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CMIP7 Model Benchmarking Task Team

Prerequisite forreliable informationfrom Earth system models: understand model
capabillities and limitations.

Essentialto evaluate the models systematically and comprehensively with the best
available observations and reanalysis data.

Full integration of routine benchmarking and evaluation of the modelsinto the CMIP

oublication workflow:.
Technical challenges: highresolution, memory limits, unstructured grids.

Science challenges: innovative diagnostics, novel observations, ML based
analysis
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Benchmarking and evaluation tools

CMIP have created a community database of tools that can be used for analyses with Earth system data.

RUBISCO

ILAMB

Category

Evaluation and benchmarking too

Description

The International Land Model
Benchmarking (ILAMB) project is a
model-data intercomparison and
integration project designed to ...
Website

https://www.ilamb.org/

™ ESMValTool

e _ Eouth Syisem Model Evalustion Tool

ESMValTool

Category

Evaluation and benchmarking too

Description

ESMValTool is an open-source
community-developed diagnostics
and performance metrics tool for
the evaluation and analysis of Ear...

Website

https://www.esmvaltool.org/

bgeval2

Category

Evaluation and benchmarking too

Description

Python based Software toolkit for
monitoring on-going simulations
of the ocean, and the marine
component of earth System ...

Fya
Website

https://github.com/valeriupredoi/...

PCMDI Metrics Package (...

Lateqgory

Evaluation and benchmarking too

Description

The PCMDI Metrics Package (PMP)
is an open source Python software
that provides "quick-look"”
objective comparisons of Earth ...

Website

http://pcmdi.github.io/pemdi_me...

T et e e

CMIP6 for CORDEX Toolkit

Category

Evaluation and benchmarking too

Description

CMIP6 for CORDEX is a
community-based toolkit,
developed by Euro-CORDEX, that
allows users to evaluate data ...
Website

https://werp-cordex.github.iofemi...

TheDiaTo

Category

Evaluation and benchmarking too

Description

A collection of diagnostics for the
study of the thermodynamics of
the climate system

Website

https://github.com/ValerioLernbo...

(L Model
@ 1&" ¥ Diagnostics

v, - Task Force

Model Diagnostics Task F...

Category

Evaluation and benchmarking too

Description

An open-source framework that
can be used to apply community-
contributed process-oriented
diagnostics for Earth System Mod...

Website

https://www.gfdl.noaa.gov/mdtf-...

AMBER

Category

Evaluation and benchmarking too

Description

The Automated Model
Benchmarking R package (AMBER)
compares model outputs against
observation-based reference data...

Website

https://gitlab.com/cseiler/AMBER
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Climate Variability Diagno...

Category

Evaluation and benchmarking too

Description

The CVDP is an automated analysis
tool and data repository for
assessing modes of climate
variability and trends in models ...
Website

https://www.cesm.ucar.edu/proje...

CTOMEAN &

ECmean

Cateqory

Evaluation and benchmarking too

Description

ECmeand is a lightweight
parallelised tool for evaluation of
basic properties of Global Climate
Maodels: to this date, it includes th...

Website

https://ecmeand.readthedocs.io/e...

Cryosphere model Compa...

Category

Evaluation and benchmarking too

Description

The Cryosphere model Comparison
tool (CmCt) compares ice sheet
models against remote sensing
observations. Currently, the tool ...

Mahcite
Website

https://github.com/NASA-Cryosp...

pyLamb

pyLamb

Category

Evaluation and benchmarking too

Description

The pyLamb script collection uses
standard Python packages to
evaluate the performance (aka
fidelity) of CMIP Global Climate ...
Website

https://github.com/SwenBrands/...

Open-source

Useable for CMIP data
analyses

12toolsinthe database so far

Add your tooltoday!

Availlable at: https://wcrp-cmip.org/tools/model-benchmarking-and-evaluation-tools/
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Benchmarking and evaluation approaches

Six general approaches,

grouped according to their
underlying evaluation

orinciples
tirr:::Iiges :) . . o
o | o ortrait p|OtS,Varlabl|lty&
Climate : :
model Blases, Spatial patterns,
evaluation . .

