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Abstract
The generation, processing and analysis of atmospheric model data are expensive, as atmospheric model
runs are often computationally intensive and the costs of ‘fast’ disk space are rising. Moreover, atmospheric
models are mostly developed by groups of scientists over many years and therefore only few appropriate
models exist for specific analyses, e.g. for urban climate. Hence, atmospheric model data should be made
available for reuse by scientists, the public sector, companies and other stakeholders. Thereby, this leads
to an increasing need for swift, user-friendly adaptation of standards.The FAIR data principles (Findable,
Accessible, Interoperable, Reusable) were established to foster the reuse of data. Research data become
findable and accessible if they are published in public repositories with general metadata and Persistent
Identifiers (PIDs), e.g. DataCite DOIs. The use of PIDs should ensure that describing metadata is persistently
available. Nevertheless, PIDs and basic metadata do not guarantee that the data are indeed interoperable
and reusable without project-specific knowledge. Additionally, the lack of standardised machine-readable
metadata reduces the FAIRness of data. Unfortunately, there are no common standards for non-climate
models, e.g. for mesoscale models, available. This paper proposes a concept to improve the FAIRness of
archived atmospheric model data. This concept was developed within the AtMoDat project (Atmospheric
Model Data). The approach consists of several aspects, each of which is easy to implement: requirements for
rich metadata with controlled vocabulary, the landing pages, file formats (netCDF) and the structure within
the files. The landing pages are a core element of this concept as they should be human- and machine readable,
hold discipline-specific metadata and present metadata on simulation and variable level. This guide is meant to
help data producers and curators to prepare data for publication. Furthermore, this guide provides information
for the choice of keywords, which supports data reusers in their search for data with search engines.
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1 Introduction

Scientific outcome of publicly financed projects should
be published in a way, that the results are reusable and
comprehensible. This includes the data on which the re-
sults are based unless the publication of the data con-
flicts with the right of personality, current legislation or
similar restrictions. Other exceptions for publication are
data of parameter testing studies or similar works that
might mislead reusers. In many atmospheric research
projects the produced amount of data is so huge, that
the whole outcome cannot be analysed in detail by the
data producers within the funding period.

Given these large amounts of raw data that are pro-
duced as output by atmospheric models, two options
emerge:
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1. Projects may store exact model codes, run- and post-
processing scripts, rather than the data: since CPU
time for re-running models is cheaper than storing
data on accessible devices for long time, it may be
recommendable to store the programme code and
scripts and re-run the model in case a reproduction
is required.

2. Publish the output data following a flexible and easy-
to-use standardisation, in order to foster the reuse of
data by other scientists and stakeholders.

When using option 1 the data would only be (re-)usable
if the computer environment remained unchanged (no
change of compilers etc.) and if the user has a licence
for the source code to rerun the model. When using op-
tion 2 a long-term storage of the versioned model code
should also be included to ensure reproducibility. It has
been more common during the last years to publish the
output data. Therefore, this study addresses the second
approach.

Researchers are encouraged to open their data to
other research groups, see e.g. the guidelines for the
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EU programme Horizon 2020 (European Commission,
2016). However, even if the data are stored together with
their mandatory metadata in a repository, it is often not
reusable, e.g. if

• detailed discipline-specific metadata are missing,
• no information is provided, whether and how data

and metadata are checked for accuracy and complete-
ness,

• machine-readability and associated software infor-
mation is not given,

• data are saved in proprietary and undocumented file
formats,

• file formats are depending on the version of the writ-
ing program, and/or

• the rights for the reuse of the data are not specified.

Hence, the data should be published in a way, such
that they are findable, accessible, interoperable, and
reusable – following the FAIR data principles, see e.g.
Wilkinson et al. (2016). Even though the FAIR data
principles are often meant for increasing machine read-
ability and interoperability, we interpret them to be
guidelines for human-readability and usability of data
as well.

