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ABSTRACT 

 
As research datasets and analyses grow in complexity, data that could be valuable to 

other researchers and to support the integrity of published work remain uncurated across 

disciplines. These data are especially concentrated in the “Long Tail” of funded research where 

curation resources and related expertise are often inaccessible. In the domain of astronomy - 

which relies heavily on sophisticated instrumentation - it is undisputed that “dark” uncurated 

data exist, along with data at risk of becoming dark in the future. However, the scope of the 

problem remains uncertain. The dissertation project described here implements a mixed-methods 

research approach to characterize the Long Tail in astronomy as well as the properties of 

uncurated and at-risk astronomical data, and to develop methods for locating potentially-useful 

data to be targeted for curation through indicators in the scholarly literature. This project aims to 

enhance our understanding of the nature and prevalence of astronomical dark data and 

characterize astronomy’s Long Tail by: conducting interviews with experts; mapping the 

decision-making protocols used by astronomers while searching the astronomical literature for 

references to underlying data; and conducting a survey of authors of journal publications with a 

questionnaire about the data associated with their papers. The project aims to deepen scholarly 

insight into domain-specific astronomy data practices, overall addressing epistemological claims 

that enhanced data access and open science result in scientific knowledge and producing a 

characterization and theory of the distribution and accessibility of dark and at-risk data in 

astronomy.  
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1 Introduction 

As research datasets and analyses grow in complexity, data that could be valuable to other 

researchers and to support the integrity of published work remain uncurated across disciplines. 

These data are thought to be especially concentrated in the “Long Tail” of funded research 

(Heidorn, 2008; Ferguson, et al., 2014; Borgman, et al., 2016) where curation resources and 

related expertise are often inaccessible. In the domain of astronomy - which relies heavily on 

sophisticated instrumentation while exhibiting characteristics of both “small science” and “big 

science” (Cragin, et al., 2010; Borgman, 2015; Darch & Sands, 2015) - it is undisputed that 

“dark” uncurated data exist, along with data at risk of becoming dark in the future, but the scope 

of the problem remains uncertain. The project presented here focuses on the domain of 

astronomy as a disciplinary case study and attempts to characterize the Long Tail in astronomy 

as well as the properties of uncurated and at-risk astronomical data, while proposing methods for 

locating potentially-useful data to be targeted for curation.  

Prior and ongoing related research investigates knowledge infrastructures in astronomy 

(Borgman, et al., 2016), data sharing behavior (Wynholds, et al., 2011), and curation efforts 

(Pepe, et al., 2014; Hanisch, et al., 2007). In other disciplines, attempts to identify curated data 

illustrate both qualitative (Murillo, 2014) and quantitative (Piwowar, 2011) methods that could 

be adapted to estimate and infer properties of uncurated astronomical data (as well as data at risk 

of falling into darkness in the near future). The research proposed here also complements current 

efforts to curate astronomical software and to facilitate semantic interlinking of data, software 

and literature (Henneken & Accomazzi, 2012; Accomazzi & Dave, 2011). Numerous studies 
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have been conducted to understand behavior, attitudes and challenges of researchers in relation 

to data, both within and outside the discipline of astronomy. Researchers and publishers of 

astronomy journals have also historically implemented methods of drawing insight into scientific 

behavior and impact of research from the literature. However, a thorough study of “dark” data in 

astronomy has not been conducted. Furthermore, such a study would produce enhanced insight 

into astronomical data in relation to researchers and research practices. 

This dissertation evolved gradually over several years’ time through embedded participation 

as a Graduate Research Associate working on the dynamic and challenging development of the 

Astrolabe Project. Astrolabe has been an ongoing collaboration between University of Arizona 

researchers, CyVerse, and the American Astronomical Society, with a mission to identify and 

provide an open repository for previously-uncurated astronomical data, alongside a robust 

computational environment for analysis and sharing of data, as well as services for authors 

wishing to deposit data associated with publications. Following expert feedback obtained 

through four workshops, components of Astrolabe are being developed within the CyVerse 

cyberinfrastructure environment, while soliciting heterogeneous datasets and potential users to 

prototype functionality. The dissertation project presented here inherently draws insights from 

this cyberinfrastructure development work, aiming to enhance our understanding of the nature 

and prevalence of astronomical dark data and the Long Tail in astronomy. The dissertation aims 

to deepen scholarly insight into domain-specific astronomy data practices, while addressing 

epistemological claims that enhanced data access and open science result in scientific 

knowledge, and producing a characterization and theory of the distribution and accessibility of 
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dark and at-risk data in astronomy. Furthermore, this research lays a path for large-scale text 

mining of the scholarly literature to locate papers associated with underlying dark or at-risk data.  

1.1 Study Overview 

Piwowar (2011) invokes the adage, “You cannot manage what you do not measure” (p. 1), 

and in fact, the research study proposed here is partially inspired by Piwowar’s estimation of the 

volume of curated data in a subfield of biomedical sciences. In principle, the volume and 

prevalence of uncurated data in astronomy could be similarly inferred by estimating the data 

already curated in trusted repositories. However, astronomical data products are highly 

heterogeneous and dispersed, and these data present very different challenges, primarily 

reflecting the fundamental nature of astronomy research, which typically requires larger (often 

international) teams, innovative funding schema for instrumentation construction and data 

collection and processing, and intricate knowledge transactions across disciplines including 

physics, statistics, engineering, and computational sciences.  

Author Patrick McCray’s (2004) book Giant Telescopes: Astronomical Ambition and the 

Promise of Technology focuses on the Gemini telescope project as an example of the trend 

towards large facilities and sophisticated data pipelines that is currently revolutionizing the field 

of astronomy: while an astronomer 100 years ago would be intimately familiar with the telescope 

itself, spending many hours observing the sky and making observations in direct contact and 

collaboration with the instrument, modern astronomers typically form hypotheses and draw 

conclusions based on data output. Data are often collected from telescopes and aggregated to 

answer particular research questions proposed by astronomers, but the value of data archives has 

been demonstrated, for example, by White, et al. (2010), where the number of papers based on 
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archival data from the Hubble Space Telescope exceeded the number of non-archival 

publications. While data from funded missions are typically well-curated, at least for the duration 

of the missions, many other data products – including data derived from analyses of mission data 

and supporting published research – often remain hidden and require development of resources 

for data access and preservation throughout the lifecycle of these data. 

As a fundamentally “big science”, much of astronomy’s data are curated in archives 

designed by and for large observatories and missions. However, other data - particularly 

intermediate analyses derived from telescope data, and raw and derivative data from smaller 

projects and instruments - are known to be uncurated. Heidorn (2008) performed an exploration 

of NSF-funded research grants across disciplines, showing that the largest 20% of projects 

funded in 2007 received more than 50% of total funds awarded in that year. Heidorn theorizes 

that this top 20% has well-curated data, primarily due to access to curation resources and 

budgeting for data management, and that the uncurated “dark data” distributed throughout the 

Long Tail of this distribution represent a majority potential for accumulated knowledge if 

brought to light. As an example, a similar analysis of active awards in the Astronomy & 

Astrophysics Division of NSF in 2016 (see Table 1 and  Figure 1 below) illustrates that while the 

characteristics of astronomy’s Long Tail are unique (reflecting the extremely high funding given 

to a small number of large missions), a diversity of projects and levels of funding nonetheless 

exist that may require data curation services, to aggregate knowledge currently hidden from other 

researchers, and to support published research for the benefit of the astronomical community.  
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Table 1: Grant size distribution of NSF Astronomy & Astrophysics active awards, as of 
July 2016 

(Note: framework is similar to Heidorn’s (2008) investigation into all research grants funded by 
NSF across disciplines in 2007; see Heidorn, et al., 2018 and Stahlman & Heidorn, 2020 for 

more in-depth analysis of funding data in astronomy) 

Total grants: 855 
Grants over $500,000: $1,893,911,112 

 
 Top 20% of grants Bottom 80% of grants 
Number of grants: 171 684 
Total dollars: $1,703,997,476 $189,373,212 
Range: $540,424-$3,500,000 $5,000 - $539,648 

 
 Top 20% by total value = 

$378,782,222 
Bottom 80% by total value = 

$1,515,128,890 
Number of grants 1 854 
Range $350,000,000 $305,900,000-$5,000 
 

As stated above, the composition of astronomy’s Long Tail in terms of data is a topic that 

remains largely uncharacterized and has been explored in this dissertation project by:  

• Conducting background research through organizing and participating in three astronomy 

data workshops over three years, and subsequently engaging in targeted interviews with 

experts (n=7);  

• Mapping the decision-making protocols used by astronomers while searching the 

astronomical literature for references to underlying data;  

• Contacting authors of a sample of 1541 journal publications with a survey about the data 

associated with their papers.  
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1.2 Research Questions 

 

The following research questions have not yet been explicitly or empirically addressed in this 

context and have been examined through this mixed-methods study: 

RQ1: What are characteristics of the astronomy researchers most likely to possess 

uncurated datasets? 

RQ2: What are the significant attributes and approximate volume of astronomical dark 

data? 

RQ3: When have digital dark data typically originated and “gone dark” throughout the 

history of contemporary astronomy? 

RQ4: Where are astronomical dark data generally located and in what format(s)? 

RQ5: Why are some potentially interesting and useful data not made available to other 

researchers in astronomy? 

RQ6: How can potentially-useful dark data be identified and rescued? 

RQ7: What are the system and data characteristics that facilitate data deposition? 

RQ8: What individual, institutional, system and data characteristics facilitate reuse of 

data? 

RQ9: Can the value of dark data be measured, in relation to potential re-use and/or other 

aspects of the moral economy in astronomy? 
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1.3 Study Contributions 

This project will contribute to understanding of domain-specific astronomy data practices, as 

well as opportunities for domain-spanning infrastructures, overall addressing epistemological 

claims that enhanced data access and open science result in scientific knowledge. By applying 

survey and bibliometric techniques to a subset of astronomy literature and identifying 

characteristics of papers likely associated with dark data within a corpus of journal articles, this 

project will further illuminate astronomy data practices and lay groundwork for larger-scale 

exploration of the literature. 

2 Contextual Background 

2.1 Study Background 

The dissertation project presented here theoretically explores and extends the notion of 

Dark Data in the Long Tail of science research (Heidorn 2008, 2011; Brooks, et al., 2016), 

applying this work to the discipline of astronomy (Heidorn, et al., 2018; Stahlman, et al., 2018). 

Curating data in the Long Tail of any discipline is an institutional and infrastructural challenge 

due to heterogeneity of data and a tendency towards lack of standard metadata. In astronomy, 

data types and format correspond to particular research projects and observing techniques that 

vary widely across subdisciplines and facilities. To more broadly contextualize the proposed 

research, it is helpful to provide a brief summary of the prior experiences and perspective leading 

to this project, followed by an overview of the discipline of astronomy and the activities of 

astronomers and corresponding institutions. 
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The following sections present background information to generally contextualize this 

dissertation’s research questions and proposed methods within the current ecosystem of 

astronomy data and scholarly communication infrastructures. Following a brief overview of 

astronomy in section 2.1, contemporary research objectives, techniques and challenges 

(including “big data”) are described in section 2.2. Available and developing resources for 

management and communication of astronomical research data are covered in section 2.3. 

Heidorn’s (2008) theory of dark data concentrated in the Long Tail of scientific research is 

introduced and examined in detail in section 2.4, including posing related concepts and questions 

about the nature and structure of the Long Tail in astronomy. Borgman’s (2012; 2015; 2016) 

ethnographic findings related to the challenges of curating astronomical data are summarized in 

section 2.5. In section 2.6, the concept of a “moral economy” of data is presented as a helpful 

construct for analyzing many of the research questions of this dissertation. Finally, section 2.7 

describes cyberinfrastructure as an epistemic tool, and in relation to existing and anticipated 

knowledge infrastructures supporting astronomy. 

2.2 Astronomy as a Discipline 

Astronomers are concerned with understanding the nature of the vast universe through 

phenomena – particularly radiation emissions – originating beyond the atmosphere of Earth. For 

thousands of years, humans have observed, recorded and calculated the movement and properties 

of objects in the sky, over time developing increasingly sophisticated instruments to aid in these 

observations and eventually to collect complex data from photons that make contact with 

observatory detectors. Astronomical research areas may include searching for planets orbiting 

other stars, investigating the very early origins of an infant universe, and understanding black 
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holes, among many others. These grand research questions require grand observatories, and 

therefore long timescales for development of technology and techniques for analysis and 

simulation, often exceeding the lifetimes of individual researchers. As a discipline, astronomy 

thus seems inherently inclined towards altruism and forward-thinking, including in its approach 

to data management, as discussed below. 

 

2.3 Contemporary Astronomical Research 

Electromagnetic radiation is the main focus of observational astronomy. Different 

wavelengths on the electromagnetic spectrum – which includes visible light – provide different 

information, and while many astronomers specialize in observing at a particular wavelength or 

narrow range of wavelengths, astronomers also frequently combine observations at multiple 

wavelengths to obtain a complete picture of cosmic phenomena. Some wavelengths reveal 

information that may be hidden at others – for example, longer wavelengths such as infrared, 

microwave, and radio are capable of passing through nebulous gas and dust that block visible 

light. Furthermore, the atmosphere of Earth affects the quality of astronomical observations, so 

specialized telescopes are often strategically positioned atop mountains, in dry and typically 

clear locations, or even in space.  

It is often necessary to collect observations over time, for example to track changes in 

brightness of stars, or to detect new phenomena such as supernovae appearing in the sky, and 

trusted data archives are therefore essential research tools for many astronomers. However, 

astronomy – as with many other disciplines – faces challenges associated with generating, 

publishing and utilizing very large and numerous datasets. With a tremendous plethora of data 
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being created, analyzed and transformed in astronomy, the need for innovative publication and 

curation of these data is obvious, and a variety of initiatives – including Astrolabe – aim to tackle 

the technical and social aspects of “big data”, often referred to as the Fourth Paradigm of science 

(Hey, Tansley & Tolle, 2009). Though the ideal solution to achieving true scientific 

reproducibility and repurposing of data for new discovery is to publish data and related software 

in trusted repositories managed by skilled curators and link these products to journal articles, 

implementing this goal is an ongoing objective in astronomy.  

In Hey, et al. (2009), renowned computer scientist Jim Grey outlines a vision of 

contemporary research practices, while acknowledging the complexity of the objectification of 

knowledge through object-oriented programming, ontologies, schema and controlled 

vocabularies. Says Grey, “In the new world, individual scientists now work in collaborations, 

and journals are turning into Web site for data and other details of the experiments. Curators now 

look after large digital archives, and about the only thing the same is the individual scientist. It is 

really a pretty fundamental change in the way we do science” (p. xxx). Furthermore, while 

different research communities bring distinct data management needs, exploratory data mining is 

now a key research methodology across astronomical subdisciplines (Born, 2009; Ivezic, et al., 

2014). Modern cyberinfrastructure, interdisciplinary team science, and “big data” are essentially 

game-changers for curation of information to support astronomical research; curators must 

remain engaged with astronomers and scientific problems, and astronomers may be curators 

themselves. 
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2.4 Data Management and Resources 

Sensitive detectors capture radiation emissions to form images of the sky, which are a key 

type of astronomical data. Other data types include plots showing changes in brightness of 

objects over time, spectroscopic graphs and 3D data cubes, and catalogs of objects and 

classifications. The majority of data in astronomy conform to the FITS (Flexible Image 

Transport System) standardized file format1 for tabular and image data, with headers including 

coordinate information to specify locations of objects in the sky, and details about 

instrumentation and calibration, among many other possible descriptive headers that can be 

extracted as metadata. Due to relatively successful adoption of FITS and other software 

standards across the discipline and its global communities, astronomy is known for best practices 

in data management, and for widely supporting open access to scientific research. The 

Astrophysics Data System (ADS)2 exemplifies astronomy’s tendency towards open science by 

indexing literature in astronomy, enabling convenient searching across journals, and linking to 

the ArXiv3 pre-print repository for easy access to early research findings that may be under 

review or inaccessible behind journal pay walls. Repositories exist for raw and calibrated 

astronomy data associated with missions and large facilities4, including the NOAO DataLab5, 

which connects catalog objects with NOAO images and additional services for data analysis. 

Other repositories such as the NASA/IPAC Extragalactic Database (Ned)6 and VizieR7 are 

 
1 https://fits.gsfc.nasa.gov/fits_standard.html 
2 http://adsabs.harvard.edu/ 
3 https://arxiv.org/ 
4 For example, NASA’s MAST archive for space telescope missions: https://archive.stsci.edu/ 
5 http://datalab.noao.edu/ 
6 https://ned.ipac.caltech.edu/ 
7 http://vizier.u-strasbg.fr/viz-bin/VizieR 
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trusted collections of catalogs, tables and images. Along with institutional repositories, Harvard’s 

Dataverse8 repository and CERN’s Zenodo9 are currently-used resources for some astronomers 

with intermediate data products and data associated with publications that are not archived 

elsewhere. 

The National Virtual Observatory (NVO) initiative pioneered efforts to facilitate broad 

access to astronomy data across a distributed network of interoperable data archives. This 

involved conceptualization and development of VO-compatible tools and standards that are still 

being used, although the Virtual Observatory was controversially de-funded by NSF in 2014. As 

a result of this thorny history, the Virtual Observatory is a point of contention for many 

astronomers today, though its legacy is internationally important and Virtual Observatories exist 

in many countries as part of the International Virtual Observatory Alliance10. It was hoped that 

the NVO would provide a fully semantic web of ontologically-linked knowledge encompassing 

the full research lifecycle of archived raw and derived data, computation and software, as well as 

project proposals and publications (Accomazzi & Dave, 2011; Hanisch, et al., 2007). The NVO 

was also expected to collaborate with academic research libraries for long-term curation 

(Choudhury, 2008).  

Building on infrastructure groundwork laid by the NVO project – now known as the U.S. 

Virtual Astronomical Observatory (VAO) – current projects and organizations are tackling 

 
8 https://dataverse.harvard.edu/ 
9 https://zenodo.org/ 
10 ivoa.net 
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components of VAO objectives11 towards enabling research and education in astronomy through 

data discovery and analysis tools, including the following examples. 

● Dataverse: Finding that URL links to data in the literature are prone to decay and that 

astronomers are generally amenable to sharing data given appropriate resources (Pepe, et 

al., 2014), researchers at Harvard University have created an instance of the open-source 

Dataverse Project12 tailored for astronomy data13. As a component of Harvard’s Seamless 

Astronomy14 collaboration, this Dataverse is part of a larger initiative to bring together a 

variety of projects and resources and overall create links between research activities, data 

and literature.  

● Whole Tale: University of Illinois’ new NSF-funded Whole Tale15 project similarly aims 

to enable repurposing of research data by providing tools and methods for linking data 

and software to literature as “living articles”.   

● American Astronomical Society (AAS): The AAS has a mission to “enhance and share 

humanity’s scientific understanding of the universe” through its publications and 

professional meetings, by publicly representing the U.S. astronomical community and 

promoting the advancement of science, by supporting recruitment and training of new 

astronomers, and by assisting members with outreach16. As the publisher of four major 

journals in astronomy and with thousands of members from the U.S. astronomical 

 
11 http://www.usvao.org/documents/VAOVisionDocumentOct2010c.pdf 
12 dataverse.org 
13 https://dataverse.harvard.edu/dataverse/cfa 
14 http://projects.iq.harvard.edu/seamlessastronomy 
15 http://wholetale.org/ 
16 https://aas.org/governance/aas-mission-and-vision-statement 
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community, American Astronomical Society17 stewards and supports several other key 

elements of a broader vision to bring literature and data together and to progressively 

facilitate research and astronomy outreach.  

● Astrolabe: The Astrolabe Project is a collaboration that was initiated by AAS and the 

University of Arizona’s School of Information. By using the established CyVerse 

cyberinfrastructure and with the support of AAS, Astrolabe is equipped to provide 

astronomers with: a sustainable cloud-based data repository; visualization and 

community-developed analysis tools and access to powerful computation; interoperability 

and portability (transport of data) through iRODS18 distributed data management 

technology; implementation of Virtual Observatory standards for further interoperability; 

and metadata support and integration of the UAT to enable discoverability and ensure 

provenance. Rather than competing with existing initiatives, Astrolabe intends to 

participate in a broader information ecology, initially as a service for astronomers who 

wish to share uncurated data hiding in the “Long Tail”, and to support historical 

publications and time-domain research by ingesting other inaccessible data such as 

Exabyte tape archives and large surveys (Heidorn, Stahlman & Steffen, 2018). 

