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Abstract

Scientific data should be published in a way so that other scientists can benefit from these data, enabling
further research. The FAIR Data Principles are defining the basic prerequisite for a good data publication:
data should be Findable, Accessible, Interoperable, and Reusable. Increasingly, research communities are
developing discipline-specific data publication standards under consideration of the FAIR Data Principles.
A very comprehensive yet strict data standard has been developed for the climate model output within
the Climate Model Intercomparison Project (CMIP), which largely builds upon the Climate and Forecast
Metadata Conventions (CF conventions). There are, however, many areas of atmospheric modelling where
data cannot be standardised according to the CMIP data standard because, e.g., the data contain specific
variables which are not covered by the CMIP standard. Furthermore, fulfilling the strict CMIP data standard
for smaller Model Intercomparison Projects (MIPs) requires much effort (in time and manpower) and hence
the outcome of these MIPs often remains non-standardised. For innovative model diagnostics, preexisting
standards are also not flexible enough. For that reason, the ATMODAT standard, a quality guideline for
atmospheric model data, was created. The ATMODAT standard defines a set of requirements that aim at
ensuring the high reusability of atmospheric model data publications. The requirements include the use of
the netCDF file format, the application of the CF conventions, rich and standardised file metadata, and the
publication of the data with a DataCite DOL Additionally, a tool for checking the conformity of data and
metadata to this standard, the atmodat data checker, was developed and is available on GitHub under an
open licence. By using the more flexible ATMODAT standard, the publication of standardised datasets is
simplified for smaller MIPs. This standardisation process is presented as an example using the data of an
aerosol-climate model from the AeroCOM MIP. Furthermore, the landing pages of ATMODAT-compliant
data publications can be highlighted with the EASYDAB logo. EASYDAB (Earth System Data Branding)
is a newly developed quality label for carefully curated and highly standardised data publications. The
ATMODAT data standardisation can easily be transferred to data from other disciplines and contribute to
their improved reusability.

Keywords: AtMoDat, Data Publication, AeroCOM1, ECHAM6-HAM?2, FAIR, Standardised Data,
ATMODAT Standard, EASYDAB, Quality Guideline

1 Introduction

Research data publishing is a means through which re-
search data are disseminated to a broad audience. In-
creasingly, funding agencies and journal publishers are
making it a requirement that researchers publish the data
which they created during a project or which they used
for a scientific publication. However, making data ac-
cessible via a repository does not necessarily mean that
they are easily reusable by others. To achieve this, the
data publication must meet certain founding principles
for good data management and stewardship, such as for-
mulated in the FAIR Data Principles (WILKINSON et al.,
2016). The FAIR principles advise data producers and
publishers to improve the Findability, Accessibility, In-
teroperability, and Reusability of digital assets. Among
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others, they specify that data shall be described with suf-
ficient human and machine-readable metadata and that
data must be referenced by a persistent identifier (PID),
such as a digital object identifier (DOI').

The FAIR principles have been formulated on a gen-
eral level. The interpretation of the FAIR principles
and their implementation by individual research com-
munities has led to the establishment of community-
specific data standards that are often instrumental in
determining which metadata elements are needed and
how they should be described. The OGC Geopackage
Encoding Standard (OPEN GEOSPATIAL CONSORTIUM,
2017) for the exchange of earth images and raster maps
and the Technical Guidance for data in the INSPIRE
Infrastructure (INSPIRE, 2007) are examples for such
community-specific standards, as well as the standard
for the results of the programme “Urban Climate Under

Uhttps://www.doi.org/
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Change [UC]?*” (SCHERER et al., 2019; SCHERER et al.,
2020), which includes specifications for the data format,
prescribes a special set of mandatory metadata elements
and provides lists with controlled vocabulary for vari-
ables names, institutions, and locations in the field of
urban climate research. Another research area, where
specific data standards have been developed from early
on, is global climate modelling. Within the framework
of the Coupled Model Intercomparison Project (CMIP,
EYRING et al., 2016), climate research institutions world-
wide are performing coordinated model simulations
and are exchanging, intercomparing, and analysing the
model results. The assessments serve as a basis for the
Intergovernmental Panel on Climate Change (IPCC?) re-
ports which summarise the state of knowledge on an-
thropogenic climate change and which build the scien-
tific foundations for global climate policy decisions. To
facilitate data exchange and evaluation, the CMIP com-
munity has agreed upon a very comprehensive data stan-
dard that includes a common naming system for files, di-
rectories, variables, and metadata (EYRING et al., 2016;
Juckes etal., 2020). The CMIP standard also specifies
file format, data structure, and file content requirements.
Among others, it defines a number of required and rec-
ommended “global attributes” which provide metadata
that relate to the entire dataset. There are also mandatory
metadata for describing the coordinates and the vari-
ables.

The network Common Data Format (netCDF) is de-
fined as the standard file format for CMIP model out-
put. NetCDF is an open, binary, platform-independent
format that is particularly suitable for storing multi-
dimensional gridded data along with grid definitions. By
allowing for simultaneous storage of the actual data with
their respective metadata, netCDF enables the creation
of self-describing data files.

For model output generated within CMIP, the meta-
data for the variables in the respective dataset have to be
compliant with the netCDF Climate and Forecast (CF)
Metadata Conventions® (hereinafter referred to as CF
conventions, EATON etal., 2021). The CF conventions
are an internationally agreed standard that defines what
metadata are required to unambiguously describe vari-
ables in a dataset related to climate and weather fore-
casts.

