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The Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC) has

. adopted the FAIR Guiding Principles. We present the Atlas chapter of Working Group | (WGl) as a

. test case. We describe the application of the FAIR principles in the Atlas, the challenges faced during

. itsimplementation, and those that remain for the future. We introduce the open source repository
resulting from this process, including coding (e.g., annotated Jupyter notebooks), data provenance, and
some aggregated datasets used in some figures in the Atlas chapter and its interactive companion (the
Interactive Atlas), open to scrutiny by the scientific community and the general public. We describe the
informal pilot review conducted on this repository to gather recommendations that led to significant
improvements. Finally, a working example illustrates the re-use of the repository resources to produce
customized regional information, extending the Interactive Atlas products and running the code
interactively in a web browser using Jupyter notebooks.

Introduction

The accessibility and reproducibility of scientific results is a major concern in all scientific disciplines'. This was

identified as a key aspect to be addressed during the preparation of the Sixth Assessment Report (AR6) of the
. Intergovernmental Panel on Climate Change (IPCC) in order to ensure the transparency of the products under-
: pinning the report and enhance their use. This was particularly relevant for the digital products developed as
. part of the Atlas chapter and the Interactive Atlas (https://interactive-atlas.ipcc.ch) of Working Group I (WGI).
. Best practices and standards for open science were defined and implemented in collaboration with the IPCC

Task Group on Data Support for Climate Change Assessments (TG-Data, https://www.ipcc.ch/data). These are

summarized in the TG-Data guidance document on FAIR (Findable, Accessible, Interoperable, Reusable) prin-

ciples for IPCC ARG
: FAIR data principles** aim to facilitate open science by ensuring that the data and code used are finda-
. ble and accessible and can be reused for reproducibility and for further developments using interoperable
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infrastructures. Guidance and training were provided to all authors, recommending that FAIR principles were
adopted in the preparation of the WGI report. This is still ongoing work and has been successful to varying
degrees. All the data underpinning the Summary for Policymakers (SPM) figures is now publicly available®, but
data, metadata and scripts supporting the Technical Summary and chapter figures and key results are still being
assembled and are available only in some cases, such as in the Atlas chapter here described.

These activities benefited from the adoption of documentation protocols, open-access computing frame-
works (such as R or Python) and software management platforms (such as GitHub), which facilitate the collec-
tion of metadata (including data provenance) and code, as well as some post-processed datasets. This makes it
possible to reproduce the key findings and figures of the report, in particular those of the Atlas chapter. These
activities are also being undertaken by the other working groups, namely WGII on climate adaptation, WGIII
on climate mitigation and in the Synthesis Report (SR).

FAIR principles were particularly relevant for the Atlas chapter and the Interactive Atlas to facilitate repro-
ducibility of complex figures based on multiple lines of evidence and reproducibility and reusability of the digital
products and code, respectively. In particular, the Interactive Atlas is a novel online tool for flexible analyses of
observed and projected climate change information for about 25 variables and indices underpinning the WGI
contribution to AR6. The implementation of FAIR principles was particularly critical to develop a rigorous and
transparent interactive tool as part of the WGI report, as well as an important contribution to a traceable imple-
mentation of the IPCC Error Protocol for report figures. Therefore, the Atlas is a comprehensive test case for the
development and implementation of FAIR principles, exploring frameworks, protocols and best practices to be
expanded to other chapters and the IPCC more broadly. For the Atlas chapter, these results have been collected
and uploaded to an open source Atlas repository®. These have been made available for review and scrutiny of
the scientific community and users more broadly, and this has improved the quality of the final Atlas products.

In this paper, we provide an overview of the Atlas repository scope and contents, emphasizing the data and
annotated notebooks readily available to reproduce Atlas figures. We describe the FAIR guiding principles of
the Atlas repository, including the informal review process in the context of the IPCC review process, and the
challenges faced during their implementation. Overall, the informal review greatly improved the Atlas repos-
itory in all aspects and strengthened community trust in the available tools and products. Reusability is a key
principle of the Atlas repository and a new working example is provided to illustrate the re-use of the available
resources to create and extend the Interactive Atlas products. In particular, we show how to create customized
Global Warming Level (GWL) scaling plots using a well-documented Jupyter notebook and freely available
online computational resources from MyBinder’. Note that GWL is a prominent analysis dimension for climate
change assessment in AR6, and these plots allow exploring the sensitivity of regional climate change signals
in this context, making it an ideal case for reusability using the Atlas repository resources. Finally, we discuss
the challenges that remain for the future, building on the experience of this initial implementation of the FAIR
principles into the IPCC review process.