2.5 The Long Tail  

The conceptualization of a “long tail” of science originated as an economic construct, 

where Anderson (2004, 2007) highlighted the niche consumer markets for books and videos, 

where many works exist in obscurity but can suddenly attract attention and become useful based 

on need if they are readily available for discovery. Heidorn (2008) proposed that the same 
 

17 aas.org 
18 https://irods.org/ 
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dynamic could occur with curated research data, and further demonstrated a power-law financial 

distribution of research funded by the National Science Foundation, while theorizing that an 

abundance of “dark data” is concentrated in the tail of the funding distribution due to lack of 

resources for curation and sharing in smaller projects (2008, 2011). 

Literature across disciplines now refers to Long Tail data as generally smaller, 

heterogeneous, researcher-held data, and both a challenge and opportunity for data management 

and scholarly communication. Furthermore, as researchers increasingly combine data from 

multiple sources, and tools exist to work with large datasets in combination with small datasets 

more easily, the size of both data and teams are becoming increasingly inconsequential. 

Meanwhile, standardization is increasingly prevalent, and the funding for research and data 

infrastructures still largely determines whether all relevant data products associated with a 

research project and related publications are curated and shared. The ubiquitousness of 

references to Long Tail data in the literature (Borgman, et al., 2016; Brooks, et al., 2016; 

Ferguson, et al., 2014; Liang, et al., 2010; Malik & Foster, 2012; Palmer, et al., 2007; Wallis, 

Rolando & Borgman, 2013) indicates that data management issues for many data products are 

abundant across disciplines, despite data management plan requirements of funding agencies, 

well-established disciplinary infrastructures, and improved standards and increased awareness of 

the potential benefits of sharing data.  

Many scholars, including Borgman (2015), refer to the Long Tail as a distribution of 

volume of data, and also with respect to the relatively small number of researchers working in 

the “big data” portion of the distribution. However, particularly in astronomy, researchers from a 

variety of institutional backgrounds frequently combine data from multiple sources, as smaller 
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research funding meanwhile indirectly supports the creation and availability of big data (such as 

preliminary studies, simulations, workshops, education/training, etcetera). While acknowledging 

that the present study focuses on a particular discipline with distinct characteristics, the work 

presented here provides evidence that dark data are not explicitly determined by size or funding 

in astronomy, and rather are characteristics of predominant social and scholarly communication 

infrastructures and paradigms, as well as the circumstances of individual researchers. Through 

both elucidating a characterization of phenomena and testing premises with measurement, this 

dissertation in part considers the long tail of science – particularly with respect to the nature of 

underlying research products - as a rich area for new theoretical development in information 

science. 

2.5.1 The Long Tail in Astronomy 

As noted above, Heidorn (2008) lays out the following vision for discipline-oriented 

curation of “dark” data in the “Long Tail” of science: “Institutional and disciplinary repositories 

need to provide facilities so that [publication] citations can return the same data set that was used 

in the citation without adding or deleting records” (p. 294). According to Heidorn, “dark” data 

require unique curation strategies to capture and manage data that are not easily accessed by 

potential users. These data are typically: heterogeneous; hand generated; created through unique 

procedures; curated by individuals; often archived in institutional repositories; not maintained; 

obscured or protected; seldom reused; and currently unnoticed (p. 288.). Heidorn states that it is 

necessary to understand dark data in order to better manage it, proposing that further research 

should investigate the following questions regarding the dark data in the Long Tail: 

How long is the tail? 



28 
 

What is the area under the tail? 

What data in the tail and the head are “dark”? 

How do we determine the value of dark data? 

What is different between tail-science and head-science? 

What is the differential distribution of sciences based on data size and funding? 

Which data is more likely to contribute to transformative science? 

(Heidorn, 2008, p 297) 

 

Confirming that the Long Tail in astronomy is distinct and multifaceted, Borgman (2015) 

explains, “Astronomy also has become a big data field in terms of observational data available, 

putting astronomers at the head of the long tail curve. The absolute volume of astronomy data 

continues to grow by orders of magnitude with each new generation of telescope” (p. 87). 

However, many astronomers implement small research projects, often with specialized 

instruments for data collection, or rely on derivative and/or theoretical analyses using data 

available in mission or other archives (p. 89). These data are often not made publically available, 

frequently due to the complexity of the datasets themselves. Furthermore, the utility of data for 

other researchers may not be obvious in many cases. Borgman writes:  

“Astronomers may devote large parts of their careers to a long-term collaboration, move 

between projects, draw data from multiple missions, or focus on specialized topics with 

their own instrumentation. Some write observing proposals to collect their own data; 

some use extant data from archives; some build their own instruments; and some use 

combinations of all of these sources and resources. The point at which some entity 

becomes useful astronomical data depends upon choices such as these” (p. 90).  
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Successfully applying Heidorn’s (2008) theory of abundant dark data concentrated in a Long 

Tail distribution to astronomy requires deep analysis and understanding of astronomy research 

practices and available or planned technical and archival resources, using the research questions 

Heidorn suggests above as a guideline for investigation and an efficient methodological toolbox. 

Furthermore, it is particularly necessary to differentiate between “small” and “big” science in 

astronomy - including any overlap between the two - to locate and curate “dark” data and to 

accomplish the objectives of Astrolabe (Heidorn & Stahlman, 2016). De Solla Price (1963), one 

of the first researchers to investigate the structure of science using scientometric methods, 

describes the exponential growth of both practicing scientists and scientific output in modern 

times. According to De Solla Price, this phenomenon of “big science” inevitably leads to 

concerns about “manpower, literature, and expenditure”, followed by reorganization and 

continued growth, and eventually a point of saturation that requires entirely new tactics to 

achieve stable saturation (p. 31-32). For De Solla Price, this exponential growth is also evident in 

the increased funding for science, although “big science” does not lead to exponentially more 

creative innovation, and serendipitous discovery remains key. On the other hand, “little” or 

“small” science is typically hypothesis-driven and led by only one principal investigator rather 

than a large team (Cragin, et al., 2010). However, developments in the organization of science 

towards team-based collaborations and rapid generation of data do not necessarily preclude the 

ongoing presence of “small science” in astronomy, where scientists “generate or gather data into 

privately held sets or collections that they analyze locally” (p. 4025).  

From an institutional perspective, Chang and Huang (2015) show that while international 

collaboration is especially prevalent in astronomy, institutional access to research resources such 
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as equipment and manpower positively affects collaboration network centrality but not increased 

ability to attract more international collaborators. From another angle, proposing that the 

structure of astronomy as a discipline is shaped by the nature of its research subjects, Heidler 

(2011) claims a sudden shift in the cognitive and social structure of astrophysics through the 

“growing apart” of two distinct epistemic communities – cosmology and high-energy physics 

(HEP), primarily due to construction of new instruments to study fundamentally different 

phenomenon and conflicting practices for making data available (typically public in astrophysics 

but exclusive in HEP). Writes Heidler, “This interrelation of the social and the epistemic 

structure can be made lucid by the fact that the structure of social relations reflects the scale of 

the objects (planets, stars, the solar system, the milky way, galaxies, galaxy groups, the universe) 

that are studied. This shows that the network structures must be regarded as an outcome of 

epistemic cultures and cognitive contents of scientific disciplines …” (p. 486). The applicability 

of the Long Tail concept to astronomy as it is currently defined in relation to data curation 

requires further investigation and is a predominant focus of this research. If serendipity is 

paramount to research progress as De Solla Price proposes, the epistemic communities that 

comprise the discipline of astronomy each benefit from data archiving and discovery techniques 

to deeply explore the uncurated dimensions of small and big science rather than a traditional Tail 

that is visualized as a function of access to funds and resources. 

 

2.6 Challenges of Curating Astronomy Data 

As an expert in knowledge infrastructures and scientific data practices, Borgman (2015; 

2016) offers very relevant insight specific to astronomical data management informed by several 
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years of ethnographic research embedded in several key astronomy projects. Describing 

astronomy’s particularly extensive knowledge infrastructure system, Borgman (2015) writes, 

“Agreements on standards for data structures, metadata, and ontologies, combined with 

international coordination and large community investments in repositories, tools, and human 

resources, have resulted in a complex network of information resources” (p. 94). Due to the 

complexity of this network, Borgman’s team warns that astronomy’s information infrastructures 

can be vulnerable to points of failure and become fragile rather than durable (Borgman, et al., 

2016). Dimensions contributing the fragility of these infrastructures that were identified by 

Borgman’s study focus on tension in archival and data management practices between:  

● Ground- vs Space-Based Missions: The team finds that while data from space-based 

missions are curated by NASA indefinitely, data archives for ground-based missions are 

typically funded by NSF only for the duration of the missions, evidence of differing 

institutional cultures of these two primary funding agencies. Furthermore, archiving 

ground-based data may be more complicated due to differences in instrument calibration, 

since telescopes on Earth require constant maintenance, upgrades and adjustment to 

variable observing conditions. 

● Empirical vs Theoretical Research: While empirical research involves collection of 

observational data using or generating theories, theoretical research often uses simulated 

data to build or test theoretical models. In both cases, data management needs are similar 

and substantial. 

● Sky Surveys vs Investigator-led Inquiries: Sky surveys produce important datasets by 

providing an opportunity for individual investigators to identify and follow up on 
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interesting phenomena. This process of inquiry often leads to derived datasets that may 

remain uncurated. 

Borgman’s (2012) earlier work also reveals a fundamental barrier to data sharing and challenge 

for curators: “An investigator may be part of multiple, overlapping communities of interest, each 

of which may have different notions of what are data and different data practices” (p. 1061). 

Curation requires insightful knowledge of the data themselves - and also of the scientific 

communities, technologies, analyses and activities that produce them - to facilitate best practices 

and provide researchers with appropriate scholarly and cyber-infrastructure.  

 

2.7 Data Democratization and the “Moral Economy” 

An additional consideration and potential challenge for curators of astronomy data in the 

Long Tail is the value of the data themselves as a form of capital for astronomers and 

institutions. By analyzing the discourse of scientists gathered to discuss possibilities for solving 

grand challenges in biodiversity through computational tools and data curation, Brooks, et al. 

(2016) note an “increasingly democratized data landscape” and show how researchers from 

multiple disciplines tackle shared data problems as a cohesive social group. Digital curation is an 

intellectual activity that naturally bridges disciplinary boundaries (Higgins, 2011; Condon, 

2015). Despite this data democratization and disciplinary convergence, a key challenge facing 

curators is enticing individual scientists themselves to openly share research data with each other 

- particularly when funding resources are limited and institutional or disciplinary repositories are 

not readily available or adequate (Palmer, et al., 2007). 
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A growing topic of interest in scholarly communication is concerned with methods and 

paradigms for rewarding the creation of scientific knowledge beyond simply citations to peer-

reviewed journal publications. Discussions around data and software citation indicate that journal 

publishers and researchers across disciplines are actively considering mechanisms to 

acknowledge other forms of scholarly production as intellectual capital in academia, primarily 

alternate contributions to scientific discovery such as software, data products and development of 

instrumentation for collection and analysis of data. In astronomy in particular, this exchange of 

credit for knowledge functions as part of a “moral economy” system (Daston, 1995; McCray 

2000; Atkinson-Grosjean & Fairley, 2009; Vertesi & Dourish, 2011) that is comprised of a 

variety of human and non-human actors and brokers (Latour, 2005), and in which individual 

scientists working through and between organizations engage in collaboration, political 

interactions, and negotiations directly contributing to development of technology, research data 

and the overall quality and quantity of reproducible scientific output. 

As noted by Knorr-Cetina (1999), the discipline of astronomy as an epistemic culture 

constructs technology capable of conducting and interpreting intricate astronomical observations, 

and as such it has largely become a laboratory instead of a field science over the last century as 

astronomers rely heavily on complex systems of instrumentation and are increasingly more 

connected to data than to direct observation of natural phenomena. Latour & Woolgar (1979) 

similarly performed ethnographic study on the production of knowledge in a laboratory, 

illustrating the existence of “inscription devices” embedded in the research context - these 

devices produce information to be processed by scientists, much as the computational 

infrastructure of telescopes, which includes data repositories and analysis tools, and is 
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conceptually more sophisticated and social than the individual data-producing technologies 

themselves. McCray (2014) shows that digitization has dramatically changed the cultural mores 

and practices of astronomy, requiring a new workforce and new forms of credit in this moral 

economy where data have value and can be easily shared (p. 909).  

Daston (1995) characterizes the term “moral economy” as “a web of affect-saturated 

values that stand and function in well-defined relationship to one another” (p. 4); similar, but not 

equal to Mertonian norms (Merton, 1973), and an essential structure to enable fundamental 

functions of science such as quantification, empiricism, and objectivity. Bourdieu’s (1986, 2005) 

“symbolic capital” terminology - including social capital, cultural capital, intellectual capital, 

etcetera - represents another helpful economic construct for understanding the institutional 

framework of scientific research as a social process motivated by labor and production, and by 

risks and rewards. McCray (2000) clarifies that the concept of moral economy refers to the 

expectations and traditions that structure and mediate interactions between consumers and 

producers of life’s basic needs. Astronomy similarly functions as a moral economy through 

negotiations and compromises that shape access to resources (p. 686), including authority for 

distribution of these intellectual and technical resources - primarily telescope time, and therefore 

data - among scientists. Furthermore, while astronomers generally support open access to 

research data, “science friction” can inhibit sharing if barriers to making data available are 

greater than moral or institutional obligations to do so (Edwards, et al., 2011). Within this 

framework, the peer-review system of academic communication and credit for citations is 

ultimately organized around data systems and connected to data access (Borgman, 2015). 
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2.8 Epistemology, Cyberinfrastructure, and Open Science 

To support the fundamental assumptions of this dissertation research, it is necessary to 

make a strong case for the epistemological benefit of curating and making dark or otherwise 

endangered data openly available. This is also an important consideration for other widespread 

initiatives that are currently working towards encouraging and facilitating transparent science 

and sharing of data and software through cyberinfrastructure. In the case of Astrolabe as a 

repository for dark and otherwise at-risk data, situated within the CyVerse cyberinfrastructure 

environment, curation through cloud computing potentially enables creative innovation, 

scientific discovery and integrity of research by minimizing (or even eliminating) physical, 

geographic, institutional, political and infrastructural barriers to collaboration. In building upon 

disciplinary knowledge utilizing this existing communication structure, data products are 

contextualized through epistemic frameworks and intellectual and technological affordances. The 

role of a data archive as a collective memory practice and system of distributed knowledge 

production (Hutchins, 1995; Bowker, 2005; Baker & Bowker, 2007) facilitates both disciplinary 

learning and individual research, also forming a semantic network of information that reflects a 

shift in scientific thinking towards an ecological perspective for knowledge systems.  

Heidorn (2008) refers to much dark data as “boutique datasets”, and while there may only 

be a few researchers interested in specific boutique data, these datasets are numerous. Heidorn 

writes, “Access to these data sets can have a very substantial impact on science. It seems likely 

that transformative science is more likely to come from the tail than the head. For the most part, 

by the time large-scale projects that generate high volume data are developed, the questions to be 

answered are relatively well understood. The long tail is a breeding ground for new ideas and 
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never before attempted science” (p. 282). However, as shown by He & Nahar (2016), reuse of 

shared research data currently occurs far less frequently than data deposition. The authors 

suggest that researchers are obliged by journal policies to deposit data to support highly specific 

arguments, often illustrations and figures that have little use to other researchers, along with 

datasets that are inadequately described, creating a barrier to reuse.  

On a philosophical level (and beyond the scope of this dissertation), the true 

epistemological consequence of such efforts, essentially, to “database the world” (Bowker, 2005) 

remains an abstraction, but on a practical level, most scientists today would agree that additional 

and more powerful resources for data management would be helpful for conducting science. 

Data curation and archives support – and perhaps even influence – the structure of science as a 

mechanism for innovation through inductive and deductive research practices and complex 

social communication networks that lead to emergence of meaning from data (Thagard, 1988). 

One avenue for examining the social and epistemological structure and impact of sciences is 

through bibliometric study of academic literature (Borgman, 1990), a technique that is 

particularly compatible with the inherent reflexivity of science, which is fundamentally driven to 

develop theories and verify findings from both new and existing data while continually reflecting 

upon the integrity of this work (Leydesdorff, 2001).  

This dissertation uses a combination of methods to answer the specified research questions, 

including bibliometric techniques that essentially treat metadata about publications as variables 

of interest for analysis. Bibliometric methods are also frequently combined with full-text mining 

to arrive at a complete understanding of particular structural research questions about practices 

of scientists using a body of relevant literature (Glenisson, et al., 2005). For example, Pepe 
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(2008) explores the collective dimensions of scientific discovery using bibliographic records to 

extract a socio-epistemic network from analysis of both coauthorship patterns and concepts 

appearing in the literature.  A number of other bibliometric studies specific to astronomy have 

illuminated the importance of data archives, and in addition to the academic journals themselves, 

astronomy relies on several key databases and channels of communication to enable this type of 

research. The Astrophysics Data System (ADS) is a robust index of nearly all astronomical 

publications and associated metadata, including links to data when available (Accomazzi, 2011; 

Accomazzi, et al., 2016), and with capabilities for visualizing citation and collaboration patterns 

(Henneken, et al., 2009). Using the ADS, Henneken & Accomazzi (2012) show that publications 

with links to data are more highly cited than publications that do not link to data, an important 

finding for open data and data sharing initiatives (Henneken, 2015)19. Telescope bibliographies, 

primarily created and curated by observatory librarians, also provide another useful tool for 

tracking knowledge in astronomy, focusing on the scientific output – publications and data - of 

particular facilities and instruments (Accomazzi, et al., 2012). Databases of proposals from major 

funding agencies (primarily NSF and NASA) are an additional available resource for 

bibliometric research projects.  

Major funding agencies increasingly recognize the importance of public access to research 

output to facilitate knowledge production, particularly when this research is funded through 

public support. Many funding agencies now require proposers to provide plans for data 

management, and also to upload copies of resulting journal articles to public archives. The 

National Science Foundation (2015), a leading source of funding for astronomical research and 

 
19 This finding appears across disciplines, also; see Piwowar & Vision, 2013 and Piwowar, Day & 
Fridsma, 2007. 
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instrument construction in United States, recently published a vision to “explore, along with 

other agencies, how best to achieve improved public access, including data storage and 

preservation, discoverability, and reuse with a particular focus on data underlying the 

conclusions of peer-reviewed scientific publications resulting from federally funded scientific 

research” (p. 1). In response to this plan, NSF sponsored a series of workshops within the 

Directorate for Mathematical and Physical Sciences (MPS) to obtain feedback from the research 

community, and to produce recommendations for NSF on realizing this vision20. Through the 

ongoing workshop process, participants have explored existing initiatives exemplifying best 

practices and models that could be adapted by NSF (Hanisch, et al., 2017), indicating that this 

topic is of cutting-edge importance now and for the future of astronomy. 

Furthermore, Goodman, et al. (2016)21 predict an evolution of scholarly communication 

towards “The Paper of the Future”, which provides “long-lasting rich records of scientific 

discourse, enriched with deep data and code linkages, interactive figures, audio, video, and 

commenting”. The authors describe anticipated features of The Paper of the Future, including: 

support for collaborative authoring; links between data and literature through persistent 

identifiers; similar links between code and literature (and data) with executable figures; 

“storytelling” through audio, video and interactive figures; libraries of bibliographic citations for 

ease of referencing; links between people through ORCID persistent identifiers for researchers, 

social media and annotation to publications themselves; and innovative use of communication 

and archival media, perhaps even with e-paper. Whether the evolution of scholarly publishing 

will precisely follow this map, it is clear that publishers must sustainably adapt to the needs and 

 
20 https://mpsopendata.crc.nd.edu/index.php/final-report 
21 https://www.authorea.com/users/23/articles/8762/_show_article 
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preferences of scientific communities, as well as to communication and computational 

technology, and to the growing Open Access movement22 towards publicly-available academic 

literature. Similarly, the Open Science movement advocates for open access to scholarly data and 

software, and initiatives such as the Center for Open Science23 provide methods for registering 

entire research projects at critical phases and connecting research products together, overall in 

support of high-quality, transparent, persistent, discoverable and reusable science. 

3 Theoretical and Conceptual Foundations 

 

In addition to contributing to development of Heidorn’s (2008) “Dark Data in the Long Tail” 

theoretical framework, three additional distinct - but highly synergistic - areas of study 

fundamentally theoretically and conceptually inform this dissertation project and are explored in 

the sections below: Sociology of Science & Knowledge; Knowledge Infrastructures; and Digital 

Curation. 

3.1 Sociology of Science & Knowledge 

Looking towards application of sociological methods to the study of the Long Tail of 

astronomy data proposed here, so-called “big data” is a key area of interest as a paradigm to be 

studied from a social science perspective. While sociologists now frequently mine and 

statistically analyze very large datasets - for example: academic publications and citation metrics 

(Price, 1963; Leydesdorff, 2001), and social network analyses (Hanneman & Riddle, 2005; 

 
22 https://sparcopen.org/ 
23 https://cos.io/ 
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Rainie & Wellman, 2012) - sociological study of the “big data” paradigm as an interesting 

phenomenon has become increasingly important topic of research. Data science is now a 

fascinating and conducive topic for sociological methods, as data span disciplines and may even 

contribute to creation of new disciplines, while providing a tangible map for empirical study of 

relationships in scientific networks. 

