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Document Purpose  

This document offers guidance for users of the CMIP Rapid Evaluation Framework 
(REF)1 on how to interpret REF outputs and apply them effectively. It is designed to 
help users from the CMIP community get the most out of both CMIP data and the REF 
by providing best practices for rigorous and informed use of the evaluation tool and 
results. The guidance addresses how to account for model uncertainty, reference 
data uncertainty, and internal variability, and helps users identify the most relevant 
metrics and diagnostics for their purposes. 

 
 

Scope Statement  

This document provides non-binding community guidance on how to interpret REF 
outputs in a rigorous and informed manner. It does not mandate model evaluation or 
selection procedures (i.e., it does not serve as fit-for-all purposes model evaluation 
or selection procedures) and does not replace domain-specific scientific judgment 
and analysis. The guidance reflects the current capabilities and limitations of the REF 
at the time of writing and may evolve as the framework develops. Within this 
document, REF diagnostics2 are considered as providing an initial, standardized 
comparison step that may inform, but does not replace, subsequent validation, 
attribution, and application-specific evaluation. REF outputs are best interpreted as 
diagnostics for further investigation, not as endpoints.  

 

 

 

 

 

1 Find out more about the REF here: https://climate-ref.org/ 

2 Diagnostic Collection List is available here:  DOI 10.5281/zenodo.14284374. 

https://climate-ref.org/
https://doi.org/10.5281/zenodo.14284374
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Understanding the REF and its Purpose  

The REF is:  The REF is not:  

A rapid, standardized entry point for 
evaluating CMIP models behavior 
against reference datasets.  

A validation of model correctness.  

Designed to support early-stage 
assessment, exploration, and ranking 
and selection of models for further 
assessment.  

A definitive or universal ranking of 
model performance.  

Aimed at highlighting relative multi-
model differences, strengths, and 
weaknesses across multiple 
diagnostics. 

A substitute for expert-driven, 
process-based, regional or application 
specific evaluation.  

Note: Certain metrics, such as TCR, TCRE, and ECS are included on the dashboard, 
but do not have a reference dataset, hence, not all metrics have observations to 
compare against, and certain evaluations in the REF are for the sake of model 
intercomparison.  
 

The following table illustrates how undesirable approaches can be strengthened with 
consideration of best practices: 

Undesirable Approach Best Practice Alternative 

Treating REF summary scores as a 
universal ranking of model fidelity 

Use multiple diagnostics to understand 
which models are more suitable for a 
specific application or region 

Eliminating a large fraction of the 
ensemble based on one or two 
diagnostics 

Retain model diversity and document 
the reasoning for any weighting or 
narrowing of the ensemble 

Describing models as “validated” 
based on REF diagnostics alone 

Describe REF results as benchmarking 
against selected reference datasets, 
noting that evaluation involves 
additional steps beyond the REF’s 
current scope 
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Primary Purpose of the REF  

The REF serves three primary purposes for the CMIP user community: 

1. Systematic comparison across the CMIP ensemble. The REF provides 
systematic, open-source, community-driven comparison tools that can help 
with the identification of relative model strengths and weaknesses, as well as 
potential errors in model output, across CMIP participating models and the 
broader ensemble. Drawing on diverse data sources and software, this allows 
users to better understand the range of model behaviors and make informed 
decisions about the CMIP ensemble.  

2. Identifying model subsets for specific research questions. REF diagnostics 
can help identify a subset of models for a specific study by examining 
diagnostic criteria related to model performance in key processes or regions 
relevant to the research question. For example, results for global diagnostics 
(such as global mean temperature) are not necessarily indicative of results for 
regional-scale diagnostics. Application specific metrics are therefore valuable 
for determining which models are well-suited for which research questions.  

3. Informing model selection for downscaling and weighting. REF outputs can 
inform model selection for downscaling applications (Sobolowski et al. 2025) 
and multi-model weighting schemes (Merrifield et al. 2023), provided that 
evaluation metrics are matched to the specific variables and processes most 
relevant to the intended use. Fidelity of standard climate measures is related 
to, but does not guarantee, fidelity for specialized applications like 
hydroclimate extremes or agricultural risk assessments.  

The REF is most appropriately used at the early stages of an analysis workflow, i.e., as 
an entry point for deeper investigation into CMIP models rather than as a definitive 
judgment of model quality. Because all models have varying strengths and limitations 
for particular research applications, REF results are best understood as a first look 
into the larger context of challenges in climate modeling and ongoing need for 
observational and inter-model comparison. The relevance of model fidelity over the 
historical period to future projections requires comprehensive analysis beyond the 
REF (see Eyring et al. 2019). 