The overall aim of the AtMoDat project* (Atmo-
spheric Model Data: Data Quality, Curation Criteria
and DOI Branding) was the enhancement of the FAIR-
ness of published atmospheric model data. The assign-
ment of a DataCite DOI, which fulfills an important
aspect of the FAIR principles’, is a prerequisite of
the ATMODAT standard (GANSKE etal., 2021). There-
fore, this standard includes requirements for the meta-
data for the DOI and the corresponding landing pages.

2https://www.ipce.ch/

3http://cfconventions.org

“https://www.atmodat.de/

Sprinciple F1: (Meta) data are assigned globally unique and persistent iden-
tifiers
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As it is also usual that data collections are published
with a single DOI for the whole collection compris-
ing several data files, these metadata can differ from
the metadata describing the data in the individual files.
Like the above-mentioned standards (SCHERER etal.,
2020; OPEN GEOSPATIAL CONSORTIUM, 2017; BREIT-
BACH etal., 2021) the ATMODAT standard also pre-
scribes and recommends metadata elements for the in-
dividual data sets.

Regarding the R in FAIR the CMIP project is a role
model as the CMIP data standard means highly stan-
dardized global climate model data, which are fit for
reuse. Therefore a set of tools, software, and workflows
is required which is based on CMIP controlled vocabu-
laries (CV) — specific for the members of the CMIP com-
munity and the CMIP research questions. This high level
of standardization within the CMIP project comes at the
expense of high obstacles when applying it to datasets
outside the intended scope of global climate modeling.
For example, CMIP only allows for a predefined set of
variables to be published under their standard and has
furthermore relatively stringent requirements with re-
gards to file metadata. Within the AtMoDat Project it
was investigated to which extent the CMIP data stan-
dard can be transferred to or adapted for other areas
of meteorology and climate research employing atmo-
spheric models (GANSKE etal., 2020). One example is
the field of smaller “grassroots” model intercomparison
projects (MIPs) in support of CMIP, such as the Aero-
COM® MIPs. A key activity of AeroCOM is to assess
how aerosol-climate effects are represented in different
climate models and to evaluate how modelled aerosols
compare to observations (KINNE etal., 2006). In this
framework, new and not yet standardised model diag-
nostics are implemented and written to the model output
files. Frequently, such output cannot be made fully com-
patible with the CMIP data standard.

A complete adaption of the CMIP data standard to
data from urban climate research or smaller MIPs was
not considered feasible; a leaner data standard was there-
fore developed. This reduced standard, the ATMODAT
standard, is introduced in Section 2. Additionally, the
Earth System Data Branding’ (EASYDAB) was devel-
oped which certifies standardised datasets. EASYDAB
is introduced in Section 3. The application of the
ATMODAT standard to selected datasets from an Aero-
COM MIP is described in Section 4. Finally, we provide
a conclusion and outlook.

2 The ATMODAT standard

The ATMODAT standard (GANSKE etal., 2021) is a
quality guideline for the FAIR publication of atmo-
spheric model data with open® licences. Its prerequi-
site is the publication of data sets with a DataCite DOI

Shttps://aerocom.met.no
https://www.easydab.de
8We use the definition of https://opendefinition.org/
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in a repository. In addition, as recommended by Data-
Cite’, the DOI must always resolve to a web page, the
so-called landing page. The DOI can be assigned to in-
dividual datasets, i.e. to one file of scientific data and
its metadata. Alternatively, it can be assigned jointly to
an entire dataset collection consisting of several datasets
whose data were calculated, for example, within the
same model simulation.

As some elements contained in the FAIR Data Prin-
ciples are not clearly interpretable, complete compli-
ance of published data to the FAIR principles is hard to
achieve (see DUNNING etal., 2017). To seek adherence
of the published data to the FAIR Data Principles, the
ATMODAT standard specifies requirements for the file
format which is netCDF, the metadata, and the landing

page.

2.1 Requirements for the metadata

Metadata must describe the data such that potential data
users are able to decide whether these data are useful for
their application. For this purpose, it must be sufficiently
documented how the raw data were generated and how
they were post-processed.

For data publication with a DataCite DOI, metadata
are needed in the files, for the DOI, and on the land-
ing page. All necessary information can either be writ-
ten directly into the metadata or be referenced with links
to external documents - preferably via persistent identi-
fiers (PIDs). Such an external document could be, for ex-
ample, the documentation of the numerical model used
to generate the data. These external documents, or at
least their metadata, should be machine-readable. As
DataCite provides all DOI metadata both in machine-
readable and machine-interpretable forms, it is ensured
that automated lists can be created from these metadata,
e.g. for retrieving all data publications of a research in-
stitute on a specific topic.

The ATMODAT standard specifies the following
principles to enable machine readability and inter-
pretability and thus FAIRness of all metadata:

* The language of the metadata is English.

* Whenever possible, all information on persons and
institutions should be supplemented with a PID, i.e.
an ORCID for a person or a ROR for an institution.
Suggestions for suitable PIDs can be found in MAD-
DEN et al. (2020).

* All links to documents should be persistently speci-
fied, e.g. with a DOI.

* All temporal information must be provided in a stan-
dardised form, e.g. according to ISO 8601-1 (2019)
or ISO 19108 (2002).