The first principle of FAIR is that “(meta)data are
assigned a globally unique and persistent identifier”
(Wilkinson et al., 2016). Atmospheric model data are
often published with a DataCite Digital Object Identifier
(DOI, DataCite Metadata Working Group, 2019).
Within this study we assume that a DataCite DOI is
assigned to the data. Therefore, we only use the Data-
Cite Metadata Schema in the following. Nevertheless,
the principles can also be used for the metadata of other
Persistent Identifiers (PIDs). However, a PID is neces-
sary for FAIRness, but not sufficient (Mons et al., 2017).

Publishing FAIR data is a combined effort of scien-
tists and repositories which store the data and make it
accessible. Even though the FAIR data principles are
well known and author guidelines (Enabling FAIR
Data Community et al., 2018) and different assessment
tools exist (Bahim et al., 2019), it is often not obvious,
how they can be applied in practice. Several projects
and initiatives exist which develop practical FAIRness
rules for different disciplines (FAIRplus1; AtMoDat2),
guidelines for FAIRness metrics (FAIR Data Matu-
rity Model Working Group, 2020), and FAIRness as-
sessment metrics (FAIRsFAIR3; FAIRmetrics4).

This publication presents instructions to FAIRly pub-
lish results of atmospheric models. These instructions
were developed in the project AtMoDat (Atmospheric
Model Data). We used the experience of the World Data
Centre for Climate (WDCC) with the curation of climate
model results and transferred the methods to other atmo-
spheric model data, e.g. of global/regional cloud models
or microscale models.
1https://fairplus-project.eu/
2https://www.AtMoDat.de
3https://fairsfair.eu/
4https://www.fairmetrics.org

In this paper, we describe the results of our inves-
tigations into the improvement of the reusability of at-
mospheric model data, which should enable FAIRer
datasets. Even if the datasets are published by a reposi-
tory, not only data curators do need to know these meth-
ods. This text is also interesting for data producers, as
they have to deliver all necessary information about their
data to the data curators. In addition, data reusers can
learn from this text, which information about data can
be searched for with search engines.

This paper is organised as follows: In section two
we present definitions and methods. In section three we
recommend how to provide rich and machine readable
metadata, how the human- and machine readable parts
of the landing page should be constructed, and which
file formats and standards shall be used, followed by a
short summary and discussion.

2 Materials and methods

2.1 Definitions

Within this paper we will use the following definitions:

Data file: a digital file which stores data to be used by
a computer application or system. The digital results
of a simulation with an atmospheric model are stored
in data files5.

Metadata: contains descriptive, contextual and prove-
nance assertions about the properties of data6.

For simplicity we additionally define the following
terms:

Dataset: contains both the metadata and the data them-
selves.

Dataset collection: a collection of several datasets,
which also might contain other dataset collections.
If a dataset collection e.g. consists of the results of
an Earth System Model and the corresponding meta-
data, then one dataset collection might contain all
datasets with the results for the atmosphere, another
one all datasets with oceanic data.

Landing page: a web page to which a resource identifier
resolves.

Maturity: describes the degree of the formalisation and
standardisation of a dataset with respect to FAIRness,
completeness and accuracy of the (meta-)data. Both
data and metadata mature as they pass through the
different data post-production steps, which are per-
formed by the repository. The higher the maturity,
the easier it is to reuse the data. How the maturity of
a dataset is specified in detail depends on the respec-
tive repository or might be defined by a community.

5modified definition of https://en.wikipedia.org/wiki/Data_file
6according to the definition in https://www.rd-alliance.org/sites/default/files/
DFT20Core20Terms-and20model-v1-6.pdf
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2.2 Metadata

Metadata are attached to data, publications, files and
other things for different purposes, e.g. bibliographic
citation or administrative tasks. Metadata of data are
describing characteristic aspects of the particular data.
This might be information needed for citation (author(s),
title, publication year) but also detailed information on
how the data was generated (model version, compiler
options, creation date).

A metadata schema is a collection of mandatory, rec-
ommended and optional metadata fields. Different meta-
data schemas exist, such as schema.org (Schema.org
Steering Group, 2019), Metadata Terms of the Dublin
Core Metadata Initiative (DCMI Usage Board, 2020)
or Data Catalog Vocabulary (DCAT, Albertoni et al.,
2019). In addition to these general purpose metadata
schemata exist some domain specific ones, such as the
Climate and Forecast Metadata Conventions (CF Con-
ventions, Eaton et al., 2019).