O Budgets, Statistical analyses,

laionsh —arth System metrics

L.
Earth % | | ong-term
system intermodal
sensitivity uncertainty
]

Observed
variation

Most of them canbe applied
regionally or globally

Observations
distribution

Statistical analyses

DOI:10.5281/zen0do.13934006
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Observations for model evalua

encourages coordinated
Key stages of Earth development to integrate
System Models new observations into models

identifies need for new & improved
observations (new variables, spatial &
temporal resolution)

feedback
onuser
requirements

investigates whether
suitable observations
already exist

Modelinitialisation ~

provides forcing
datasets,
initial conditions

and tuning performs

baseline
comparisons,

bias correction,
spectral calibration
and simulation
studies to tune
instrument sensitivity
and accuracy

Model simulations

Model verification provide datasets

"for verification

and validation _
inform new

identifies parameterisations
Science-ready reference data (e.g.newML
simulations gaps for model techniques)
d

to forcing datasets,
parameter estimations

Model benchmarking and
evaluation

requires common
metadata & format
standards, uncertainty
evaluate new information
climate

¢—___Parameterisations

Process analysis

derive statistical or
signal detection quantities

lagnostics
4\provide updates N
provide dataset
forbenchmarking \\
(e.g. Obs4MIPs) \_

Key stages of
Earth Observation

Preliminary design /
feas%ility

Instrument design &
development

Testing & calibration

Data acquisition (LO)

Data verification & quality

assurance (L1)

Data processingto
products (L2)

Dissemination &
delivery products
(L2-3)

Value added services
(L4)
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Earth Science Information https://doi.org/10.5281/zen0do.14886515
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Overview of the Rapid Evaluation Framework

Vision: Acommunity owned evaluation framework, built upon, and
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serves as astarting point for deeper exploration of CMIP model data.

https://wcrp-cmip.org/cmip-phases/cmip//rapid-evaluation-framework/



https://doi.org/10.5194/egusphere-2025-2685
https://doi.org/10.5194/egusphere-2025-2685
https://doi.org/10.5194/egusphere-2025-2685
https://doi.org/10.5194/egusphere-2025-2685
https://doi.org/10.5194/egusphere-2025-2685

CMIP Mocel Benchmarking | WCRP' 7

The Rapid Evaluation Framework (REF): Jirmmry

CoOmmunit
th

3rings together analyses from different
evaluationtoolsinaconsistent manner,
showcasing open-source software and data
diversity.

REF diagnostics give abroad overview of the
spread across modelsinterms of calculated
metrics.

REF diagnostics can be usefulto answer a
specificresearch question, by examining
diagnostic criteriarelated to model
performance inkey processes orregions
relevant to the studly.

https://wcrp-cmip.org/cmip-phases/cmip//rapid-evaluation-framework/
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Co-creation of the REF -19 months to date!

The brief: Several rounds of consultation: What we’ve done:

The Model Benchmarking task e Early scope and structure
teamwas tasked by the CMIP shared with CMIP panel, ESMO VERSION 1: In October 2025,

panelto provide a systematic and the WIP forfeedback. CMIPé6- & 6Plus-ready REF
andrapid performance » Modelling centres and release

assessment of the expected observation providers askedvia

models participating in CMIP/ surveys and through drop-ins VERSION 2: InMarch 2026 there
with a set of new and fortheirviews. willbe a secondrelease, the
informative diagnostics and » Hackathon enabled early beta CMIP7-ready REF.
pcerformance metrics, ideally testersto directly feedbackto

along with the model output the delivery team.

and documentation.  Betareleaseissuedforopen
consultation with the wider
CMIP and usercommunity.

https://wcrp-cmip.org/cmip-phases/cmip//rapid-evaluation-framework/
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Overview of the Rapid Evaluation Framework

o New data triggers new
PI'EI'EE]UISItES runs of framework

L Model Benchmarking Framework
s/Reference
l I
|
Model Data I Scratch storage Create DAG of ef;ﬁ:::; / ( difl-rl"ltg;t?cs Publishon L
QA/QC : & compute jobstorun benchmarks sun?maries)l website(s) [
Metric / l
I Benchmark |
Approved I
Model Data e e e e e T T T I e

