme	  series	  
(one	  field	  over	  many	  years)	  

•  ESG	  provides	  both	  
•  Requirement:	  NetCDF	  Operators	  (NCO)	  

•  Requirement:	  Analysis	  cluster	  with	  big	  I/O	  
(Lens)	  



AR5	  Recipe	  

•  CMIP5	  defines	  experiments	  
•  Develop	  a	  model	  

•  Run	  experiments	  

•  Provide	  simulaCon	  output	  

•  ScienCsts	  worldwide	  analyze	  output	  
•  ScienCsts	  worldwide	  publish	  papers	  
•  AR5	  authors	  cite	  papers	  



Requirement	  



Requirement:	  NetCDF	  

•  Network	  Common	  Data	  Form	  
•  Portable	  file	  format	  

•  Built-‐in	  metadata:	  dimensions,	  sizes,	  units	  

•  NetCDF	  Climate	  and	  Forecast	  (CF)	  Metadata	  
ConvenCon	  



ESG	  downloads	  

4 

 

 

 

resolution runs that will be executed by a four-laboratory partnership led by ORNL—that 
are part of the CCSM CMIP-5 contribution. Those data will be housed at ORNL.) All 
though it is not required for the AR5, the additional data will also be of interest to the 
science community. The two-dozen other major modeling groups (e.g., Japan, U.K., 
Germany, China, Australia, Canada and elsewhere) will create similar volumes of data 
with merely a fraction of the data migrating to LLNL to form the CMIP-5 replica 

centralized archive (RCA) (see Table 2, page 9). To accommodate this important multi-
PB data archive, LLNL is building a new data repository for anticipated heavy use in the 
next 1–2 years.  Serving this new system with multiple 10-Gbps network connections 
organized in a link aggregation group (LAG) would be operationally complex and 
challenging. For effective access to the climate data by a large number of remote users (in 
the 10s of thousands), LLNL and ORNL will require 100-Gbps network access before it 
becomes commercially available. 

At present, Lawrence Berkeley National Laboratory (LBNL) and Lawrence Livermore National 

Laboratory (LLNL) are currently involved in developing one of the Advanced Network Initiative 

(ANI) research projects, called Climate 100. Climate 100 is a research and development 
project to test end-to-end capabilities of the ANI testbed in collaboration with the ESG 
community. At this time, LLNL is not directly affiliated with ANI. However, a proposal 
is being evaluated to try to include LLNL as part of the ANI 100-Gbps backbone network 
connection—a connection that is needed for petascale climate data movement and 
accessibility.  

 
Figure 4: The y-axis represents the cumulative download volume in gigabytes (GB) and the x-axis 

represents yearly time values. Overall, the demand for the ESG data holdings has grown 

exponentially over the last five years. ESG main portals are recording data download volumes in 

the tens of terabytes per month, resulting in a cumulative download total of just over 1 PB. 

As stated earlier, ESG is building a “science gateway” that enables a researcher-friendly 
infrastructure for large-scale climate resources. This next generation problem-solving 
environment will allow access to distributed federated data, information, models, 
analysis, visualization tools, and computational resources. It is based on the Internet and 
the need to access and analyze large-scale data anywhere in the world. There will be a 
persistent need to move vast amounts of data to and from sites for scientific purposes. For 
example, large-scale data that reside at various sites around the world will need to be 
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In 2004, the CMIP-3 formed a comprehensive output of both oceanic and atmospheric 
data on a monthly, daily, and 3-hourly basis—holding over 35 terabytes (TB, where 1 TB 
is 1012 bytes) of data at the LLNL central site. Today, the Coupled Model 
Intercomparison Project, Phase 5 (CMIP-5) is assembling the most-comprehensive 
archive yet. It is projected to be 10 petabytes (PB, where 1 PB is 1015 bytes) and contain 
many model simulations from more than 30 national and international modeling centers 
to form the basis for the next periodic assessment report of IPCC (i.e., the Fifth 
Assessment Report (AR5)). The multi-model data sets and corresponding observational 
sets will not reside at any one site. Instead, these resources will be distributed at many 
sites spanning six continents, requiring that researchers have remote access to the 
hardware, networks, data, and tools for ultra-scale data management and analysis.  