Kuhn (1962) introduces the notion of paradigms as coherent knowledge systems that 

constrain future knowledge, and paradigm shifts as seemingly-sudden (but inherently iterative) 

changes in scientific belief that overthrow prior paradigms upon reaching a critical mass of 

support. Many scholars see the current issues surrounding manipulation of massive datasets for 

discovery as a Kuhnian paradigm shift in favor of technocratic, inductive science (Hey, et al., 

2009) and overshadowing classic theory-driven research. In fact, discovery-driven social 

research is now a common practice for understanding social relationships, though principally 

based in theory. In other disciplines, the norms of science are challenged by large datasets that 

could be repurposed but are often not shared openly or acknowledged as legitimate scholarly 

products (Borgman, 2012). Fricke (2008, 2015) notes that discovery-driven approaches to large 

datasets without solid theoretical foundations are conducive to inappropriate data mining and 

similar to inductive practices already discredited by epistemologists. This dynamic is 

fundamentally interesting for study of knowledge as a social process and form of capital in 

astronomy. 

As shown in the sections above, astronomy is more dependent than many other disciplines 

on large-scale technological resources, and supporting institutions are paramount to astronomical 

research and data production, curation and dissemination. The sociological framework of 
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Institutional Theory (Hughes, 1939; DiMaggio & Powell, 1983; Leonardi & Barley 2010; 

Greenwood & Hinings, 1996) is especially relevant considering that some of the variables that 

will be analyzed by this project correspond to institutions and institutional characteristics (for 

example, the institutional centrality measures of Chang & Huang, 2015). Furthermore, 

arguments have been made that Institutional Theory and in particular the theory of “new 

institutionalism” do not adequately account for development of technology through social 

processes (Leonardi & Barley, 2010). A brief summary of institutional theory and relevant 

literature in the context of astronomy is provided below.  

According to Greenwood and Hinings (1996), Institutional Theory is one of the more 

robust sociological perspectives within organizational theory (p. 1022). Institutional Theory was 

developed in part through the work of Hughes (1936), who defines an institution as “an order of 

social phenomena in which the feature of establishment and that of collective behavior meet in a 

particular way: namely, so that the very form taken by the collective behavior is something 

socially established” (p. 180). New institutionalism is a more contemporary sociological 

perspective created by DiMaggio and Powell (1983), which proposes that institutions operate 

within an ecology of other institutions, while displaying similar characteristics across 

organizations and influencing participating agents through established norms. In the case of 

astronomy and astronomical data, these features are evident in the dominant systems of 

standardization, classification and scholarly communication discussed above. Furthermore, 

broader institutional systems surrounding the discipline are also influential.  

Some scholars of Institutional Theory have previously examined the nuances of knowledge 

creation and technology in developing the theory. Investigating the role of institutions in 
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innovation, King, et al. (1994) found that many different categories of institutions - including 

religious and labor institutions24 - can influence IT innovation, and as with data infrastructures, 

IT innovation consists of both physical and social networks. This idea further relates to the 

“Innovation Systems Approach” of Hekkert, et al. (2006), which proposes that innovation is both 

an individual and collective act. Pinch (2008) examines the relationship between technology and 

institutions, and evaluates the applicability of new institutionalism to development of 

technology. While the discipline of Sociology typically deals with the social realm, Pinch points 

out a discord in the discipline with materiality, and a fundamental duality between human and 

non-human actors. Pinch seeks to integrate materiality into sociology through 

neoinstitutionalism, and an overall sociology of technology (though the author notes that 

neoinstitutionalism has surprisingly little to say about technology - which is an overarching 

objective of this dissertation). Following the thinking of Pinch, it is especially interesting in 

astronomy that technologies (telescopes and data management and analysis tools) often are 

institutions with regulatory and normative functions for the community. 

In looking at organizational change, Leonardi & Barley (2010) note that fundamentally, 

“technologies are products of negotiations”, and that “the materiality of information systems 

remains grossly undertheorized” (p. 161), primarily due to a 30-year “battle” against the notion 

of technological determinism preventing understanding of the role of materiality in social 

change. The authors outline four challenges for theory building: Acknowledging materiality’s 

relevance, determining typologies of constraints and affordances, bridging activities of 

development and use, and shifting to studies of constructionism. As shown by this and other 
 

24 Even religious institutions influence astronomy. For example, the native Hawaiians have protested against 
construction of the Thirty Meter Telescope for religious reasons, effectively halting construction of the telescope for 
an extended period of time. Also, the Vatican Observatory is a key astronomical research facility. 
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work, materiality/technology is a complicated concept for social study (King, et al., 1994; Pinch, 

2008; Leonardi & Barley, 2010; Kim & Stanton, 2012). However, materiality and technological 

development are important topics for a study of astronomy data. A richer theoretical 

understanding of these topics and the broader Institutional Theory is to some extent uncovered 

through the variables analyzed in this dissertation.  

3.2 Knowledge Infrastructures 

A number of theoretical and disciplinary frameworks situated within Information and 

Library Sciences can be used to address the research questions proposed for this dissertation, 

including archival theory (Bastian, 2012), information theory (Gliek, 2011), epistemology 

(Foucault, 1972), socio-technical systems (Latour, 1987; Winner, 1980), and social networking 

and knowledge transfer (Reagans & McEvily, 2003). In the literature, this theoretical synthesis 

and the broad topic of the transformation of scientific data into knowledge can be examined 

through the work of Christine Borgman’s Knowledge Infrastructures initiative at University of 

California-Los Angeles (Darch, 2014; Sands et al., 2014). The Knowledge Infrastructures group 

defines infrastructures as “ecologies or complex adaptive systems; they consist of numerous 

systems, each with unique origins and goals, which are made to interoperate by means of 

standards, socket layers, social practices, norms, and individual behaviors that smooth out the 

connections among them” (Edwards, et al., 2012, p. 5)). Knowledge infrastructures are important 

to identify and study, as they “exert effects on the shape and possibility of knowledge in general” 

and possess the “ability not only to answer existing questions, but to make new questions 

thinkable” (p. 14). Borgman’s team has been funded by Sloan Foundation and the National 

Science Foundation to examine social, communication and data sharing patterns as knowledge 
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infrastructures in astronomy, including conducting ethnographic fieldwork to understand these 

processes and information channels, particularly with respect to the management and curation of 

science, including in astronomy.  

The knowledge infrastructures perspective urges familiarity with the social and technical 

processes involved in construction of complex instruments and archives for scientific discovery, 

as “curation requires active efforts to capture, maintain, and sustain not only scientific 

observatories, but also the associated information about the instruments that collected those 

observations and other scientific context” (Wynholds et al., 2011, p. 386). Furthermore, 

collaboration in socio-technical systems can be analyzed and facilitated by identifying boundary 

objects and trading zones, where boundary objects exist as part of collaborative workspaces “in 

which common practices and languages can be created” and trading zones are spaces “in which 

problematic collaborations still manage to collaborate” (Mayernik et al., 2012, p. 70). Bowker & 

Starr (1999) scale the concept of boundary objects to boundary infrastructures, a notion that 

offers “explicit recognition of the differing constitution of information objects within the diverse 

communities of practice that share a given infrastructure” (p. 314), where objects may be both 

ideal and material. In this context, individuals often belong to more than one community of 

practice, cognitively naturalizing boundary objects in different ways, as media for 

communication of information and artifacts for managing internal and external tension between 

conflicting points of view.  

Artifacts themselves – both material and ideal – carry political implications as well, and 

Winner (1980) describes two ways material artifacts may embody political characteristics: 
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First are instances in which the invention, design, or arrangement of a specific technical 

device or system becomes a way of settling an issue in a particular community. Seen in 

the proper light, examples of this kind are fairly straightforward and easily understood. 

Second are cases of what can be called inherently political technologies, man-made 

systems that appear to require, or to be strongly compatible with, particular kinds of 

power relationships. Arguments about cases of this kind are much more troublesome and 

closer to the heart of the matter. By ‘politics,’ I mean arrangements of power and 

authority in human associations as well as the activities that take place within those 

arrangements. For my purposes, ‘technology’ here is understood to mean all of the 

modern practical artifice, but to avoid confusion I prefer to speak of technologies, smaller 

or larger pieces or systems of hardware of a specific kind” (p. 123). 

Both telescopes and data archives are inherently political, as the physical manifestation of a 

system design not only settles issues for a particular community (in this case, scientists requiring 

research tools), but is reflective of power relationships within and outside of the collaboration, as 

development of the technologies that are ultimately realized depends on a complex dynamic of 

cooperation and institutional support, in addition to the specified scientific needs or desires of 

astronomers. Latour (2005) explains that nonhuman artifacts may function as actors within a 

network, and this is evident in a cyberinfrastructure project with broad social, political and 

scientific impact. Furthermore, the various interfaces and common language that facilitate 

communication and innovation within the interdisciplinary and knowledge-intensive context of 

astronomy can be understood as epistemic cultures (Knorr Cetina, 1999) and cohesive 

knowledge domains. 
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3.3 Digital Curation and Data Lifecycles 

The International Digital Curation Centre (DCC), characterizes the activity of curating 

digital information as “maintaining, and adding value to, a trusted body of digital information for 

current and future use: in other words, it is the active management and appraisal of digital 

information over its entire life cycle” (Pennock, 2007). Upholding this philosophy, the DCC 

produced a lifecycle model for digital information that is widely used and cited. However, in 

specifically considering the scientific research process and particularly the life (and potential 

new life) of research data in relation to scholarly publication, this and other models may be 

inadequate for informing curation decisions and activities, especially as research data become 

simultaneously abundant and difficult to access (Heidorn, 2008), and as publishers are showing 

interest in creating trusted repositories and links between data and publications as a form of 

cultural engineering and service to the scientific community (Heidorn, Stahlman & Steffen, 

2015;  Accomazzi, 2011; Accomazzi & Dave, 2011; Henneken & Accomazzi, 2012; Pepe, et al., 

2014). 

Any theoretical framework for examining the key issues facing data curators in the midst 

of increasingly large datasets and complex scientific problems must consider multiple 

disciplinary perspectives and areas of research, as well as the fundamentals of information 

science and epistemology. Philosopher Michel Foucault (1972) writes, “Knowledge is not an 

epistemological site that disappears in the science that supersedes it. Science (or what is offered 

as such) is localized in a field of knowledge and plays a role in it. A role that varies according to 

different discursive formations, and is modified with their mutations” (p. 184). Curation of 

existing and anticipated future data is a problem about which knowledge must be generated on 
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several fronts and within which science occurs, but this problem is primarily situated in the 

context of disciplinary and interdisciplinary research questions, and in communities of scientists. 

However, while academic disciplines provide social structure enabling scientific research, 

complex research problems require inter- or trans-disciplinary insight and methods, and 

academic communication is ultimately organized around access to and analysis of data systems 

as scholarly products of research (Price, 1963; Borgman, 2015). 

In addition to considering curation of heterogeneous scientific research data as a social and 

interdisciplinary process, this dynamic can be situated within the broader context of scholarship 

as knowledge infrastructures and information ecologies, as discussed above. From this 

comprehensive perspective, it seems likely that any generic model of the lifecycle of data could 

not possibly capture the complexity of the underlying knowledge infrastructures in any particular 

research context. Borgman, et al. (2015) show that knowledge infrastructures must be designed 

to support analysis and use of data in addition to collection and preservation activities for access. 

This concept also reflects the notion of “information ecologies” (Oday and Nardi, 2003; Baker & 

Bowker, 2007), which encourages a systemic, networked understanding of the relationships 

between humans and artifacts (including instrumentation and data) that enable and advance 

scientific research and knowledge beyond simply “active management and appraisal” of 

information (Pennock, 2007). 

Greenberg (2009) points to data lifecycle modeling as a biological analogy reflecting the 

“mutable and organic nature” of digital objects (p. 385), and further states that data sharing and 

reuse to enable new scientific work could be the most important area of focus for digital data 

repositories, and this should be a critical research agenda for data curation moving towards a 
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future of an increasingly complex knowledge infrastructure in science. Hunter (2006) describes 

the typical components of a scientific publication package, including: pre-existing data; datasets 

generated through research; data about experimental or instrumentation conditions; assumptions 

and criteria used; formulas, hypotheses and numerical models used; conceptual models; software 

tools and services; hardware specifications; workflows; and visualizations (p. 43). Successful 

management and communication of these items must be considered in astronomy data curation 

practice, where, generic lifecycle models fail to capture the complexity of knowledge, and even 

lifecycle models specific to research contexts and data types may quickly outlive their utility 

considering rapid changes in technology and scientific practices. 

4 Research Design and Methods 

This dissertation study aims to infer the prevalence and characteristics of potentially-useful and 

currently uncurated Long Tail data that can’t be observed directly, and providing estimates and 

discovery tools that are useful to astronomers and curators, including data characteristics and 

measures that may be used to assess value and utility of dark data brought to light. To understand 

and scope the problem of “dark” and at-risk astronomical data, it is necessary to know where 

these data are typically located, what types of data are most prevalent, how much uncurated data 

exist, and in what lifecycle stage(s) and format(s). This dissertation has developed a method of 

identifying characteristics of uncurated data associated with publications, and overall seeking to 

further understand the context of astronomy data to aid these efforts and relay research findings 

to the community of stakeholders. 
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4.1 Overview 

Building upon qualitative insight previously obtained through two workshops that led to 

the creation of the Astrolabe repository (Heidorn, Stahlman & Steffen, 2018; Stahlman, Heidorn 

& Steffen, 2018), this dissertation has implemented a mixed-methods approach to perform a 

research project that was identified by workshop participants as being critical to Astrolabe 

development: creating methods for quickly searching the corpus of astronomy literature for 

authors who likely possess “dark” data.  

4.1.1 Preliminary Knowledge 

The Astrolabe Project (Heidorn, Stahlman & Steffen, 2018) was conceptualized in 2013 

with discussions about inaccessible data in astronomy at an American Astronomical Society 

(AAS) Publishing Strategy Meeting in Grapevine, TX. Subsequent meetings at the University of 

Arizona involved AAS Director of Publishing Julie Steffen, University of Arizona (UA) School 

of Information Director Dr. P. Bryan Heidorn (Chair of this Dissertation Committee), and 

representatives from the University of Arizona Libraries, Steward Observatory and the 

Department of Astronomy, University Information Technology Services (UITS), the Office for 

Research & Discovery (now Research, Innovation & Impact), and the iPlant Collaborative (now 

known as CyVerse). This dialogue led to an internal UA “Start for Success” grant application, 

which was funded quickly to support a 2-day workshop exploring the possibility of creating an 

“Arizona Astronomical Data Hub (AADH)” for “dark” astronomical data at the UA and as a 

resource for UA astronomers and for AAS (which had recently opened an office in the National 

Optical Astronomy Observatory (NOAO) building in Tucson). The outcomes of the 2015 

workshop were used to justify an internal UA “Accelerate for Success” grant proposal to the 
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Office for Research & Discovery that was funded for a one-year pilot project to develop an 

initial Astrolabe testbed within CyVerse. In July 2016, a workshop supported by the Accelerate 

for Success grant was held, and submission of funding proposals resulted in a ~$500,000 grant 

from National Science Foundation to develop WorldWide Telescope as a resource for 

visualization and discovery within Astrolabe and connecting to other repositories (Heidorn & 

Roberts, 2016). 

Both workshops confirmed the widespread existence of dark data in astronomy, and the 

need for curation resources for certain astronomy data. The 2016 Astrolabe workshop focused on 

developing functional requirements for the Astrolabe system, and through whole-group 

discussions and breakout sessions, participants produced a concise list of recommendations for 

the future of the project. Four areas of focus were identified for locating dark data in support of 

Astrolabe development. First, much historical astronomy data remain stored in inaccessible 

physical formats (plates and magnetic tapes) and could be migrated into Astrolabe for curation. 

Second, many astronomers host data on personal websites that are not typically long-lived; 

curating author-websites, particularly at the time of publication, should be a priority for 

Astrolabe. Third, time-domain astronomy requires access to historical data and can lead to 

serendipitous discovery; this will be particularly important for follow-up to Large Synoptic 

Survey Telescope observations following first-light in 2019. Fourth, searching the literature for 

references to uncurated data would facilitate linking these data to existing and future 

publications. This final recommendation will be addressed by the dissertation project proposed 

here: 
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Text mining could locate references to dark or “gray” data in the literature. Authors could 

be incentivized to share such data with the availability of a resource for archival such as 

Astrolabe, and subsequent citation advantages. Highest impact papers and recent 

publications (within the past 10 years) could be targeted first. ADS has developed a good 

tool for this project, with relevant expertise and community support, and full text for text 

mining to locate papers without data links. Candidate data associated with an existing 

publication would advertise for Astrolabe and provide growth and overall sustainability 

for the project. (Heidorn & Stahlman, 2016, p. 4). 

Through Astrolabe activities, the researcher has also worked closely with members the 

American Astronomical Society (AAS) publishing team and the Astrophysics Data System 

(ADS), developing familiarity with astronomy literature and with ongoing development of tools 

to enhance services for authors. The researcher has observed these expert team members 

manually reviewing literature and making complicated decisions about whether a paper might be 

associated with uncurated data, through complex, tacit understanding of the field. These manual 

attempts to locate publications of interest for Astrolabe follow-up have essentially implemented 

combinations of search terms to narrow down the literature for manageable human review. 

However, thoroughly penetrating the vast corpus of astronomy literature and would require 

tedious human effort to locate relevant papers. Statistical analysis to determine significant 

variables associated with inaccessible data could assist with honing searching strategies to more 

accurately locate papers of interest, simultaneously providing empirical insight into data sharing 

behavior and trends over time. 
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Efficiently text mining many thousands of publications for references to “dark” or 

endangered “gray” data as suggested in the workshop outcomes above requires intelligent search 

strategies and could be accomplished through analysis of bibliographic information. The present 

study tackles this challenge through a sequential mixed design, in which qualitative and 

quantitative segments of the study occur in chronological order, while overall reducing 

measurement error through triangulation (Teddlie & Tashakori, 2009). In this case, a qualitative 

portion of the study preceded and informed analysis of a dataset of bibliographic information to 

locate published papers that likely correspond to dark or at-risk data. Qualitative data was coded 

to identify key themes beginning with a grounded theory approach (Glaser & Strauss, 1967), 

while bibliographic and survey data was analyzed using statistical techniques (Gordon, 2015). 

 

4.2 Study Design 

Within the theoretical framework outlined in section 3, this study considers Astrolabe to be 

one of numerous fragile and thus potentially-vulnerable knowledge infrastructures supporting the 

discipline of astronomy (Borgman, et al., 2016), a distributed institution organized around 

common norms, standards and equipment, which cohesively engages in social production of 

scientific knowledge through data collection, analysis and sharing. In socio-ecological systems 

research, vulnerability is measured through an interplay between resilience and adaptive capacity 

(Gallopín, 2006; Smit & Wandel, 2006), a theory that has been applied to design of 

infrastructures as well (Dalziell & McManus, 2004).  Knowledge systems in astronomy must 

consider social and technical dimensions of infrastructure design to ensure a resilient and 

adaptive system and avoid the dangers illustrated by Borgman, et al. One method of minimizing 
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vulnerability by enhancing resilience and adaptive capacity would be to deliver a useful service 

to the astronomy community to ensure community support and ongoing use and collective 

development of the system. As recommended in the two Astrolabe workshops discussed above, a 

large-scale effort to locate and rescue uncurated or at-risk digital data and associate these data 

with published literature would provide the astronomy community with a much-needed service 

and would also provide current and future astronomers with valuable data for research and 

discovery, further illuminating astronomy research practices and trends in the process. The 

dissertation presented proposed here represents preliminary research towards such a curation 

effort. 

4.2.1 Research Questions and Premises 

 

As described in section 1, the general questions to be explored by this research study are: 

RQ1: What are the characteristics of astronomy researchers most likely to possess 

uncurated datasets? 

RQ2: What are the significant attributes and approximate volume of astronomical dark 

data? 

RQ3: When have digital dark data typically originated and “gone dark” throughout the 

history of contemporary astronomy? 

RQ4: Where are astronomical dark data generally located and in what format(s)? 

RQ5: Why are some potentially interesting and useful data not made available to other 

researchers in astronomy? 

RQ6: How can potentially-useful dark data be identified and rescued? 
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RQ7: What are the system and data characteristics that facilitate data deposition?  

RQ8: What individual, institutional, system and data characteristics facilitate reuse of 

data? 

RQ9: Can the value of dark data be measured, in relation to potential re-use and/or other 

aspects of the moral economy in astronomy? 