* The spatial reference system must be specified, e.g.
WGS8410,

9https://datacite.org/
10https://earth-info.nga.mil/index.php?dir=wgs84&amp;action=wgs84
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e The use of controlled vocabulary (CV) is recom-
mended. Geographical names should be looked up
in geonames'!, research areas in the Australian and
New Zealand Standard Research Classification'?. CF
standard names!?® should be used as variable at-
tributes whenever applicable. Other keywords can
possibly be found in one of the recommended vo-
cabularies, which are listed in the supplement. Nev-
ertheless, a corresponding word from a CV cannot
be found for all keywords, and sometimes it is cum-
bersome to search for a matching vocabulary. Some
repositories (e.g. Pangaea'*) use Terminology Ser-
vices such as the one of GFBio!, to offer guidance
for choosing suitable terms. Unfortunately, there ex-
ists no Terminology Service for the entire Earth Sys-
tem Sciences.

2.1.1 File metadata

The CF conventions specify how to standardise vari-
able metadata in order to make them automatically pro-
cessable. The ATMODAT standard requires adherence
to the CF conventions (version 1.4 or higher). A cen-
tral element of the CF conventions are standard_names,
which are unique identifiers for variables. Available
standard_names are listed in the CF standard name
table'®. For each standard name, the table contains
a precise description and a default unit recommenda-
tion. However, standard _names are not defined for all
variables of atmospheric models. In this case, a user-
defined long_name must be assigned to the variable
which shortly describes the respective variable.

In addition to the compliance with the CF conven-
tions, the ATMODAT standard requires that netCDF
files contain a description of the time, coordinate and
vertical axes, as well as certain global attributes, e.g. ti-
tle, author, conventions, contact. Table 1 specifies the
most important attributes, the full list with details can
be found in (GANSKE etal., 2021). Even though the
ATMODAT standard demands for using as many of
these attributes as possible, not all attributes are appli-
cable for all types of atmospheric model results. There-
fore, if a recommended attribute is not used because it is
not applicable, the metadata is still in accordance with
the ATMODAT standard.

2.1.2 DOI metadata

DOI metadata that describe the published data are sub-
mitted to DataCite for the DOI. The DOI metadata are

https://www.geonames.org
2https://www.abs.gov.au/Ausstats/abs @ .nsf/Latestproducts/
6BB427AB9696C225CA2574180004463E?0pendocument
Bhttp://cfconventions.org/Data/cf- standard-names/72/build/
cf-standard-name- table.html

Yhttps://pangaca.de

Bhttps://terminologies.gfbio.org/
16https://cfconventions.org/Data/cf-standard- names/78/build/
cf-standard-name-table.html
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Table 1: Attributes for the Data Files and their requirements for the ATMODAT Standard (M = mandatory, R =recommended). Optional
arguments are not included in this table

Attribute Description Requirement
contact A contact person and contact details. Does not need to be the creator. R
Reasonable to provide contact details that are valid in long term.
Conventions Conventions that were followed, e.g. “CF-1.8 ATMODAT-3.0” M
creation_date Date of dataset’s creation, e.g. 2022-01-01 R
creator Person(s), who created the dataset. R
crs Coordinate reference system R
frequency Sampling frequency R
geospatial_lat_resolution If data was calculated on a regular grid: latitudal grid points’ distance R
geospatial_lon_resolution If data was calculated on a regular grid: longitudal grid points’ distance R
geospatial_vertical_resolution If data was calculated on a regular grid with vertical extension: grid points’ R
distance in vertical direction
history List of modifications to the original data. R
institution The name of the institution principally responsible for originating this data. M
institution_id Abbreviation of institution name and preferably the ROR of the institution =~ R
keywords Keywords describing the data, preferably taken from a controlled R
vocabulary.
license Must be an open license, e.g. CC-By 4.0 R
nominal_resolution Approximate horizontal resolution, if data has not been calculated on a
regular grid.
realm Compartment(s) of the model, e.g. atmosphere, ocean, ... R
source Source of data: model name and version
standard_name_vocabulary The name and version of the controlled vocabulary from which variable R
standard names are taken, e.g. “CF Standard Name Table v27”
summary Short description of the dataset. R
title A short phrase or sentence describing the dataset. R

entered into the metadata fields of the DataCite meta-
data schema (DATACITE METADATA WORKING GROUP,
2019). If a joint DOI has been assigned for several
datasets (dataset collection), the DOI metadata describe
the dataset collection.

In addition to the general principles for metadata,
the ATMODAT standard formulates additional require-
ments:

* The DataCite metadata field Creator must name all
persons involved in the production of the dataset. As
well, at least the contact person and preferably other
contributors to the production of the dataset, e.g. the
data curator or the data manager, must be mentioned
in the field Contributor. This enables the automatic
creation of summaries of the publication of a single
researcher, of all researchers in an institution or of all
publications within a project. For the same reasons,
it is strongly recommended to indicate the funding
under FundingReference (if applicable).

* All time information about the creation or publica-

tion of the dataset or dataset collection must be cap-
tured in the DOI’s metadata.

The DataCite metadata field Subject must include
“AtMoDat”, the research area, and more keywords
describing the dataset. Additionally, it must contain
information about the realm(s) (compartment) of the
model used to produce the data (e.g. atmosphere,
ocean, ...), preferably taken from the CMIP6 list!”.
Related publications and datasets should be cited
with the help of the DataCite metadata field Related-
Identifier, such as the model documentation, all pub-
lications for which the data was used, the data that
was used for the boundary conditions, datasets that
were calculated with the same model, ...