Some REF diagnostics provide spatially explicit or regionally resolved information, 
while others are global or aggregated by design. Cautious interpretation is warranted 
when inferring regional model performance solely from global metrics. Confirming 
that the spatial and temporal resolution of selected diagnostics is appropriate for a 
given application is an important part of rigorous and informed use.  
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Ten Considerations for Best Practices  

1. Choose models based on multiple metrics and diagnostics, not a single 
indicator. Model performance varies across regions, variables, and temporal 
scales. A model that appears to be the best fit for one application can perform 
poorly for other applications. Using a suite of complementary metrics to 
examine model performance across multiple relevant dimensions provides a 
more robust basis for decision-making (Sobolowski et al. 2025).  

2. Match evaluation metrics to the specific application. Different research 
questions call for different evaluation criteria. Metrics relevant for global mean 
climate may not be informative for regional extremes, seasonal cycles, or 
process-specific applications. Selecting diagnostics that are fit for purpose is 
central to rigorous application of the REF. 

3. Understand that model performance and value are relative to intended use. 
No model is universally “good” or “bad”. Each model represents some 
components of the Earth system with more fidelity than others. Fitness-for-
purpose is always relative to a specific research question, regional, variable, 
and temporal scale.  

4. Look beyond summary scores. Investigating the underlying information used 
to generate a summary score, such as individual metrics scalars, spatial 
patterns, and variable-level performance, provides a more complete and 
nuanced picture than aggregated results alone.  

5. Compliment the REF with process-based diagnostics where available. 
Underlying physical process representations drive model behavior, so 
process-based diagnostics tend to provide more reliable and interpretable 
guidance than purely statistical measures. Where available, these diagnostics 
are a valuable complement to standard metrics.   

6. Account for observational uncertainty and gaps in the REF. All model-
observation comparisons carry uncertainties from the reference datasets and 
models, the former of which deserve attention. Where possible, comparing 
results against multiple reference datasets (e.g. ERA5 and JRA-55) helps assess 
sensitivity to the choice of observational product (Brands 2022; Jain et al. 
2023). For under-observed regions like West/Central Africa, prioritize regional 
diagnostics (e.g., Sahel precipitation biases, Gulf of Guinea upwelling) to reveal 
model dependencies missed by global metrics. 
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7. Consider model dependencies and shared components. Nominally different 
models often share code or components, meaning they are not fully 
independent (Knutti et al. 2013; Kuma et al. 2023). Where resources permit, 
accounting for model dependencies and shared components strengthens the 
robustness of ensemble-based analyses. When resources are limited and 
model dependencies cannot be assessed, institutional democracy (one model 
per institution) offers a practical default (however, there might be project 
specific reasons to have multiple models from an single institution 
represented) (Knutti et al. 2010; Boé 2018). 

8. Recognize that the REF currently analyzes only single ensemble members. A 
full ensemble will likely increase the spread and uncertainty of a given metric. As 
a result, REF outputs do not fully represent ensemble uncertainty. Metrics 
sensitive to variability or extremes may exhibit a narrower spread than would be 
obtained from a multi-member ensemble for each model. Where a model’s 
internal variability or structural uncertainty is important for an intended 
application, REF results can be complemented with ensemble-based analysis 
conducted outside the REF.  

9. Communicate uncertainty ranges rather than deterministic results. 
Presenting information from selected models alongside uncertainty ranges 
and characterizations of ensemble spread, rather than single-point estimates 
or conclusive scores, gives a more transparent representation of the state of 
knowledge.  

10. Document methodology completely and transparently. Clearly recording and 
communicating all choices made when using REF outputs, including which 
diagnostics were selected for one’s purposes, which and why certain models 
were selected for downstream use, and what limitations apply, supports 
reproducibility and enables others to assess the basis for conclusions.  
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User Checklist  

The following checklist can help users confirm that REF outputs are applied in an 
informed and rigorous manner. These items are drawn from the considerations above 
and reflect the collective experience of the REF development community. 

Foundations 

✓ Use the REF as a starting point for making informed decisions about model 
fitness, not as a final determination.  

✓ Examine multiple complementary diagnostics and metrics rather than relying 
on a single indicator.  

✓ Understand the experimental protocol the models were run with (i.e., historical, 
AMIP, OMIP, etc.). 

Uncertainty and Context 

✓ Check whether model errors are sensitive to the choice of observational or 
reanalysis reference dataset (e.g., by comparing results against ERA5 and JRA-
55). 

✓ Check whether model errors are sensitive to the effect of internal variability by 
evaluating multiple realization (or ensemble members) of the considered 
model and experiment (r1..., r2..., etc. from the historical experiment). 