 
Figure 3: ESG makes data a community resource, accessible worldwide. This image shows the institutions 

that accessed ESG data from 2004 to present day. Delivering over 1 PB of data to 2,700 sites in 

120 countries, some 20,000 users have registered to access ESG data holdings.  

As these past trends indicate, climate data presents a real challenge for data management, 
analysis, and networks—outpacing storage capacity and network needs for the 
foreseeable future. In fact, the 2009 ASCR Network Workshop [ASCR, 2009] and the 
2007 BES Network Workshop [BES, 2007] projected that by 2020, climate data will 
exceed hundreds of exabytes (1 XB, where 1 XB is 1018 bytes)—a staggering growth 
rate. Because of this data explosion and the limitations of networks and computing 
resources, climate and computational scientists have been compelled to analyze and 
visualize large-scale data close to where it is formed, moving data only when absolutely 
necessary. 

As with CMIP-3, PCMDI at LLNL is charged with managing and storing petabytes of 
CMIP-5 observational and climate model output for scientists contributing to AR5. The 
upcoming CMIP-5 will use new ESMs to perform more experiments and create far more 
data than for the AR4. As an example, the community activity that involved several DOE 
laboratories and the National Center for Atmospheric Research (NCAR)—as equal 
partners—participated in the Community Climate System Model version 3 (CCSM3) 
which provided roughly 9 TB of the total 35 TB model output to the CMIP-3 archive, 
located at LLNL. For the forthcoming CMIP-5 archive, which will be fully populated in 
2011, CCSM version 4 (CCSM4) and the Community Earth System Model version 1 
(CESM1) will submit roughly 300 TB of output out of the 1 PB of data generated. (Note, 
CCSM data will reside at ORNL and LBNL as well as NCAR—particularly the high 

From	  “Climate	  Science—Enabling	  Worldwide	  Access	  to	  Petascale	  Climate	  Data”,	  by	  
Dean	  N	  Williams,	  Gary	  Strand,	  Galen	  Shipman,	  and	  James	  McGraw,	  to	  appear	  at	  
h2p://www.es.net/hypertext/requirements.html.	  
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20 GB/s of random Input/Output (I/O) bandwidth—a system capable of easily supporting 
over 20,000 users worldwide. 

1.2.2 Process of Science: 

The climate change community faces the difficult challenge of managing the distribution 
of massive data sets to thousands of collaborators worldwide. LLNL’s PCMDI already 
hosts the CMIP-3 Multi-Model archive comprising of 35 TB of data from 25 global 
coupled ocean-atmosphere models that were run for the IPCC AR4. For the forthcoming 
CMIP-5 Multi-Model archive, the RCA (housed at LLNL) is expected to contain between 
1 to 2 PB of data with the remaining distributed archive reaching upwards of 10 PB. This 
data is expected to begin its online appearance in 2010 and will reach its full archival size 
by 2011. To accommodate and support such a large and diverse community, the RCA 
will be replicated at four other sites with LLNL as the hub (shown in Figure 6).  

To move data replicas efficiently, CMIP-5 must utilize advanced networks such as 
ANI’s. Table 1 illustrates the impact on network performance when moving PB of data 
instead of TB of data.  The fastest we could hope to move only 1 PB of data from PCMDI 
to one of the RCA data centers is essentially one day at 100 Gbps, whereas with a peak of 
10 Gbps, it would take almost 1.5 weeks. 

 

Transfer Rate Time to Transport 1 TB of 
Data 

Time to Transport 1 PB 
of Data 

10-Mbps 9.7days 27.20 years 

50-Mbps 1.94 days 5.44 years 

100-Mbps 23.3 hours 2.72 years 

1-Gbps 2.28 hours 97.1 days 

10-Gbps 13.65 minutes 9.7 days 

100-Gbps 81.9 seconds 23.3 hours 

Table 1: Time displayed in International System of Units to transport 1 TB and 1 PB of data from one site 

to another using various transmission rates.  