The DataCite metadata field Description should con-
tain the abstract, which briefly describes the data.
Additionally, all important information about the

17https:// github.com/WCRP-CMIP/CMIP6_CVs/blob/master/CMIP6_
realm.json
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Table 2: Elements which should be included in the DataCite metadata field Description and their requirements for the ATMODAT standard

(M =mandatory, R =recommended)

Element Description Requirement

Abstract Short description of the dataset. M

Additional simulation time E.g. temporal aggregation for output R

information

Calender used Gregorian or other calender R

Description of grid E.g. rectangular grid or triangular grid. R

Model’s name Name of the model that was used to calculate the data. M

Model’s version Version of the model that was used to calculate the data. R

Horizontal resolution of the model  If data was calculated on a regular grid: grid points’ distances R

Geographic reference system used  E.g. WGS84 R

by the model

Vertical coordinate of model If data was calculated on a regular grid with vertical extension: gridpoints’ R
distance in vertical direction

Spatial coverage of model Applicable, if models spatial coverage differs from the spatial coverage of R
the archived data.

Basic approximations Approximations which are used in equations solved by the model’s code, R
e.g. the hydrostatic approximation.

Possible usage of the data Motivation to calculate the data; for what can the data be used; degree of R

accurracy; any known problems with the data

data, which cannot be written in other DataCite meta-
data fields, should be added to the description, see
Table 2.

A list of all available DataCite metadata fields can
be found in Table 3. It is strongly recommended to use
all metadata fields from the DataCite metadata schema
that are applicable to describe the data. This approach
enforces the self-explanatory description of the data.
Further information about the DOI metadata fields can
be found in the ATMODAT standard (GANSKE etal.,
2021) and in the DataCite Metadata Schema (DATACITE
METADATA WORKING GROUP, 2019).

2.2 Requirements for the landing page

If datasets provided with a DOI should comply with the
FAIR principles, certain requirements for the design of
a landing page have to be met. Both, the landing page
and the subordinate web pages must be publicly and
permanently available. Nevertheless, the layout of the
landing page may change and metadata may be added.
DataCite DOIs are always connected to an HTML
landing page, which is human- and machine-readable.
Resolving a DOI (together with the URL of the DOI-
Server'®) in a conventional web browser will redirect to
this landing page, which must contain information on
how to access the data. It is a requirement of a DataCite
DOI that the landing page must always be accessible,
even if the dataset is no longer available. In this case, the

Bhttps://doi.org/

so-called Tombstone Page contains the metadata of the
dataset and the information, that the dataset is no longer
available.

The ATMODAT standard requires that all metadata
fields, specified for the DOI, are listed on the human-
readable part of the landing page. The names of the in-
dividual metadata fields do not have to be used, e.g. Cre-
ator might be called Author or Provider by the publish-
ing repository. Additional metadata fields, which are of-
ten important to describe atmospheric model data, but
for which no DataCite metadata field exists (see Ta-
ble 4), must also be written on the landing page. In ad-
dition, for dataset collections or datasets with several
variables, the descriptions of the individual datasets or
variables should also appear on the landing page (see
Table 5). If the datasets or dataset collections have been
checked for compliance with a quality guideline before
publication, the result of these checks should also be
noted on the landing page.

The machine-readable part of the landing page (the
page source) should at least also contain all metadata
for the DataCite DOI. It should be provided compliant
to schema.org'® in order to enable search engines, such
as Google Dataset Search or Bing, to extract relevant
information for their search algorithms from the indi-
vidual web pages. Alternatively, an equivalent structure
based on the W3C DCAT format (Data Catalog Vocab-
ulary ALBERTONI et al., 2020) may be used, see e.g. the

data description from Google?’.

https://schema.org/
20https://developers.google.com/search/docs/data-types/dataset
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Table 3: DataCite metadata fields and their requirements for the ATMODAT standard (M = mandatory, R = recommended)
DataCite metadata field Description Requirement
Identifier DOI of the dataset M
Alternateldentifier (with type Applicable if the dataset/dataset collection was assigned another PID. R
sub-property)
Contributor(s) Each Contributor’s family name, given name M
+ sub-properties Each Contributor’s name identifier (e.g. ORCID) and affiliation. R
Creator(s) Each Creator’s family name, given name M
+ sub-properties Each Creator’s name identifier (e.g. ORCID) and affiliation R
Date of creation or update Date of creation or update of the dataset/dataset-collection. M
+ other date-types Available: end of an embargo; Collected: date, when e.g. data were R
measured, Valid: Time range of the model simulation.
Description Short description of the dataset. M
File Format Always netCDF M
Funding Reference Funder’s name, identifier, and award related information R
GeoLocation Location of the data (e.g. model area, coordinates of single points). R
Language Always english. M
Publisher Name and PID (ROR) of the publisher M
PublicationYear Year of dataset’s publication M
RelatedIdentifier Related information about documentation, boundary conditions, R
publications citing the dataset, other related datasets, and maturity tests.
Use PIDs, if applicable.
ResourceType For ATMODAT always “Dataset” M
Rights An open licence that is at least available in English language such as M
CC-BY 4.0
Size Size of the dataset or dataset collection. R
Subject “AtMoDat”, research area, model’s realm, and additional keywords M
describing the data, preferably taken from a controlled vocabulary (CV).
+ sub-properties If keywords are chosen from a CV, then Name and URI of the CV. R
Title A short phrase or sentence describing the dataset
Version Version of the dataset/dataset collection. R