Forthe Version Z2release, it willonly berun forexperiments that have satisfied QA checks viathe ESGF QA process.

https://wcrp-cmip.org/cmip-phases/cmip//rapid-evaluation-framework/
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REF deployment overview

Expansion for:

- CORDEX

- Highresolution modelling

. [AMs

- Streamlining preparation of observation
datasets foringest by the REF

- Evaluation/quality control

. External existing system
D New off the shelf service

. REF-specific service

Data API Portal

Landing page
for serving
information

about the REF

Provides public Queries
accesstothe
results

Read-only Queries
Fetchesresults

Compute

OUtpUt . Copieg . Engine

Datastore datato

Database
Postgresql

Worker

Scratch |

Datastore

|

Write output
to

Pull executions

PMP

executionservice

ESMValTool

executionservice

Lewis etal. (2025). REF key services and interactions with external services including

ESGF. Zenodo. DOI: 10.5281/zenodo. 15595006

Wait for
completions Redis Queue execution
Task que forexecutions

ILAMB

executionservice NetCDF

ESGF -NG
Event
Stream

New data available
(triggersingest)

Compute
Engine

Orchestrates the
workflow

Metrics

need
ACCESS 0 =l

files

12

Data
CMIP6, CMIP/

Fast Track and
obs4dMIPs
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. External existing system

Components of the REF
() Newottthe sheifservice

Abstraction for describing a Diagnostic @ <= -soeciic e
thatrequires input datasets and produces
standardised outputs

Tooling to run executions in parallel on ESHValTool T
HPCs, via docker containers orlocally

Database layer fortracking all results for

orovenance 4
APl to provide resultsinamachine- LAM -wage
‘eadable format

Portal to provide some basic information
about the result

execution service

https://wcrp-cmip.org/cmip-phases/cmip//rapid-evaluation-framework/

API

Provides public

access to the
results

Dashboard -
public portal

Jupyter
Notebooks

Third party
website

Ingestinto

Modelling
centre

workflows
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Diagnostic collections including reference datasets

The CMIP Model Benchmarking Task Team, through consultation with the CMIP modelling community, have collected a set of informative
diagnostic collections for five different Earth system model themes. for CMIP Assessment Fast Track model evaluation

Forthe fulllist see: DOI 10.5281/zenodo.14284374
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Dashboard

Rapid Evaluation , .
. Diagnostics
Framework

Data Explorer Executions Datasets

CMIP7 Assessment Fast Track
Rapid Evaluation Framework

systematic and comprehensive evaluation of climate models through comparison with observational data

Explore Data -

Introduction

Learn Mare

The Rapid Evaluation Framework (REF) provides diagnostics to characterise climate mode

performance and highlight model spread, diversity and differences. These results may help

researchers identify models suitable for specific applications but should not

L]

e interpreted as

identifying "good” or "bad” models. This version 1release of the REF serves as a starting point for

deeper exploration and investigation into CMIP6 and CMIP&PIus model output.

REF Dashboard

REF Documentation

REF GitHub repository

oo
I ..|"l: !I"'I-

J
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ILAMB and I0MB Diagnostics
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ILAMB - Runoff

ACCESS-CM2-rlilplfl-gn Month of Maximum
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IOMB

— 1.0 o

ILAMB contributes key diagnostics covering important
variables and processes - some examplesinclude sea
water salinity, run off, net biome productivity, gross
porimary productivity, ocean meridional overturning.

AWI-ESM-1-1-LR-rlilplfl-gn Bias Score

. L erm T TTm
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0.2

0.0

ILAMB bias score synthesis

- Month of maximum sea water salinity

601 Land Source
40
20 1

Reference

_20_
Land Sink

1860 1880 1900 1920 1940 1960 1980 2000
year

ILAMB - accumulated Net Biome Productivity
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Case study: Fire diagnostics

Burnt fraction [5th percentile]
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= ;:g ESMValTool Fire diagnostic produces annualburnt
. o6 5 area, fire weathercontroland fuel continuity at the
o4t 5t and 95t percentiles. Calculations based onthe