With the multiple CMIP-5 archives expected to begin operations by mid-2010, transport 
vehicles to move data from PCMDI to the four RCA sites should already be in place to 
help move the vast amounts of data. Since the networks at this time are not equipped to 
move such data volumes, the PCMDI team has elected to move data via physical TB 
disks to bootstrap the ESG distributed enterprise system. Once the initial PB distributed 
archives are in place and access to faster networks becomes available, it is expected that 
the transport mechanism of choice will be fast 100-Gbps networks to move data for ESG 
data versioning control and data replication. 

The usual procedure for transporting TB disks are described on the CMIP website (i.e, 
http://cmip.llnl.gov/cmip5/submit.html?submenuheader=2)—relying heavily on multi-
terabyte portable hard disks sent to PCMDI via a parcel shipping service  (e.g., FedEx). 
Using reliable 2 TB disks, it will take roughly 500 FedEx shipments to populate the Data 

From	  “Climate	  Science—Enabling	  Worldwide	  Access	  to	  Petascale	  Climate	  Data”,	  by	  
Dean	  N	  Williams,	  Gary	  Strand,	  Galen	  Shipman,	  and	  James	  McGraw,	  to	  appear	  at	  
h2p://www.es.net/hypertext/requirements.html.	  
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AR5	  Recipe	  

•  CMIP5	  defines	  experiments	  
•  Develop	  a	  model	  

•  Run	  experiments	  

•  Provide	  simulaCon	  output	  

•  ScienCsts	  worldwide	  analyze	  output	  
•  ScienCsts	  worldwide	  publish	  papers	  
•  AR5	  authors	  cite	  papers	  

Results	  in	  a	  moment	  



Requirements	  and	  Science	  Goals	  for	  
Sustained	  Petascale	  Climate	  Science	  

Summary	  



Petascale	  Requirements	  

•  Shared,	  unswept	  scratch	  
•  Day-‐to-‐week-‐long	  terascale	  runs	  
•  PB	  archive	  space	  
•  Parallel	  analysis	  system	  with	  big	  I/O	  

•  Web	  hosCng	  

•  NetCDF,	  NCO,	  NCL	  
•  WAN	  bandwidth	  



(Some)	  Science	  Goals	  
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CMIP5	  Decadal	  Onion	  

CMIP5	  Long-‐Term	  Onion	  



AR5	  Recipe:	  Early	  Results	  

•  Community	  Earth	  System	  Model	  
(Oak	  Ridge,	  TN)	  

•  Commonwealth	  ScienCfic	  and	  
Industrial	  Research	  OrganisaCon	  	  
(Canbarra,	  Australia)	  

•  Insitut	  Pierre	  Simon	  Laplace	  	  
(Paris,	  France)	  



AR5	  Recipe:	  Bon	  appé(t!	  

•  Community	  Earth	  System	  Model	  
(Oak	  Ridge,	  TN)	  

•  Commonwealth	  ScienCfic	  and	  
Industrial	  Research	  OrganisaCon	  	  
(Canbarra,	  Australia)	  

•  Insitut	  Pierre	  Simon	  Laplace	  	  
(Paris,	  France)	  

finis	  



(Some)	  Science	  Goals	  

!

! "

#$! %&''! &(! )*+! +,-+.&/+()0! $1)'&(+2! 3$(3+-)14''5! &(! 6&78! 9:! ! 6&708! ;! 4(2! <! 0*$=!

4>>.+?&4)+2! 01//4.&+0! $%! )*+! @ABCD! /$2+'! +,-+.&/+()0! &(! 03*+/4)&3! %$./8! ! ! ! #*+!

2+3424'!-.+2&3)&$(!+,-+.&/+()0!4.+!0*$=(!&(!6&78!;8!

!

!

"##$%$&'"(!)*+#$,%$&'-!