Metadata fields storing the same information might
be named differently between different schemata. Or,
one field might exist in one schema but not in the other
one. Hence, it is necessary to create a mapping between
different metadata schemata if one holds metadata in
one format but wants to import/export metadata in an-
other format. It is reasonable to use standardised public
mappings between the two schemata or make the own
mapping publicly available. Jacobsen et al. (2020) also
recommend the use of a knowledge representation lan-
guage such as RDF7 or OWL8, so that the metadata can
also be analysed by machines.

In most cases, one aggregation of metadata is at-
tached to the PID of a dataset, another one to the landing
page and a third aggregation is part of the dataset itself.
Even if these three aggregations coincide in large parts,
they are all needed. Their purposes will be explained
in the next chapters. In any case, the process of pub-
lishing data can be facilitated, if a repository extracts as
many information as possible from the metadata in the
datasets. Nevertheless, additional metadata will always
be needed for the DOI metadata.

The DataCite Metadata Schema 4.3 (DataCite
Metadata Working Group, 2019), which is in the fo-
cus of this publication, is associated with DataCite DOIs
and is meant for general purpose. It evolved from Dublin
Core, but changed by the time due to requests from
DataCite community members. The DataCite schema
has 19 metadata properties. A property consists of one
top level metadata field, e.g. creator, and, possibly, of
additional subordinate metadata fields (subproperties) in
a hierarchical tree structure, e.g. creatorName, name-
Type, affiliation, . . . . DataCite metadata can be stored as
XML and/or JSON files. An example for a JSON meta-
data file can be found in the Supplement.

The DataCite metadata schema is quite extensive
compared to the schemata of other DOI registration

7https://www.w3.org/RDF/
8https://www.w3.org/TR/owl2-overview/

agencies. Other persistent identifiers, e.g. handles, are
not associated to a metadata schema. Vice versa, only a
few metadata schemata are associated with PIDs.

2.3 File format

The two most commonly used file formats in the atmo-
spheric modelling community are netCDF and GRIB.

The Network Common Data Format (netCDF) is a
self-describing and openly documented file format. The
current version of the netCDF library (netCDF4) allows
compression of data. NetCDF files are widely used in the
whole Earth system modelling community, for the pub-
lication of the model results of phases 5 and 6 of CMIP
(Taylor et al., 2012; Eyring et al., 2016 and Juckes
et al., 2020), and for other applications as described in
Signell et al. (2008).

The General Regularly-distributed Information in
Binary form (GRIB) format is standardised by the World
Meteorological Organization (WMO) and allows higher
compression rates than netCDF. GRIB by default is not
interoperable without extra attention, as the external
GRIB tables do not deliver explained standard names
but require the knowledge of the model to understand
what is meant by the given ‘long name’.

2.4 The granularity of archived data

Results of atmospheric simulations are usually avail-
able in various levels of granularity (= levels of de-
tail). As the atmosphere is a complex system with
many degrees of freedom, the output of an atmosphere
model simulation consists of many variables. It includes
1-dimensional (1D) properties and 2D and 3D fields,
also time-dependent and time-constant variables. Vari-
ables can also be stored in several temporal aggrega-
tions, e.g. hourly, monthly or annual values. There-
fore, the model output usually consists of several large
files. Specific diagnostics may additionally store statis-
tics with further dimensions at each grid-box and time
step.

Often, various temporal aggregations, such as an-
nual and monthly averages, are written into separate
files. During post-processing, data may be redistributed
into a different file structure. For example it was speci-
fied within the Coupled Model Intercomparison Project
(CMIP, Taylor et al., 2012 and Eyring et al., 2016),
that all model results are stored in a way, such that each
netCDF file contains only one single variable. Alterna-
tively, multiple variables can be stored in a joint netCDF
file if no conformance with the CMIP standard is aimed
at.