✓ Understand the relevance (for intended uses) of selected metrics for the global 
climate system or, in the case of regional diagnostics, for the climate in the 
region of interest (e.g., the PNA and NAO and their impact on North American 
and European climate). 

✓ Understand the sensitivity of model evaluation results to the selection of 
metrics and criteria.  

Selection and Diversity 

✓ Confirm that the chosen diagnostics are well resolved by the ESMs under 
consideration.  

✓ Maintain ensemble spread and multiple model families after selection.  
✓ Acknowledge trade-offs inherent in different models’ performance (e.g. a 

model that represents precipitation well might have limitations when 
representing sea ice).  
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Transparency and Communication 

✓ Document clearly the reasons for every choice or decision made based on 
timestamped REF outputs. 

✓ Communicate the scope, limitations, and appropriate interpretation of REF 
outputs when using or citing them in assessments, synthesis, presentations, or 
peer-reviewed publications.  

✓ Present results with uncertainty ranges and ensemble spread rather than as 
deterministic single-model outputs.  

 

A living Framework  

The REF is expected to evolve, beyond the timeframe of the CMIP7 Assessment Fast 
Track, as new diagnostics, models, datasets, and methods become available. 
Limitations in the REF identified by users may also be addressed through future 
development of the underlying benchmarking tools and governance processes. 
Users are encouraged to consider the REF as a living and evolving framework rather 
than a static product.  
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Addendum: Terminology  

The following terms are used throughout this document with specific meanings in the 
context of the REF and climate model evaluation.  

Benchmarking:  the process where model simulations are evaluated with 
observations, reanalysis data or with other models often resulting in a statement 
made about the “goodness” of the simulation or model based on a predetermined 
set of standards or criteria (e.g., observations or other standards). The evaluation 
process normally occurs whenever new schemes are added to the model, but model 
benchmarking occurs only after all the pieces are assembled and climate simulations 
are produced (Hassler, Hoffman et al. 2026).  

Diagnostic: A comparison of model outputs (individual variables or combinations of 
variables) with either a reference dataset or an intercomparison across models of a 
model variable or some combination of model variables. A diagnostic may also 
represent an evaluation of a relationship between multiple model variables and/or 
multiple reference datasets (i.e., relationship diagnostics). Each diagnostic 
comprises one or more model performance metrics (Hoffman et al. 2026). 

Evaluation: the process of assessing simulations against one or more 
observational  data sets. The necessity for observations means evaluation can only 
be  done for the historical period, and only for variables or processes for  which 
observations or reanalysis data are available. Model evaluation  can be done for a 
single model or in a multi-model context. Incomplete  observational records, 
including limited time series length, unobserved  variables, biases due to specific 
instruments, and uncertainties in  spatial and temporal coverage can make evaluation 
challenging for  certain processes and realms of the climate system that are under-
observed (Hassler, Hoffman et al. 2026). 

Fidelity (aka Performance): A quantitative assessment of the degree to which model 
output corresponds to reference data in aggregate. One approach for deriving a 
fidelity metric is to aggregate relevant scores (Hoffman et al. 2026). The term 
“performance” is often used as a synonym for “fidelity” (Shukla et al. 2006; Taylor 
2001).  

Fitness-for-Purpose: The degree to which a model is suited to a specific application, 
research question, region, variable or temporal scale. Fitness-for-purpose is always 
relative to an intended use and cannot be reduced to a single universal ranking.  
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Metric: A single statistical evaluation contained within a diagnostic. A diagnostic may 
consist of more than one metric. Examples include bias, root mean squared error 
(RMSE), and spatial or temporal correlations (Taylor 2001). Not all metrics are useful 
for all variables or should be used with every observationally constrained dataset. 
Each metric may be evaluated to produce a metric scalar (Hoffman et al. 2026).  

Metric Scalar: The numerical output resulting from the calculation of a performance 
metric (e.g., a calculated bias value) (Hoffman et al. 2026). 

Reference dataset: A reference dataset is a collection of observationally 
constrained or model data used as a standard within a model evaluation diagnostic. 
Examples may include in situ measurements, extrapolated data (from statistical or 
AI/ML methods), remote sensing data, reanalysis data, or any other dataset that is 
meant to represent a best estimate of a geophysical quantity or a physical, chemical, 
biological, or ecological state or process (Hoffman et al. 2026). 

(Process) Validation: The process of determining how well a model represents 
processes in the real-world, particularly for the intended uses of the model. Process 
Validation can include a broad range of aspects, from ensuring correct units and signs 
pf the data produced, to the interactions between model components or variables 
and process representations (Hassler, Hoffman et al. 2026). REF benchmarking 
represents an initial step toward validation but does not constitute a full validation 
exercise on its own.  

 