.'$%$"($/+#!$'!
0123!4153!416!!7 018 2119:*!;,&'%*&(<

=
!2>
!?
@
5

)*+#$,%$&'!A$%B!
5121!C$'"%DE&9

($F+!+*D)%$&'

"(%+*'"%$G+!
$'$%$"($/"%$&'!

-%*"%+H$+-

"%I
&-J!,B+I

$-%*:!

=
K&*!"+*&-&(-!=K&*!

*+H$&'"(!"$*!LD"($%:
)*+-,*$E+#!MMN!!!
%$I+9-($,+-

+O
%+
'#
!

+'
-+
I
E(
+-
!

P*&
I
!@
Q6
R!%
&!

@
Q2
1R
!I
+I
E+
*-

B$
'#
,"
-%
-
A
$%B
&D
%!

G&
(,
"'
&+
-

619:+"*!B$'#,"-% "'#!
)*+#$,%$&'!+'-+IE(+-S!
$'$%$"($/+#!28T13!28U1!=!

511V

219:+"*!B$'#,"-% =!
)*+#$,%$&'!+'-+IE(+-S
$'$%$"($/+#!28T13!28TV3!73!

511V

"##$%$&'"(!)*+#$,%$&'-!

.'$%$"($/+#!$'!
0123!4153!416!!7 018 2119:*!;,&'%*&(<

=
!2>
!?
@
5

)*+#$,%$&'!A$%B!
5121!C$'"%DE&9

($F+!+*D)%$&'

"(%+*'"%$G+!
$'$%$"($/"%$&'!

-%*"%+H$+-

"%I
&-J!,B+I

$-%*:!

=
K&*!"+*&-&(-!=K&*!

*+H$&'"(!"$*!LD"($%:
)*+-,*$E+#!MMN!!!
%$I+9-($,+-

+O
%+
'#
!

+'
-+
I
E(
+-
!

P*&
I
!@
Q6
R!%
&!

@
Q2
1R
!I
+I
E+
*-

B$
'#
,"
-%
-
A
$%B
&D
%!

G&
(,
"'
&+
-

619:+"*!B$'#,"-% "'#!
)*+#$,%$&'!+'-+IE(+-S!
$'$%$"($/+#!28T13!28U1!=!

511V

219:+"*!B$'#,"-% =!
)*+#$,%$&'!+'-+IE(+-S
$'$%$"($/+#!28T13!28TV3!73!

511V

!
!

!
!

E+)4&'0!=&''!>+!7&?+(!>+'$=!.+74.2&(7!)*+0+!+,-+.&/+()0:!>1)!>5!=45!$%!&().$213)&$(!=+!

($)+! )*4)! )*+.+!4.+! )=$!3$.+!+,-+.&/+()0:!$(+!4! 0+)!$%!9F!5+4.!*&(2340)0!$.!-.+2&3)&$(0!

&(&)&4'&G+2! %.$/! 3'&/4)+! 0)4)+0! &(! )*+! 5+4.0! 9HIF:! 9HID:! 9HJF:! 4(2! +?+.5! %&?+! 5+4.0! )$!

;FFD:!=&)*!)*&0!'40)!0&/1'4)&$(!.+-.+0+()&(7!)*+!0$'+!43)14'!-.+2&3)&$(!>+5$(2!)*+!-.+0+()!

K&8+8:!>+5$(2!;FFHL8!!B(!)*+0+!9FM5+4.!0&/1'4)&$(0:!&)!=&''!>+!-$00&>'+!)$!400+00!/$2+'!0N&''!

&(! %$.+340)&(7! 3'&/4)+! 3*4(7+! $(! )&/+M034'+0! =*+(! )*+! &(&)&4'! 3'&/4)+! 0)4)+! /45! +,+.)!

0$/+!&(%'1+(3+8!!#*+!$)*+.!3$.+!+,-+.&/+()!+,)+(20!)*+!9FM5+4.!0&/1'4)&$(0!&(&)&4'&G+2!&(!

9HIF:!9HOF:!4(2!;FFD!>5!4(!422&)&$(4'!;F!5+4.08!!B)!&0!4)!)*&0!0$/+=*4)!'$(7+.!)&/+034'+!