In any case, the results of a simulation can be rep-
resented in different levels of detail, denoted as gran-
ularity. Defining the levels of granularity determines a
hierarchical structure of the data, e.g. for their archiv-
ing. The lowest level of granularity could be the simu-
lation itself, or only parts of a simulation (e.g. only the
atmospheric results of an earth system model), or even
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Figure 1: Example for a possible structure of a dataset collection,
which contains the results of an atmospheric model simulation and
the corresponding metadata. If this is defined as the lowest level
of granularity and if a DOI is assigned to this dataset collection,
then the orange arrow represents the link from and to the DOI. The
black arrows represent possible references, which can be addressed
by links on the web pages leading from the description of the dataset
collection to the individual datasets and from the descriptions of the
datasets to those of the individual variables. Nevertheless, additional
DOIs could also be assigned to the higher levels of granularity
(dashed arrows), e.g. to individual datasets.

a whole project in which several simulations were per-
formed. As there are several possibilities to define a hier-
archical structure, it should first be defined which group
of data forms the lowest level of granularity. Then, the
higher levels of granularity are determined.

Several datasets with results in different dimensions
and temporal resolutions and the corresponding meta-
data are e.g. grouped into one dataset collection, see
Figure 1. In this case the whole dataset collection could
represent the low granular level (upper part of Figure 1).
The next higher level of granularity could be the individ-
ual datasets (as denoted in the middle part of Figure 1).
Each dataset could contain several variables, which then
belong to the next higher level of granularity (lower part
of Figure 1).

2.5 DOI assignment

The repository applies for the assignment of a DOI to a
dataset. Often, a DOI is assigned to a lower granularity
level of the data, e.g. to a dataset collection representing
one model experiment whose output consists of several
datasets as described in Figure 1 (upper part). Additional
DOIs might be assigned to the elements of higher granu-
larity, e.g. the individual datasets of a simulation (lower
part of Figure 1). Thus, one could have one parent DOI
for the whole simulation and one or more child DOIs for
individual datasets. In any case, the metadata of the DOI
describe that level of granularity, to which the DOI is at-
tached. In most cases, only one DOI is assigned to the
lowest granularity level and then only a fraction of the
metadata of the DOI coincides with the metadata of the
individual datasets.

2.6 Landing page

In many cases, a DOI is connected to a HTML land-
ing page, which is created by the repository. Resolv-
ing a DOI in a conventional web browser will redirect
to this respective landing page. This does not only ap-
ply to DataCite DOIs but to most DOIs9. The landing
page contains metadata, which might be both human-
as well as machine-readable. However, the DOI con-
cept does not include any mandatory human-readable
nor machine-readable formats. For every DataCite DOI
a landing page is provided, that is as well human- and
machine readable and searchable, e.g. with the DataCite
Search10.

3 Recommendations

The following recommendations aim to improve the
FAIRness of atmospheric model datasets and follow the
precondition, that the dataset is provided with a DataCite
DOI, as this is the case within the AtMoDat project. It
should be noted that other PID systems and metadata
schema can also be used to improve dataset FAIRness;
this is discussed in Section 4.

3.1 The importance of metadata for FAIRness

Metadata should describe the research data in such a
way that the possible reusers are able to decide whether
these data are useful for their application. Also, the pro-
cess of the data generation and used input data should be
documented. All necessary information must be given
by the data producer. It can either be written directly
into the metadata properties of the DataCite DOI or
can be given by links to external documents – prefer-
ably via persistent identifiers (PIDs). Such an external
document could be the documentation of the numerical
model, which was used to calculate the data.

It is strongly recommended that metadata are ma-
chine-readable (for example using XML files and pro-
vision of metadata according to schema.org), such that
they can be used to create automated lists, e.g. for eval-
uations of institutions. External documents should also
be machine-readable.

3.1.1 FAIR principles for the Metadata itself

Machine-readability and therefore FAIRness of the
metadata can be increased with the following principles:

• All information about persons and institutions should
be complemented with a PID: e.g. an ORCID11 for
persons or a ROR12 for institutions (if applicable).

9DOI Handbook, Chapter 5: https://www.doi.org/doi_handbook/5_
Applications.html
10https://search.datacite.org/
11https://orcid.org/
12https://ror.org/
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• All links to documents, homepages etc. should be
provided as PIDs: documents e.g. with a DOI and
homepages e.g. with an URN.