Table 4: Additional metadata fields, which should/must be writ-
ten on the Landing Page and their requirements (M =mandatory,
R =recommended)

Metadata field

Model M
Model version R
Grid R
Projection R
R
R
R
R

Requirement

Vertical Coordinate
Temporal Coverage
Spatial Coverage
Basic Approximations

2.3 Ensuring compliance with requirements

The ATMODAT standard is aimed at repositories (in the
area of data curation), but also at the scientific commu-
nity (in the area of data production). It contains check-

Table 5: If the DOI is assigned to a Dataset collection, these meta-
data fields should be additionally displayed on the landing page,
if applicable (R =recommended)

Metadata field Requirement

Variable/ Dataset Name R
Temporal Aggregation R
Spatial Aggregation R
Dimension R
Size R

lists that support data producers and data curators in con-
trolling whether data are compliant with the ATMODAT
standard. The atmodat data checker was developed to
facilitate and, above all, automate this checking process,
even for large amounts of data. The checker is a mod-
ular Python program package, which was published un-
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der an open licence on Github?'. Thus, the atmodat data
checker is helpful for the production and publication of
standardised data. An example of its use is provided in
Chapter 4. A corresponding checker for checking DOI
metadata is in preparation.

3 EASYDAB

The Earth System Data Branding (EASYDAB) was de-
veloped within the AtMoDat project to highlight spe-
cific Earth System Science datasets that have been pub-
lished with a DataCite DOI: The EASYDAB logo on
the landing page indicates that the datasets have an open
licence and accordance with the FAIR Data Principles
has been sought. The FAIRness of the datasets could
be described e.g. as the result of one of the existing
FAIR-tests, like F-UJI FAIRness Test*> or ARDC FAIR
Self Assessment tool”®. Given the fact that the FAIR
principles are not indicating strict rules or one specific
test, EASYDAB recommends following the FAIR prin-
ciples as much as possible for the responsible reposi-
tory. Furthermore, the EASYDAB logo indicates that the
datasets have been checked by the responsible reposi-
tory for compliance with a quality guideline (GANSKE
etal., 2022). For example, datasets that comply with the
requirements of the ATMODAT standard can be pub-
lished with EASYDAB. Alternatively, repositories may
use their own quality guidelines for EASYDAB publi-
cations, provided that they achieve a comparably high
quality of published data as with the ATMODAT stan-
dard.

Many quality guidelines have been written for the
exchange of standardised data in data portals, e.g. the
guideline for data from the [UC]? research programme
(ScHERER etal., 2020), the technical guidance for data
in the INSPIRE Infrastructure (INSPIRE, 2007), and
the OGC Geopackage Encoding Standard (OPEN GEO-
SPATIAL CONSORTIUM, 2017) for the exchange of earth
images and raster maps. These guidelines do not only
prescribe and recommend the needed metadata, but
some also specify file types or how metadata should be
published. The CF conventions (EATON etal., 2021) and
the Attribute Convention for Data Discovery (ACCD?)
both recommend how to describe metadata in netCDF
datasets. Other standards like ISO 19115-1 (2014) and
ISO 19115-2 (2019) prescribe the semantics of meta-
data fields and are widely used in other standards (e.g.
by the INSPIRE guidance). The Data Stewardship Ma-
turity Matrix for the NOAA OneStop Project (PENG
etal., 2019) and the Quality Maturity Matrix (HOckK
etal., 2020) of the German Climate Computing Cen-
ter (DKRZ) are examples, of how the curation of the
datasets is standardised and documented so that the

2 https://github.com/AtMoDat/atmodat_data_checker; Version 1.2 published
as (KRETZSCHMAR et al., 2022)
22https://www.fairsfair.eu/f-uji-automated-fair-data-assessment-tool

2 https://ardc.edu.au/fair- data/fair-self-assessment-tool/
24https://wiki.esipfed.org/Attributc_Convemion_for_Data_Discovery_l -3
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FAIRness of the data sets increases with higher levels
of maturity. Nevertheless, in contrast to the ATMODAT
standard, most of these guidelines and curation pro-
cesses do not presume the assignment of a PID to the
data, open25 file formats and licences. Therefore, it de-
pends on the repository whether it does not only curate
its data following a specific quality guideline but also
assigns DataCite DOIs and follows additional internal
regulations, e.g. about the structure and content of the
landing pages. Only in this case, a repository can high-
light its landing pages with the EASYDAB logo.

The intentions of these quality guidelines are the
standardisation of datasets, the enhancement of the qual-
ity of metadata, and the increase of FAIRness. Neverthe-
less, the quality of data is more than that and the qual-
ity of data and metadata should be assessed and docu-
mented at each production step of the data production
cycle (PENG etal., 2021b). Even though a precondition
for an EASYDAB branding is only high quality meta-
data, it would be a surplus if the curation process for
a dataset would have included checks for all the four
different aspects of quality (Scientific, Product, Stew-
ardship, and Service), as defined in RAMAPRIYAN et al.
(2017).

The EASYDAB logo is protected. In order to use it,
repositories must conclude a contract with the German
National Library of Science and Technology (TIB%%).
In this contract, the respective repositories undertake to
display the EASYDAB logo only on the landing pages
of the datasets/dataset collections which comply with
the EASYDAB guidelines.