 

The following premises (based on theory and research discussed in the above sections,) have 

informed the research design: 

RQ1, P1: Late-career authors will possess dark data more frequently. 

RQ1, P2: Authors at decentralized institutions will have more dark data. 

RQ1, P3: Authors with an ORCID ID are less likely to have dark data (assuming that ORCID ID 

adoption represents participation in open science initiatives). 

RQ1, P4: Other significant attributes of authors with dark data may include: research area; 

academic status; nationality; and gender 

 

RQ2, P1: Significant attributes of papers associated with dark data may include: subject area; 

size of collaboration, publication date; funding source(s) and amount; paper citation rate. 

RQ2, P2: Significant attributes of “dark” datasets may include: location; data kind and data 

format; types of observations. 

RQ2, P3: Volume of uncurated data will be approximately 55% of the total volume of data 

generated for research (per the findings of Piwowar, 2011). 
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RQ2, P4: The rate of dark data has decreased over time as effective tools, repositories and 

incentives are developed. 

 

RQ3, P1: Significant digital dark data will have primarily originated between the early 1980s 

and mid-2000s, when use of spinning disk media and online access to data became more 

common. 

RQ3, P2: Digital dark data from this time period “went dark” prior to 2005 (see P1). 

RQ3, P3: Digital dark data originating after 2005 (often curated on personal author websites) 

likely “went dark” prior to 2010 due to rapid changes in software, operating systems and hosting 

platforms. 

 

RQ4, P1: Astronomical dark data are located in FITS format (a standard since 1981) on obsolete 

physical media, author or laboratory hard disks, on restricted networks, lost or discarded, and/or 

held by collaborators. 

 

RQ5, P1: Potentially interesting and useful data are not made available to other researchers due 

to: complexity of data, size of data, quality of data, insufficient time to make data available, lack 

of funding, perceived usefulness of data, proprietary reasons, concerns about reuse, shared 

responsibility among institutions, and/or perceived lack of appropriate repository. 

RQ5, P2: Projects with fewer resources will have more dark data. 
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RQ6, P1: Potentially-useful dark data can be identified and rescued by reviewing the literature 

for papers likely associated with dark data and by surveying authors. 

 

RQ7, P1: System characteristics that facilitate data deposition may include: visualization tools; 

comprehensive metadata schema; automatic metadata extraction; controlled vocabulary with 

keyword suggestions; federation and interoperability; built-in analysis tools; proximity to and 

democratization of HPC; substantial storage allocation for researchers; DOI minting; option for 

embargo; assistance of curators; templates for hierarchical data storage; sustainable infrastructure 

for long-term curation. 

RQ7, P2: Data characteristics that facilitate data deposition include: manageable size; pipeline- 

or author-reduced; perceived scientific utility; association with publication. 

 

RQ8, P1: Reuse of data is facilitated by cyberinfrastructure, analysis tools, citation incentives, 

and propagation of open science ethos. 

 

RQ9, P1: The potential value of dark data can be measured through tracking use and re-use 

within Astrolabe and other repository systems. 

RQ9, P2: The potential value of dark data can be measured through citation behavior and other 

measures of innovation. 

 

Due to data availability and collection constraints, some research questions and premises have 

been addressed more thoroughly than others, but all were considered in planning research 
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activities and analyzing data. Furthermore, a single methodology and dataset would not be 

sufficient to answer such a broad spectrum of research questions; this project therefore 

triangulates through a conscientious study design. Finally, the extent to which I have been able to 

compile bibliographic, survey and interview datasets with sufficient relevant variables has 

overall determined how and whether each research question and premise is examined 

statistically. Qualitative insight into all research questions is presented and supported in section 

5. 

4.2.2 Methodology and Data Sources 

This study is also partially inspired by the work of Piwowar (2011), who found that only 

about 45% of gene expression microarray research studies published between 2000 and 2009 

corresponded to data shared in trusted repositories at the time of her research. Other recently-

published projects have also incorporated related methods and research questions, including 

Park, You & Wolfram (2018), who developed a method of locating informal data citations in the 

text of journal articles by identifying terms indicating data sharing and reuse in a dataset of 313 

articles. Similarly, Stockemer, Koehler & Lentz (2018) identified and then attempted to obtain 

data associated with 145 Political Science articles, overall finding that replication of the studies 

was successful in less than 40% of cases, and that authors are generally unwilling to share data 

and software. Finally, a new pre-print (Li, Greenberg & Dunic, In Press) examines in-text 

references to data “events” in biodiversity data papers, producing and analyzing a classification 

scheme of categories that characterize coded data events.  

The studies described above indicate that new insight about astronomical dark data can 

be derived from journal articles and related bibliographic information. This dissertation extends 
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previously-implemented methods by triangulating with multiple data sources and methods, and 

by incorporating author-level variables and direct feedback about published articles from the 

experts most familiar with the research.  Premises have been conceptualized to inform this work. 

For example, it is reasonable to expect that many astronomy papers published prior to 2010 

correspond to uncurated data, considering recent and rapid developments in data repository 

technology, construction of sophisticated data pipelines for astronomical research, and the 

responsiveness of the scholarly publishing community to increasing ethos of open access and 

open science over the past decade. It is also reasonable to expect that while astronomy data are 

generally becoming more accessible over time, some data shared on personal websites or 

collected by aging facilities and instruments and completed missions are becoming increasingly 

inaccessible. This creates a complex task for literature searching to locate important variables for 

understanding and predicting underlying dark or at-risk data associated with publications and 

authors. The phases of this dissertation research project and related activities are summarized 

below: 

4.2.2.1 Phase I: Rapid Appraisal - Background Research (December 2018 – May 2019) 

Phase I of this project involved empirical background research to inform design and 

implementation of Phase II, along with finalizing methods to adequately address each research 

question. 

 

Task A: Conduct background interviews with astronomers (7 interviews, ~60 minutes each) 

In December 2018, five formal interviews were conducted with astronomers during a 3-

day field visit to a prominent center for astrophysical research. Two additional interviews were 
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conducted with astronomers at a telescope site and at the headquarters of a major optical 

astronomy facility. For the first half of each interview (~30 minutes), each astronomer was asked 

to “think aloud” while reading and reviewing five published astronomy journal articles (pre-

selected based on the astronomers’ research areas) and considering all of the data underlying the 

articles. Think-aloud methods are often used for psychological experiments and computer 

interface development to understand cognitive processes behind decision-making (Van Someren, 

Barnard & Sandberg, 1994). This method is also similar to Sands, et al.’s (2012) “follow the 

data” interview protocol for learning about use and reuse of astronomy data. In total, 7 

interviewees reviewed 27 unique papers; for validation purposes, two astronomers working in 

the same sub-field received the same set of five papers to review (bringing the total number of 

searches to 32). The second half of each interview (~30 minutes) consisted of a semi-structured 

interview using the same topic guide for all sessions. Semi-structured interview questions 

broadly focused on research practices, data management, data sharing and collaboration in 

astronomy. For the purpose of this study and analysis, a relatively small number of interviews 

produced sufficient insight (and considering the work of Guest, Bunce & Johnson (2006), which 

showed saturation after twelve interviews, and a basic framework of elemental themes after only 

six interviews).  

 

Task B: Transcribe and analyze interviews 

Six interviews were manually transcribed by the researcher, and one interview was 

professionally transcribed. The semi-structured portions of the interviews were analyzed using 

qualitative methods, initially coding for key themes and sub-themes within the framework of 
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Grounded Theory (Glaser & Strauss, 1967) and open coding (Saldaña, 2015), and later mapping 

the inductive codes to this dissertation’s research questions and premises. The coding process 

was conducted using MaxQDA (qualitative data analysis software). The “think aloud” portion of 

each interview was similarly coded and then analyzed using protocol analysis techniques (Von 

Someren, et al., 1994; Simon & Ericsson, 1984), and drawing on Belkin’s (1993) model of 

interaction with text as information retrieval embedded within information-seeking. 943 think-

aloud statements of 7 astronomers corresponding to 27 different astronomy papers were first 

coded inductively, and then a research decision was made to map these codes to the 8 facets of 

Belkin’s matrix of information seeking strategies (Scan, Search, Learn, Select, Recognize, 

Specify, Information and Metainformation), as described in section 5.4.6. To inform 

development of future information retrieval systems and to update Belkin’s framework for the 

context of contemporary scholarly communication, network and cluster analyses were conducted 

to identify patterns in the movement between facets and strategies as astronomers reviewed 

papers to determine the nature and location of underlying data (see section 5.4.6). 

4.2.2.2 Phase II: Principal Data Collection and Analysis (May – October, 2019) 

Phase II of the project focused on the principal data collection and analysis for this dissertation, 

to predict association with potentially-uncurated data types across papers published in the last 

two decades, and to locate relationships between variables, including both characteristics of 

papers and characteristics of researchers. 

 

Task A: Collect data on a sample of papers from the full-text PASP dataset and perform 

document classification 
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Bibliographic and author-level information for a sample of all articles published in 

Publications of the Astronomical Society of the Pacific (PASP) between 1994 and 2016 was 

obtained through Web of Science records, and this information was linked to corresponding full-

text files. Initial exploration of the corpus, review of prior surveys of astronomers (Spuck, 2017; 

AIP, 2017; AAS, 2013), and interviews with astronomers led to a typology of interconnected 

data types, formats and observation methods that are referenced in the text of journal articles and 

were instrumental in development of an online survey of authors of astronomy papers (see table 

2 below). Brief descriptions of data kinds and formats and types of observations follow. 

 

Table 2: Astronomical data kinds, formats and types of observations identified through this 
study 

Data Kinds Data Formats Types of Observation 
Images FITS Gamma-rays 
Spectral data HDF5 X-rays 
Photometric data Plain text Ultraviolet 
Catalog(s) VOTable Optical 
Time series UVFITS Infrared 
Astrometry  Microwave 
Light curves  Radio 
Orbital data  Submillimeter 
Interferometry  Gravitational wave 
Event list(s)   
Computational modeling/simulation   
 

Data Kinds 

• Images: Images of astronomical objects collected with detectors such as telescopes.  

• Spectral data: Graphs showing composition of light, produced with spectrographs. 

• Photometric data: Measurements of brightness of astronomical objects. 

• Catalogs: Lists of astronomical objects with certain properties. 
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• Times series: Analysis of variable phenomena over time. 

• Astrometry: Measurements of the positions of astronomical objects. 

• Light curves: Graphs showing changes in brightness of astronomical objects over time. 

• Orbital data: Elements used to calculate orbits of celestial objects. 

• Interferometry: Combinations of signals from multiple telescopes. 

• Event lists: Tables of photons, used in X-ray and gamma-ray astronomy. 

• Computational modeling/simulation: Computational calculations conducted to predict 

properties of the universe and astronomical objects. 

 

Data Formats 

• FITS: Flexible Image Transport System; widespread format for storing a variety of 

digital data and metadata. 

• HDF5: New format, considered to be optimal for large and complex data 

• Plain text: Characters of readable material (often used for catalogs and tables) 

• VOTable: XML-based tabular data. 

• UVFITS: FITS for radio interferometry data. 

 

Types of Observations 

• Gamma-rays: High-energy radiation generated by cosmic events, blocked by Earth’s 

atmosphere and must be conducted in space. 

• X-rays: Very short wavelengths; observations conducted above Earth’s atmosphere. 
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• Ultraviolet: Wavelengths mostly blocked by the atmosphere and best conducted in space 

(shorter than visible light). 

• Optical: Wavelengths visible to the human eye, ranging from red to violet (between 

~400	and	700	nm).	

• Infrared: Wavelengths mostly blocked by the atmosphere and best conducted at high 

locations on earth, and in space (longer than visible light). 

• Microwave: Wavelengths ranging from 1	millimeter	to	1	meter;	also used for short-

wave communication.	

• Radio: Low frequency, long wavelengths. 

• Submillimeter: Frequency band between radio and optical wavelengths; observations 

best conducted at high and dry locations. 

• Gravitational wave: Disturbances in space time, detected through indirect and direct 

observations. 

 

Task B: Send a survey to first authors of astronomy papers 

Informed by the protocol analysis conducted in Phase I, a detailed survey of authors of 

astronomy journal articles was designed to draw meaning from connections between the types, 

formats and observation methods mentioned in each article, and whether the various underlying 

data can be easily located online. Ideally a researcher should be able to access all potentially-

useful data associated with a paper. Therefore, a paper associated with inaccessible underlying 

data should: 
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• Have corresponding potentially-useful raw and/or derived data that are not discoverable 

in a trusted repository; and/or 

• Include references – without “trusted” links - to data products not associated with a large 

mission or active facility with a data pipeline; and/or 

• In which broken link(s) to data are present. 

However, for the purpose of simplifying the survey and ensuring sufficient participation, authors 

were asked only if data are “available online for other researchers to access”.  

Web of Science records for PASP papers published in the last two decades include author 

email addresses for approximately 1,300 records. A detailed questionnaire was designed to ask 

first/corresponding authors about data underlying specific papers, using Qualtrics online survey 

software. The draft survey was reviewed by experts including: one practicing astronomer, one 

head of data operations for a major observatory, two quantitative sociologists, one astronomy 

education administrator for an organization that manages a large observatory, one computer 

scientist from a national laboratory who conducted a dissertation on astronomy data and software 

production, and one information scientist who is an expert in data curation and 

cyberinfrastructure. The survey was then subsequently piloted with a small sample of 30 

recipients. Feedback from the review and piloting of the survey was incorporated, and the full 

survey was released on May 24, 2019, with a completion deadline of June 7, 2019.  

Piped text in the survey introduction was used to automatically insert bibliographic 

information of the papers. In cases where an individual was a first author of several papers, only 

one paper was selected to ensure that each email address only received one survey request 

corresponding to one paper. To assist with accurately classifying papers and to capture additional 
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demographic information, authors of papers that are less likely to refer to research data – 

primarily those describing instrumentation and software development – were not omitted from 

the group of survey recipients. Considering that target papers were published over the past 

several decades, a number of email addresses bounced (64). In the end, the survey was 

successfully sent to unique author email addresses associated with 965 PASP papers. To address 

the possibility that Web of Science records contain email addresses only for papers with 

particular characteristics, the survey was also sent to email addresses that were manually 

retrieved through online searching for 99 additional papers. Including the pilot of 30 recipients, 

in total the survey was delivered to email addresses associated with 1094 PASP papers. 

Separately, to provide insight into the funded research topics and corresponding 

proposals for a separate research project not described here, Web of Science bibliographic 

records were downloaded for papers corresponding to the sample of NSF AST grants funded in 

2016. The same methodology for selecting papers and email addresses was followed, and the 

survey was successfully delivered to 477 email addresses corresponding to papers funded by 

grants represented in the topic analysis sample. 

Note: For an estimate of the total population of interest, a search of ADS for refereed papers 

(excluding physics and general collections and focusing specifically on astronomy) shows that 

357,510 papers were published between 1994 and 2016.  
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Task C: Analyze survey data to locate predictors and indicators of dark or at-risk data, and to 

illuminate the relationships between data types, formats and observation methods in the context 

of “searching for dark data” 

Findings are described in section 5 below. 

4.3 Human Subjects 

Prior to engaging in any research involving human subjects (interviews and think-aloud 

sessions, and the survey), the approval of the Institutional Review Board was obtained through 

proper University of Arizona procedures. Participants in the qualitative portions of the study 

were provided with informed consent forms, and the research goals and implications were made 

transparent for participants. All raw data will be securely stored and maintained on the personal 

password-protected PC of the researcher, backed up on a password-protected external hard disk, 

and anonymized data will be archived in an appropriate repository such as ICPSR following 

completion of the project. In general, impact on study participants is minimal. The identities of 

authors associated with interviews and survey data were protected for survey analysis and 

presentation of findings.  

4.4 Background Interviews 

As explained above, research field work was conducted at a prominent center for 

astrophysical research in December 2018, where five interviews were conducted with 

astronomers. Two additional interviews were conducted in early 2019 at an observatory and 

optical astronomy facility.   

While semi-structured interviews were also conducted, the primary purpose of these 

interviews was to engage in think-aloud exercises to observe how astronomers read the literature 
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and identify underlying data, overall to inform the design of an online survey of authors of 

journal articles (see section 5 for analysis and discussion). See Appendix C for think-aloud 

instructions that were provided to interviewees, as well as the topic guide for the semi-structured 

portions of the interviews. 

Research areas and assigned think-aloud papers for each interviewee (de-identified) are 

shown in Table 3 below: 

Table 3: Interviewees and assigned papers 

Interviewee 
ID 

Research 
area 

Keywords of 
interviewee’s 
top-cited 
paper 

Papers reviewed 

A Radio, X-
Ray, 
Archives 

Spiral 
galaxies 

A.1: Stellar Populations in the Outer Reaches of 
M31 and M32 from WFPC2 Photometry (2004) 
A.2: Dissertation Summary: The Large-Scale 
Distribution and Properties of Carbon Monoxide 
in a Sample of Nearby Spiral Galaxies (2002) 
A.3: Flux-Calibrated Emission-Line Imaging of 
Extended Sources Using GTC/OSIRIS Tunable 
Filters (2012) 
A.4: Optical Long-Slit Spectroscopy of a Sample 
of Spiral Galaxies (1999) 
A.5: Constraining the Rate of Primordial Black 
Hole Explosions and Extra-Dimension Scale 
Using a Low-Frequency Radio Antenna Array 
(2015) 

B Galactic, 
Bibliometrics, 
Archives 

Radial 
velocities, 
IRAF 

B.1: Orbital Solutions and Absolute Elements of 
the Massive Algol Binary ET Tauri (2016) 
B.2: G247.814.9: A Newly Discovered Optical 
Supernova Remnant in Puppis (1998) 
B.3: The Spectrum and Light Curve of CH Cygni 
during its Recent Broad Minimum (2010) 
B.4: A Search for Evolutionary Changes in the 
Periods of Cepheids Using Archival Data from the 
Harvard Observatory Plate Collection. III. GY 
Sagittae (2007) 
B.5: Evidence of a Third Star Orbiting the 
Eclipsing Binary δ Librae (2001) 
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Interviewee 
ID 

Research 
area 

Keywords of 
interviewee’s 
top-cited 
paper 

Papers reviewed 

C Stellar, 
Bibliometrics 

Variable; 
Photometry: 
UBV; 
Photometry: 
SDSS 

C.1: Optical Studies of 20 Longer-Period 
Cataclysmic Binaries (2010) 
C.2: The Last Measurements Made With The 
Wampler Scanner. III. Near-infrared Flux Data 
for Cool Variable Stars" (2008) 
C.3: Light and Color Curves of Six Field RR Lyrae 
Variable Stars (2002) 
3.4: A Photometric Study of V798 Cygni (1997) 

D Planetary, 
Software 

Radial 
velocities, 
IRAF 

D.1: Orbital Solutions and Absolute Elements of 
the Massive Algol Binary ET Tauri (2016) 
D.2: G247.814.9: A Newly Discovered Optical 
Supernova Remnant in Puppis (1998) 
D.3: The Spectrum and Light Curve of CH Cygni 
during its Recent Broad Minimum (2010) 
D.4: A Search for Evolutionary Changes in the 
Periods of Cepheids Using Archival Data from the 
Harvard Observatory Plate Collection. III. GY 
Sagittae (2007) 
D.5: Evidence of a Third Star Orbiting the 
Eclipsing Binary δ Librae (2001) 

E Bibliometrics, 
Data, 
Software, 
Archives 

Long-wave E.1: Periodicities in the Ultraviolet Flux of a 
Orionis (2000) 
E.2: Parallaxes of Five L Dwarfs with a Robotic 
Telescope (2014) 
E.3: MIPSGAL: A Survey of the Inner Galactic 
Plane at 24 and 70 μm (2009) 

F Radio Gamma Ray 
Bursts 

F.1: The Host Galaxies of Long-Duration Gamma-
Ray Bursts (2014) 
F.2: Photometric Identification of Young Stripped-
Core Supernovae (2004) 
F.3: Possible Radio Afterglow of a 1989 Gamma-
Ray Burst (2001) 
F.4: The Late-Time Light Curve of SN 1998bw 
Associated with GRB 980425 (1999) 
F.5: The Disk-Jet Link and Unification of FSRQs, 
BL Lac Objects, and FR Radio Galaxies (2008) 

G Planetary Infrared; 
Space 
vehicles; 

G.1: Observations of the Centaur 1999 UG5: 
Evidence of a Unique Outer Solar System Surface 
(2002) 
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Interviewee 
ID 

Research 
area 

Keywords of 
interviewee’s 
top-cited 
paper 

Papers reviewed 

Surveys G.2: The Recognition of Unusual Objects in the 
Sloan Digital Sky Survey Color System (1998) 
G.3: A Close Binary Star Resolved from 
Occultation by 87 Sylvia (2009) 
G.4: Duplicity in 16 Piscium Confirmed from Its 
Occultation by 7 Iris on 2006 May 5 (2006) 
G.5: Improved Asteroid Astrometry and 
Photometry with Trail Fitting (2012) 

 

4.5 Online Survey  

As part of the ongoing “Gender Gap in Science” project funded by the International 

Science Council, researchers used bibliographic data obtained through the Astrophysics Data 

System to summarize trends in scholarly communication in astronomy25. This research shows 

that the number of astronomy publications has rapidly expanded since 1970 but has stabilized in 

recent years at an approximate rate of 25,000 publications per year. Meanwhile, the number of 

authors on astronomy papers has also increased, and fewer than 15% of current papers are sole-

authored. Among peer-reviewed publications, 30% of papers are concentrated in six top journals 

(with the top 20 including a key journal represented in this survey – Publications of the 

Astronomical Society of the Pacific). 

