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History and Future

„Systematic Benchmarking of Climate Models: 

Methodologies, Applications, and New Directions”. 

Manuscript submitted to Reviews of Geophysics.
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Definition of model evaluation and benchmarking

• What is model evaluation and benchmarking?

• How was the evaluation and benchmarking done for different CMIP 

phases?

• What tools have been used to evaluate and benchmark the CMIP 

model ensemble?

• What are the challenges that model evaluation and benchmarking 

has to face, and developments it needs to undergo in the future?

• What would be a good framework to evaluate and benchmark CMIP 

AR7 Fasttrack simulations as soon as they become available on 

ESGF?



Definition of model evaluation and benchmarking

DOI: 10.5281/zenodo.13985652



Definition of model evaluation and benchmarking

• Verification: the 

process of assessing 

model consistency in 

terms of correct 

implementation of 

the included 

processes as 

expected by the 

model and 

experiment design. 

DOI: 10.5281/zenodo.13985652



Definition of model evaluation and benchmarking

• Validation: the 

process of 

determining the 

degree to which a 

model accurately 

represents 

processes in the real 

world, particularly for 

the intended uses of 

the model. 

DOI: 10.5281/zenodo.13985652



Definition of model evaluation and benchmarking

• Evaluation: the 

process of assessing 

simulations against 

observations 

DOI: 10.5281/zenodo.13985652



Definition of model evaluation and benchmarking

• Benchmarking: the 

process where 

model simulations 

are evaluated with 

observations, often 

resulting in a 

statement made 

about the goodness 

of the simulation or 

model. 

DOI: 10.5281/zenodo.13985652



Benchmarking and evaluation schemes

• Six general schemes, 

grouped according to their 

underlying evaluation 

principles

• Portrait plots, Variability & 

Biases, Spatial patterns, 

Budgets, Statistical 

analyses, Earth System 

metrics

• Most of them can be 

applied regionally or 

globally

DOI: 10.5281/zenodo.13934006

https://doi.org/10.5281/zenodo.13934006


Tools for analysing climate data
CMIP have created a community database of tools which can be used for 

analyses with climate and CMIP data.

www.wcrp-cmip.org/tools

http://www.wcrp-cmip.org/tools


Benchmarking and evaluation tools

• 11 tools in the database so far

• Available at: https://wcrp-cmip.org/tools/model-

benchmarking-and-evaluation-tools/

• Open-source

• Useable for CMIP data 

analyses



Summary of tool characteristics

• Eight open-
source tools are 
summarized by 
their ten main 
characteristics

DOI: 10.5281/zenodo.13985691



Improvements through different CMIP phases

• Benchmarking 

atmospheric 

variables from 

CMIP5 and 

CMIP6 models

DOI: 10.5281/zenodo.14882562



Improvements through different CMIP phases

Overall improvements in:

• Vegetation phenology

• Biomass in the Amazon basin

• East Asian Summer Monsoon

• Cloud and Water Vapour 
Processes

DOI: 10.5281/zenodo.14970963



But still: long-standing biases

• Precipitation: Biases in precipitation in climate models vary widely and are 

sensitive to the representation of clouds, radiation, surface processes, and multi-

scale circulation. 

• Double ITCZ: The double ITCZ (Intertropical Convergence Zone) is 

characterized by the double zonally elongated narrow belt of high precipitation in 

the tropics, which is present in model simulations but not in observations. 

• Warming bias in the tropical troposphere: Excessive tropospheric warming in 

the tropics has been well documented in climate models.

• Arctic sea ice sensitivity to global warming: Arctic sea ice decline in CMIP 

models is lower than that observed in the satellite record, and CMIP models do 

underestimate the sensitivity of Arctic sea ice to global warming .



What to consider when interpreting 

benchmarking results

• Choice of observation/reanalysis data (easy access, familiarity, global 
coverage, right format…)

• Choice of metric or diagnostics (variables or regions considered, 
analysed time period, consideration of seasonal aggregation…)

• Consideration of uncertainties?

• Choice of region

• Choice of application

Ranking of models based on benchmarking must 

be treated with caution!



What to consider when interpreting 

benchmarking results

• Choice of observation/reanalysis data (easy access, familiarity, global 
coverage, right format…)

• Choice of metric or diagnostics (variables or regions considered, 
analysed time period, consideration of seasonal aggregation…)

• Consideration of uncertainties?

• Choice of region

• Choice of application

Ranking of models based on benchmarking must 

be treated with caution!

Manuscript submitted to

Reviews of Geophysics just last 

week! 



Routine evaluation for CMIP6

• Anticipated 

workflow for 

routine evaluation 

of CMIP6 

simulations

• Did not fully work 

as anticipated…

Eyring et al., ESD, 10.5194/esd-7-813-2016, 2016.
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The CMIP Rapid Evaluation Framework (REF)

• Objective of the Model Benchmarking Task Team

• Conceptual design was developed at a workshop held at DLR in May 2024

• Approved by CMIP Panel in July 2024
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Consultation to date

May 2024 Model Evaluation Survey 

Three areas of focus:

1.   how did respondents engage with CMIP?

2. What was their satisfaction with CMIP models & observations?

3. What are their aspirations for model attributes & benchmarking

This provided context for the May workshop where the propose for the REF was initiated.

