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Modelling the Earth’s climate system
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Earth system models (ESM)

each ESM 
> 1000 man years:   

strong legacy

Basic physical laws
Based on Navier-Stokes

Conservation of:
energy, 

mass (air, water, carbon)
&

Parameterisations
clouds, radiation, surface fluxes

subgrid-scale processes
(eddies, bound. layer turbulence) 

GCM: originally « General Circulation Models »
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Evaluation of climate models with observations

Bock et al., JGR (2020)
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IPCC AR6 SPM (2021)

“It is unequivocal that human influence has warmed
the atmosphere, ocean and land”



O’Neill et al., GMD (2016)

RCPs Representative Concentration Pathways

Adding SSPs
"Shared Socioeconomic Pathways »

CMIP5 / IPCC AR5 (2013) CMIP6 / IPCC AR6 (2021)

Simulations of future climate change 
under different scenarios



Simulations of future climate change 
under different scenarios

COP21
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With every increment of global warming, changes get larger 
in regional mean temperature, precipitation and soil moisture

a) Annual mean temperature change (°C)
at 1 °C global warming

b) Annual mean temperature change (°C)
relative to ƐѶƔƏŊƐƖƏƏ

Across warming levels, land areas warm more than oceans, and the Arctic 
and Antarctica warm more than the tropics.

)arming at 1 Ŧ� a@ects all continents and 
is generally larger over land than over the 
oceans in both observations and models. 
Across most regions, observed and 
simulated pa�erns are consistent.

Simulated change at 2 °C global warming Simulated change at 4 °C global warmingSimulated change at ƐĺƔ Ŧ� global warming

Simulated change at 1 °C global warming�bserved change per 1 °C global warming
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Panel a� Comparison of observed and simulated annual mean surface temperature change. 7KH�left map�
VKRZV�WKH�REVHUYHG�FKDQJHV�LQ�DQQXDO�PHDQ�VXUIDFH�WHPSHUDWXUH�LQ�WKH�SHULRG�RI�����±2�2��SHU��&�RI�JOREDO�
ZDUPLQJ���&���7KH�ORFDO��L�H���JULG�SRLQW��REVHUYHG�DQQXDO�PHDQ�VXUIDFH�WHPSHUDWXUH�FKDQJHV�DUH�OLQHDUO\�UHJUHVVHG�
DJDLQVW�WKH�JOREDO�VXUIDFH�WHPSHUDWXUH�LQ�WKH�SHULRG�����±2�2���2EVHUYHG�WHPSHUDWXUH�GDWD�DUH�IURP�%HUNHOH\�
(DUWK��WKH�GDWDVHW�ZLWK�WKH�ODUJHVW�FRYHUDJH�DQG�KLJKHVW�KRUL]RQWDO�UHVROXWLRQ��/LQHDU�UHJUHVVLRQ�LV�DSSOLHG�WR�DOO�
\HDUV�IRU�ZKLFK�GDWD�DW�WKH�FRUUHVSRQGLQJ�JULG�SRLQW�LV�DYDLODEOH��7KH�UHJUHVVLRQ�PHWKRG�ZDV�XVHG�WR�WDNH�LQWR�
DFFRXQW�WKH�FRPSOHWH�REVHUYDWLRQDO�WLPH�VHULHV�DQG�WKHUHE\�UHGXFH�WKH�UROH�RI�LQWHUQDO�YDULDELOLW\�DW�WKH�JULG�SRLQW�
OHYHO��:KLWH�LQGLFDWHV�DUHDV�ZKHUH�WLPH�FRYHUDJH�ZDV�����\HDUV�RU�OHVV�DQG�WKHUHE\�WRR�VKRUW�WR�FDOFXODWH�D�UHOLDEOH�
OLQHDU�UHJUHVVLRQ��7KH�right map LV�EDVHG�RQ�PRGHO�VLPXODWLRQV�DQG�VKRZV�FKDQJH�LQ�DQQXDO�PXOWL�PRGHO�PHDQ�
VLPXODWHG�WHPSHUDWXUHV�DW�D�JOREDO�ZDUPLQJ�OHYHO�RI���&��2��\HDU�PHDQ�JOREDO�VXUIDFH�WHPSHUDWXUH�FKDQJH�UHODWLYH�
WR�����±�������7KH�WULDQJOHV�DW�HDFK�HQG�RI�WKH�FRORU�EDU�LQGLFDWH�RXW�RI�ERXQG�YDOXHV��WKDW�LV��YDOXHV�DERYH�RU�
EHORZ�WKH�JLYHQ�OLPLWV��
Panel b� Simulated annual mean temperature change ��C�� panel c� precipitation change ���� and panel d�
total column soil moisture change �standard deviation of interannual variability� DW�JOREDO�ZDUPLQJ�OHYHOV�RI
����&��2�&�DQG���&��2��\U�PHDQ�JOREDO�VXUIDFH�WHPSHUDWXUH�FKDQJH�UHODWLYH�WR�����±�������6LPXODWHG�FKDQJHV
FRUUHVSRQG�WR�&0,3��PXOWL�PRGHO�PHDQ�FKDQJH��PHGLDQ�FKDQJH�IRU�VRLO�PRLVWXUH��DW�WKH�FRUUHVSRQGLQJ�JOREDO
ZDUPLQJ�OHYHO��L�H��WKH�VDPH�PHWKRG�DV�IRU�WKH�ULJKW�PDS�LQ�SDQHO�D��

Figure SPM.�:    Changes in annual mean surface temperature� precipitation� and soil moisture.
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Accounting for uncertainties

Bock et al., JGR (2020)
IPCC AR5 WGI Chap 1

Emission scenarios Internal variability Model uncertainties
Structural (resolution, physics)

Parametric (parameters) 

& also
Missing components/feedbacks

CMIP3 CMIP5 CMIP6

IPCC AR6 SPM (2021)



Climate sensitivity and cloud feedbacks

Temperature change to 2 x CO2

Dufresne & Bony, J. Climate, 2008

CMIP3 (AR4)
Multi-model mean Inter-model

CloudsMean: 3°C

Uncertainty range of 
Equilibrium Climate Sensitivity: 

2°to 4.5 °C
Mainly due to cloud feedbacks



1944 V. Eyring et al.: Overview of the CMIP6 experimental design and organization

tions. This effort is now continuing under the banner of the
international ES-DOC activity, which establishes agreements
on common Controlled Vocabularies (CVs) to describe mod-
els and simulations. Modelling groups will be required to
provide documentation following a common template and
adhering to the CVs. With the documentation recorded uni-
formly across models, researchers will, for example, be able
to use web-based tools to determine differences in model ver-
sions and differences in forcing and other conditions that af-
fect each simulation. Further details on the CMIP6 infras-
tructure can be found in the WIP contribution to this special
issue.

A more routine benchmarking and evaluation of the mod-
els is envisaged to be a central part of CMIP6. As noted
above, one purpose of the DECK and CMIP historical sim-
ulations is to provide a basis for documenting model sim-
ulation characteristics. Towards that end an infrastructure
is being developed to allow analysis packages to be rou-
tinely executed whenever new model experiments are con-
tributed to the CMIP archive at the ESGF. These efforts uti-
lize observations served by the ESGF contributed from the
obs4MIPs (Ferraro et al., 2015; Teixeira et al., 2014) and
ana4MIPs projects. Examples of available tools that target
routine evaluation in CMIP include the PCMDI metrics soft-
ware (Gleckler et al., 2016) and the Earth System Model
Evaluation Tool (ESMValTool, Eyring et al., 2016), which
brings together established diagnostics such as those used
in the evaluation chapter of IPCC AR5 (Flato et al., 2013).
The ESMValTool also integrates other packages, such as the
NCAR Climate Variability Diagnostics Package (Phillips et
al., 2014), or diagnostics such as the cloud regime metric
(Williams and Webb, 2009) developed by the Cloud Feed-
back MIP (CFMIP) community. These tools can be used to
broadly and comprehensively characterize the performance
of the wide variety of models and model versions that will
contribute to CMIP6. This evaluation activity can, compared
with CMIP5, more quickly inform users of model output, as
well as the modelling centres, of the strengths and weak-
nesses of the simulations, including the extent to which
long-standing model errors remain evident in newer models.
Building such a community-based capability is not meant
to replace how CMIP research is currently performed but
rather to complement it. These tools can also be used to com-
pute derived variables or indices alongside the ESGF, and
their output could be provided back to the distributed ESGF
archive.

4 CMIP6

4.1 Scientific focus of CMIP6

In addition to the DECK and CMIP historical simulations,
a number of additional experiments will colour a specific
phase of CMIP, now CMIP6. These experiments are likely

Figure 2. Schematic of the CMIP/CMIP6 experiment design. The
inner ring and surrounding white text involve standardized func-
tions of all CMIP DECK experiments and the CMIP6 historical
simulation. The middle ring shows science topics related specifi-
cally to CMIP6 that are addressed by the CMIP6-Endorsed MIPs,
with MIP topics shown in the outer ring. This framework is super-
imposed on the scientific backdrop for CMIP6 which are the seven
WCRP Grand Science Challenges.