Results

The atlas repository. The Atlas repository contains the code (including Jupyter notebooks), data prove-
nance and some aggregated datasets underpinning key figures of the Atlas chapter and its interactive companion
(the Interactive Atlas). Figure 1 shows a schematic representation describing its structure and highlighting its
contents. This repository is maintained on GitHub (https://github.com/IPCC-WG1/Atlas), which is the current
de facto standard for code sharing with over 200 million repositories and over 65 million registered users. GitHub
provides a collaborative environment for code development, with integrated version control and issue tracking
among many other features. The repository is self-documented by Markdown-formatted files exploiting GitHub
capabilities to browse folders and link to internal and external resources. Moreover, GitHub enables long-term
archiving of repository snapshots, interoperating with services such as Zenodo (http://zenodo.org). The final
release of the Atlas repository, containing data, metadata, code and documentation, is available not only through
GitHub, as described next, but also as a Zenodo entry® with its own persistent Digital Object Identifier (DOI).

Reproducible environment.  Full reproducibility and reusability of scientific results requires not only the data
and code, but also the whole software environment in which the code was executed. There are several solu-
tions to achieve reproducible execution environments®. We adopted incremental Reproducible Execution
Environment Specifications (REES) to build a reproducible environment for the Atlas repository. First, we pro-
vide the software versions used as a Conda (https://docs.conda.io) environment configuration file and a Docker
container configuration file, as well as the resulting Docker image to be readily used. In a local computer, the
Conda software and environment manager provides a reliable, multi-platform solution, handling versions and
dependencies for most of the software stack. The Docker? container configuration file and image extend this by
allowing system library dependencies to also be encapsulated. Docker images can be deployed by the user in a
local computer, but they also pave the way to deploy the execution environment on cloud computing resources,
where virtual machines can be created for particular operating systems running a particular Docker image con-
taining the specific environment used to generate a given scientific result.

In addition, the contents of the Atlas repository can be run interactively on a browser through the MyBinder.
org’ links provided. Binder provides a simple way to compile a Docker image from a wealth of different REES,
including Conda configuration files. Moreover, the MyBinder.org initiative provides cloud resources to run
interactive notebooks based on Docker images. This provides an execution environment for users to try and
modify notebooks, without installing software on their computers. This environment can optionally include
additional content from a GitHub repository through the nbgitpuller extension, which in this case is used to
retrieve the Atlas repository containing the notebooks and the data they use.
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Fig. 1 Schematic representation of the contents of the GitHub Atlas repository backing the Interactive Atlas
and Atlas chapter figures. Data at different stages of processing are shown in grey boxes, representing different
directories in the GitHub repository. Blue (grey) cylinders represent datasets (not) readily available in the
repository. Orange boxes are auxiliary information used at different stages. ESGF provides metadata to build
the data sources catalogue, which dictates the data to be processed, also retrieved from ESGE Notebooks

and scripts, mainly relying on the climate4R framework, feed from intermediate datasets at different stages

to illustrate their use and reproduce specific Atlas chapter figures, respectively. All directories contain a
subdirectory with scripts allowing to reproduce the corresponding contents. To enable a reproducible execution
environment, the repository contents are loaded in a MyBinder cloud environment with all the required
software pre-installed.

This approach ensures practical reproducibility for most of the contents of the Atlas repository. The approach
can also be replicated to reuse the data and the execution environment, as illustrated in the reusability example
below.

