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•Climate model - 101 refresher

•Climate Model Intercomparison Projects (MIPs)

•MIPs and climate model evolution

•Climate forcing in MIPs

•CMIP6 – current and learnings

•CMIP7 – planning the next phase

•CMIP future

Talk overview
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Climate model evolution

What is a climate model?
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Climate model evolution

•1970s - Atmosphere-only (AGCM)

•1990s - + ocean and ice (OAGCM)

•2000s - + interactive land surface, 
dynamic oceans

•2010s - + carbon cycle, atmospheric 
chemistry, vegetation

•Today - + chemistry, biological complexity
 Earth System Models (ESM) 

How have models improved?
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Climate model evolution

•As models became more complete Earth 
simulators, also increasing resolution

•1990s – USA CONUS ~50 grid cells

•Early 2000s – USA CONUS ~200 grid cells

•Late 2000s – USA CONUS ~400 grid cells

•2010s – USA CONUS ~1000 grid cells

•Today – USA CONUS ~100000 grid cells

How have models improved?
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• Coupled Model Intercomparison Project (CMIP)

• CMIP6 latest phase, 2013-present
— Started with AMIP (atmosphere-only), 1990
— Coupled atmosphere and ocean (CMIP), 1995

• Targeted model experimentation, standardized 
protocols
— Experimental (simulation length, model components)
— Forcing (idealized or historical-proxy forcings)
— Data quantities, identities and formats

• Over decades, MIPs nurtured nascent climate 
research community into coordinated and calibrated 
research enterprise

• National and international climate assessments 
depend on international MIPs

Model Intercomparison Projects (MIPs)

CMIP6 latest phase

Regional 
phenomena

Ocean / 
land / ice

Impacts

Scenarios

Decadal 
predictionGeo-

engineering

Land use

Carbon 
cycle

Chemistry / 
aerosols

Characterizing 
forcing

Paleo

Clouds / 
circulation
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Decadal evolution of MIP community

Increasing complexity, 
scope, scale, 

internationalization and 
coordination
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Internationalization of MIPs
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MIP science - broad and growing impact

Broader impact

Modeling activity

Timeline not to scale

climate community 
cultivation
(1988–1993)

FANGIO
1st “MIP” AMIP1

PCMDI 
founded

IPCC AR1
“capable”Hansen 

US Senate 
testimony

atmosphere-only 
to coupled models

(1994–1998)

AMIP2/
CMIP1 CMIP2

IPCC AR2 
“discernable”

Conference of 
the Parties 

Kyoto Protocol

community 
enabling

(2009–2014)

CMIP5

ESGF 
federation

IPCC AR5 
“extremely 

likely”

actionable 
science

(2015–present)

CMIP6

input4MIPs

IPCC AR6 
“unequivocal”

Paris 
agreement

idealized to 
relevant

(1999–2008)

CMIP3

Open data 
archive

IPCC AR3 
“likely”

IPCC AR4 
“very likely”

CMIP data 
standards
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How about climate forcing?
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Climate forcing through MIP phases

Forcing/MIP era AMIP1a AMIP2b CMIP1c CMIP2d CMIP3e

20c3m
CMIP5f

historical
CMIP6g

historical
~CMIP7h

historical

SST & sea ice (amip exp.) 1979-1988 1979-1996 - - 1979-2002 1979-2008 1979-2014 1979-2022

Greenhouse gases CO2 345 ppm 
(fixed)

CO2 348 ppm, 
CH4 1650 

ppbv, N2O 306 
ppbv (fixed)

fixed fixed and 1% 
idealized Y, ~5 species Y, ~9 species Y, 46 species Y, 46 species

Ozone - climatology - fixed Y, Τ1
2 groups Y Y Y

Sulphate aerosols 
(in/direct)

- climatology - - Y, Τ1
2 groups Y, Τ2

5 groups Y Y

Black/organic carbon - - - - Y, Τ1
2 groups Y,  Τ4

5 groups Y Y

Land use change - (active) - - Y, Τ1
3 groups Y,  Τ3

4 groups 4 states 1 state

Solar irradiance 1365 Wm-2 
(fixed)