As described above, survey participants were selected from two subsamples. The first 

subsample includes corresponding authors of peer-reviewed papers published in Publications of 

the Astronomical Society of the Pacific (PASP) over approximately a 2-decade period (1994-

2016). According to Web of Science, 3125 papers were published in PASP between 1994 and 

 
25 https://gender-gap-in-science.org/ 



70 
 

2016. As an initial goal of this dissertation was to perform text classification with full-text 

articles, records corresponding to full-text files with less than 150 words were assumed to be 

incomplete and were removed from the final sample, leaving 2836 records, of which 

approximately 1300 had email addresses for authors and an additional 99 were obtained through 

manual searching. See section 4.2.2.2 above for further details about the sampling methodology. 

Table 4:PASP citation information 

PASP Citation Information (from 
ADS, as of July 2019)  Totals  Refereed  
Number of citing papers 74419 74356 
Total citations 128548 128465 
Number of self-citations 4900 4899 
Average citations 37.9 38.4 
Median citations 9 10 
Normalized citations 52314.1 52247.3 
Refereed citations 111737 111672 
Average refereed citations 32.9 33.4 
Median refereed citations 8 8 
Normalized refereed citations 45644.3 45592.5 

 

PASP has a long history of publishing research of the global astronomical community since 

1889, and the journal has an impact factor of 3.471 (as of 2018)26. Peer-reviewed papers 

published by PASP fall under the following subject areas27: 

● Cosmology; Evolution and Contents of the Universe 

● Extragalactic Astronomy and Galaxies (Including the Milky Way) 

● Stars and Stellar Evolution 

● Interstellar Medium and Star Formation 

 
26 http://iopscience.iop.org/journal/1538-3873 
27 http://iopscience.iop.org/journal/1538-3873/page/scope 
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● Brown Dwarfs, Planets, and Planetary Systems (Including the Solar System) 

● Astronomical Software, Data Analysis, and Techniques  

For the second subsample, related to a parallel research project not discussed here, the 

National Science Foundation funded 211 grants in 2016 through the Astronomy & Astrophysics 

division. A Web of Science search for publications associated with the award numbers for 

sampled grants resulted in 477 peer-reviewed publications under the Astronomy & Astrophysics 

subject category, and the survey was delivered to first/corresponding authors of these papers. All 

papers in this subsample were published between 2016 and 2019, in a variety of astronomy 

journals.  

Overall, 211 finished responses were recorded between May 24, 2019 and June 12, 2019 

(104 respondents from the PASP subsample and 107 respondents from the NSF subsample). To 

summarize the survey instrument, questions were designed with skip logic and concise options 

for responses were provided, aiming to understand the nature and whereabouts of underlying 

data, as well as characteristics and demographic information corresponding to the researchers 

themselves. Broad question areas regarding the characteristics of papers include: 

• For this paper, did you utilize new observational data that you collected or collaborated in 

collecting? 

• For this paper, did you utilize existing data obtained through an astronomical data 

archive? 

• For this paper, did you utilize data that you discovered through a published journal 

article? 

• For this paper, did you utilize data obtained directly from another researcher or team? 
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• Did you create simulated data models for this paper? 

• For this paper, did you create new or enhanced data products? 

• Has another researcher or team ever asked you for data associated with this paper? 

• Is specialized software required to understand or reuse the data associated with this 

paper? 

• Considering your responses to the previous questions, would you be able or willing to 

publicly share any data products associated with this paper that are not currently 

accessible online? 

• Which type(s) of astronomical observations produced the research documented in this 

paper? 

• Which agency or agencies funded the research presented in this paper? 

5 Results  

Survey data was analyzed using SPSS software (version 26) to compile descriptive statistics, 

and to perform inferential analyses on key variables of interest based on pre-established 

premises. In all cases, statistical significance was determined using a .05 alpha level. As 

described above, survey respondents can be categorized in two distinct subsamples based on the 

sampling methodology. Significant differences between the two groups are age of publication 

and age of respondent, but other less obvious population differences may influence results and 

interpretation. In the sections below, demographic characteristics and some analyses are 

presented for the entire sample (n=211) and also for the two subsamples separately where 

applicable. The subsamples are herein referred to as the “PASP” subsample (n=104) and the 
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“NSF” subsample (n=107). See Appendix A and Appendix B for a full list of survey questions 

and response options, as well as additional tables to support the data analysis. 

5.1 Characteristics of Survey Participants 

In 2008, Duncan Forbes estimated that there were around 10,000 practicing astronomers in 

the world, with a majority based in the United States. To more thoroughly assess the United 

States astronomy community in particular, Impey (2012) considers the best way to be through 

the membership of the American Astronomical Society (AAS), which is an important scholarly 

society and publisher of astronomy research with approximately 7,500 active members28, 

including many international members. A 2013 survey of U.S. AAS members compiled 

comprehensive demographic information, from which some demographic questions were 

borrowed for the present study (with written permission from AAS and their collaborator, the 

American Institute of Physics Statistical Research Center), making it possible to observe 

similarities and differences between the sampled groups. For example: 

• Of US AAS members in 2013, 81% have earned a Ph.D. as their highest degree 

(compared to 87.6% in the present study) 

• Of US AAS members in 2013, the median year of degree is 1992 (compared to 2007 in 

the present 2019 study) 

• Of US AAS members in 2013, 84% earned their highest degree in the U.S. (compared to 

58.9% in the present study) 

• Of US AAS members in 2013, 71% earned their highest degree in the field of Astronomy 

or Astrophysics (compared to 75.2% in the present study) 

 
28 https://aas.org/about/what-aas 
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• Of US AAS members in 2013, 58% are employed by a university or 4-year college 

(compared to 65.1% in the present study) 

• Of US AAS members in 2013, 55% are tenured (compared to 44.3% in the present study) 

• Of US AAS members in 2013, 85% are White (compared to 77.9% in the present study) 

and 79% are Male (compared to 76.3% in the present study) 

Several additional demographic questions about research areas, types of research, and types of 

observations were borrowed from the American Institute of Physics’ Longitudinal Study of 

Astronomy Graduate Students29, also with permission from AIP. 

Demographic characteristics of survey participants presented in the sections below 

generally align with the AAS survey findings and indicate that the survey sample for this study is 

largely representative of the astronomical community - with two main distinctions being the 

inclusion of international authors in the present study, and more importantly, heavily sampling 

younger authors through the NSF subsample, which includes only newly published research. In 

the sections below, notable differences between the subsamples (in most cases attributed to age 

of respondent and age of paper) will be addressed and highlighted only as needed. Otherwise, 

while the presented survey results reflect the highly-collaborative and globalized nature of 

contemporary astronomy research, overall the combined sample of PASP-published and NSF-

funded research together is considered in this study to be representative of scholarly 

communication in astronomy spanning two decades.  

 

 

 
29 https://www.aip.org/statistics/lsags 
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Education 

The majority of survey respondents (87.6%) hold a Ph.D. degree. However, a higher 

majority of the PASP subsample holds a Ph.D. (93.2%) than of the NSF subsample (82.2%). The 

mean year in which survey respondents earned their highest degree is 2003; however, a majority 

of the NSF subsample earned the highest degree between 2011 and 2019 (66.7%), compared to 

only 14% of the PASP subsample, which reflects differing career stages between the two 

subsamples. 58.9% of survey respondents earned the highest degree within the United States, 

with the NSF subsample being slightly more international in this category. Respondents 

primarily earned their highest degrees in Astronomy/Astrophysics (75.2%) and Physics (20.5%). 

 

Employment 

The NSF subsample contains more postdocs and students, and therefore a lower 

percentage of full-time employed respondents. Of those employed full or part time, 78.6% of 

respondents are situated in permanent or potentially permanent positions. Astronomy is the 

primary field of employment, and a majority of respondents work in a university or 4-year 

college. Among employed respondents, 44.3% are tenured, although the NSF subsample 

includes 23.1% on the tenure track compared to only 4.5% tenure-track members of the PASP 

subsample. Teaching, research and data analysis are primary duties of respondents, with the NSF 

subsample working substantially more on development of theory and the PASP subsample 

working substantially more on development of instrumentation. 
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Research 

Primary scientific areas of interest of survey respondents include Stellar Evolution (29%), 

Stars (28.5%) and Extragalactic astronomy (26.6%). Research areas vary between the PASP and 

NSF subsamples – for example, 24.5% of PASP respondents research exoplanets, compared to 

only 7.6% of NSF respondents. Also, while a majority of respondents conduct observational 

research (primarily in the optical wavelength range), again NSF respondents tend to conduct 

more theoretical research while PASP respondents tend to conduct more instrumentation 

development. NSF respondents also work noticeably more with submillimeter and radio 

observations, perhaps reflecting recent large NSF investments in the ALMA radio telescope 

array.  

 

Nationality and Ethnicity 

Approximately 58% of those respondents who answered the question about nationality 

are United States citizens, with a fairly even distribution between subsamples. A majority of 

respondents are white, again with an even distribution between subsamples. Numerous other 

studies and surveys have highlighted ethnic and gender inequalities in scientific disciplines, 

which are evident in the demographics presented here. 
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Figure 1: Nationalities of non-U.S. survey respondents 

 (Note: Four respondents reported having dual citizenship – Canada/US, Canada/UK, 
Canada/Italy, and U.S/two unspecified countries) 

 

 

 

Age and Gender 

A majority of respondents are between the ages of 30 and 39. However, the PASP 

subsample is older, with minimal representation of respondents under the age of 30, and a 

majority of respondents between 50 and 59. The present study also reflects a much higher 

number of male respondents than females and other gender categories, which is slightly less 

pronounced with the younger NSF subsample. As noted above, gender inequality is a key 

challenge for astronomers and the sciences in general. 
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5.2 Characteristics of Journal Articles 

 

Journal 

The journal most heavily represented by this survey is Publications of the Astronomical 

Society of the Pacific (PASP), with 104 respondents. However, a number of key journals are also 

represented, including important astronomy journals identified in Table 5. Note that in the tables 

that follow, “Valid percent” refers to the percentage after missing data are accounted for. 

 

Table 5: Journals in which sampled papers are published 

Journal Frequency Percent Valid Percent Cum. Percent 
ASTRONOMICAL 
JOURNAL 

8 3.8 3.8 3.8 

ASTRONOMY & 
ASTROPHYSICS 

5 2.4 2.4 6.2 

ASTROPHYSICAL 
JOURNAL 

36 17.1 17.1 23.2 

ASTROPHYSICAL 
JOURNAL LETTERS 

6 2.8 2.8 26.1 

ASTROPHYSICAL 
JOURNAL SUPPLEMENT 
SERIES 

2 .9 .9 27.0 

CLASSICAL AND 
QUANTUM GRAVITY 

1 .5 .5 27.5 

GALAXIES 1 .5 .5 28.0 
ICARUS 3 1.4 1.4 29.4 
MONTHLY NOTICES OF 
THE ROYAL 
ASTRONOMICAL SOCIETY 

39 18.5 18.5 47.9 

NATURE ASTRONOMY 2 .9 .9 48.8 
PHYSICAL REVIEW D 2 .9 .9 49.8 



79 
 

PUBLICATIONS OF THE 
ASTRONOMICAL SOCIETY 
OF JAPAN 

1 .5 .5 50.2 

Publications of the 
Astronomical Society of the 
Pacific 

104 49.3 49.3 99.5 

SOLAR PHYSICS 1 .5 .5 100.0 
Total 211 100.0 100.0  
 

Age of Publication 

Given the overall difference in year of publication between the two subsamples, age of 

publication is highly skewed towards newer publications (see Figure 2 below). However, the 

PASP subsample contains information about articles published over the entire two-decade period 

of interest, while the NSF subsample provides an opportunity to examine trends in cutting edge 

research alongside a historical corpus (PASP). With a range of publication years between 1998 

and 2019, the mean year of publication is 2014 and the median year of publication is 2016 

(standard deviation is 5.334). 

 

Article Category 

Many papers that fall into the category of astronomical instrumentation nonetheless 

present some original data and/or test analyses that could potentially be interesting and/or useful 

to other researchers. Therefore, the survey was distributed to all sampled authors, regardless of 

paper category (see Appendix B for the survey questions and text of the invitation). 78.7% of 

papers are categorized as research papers, of which a majority are in the Extragalactic and Stars 

subject categories. Note: Subject categories are those used by Publications of the Astronomical 

Society of the Pacific to categorize papers.  
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Type of Observations 

In agreement with the observational techniques indicated by authors in previous question 

areas, most papers (73.8%) were produced with observations conducted in the visible 

wavelengths of the electromagnetic spectrum. It is important to reiterate that wavelengths, 

techniques and facilities (ground and space) are often combined to produce astronomy papers. 

This phenomenon will be explored through later analyses in the sections to come. 

 

Research Funding 

Institutional or university support is a primary and highly consistent source of funding 

between the two subsamples. As expected considering the inclusion of the NSF-funded 

subsample, 51.5% of respondent indicated some NSF funding. However, although NSF award 

numbers were parsed directly from the funding statements of respondents’ papers to link to grant 

proposals for topic analysis (see section 4.2.2.2), only 71.4% of the NSF subsample indicated 

NSF funding for the focus paper through the relevant survey question! This seems to imply that 

funding sources in astronomy can be numerous and fluid, particularly considering the highly 

collaborative nature of astronomy research. With this possibility in mind, the number of funding 

sources indicated by respondents is a variable of interest in later analyses.  

 

Research Impact 

Web of Science bibliographic records contain the total number of citations to a particular 

paper. For papers represented in this survey, number of citations ranges from 0 to 295, with 
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many papers receiving zero or few citations (see Figure 2 below). Because of the highly skewed 

distribution, a new variable was created to show the top 20% and bottom 80% of the citation 

range. Overall, 21.3% of papers fall into the top 20% category. However, as expected, the NSF 

subsample – which has had less time to accumulate citations – has few top-cited papers. 

 

Figure 2: Total times cited 

 

 

 

5.3 Characteristics of Underlying Data 

The following sections present responses to survey questions that are used as variables for 

this study. In many cases, for the sake of brevity, data tables are presented in Appendix A. Note: 

The survey provided many options for writing in “Other” responses, along with additional 
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narratives about data. See Appendix A for some written answers provided by respondents. Also 

see Appendix B for a complete list of survey questions and response options. 

 

Observational Data 

 

Q4: For this paper, did you utilize new observational data that you collected or 

collaborated in collecting? 

56.9% of total survey respondents collected or collaborated in collecting new 

observational astronomy data to produce the focus paper (versus utilizing archival or other pre-

existing data products).  

 

Q5 (if yes to Q4): Are all or some of these observational data currently available online for 

other researchers to access? 

74.2% of papers have some or all observational data available online (56.1% of the PASP 

subsample and 90.5% of the NSF subsample). The difference between subsamples is 

unsurprising, as newer astronomical facilities tend to have sophisticated data pipelines, archives 

and data management plans.  

 

Q6-9 (if yes to Q4): Where/what kind(s) are the observational data located online? 

Where/what kind(s) are the observational data not located online? Select all that apply. 

Observational data available online are primarily located – and presumably curated - in 

astronomical data archives (75.3%). Institutional repositories are another key and consistent 
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location for observational data (25.8%). Personal websites are utilized by 25% of PASP 

respondents compared to 12.3% of NSF respondents. All data types are well-represented among 

data available online, with more spectral data overall available online (53.9%). Observational 

data that are not available online are primarily images (50%) and are located on individual or 

laboratory hard disks (62.5%). For NSF respondents, much data not available online is 

maintained by a collaborator (30.3%) and also heavily comprised of spectral data (42.9%) in 

addition to images (46.4%), which are common kinds of data. 

 

Table 6: Observational data characteristics – if some or all data are online 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Location of 
observational 
data 
available 
online 
(multiple 
response) 

Astronomical data 
archive 

67 75.3 75.0 75.4 

Institutional repository 23 25.8 25.0 26.3 
Personal website 15 16.9 25.0 12.3 
General/replication 
repository 

2 2.2 3.1 1.8 

Other 14 15.7 15.6 15.8 
N= 89    

 
Kinds of 
observational 
data 
available 
online 
(multiple 
response) 

Images 37 41.6 34.4 45.6 
Spectral data 48 53.9 43.8 59.6 
Photometric data 37 41.6 34.4 45.6 
Other 24 27.0 25.0 28.1 
N= 89    

 
Location of 
observational 
data NOT 

Physical media storage 
(plates, tapes, etc.) 

8 16.7 33.3 9.1 

Individual or laboratory 30 62.5 66.7 60.6 
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

available 
online 
(multiple 
response) 

hard disk 
Restricted network 7 14.6 13.3 15.2 
Lost 0 0 0 0 
Discarded 1 2.1 6.7 0 
Maintained by a 
collaborator 

12 25.0 13.3 30.3 

Other 2 4.2 0 6.1 
Unsure 7 14.6 20.0 12.1 
N = 48    

 
Kinds of 
observational 
data NOT 
available 
online 
(multiple 
response) 

Images 22 50.0 56.3 46.4 
Spectral data 16 36.4 25.0 42.9 
Photometric data 11 25.0 25.0 25.0 
Other 6 13.6 12.5 14.3 
N = 44    

 

 

Q10-11 (if no to Q4): Where/what kind(s) are the observational data not located online? 

Select all that apply. 

Where a respondent indicated that no observational data are available online, these data 

are primarily located on individual or laboratory hard disks (52%), and in the case of the NSF 

subsample located on restricted networks (40%) and maintained by a collaborator (20%) – 

perhaps because authors are still working on papers and do not want to share data yet, and/or are 

unable to share collaborative data. As above, spectral data not located online is more common 

with the NSF subsample (80%). Several respondents from the overall-older PASP subsample 

also indicated that observational data not available online were discarded (8%, representing two 
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papers published in 2011 and 2015), and in an “Unsure” location (8%, representing two papers 

published in 2006 and 2013), likely due to changes in circumstances over time.  

 

Table 7: Observational data characteristics – if no data are online 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Location of 
observational 
data not 
available 
online 
(multiple 
response) 

Physical media storage 
(plates, tapes, etc.) 

8 32.0 40.0 0 

Individual or laboratory 
hard disk 

13 52.0 55.0 40.0 

Restricted network 7 28.0 25.0 40.0 
Lost 1 4.0 5.0 0 
Discarded 2 8.0 10.0 0 
Maintained by a 
collaborator 

4 16.0 15.0 20.0 

Other 0 0 0 0 
Unsure 2 8.0 10.0 0 
N = 25    

 
Kinds of 
observational 
data not 
available 
online 
(multiple 
response) 

Images 12 48.0 50.0 40.0 
Spectral data 11 44.0 35.0 80.0 
Photometric data 10 40.0 40.0 40.0 
Other 1 4.0 5.0 0 
N = 25    
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Archival Data 

 

Q12: For this paper, did you utilize existing data obtained through an astronomical data 

archive? 

53.6% of total survey respondents utilized archival data to produce the focus paper.  

 

Q13-14 (if yes to Q12): What kind(s)/format(s) are the archival data you utilized? Select all 

that apply. 

Primary kinds of archival data utilized by respondents include images (32.7%), spectral 

data (34.5%), photometric data (39.8%), and catalogs (32.7%). These tendencies are fairly 

consistent between the two subsamples. However, as noted above, the NSF subsample works 

more with spectral data than the PASP subsample. Furthermore, the PASP subsample reported 

more time series, astrometry and light curve data obtained through astronomical data archives. 

 

Table 8: Archival data characteristics 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Kinds of 
archival data 
utilized 
(multiple 
response) 

Images 37 32.7 36.7 29.7 
Spectral data 39 34.5 26.5 40.6 
Photometric data 45 39.8 38.8 40.6 
Catalog(s) 37 32.7 24.5 39.1 
Time series 16 14.2 22.4 7.8 
Astrometry 11 9.7 12.2 7.8 
Light curves 14 12.4 16.3 9.4 
Orbital data 6 5.3 6.1 4.7 
Interferometry 7 6.2 4.1 7.8 
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

Event list(s) 7 6.2 4.1 7.8 
Computational model 
or simulations 

9 4.3 4.1 10.9 

Other 3 2.7 2.0 3.1 
N = 113    

 
Formats of 
archival data 
utilized 
(multiple 
response) 

FITS 81 71.7 65.3 76.6 
HDF5 3 2.7 0 4.7 
Plain text 54 47.8 49.0 46.9 
VOTable 5 4.4 2.0 6.3 
UVFITS 2 1.8 2.0 1.6 
Other 8 7.1 8.2 6.3 
N = 113    

 

 

Data Discovered through Journal Articles 

 

Q16: For this paper, did you utilize data that you discovered through a published journal 

article? 