)*4)! )*+! +,)+.(4'! %$.3&(7! %.$/! &(3.+40&(7!PQP0! 0*$1'2! >+3$/+!/$.+! &/-$.)4()8! ! B)! &0!

2+0&.+2! )*4)! 4)! '+40)! )*.++! +(0+/>'+! /+/>+.0! >+! -+.%$./+2! %$.! +43*! $%! )*+! 3$.+!

+,-+.&/+()0:!=&)*!+,)+(0&$(!)$!4)!'+40)!9F!/+/>+.0!40!4!)&+.!9!+,-+.&/+()8!

!

#*+!)&+.!9!(+4.M)+./!+,-+.&/+()0!4'0$!&(3'12+!-.+2&3)&$(0!=&)*!9L!422&)&$(4'!&(&)&4'!0)4)+0!

&(! )*+! ;FFFR0!=*+(! $3+4(! 24)4! &(! -4.)&31'4.! &0! $%! >+))+.! S14'&)5:! ;L! ?$'34(&3! +.1-)&$(0!

.+/$?+2!%.$/!)*+!*&(2340)0:!!<L!4!*5-$)*+)&34'!?$'34(&3!+.1-)&$(!&/-$0+2!&(!$(+!$%!)*+!

-.+2&3)&$(0!$%!%1)1.+!3'&/4)+:!"L!2&%%+.+()!&(&)&4'&G4)&$(!/+)*$2$'$7&+0:!4(2!DL!)*+!$-)&$(!

$%! -+.%$./&(7! *&7*! .+0$'1)&$(! )&/+! 0'&3+! +,-+.&/+()0! =&)*! 0-+3&%&+2! TT#0! %$.! 3+.)4&(!

6&71.+!;8!T3*+/4)&3!01//4.5!$%!@ABCD!2+3424'!-.+2&3)&$(!+,-+.&/+()08!!

h2p://www.clivar.org/organizaJon/wgcm/references/Taylor_CMIP5.pdf	  

!

! "

#$%&#$'! ()! *+$! ,-*-.$! /(*+! &! 0&.*(%-1&.! ,2%-'! 2)! 34356347"8! ! 9+$'$! *(:$6'1(%$!

$;0$.(:$)*'! /2-1#! &1'2! <$! &00.20.(&*$! ,2.! :2#$1'! *+&*! ()%1-#$! %2:0-*&*(2)&11=!

$;0$)'(>$!&*:2'0+$.(%!%+$:('*.=! *.$&*:$)*'8! !?2.!:2#$1'!)2*!-'$#! *2!#2! *+$! 12)@6*$.:!

$;0$.(:$)*'A! &! .$1&*(>$1=! '+2.*! B%2)*.21C! .-)! &)#! ! &)#! DE! 0$.! =$&.! FG3! ()%.$&'$!

$;0$.(:$)*! ('! %&11$#! ,2.A! &)#! *+$.$! ('! &1'2! *+$! 02''(<(1(*=! 2,! &)! &*:2'0+$.(%!

%+$:('*.=H0211-*&)*!$;0$.(:$)*8!

!

9-.)()@!*2!*+$!FIJK"!12)@6*$.:!$;0$.(:$)*'A!?(@8!7!'+2/'!*+$!'$*!2,!%2.$!$;0$.(:$)*'!

*+&*!()%1-#$!LIJK!.-)'A!&!%2-01$#!%2)*.21!.-)!&)#!&*!1$&'*!2)$!34
*+
!%$)*-.=!$;0$.(:$)*!

/(*+!&11!,2.%()@'!M&1'2!.$,$..$#!*2!+$.$!&'!&)!B+('*2.(%&1C!.-)N8!!9+$.$!&.$!*/2!0.2O$%*(2)!

'(:-1&*(2)'! ,2.%$#! /(*+! '0$%(,($#! %2)%$)*.&*(2)'! %2)'('*$)*! /(*+! &! +(@+! $:(''(2)'!