1365 Wm-2 
(fixed) fixed fixed Y, Τ1

2 groups Y, Τ9
10 groups Y Y

Volcanic aerosols - - - - Y, Τ1
2 groups 3 variants, Τ9

10 
groups Y Y

Nitrogen deposition - - - - - - 4 species 4 species

Total varying forcings 2 2 0 1 (idealized) ~15 ~24 ~63 ~63+

Data delivery ftp ftp ftp ftp ~ ~ input4MIPs input4MIPs
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Why care about time-varying forcing?
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Forster et al., 2021, IPCC Ch7 Box7.2 Fig 1, 10.1017/9781009157896.009

• Forcings drive climate change and 
variability
— E.g. Maher et al., 2015 and many others

• Getting forcing (and model responses!) 
right underpins climate change 
attribution and future projection utility
— CMIP6 included “hot models” with higher 

climate sensitivity that Sherwood et al., 2020/ 
IPCC AR6 assessed range

— IPCC AR6 developed “contrained projections” 
models weighted by observed agreement

• CMIP projection user community 
growing markedly – being used for 
decision-making

https://doi.org/10.1002/2015GL064751
https://doi.org/10.1029/2019RG000678
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Forster et al., 2021, IPCC Ch7 Box7.2 Fig 1, 10.1017/9781009157896.009

• Forcings drive climate change and 
variability
— E.g. Maher et al., 2015 and many others

• Getting forcing (and model responses!) 
right underpins climate change 
attribution and future projection utility
— CMIP6 included “hot models” with higher 

climate sensitivity that Sherwood et al., 
2020/AR6 assessed range

• CMIP projection user community 
growing markedly – being used for 
decision-making

Constrained projections 
corrected downward
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Forcing impact on climate

• Past CMIP analyses highlight simulated climate discrepancies due to forcing
— CMIP3, models that excluded volcanic/stratospheric aerosol optical depth (SAOD) forcing had ocean heat content 

(OHC) warming trends 2-4x higher than observations (Domingues et al., 2008, NAT)
— CMIP5, SAOD forcing corrections brought early 21st century OHC warming rates down in line with observations (Durack 

et al., 2018, Oceanog.); Model simulations without effects of moderate modern volcanoes (after 2000) overestimate 
observed tropospheric warming since 1998 (Santer et al., 2014, NATGeo; Schmidt et al., 2014, NATGeo)

— CMIP6, models failed to capture observed dipole pattern of AOD trends over Asia during 2006-2014 due to the 
underestimate of SO2 emissions decline in China (Wang et al., 2021, NPJ; see also Paulot et al., 2018, ACP,
Quaas et al., 2022, ACP)

Wang et al., 2021, NPJ, 10.1038/s41612-020-00159-2

CMIP6 SO2 emissions China SO2 emissions PKU inventory 
replacement

Change in AOD (2014-2006)

https://doi.org/10.1038/nature07080
https://doi.org/10.5670/oceanog.2018.227
https://doi.org/10.5670/oceanog.2018.227
https://doi.org/10.1038/NGEO2098
https://doi.org/10.1038/NGEO2105
https://www.nature.com/articles/s41612-020-00159-2
https://acp.copernicus.org/articles/18/13265/2018/
https://doi.org/10.5194/acp-22-12221-2022
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CMIP6 Forcing collection

Durack et al., 2018, EOS, 10.1029/2018EO101751

• Past CMIP phases uncovered forcing impacts on simulated 
climate across models

• Until CMIP3, forcing datasets generated ad hoc by modeling 
centers for their simulation needs

• In CMIP5, few forcings generated explicitly, shared across groups 
for coordinated experiments

• For CMIP6, coordination leapt forward through input4MIPs ESGF 
project collecting and collating many required forcings – one stop 
shop for modeling groups, facilitating use, ensuring a more 
homogeneous “historical” simulation archive

• Also see also Gleckler obs4MIPs talk, 1:30 pm
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CMIP6 piControl experimental protocol

• Modeled climate is the result of
—Transient forcing
—Radiative response
—Modeled feedbacks

• CMIPx piControl and historical 
experimental design changed over time

• Address step change deficiency - piControl 
(fixed forcing) no volcanoes to historical 
(transient forcing 1850-present) beginning 
with very large Kie Besi (1861) and Krakatoa 
(1883) volcanic eruptions heavy SAOD 
loads