September 2024  Diagnostics Survey – analysed by IPO and Fresh Eyes on CMIP members

October 2024  Observations for diagnostics session at ESA Climate Modellers Users Group Co-location 

meeting

Planned: Drop-ins for modelling centres and observation dataset providers during the REF Hackathon w/c 

10th March - find out more here: https://wcrp-cmip.org/event/ref-hackathon/ 

https://wcrp-cmip.org/event/ref-hackathon/
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Overview
• Vision: A community owned evaluation framework, built upon, and compatible with, existing 

community evaluation packages that incorporates an application programming interface (API) for 

executing metrics generation from those community evaluation packages, across the globe.  

• Goal: The Rapid Evaluation Framework (REF) is a complete end to end system providing a 

systematic and rapid performance assessment of the expected models participating in the CMIP AR7 

Fast Track, supporting the next IPCC Assessment Report 7 (AR7) cycle

• Outcome: The REF provides ability to fully integrate evaluation tools into the CMIP publication 

workflow, and their diagnostic outputs published alongside the model output on the Earth System Grid 

Federation (ESGF) through an easily accessible website.  

• Wider community use beyond CMIP: The REF is designed to be a starting point for the community 

to develop and build upon, with applications across the WCRP Modelling Multiverse.

• Diagnostics for CMIP AR7 FastTrack model evaluation: The CMIP Model Benchmarking Task 

Team through consultation with the CMIP modelling community, have collected a set of informative 

diagnostics for five different climate model themes.
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Overview continued

The REF will be:

▪ Open source, capable of being used by, 

and further expanded by the model 

benchmarking and evaluation community 

▪ Open access, available both online and 

through a portable containerised system for 

use by modelling centres in-house 

It will only be run for experiments that have 

satisfied QA checks via the ESGF QA 

process.



24

Earth System Grid Federation (ESGF)

• ESGF is an international consortium and a 

globally distributed peer-to-peer network of 

data servers using a common set of protocols 

& interfaces to distribute climate model output 

and related input & observational data

• Open Science data are used by scientists all 

over the world to investigate consequences of 

climate change scenarios and feedbacks

• Developing next generation architecture, 

data discovery interfaces, server-side 

computing, and analysis platforms for the next 

set of models

Model output data from 

ESGF are used for 

research that underpins 

IPCC Assessment 

Reports, like AR6
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ESGF-NG Core Architecture

The ESGF Next Generation 

Core Architecture will employ 

a Federation-wide Event 

Stream for ensuring 

synchronization of two global 

indexes.

The Event Stream will also 

facilitate automated execution 

of  tasks and support 

community data activities.



Current activities

• Funding secured for essential components for AR7

• Welcomed by the community – very positive response in the survey (September 2024)

• REF Benchmarking opportunity has been submitted to the Data Request and peer reviewed 

by all thematic author teams

• Diagnostics list for AR7 FT launched November 2024

• Community are encouraged to consider incorporating REF add-ons for enhancements in 

funding proposals.  

• Expressions of interest open  for Tier 1 nodes, reference data providers, modelling centres 

and scientists



Timeline



Milestones for REF development

• Milestone 1 – Community engagement to finalize the implemented metrics 

and diagnostics in a minimal version of the REF – completed, launched 4 

November

• Milestone 2 - Provide recommendations for enhanced QA/QC package(s)  

In progress - REF delivery team working with a dedicated ESGF-WIP 

QA QC Working Group

• Milestone 3 - Prototype workflow across at least two participating ESGF 

nodes and test containerised version with at least 3 modelling centres In  

progress

• Milestone 4– Governance and operational structure for future evolution 

presented to and approved by WCRP JSC

• Milestone 5– Publication (peer reviewed) after the REF is in place and 

tested

• March 2025 Prototype operational and 

undergoes stress testing during hackathon.

• May 2025- Beta portal available for early 

adopter modelling centres 

• October 2025- Public release of the metrics 

portal and REF for community evolution.

Keep up to date with the latest REF progress by 

looking at the roadmap:
https://cmip-ref.readthedocs.io/en/latest/roadmap/



Community consultation 

Incorporation of feedback from community beta 

users

Finalisation of proposed governance and 

operational structure and approval by WCRP JSC.

Finalisation of documentation

Jul 2024 Jan 2025 Apr 2025 Jul 2025

Refine options and 

explore resource 

requirements

Oct 2024

Onboard and 

refine design 

with REF 

delivery team

Input from 

reference 

dataset 

community

Establish 

interim REF 

Scientific 

Steering Panel

Oct 2025

Secure funding and start 

commissioning process

AR7 Fast Track 

REF launch 

(4th November)

Initiate build, Model 

Benchmarking TT finalise 

diagnostics selection plus 

licensing policy development

Development of draft 

specification for metric 

definitions

Prototype 

testing

Refine the framework

Finalise quality control 

processes

Test containerised 

prototype

Early adopter testing 

(potentially with AR7 Fast 

Track data), incorporating 

feedback

REF beta release 

(to modelling 

centres) Launch of AR7 

Fast Track REF 

for community 

use and 

expansion



Work packages



Work packages



With thanks to everyone making the REF possible:

• Acknowledgement of funders Being delivered by: 



Thank You
@wcrpcmip

wcrp-cmip

cmip-ipo@esa.int
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