'%$)&.(2! MPFKQ8"N! &)#! &! :$#(-:! :(*(@&*(2)! '%$)&.(2! MPFKR8"N8! ! ?2.! S&.*+! T='*$:!

I2#$1'!*+&*!()%1-#$!&!%2-01$#!%&.<2)!%=%1$A!*+$.$!&.$!%2)*.21A!34
*+
!%$)*-.=!'(:-1&*(2)'A!

&)#!&!,-*-.$!'(:-1&*(2)!/(*+!*+$!+(@+!'%$)&.(2!MPFKQ8"N!#.(>$)!<=!$:(''(2)'8!

!

"#$%&'(!)*+,#-.)/)&'!

)&01*2'!1#('&3!#-&/

4&&!301$&*20#-3!*+'!5#+)'(!,/!

%+'3)+0,'(!)#-)'-2+*20#-3!

'6)'%2!27#3'!89.(+0:'-;

<0='=>!'10330#-.(+0:'-?=

@
!A
!4
!

'-
3'
1
,&
'3

"#-2+#&>!

4BCD>!

A!EF!"

G"DH=I>!

G"DJ=I

'-3'1,&'3K!

4BCD!A!EF!"

-*
2$
+*
&.#
-&
/>
!

L
ML
.#
-&
/

0-(
0:0(
$*
&!

5#+
)0-
N

G"DE=O>!
G"DP

'
62'
-
(
!G
"
D
H
=I
!

2#
!E
Q
F
F

'62'-(!G
"
D
J=I!A

!G
"
D
E=O
!!

2#!EQFF

'
-
3'
1
,
&'
!#
5!

*
,
+$
%
2!
H
6"
R
E

I
./
+!
+$
-
3

*
S
$
*
!

%
&*
-
'
2!

<)
&#
$
(
3
?

$-5#+1

!
T
T
U
!

<)&#$(3?!

B
0(
.M
#
&#
)'
-
'
!

A
!V
L
B

&*
3
2

1
0&&
'
-
-
0$
1

9.(+0:'-!

G"DJ=I

9.(+0:'-!

)#-2+#&!A!EF!"!

%*22'+-'(!

!
T
T
U
!

<)&#$(3?

3$
&5*
2'!
*'
+#
3#
&!

5#+
)0-
N!)
*=!
EF
FF

4"
A"
H!

<)7
'1
032
+/?

WXY/+!"RE!<WHF!/+3?

*,+$%2!HO"RE <WIF!/+3?

506'(!TTU!Z027!W6!A!H6"RE

+*(0*20#-!)#('!3''3!W6"R
E <WX!

#+!EF"[G"DH=I?
)*+,#-!)/)&'!3''3!
WO"R

E <WX!#+!EF"[G"DH=I?

"#$%&'(!)*+,#-.)/)&'!

)&01*2'!1#('&3!#-&/

4&&!301$&*20#-3!*+'!5#+)'(!,/!

%+'3)+0,'(!)#-)'-2+*20#-3!

'6)'%2!27#3'!89.(+0:'-;

<0='=>!'10330#-.(+0:'-?=

@
!A
!4
!

'-
3'
1
,&
'3

"#-2+#&>!

4BCD>!

A!EF!"

G"DH=I>!

G"DJ=I

'-3'1,&'3K!

4BCD!A!EF!"

-*
2$
+*
&.#
-&
/>
!

L
ML
.#
-&
/

0-(
0:0(
$*
&!

5#+
)0-
N

G"DE=O>!
G"DP

'
62'
-
(
!G
"
D
H
=I
!

2#
!E
Q
F
F

'62'-(!G
"
D
J=I!A

!G
"
D
E=O
!!

2#!EQFF

'
-
3'
1
,
&'
!#
5!

*
,
+$
%
2!
H
6"
R
E

I
./
+!
+$
-
3

*
S
$
*
!

%
&*
-
'
2!

<)
&#
$
(
3
?

$-5#+1

!
T
T
U
!

<)&#$(3?!