Repository structure. The Atlas repository is structured in folders including the auxiliary products (stand-
ard grids, reference regions, etc.) and intermediate datasets (see Fig. 1). Most of the data inputs come from
ESGF'", which distributes the global and regional climate simulations available from CMIP and the Coordinated
Regional Climate Downscaling Experiment (CORDEX), respectively. The first step for findability and accessibil-
ity is to build an inventory of all data sources used (described in the data-sources folder). This involves parsing
metadata for all datasets for scenario and historical experiments in CMIP5, CMIP6 and CORDEX. The final
selection of model simulations takes into account the availability of all required variables and analysis peri-
ods, discarding erroneous datasets reported in errata registries (e.g. in Earth System Documentation, ES-DOC,
errata search service) along with other issues found during the subsequent data processing as documented in
the data-sources folder of the repository. The final inventory is therefore the result of a semi-automated and
iterative process. All issues and decisions made are stored in the data-sources folder in the working spreadsheet
files used during this process. The final inventory of data sources used, including their version, is also stored as
machine-readable CSV files. Moreover, the repository provides unique pointers to the exact data and metadata
considered, either as DOIs!"!, ESGF search URLs or handle.net!? persistent identifiers. Thus, this folder provides
both data provenance information and a machine-readable auxiliary product (the inventory of data sources) to
be used in subsequent processing steps.

Another auxiliary product stored in the Atlas repository is a set of reference grids used to bring all data
sources to a common spatial resolution. The reference-grids folder contains global grid definitions, regular in
longitude-latitude, stored in netCDF files containing also common land-sea masks. Commensurable grids
(including land-sea masks) are defined starting at 0.25 by 0.25 degrees (used to interpolate ERA5 and obser-
vational products) and, by aggregating 2 by 2 grid-cells, grids at 0.5 (CORDEX), 1 (CMIP6), and 2 (CMIP5)
degrees resolution were obtained. In addition to these reference grids and masks, there are also other masks used
in the Atlas products. These include mountain range masks and missing data masks for several observational
products which provide global gridded data but interpolate data from distant stations in empty cells.

A third auxiliary product available at the Atlas repository is the specifications of the new set of AR6 reference
regions'?. This is version 4 of the IPCC WGI reference regions and it builds on the previous version used in
AR5 with slight modifications to split the most climatically heterogeneous regions, and with the addition of 16
new oceanic regions. The polygons defining the regions are provided in the reference-regions folder as CSV files
containing corner coordinates and also as shapefile, GeoJSON and R data files. Other sets of regions used in the
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Atlas are also provided. Namely, IPCC WGII continental regions, 6 land regions subject to monsoons, 28 major
river basins, 9 small island regions and another set focused on the analysis of ocean biomes.

The Interactive Atlas Dataset (IAD) consists of a set of 25 climate variables and derived indices used in
the Interactive Atlas'® computed over common grids from several observational datasets plus CMIP5, CMIP6
and CORDEX historical and future projections (under different scenarios) aggregated at a monthly temporal
resolution. This dataset will be stored by the IPCC Data Distribution Center (IPCC-DDGC; https://ipcc-data.
org) for long-term archival and is not available as part of the Atlas repository. However, the repository provides
the scripts used for the preparation of the IAD (datasets-interactive-atlas folder), retrieving the data sources
from ESGF, computing derived indices, post-processing (including bias adjustment when necessary) and, finally,
interpolating each dataset to its reference grid. These scripts rely on the climate4R framework’®, version 2.5.3, an
open R framework for climate data access and processing. Only interpolation was delegated to the Climate Data
Operators (CDOY), which provides efficient, well-tested, first-order conservative remapping routines, com-
monly used in climate science.

One of the key resources of the Atlas repository is the direct availability of climate datasets aggregated region-
ally over the new AR6 WGI reference regions'? (datasets-aggregated-regionally folder). This dataset consists of
monthly precipitation and near-surface temperature from the IAD spatially averaged over the reference regions
for CMIP5, CMIP6 and CORDEX model output datasets, separately for land, sea, and all (land-sea) grid cells
in the region. Regional averages are area-weighted by the cosine of latitude in all cases. This product extends
the regional averages presented in Iturbide et al.’® by including (1) data from CORDEX for all reference regions
overlapping the area of the corresponding CORDEX domain by more than 80%, (2) an extended set of CMIP6
models, and (3) for reference, an observation-based product (W5E5'8) is also provided in the same format, ena-
bling evaluation studies. These datasets are provided in CSV format as plain data matrices (monthly time series
in columns for each ARG reference region). This format has been extended to include the corresponding meta-
data as a human- and machine-readable header. Moreover, a sample script (in the R language) used to compute
the regional averages and produce these CSV files is also included, along with other functions facilitating their
exploitation (e.g. computation of delta changes or depiction of boxplots and scatterplots).