According to (PENG etal., 2021a) is “Knowledge
about the quality of data and metadata important to
support informed decisions on the (re)use of individ-
ual datasets”. Therefore, datasets with enhanced quality
of (meta)data should be labelled so that they can stand
out of the crowd of all datasets. This is the purpose
of EASYDAB. Using the EASYDAB logo, reposito-
ries can indicate that they carefully curate datasets with
FAIRness principles in mind and make them reusable. It
is easier for users to find and evaluate well-described
datasets and to use data that is relevant to them. In
collaboration with the World Data Center for Climate
(WDCC?"), the first dataset (LOWE, 2022) was pub-
lished with EASYDAB.

4 Application of the ATMODAT
standard

After having outlined the requirements necessary to
publish a dataset in accordance with the ATMODAT
standard, we will provide an example of the publica-
tion process. The example data originate from simula-
tions with the global aerosol-climate model ECHAMG6-
HAM2 (ZHANG etal., 2012; TEGEN etal., 2019) and

25
26

we use the definition of open from https://opendefinition.org/
see www.easydab.de
?Thttps://cera-www.dkrz.de/WDCC/ui/cerasearch/


https://github.com/AtMoDat/atmodat_data_checker
https://www.fairsfair.eu/f-uji-automated-fair-data-assessment-tool
https://ardc.edu.au/fair-data/fair-self-assessment-tool/
https://wiki.esipfed.org/Attribute_Convention_for_Data_Discovery_1-3
https://opendefinition.org/
www.easydab.de
https://cera-www.dkrz.de/WDCC/ui/cerasearch/
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were created within an AeroCOM MIP. These simu-
lations aim at providing a process-based observational
constraint on the cloud lifetime effect (ALBRECHT, 1989;
GRYSPEERDT etal., 2019; BELLOUIN etal., 2020) by
investigating the parameterised precipitation stemming
from liquid-only clouds (“warm rain”) in global climate
models. Precipitation from liquid-phase clouds is partic-
ularly important in the subtropics and tropics, whereas
in the extra-tropics, rain usually is formed via the ice
phase (MULMENSTADT etal., 2015). The formation of
rain in liquid-phase clouds is mediated by the presence
of aerosols in the atmosphere. An increase in aerosol
concentration decreases the efficiency of cloud conden-
sate removal by precipitation, which increases cloud
lifetime.

To provide a process-based observational constraint
on cloud lifetime influenced by “warm rain” occur-
rence, the ECHAM6-HAM?2 simulations were com-
pared to space-borne cloud radar observations (MUL-
MENSTADT etal.,, 2020, 2021). To ensure an apples-
to-apples comparison, the Cloud Feedback Model In-
tercomparison Project Observations Simulator Package
(COSP; Bobpas-SALCEDO etal.,, 2011; KAy and NA-
TIONAL CENTER FOR ATMOSPHERIC RESEARCH STAFF
(Eds.), 2019; KrRETZSCHMAR etal., 2019) was imple-
mented into the model that provided the same vari-
ables as available from the space-borne cloud radar.
The employed satellite simulator subdivides a model
gridbox into so-called subcolumns, making each sub-
column comparable in size to a satellite pixel (PIN-
cus and KLEIN, 2000). While comparing model output
with satellite observations, it is essential to represent the
subgrid-scale variability of cloud properties (i.e., cloud
cover and hydrometeors), as the model grid size is much
larger than that of the satellite data.

A subsequent analysis of the model simulations not
only requires the standard model output like tempera-
ture and mass concentrations of cloud condensate and
hydrometeors but also the output from the radar simu-
lator on these subcolumns. A particular feature of the
subcolumn output is that it is 5-dimensional (with time,
model level, subcolumn, latitude, and longitude as the
respective dimensions). In particular, the sampling of
the subgrid-scale variability via the subcolumns is not
a standard output of an atmospheric model (Figure 1),
and standard tools as well as postprocessing software
are not able to handle more than the typical four di-
mensions (three-dimensional in space, plus time). This
is thus an example where CMIP standardisation fails.
Here, the flexibility of the ATMODAT standard comes
into play, as it is compatible with such non-standard
output, while at the same time ensuring FAIRness of
the data. To avoid overly large netCDF files from the
4- and 5-dimensional variables, each variable was ex-
tracted from the raw model output and was furthermore
split up into data files with monthly slices.

The ATMODAT standard defines mandatory global
attributes for each data file and further demands com-
pliance with the CF conventions. Such basic conformity

A. Ganske etal.: Publication of Atmospheric Model Data using the ATMODAT Standard

Meteorol. Z. (Contrib. Atm. Sci.)
31, 2022

Sub-Column
information

Number

RR (x4, y3, h4, t1)

Radar Reflectivity (RR)

Time t: 1l 12 13
Il // /? /L /I/ = ,L /I/ . // q
Z 'l Z 77 ’L e 7z
Z ol Z Z ]’f
| U A A
4
11 1 al
= 1
= be;\ ] 4 A
=
o 5
|2

Longitude x

Figure 1: Schematic illustration of 5-dimensional output from radar
simulator for ECHAM6-HAM?2 global simulations. The regular
4-dimensional model output has the dimensions longitude, latitude,
height, and time (boxes in the front). Additional to the specific value
of the variable RR(x,y,h,t) each gridbox includes as fifth dimension
subcolumn information resulting from the COSP satellite observa-
tion simulations (shown above as distribution function for RR).