• All temporal information as e.g. dates, should
be given in a standardised way, e.g. according
to ISO 8601 (ISO8601, 2019) and ISO 19108
(ISO19108, 2002).

• Keywords and subjects should preferably be taken
from controlled vocabularies (CVs), as much as pos-
sible, e.g in atmospheric modelling from CVs of ES-
DOC13, variable names from CF-conventions14 or
other keywords e.g. from the United Nations Ter-
minology Database 15, the Global Change Master
Directory (GCMD)16, or the Climate Tagger The-
saurus17.

• Geographic information should include the spatial
reference system (also named coordinate reference
system), e.g. WGS84 (NIMA, 2000). If no refer-
ence system is provided, WGS84 is assumed. If
geographic coordinates are based on a geographic
projection, then it is strongly recommended to in-
clude the projection, e.g. Lambert Conformal Conic,
including relevant parameters. Geographic names
should be chosen according to geonames18, if pos-
sible.

• Usage rights/licence must always be described, pre-
ferably as a standard machine-readable licence, e.g.
Creative Commons19.

3.1.2 Metadata of the lowest level of granularity
for atmospheric model data

The metadata of the lowest level of granularity is at-
tached to the DataCite DOI, see e.g. the example in Fig-
ure 1. As we consider only DataCite DOIs in this pa-
per, we restrict our recommendations to the properties of
DataCite Metadata Schema 4.3 (DataCite Metadata
Working Group, 2019). In order to increase the FAIR-
ness of atmospheric model data, all reasonable DataCite
metadata properties should be used. Datasets metadata
that do have no corresponding DataCite metadata prop-
erties should be placed in general DataCite metadata
properties, e.g. in Description.

The DataCite metadata properties Contributor, Cre-
ator and Funder should always be included, so that syn-
opses about the publication of a single researcher, all
researchers in an institution or all publications within a
project can be automatically compiled.

All dates connected to the dataset are important in-
formation for the reuser and therefore should always

13https://specializations.es-doc.org/
14http://cfconventions.org/Data/cf-standard-names/72/build/
cf-standard-name-table.html
15https://unterm.un.org/
16https://earthdata.nasa.gov/earth-observation-data/find-data/gcmd/
gcmd-keywords
17https://www.climatetagger.net/climate-thesaurus/
18https://www.geonames.org/
19https://creativecommons.org/choose/

be mentioned via the metadata properties Date. Except
from the Publication Year all other temporal information
is added with different values for the subproperty date-
Type. The length of time series or the period, for which a
simulation is valid, is noted with the DataCite Metadata
property Date and the subproperty valid.

The description of the geographical location of the
model area (GeoLocation) is very important for the
reusability of atmospheric model data, as well as the
temporal coverage.

Also, there are many possibilities to mention related
sources by using RelatedIdentifier and values for the
subproperty relationType. Thereby the documentation
of the model, the boundary conditions, or a publication
about the data are noted. In order to increase the inter-
operability, all possible references to other data should
also be listed; e.g. if data was calculated in an model in-
tercomparison project (MIP), the data of other models
included in the MIP should be mentioned.

As future reuse of a dataset cannot be predicted,
as much information about the data as possible should
been written into the metadata and therefore all applica-
ble DataCite properties should be filled. Unfortunately,
many archived datasets do not have sufficient informa-
tion to be reusable, even if they have DataCite DOIs
associated. Moreover, it is helpful for a reuser if in-
formation about performed maturity checks are added
to the metadata. This can be done with a documen-
tation of the maturity control that was made by the
repository. The PID of the documentation of this ma-
turity control can be added to the metadata with the
property RelatedIdentifier and the subproperty relation-
Type=“IsReviewedBy”.

An example for the DataCite DOI’s metadata of
an atmospheric dataset of (Neumann, 2017), written
in JSON, can be found in the Supplement (example
_json_metadata.json).