An example of use of the regionally-averaged datasets provided in the repository are the scripts to compute
time periods corresponding to different GWLs in the warming-levels folder. GWLs are global surface temper-
ature anomalies at a given level (e.g. + 1.5 °C) with respect to the average values corresponding to the period
1850-1900 (a proxy for pre-industrial conditions)'*. GWLs are widely used in policy-making as goals for green-
house gas (GHG) concentration stabilization. In ARG, the use of GWLs has become common practice to com-
plement scenario-based information on future climate, such as at the end of the century (2081-2100).

GWLs can be an effective means of integrating available scenario-based information, independent of when
the level of global warming is reached. The warming-level folder within the Atlas repository also provides tables
as CSV files and plots with the central year of 20-year periods when different GWLs (+1.5, 42, +3 and +4°C)
are reached for all CMIP5 and CMIP6 Global Climate Model (GCM) simulations considered in the Atlas.
Moreover, the scripts and notebooks used to generate these tables and plots are also included. They also allow the
creation of new tables and plots for other GWLs or moving-window lengths, using only the repository resources.
See also the new reusability example below, which computes non-overlapping decadal GWLs to produce GWL
scaling plots.

Finally, there are two key resources for reproducibility and reusability of the results. The first is the reproduci-
bility folder, which contains scripts to reproduce the exact figures shown in the AR6 Atlas chapter. They provide
end-to-end sample code to produce the final Atlas figures, providing all processing and plotting steps in all their
complexity. The second resource is the notebooks folder which provides simpler analyses of the data, illustrat-
ing the basic processing workflow on datasets available in the Atlas repository (either the aggregated datasets
which are part of the repository or samples of the Interactive Atlas dataset). They are implemented as Jupyter
notebooks?’, which are open-source and run on a web application which can be accessed either locally or from a
remote client using any modern web browser. Jupyter supports over 40 different programming languages. Most
of the sample notebooks are provided in R and some in Python. A new notebook illustrating how to re-use these
data is also provided as a companion to this article (see sections on Reusability example and Code availability).

Implementation of FAIR principles. In the case of the WGI Atlas, FAIR principles are implemented
through the Atlas repository described above. In particular:

Findability of the repository itself is promoted by its deployment on the widely-used GitHub platform.
Additionally, Zenodo snapshots provide a unique, persistent identifier DOL. For all climate data inputs used in
the Atlas, the repository lists the unique URLs (and DOIs, when available) for both data and metadata. This col-
lection of unique identifiers is searchable, using either the automatic GitHub filter on comma-separated values
(CSV) files or their version rendered as a searchable HTML table. Metadata are rich regarding both the data file
content description, as well as the data provenance. The former is enforced by the CF conventions (https://cfcon-
ventions.org), which is the climate science standard for metadata. The latter was achieved by means of DOIs
pointing to World Data Center for Climate (WDCC) entries describing model configuration and references.

Accessibility to the data and metadata in the Atlas repository is open. The full contents can be retrieved
anonymously via HTTP, either from GitHub or Zenodo. All the content is licensed under a Creative Commons
Attribution (CC-BY 4.0) license, except for some CORDEX datasets with non-commercial restrictions
(CC-BY-NC 4.0 license). The original data and metadata sources listed are accessible through trusted reposito-
ries, in particular via authenticated HT TP connections to ESGE, the Copernicus Climate Change Service (C3S),
and the Potsdam Institute for Climate Impact Research website.

Interoperability is achieved through the use of human- and machine-readable file formats such as CSV,
with additional header information (metadata) to ensure coherency and joint data/metadata transfer. These files
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can be read by most programming languages and software utilities. A few data tables requiring text formatting
are distributed in Microsoft’s Office Open XML (OOXML) format, which provides open specifications cur-
rently implemented in a number of multi-platform office suites. Other data file formats are also open (netCDE,
GeoJSON, etc.) or de facto standards (e.g. shapefile) provided to facilitate user access. The code is also in the
multi-platform, free software programming languages R and Python, widely adopted by the climate science
community. Code usage examples are provided in Jupyter notebooks, which rely on an open source JSON plain
text file format to combine both narrative explanations and code. They can be executed interactively by the
open source Jupyter notebook server software in any modern web browser. Their static content is also directly
rendered by GitHub. The rest of the files provided in the Atlas repository are also stored in open formats, namely
PNG (raster images), PDF or SVG (vectorial graphics), or Markdown (formatted plain text files).