Data provider Data repository
( Rawmodel output ) ATMODAT-compliant Technical quality
bata — netCODF file(s) assurance

* netCDF file format

* Global attributes follow
ATMODAT Standard

* All metadata adhere to
CF conventions

l atmodat data checker List with all applicable Data publication with
+ Compliance checking DataCite metadata (easvoae

Figure 2: Workflow diagram illustrating the steps that lead from the
raw model data to an EASYSAB data publication.

Creation of landing page

Data

submission DOl registration

can easily be achieved by smaller MIPs or even single
researchers. Following the ATMODAT standard allows
them to publish their datasets in an easier way compared
to the CMIP standard, which has much more stringent
requirements and lacks the flexibility needed for pub-
lishing FAIR model data outside the scope of global cli-
mate modelling. In the following, we will discuss the
workflow to achieve compliance with the ATMODAT
standard.

As stated above, the ATMODAT standard requires a
data file to follow at least CF conventions version 1.4
or greater. For this dataset, we chose to directly go to
the latest release, which was version 1.8 at the time of
data preparation. Before submitting the datasets to the
respective repositories, the data provider has to ensure
that their datasets comply with the ATMODAT standard
using the atmodat data checker (Figure 2). Possible in-
consistencies with the ATMODAT standard are reported
by this checker in a human and machine-readable for-
mat. While the former is an aid for the data provider to
bring their datasets into accordance with the ATMODAT
standard, the latter allows repositories for an automated
evaluation of the quality of the submitted datasets. In
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a)
== Short summary
ATMODAT Standard Compliance Checker Version: 1.2.0
Checking against: ATMODAT Standard 3.0, CF Version 1.8
Number of checked files: 1
Mandatory checks passed: 2/4 (1 missing, 1 error(s))
Recommended checks passed: 2/20 (17 missing, 1 error(s))
Optional checks passed: 0/9 (9 missing, 0 error(s))
CF checker errors: 2
CF checker warnings: 4
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b)

== Short summary

ATMODAT Standard Compliance Checker Version: 1.2.0
Checking against: ATMODAT Standard 3.0, CF Version 1.8
Number of checked files: 1

Mandatory checks passed: 4/4 (0 missing, 0 error(s))
Recommended checks passed: 20/20 (0 missing, 0 error(s))
Optional checks passed: 5/9 (4 missing, 0 error(s))

CF checker errors: 0

CF checker warnings: 0

Figure 3: Exemplary short summary of the atmodat data checker for a single file before (a) and after (b) modification for compliance with

the ATMODAT standard.

Figure 3a, an example of the so-called short summary
output by the atmodat data checker for an exemplary
file of the dataset is shown. Besides the results of the
checks on the global attributes, additional information
on the CF compliance of the file is provided.

From this short summary output, we find that this
dataset is not compliant with the CF Conventions ver-
sion 1.8 in its present state, as the CF checker reports
some errors. Furthermore, another prerequisite of the
ATMODAT standard is not fulfilled at the moment as
mandatory attributes, required by the ATMODAT stan-
dard, are missing and/or contain errors. Such errors in-
dicate that a global attribute is not in the right for-
mat or that the content of an attribute does not stem
from a predefined controlled vocabulary. The major is-
sues regarding the CF checker errors are related to
the description of the vertical coordinate variables used
to store data on model levels. These vertical coordi-
nates were updated using the Climate Data Operators>®,
developed by the Max Planck Institute for Meteorol-
ogy in Hamburg. A further issue with the dataset is
that some variables do not contain sufficient variable
attributes by default, as either a standard_name or a
long_name is missing. Simple python scripts have been
developed by the AtMoDat team and are distributed with
the atmodat data checker which were used to fill miss-
ing variable attributes. Furthermore, these scripts were
used to fill missing global attributes in the netCDF files.
Apart from the mandatory attributes required by the
ATMODAT standard, we provided recommended and
optional global attributes whenever possible. As men-
tioned in Section 2, not all optional global attributes can
be fulfilled by each dataset. The whole dataset prepa-
ration is an iterative process and multiple runs of the
atmodat data checker might be necessary to achieve
compliance with the ATMODAT standard. A more de-
tailed output for the respective checks is provided as an
output of the checker (not shown), to support the prepa-
ration of data files for compliance with the ATMODAT
standard. The atmodat data checker can also be used to
check all netCDF files in a directory at once.

Figure 3b shows the output of the atmodat data
checker after modifying it for compliance the ATMO-

Z8https://code.mpimet.mpg.de/projects/cdo/

DAT standard. We have used the python scripts dis-
tributed with the atmodat data checker to fill missing
attributes or revise wrongly filled attributes. After that
step, the exemplary data file fulfills all mandatory and
recommended global attributes and is compliant with
the CF Conventions. In this particular example, there are
still some optional attributes indicated as missing which
is due to the fact that those attributes are not applicable
for this dataset. At the time of publication, the respec-
tive datasets were in the final stages of the publication
process and are expected to be available in near future.