3.1.3 Metadata of the higher levels of granularity
of atmospheric model data

DataCite metadata properties are only describing the
lowest level of granularity. Therefore, metadata of the
higher level of granularity contain all necessary informa-
tion about the data that couldn’t be given with the DOI’s
metadata. If a DOI is assigned to a dataset collection
with several datasets (as shown in Figure 1) and there are
no additional DOIs for the individual datasets, then the
descriptions of the datasets and variables (higher levels
of granularity) can only be written on the landing page
and into the metadata of the data files itself, see the ta-
bles in the Appendix. For atmospheric model data, the
properties in Table 3 in the Appendix are necessary, if
applicable.

Nevertheless, if there are additional DOIs assigned
for each individual dataset, this information has to be
included in the respective DOI’s metadata.

https://specializations.es-doc.org/
http://cfconventions.org/Data/cf-standard-names/72/build/cf-standard-name-table.html
http://cfconventions.org/Data/cf-standard-names/72/build/cf-standard-name-table.html
https://unterm.un.org/
https://earthdata.nasa.gov/earth-observation-data/find-data/gcmd/gcmd-keywords
https://earthdata.nasa.gov/earth-observation-data/find-data/gcmd/gcmd-keywords
https://www.climatetagger.net/climate-thesaurus/
https://www.geonames.org/
https://creativecommons.org/choose/
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3.2 The importance of the landing page

Beside the data repository as a whole, the landing page is
the first “point of contact” between most of the reusers
and their dataset of interest. As such, certain require-
ments for the design of a landing page have to be
met, if the datasets provided with the DOI should com-
ply with the FAIR principles. The landing page always
both contains the human-readable and machine-readable
metadata. According to Best Practices for DOI Land-
ing Pages of DataCite20, the landing page should always
include a complete citation of the dataset in human-
readable format including the DOI itself, so that the data
record can be uniquely identified by humans. Also, the
DOI should be stored in the machine-readable part of
the landing page so that search engines also can find it.
In addition, a landing page should always contain infor-
mation on how to access the data. If the data record itself
is no longer available, this should be noted on the land-
ing page (Tombstone Page).

All metadata fields that are in the metadata record
of the DataCite DOI should be listed on the landing
page. Nevertheless, metadata fields on the landing page
might have different names than the DataCite metadata
properties. This e.g. enables to name maturity assur-
ance information that is stored in the DataCite meta-
data schema under Related Identifier:IsDerivedFrom,
directly as “Maturity Information”. Also, it is strongly
recommended that the landing page contains additional
and needed information, for which no fields exist in the
metadata schema of the DOI, see Tables 2 and 3 in the
Appendix.

If the DOI was assigned to a dataset collection with
several datasets or to datasets with several variables, the
descriptions of the individual dataset or variables (higher
levels of granularity) must also be written on the landing
page or sub-landing pages. The top level of the landing
page shall, however, always expose the metadata of the
low level granularity and additionally a list of all avail-
able files/variables. The metadata of each file/variable
(higher levels of granularity) can be provided on fur-
ther web pages (sub-landing pages) linked to the landing
page. On these web pages, individual metadata fields of
the lower level of granularity, such as Licence, Contrib-
utor, . . . , can be repeated.

Both the landing page and the subordinate web pages
have to be publicly and permanently available. The lay-
out might change and metadata might be added. The
landing page itself should have a PID which is in
our case the DataCite DOI. The machine-readable part
of the landing page should be provided compliant to
schema.org21 in order to enable search engines such as
Google Dataset Search or Bing to extract relevant infor-
mation for their search algorithms from the individual
web pages. Alternatively, an equivalent structure based
on the W3C DCAT format (Data Catalog Vocabulary,

20https://support.datacite.org/docs/landing-pages
21https://schema.org/

Albertoni et al. (2019)) might be used, see e.g. the
data description from Google22. A mapping of the Data-
Cite DOI metadata schema to schema.org is provided by
DataCite23.

3.3 File formats and standards for
interoperability and reusability

A condition for the interoperability of research data is
that they are stored in a self-describing open file format
and that the structure of the file adheres to a conven-
tion that can be understood by humans and machines.
Therefore, it is necessary that in addition to the data also
metadata are stored in the file e.g. names of variables,
units, licence information or contact details.