Reusability is at the core of the Atlas repository design and construct. For this reason, special care has been
taken to describe the scope of the provided data, indicating the processing that has been applied to the original
data source. This goes to the extent of providing the processing code along with all software versions used, as
explained above. All data source versions are provided, and versioning has also been applied to the data and code
produced within the repository. Most of the Atlas repository is licensed under CC-BY 4.0, which promotes max-
imum reusability allowed by the underlying data sources. CMIP6 participants licensing data under share-alike
or non-commercial clauses granted a waiver to WGI and the IPCC-DDC to distribute CMIP6-derived report
products, such as the Atlas regionally-aggregated datasets, under a CC-BY-4.0 license.

In addition to the scripts available for reproducibility, several notebooks provide reusable code snippets along
with background information, explanations of the code and results, guidance to extend the analyses shown, and
references to further information. A new sample notebook with additional reusable code in Python is provided
as a companion to this article (see sections below on Reusability example and Code availability).

Atlas FAIR review.  As an integral part of the IPCC ARG, the WGI Atlas chapter was subject to the formal IPCC
review process?'. Additionally, in order to support the integration of FAIR principles in the AR6 and enhance
scrutiny of the digital products being developed in the report, the IPCC WGI Technical Support Unit (TSU)
launched an informal review process of the data and codes underpinning the Atlas digital products, including
the Interactive Atlas. The review was open from 25" November, 2020 until 20" December, 2020 (later extended
until 10t January, 2021). This was a pilot to explore, on the one side, how to build on the rigorous review pro-
cess that IPCC reports undergo and, on another side, how to incorporate open science practices of community
scrutiny of digital-based material into the implementation of FAIR principles in the preparation of the Atlas. A
selection of 30 reviewers were contacted for this informal review process, gathering expertise from IPCC WGI,
WGII and WGIII authors, volunteers from the IPCC TG-Data, and experts from the open data community.

The objective of this review was to gather comments and recommendations about all aspects involved in the
implementation of FAIR principles in the Atlas, including the use of platforms and tools (such as GitHub) for
open collaboration and version control, the use of open community tools (mainly R) for data processing, the use
of metadata standards and model provenance for reproducibility, and the use of Jupyter notebooks to facilitate
reusability and provide user guidance on technical aspects. Feedback was also sought on how to improve the
repository and the review process, considering how such a review could be extended to all report chapters.

The review was conducted directly on the Atlas repository using the GitHub issue system to collect the
reviewers’ comments and reply to them. The guidance provided to reviewers suggested addressing specific ques-
tions on key aspects (Table 1). A total of 34 issues were opened as a result of this process. The issues are currently
closed, but still accessible through GitHub under the “review” label. This exchange is public and a snapshot of
the repository related to the review is accessible through the GitHub tag “v1.6-review”.

The main weak points unveiled by this review, that were addressed in the final version of the Atlas, as
described in the previous Sections, were:

 Insufficient content description: README files were missing or needed to be extended to provide additional
information, such as external references for the methodologies applied in the repository, and detailed descrip-
tion of the repository structure in the root README file, which is crucial to guide users.

» Lacking details on the description of the interactive execution environment and execution problems: infor-
mation on the software versions and the platform requirements were not explicitly included, and the Atlas
Hub at some point was not accessible, which was finally deployed through MyBinder.

o Unnecessary content: obscure content of the repository that was not necessary was removed.

o Code cleaning: repetition to be removed, additional explanation comments and headers to be included,
and unnecessary and disrupting output elements, such as long warning messages, to be cut down in the
notebooks.

o File formats: proprietary formats (e.g. shapefiles) needed to be replaced with alternative open formats.

o Lacking metadata and processing steps: sources of CORDEX and CMIP5 datasets were lacking unique ver-
sion identifiers, and in the header of CSV files, information was missing to fully describe their contents. Some
steps in the data processing, such as the interpolation software and version, were not included.

o Lacking observational data: suggestion was to include also the observational data in the repository, which
would be useful for many users to evaluate model results, especially if regridded to the common grid.