to change from one CMIP phase to the next. To maximize
the relevance and impact of CMIP6, it was decided to use
the WCRP Grand Science Challenges (GCs) as the scientific
backdrop of the CMIP6 experimental design. By promoting
research on critical science questions for which specific gaps
in knowledge have hindered progress so far, but for which
new opportunities and more focused efforts raise the possi-
bility of significant progress on the timescale of 5–10 years,
these GCs constitute a main component of the WCRP strat-
egy to accelerate progress in climate science (Brasseur and
Carlson, 2015). They relate to (1) advancing understanding
of the role of clouds in the general atmospheric circulation
and climate sensitivity (Bony et al., 2015), (2) assessing the
response of the cryosphere to a warming climate and its
global consequences, (3) understanding the factors that con-
trol water availability over land (Trenberth and Asrar, 2014),
(4) assessing climate extremes, what controls them, how they
have changed in the past and how they might change in the
future, (5) understanding and predicting regional sea level
change and its coastal impacts, (6) improving near-term cli-
mate predictions, and (7) determining how biogeochemical
cycles and feedback control greenhouse gas concentrations
and climate change.

Geosci. Model Dev., 9, 1937–1958, 2016 www.geosci-model-dev.net/9/1937/2016/

Evaluate

Predict/
Project

Understand

CMIP6
(Eyring et al., GMD, 2016)

23 endorsed MIPs
Model Intercomparison Projects

Deck:  30 modelling groups (59 models)

Per model: 
20 to 50 000 simulated years

HPC: 100s Mh
Data: 1 – 10 PB produced

Input to IPCC AR6 2021

World Climate Research Program: 
Coupled Model Intercomparison Project, Phase 6 (CMIP6) 



Status of CMIP6 experiments
(CMIP deck) 

8 in Europe
1 Canada

5 USA

1 Russia

7 China / 1 Taïwan/ 3 Korea
2 Japan

1 Australia

30 modelling groups
59 models
All: 38/100 

DE MPI MPI-ESM-1-2-HAM
MPI-ESM1-2-HR
MPI-ESM1-2-LR

DE AWI AWI-CM-1-1-MR
AWI-ESM-1-1-LR

FR CNRM CNRM-CM6-1
CNRM-CM6-1-HR
CNRM-ESM2-1

FR IPSL IPSL-CM6A-LR
IT CMCC CMCC-CM2-HR4

CMCC-CM2-SR5
UK HADLEY/UKESM HadGEM3-GC31-LL

HadGEM3-GC31-MM
UKESM1-0-LL

NO NorESM NorCPM1
NorESM1-F
NorESM2-LM
NorESM2-MM

EC-Earth EC-Earth EC-Earth3
EC-Earth3-LR
EC-Earth3-Veg
EC-Earth3-Veg-LR

Russie INM INM-CM4-8
INM-CM5-0

Chine BCC BCC-CSM2-MR
BCC-ESM1

Chine CAMS CAMS-CSM1-0
Chine CAS CAS-ESM2-0
Chine CIESM CIESM
Chine FGOALS FGOALS-f3-L

FGOALS-g3
Chine FIO FIO-ESM-2-0
Chine NESM NESM3
Taiwan TaiESM TaiESM1
Korea KACE KACE-1-0-G
Korea KIOST KIOST-ESM
Korea SNU SAM0-UNICON
JP MIROC MIROC-ES2L

MIROC6
JP MRI MRI-ESM2-0
Inde IITM IITM-ESM
AU ACCESS ACCESS-CM2

ACCESS-ESM1-5

Canada CAN CanESM5
CanESM5-CanOE

USA NCAR CESM2
CESM2-FV2
CESM2-WACCM
CESM2-WACCM-FV2

USA E3SM E3SM-1-0
E3SM-1-1
E3SM-1-1-ECA

USA GFDL GFDL-AM4
GFDL-CM4
GFDL-ESM4

USA GISS GISS-E2-1-G
GISS-E2-1-G-CC
GISS-E2-1-H
GISS-E2-2-G

USA MCM MCM-UA-1-0



Earth system grid federation: 
A common data infrastructure

Dashboard stat
ESGF: 13 M datasets

31.8 PB

CMIP6: 12 M datasets
22.6 PB (w/o replica 12.2)

CMIP5: 5.3 PB (1.5)

ca 15 000 registered users

FAIR data
Open access, common data and metadata standards

Multi-agencies support: DOE, NOAA, NASA, IS-ENES, NCI

Climate projections 
@ climate data store

GA 824084



Conclusions

• Climate models are key tools to understand mechanisms and predict possible future 
changes

• CMIP cycles: key reference set of simulations, with improvements at each cycle

• Europe a key player in the international landscape (models and infrastructure). IS-
ENES a resource for accessing and analysing climate model data

• From GCM to impacts : downscaling, bias corrections and forcing for impact models

Climate models are at the core of climate information for society