• Incorporate climatological average volcanic 
aerosol as piControl experimental protocol

Fyfe et al., 2021, PNAS, 10.1073/pnas.2016549118
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Learning through CMIP6 - volcanoes

Unpublished from Myriam Khodri (IPSL) highlighting Pinatubo SAOD forcing larger in CMIP6 than previous datasets



25 

Learning through CMIP6 – biomass burning emissions

Fasullo et al., 2022, GRL, 10.1029/2021GL097420
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Learning through CMIP6 – anthropogenic emissions

Holland et al., 2021, GMD, 10.5194/gmd-17-1585-2024

Black Carbon Primary organic matter

Sulfur dioxide Secondary organic aerosols

Future 
projections

Future 
projections

Future 
projections

Future 
projections
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Learning through CMIP6 – anthropogenic emissions

Unpublished from Vaishali Naik (NOAA-GFDL)
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CMIP7 Forcing

https://wcrp-cmip.org/cmip7-task-teams/forcings

• For CMIP7, further leverage CMIP coordination advantages

• Build CMIP Task Team to meet CMIP historical data needs

• Build on progress, fix CMIP6-era dataset issues

• Temporally extend dataset coverage to near real-time, 
ensuring no CMIP6 ~5 year gap (2014 to 2019)

• Once CMIP7 needs met, expand to tackle uncertainty
—Evaluate uncertainty for CMIP7-era datasets
—Identify largest simulation sensitivities to forcing
—Identify missing forcing agents (new model components?)
—Parallel analysis approaches
—Higher resolution native forcing data?
—Realize regular updates (~annual)
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CMIP7+ forcing improvement: new volcanic

• CMIP7 volcanic dataset v0

• 1850-2015 global mean SAOD larger 
in CMIP6 vs CMIP7

• Higher CMIP6 peak SAOD for key 
eruptions (Krakatoa 1883, Santa 
Maria 1902, Agung 1963)

• Numerous differences on 
timing/presence of eruptions likely to 
impact climate variability (e.g. 1920s, 
1940s – significant CMIP7 forcing 
missing in CMIP6

• Spatiotemporal changes, far less 
uniform across latitude/hemisphere 
in CMIP7 contrasted to CMIP6

Aubry et al., in prep
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CMIP7+ forcing improvement target: volcanic

Satellite 
period

Aubry et al., in prep

• CMIP7 volcanic dataset v0

• Small magnitude eruptions
(<<10 Tg SO2) missing pre-satellite

• Current generation SAOD 
inventories omit ~1 Tg SO2 yr-1 – 
equivalent of 7x Pinatubo 1991-
like eruptions missing per century 
= 15 Tg SO2 ~0.3degC global 
cooling

• Provide uncertainty quantification

• Add pyroCb emissions?

• Volcanic emissions beyond sulfur?
Mostly ice-core derived



31 

CMIP7+ forcing improvement target: SSTs and sea ice

See Zelinka talk
11 am
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Identify missing forcings

Anomalous freshwater forcing – Antarctica, Greenland, glaciers;
Schmidt et al., in prep
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Identify missing/unrepresented forcings

Aeolian dust; Kok et al., 2023, NATEarthEnv, 10.1038/s43017-022-00379-5 Pre-industrial fire carbon emissions;
Hamilton et al., 2018, NATComms, 10.1038/s41467-018-05592-9
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Model and forcing sensitivity – CanESM5/CanESM2

Fyfe et al., 2021, PNAS, 10.1073/pnas.2016549118

• During AR6/CMIP6 CCCma ran ESM 
variants with large ensembles

• CMIP6 era CanESM5
—CMIP6 forcings 50 members
—CMIP5 forcings 10 members

• CMIP5 era CanESM2
—CMIP5 forcings 5 members

• “..results provide evidence that global 
change uncertainty arising between 
different forcing estimates can be as 
large as uncertainty arising from 
different model versions..”