» Notebook location and description: it was suggested that notebooks previously scattered across the repository
to be gathered in one common location which would be easily accessed by users, and to include sections with
more guidance for users to be able to extend their work beyond the examples available in the repository.

o Alternative programming language: As most of the code and notebooks are given in the R programming
language, their adaptation to alternative programming languages such as Python would be an added value.
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Technology Do you find the used community tools appropriate/useful (in particular GitHub and R)?
Structure Do you find the structure of the repository appropriate in terms of navigation and functionality?
S Is the scope of the repository (datasets, reference regions and reference periods - including warming levels) clearly
cope -
described?
. Does the Atlas repository describe clearly the structure and use? What information is missing and what improvements
Guidance
could be made?
P Do you find the provenance and intermediate information provided (including, e.g. model metadata and warming levels)
rovenance :
suitable?
Usefulness Do you find this repository useful as a resource to the scientific community?
Reusability Do you find the R scripts and notebooks well documented and easy to follow (in particular for code reusability)?
Notebooks Do you find the auxiliary Jupyter notebooks informative and useful?
License Do you find the license for the code appropriate?
Development Do you have ideas for further development of the repository?

Table 1. Questions and key aspects to be addressed that were suggested in the revision process of the Atlas
repository.

o Licensing and authorship: unclear and mixed licenses needed to be better specified and organized. The sug-
gestion was to release the scripts and notebooks under a Creative Commons license (as the data), instead of
the specific General Public License (GPL) software license originally set. Furthermore, the author informa-
tion was also requested in scripts and notebooks, to be able to comply with the attribution license.

Opverall, this informal review was a very successful and enriching experience that has provided us with a
broad perspective from a wider community allowing us to greatly improve the Atlas repository in all aspects
of the FAIR principles, improving also the usability and user experience. Open code helps to build community
trust, and the review process hopefully translates to a more robust and thorough product. The lessons learned
from this process, documented in this paper, constitute valuable information for the community.

Finally, we want to remark that the review did not include a technical validation of the content (code review).
This was done internally by performing basic tests and double checking key results with independent workflows.
External code review would be facilitated in future work by including and documenting an automated test suite
(unit and integration tests).

Errata and further development. 'When the WGI ARG report was published on August 9% 2021, a final version
of the repository was published with the tag “v2.0-final” and a Zenodo snapshot was produced for long-term
archival®. No further development will take place on this repository since the report content is now frozen with
its publication. This means that modifications to the existing resources will take place only for maintenance and
to correct for any errata, and all changes will be fully documented.

Errata in IPCC reports, such as for chapter figures, need to be documented according to the IPCC Error
Protocol. Following the experience of the review described above, error or problem reporting for the Atlas
repository related to code and data underpinning figures in the Atlas has been implemented using the GitHub
issue tracking system. Moreover, since the Atlas repository supports the implementation of FAIR principles
for the Interactive Atlas, the same error or problem reporting system was extended to cover issues reported for
this WGI product. This is implemented including a special template with instructions which is linked at the
Interactive Atlas landing page. A special tag (“IA”) is automatically assigned to these issues. All issues reported
are managed by the Atlas support team and classified and labeled as either errata, problem, suggestion, question
including relevant comments and actions taken (if any). The label errata is assigned only to problems affecting
the published IPCC reports (e.g. Atlas figures and Interactive Atlas maps and graphics) that also need to be
reported to IPCC following the official errata reporting procedure®.

The Atlas GitHub repository will remain active with basic maintenance and improvement activities, fixing
and/or documenting the problems reported (with full tracking on the actions taken) and enhancing reusability
with expanded notebooks and examples. These will always be linked to an issue filed in GitHub, explaining the
reason to modify the repository and keeping track of these minor changes. The idea is to provide basic mainte-
nance, rather than further develop a repository which is considered final.

Further development of the underlying open tools supporting the Atlas code, in particular the climate4R
framework for climate data access and post-processing'®, will take place in the original repositories. New data,
metadata and sample scripts or notebooks exploiting them can be contributed to this alternative repository,
which is also hosted by GitHub.