A DataCite DOI is a prerequisite for a dataset that
should be published in accordance with the ATMODAT
standard. In the specific example, the WDCC was cho-
sen as the repository. WDCC has a long history in the
preservation and publication of climate data and their
detailed description for reuse. In advance of a data
publication, metadata have to be prepared by the data
provider with advice from the data curator (Figure 2).
The comprehensive technical quality assurance of the
data by the WDCC curator regarding the ATMODAT
standard will clearly be simplified by the use of the
atmodat data checker. The metadata ingests, quality as-
surance, and data ingests will be followed by the publi-
cation and an additional check regarding the ATMODAT
standard’s requirements for the landing page. Subse-
quently, the DataCite DOI for the dataset will be al-
located. Data published this way are fulfilling all re-
quirements of EASYDAB and will be labelled with the
EASYDAB logo.

5 Conclusion and outlook

Atmospheric model data are an indispensable basis for
the investigation of the Earth’s atmosphere. Climate
model data provide information, for example, on how
atmospheric processes change on a global or regional
scale in a changing climate.

Within CMIP, extensive requirements were estab-
lished to standardise the data of global and regional cli-
mate model simulations, which enables automatic pro-
cessing. Within the AtMoDat project, these standardisa-
tions are adapted and generalised to data of various types
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of atmospheric models, e.g. high-resolution models or
aerosol-climate models. As a result, the ATMODAT
standard was developed which provides precise recom-
mendations to achieve enhanced reusability of atmo-
spheric model data that are published in repositories.

EASYDAB, the Earth System Data Branding, was
created to enable high-quality datasets such as those
conforming to the ATMODAT standard to be clearly dis-
tinguishable in repositories. The EASYDAB logo helps
users to quickly identify and select these datasets. Easy
access to standardised, quality-checked research data
not only enables more efficient reuse. It also leads to
increased user confidence in the repository that pro-
vides this data, and so, the EASYDAB branding also
reinforces the value of the DataCite DOI. The longer-
term goal is that quality-assured data publications, due
to their high benefits, are increasingly appreciated and
demanded by users as well as funding organisations.

An application of the ATMODAT standard is demon-
strated for datasets from the AeroCOM model intercom-
parison project. First ATMODAT standard-compliant
datasets, including DataCite DOIs, are being published
in the World Data Center for Climate (WDCC). An ex-
ample is the recent data publication of a weather type
catalogue for the North Sea (LOWE, 2022). For the pub-
lication, the original ASCII time series files were con-
verted to CF-compliant netCDF files that contain rich
metadata to render each file stand-alone self-describing.
For filling the metadata, the instructions and recommen-
dations laid down in the ATMODAT standard were fol-
lowed and their proper implementation was verified with
the atmodat data checker. Prior to submitting the files
to the WDCC, all required metadata for the landing
page and the DOI are compiled in compliance with the
ATMODAT standard requirements and provided with
the data files in the final submission. Prior to publishing
the data, the WDCC curators re-examine all metadata
for compliance with the ATMODAT standard. If certain
recommended elements of the ATMODAT standard are
not fulfilled, the curator consults with the data provider
and requests a short note with the reasonings. The note
together with the short summary output of the atmodat
data checker are then published on the landing page of
the data publication.

The standardisation procedures developed in AtMo-
Dat project can easily be transferred to other disci-
plines and can, if necessary, be extended. The devel-
oped atmodat standard checker supports both, the data
provider and the repository, in verifying compliance
with the ATMODAT standard. Due to its simple frame-
work, this tool can furthermore be adapted to check
compliance of data sets with other discipline-specific
standards.

In summary, the ATMODAT standard and EASY-
DAB both contribute towards enhancing the data stan-
dardisation in various research areas of the Earth Sys-
tem Sciences. They represent an essential contribution
to improving the overall FAIRness of research data and
facilitate the intra- and interdisciplinary data exchange.
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Supplement

List of Controlled Vocabularies

Controlled vocabulary for fields of science, places, and
other keywords can be found in

1. Field of science: https://www.abs.gov.au/Ausstats/
abs @.nsf/Latestproducts/
6BB427AB9696C225CA2574180004463E?
opendocument

2. Realm of the model: https://github.com/
WCRP-CMIP/CMIP6_CVs/blob/master/CMIP6_
realm.json

3. Geonames: https://www.geonames.org/

4. EU Vocabularies (includes continents, coun-
tries and places): https://op.europa.eu/en/web/
eu-vocabularies/home

5. Geographic identifiers for marine regions:
https://www.marineregions.org/

6. Names of Variables: CF-Conventions http://
cfconventions.org/Data/cf-standard-names/72/
build/cf-standard-name-table.html

7. Description of Data: http://cfconventions.
org/Data/cf-conventions/cf-conventions-1.8/
cf-conventions.pdf

8. United Nations Terminology Database: https://
unterm.un.org/

9. Global Change Master Directory (GCMD):
https://earthdata.nasa.gov/earth-observation-data/
find-data/gemd/gemd-keywords

10. Climate Tagger: https://www.climatetagger.net/
climate-thesaurus/

11. Marine keywords: https://vocab.nerc.ac.uk/
search_nvs/

12. Environnmental keywords: https://www.eionet.
europa.eu/gemet/
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13. Glossary of the Australien Bureau of Meteorol-
ogy: http://www.bom.gov.au/lam/glossary/

14. Australien Bureau of Meteorology — Weather
Words: http://www.bom.gov.au/info/wwords/

15. International Glossary of Hydrology: https://
unesdoc.unesco.org/ark:/48223/pf0000221862

16. CGI Observation Method vocabulary: https://
vocabs.ardc.edu.au/viewByld/89

More lists can be found in BARTOC (Basel Register
of Thessauri, Ontologies and Classifications), see http://
www.bartoc.org/en.
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