↑ CMIP6 vs CMIP5 forcing difference – same model ↑

↑ CanESM5 vs CanESM2 model difference – same CMIP5 forcing ↑
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Model and forcing sensitivity – CESM2/CESM1

Holland et al., 2021, GMD, 10.5194/gmd-17-1585-2024

• NCAR ran CESMx large ensemble variants

• CMIP6 era CESM2-LE
—CMIP6 forcings 50 members (CESM2-LEvbb)

—CMIP5 forcings 10 members (CESM2-CMIP5)

• CMIP5 era CESM1-LE
—CMIP5 forcings 15 members

• “..For global mean, CMIP6 forcing drives 
reduced ocean heat uptake, and global 
surface air temperature change relative to the 
CMIP5 forcing. Model structural changes 
between CESM2 and CESM1 counteract this, 
driving larger global average warming in 
CESM2..”

Future 
projections
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Planning beyond CMIP7

• Recognition continued forcing datasets 
updating and delivery requires rethink

• Many research and operational programs have 
a need for up-to-date forcings to enable latest 
model development and simulations

• Ascertain how best to optimize research 
dependent forcing development with 
”operational” delivery

• Bring forcing dataset providers, modeling 
groups and funding agencies together to 
determine future opportunities

• 28th October 2024, Reading UK

https://wcrp-cmip.org/event/forcings-workshop/
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• Progress in understanding and attributing observed climate changes 
possible through MIP activities extending across 5 decades

• International coordination, standardized experimentation and multi-
model approaches key

• Ongoing progress will be made through
—Better coordinating, understanding and using existing forcing data
—Quantifying known uncertainties second step
—Understanding how forcings are implemented across model configurations, and 

their differences
—Ascertain funding sources and approaches to realizing “operational” forcing 

provision

Summary



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States government. Neither 

the United States government nor Lawrence Livermore National Security, LLC, nor any of their employees makes any 

warranty, expressed or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or 

usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe 
privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, 

trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or 

favoring by the United States government or Lawrence Livermore National Security, LLC. The views and opinions of 

authors expressed herein do not necessarily state or reflect those of the United States government or Lawrence Livermore 
National Security, LLC, and shall not be used for advertising or product endorsement purposes.

Paul J. Durack
durack1@llnl.gov

Work completed by the PCMDI project 
is funded by the U.S. Department of 
Energy, Office of Science, Office of 

Biological and Environmental 
Research, Regional and Global Model 

Analysis Program.

Work completed by NOAA-GFDL is 
funded by the U.S. National Oceanic 

and Atmospheric Administration 


	Slide 1: CMIP Forcings: Where we’ve come from and where we’re going
	Slide 2: Talk overview
	Slide 3: Climate model evolution
	Slide 4: Climate model evolution
	Slide 5: Climate model evolution
	Slide 6: Climate model evolution
	Slide 7: Climate model evolution
	Slide 8: Climate model evolution
	Slide 9: Climate model evolution
	Slide 10: Climate model evolution
	Slide 11: Climate model evolution
	Slide 12: Model Intercomparison Projects (MIPs)
	Slide 13: Decadal evolution of MIP community
	Slide 14: Internationalization of MIPs
	Slide 15: MIP science - broad and growing impact
	Slide 16: How about climate forcing?
	Slide 17: Climate forcing through MIP phases
	Slide 18: Why care about time-varying forcing?
	Slide 19: Why care about time-varying forcing?
	Slide 20: Why care about time-varying forcing?
	Slide 21: Forcing impact on climate
	Slide 22: CMIP6 Forcing collection
	Slide 23: CMIP6 piControl experimental protocol
	Slide 24: Learning through CMIP6 - volcanoes
	Slide 25: Learning through CMIP6 – biomass burning emissions
	Slide 26: Learning through CMIP6 – anthropogenic emissions
	Slide 27: Learning through CMIP6 – anthropogenic emissions
	Slide 28: CMIP7 Forcing
	Slide 29: CMIP7+ forcing improvement: new volcanic
	Slide 30: CMIP7+ forcing improvement target: volcanic
	Slide 31: CMIP7+ forcing improvement target: SSTs and sea ice
	Slide 32: Identify missing forcings
	Slide 33: Identify missing/unrepresented forcings
	Slide 34: Model and forcing sensitivity – CanESM5/CanESM2
	Slide 35: Model and forcing sensitivity – CESM2/CESM1
	Slide 36: Planning beyond CMIP7
	Slide 37: Summary
	Slide 38