For atmospheric model data, the netCDF24 for-
mat seems to be appropriate for this purpose because
netCDF files are self-describing. However, the user is
free to decide, in which detail and with which wording
the variables, dimensions and attributes are described.
This restricts reusability and machine readability signif-
icantly. Therefore, there are several standards that pro-
vide specifications for names, units and other parame-
ters in order to standardise the file contents and make
them automatically processible. The Climate and Fore-
cast Conventions (CF Conventions, Eaton et al., 2019)
are one of the most widely used standards in the atmo-
sphere modelling community, which are also used for
CMIP6 data (Juckes et al., 2020). This metadata stan-
dard gives specifications for descriptions of variables
and coordinates in netCDF files. The CF Conventions
have been developed for atmospheric model data, but
they are becoming more and more popular in other fields
of Earth System science and have been extended to some
of these fields, e.g. atmospheric and oceanic measure-
ment data, ocean model data, satellite data.

An example for a netCDF header for the same dataset
as in section 3.1.2 by Neumann et al. (2017) is shown
in the Supplement (example_netcdf_header.cdl).

4 Conclusion and discussion

The aim of the paper is to provide a concept for the en-
hancement of reusability of archived atmospheric model
data, which can be achieved by following the FAIR data
principles. Therefore, a PID is necessary but not the only
precondition. As atmospheric model data are often pub-
lished with a DataCite DOI, we referred to the respective
metadata schema in this text. Nevertheless, our recom-
mendations are also applicable for other PIDs if they are
associated with metadata.

If data are published with a DataCite DOI, FAIRness
can be achieved by several means:

• All reasonable metadata parameters of the DOI
should be filled.

22https://developers.google.com/search/docs/data-types/dataset
23DOI: 10.5438/0000-00cc
24DOI: 10.5065/D6H70CW6

https://support.datacite.org/docs/landing-pages
https://schema.org/
example_netcdf_header.cdl
https://developers.google.com/search/docs/data-types/dataset
http://dx.doi.org/10.5438/0000-00cc
http://dx.doi.org/10.5065/D6H70CW6
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• PIDs should be used to link metadata to external
sources, e.g. a publication in ESSD, documentations,
citations, persons, organisations, etc.

• All metadata are listed on the landing page (human-
and machine-readable).

• If one DOI is given for a dataset collection with
several datasets, then both the dataset collection (low
granular level) and the respective datasets (higher
granular level) are described on the landing page or
on sub-pages.

• Data are stored in files with a self-descriptive and
open format, e.g. in netCDF files. The header of each
file contains rich metadata, which are consistent with
the given metadata on the landing pages.

FAIRness of datasets can be tested with several tools,
which were collected and described by Bahim et al.
(2019) and Wilkinson et al. (2018). Nevertheless, there
are other principles which enhance the accessibility,
usability and interoperability of data, e.g. the 5 Stars
Linked Open Data (LOD) principles by Berners-Lee
(2010). A comparison of FAIR and LOD was done by
Hasnain and Rebholz-Schuhmann (2018). One im-
portant difference between the two principles is that
FAIR data do not have to be openly available – only the
licence agreement must be specified. As the reusability
of data with restricted access is diminished, this should
be avoided for atmospheric model data.

In theory, the FAIRness is a very useful concept.
In practice, metadata fields have to be filled with cor-
rect information appropriate in detail and wording. The
data producer, as the expert on the data, has to provide
this information. However, the data curators and repos-
itory staff should ensure that the metadata are properly
filled by checking the metadata. This ensures the FAIR-
ness of the stored data. Information about these maturity
controls can be added to the metadata by linking a de-
scription of the maturity control via the Related Identi-
fier parameter. Nevertheless, it would be advantageous
if the maturity of a dataset could be indicated explic-
itly in the DOI’s metadata. Therefore, we suggest that a
new DataCite metadata property for the maturity of the
dataset should be introduced (Heydebreck et al., 2020).
The maturity property should only refer to the individual
datasets and differ from repository certifications.