Reusability example: GWL scaling plots.  In this section, we provide a working example on the use of the
Atlas repository resources (code and data) to reproduce and extend some of the results provided by the Interactive
Atlas. In particular, we focus on the Global Warming Level (GWL) scaling plots, a variant of the empirical scaling
relationship, that can be used to quantify the sensitivity of regional changes in different impact-relevant indices as
a function of global warming?. The use of GWLs as an analysis dimension for climate change studies has become
key in the last IPCC report as a means to overcome the uncertainties inherent to future socio-economic pathways.
GWLs allow focusing on the regional impacts for a given level of global warming, regardless of when or how this

SCIENTIFIC DATA|

(2022) 9:629 | https://doi.org/10.1038/s41597-022-01739-y 6


https://doi.org/10.1038/s41597-022-01739-y

www.nature.com/scientificdata/

Points: Models
2010 ~ 2019
2020 ~ 2029
2030 ~ 2039

® 2040 ~ 2049

® 2050 ~ 2059
2060 ~ 2069
2070 ~ 2079
2080 ~ 2089

2090 ~ 2099

O
o
@

2
o
o
&
©

&

O

£

o
e
5

=

e
@
a
£
]

]
c
®
o

=

[ ]
Mean temperature (T) - Change (deg C)
SSP5-8.5 (rel. to 1850-1900) I D C C @) &)
CMIP6 - Annual (34 models)-Mediterranean L~ ek TONES

" Glimate chane
18-11-2021 16:46:46 http://www.ipcc.ch/copyright

Fig. 2 Near surface temperature CMIP6 GWL scaling plot for the Mediterranean region (MED). Source: IPCC
WGI ARG Interactive Atlas'®.

warming level will be reached. Despite its potential limitations, this approach has been widely adopted by the
climate change impacts and adaptation communities®.

The Interactive Atlas includes the possibility to analyze regional information using GWL plots (Fig. 2).
However, these plots were not included in the Atlas chapter nor in the repository and constitute a good exam-
ple of reusability, since they can be easily produced building on the Atlas repository resources. The analysis in
this section has been coded as a new annotated notebook in Python, which can be executed using the software
environment provided in the repository. To restrict our analyses to the data available in the Atlas repository,
we will focus on regional mean temperature and precipitation. For a given ensemble of climate model projec-
tions, the GWL scaling plot represents the decadal mean signals of the regional variable/index of interest versus
the corresponding level of global warming, decade by decade (e.g. 2020-2029, 2030-2039, etc.) and ensemble
member by member. This visual representation is included in the Interactive Atlas for the analysis of regional
information; an example using CMIP6 is provided in Fig. 2 displaying regional temperature increases (relative
to the 1851-1900 period) in the Mediterranean as a function of the corresponding global warming (for the
SSP5-8.5 scenario). In principle, this relationship could be non-linear but, in practice, most variables are shown
to linearly scale with global warming in most of the regions and robustly across scenarios®. Ensemble averages
are also shown in this plot for each decade as overlaid dark red dots. These allow us to easily read the evolving
mean ensemble global warming and regional response from the corresponding axes.

For this exercise, we recreated the Interactive Atlas GWL plot using Python code (Fig. 3) to exploit the
resources provided by the Atlas repository. Moreover, we extend the plot provided by the Interactive Atlas by
adding the linear scaling factor (3) and the coefficient of determination (R?), as a measure of the linearity of
the relationship. These are derived from a standard least squares fit, also shown in the new figures as a solid
line. Finally, the line representing a unit scaling factor is added for reference (dashed line). Figure 3 compares
mean temperature GWL plots for CMIP6 and CMIP5 for 3 different regions. We provide a new notebook with
the code and guidance to reproduce these figures and to reuse the code for other variables (e.g. precipitation),
regions and model ensembles.

Overall, Fig. 3 shows similar scaling properties (similar slope 3) between CMIP5 and CMIP6. The main
difference being the known® tendency of CMIP6 towards higher climate sensitivity. For the last decade of the
century, CMIP6 models reach global surface air temperatures beyond 7 °C, while CMIP5 remains below 6 °C.
Also, for some regions such as northeastern North America (NEN) there is a difference in multi-model spread
between the two CMIP ensembles, affecting the goodness of fit for the linear relationship (R?). Finally, northern
Europe (NEU), seems to be prone to outlier models in the regional response, which could be due to different
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Fig. 3 Near surface temperature GWL scaling plots for (top) the Mediterranean, (middle) Northern Europe,
and (bottom) Northeastern Northamerica regions for CMIP6 (left) and CMIP5 (right) ensemble projections
(SSP5-8.5 and RCP8.5 scenarios, respectively). Solid and dashed lines correspond to the regression line and the
reference of a unit scale factor, respectively.

sea ice extent. The Interactive Atlas can be used to easily identify those outliers, EC-Earth3-Veg and NESM3 for
CMIP6, and IPSL-CM5B-LR for CMIP5, since it displays on hover the model corresponding to each point in
the scatter diagram.

