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1. Introduction
This paper focuses on challenges that will arise when the movement towards increased data integration
meets the movement toward more comprehensive data citations. EarthCube seeks to develop an
infrastructure that can enable the integration of data from disparate scientific projects. Such integration
will create many new derivative data sets to the point where, if successful, EarthCube will generate a web
of interrelated data sets. In parallel, “data citations” are increasingly seen as being critical in enabling
scientific results to be traced back to their underlying data. Data citations promote the transparency of
scientific work and enable scientists to be credited for producing useful data. As data integration
accelerates within an EarthCube infrastructure, it will be even more difficult to create and follow data
citations than it is today because of the interconnections between data sets. In this paper, we advance
ideas on how to address the following question: How will data citations fit within the envisioned web of
integrated EarthCube data?

2. Data Citations
Federal agencies, professional societies, and research organizations in the geo-sciences are calling for
researchers to formally cite data that led to a given research result. Such “data citations” promote
transparency in research by offering a direct pathway to data so that research can the validated or easily
carried forward from a known starting point (Arzberger, et al., 2004; Costello, 2009; Heffernan, 2010;
Science Staff, 2011). Data citations are also intended to raise the profile of data, that is, to make data as
valued and rewarded in scientific settings as peer-reviewed publications. Data citations should benefit
scientific communities in a number of ways, including: 1) formal citations give credit to scientists for
their work in collecting and creating data, 2) formal citations allow data center managers to track the use
of data sets and gain the benefits of documenting their services and creating a foundation to design better
services, and 3) formal citations will help accelerate scientific progress by tightly coupling scholary
publications and data, so that two-way discovery and access are common.
In order for data citations to serve these desired roles, however, there must be an alignment of information
system development, scientific work practices around data use and citation, bibliometric measurements of
data citations, and institutional acceptance of data citations as an indicator of scientific impact.
Many tools exist for identifying and linking to data in a web environment (Brase, 2004; Van de Sompel,
et al., 2004; Bizer, 2009; Pepe, et al., 2010). Geo-scientific communities are in the beginning stages of
using these tools for citing data. Data citations are intended to identify a particular resource and, in the
case of internet resources, indicate where it might be acquired. Before data sets can be cited, however,
they must be designated as citable objects with unique identities. The most common type of unique
identifier used within our current global scholarly communication systems are Digital Object Identifiers
(DOIs). DOIs are intended to sidestep the inherent unreliability of URLs by providing persistent locators
for internet-based resources. DOIs are most commonly assigned to journal articles, but are seeing a
growing use for data (Paskin, 2005; Cook, 2008; Parsons, Duerr, & Minster, 2010). A number of other
digital identification systems provide similar functionalities as DOIs, including Archival Resource Keys
(ARKs), Persistent URLs (PURLs), and handles, but DOIs are generally recommended for use in citing
scholarly materials because of their familiarity and acceptance among scientific communities and
scholarly publishers (Duerr, et al., 2011).
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Assigning DOIs to data sets is not a straightforward process. In contrast with journal articles, which do
not change over time and have one definitive published form, data sets often have indistinct identities
(Wynholds, 2011). Data sets might consist of many individual units (such as files or database tables) or
might themselves be subsets of larger data collections. In addition, many data sets change on a daily or
weekly basis, as, for example, when new measurements are continuously added to an existing climate
data set.
Nascent initiatives within the geo-sciences to develop data citation recommendations attempt to deal with
this problem in various ways. The Federation of Earth Science Information Partners (ESIP), for example,
has released an initial set of data citation guidelines for data archives (ESIP, 2011). Drawing on data
citation lessons learned via the International Polar Year project (Parsons, Duerr, & Minster, 2010), the
ESIP guidelines provide pragmatic recommendations for citing changing or highly granular data, such as
recommending that citations include the date on which data were downloaded.
These recommendations are very useful, but they do not address how to cite integrated data sets, which is
one of the key motivations for EarthCube.

3. Data Integration
The stated goal of the EarthCube initiative is:
“…create a knowledge management system and infrastructure that integrates all geosciences data
in an open, transparent and inclusive manner. …The decade-long vision for EarthCube is the
convergence towards an integrated system to access, analyze and share information that is used
by the entire geosciences community” (NSF, 2011, pg. 2-3).
The idea of data integration is not in-and-of-itself new, scientists have long been bringing together
disparate data sets. The desire to integrate data globally has stimulated many attempts to standardize data
collection methods and formats, as exemplified by the SEED format for seismic data and the NetCDF
format for atmospheric data. Many data integration projects have been ongoing for decades, such as the
continuing releases of the International Comprehensive Ocean-Atmosphere Data Set (ICOADS) which
first began in the mid-1980s and most recently took place in 2011 (Woodruff, et al., 2011). The vision of
the EarthCube initiative, however, is to enable data integration to be a standard scientific activity, not the
time and human-effort intensive activities that they are today.