34.6% of total survey respondents utilized data discovered through published journal 

articles to produce the focus paper. Interestingly, 46.7% of the NSF subsample utilized data 

discovered through journal articles, compared to only 22.1% of the PASP subsample. This may 

indicate that the scholarly literature has increasingly become an important tool for data discovery 

in contemporary research. 
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Q17-18 (if yes to Q16): What kind(s)/format(s) are the data discovered through a published 

journal article? Select all that apply. 

Spectral data (31.5%), photometric data (38.4%) and catalogs (23.3%) are the primary 

kinds of data discovered through published journal articles. The PASP subsample indicates that 

computational models/simulations may also be commonly identified through published articles 

(21.7%). Formats of these data are predominantly FITS (30.6%) and plain text (75%). 

 

Table 9: Characteristics of data discovered through published journal articles 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Kinds of data 
discovered 
through 
journal 
articles 
(multiple 
response) 

Images 9 12.3 8.7 14.0 
Spectral data 23 31.5 26.1 34.0 
Photometric data 28 38.4 56.5 30.0 
Catalog(s) 17 23.3 26.1 22.0 
Time series 6 8.2 13.0 6.0 
Astrometry 4 5.5 8.7 4.0 
Light curves 11 15.1 13.0 16.0 
Orbital data 5 6.8 4.3 8.0 
Interferometry 3 4.1 8.7 2.0 
Event list(s) 2 2.7 0 4.0 
Computational model 
or simulations 

12 16.4 21.7 14.0 

Other 10 13.7 17.4 12.0 
N = 73    

 
Formats of 
data 
discovered 
through 
journal 
articles 

FITS 22 30.6 21.7 34.7 
HDF5 2 2.8 0 4.1 
Plain text 54 75.0 82.6 71.4 
VOTable 2 2.8 0 4.1 
UVFITS 1 1.4 4.3 0 
Other 12 16.7 26.1 12.2 
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

(multiple 
response) 

N = 72    

 

 

Data Obtained from Researchers 

 

Q19: For this paper, did you utilize data obtained directly from another researcher or 

team? 

36.5% of total survey respondents utilized data obtained directly from another researcher 

or team (versus data publically available online or through other sources). 43% of the NSF 

subsample indicated that the focus paper was produced utilizing data obtained directly from 

another researcher or team (compared to 30.1% of the PASP subsample), perhaps providing 

evidence for the increasingly collaborative nature of astronomy. 

 

Q20-21(if yes to Q19): What kind(s)/format(s) are the data obtained directly from another 

researcher or team? Select all that apply. 

Spectral data (44.2%), photometric data (37.7%), images (24.7%), catalogs (22.1%), and 

light curves (19.5%) are the primary kinds of data obtained directly from other researchers or 

teams. Formats of these shared data are predominantly FITS (57.1%) and plain text (61%), as 

with data discovered through published journal articles – perhaps indicating a likely conceptual 

relationship between these variable categories. 
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Table 10: Characteristics of data obtained directly from another researcher or team 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Kinds of data 
obtained 
from another 
researcher or 
team 
(multiple 
response) 

Images 19 24.7 25.8 23.9 
Spectral data 34 44.2 38.7 47.8 
Photometric data 29 37.7 29.0 43.5 
Catalog(s) 17 22.1 16.1 26.1 
Time series 9 11.7 16.1 8.7 
Astrometry 4 5.2 3.2 6.5 
Light curves 15 19.5 19.4 19.6 
Orbital data 3 3.9 6.5 2.2 
Interferometry 6 7.8 3.2 10.9 
Event list(s) 0 0 0 0 
Computational model 
or simulations 

9 11.7 9.7 13.0 

Other 5 2.4 6.5 6.5 
N = 77    

 
Formats of 
data 
obtained 
from another 
researcher or 
team 
(multiple 
response) 

FITS 44 57.1 51.6 60.9 
HDF5 1 1.3 0 2.2 
Plain text 47 61.0 58.1 63.0 
VOTable 1 1.3 0 2.2 
UVFITS 0 0 0 0 
Other 5 6.5 6.5 6.5 
N = 77    
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Simulated Data 

 

Q22: Did you create simulated data models for this paper? 

Roughly half of the sampled papers were produced utilizing simulated data models 

(47.9%). This is more common within the NSF subsample (56.1%) than within the PASP 

subsample (39.4%). 

 

Q23 (if yes to Q22): Are all or some of these simulated data and software currently 

available online for other researchers to access? 

According to survey respondents, nearly half indicated that some or all simulated data 

and software are available online (48.5%). The NSF subsample indicates more simulated data 

and software online (56.7%) than the PASP subsample (36.6%). 

 

Q24-25(if yes to Q23): Where are the simulated data and software that are available online 

and are not available online? Select all that apply. 

GitHub is a popular method of sharing simulated data and software with other 

researchers, but predominantly for the newer NSF subsample (67.6%). The PASP subsample 

indicates personal websites as a common method of making this information available (26.7% 

compared to 11.8% for the NSF subsample). Between subsamples, individual or laboratory hard 

disks are a common storage method for information that is not available online. It is interesting 

to note that the NSF subsample indicates that 34.6% of simulated data and software are not 

available online and are located on a restricted network, while 26.9% of simulated data and 
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software are not available online and are maintained by a collaborator (compared to 0% of the 

PASP subsample on both counts). The explanation for this difference may be that authors in the 

NSF subsample are still working on papers and are unable to share data and software, and/or that 

the highly collaborative nature of the newer research complicates the production and sharing of 

this dynamic type of data. 

 

Table 11: Locations of simulated data and software if some or all are available online 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Location of 
simulated 
data and 
software 
available 
online 
(multiple 
response) 

Astronomical data 
archive 

6 12.2 26.7 5.9 

Institutional repository 8 16.3 26.7 11.8 
Personal website 15 30.6 40.0 26.5 
General/replication 
repository 

4 8.2 13.3 5.9 

GitHub 27 55.1 26.7 67.6 
Other 7 14.3 6.7 17.6 
N= 49    

 
Location of 
simulated 
data and 
software 
NOT 
available 
online 
(multiple 
response) 

Physical media storage 
(plates, tapes, etc.) 

11 30.6 30.0 30.8 

Individual or laboratory 
hard disk 

24 66.7 70.0 65.4 

Restricted network 9 25.0 0 34.6 
Lost 1 2.8 0 3.8 
Discarded 2 5.6 10.0 3.8 
Maintained by a 
collaborator 

7 19.4 0 26.9 

Other 2 5.6 0 7.7 
Unsure 1 2.8 0 3.8 
N = 36    
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Q26 (if no to Q23): Where are the simulated data and software that are not available 

online? Select all that apply. 

Similar to above, individual or laboratory hard disks are a common storage method for 

information that is not available online, and this is consistent between subsamples. A noteworthy 

distinction is that substantially more respondents from the NSF subsample indicated that 

simulated data and software are maintained by a collaborator (22.7% versus 12.5% for the PASP 

subsample). 

 

Table 12: Locations of simulated data and software if none are available online 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Location of 
simulated 
data and 
software not 
available 
online 
(multiple 
response) 

Physical media storage 
(plates, tapes, etc.) 

7 15.2 12.5 18.2 

Individual or laboratory 
hard disk 

36 78.3 79.2 77.3 

Restricted network 7 15.2 16.7 13.6 
Lost 2 4.3 8.3 0 
Discarded 5 10.9 12.5 9.1 
Maintained by a 
collaborator 

8 17.4 12.5 22.7 

Other 2 4.3 0 9.1 
Unsure 0 0 0 0 
N = 46    
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New or Enhanced Data 

 

Q27: For this paper, did you create new or enhanced data products? 

While creating papers, astronomers often construct new derivative data products from 

existing data during the research process, using a range of methods and formats. For a variety of 

reasons, many of these derived data are not curated or otherwise made available to other 

researchers through the process of publishing and communicating about the research (Heidorn, 

Stahlman & Steffen, 2018). In the present study, 40.8% of total survey respondents created new 

or enhanced data products while producing the focus paper.  

 

Q28 (if yes to Q27): Are all or some of the new or enhanced data available online for other 

researchers to access? 

According to survey respondents, nearly half indicated that some or all new or enhanced 

data are available online for other researchers to access (51.2%).  

 

Q29-34 (if yes to Q28): Where/what kind(s)/format(s) are the new or enhanced data you 

created that are and are not available online? Select all that apply. 

Within this category, new or enhanced data are typically located in astronomical data 

archives (38.6%). Spectral data is a common kind of data available online (31.8%), but more so 

within the PASP subsample (40.9%). Data formats are overwhelmingly FITS (50%) and plain 

text (63.6%). Where new or enhanced data are not available online, these data are typically 

located on an individual or laboratory hard disk (64.7%) and maintained by a collaborator 
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(23.5%). These data are also typically images, photometric data and spectral data, with the PASP 

subsample reflecting more light curve data (33.3%) and the NSF subsample reflecting more 

computational simulation data (27.3%). 

 

Table 13: Derived data characteristics – if some or all data are available online 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Location of 
new or 
enhanced 
data 
available 
online 
(multiple 
response) 

Astronomical data 
archive 

17 38.6 45.5 31.8 

Institutional repository 10 22.7 27.3 18.2 
Personal website 11 25.0 27.3 22.7 
General/replication 
repository 

4 9.1 9.1 9.1 

Other 13 29.5 27.3 31.8 
N= 44    

 
Kinds of new 
or enhanced 
data 
available 
online 
(multiple 
response) 

Images 11 25.0 27.3 22.7 
Spectral data 14 31.8 40.9 22.7 
Photometric data 12 27.3 31.8 22.7 
Catalog(s) 12 27.3 18.2 36.4 
Time series 3 6.8 4.5 9.1 
Astrometry 7 15.9 22.7 9.1 
Light curves 4 9.1 9.1 9.1 
Orbital data 1 2.3 0 4.5 
Interferometry 3 6.8 9.1 4.5 
Event list(s) 0 0 0 0 
Computational models 
or simulations 

5 11.4 4.5 18.2 

Other 12 27.3 36.4 18.2 
N= 44    

 
Formats of 
new or 

FITS 22 50.0 54.5 45.5 
HDF5 1 2.3 0 4.5 
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

enhanced 
data 
available 
online 
(multiple 
response) 

Plain text 29 65.9 63.6 68.2 
VOTable 1 2.3 4.5 0 
UVFITS 0 0 0 0 
Other 7 15.9 22.7 9.1 
N = 44    

 
Location of 
new or 
enhanced 
data NOT 
available 
online 
(multiple 
response) 

Physical media storage 
(plates, tapes, etc.) 

2 11.8 20.0 8.3 

Individual or laboratory 
hard disk 

11 64.7 60.0 66.7 

Restricted network 0 0 0 0 
Lost 0 0 0 0 
Discarded 1 5.9 20.0 0 
Maintained by a 
collaborator 

4 23.5 20.0 25.0 

Other 0 0 0 0 
Unsure 1 5.9 0 8.3 
N = 17    

 
Kinds of new 
or enhanced 
data NOT 
available 
online 
(multiple 
response) 

Images 8 47.1 33.3 54.5 
Spectral data 7 41.2 66.7 27.3 
Photometric data 6 35.3 50.0 27.3 
Catalog(s) 1 5.9 16.7 0 
Time series 2 11.8 16.7 9.1 
Astrometry 1 5.9 16.7 0 
Light curves 3 17.6 33.3 9.1 
Orbital data 0 0 0 0 
Interferometry 1 5.9 0 9.1 
Event list(s) 0 0 0 0 
Computational models 
or simulations 

3 17.6 0 27.3 

Other 1 .5 0 9.1 
N= 17    

 
Formats of FITS 10 66.7 20.0 90.0 
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

new or 
enhanced 
data NOT 
available 
online 
(multiple 
response) 

HDF5 0 0 0 0 
Plain text 8 53.3 80.0 40.0 
VOTable 0 0 0 0 
UVFITS 0 0 0 0 
Other 2 13.3 20.0 10.0 
N = 15    

 

 

Q35-37 (if no to Q28): Where/what kind(s)/format(s) are the new or enhanced data you 

created that are not available online? Select all that apply. 

Within this category, new or enhanced data that are not available online are located on 

individual or laboratory hard disks (78.9%), restricted networks (21.1%), and physical media 

(18.4%). Data are predominantly images (32.4%), spectral data (29.7%) and computational 

models or simulations (35.1%), with images and spectral data being more common within the 

PASP subsample and computational models or simulations more common within the NSF 

subsample. Primary data formats – including within both subsamples - are FITS (52.6%) and 

plain text (31.6%). The NSF subsample indicates new or enhanced data in HDF5 format that are 

not available online, while the PASP subsample does not; HDF5 is a newer and less common 

format. 

 

Table 14: Derived data characteristics – if no data are available online 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Location of Physical media storage 7 18.4 23.5 14.3 
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

new or 
enhanced 
data not 
available 
online 
(multiple 
response) 

(plates, tapes, etc.) 
Individual or laboratory 
hard disk 

30 78.9 76.5 81.0 

Restricted network 8 21.1 23.5 19.0 
Lost 2 5.3 11.8 0 
Discarded 3 7.9 5.9 9.5 
Maintained by a 
collaborator 

5 13.2 17.6 9.5 

Other 2 5.3 5.9 4.8 
Unsure 0 0 0 0 
N= 38    

 
Kinds of new 
or enhanced 
data not 
available 
online 
(multiple 
response) 

Images 12 32.4 47.1 20.0 
Spectral data 11 29.7 47.1 15.0 
Photometric data 1 2.7 0 5.0 
Catalog(s) 3 8.1 5.9 10.0 
Time series 3 8.1 5.9 10.0 
Astrometry 0 0 0 0 
Light curves 1 2.7 5.9 0 
Orbital data 2 5.4 5.9 5.0 
Interferometry 0 0 0 0 
Event list(s) 1 2.7 0 5.0 
Computational models 
or simulations 

13 35.1 17.6 50.0 

Other 7 18.9 17.6 20.0 
N= 37    

 
Formats of 
new or 
enhanced 
data not 
available 
online 
(multiple 
response) 

FITS 20 52.6 58.8 47.6 
HDF5 5 13.2 0 23.8 
Plain text 12 31.6 23.5 38.1 
VOTable 0 0 0 0 
UVFITS 0 0 0 0 
Other 10 26.3 29.4 23.8 
N = 38    
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Requests for Data 

 

Q38: Has another researcher or team ever asked you for data associated with this paper? 

36% of respondents indicated that another researcher or team has asked them for data 

associated with the focus paper.  

 

Q39 (if yes to Q38): Did you share the data with the other researcher(s) upon request? 

Of those respondents who received requests for data, all shared (n=76). However, this 

question is likely problematic and/or redundant due to social desirability bias (Fisher, 1993). 

 

 

Software Sharing 

 

Q40: Is specialized software required to understand or reuse the data associated with this 

paper? 

26.5% of survey respondents indicated that specialized software is required to understand 

or reuse data associated with the focus paper.  

 

Q41-42 (if yes to Q40): Is the software accessible online by other researchers? 

64.3% of respondents in this category indicated that specialized software is available 

online.  
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Q43 (if no to Q41): Would you be willing to publicly share the software? 

Keeping in mind the small number of respondents who arrived to this question area 

(n=13), 53.8% indicated willingness to share software.  

 

Q44 (if no to Q43): Why are you unable or unwilling to share the software? Select all that 

apply. 

Keeping in mind the very small number of respondents who arrived to this question area 

(n=6), proprietary reasons and effort required are primary reasons for not sharing software. 

 

Table 15: Reasons for not sharing specialized software 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Reasons for 
not sharing 
software 
(multiple 
response) 

Proprietary reasons 2 33.3 20.0 100.0 
Software is missing 1 16.7 20.0 0 
Don’t want to share 0 0 0 0 
Lack of documentation 1 16.7 20.0 0 
Software quality 0 0 0 0 
Effort required to 
support the software 

2 33.3 40.0 0 

Other 2 33.3 40.0 0 
N = 6    
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Data Sharing 

 

Q45: Considering your responses to previous questions, would you be able or willing to 

publicly share any data products associated with this paper that are not currently 

accessible online by other researchers? 

86.6% of respondents to this question indicated that they would be able or willing to 

share data (n=149).  

 

Q46 (if yes to Q45): Could we follow up with you by email to assist with options for sharing 

data? 

The “Astrolabe” project described in section 4 is seeking pilot data and early adopters to 

develop and test features and build a user community. This survey question was designed as a 

possible instrument for recruiting new users and data. The question also provides a variable that 

was explored in the analyses described in sections below. 63.6% of respondents to this question 

indicated that they would welcome a follow-up email (82 total).  

 

Q47 (if no to Q45): Why are you unable or unwilling to share the data products associated 

with this paper that are not currently accessible online? Select all that apply. 

Keeping in mind the small number of respondents who arrived to this question area 

(n=20), primary reasons for not sharing data are insufficient time, proprietary reasons, and data 

held by collaborators. Size of data is more of a concern for the NSF subsample, while quality of 
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data is more of a concern for the PASP subsample. It is interesting to note that lack of 

appropriate repository was not indicated by any respondents as a reason for not sharing data.  

 

Table 16: Reasons for not sharing data 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Reasons for 
not sharing 
data 
(multiple 
response) 

Complexity of data 3 15.0 10.0 20.0 
Size of data 5 25.0 10.0 40.0 
Quality of data 2 10.0 20.0 0 
Insufficient time to 
make data available 

7 35.0 30.0 40.0 

Lack of funding 2 10.0 20.0 0 
Data would not be 
useful to others 

4 20.0 30.0 10.0 

Lack of appropriate 
repository 

0 0 0 0 

Proprietary reasons 5 25.0 20.0 30.0 
Data could be reused 
improperly 

1 5.0 0 10.0 

Data are held by 
another institution or 
collaborator 

9 45.0 30.0 60.0 

Other 9 45.0 60.0 30.0 
N = 20    
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Figure 3: Reasons for not sharing data 

 

 

5.4 Outcomes 

Significance Testing 

To identify statistically significant relationships between continuous and nominal 

variables of interest within the theoretical framework of dark data in astronomy and research 

questions being explored through this dissertation, independent sample Welch’s t-test and chi-

square analyses were conducted. The Bonferroni correction for multiple statistical tests has often 

been criticized as overly-conservative, where Bonferroni may increase the risk of Type II errors 

while decreasing statistical power (Perneger, 1998). Furthermore, in the case of this study with 

many interrelated research questions and nested variables being examined and tested, it is 
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especially complex to philosophically delineate the appropriate “families” of statistical tests in 

order to accurately conduct a Bonferroni correction30. As an alternative to Bonferroni, for 

statistically significant associations, effect size was measured using Cramer’s V for chi-square 

tests31 and Cohen’s D for t-tests32. Effects are categorized as small (V=0.10-0.30; d=0.0-0.30), 

medium (V=0.30-0.50; d=0.30-0.60), and large (V>=0.50; d>=0.60). While acknowledging some 

limitations of the study (see section 7.1 below), the findings presented here may be generalizable 

to the larger population of practicing astronomers and their publications over the past two 

decades. Insight derived from relatively small dataset of 30-minute semi-structured interviews 

with astronomers is also presented in this section where appropriate, to complement and/or 

inform survey results and overall to address the research questions and premises introduced in 

section 4.2.1.  

In many cases, particularly when analyzing the PASP and NSF subsamples separately, 

there were too few observations for reliable statistical inference. To tackle this weakness and 

mitigate the possibility of Type II statistical errors (acceptance of a false null hypothesis), several 

measures were taken. First, where possible, categorical variables with multiple categories were 

converted to binary variables to increase statistical power. Second, highly skewed numeric 

variables were at times converted to binary variables – Total Citations, for example, was 

converted to a binary variable showing top 20% and bottom 80% of citations. Third, the Welch’s 

t-test was selected as a method for testing bivariate relationships between continuous and 

nominal variables. This test does not assume that samples are normally distributed and have the 

 
30 http://www.biostathandbook.com/multiplecomparisons.html 
31 https://www.spss-tutorials.com/cramers-v-what-and-why/ 
32 https://www.spss-tutorials.com/cohens-d/ 
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same size and variance (Ruxton, 2006), and is therefore more robust under the limitations of the 

present study. A 95% confidence interval was used for all tests. After data was reduced and new 

variables computed, approximately 120 main attributes of papers and researchers together were 

identified as variables, including 4 main outcome variables and 38 additional possible outcome 

variables, which are detailed in the section below. 