Altogether, atmospheric model data are valuable, so
that its producers should aim for their reusability. This
can be reached by the FAIR principles. We hope that this
guide helps to make atmospheric data FAIRer. Neverthe-
less, FAIRification of data is an open process and fol-
lowing these recommendations does not mean, that at-
mospheric model data will reach the maximum of FAIR-
ness, especially as we have to assume that other needs
will show up in future. As well, there are further possible
actions to ensure better machine readability and proces-
sibility, see e.g. Jacobsen et al. (2020), and preferably
DataCite metadata should be published in RDF as Open
Linked Data, see Peroni et al. (2016). This will be in-
vestigated within the project AtMoDat and described in
future publications.
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Appendix

Most DataCite Metadata properties are easy to un-
derstand, see DataCite Metadata Working Group
(2019). The properties for the description of the dataset
itself are DOI, AlternateIdentifier, Title, ResourceType,
Summary, Size, Format,Version and Licence. All per-
sons and institutions connected to the production and
publication of the dataset are mentioned with the proper-
ties Creator, Publisher, Contributor and Funding. When
the dataset was published, updated, created and when its
is available is stated in PublicationYear and Date with its
subproperties Created, Updated, Issued, and Available.

Additional information can be given with the proper-
ties and subproperties in the following tables:

Table 1: DataCite Property RelatedIdentifier for all information
about the production of the data and connections to other data.

Landing Page DataCite Property Comment

Boundary
Conditions

RelatedIdentifier:
relationType =
“IsDerivedFrom”

Link or DOI
describing the
boundary conditions
applied

Model Docu-
mentation

RelatedIdentifier:
relationType =
“IsDescribedBy”

Either PID of the
model or PID of the
description of the
model, which was
used to calculate the
data

References RelatedIdentifier:
relationType =
“IsCitedBy”

Citation and PID of
the publication, for
which the data was
used

Simulation is
part of

RelatedIdentifier:
relationType =
“IsPartOf”

Only if applicable –
PID of the MIP for
which the simulation
was made.

Related
Simulations

RelatedIdentifier
relationType =
“IsVariantFormOf”

Only if applicable –
PIDs of the descrip-
tions of other simula-
tions, that were made
for the same MIP.

Maturity
Check

RelatedIdentifier:
relationType =
“IsReviewedBy”

Link to the docu-
mentation of the
performed quality
checks.
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Table 2: Information about the dataset, which are necessary but
for whom there are no obvious DataCite properties. Most of this
information must be written on the landing page.

Landing Page DataCite Property Comment

Model – Name of the model,
which was used for
the calculation of the
data

Model version – Version of the model,
which was used for
the calculation of the
data

Horizontal
Resolution

– Horizontal resolution
of the data

grid – Grid specification

Projection – Used geographic
projection

Vertical
Coordinate

– Vertical coordinate of
the model, e.g. height,
sigma, pressure, . . .

Temporal
Coverage

Date: dateType =
“Valid”

Temporal coverage of
a time series

Spatial
Coverage

GeoLocation Lon/lat Box and/or
name of a place or a
region

Basic Approx-
imations

– Basic approximations
used, e.g. hydrostatic,
non-hydrostatic, . . .

Table 3: Information about each single file or variable: if only one
DOI is assigned to a dataset collection including many datasets, this
information is given on the landing page. Otherwise it is included in
the DOI’s metadata.

Landing Page DataCite Property Comment

Variable/Data-
set Name

Part of Subject or
Description

Name of the dataset
or variable

Temporal
Aggregation

Part of Description Temporal aggregation
of the data, e.g.
hourly, daily, monthly
means, . . .

Spatial
Aggregation

Part of Description Spatial mean over
regions, e.g. Europe,
North Sea, . . .

Dimension Part of Description Dimension of the
data: 1D, 2D, 3D, 4D

Valid Range Part of Description Only if applicable –
valid range for
specific variables,
e.g. wind directions
(0°–360°) or
temperature given
in K (> 0 K), . . .

Size Size File size

Spatial
Coverage

Part of Description Precise information
about the model area,
if it is so small that
it can’t be specified
with lon/lat box
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