4. Citing Integrated Data
If EarthCube is successful, scientists will find it much easier to combine numerous data sets in innovative
ways. As a result, scientists will also create many new derivative data sets. These derivative data sets have
strong implications for data citation practices. For example, Woodruff, et al. (2011) list over 150 data sets
in extensive tables in their article’s appendix in order to indicate the data sets that were integrated into
ICOADS. While ICOADS is more comprehensive than most current data integration projects, it is
indicative of the scale that such projects can take.
Enabling researchers to compile formal citations to numerous integrated data sets will be a necessary
functionality for EarthCube. If done properly, these citations will be able to make visible the relations
between data sets and their derivative research products. Increasingly research organizations assign DOIs
to data sets. These DOIs provide unique web-accessible identifiers through which linkages between data
sets can be traced and declared.
Figure 1 shows a use case of what such data linkages can look like when integrating data from multiple
sources. A scientist studying atmospheric temperature variation downloads four data sets: two remote
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sensing data sets from NASA’s data archives and two drop-sonde data sets from NCAR’s data archives.
Data set 1 and 2 have been assigned DOIs, Data set 3 has been assigned a DOI, and Data set 4 has been
assigned five DOIs, one for each of its principle data components. When the scientist integrates all of
these data sets, a new data set is created. The scientist then archives the new integrated data set at NASA,
NCAR, or her/his home institution. The new data set (Data set 5) is assigned a new DOI.

Figure 1.

How should the scientist cite these five data sets? Should all five be cited, just the originating four, or just
the final integrated data set? It is easy to see how the complexity of this use case will increase
dramatically if the number of scientists, data sets, and DOIs increase. Each scientist who uses the same
data sets might combine them in different ways. Creating citations and tracing the linkages between the
data sets will become very complex if the EarthCube system is not designed to capture these data set
relationships.
DOI registration agencies are designing data and metadata systems that allow these linkages to be
declared, but declaring such linkages is currently a manual process. One example of this is the DataCite
metadata schema. The DataCite organization (http://datacite.org/), an international federation of libraries
and research organizations, was created to promote the assignment of DOIs to data. Among the services
DataCite is developing are a metadata schema and metadata store, specifically for assigning DOIs to data
sets. DataCite collects metadata for each data set that is assigned a DOI through their services. The
DataCite metadata schema includes a “RelatedIdentifier” field specifically to capture linkages between
identifiers (Starr & Gastl, 2011). The “RelatedIdentifier” field has a “relation type” attribute that allows
the precise nature of the linkages between data sets to be specified, such as that a data set “IsPartOf”
another data set or that a data set “Compiles” a number of other data sets (DataCite, 2011).
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The EarthCube infrastructure will need effective ways of identifying and tracing data relationships. Data
citations are intended to facilitate that goal, but will become increasingly complex as data integration
efforts proceed. At minimum, the EarthCube infrastructure will need to have a simple interface through
which scientists or data managers can declare relationships between data sets in ways that enable citations
to be compiled easily. Ideally, the EarthCube infrastructure would automatically identify and declare
linkages between data sets by creating and parsing appropriate metadata, such as the “RelatedIdentifier”
fields in the DataCite metadata schema, when scientists use the EarthCube systems to created integrated
data sets.

5. Understanding the Impact of Data and Data Citations
To evaluate the impact of data citations, it will be necessary to count citations to data over time.
Assigning DOIs to data simplifies this task, as DOIs provide a unique character string that can be
searched for in databases and on the internet, but a prerequisite to any citation counting will be keeping an
up-to-date index of DOIs registered to data sets.
Counting citations is an inherently uncertain process. Different citation indexes for journal articles, such
as the Web of Science, Scopus, and Google Scholar, will give different citation counts for the same
article. Counting citations to data sets is even more difficult because currently there is no citation index
for data citations. DataCite is working with Thompson-Reuters to get data DOIs indexed in the Web of
Science, but this service, if developed, is likely still a few years off. Citations can be compiled manually
by searching through databases and internet search engines for DOIs or other data set identification
information, such as titles. This process is very time consuming, but is the default citation chasing method
for data sets because no other good method exists. Thus, developing methods for counting and tracking
citations to data sets is an open research area.

6. Conclusion: Outreach to the Geo-Science Community
Data citations will have minimal impact on the geo-sciences if such citations are not promoted and
rewarded within scientific communities. Anecdotal evidence shows that while scientists do formally cite
data in some cases, this is not yet a regular practice in the earth and space sciences (Parsons, Duerr, &
Minster, 2010; Cook, 2011). Outreach efforts should focus on raising the profile of data citations through
informing scientists of DOI registration services, being proactive in providing scientists with
recommended citations, and designing data systems that enable scientists to compile citations to complex
integrated data sets. Additionally, as methods for assessing the impact of data citations develop, these
impact assessments can promote increased rewards for scientists who produce data and receive data
citations.
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