 

“Dark Data” Variables 

To facilitate analysis of the research questions, a research decision was made to 

synthesize the survey data presented above and to calculate new binary outcome variables for 

identifying papers with different kinds, formats and locations of dark data (versus those without 

dark data), which is the phenomenon of interest for this study. This decision was deemed 

sensible by the researcher due to the small number of observations for many variables and the 

overall conceptual limitations of this study (Nardi, 2013). The new binary variables were 

constructed according to whether a particular paper had some data kinds, formats and locations 

available online, or no data in these categories available online. Four primary outcomes variables 

are shown below in Table 17: 

 

Table 17: Primary dark data outcome variables 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Observational 
Dark Data 

No observational dark 
data 

142 67.3 65.4 69.2 

Some observational 
dark data 

69 32.7 34.6 30.8 
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N =  211    
 
Simulated 
Dark Data 

No simulated dark data 129 61.1 67.3 55.1 
Some simulated dark 
data 

82 38.9 32.7 44.9 

N = 211    
 
New or 
Enhanced 
Dark Data 

No new or enhanced 
dark data 

155 73.5 76.9 70.1 

Some new or enhanced 
dark data 

56 26.5 23.1 29.9 

N = 211    
 
Dark Data - 
Combined 

No dark data 65 30.8 32.7 29.0 
Some dark data 146 69.2 67.3 71.0 
N = 211    

 

These new variables indicate that approximately 69.2% of papers correspond to some 

data that are not available online for other researchers to access (or somewhere between 66% and 

72.4% within the 3.2% standard margin of error). This range is fairly consistent between 

subsamples as well. Furthermore, the frequency percentage of this variable is similar for papers 

published before 2010 (68.1%) and after 2010 (69.5%), implying that publication date is not 

directly an indicator of dark data (only 47 observations were collected before 2010, so this time 

range was selected over the midpoint). Within papers categorized as research papers (versus 

instrumentation and “other” types of papers), 72.9% of papers have some dark data (n=166) – or 

somewhere between 69.4% and 76.4% within the 3.5% standard margin of error. This range is 

also fairly consistent between subsamples. The frequency percentage is also similar for papers 

published before 2010 (75.8%) and after 2010 (72.2%). These findings are not surprising, in light 

of feedback obtained through semi-structured interviews and think-aloud exercises. For example, 
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while all interviewees reflected on the widespread inaccessibility of much data behind astronomy 

publications, according to Interviewee B, dark data is extremely common and depositing data in 

repositories is uncommon: 

Interviewee B: Most data is inaccessible.  

Interviewer: OK.  

Interviewee B: The data which is accessible comes from, uh, one of half a dozen or so 

larger archives. And. Then there are some small places like here that have archives 

which are accessible. But mostly, people don't, uh the data here that comes from South 

America is not accessible. And people who write papers don't have the means to make it 

accessible. So. You know depositing in somewhere like Zenodo or Dataverse or 

something might be possible but I don't know a single person that's done it.  

Within this framework, 38 other possible “dark data” variables (all categorical) that were 

examined and tested, and are presented in Appendix A in Table A13, Table A14 and Table A15. 

Where necessary, similar binary variables for online-accessible data were constructed and 

included in the analysis, to understand characteristics of data that are available online in 

comparison to those that are not. 

 

Summary of outcomes 

Individual research questions and premises are analyzed and discussed in the sections 

below, with analyses of interviews interspersed as well. In all cases, significance testing was 

driven by premises that were established before the study was conducted, and variables were 
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collected and analyzed accordingly. Results of this analysis are also concisely summarized in the 

Conclusion sections of the dissertation. 

As subsample differences will not be highlighted unless pertinent to the analysis, it is 

important to keep in mind that the differences between the overall-newer NSF and overall-older 

PASP subsamples are substantial with respect to age of authors (t(170.366) = 9.230, p = .000, d= 

1.336, n = 211) and age of publications (t(190.312) = 24.204, p = .000, d= 3.339, n = 211). 

Note: In all cases, significance testing was conducted first between variables of interest 

and this study’s primary four outcome variables shown in Table 16, as well as the derivative 

outcome variables shown in Table A13, Table A14 and Table A15. Pairwise testing was also 

conducted on outcome variables to identify potential interactions, with an overview of this 

analysis described in RQ2/P2.  

 

5.4.1 Research Question #1: What are the characteristics of astronomy researchers most 

likely to possess uncurated datasets? 

 

Career stage/age and dark data (P1) 

 

Years since degree 

P1 proposes that late-career authors will possess dark data more frequently than earlier-

career authors. The year in which an author earned the highest university degree was found to be 

significantly related to certain instances of dark data through independent-samples Welch’s t-

tests. Analysis of all survey recipients shows that number of years since the first/corresponding 
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author earned their highest degree is significantly related to whether the paper corresponds to 

observational dark data located on physical media such as plates and tapes (t(20.12) = 2.701, p = 

.014, d= .830048, n = 69), where the mean years since degree for authors with dark data is 26.9 

compared to 13.7 without dark data. There is also a significant relationship between year since 

highest degree and whether the paper corresponds to new/enhanced dark data (t(110.18) = 2.532, 

p = .013, d= .3839, n = 205). 

These associations also appear when the subsample of PASP respondents is examined 

separately: years since highest degree is significantly related to having some new/enhanced dark 

data (t(33.33) = 2.287, p = .029, d= .5546, n = 100), and photometric data in particular (t(2.371) 

= 6.112, p = .017, d= 3.046, n = 21, as well as observational dark data located on physical media 

(t(24.406) = 2.279, p = .032, d= .8182, n = 33). The NSF subsample also shows an association 

between years since degree and observational dark data located on physical media (t(12.821) = 

2.845, p = .014, d= .8548, n = 36), along with observational dark data located on a restricted 

network (t(24.997) = 2.516, p = .019, d= .7697,  n = 36), discarded simulation dark data 

(t(17.253) = 2.470, p = .024, d= .6228, n = 47), and new/enhanced spectroscopic data (t(18.204) 

= 2.298, p = .034, d= .7878, n = 30). 

Differences between the two subsamples can be explained because – as noted above - the 

NSF subsample respondents are generally younger (mean years since degree is 8.25 compared to 

24.65 for the PASP subsample) and the publications are newer, published over the past 3 years 

only. However, the NSF subsample nonetheless contains authors at a range of career stages 

(32.6% of 105 respondents earned their highest degree more than the approximate mean of 8 

years ago), while reflecting characteristics of newer research data that are still being analyzed 
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and published (thus located on restricted networks), including discarded simulation data (a 

common practice due to data size and ability to recreate data), and spectroscopic data collected 

often collected by NSF-funded instruments. The association between years since degree and 

observational dark data located on physical media is a phenomenon that is consistent between the 

main sample and two subsamples, overall confirming P1. However, although there is a 

significant relationship between observational dark data on physical media and years since 

highest degree earned, this result is not reliable for the NSF subsample, given the small sample 

size and uneven distribution: mean years since degree for authors without dark data is 9.5, while 

mean years since degree for authors with dark data is 2.7.  

 

Age 

As with the above analysis of years since degree, analysis of all survey recipients shows 

that age of first/corresponding authors is significantly related to whether the paper corresponds to 

observational dark data on physical media (t(17.811) = 2.559, p = .020, d= .8162, n = 66), where 

the mean age of authors without observational dark data on physical media is 42.87 and the mean 

age for those with dark data is 56.36. Author age is also significantly related to whether a paper 

corresponds to new/enhanced orbital data (t(15.499) = 2.906, p = .011, d= ..6846, n = 48), where 

the mean age without dark data is 40.89 and the mean age with dark data is 47.  

When the subsample of PASP respondents is examined separately, age is again 

significantly related to whether a paper corresponds to observational dark data on physical media 

(t(25.080) = 2.531, p = .018, d= .9293, n = 35), where the mean age of authors without dark data 

is 50.5263 and the mean age of those with dark data is 63.6364. Within this subsample, a 
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significant relationship also exists between author age and observational dark data in the form of 

images (t(29.058) = 2.704, p = .011, d= .9595, n = 32), where the mean age of those with dark 

data is 49.7 and where the mean age of those without dark data is 63.3 – in other words, younger 

authors are more likely to have observational image data that are not available online, perhaps 

because the data are still being analyzed for publication. 

When the subsample of NSF respondents is examined separately, age is significantly 

related to whether a paper corresponds to various types of data, and in all cases the mean age of 

authors with dark data is younger, again perhaps because the data are still being analyzed for 

publication in the more recent NSF-funded subsample. Observational dark data located on 

restricted networks (t(27.225) = 2.675, p = .013, d= 2.739, n = 36), where the mean age of 

authors without dark data is 39.2759 and the mean age of authors with dark data is 31.2857. Age 

is also significantly related to discarded simulated dark data (t(4.120) = 3.941, p = .016, d=1.16, 

n = 45), where the mean age of authors without dark data is 36.9767 and the mean age of authors 

with dark data is 28.5. Finally, age is significantly related to new/enhanced dark data in the form 

of spectra (t(23.549) = 2.189, p = .039, d= .7617, n = 27), where the mean age of authors without 

dark data is 37.05 and the mean age of those with dark data is 31.17.  

 

Institutional centrality and dark data (P2) 

 

International collaboration 

Institutional affiliations of authors were not captured systematically through the survey, 

and further effort would be needed to parse these accurately from the Web of Science records. 
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However, one way to approach this question through the survey data is to consider international 

collaboration as an indicator of centrality. Chang & Huang (2016) show that - contrary to their 

own intuition - astronomical institutions do not necessarily prefer collaborating with 

international counterparts that have more resources for research (measured in terms of number of 

researchers and observational facilities). However, researchers are moderately less likely to 

collaborate with international partners having inferior observational facilities. Furthermore, the 

authors found that astronomers are more likely to engage in international collaboration with 

closer geographic proximity.   

Although the present study is unable to fully investigate institutional centrality in terms 

of dark data, a variable was created to identify papers that were produced through international 

collaboration (compiled manually by reviewing the institutional affiliations of respondents in 

Web of Science records). Among papers produced through international collaboration, 87.5% 

correspond to observational dark data located with a collaborator versus 12.5% of those without 

international collaboration (chi-square(1) = 4.303, p = .038, V=.243, n = 73). If the findings of 

Chang & Huang (2016) are informative for the present study, the distribution of financial 

resources among collaborators is unlikely to explain observational dark data located with a 

collaborator – more likely this occurs because of the global nature of astronomical research, with 

facilities located worldwide that are utilized by international communities. Also, international 

collaboration could be complicated by differing data sharing standard and proprietary issues 

among collaborating institutions.   
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Open science and dark data (P3) 

 

P3 posits that open science practices mitigate the existence of dark data. The present 

study examined two “open science” variables – the open access status of the journals in which 

focus papers were published, and whether the author/respondent has an ORCID iD. It is 

increasingly common for journals to provide varying levels of open access options for authors, 

while some journals are completely open for content to be read by anyone immediately 

(Boseman & Kramer, 2018; Piwowar, et al., 2018). The astronomy journals represented in this 

survey were categorized into four Open Access categories: 1) No information available in Web 

of Science; 2) Bronze open access (not open access, but the publisher can choose to make 

content available); 3) Green open access (pay-walled, while allowing authors to publish copies of 

the research in open repositories); and 4) Gold open access (freely accessible to everyone from 

the time of publication). The four categories were compared to the primary outcome variable – 

whether an article corresponds to some dark data (however, no statistically significant 

relationship was identified between open access journal category and dark data): 

Table 18: Cross-tabulation - journal open access and dark data categories 

  No dark data Some dark data  Total 
No information available in WoS 19 46 65 

Bronze 31 72 103 
Green (Accepted or Published) 11 27 38 

Gold 4 1 5 
  

Total 65 146 211 
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The ORCID iD (Open Researcher and Contributor Identifier) initiative33 provides permanent 

identifiers to researchers for the purpose of linking research products and researchers. This 

project represents larger open science and digital infrastructure efforts in scholarly 

communication, and having an ORCID iD is an open science practice that is becoming 

increasingly common and integrated with scholarly communication platforms. Web of Science 

bibliographic records contain ORCID iDs for authors where they are available. According to 

Clarivate Analytics, which operates Web of Science, works are matched to ORCID records using 

a variety of metadata fields34, and data are fed from ORCID to Web of Science monthly35. 

Therefore, if a Web of Science bibliographic record contains an ORCID iD for an author, this 

likely indicates that the author has registered for and obtained an ORCID iD for permanently 

linking scholarly works. Approximately 71% of survey respondents have an ORCID iD linked to 

the Web of Science record for the focus paper (48.1% of the PASP subsample and 93.5% of the 

NSF subsample). Among papers for which the first/corresponding author has an ORCID iD, 

37.5% correspond to some observational dark data located on physical media, versus 62.5% 

without observational dark data located on physical media (chi-square(1) = 9.121, p = .003, 

V=.353, n = 73). No other significant relationships were found. 

 

 

 

 
33 https://orcid.org/ 
34 https://support.clarivate.com/ScientificandAcademicResearch/s/article/Web-of-Science-How-
ORCID-works-are-matched-to-Web-of-Science-records?language=en_US 
35 https://support.clarivate.com/ScientificandAcademicResearch/s/article/Web-of-Science-
Inclusion-of-ORCID-numbers?language=en_US 
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Other characteristics of researchers with dark data (P4) 

 

Research area 

Table A3 lists the scientific areas of interest that respondents could choose from. Significant 

relationships were identified between the following research areas and different characteristics of 

dark data: 

• Of respondents who indicated an interest in Extragalactic astronomy including Clusters, 

Surveys, Intergalactic Medium, etcetera (55), 53% have some dark data (chi-square(1) 

= 8.759, p = .003, V=.206, n = 207).  

• Of respondents who indicated an interest in Cosmology (35), 17.1% have some 

observational dark data (chi-square(1) = 4.711, p = .030, V=.151, n = 207).  

• Of respondents who indicated an interest in Stellar Atmospheres (31), 21.4% have 

observational dark data in the form of images (chi-square(1) = 5.482, p = .019, 

V=.286, n = 67).  

• Of respondents who indicated an interest in Normal Galaxies, (30), 43% have some 

new/enhanced dark data (chi-square(1) = 5.412, p = .020, V=.162, n = 207).  

 

Academic status 

Academic status could be a potential correlate of dark data for various reasons. For 

example, an untenured author may not wish to make data available while actively conducting 

research under competitive professional circumstances. However, tenured authors are 

presumably at a more advanced career stage, and while they may have time and resources to 
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share data, time since publication may present obstacles to sharing. The simplistic bivariate 

analysis presented here found several possible relationships between tenure status (tenured or not 

tenured) and dark data. Of respondents with some observational dark data, 69.6% are not tenured 

(chi-square(1) = 3.943, p = .047, V=.137, n = 211). Of respondents with observational dark data 

in the form of photometry, 90.5% are not tenured (chi-square(1) = 6.235, p = .013, V=.301, n = 

69).  

 

Nationality 

The simplistic bivariate analysis presented here found several possible relationships 

between US and non-US citizenship and dark data when examining the PASP subsample. Of 

authors with new/enhanced dark data in the form of spectra, 18.2% are non-US citizens (chi-

square(1) = 8.909, p = .003, V=.636, n = 22). Of authors with observational dark data located on 

an individual or laboratory disk, 25% are non-US citizens (chi-square(1) = 7.201, p = .007, 

V=.460, n = 34). These results are difficult to interpret in the context of the present study, which 

has not explicitly investigated international research practices in astronomy.  

 

Gender 

No significant relationships were identified between gender and dark data; however, a 

majority of survey respondents (76.3%) are male.  
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5.4.2 Research Question #2: What are the significant attributes and approximate volume 

of astronomical dark data? 

 

Significant attributes of papers associated with dark data (P1) 

P1 anticipates that significant attributes of papers associated with dark data may include: subject 

area; size of collaboration, publication date; funding source(s) and amount; paper citation rate. 

 

Subject area 

Table A7 lists the subject areas of the paper that authors of research papers could choose 

from. No significant relationships were identified between subject area and dark data. 

 

Number of authors 

The number of authors on a paper is a measure of the size of a research collaboration. In 

the context of the present study, the number of authors on a paper ranges from 1 to 122 and the 

distribution is highly skewed toward larger teams, which is increasingly common in astronomy 

and physics. Interviewee D attributes this phenomenon in part to the increasing need for diverse 

expertise to investigate research questions and analyze data: 

Interviewee D: You don’t just decide that you want to analyze say X-ray data and go do 

it. You have, it takes training to do that. Which - say I don’t have. Although I am writing 

papers on X-Ray clusters for 30 years. There’s no need to have that. I know that. And 

that’s true of almost everything. That’s why the median number of authors on a paper is 

now five. You need people who have expertise.  
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For the purpose of analysis, a new log-transformed variable was created with number of authors. 

A significant relationship was found between the log number of authors on a paper and whether 

the paper corresponds to some observational dark data (t(127.201) = 2.089, p = .039, d=.3101, n 

= 211), with a significantly higher mean number of authors for papers with dark data. A 

significant relationship was also found between log number of authors and whether a paper 

corresponds to new/enhanced dark data that has been discarded (t(17.134) = 2.803, p = .012, 

d=.1287, n = 55), in this case with a higher mean number of authors for papers without discarded 

dark data. 

Taken together, these findings may indicate that having more collaborators can either 

contribute to or mitigate the existence of dark data depending on the circumstances of the 

research and characteristics of the data. For example, a higher number of authors for papers with 

some observational dark data could be indicative of the collaborative nature of newer NSF-

funded research, where data may not be made available online yet. In fact, the mean number of 

authors on a paper represented in the NSF subsample is much higher than the PASP subsample 

(t(202.008) = 9.028, p = .000, d=1.241, n = 211). 

 

Age of paper 

Age of a paper is significantly related to whether the paper corresponds to new/enhanced 

dark data in HDF5 format (t(7.905) = 4.493, p = .002, d=1.513, n = 53), where the difference in 

means reflects fewer years since publication for dark data in HDF5 format (a reasonable finding 

because HDF5 is a newer format than FITS). Significant relationships were also found between 

age of a paper and: simulated dark data maintained by a collaborator (t(25.796) = 2.101, p = 



119 
 

.046, d=.5494, n = 82), where the difference in means reflects fewer years since publication for 

simulated dark data maintained by a collaborator; observational dark data maintained by a 

collaborator (t(25.129) = 2.370, p = .026, d=.6608, n = 73), where the difference in means 

reflects fewer years since publication for observational dark data maintained by a collaborator; 

and observational dark data located on physical media (t(24.316) = 2.571, p = .017, d=.7251, n = 

73), where the difference in means reflects more years since publication for observational dark 

data on physical media.  

 

Significant attributes of dark data (P2) 

P2 anticipates that significant attributes of “dark” datasets may include: location; data kind and 

data format; types of observations. 

 

Dark data locations, kinds and formats 

Extending the descriptive analyses presented above, dark data variables were compared 

to each other to identify likely associations between locations, kinds and formats of dark data. Of 

respondents with observational dark data in the form of spectra, 22.2% indicated dark 

observational dark data in the form of images (chi-square(1) = 13.821, p = .000, V=.451, n = 68). 

Of respondents with new/enhanced dark data in the form of images, 85% indicated 

new/enhanced data in FITS format (chi-square(1) = 11.258, p = .001, V=.465, n = 52). Of 

respondents with new/enhanced computational simulations that are not available online, 33.3% 

indicated new/enhanced dark data in FITS format (chi-square(1) = 4.302, p = .038, V=.288, n = 

52). Of respondents with some simulated dark data, 65.2% have new/enhanced dark data in the 
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form of computational simulations (chi-square(1) = 24.336, p = .000, V=.671, n = 54). Finally, 

of respondents with new/enhanced dark data in the form of plain text, 35% also have 

new/enhanced dark data in FITS format (chi-square(1) = 6.103, p = .013, V=.339, n = 53).  

 

Types of observations 

Astronomers often examine phenomena of interest using observations collected by 

different facilities and using different wavelength ranges on the electromagnetic spectrum. The 

present study explored whether and to what extent authors combined wavelengths for the focus 

paper (see table A3 for a list of observation types from which authors could choose), as 

combining wavelengths could feasibly result in dark data through the use of many data sources 

and facilities. Number of combined wavelengths corresponds to new/enhanced dark data in 

HDF5 format (t(4.262) = 3.260, p = .028, d=1.199, n = 43), where the mean number of types of 

observations for respondents without dark data: mean is 2.65, and the mean for respondents with 

dark data is 1.33. A significant relationship was also found with new/enhanced dark orbital data 

(t(40.0) = 7.180, p = .000, d=1.586, n = 43), where the mean number of types of observations for 

respondents without dark data is 2.59 and the mean for respondents with dark data is 1.0. A 

significant relationship was found with new/enhanced dark data in the form of images (t(33.73) = 

2.980, p = .005, d=.9309, n = 43), where the mean number of types of observations without dark 

data is 2.00, and the mean with dark data is 3.22. A significant relationship was found between 

new/enhanced dark data that has been lost (t(41.0) = 2.417, p = .020, d=.5274, n = 44), where the 

mean number of types of observations without dark data is 2.55, and the mean with dark data is 

2.0. Finally, a significant relationship was found with observational dark data located on an 
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individual or laboratory hard disk (t(63.659) = 2.460, p = .017, d=.5834, n = 66), where the mean 

number of types of observations without dark data is 2.12, and the mean with dark data is 2.98.  