02 ConFire model (Jones etal,2024).
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CMCC-CM2-SR5-rlilplfl-gn RMSE Score

Case study: Fire diagnostics

CMCC-CM2-SR5-rlilplfl-gn Period Mean

ILAMB —-CMCC-CM2

17
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ILAMB Fire diagnostics provide different visualizations of burnt
area fraction - means, Taylor diagrams and time series, RMSE
scores forregional and global values (Collier et al 2018).
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Once accepted, submit
Github repository

Use CMO

Create CMO

RO

onN;
lowing olbs4M

R-like datasets
implemented by ESMValToo

ForLAMB community members, I[LAMBJ3 has a workflow for outputting datainto [LAMB-
ready, CF-compliant, olbs4MIPs Data Standards compliant, ESGF publicationready

Dataset proposalto be submitted to the obs4Ml
Registered Content (

‘e

Pathways to reference data publication on ESGF

obs4MIPs

Observations for Model
Intercomparison Projects

°s Steering Panel

RC)as anissuetoobsdMIPs

Contains essentialmetadata onthe dataset and producer
Dataset preparati

Psinstructions to prepare the dataset

following O

and [LAM

3) -

Obs4RE

https://www.wcrp-esmo.org/projects-and-panels/obs4dmips

)S2.6 (Workﬂows
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The WCRP Modelling Multiverse

Spatial Resolution

Eachtype of modelor

modelling project has

adifferent abilityto ~ Spatialcoverage
model over different
spatial resolutions,
spatial coverage,
temporal coverage,
model complexities,
and ensemble sizes.

: 4 #
l'{rl. ]
WCRP CMIP High resolution Emulators

DOI: 10.5281/zenodo.804/805

The Rapid Evaluation Framework

Ensemblesize (REF)hasbeen developed foruse
with CMIP data.

Itis designed to be astarting
point forthe community to
develop and build upon, with
applications across the WCRP
Modelling Multiverse.

Temporal coverage Complexity
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The CMIP Assessment Fast Track

Prediction & Projection

DCPP ()

L dcppB-forecast-cmipé

ScenarioMIP (2 (&)

(esm-)scen/-h
(esm-)scen/-hl
(esm-)scen/-m
(esm-)scen/-ml
(esm-)scen’/-|
(esm-)scen/-In
(esm-)scen/-vl
Highest priority
scenario extensions,

as definedinvan Vuuren
etal., 2025

Attribution

AerChemMIP ()

(esm-)scen/-h-Aer
(esm-)scen/-h-AQ
(esm-)scen/-vl-Aer
(esm-)scen/-vI-AQ
hist-piAer
hist-piAQ
piClim-CH4
piClim-N20
piClim-NOx
piClim-ODS
piClim-S0O2

Process Understanding

GeoMIP @

Characterisation

C4MIP

|— g/-1p5K-sai

PMIP Qg@)
abrupt-127k

DAMIP (8 (1)

— hist-nat
— hist-aer
— hist-GHG

LMIP (@5

IpctCO2-bgc
1pctCO2-rad
esm-flatlio
esm-flatlO-cdr
esm-flatl0-zec
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|— land-hist
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amip-piForcing
abrupt-2xCO2
abrupt-Op5CO2

RFEMIP (9

— piClim-histaer

— piClim-aer

— piClim-histall

Scientific questions

Patterns of sea
surface change

Changing weather

Water-carbon-
climate nexus

Assessment Fast Track

https://wcrp-cmip.org/cmip-phases/cmip//fast-track/

Tipping Points
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CMIP (i, ESMO

R E F c Earth System Modelling
and Observations

A rovalb Assessment Fast Track
pprovaiby REF launch
governing (4t November)
panels
REF initiated
Jul2024 Oct 2024 Jan 2025
Refine options Initiate build, Model
and explore Benchmarking TT finalise
resource diagnostics selection plus
requirements licensing policy development
Secure funding and start f:iﬁ,:ig?:::;ﬁ;:c
commissioning process P

definitions

Onboard and refine
designwith REF
delivery team

Prototype

testing

Input from
reference dataset
community

REF timeli

REF REF betarelease

hackathon (to modelling centres)