B
0(
.M
#
&#
)'
-
'
!

A
!V
L
B

&*
3
2

1
0&&
'
-
-
0$
1

9.(+0:'-!

G"DJ=I

9.(+0:'-!

)#-2+#&!A!EF!"!

%*22'+-'(!

!
T
T
U
!

<)&#$(3?

3$
&5*
2'!
*'
+#
3#
&!

5#+
)0-
N!)
*=!
EF
FF

4"
A"
H!

<)7
'1
032
+/?

WXY/+!"RE!<WHF!/+3?

*,+$%2!HO"RE <WIF!/+3?

506'(!TTU!Z027!W6!A!H6"RE

+*(0*20#-!)#('!3''3!W6"R
E <WX!

#+!EF"[G"DH=I?
)*+,#-!)/)&'!3''3!
WO"R

E <WX!#+!EF"[G"DH=I?

@
!A
!4
!

'-
3'
1
,&
'3

"#-2+#&>!

4BCD>!

A!EF!"

G"DH=I>!

G"DJ=I

'-3'1,&'3K!

4BCD!A!EF!"

-*
2$
+*
&.#
-&
/>
!

L
ML
.#
-&
/

0-(
0:0(
$*
&!

5#+
)0-
N

G"DE=O>!
G"DP

'
62'
-
(
!G
"
D
H
=I
!

2#
!E
Q
F
F

'62'-(!G
"
D
J=I!A

!G
"
D
E=O
!!

2#!EQFF

'
-
3'
1
,
&'
!#
5!

*
,
+$
%
2!
H
6"
R
E

I
./
+!
+$
-
3

*
S
$
*
!

%
&*
-
'
2!

<)
&#
$
(
3
?

$-5#+1

!
T
T
U
!

<)&#$(3?!

B
0(
.M
#
&#
)'
-
'
!

A
!V
L
B

&*
3
2

1
0&&
'
-
-
0$
1

9.(+0:'-!

G"DJ=I

9.(+0:'-!

)#-2+#&!A!EF!"!

%*22'+-'(!

!
T
T
U
!

<)&#$(3?

3$
&5*
2'!
*'
+#
3#
&!

5#+
)0-
N!)
*=!
EF
FF

4"
A"
H!

<)7
'1
032
+/?

WXY/+!"RE!<WHF!/+3?

*,+$%2!HO"RE <WIF!/+3?

506'(!TTU!Z027!W6!A!H6"RE

+*(0*20#-!)#('!3''3!W6"R
E <WX!

#+!EF"[G"DH=I?
)*+,#-!)/)&'!3''3!
WO"R

E <WX!#+!EF"[G"DH=I?
!

!
!

?2.!*+$!#(&@)2'*(%!%2.$!$;0$.(:$)*'!M()!*+$!12/$.!+$:('0+$.$NA!*+$.$!&.$!*+$!%&1(<.&*(2)6

*=0$!.-)'!/(*+!DE!0$.!=$&.!FG3!()%.$&'$!*2!#(&@)2'$!*.&)'($)*!%1(:&*$!.$'02)'$!M9FPNA!

&)!&<.-0*!RUFG3!()%.$&'$!$;0$.(:$)*!*2!#(&@)2'$!$V-(1(<.(-:!%1(:&*$!'$)'(*(>(*=!&)#!*2!

$'*(:&*$!<2*+!*+$!,2.%()@!&)#!'2:$!2,!*+$!(:02.*&)*!,$$#<&%W'A!&)#!*+$.$!&.$!,(;$#!TT9!

$;0$.(:$)*'! *2! .$,()$! *+$! $'*(:&*$'! 2,! ,2.%()@! &)#! +$10! ()*$.0.$*! #(,,$.$)%$'! ()!:2#$1!

.$'02)'$8!

!

!

?(@-.$!7X!T%+$:&*(%!'-::&.=!2,!FIJK"!12)@6*$.:!$;0$.(:$)*'8!!

CMIP5	  Decadal	  Onion	  

CMIP5	  Long-‐Term	  Onion	  