Discussion

The Atlas repository is a test case developed in the framework of WGI for the comprehensive implementation
of FAIR principles into the IPCC report preparation process. This example, together with recommendations
issued by the WGI TSU on best practices, has raised awareness amongst authors and the IPCC more widely on
the value of adopting FAIR principles within the IPCC. Authors of other WGI chapters have also followed the
guidance to varying degrees and the outcomes are available on the WGI GitHub repository, with more resources
becoming available over time. This implementation experience has helped to refine guidance to support FAIR
principles in the IPCC context, develop standard documentation templates and FAIR practices as part of the
technical support provided by the TSU to authors.

FAIR principles should be considered as an integral part of future IPCC reports and the efforts required to
achieve this should not be underestimated, with adequate human and technical resources allocated to support
this task in all chapters, within both the TSU, the IPCC-DDC and the chapter author teams. Transparency and
reproducibility could be favored by supporting and promoting common infrastructures and resources as part
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of the preparation of an IPCC report. Promising examples are the new workspace resources provided for the
first time to IPCC ARG6 authors by the IPCC-DDC to undertake server-side analyses of global and regional cli-
mate datasets, bringing analysis closer to data®. In addition, leading scientific journals are increasingly requiring
authors to make their data and code public, and the IPCC could channel these efforts to be at the forefront of
scientific transparency. For instance, for ancillary packages that implement specific tasks that do not reveal
confidential aspects of the assessment, IPCC could promote publication of code in open journals that include
checklist-driven review (including FAIRness); this would be aligned with the publication of scientific results
which constitutes the basis of the assessment reports.

A further recommendation is to consolidate the review procedure for code and interactive products that
is aligned with the application of FAIR principles and with the IPCC review process. The formal IPCC review
process is designed for written reports and it is a challenge to implement it for code and interactive products.
Experts with relevant data and software development knowledge together with expertise in climate science
applications need to be involved. Code review could be done in parallel with the formal review of the chapters,
but using modern software review tools such as those used in AR6 WGI (GitHub/GitLab), and involving soft-
ware development communities, such as Pangeo (https://pangeo.io), in the review process. Quality assurance,
including technical validation of code, should be carefully planned early in the process, including automated
testing, with both unitary and integration tests, implemented as a key component of a continuous integration
workflow. The use of well-established data processing frameworks, e.g. climate4R1! or ESMValTool?, could help
in this process and help simplify the code in those tasks for which solutions already exist.

Methods
The application of FAIR principles to the Atlas repository of the WGI Sixth Assessment Report (AR6) was
conducted developing a GitHub repository including information about data provenance (with links/DOIs for
findability of the complex datasets used), intermediate datasets (for reproducibility of key results) and code/
notebooks (for reusability). An informal review was conducted to gather expertise from IPCC WGI, WGII and
WGIII authors, volunteers from the IPCC TG-Data, and experts from the open data community. They used
Table 1 as guidance, but were otherwise free to openly comment on the GitHub repository issue tracking system.
The full discussion, leading to the current form of the repository, is available on GitHub.

Custom code to re-use the Atlas repository resources as shown in the reusability example above is available
on Zenodo? (see also the Code Availability section).

Data availability

All datasets in the Atlas repository are available at https://github.com/IPCC-WG1/Atlas and on Zenodo® under
the Creative Commons Attribution license, CC-BY 4.0 (with the exception of the aggregated data corresponding
to a few CORDEX simulations which are distributed under CC-BY-NC 4.0).

Code availability

All code and notebooks in the Atlas repository are available at https://github.com/IPCC-WG1/Atlas and on
Zenodo® under the Creative Commons Attribution license, CC-BY 4.0. The new notebook reusing the Atlas
repository dataset to produce GWL plots (Fig. 3) is available at https://github.com/SantanderMetGroup/2022_
Iturbide_FAIRprinciplesIPCC and also on Zenodo?.
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