Apr2025 Jul2025 Oct 2025

Refine the framework

Community consultation - drop-ins & incorporation
Finalise quality of feedback from community beta users

control processes

Test containerised
prototype

10

ne

RELEASE V1 ~ GOVERNANCE

IFINALISED RELEASE v2
Launch of CMIPé & : .  of CMIP7 rond
CMIP6 Plus ready REF Scoping working group to auncho ‘ready
for community use and make final governance REF for community use
expansion recon]mendations toESMO and expansion

O . SSG 4

Jan2026 April2026

Updates to
documentation

Finalisation of documentation

Early adopter testing,

incorporating feedback

Announce details of

" . , ESMO WGORC-CMIP-pbs4MIPS dedicated REF
niateciselssionsian Governance Scoping working group to devise, consult dovernance
governance and operational >coping g group " arrangements and
" on, and provide ESMO SSG with recommendations for | Reallf
structure transition arrangements aunch call for
future governanke arrangements. embers

Approval, initiation & options refinement Initiative community launch &- Testing and development &
prototype development and testing launch of betarelease

Community engagement and launches of
CMIP-REF releases



Reference datasets




Example uses of the REF
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REALM: OCEANS & SEA ICE

Ed Blockley, Met Office, UK
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= Metomee  Sea ice area: basic

ce area (million km2) Sea ice area (million km2)

* Hemispheric sea ice area: == osearie = ganic
Arctic & Antarctic 7
» Mean-seasonal-cycle 2 -
» Summer historical evolution: ¢+
 NH (September); SH (February) . Arctic
» Compared with satellite L "

1 1 T | T T | | T T T T T | T T | T T T | T
1 2 3 4 5 6 7 8 9 10 11 12 1980 1984 1988 1992 1996 2000 2004 2008 2012 2016

estimates e .
| Mean-seasonal-cycle Summer: historical
 Allows access to quick

iInformation on state of sea :; T T g5l
Ice area In each simulation
» Modelling centres for 5, | |
evaluation - ~Antarcti
* Informed data users N Antarctic %



== Met Office

Hadley centre D€ ICE Ar€a:. comparison

* Individual ensemble members do not give the
general picture (high internal variability):

 Elther for a particular model or multi-model
consensus

* Plans to include multiple models & ensembles:
 Extend model-obs time-series and mean-

seasonal-cycle plots to include ensemble spread

* Are the observations consistent with the model’s
ensemble spread?

* Multi-model comparison of hemispheric sea ice
area mean-seasonal-cycle

» Roach et al. (2020) SIMIP benchmarking paper

(a) SH

—— e e T T T e e e T T T T

| [Roach et al. (2020)]

Mar_ May  Jul

Sep



REALM: LAND & LAND ICE

Forrest Hoffman, ORNL




CMIP WCRP

Treatment of uncertainties

REF requires uniform approach

19

Consultations with olbs4MIPs, observation community,
metric package developersand CMIP/-CVs Task Team

Additional global attributes describing if and what

uncertainty informationisincluded ("has_auxad
"aux_variable_id")

ata’,

Different approaches for CMOR and CMOR-like datasets

WeRF® (2 ESMO CMOR: eachuncertainty informationisincludedin
CCCCCCC separate files
NCERTAINTY . L o
gufcxusr CMOR-like: uncertainty information included as
- ancillary variables following CF conventions
Participation of REF as case study in NPL led working
B v . group on new Uncertainty Metadata/Nomenclature

Convention (UNC)


https://doi.org/10.5281/zenodo.17312883

CMIP WCRP\ 18

Transition criteria for REF use of obs4MIPs

CMIP7 compatibility - new CVs, CMIP7 JSON -LD structure.
New ODS 2.6 specifications - provisionto indicate additional
uncertainty. information, point and station data, doi.
Climatologies.

Uncertainty information - ancillary variables vs files.

CMOR-like vs CMOR.

obs4REF has been set up as aninterim ESGF publishing project.
Once obs4MIPs is able to meet all the REF transition criteria, the datasets can
be transferred to the obs4MIPs publishing project
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