To summarize these findings, some types of dark data – new/enhanced orbital data; data 

in HDF5 format; and lost data - seem to occur with fewer wavelengths being combined. 

However, the number of observations is very small in these cases, and the results may not be 

reliable. New/enhanced dark data in the form of images and observational dark data located on 

an individual or laboratory hard disk seem to occur with more wavelengths being combined, 

perhaps because observational facilities typically do not host author-produced derived data 

and/or ambiguity about responsibilities for stewardship of combined observational data. Further 

research is needed to interpret these results, and also to examine the specific combinations of 

wavelengths in relation to dark data. 

 

Volume of dark data (P3) 

 

Dark data volume 

P3 anticipates that the volume of dark data will be approximately 55% of the total 

volume of data generated for research, per the research of Piwowar (2011) in an unrelated 

discipline (gene expression microarray studies). The present study did not explore physical 

volume of data, which would have been a complex question for survey respondents and was a 

sacrifice in favor of obtaining other detailed information. Therefore, similar to Piwowar’s study, 

published papers are a useful surrogate for creating estimates of prevalence based on published 

analyses of encapsulated datasets. Adjusting for sensitivity of methods, Piwowar overall found 
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that 45% of studies corresponded to shared data between 2000 and 2009. However, Piwowar 

initially found that that only 25% of raw data associated with articles could be found in trusted 

repositories. This second estimate aligns well with the present study which finds that 72.9% of 

sampled research papers were produced using some data that is not shared online, although the 

number of observations in the present study is too few to adapt Piwowar’s sophisticated 

methodology and fully compare.  

 

Rate of dark data over time (P4) 

P4 anticipates that the rate of dark data associated with publications will decrease over 

time, which has been unsupported by the analyses described above. While the rate of dark data 

seems fairly consistent as demonstrated by P3 above, it is difficult to measure changes in dark 

data over time with the present survey, which is not a longitudinal study and is instead a snapshot 

of present circumstances. Figure 4 below shows the distribution of papers with some dark data 

and no dark data over time, where the highest number of papers with some dark data occurs 

recently – in 2018. While considering that newer papers were heavily sampled, this could also be 

understood as corresponding to data that are part of active projects with plans for future 

publications, and indicating that the kinds of dark data and reasons are variable over time (see 

“Age of Paper” section for more details).  

 

Table 19 below shows some differences between papers published before and after 2010 

(selected instead of the midpoint because of the relatively small number of observations for older 

papers) – notably there is an increase in new/enhanced dark data and simulated data, while 
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observational dark data decreases, perhaps indicative of a trend towards derivative analyses and 

simulations over collecting original observations. 

 

Table 19: Dark data before and after 2010 (95% confidence interval) 

Before 2010 (n=47) 
 Percentage Standard Error Standard Deviation 
Some dark data 68.1% .06873 .47119 
Some new/enhanced dark 
data 

14.9% .05249 .35987 

Some simulated dark data 31.9% .06873 47119 
Some observational dark 
data 

40.4% .07236 .49605 

After 2010 (n=164) 
 Percentage Standard Error Standard Deviation 
Some dark data 69.5% .03606 .46177 
Some new/enhanced dark 
data 

29.9% .03585 .45913 

Some simulated dark data 40.9% .03850 .49307 
Some observational dark 
data 

30.5% .03606 .46177 

All papers - total (n=211) 
 Percentage Standard Error Standard Deviation 
Some dark data 69.2% .03186 .46279 
Some new/enhanced dark 
data 

26.5% .03047 .44260 

Some simulated dark data 38.9% .03364 .48860 
Some observational dark 
data 

32.7% .03237 .47024 
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Figure 4: Number of papers corresponding to some dark data per year of publication 

 

5.4.3 Research Question #3: When have digital dark data typically originated and “gone 

dark” throughout the history of contemporary astronomy? 

 

Origin of dark data (P1/2/3) 

P1-3 anticipate that dark data originated before the mid-2000’s and the use of spinning 

disk media, and that dark data originating after 2005 became dark before 2010. As with RQ2/P4 

above, it is difficult to measure this through the survey, which only captures the current state of 

data associated with publications. However, semi-structured interviews with astronomers provide 

some insight into these premises. 
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Several interviewees recounted anecdotes about data that they have not shared but would 

like to share. Interviewee G in particular remarked that the think-aloud portion of the interview 

provoked a sense of nostalgia while reading the papers and reflecting on their own education and 

research experiences over the years: 

Interviewee G: I have to say that the topics of these are requiring me sometimes to dig 

back into my undergrad and grad school education. Especially this one with stars. This is 

very nostalgic to me. 

In the following excerpt, Interviewee G illustrates a scenario in which data created before the 

prevalence of spinning disk media became and remained dark, along with the issues associated 

with bringing these data to light many years after they were created: 

Interviewee G: When I was a postdoc back in the late 70s we did a lot of observing 

cataclysmic variable stars with single channel detectors. Probably 100, 200 hours of 

observations. That - because I had to leave and get a job somewhere else, and people 

who were left there weren't interested in it - that data didn't get published. I still have it. 

But it's not in a form that's easily converted into something useful. OK. At the time I had 

it written on a seven track tape. Which I still have in my office. But good luck finding a 

tape drive that'll read seven track tapes. I'm sure that they exist out there somewhere. I'm 

going to try and find somebody who can read that tape. I also had the foresight to have 

all the data numbers printed on microfiche. Because even back in 1979 I knew that data 

tapes weren't going to be permanent, saving the data, so obviously I couldn't print it all 

out on paper. At Marshall they had a feature for printing pages of data on microfiche 

frames. And I still have that. And I've been looking for somebody who can do OCR, 
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Optical Character Recognition, on those images. There would have to be first scanned at 

high resolution. It's a very microscopic print, as you know, microfiche are. And then 

those images like PDFs or JPEGs or whatever, GIFs, would have to be OCR'd to read all 

the numbers and convert them into a real digital database.  

This narrative confirms some common reasons for dark data identified through this study and the 

related Astrolabe workshops: changes in media and data formats; changes in employment 

circumstances; and effort required to make data available. In this case, the scarcity of nearly-

obsolete media-reading equipment is a key reason the data remain dark, despite the desire of the 

researcher to share the data with other researchers and resolve this loose end. To emphasize this 

issue, Interviewee G further explains: 

Interviewee G: This is a real problem. Because sometimes the tapes get lost. Get thrown 

out. And I know some colleagues who have lost their legacy data. Because it just gets 

thrown out by somebody who doesn't know what it is. They lose track of it and offices 

move and labs get handed off to other people. And you know, what do we do with all this 

stuff. I don't know. I don't know whose it is, blah blah blah. It's not on the label. It's just 

not very well labeled, and just […] canned.  

Finally, to elaborate on this research question about the origins of dark data and related premises 

(although it has been shown that dark data is consistently originating in different formats for 

different reasons over time), the following additional relevant anecdote was recorded through the 

Astrolabe workshops described in section 4.1.1 above, and subsequently proposed as an 

(unfunded) project by the American Astronomical Society to the Council on Library and 

Information Resources (CLIR). Workshops participants referred to a particular high-value 
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dataset currently locate on Exabyte tapes and that requires funding for migrating the at-risk data 

from tapes to an online repository, as described below: 

This collection is currently located in a computer lab at the National Optical Astronomy 

Observatory (NOAO) main offices on the University of Arizona campus in Tucson. The 

tapes are stored in filing cabinets and cardboard boxes, with identifying labels on some of 

the filing cabinets, handwritten identifiers on the cardboard boxes, and printed labels on 

the tapes themselves. The data exist on four sets of tapes labeled as: KPNO (excluding 

Mosaic), CTIO (excluding Mosaic), Mosaic A (Kitt Peak), and Mosaic B (Chile). The 

raw astronomical images are stored as FITS files, a standardized format that contains 

metadata headers with heterogeneous descriptive information such as date, instrument, 

creator, etcetera. A more complete index of the collection is said to exist on paper, but at 

this time our project team has not been able to locate it. A full separate copy of the 

collection (approximately 9,300 additional tapes) is said to exist somewhere as well, 

likely at one of the NOAO facilities in Chile. All descriptive work was conducted during 

the lifetime of the Save-the-bits initiative between 1993 and 2004. In 2009, a proposal 

was created documenting Save-the-bits efforts thus far and outlining a plan to read the 

data from the tapes and process them through NOAO’s data pipeline, to validate file 

formats and update checksums and keywords before compressing the files for archival in 

the NOAO Science Data Archive. However, resources for this project were not available, 

and the data remain raw, inaccessible, and at-risk. 

[…]  
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Original astrophysical research on archival observations provides a substantial portion of 

the important discoveries being made in the field.  While the taped observations were 

originally obtained with very specific questions in mind, they are commonly useful for 

completely different and novel questions not anticipated by the astronomers who first 

obtained the data. The NOAO data stream in particular contains many large-scale 

imaging surveys, which are especially well suited to archival research. Many classes of 

astronomical objects vary in brightness, or may be transitory in nature, such as explosive 

events like supernovae.  Stars within our own galaxy slowly drift in position over time, 

while objects within our own solar system will change position markedly as they orbit the 

sun.  The tape archive represents a unique and perishable temporal ``snapshot’’ of large 

regions of the sky, providing a valuable reference for studies that revisit those parts of the 

sky to search for time variable phenomena. (Steffen & Stahlman, 2017) 

Contrary to the prior example, the data are being preserved by an institution, but are currently 

inaccessible for new research and endangered due to the increasing inaccessibility of media-

reading equipment, as well as the researchers most familiar with the data (many of whom will 

soon retire or have already retired). 

 

5.4.4 Research Question #4: Where are astronomical dark data generally located and in 

what format(s)? 
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Location and format of dark data (P1) 

P1 anticipates that dark data are in FITS format on obsolete physical media, author or 

laboratory hard disks, on restricted networks, lost or discarded, and/or held by collaborators This 

is confirmed and explored in detail by the survey instrument, discussed above and shown in the 

tables in Appendix A. 

Furthermore, to examine whether certain kinds of dark data are associated with data archived 

online, pairwise testing of dark data variables and variables corresponding to archival data 

produced the following significant relationships. This analysis also shows that dark data 

frequently coexist with archival data in astronomy, where a researcher may utilize curated data to 

produce dark data in the process of creating a publication, and where researchers may choose 

particular data to share online based on perception of utility and institutional norms. Results of 

the analysis include: 

• Of those papers that utilize archival data catalogs, 16.2% have some simulated dark 

data (chi-square(1) = 8.149, p = .004, V=.269, n = 113); 

• Of those papers with observational photometric dark data, 75% utilized archival 

photometric data (chi-square(1) = 6.639, p = .010, V=.449, n = 33); 

• Of those papers with observational dark data in the form of images, 26.7% utilized 

archival photometric data (chi-square(1) = 4.630, p = .031, V=.380, n = 32); 

• Of those papers with some observational dark data, 18.2% utilized archival spectral 

data (chi-square(1) = 5.501, p = .019, V=.221, n = 113); 

• Of those papers with new/enhanced dark data in the form of images, 71.4% utilized 

archival images (chi-square(1) = 6.617, p = .010, V=.448, n = 33). 
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5.4.5 Research Question #5: Why are some potentially interesting and useful data not 

made available to other researchers in astronomy? 

 

Reasons for not sharing data (P1) 

P1 anticipates that reasons for not sharing data include: complexity of data, size of data, 

quality of data, insufficient time to make data available, lack of funding, perceived usefulness of 

data, proprietary reasons, concerns about reuse, shared responsibility among institutions, and/or 

perceived lack of appropriate repository. This is somewhat confirmed by the survey through the 

question “Why are you unable or unwilling to share the data products associated with this paper 

that are not currently accessible online?”, as shown above in section 5.3 and Figure 3. The 

noteworthy exception is that no respondent indicated lack of an appropriate repository as a 

reason for not sharing data. 

Key reasons selected by respondents for not sharing data behind their papers include that 

data are held by a collaborator (45%), insufficient time to make data available (35%), size of data 

(25%), proprietary reasons (25%), and the perception that the data would not be useful to others 

(20%). Answers in the “Other” category (45%) include: data are missing; low impact of paper; 

change of employment; early stage of research; and availability of more useful data. 

 

Funding and dark data (P2) 

P2 expects that projects with fewer resources will have more dark data, an idea that is 

presented and discussed extensively in section 2 above as a motivator for this study. With limited 

information, the present study did not detect a significant relationship between funding and dark 
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data using two relevant variables: funding agency (selected by the respondent), and number of 

funders (calculated based on how many funding agencies the respondent selected). Within the 

limitations of the present study, it was not possible to determine the total amount of research 

funding that supported the work presented in the target papers. Furthermore, funding streams in 

astronomy are fluid and not always apparent to authors. In the present study, authors were asked 

to choose from a list of pre-selected funding agencies, and only 71.4% of the NSF subsample 

(with NSF proposal ID numbers and acknowledgements present in the Web of Science funding 

statements) indicated NSF funding for the focus paper through the relevant survey question. 

Ambiguity about specific financial support for individual papers makes it difficult to identify and 

assess the distribution of research funding for publications using this study’s methodology, 

which combines analysis of survey data with bibliographic records of individual journal articles. 

However, funding in astronomy is part of a complex ecosystem, particularly with respect 

to data underlying publications. In the United States, funding for astronomy is largely supported 

by the National Science Foundation (NSF) and the National Aeronautics and Space 

Administration (NASA). Interviewees indicated that institutional and cultural dynamics impact 

funding schemes for research projects and publications, as well as management of associated 

data. With respect to data management plan requirements, Interviewee B remarks that data 

management is “an unfunded mandate”, while generic repositories that are available to 

researchers do not facilitate indexing of the data: 

Interviewee B: So when they say everybody from NIH or anybody from NSF has to have 

a data preservation part in their proposal and say how they're going to keep it and how 

they're going to give it away, that's basically an unfunded mandate and nobody knows 
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how to do that. So universities are now setting up systems to basically fulfill these 

mandates so they can get grants. Maybe there'll be some that are successful in ways that 

actually allow people to use the data freely. Uh, there are systems like Zenodo that are 

saying you know deposit your data here and we'll pay for it to get rid of the funding 

problem. But indexing it and making it useful is a lot more than just depositing it. That's 

the shoe box. Zenodo is basically a big shoe box. But even that costs money. And when 

you think about somebody who's a postdoc and has three years’ worth of data and wants 

to get a position somewhere else. Making a system so that other people who are currently 

unknown may have for some unknown reason to want to get at that data is just not high 

on the list.  

This statement also points to a systemic lack of incentives for making data available. Interviewee 

B later continues reflecting on this issue of lack of support for data management between U.S. 

astronomy’s two major funding agencies: 

Interviewee B: If you think about NSF, think, and NSF’s mandates for, for data storage. 

Think about the difference between what NASA does, NASA runs large centers that 

collect the data that they pay for and store it and maintain it. They’ve been doing this 

since the 60s. You know, increasingly better over the years. But NSSDC [NASA Space 

Science Data Coordinated Archive] was founded in the mid 60s. NSF doesn’t do any of 

that. They say, you know we want to see a data plan. But the data plan is mostly - we’ll 

figure out a way to sort it out. I mean you, they’re useless. And where’s NSF? How come 

there is no NSF data center? Because they, NSF doesn’t fund infrastructure. NASA funds 

infrastructure more. You know you can’t run science without infrastructure. But NSF 
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doesn’t fund it. Not really. They fund Kitt Peak, they fund CTIO. You know it’s not zero. 

But they’re not funding archives as infrastructure. And in fact, when the Virtual 

Observatory, which was to be astronomy infrastructure, was funded by NSF Computer 

Science, when it came time for NSF strongly to fund it, they stopped and it collapsed 

under its own weight anyway. I would have stopped it myself. But NSF is just not a … it’s 

not a reliable partner if you’re trying to build infrastructure. So nobody would. You 

know, we don’t even try to get money from them.  

Despite NASA’s and NSF’s successful and well-curated archives for large missions, adequate 

resources do not currently exist for supporting curation of author-produced derivative data 

products. The complexity of building and furthermore supporting data archives to accommodate 

reuse of disparate and heterogeneous data is prohibitive fiscally and – in terms of the expertise 

and time required to describe and understand data – questionable on a pragmatic level, even for 

large and well-funded institutions.  

 

5.4.6 Research Question #6: How can potentially-useful dark data be identified and 

rescued? 

So he came to me and he said, you know, the way you classify spectra is exactly the way 

you classify text. It’s a topic model. (Interviewee B) 

 

The literature as a tool for finding data (P1) 

While Research Question #5 above outlines some substantial fiscal, social and structural 

challenges for archiving dark data, P1 suggests that as the literature acts as a gateway to data for 
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many researchers (supported by the finding that 34.6% of respondents utilized data discovered 

through published journal articles), this characteristic can be exploited to identify uncurated data 

by reviewing the literature and reaching out to authors, as was done in the present study. As 

discussed in the background section of this dissertation, more nuanced heuristics are needed to 

inform efficient methods of searching the literature for references to data, which can be derived 

from many of the significant findings that have been presented thus far with respect to 

characteristics of authors, papers and dark data. These insights could potentially point curators to 

sources of data and opportunities for outreach and rescue of potentially-useful institutional data 

resources. 

For a deeper understanding of how astronomers read journal articles to determine 

underlying data (and in part considering how information systems could be designed to perform 

a similar task), the think-aloud portion of this study’s background interviews was analyzed from 

the perspective of information search and retrieval, which is an area of theoretical development 

in Library and Information Science (LIS). Information search and retrieval is a highly pragmatic 

research area that informs development of information systems and is therefore important for 

scholarly communication (Belkin, 1993; Manning, Raghavan, & Schutze, 2008; Jansen & Rieh, 

2010; Pustejovsky & Stubbs, 2013; Gregory, et al., 2019). This study about searching for data 

through the literature (a component of the larger dissertation) is situated within the theoretical 

framework of information seeking behavior. 

A number of information seeking models have been created to depict and deconstruct 

information behavior. For example, Bates’ (1989) well-known “berrypicking” model shows that 

search processes change over time, where the introduction of new information obtained through 
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searching leads to new queries along the way (in other words, picking up new insight to address 

an initial query as with berries scattered on bushes). Dervin’s (1999) “sense-making” model 

considers the social, psychological and material complexities of human beings, where a gap in 

information need is bridged in a sense-making or un-making way through an individual’s ideas, 

beliefs, values and history. Kuhlthau’s (1991) model of the information search process identifies 

six stages of information searching (initiation, selection, exploration, formulation, collection, and 

presentation), with changes in affective, cognitive, and physical circumstances at each stage. 

Belkin, Oddy & Brooks’ (1980) ASK framework	proposes	that	Anomalous States of 

Knowledge (or ASKs) exist beneath information needs, where the anomaly is the reason for the 

need and the result of some gap in knowledge. Belkin’s later (1993) work on interaction with 

text as information retrieval and information seeking behavior – while not presenting a new 

model for information behavior regarding interaction with text - highlights the importance of 

considering how individuals construe meaning from text and within the context of information 

systems. Finally, in a related paper, Belkin, Marchetti & Cool (1993) present a model of 16 

prototypical information seeking strategies that users may choose to engage in, characterized by 

four dimensions: method of interaction, goal of interaction, mode of retrieval, and resources 

selected. 

The think-aloud study and analysis described in this section are overall presented as an 

effort to understand whether the Information Seeking Strategies (ISS) model of Belkin, 

Marchetti & Cool (1993) can be applied in the context of contemporary scholarly 

communication, and in particular searching for astronomy data through the literature and using 

contemporary online resources. This model outlines 16 different ISSs, while noting that users 
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may jump between strategies throughout the search process and highlighting the importance of 

information retrieval systems that support movement between information seeking behaviors: 

 

Table 20: Matrix of Information Search Strategies (ISS) with text (from Belkin, Marchetti 
& Cool, 1993) 

ISS Method 
 

Goal 
 

Mode Resource 

         
 Scan Search Learn Select Recognize Specify Information Metainformation 
1 x  x  x  x  
2 x  x  x   x 
3 x  x   x x  
4 x  x   x  x 
5 x   x x  x  
6 x   x x   x 
7 x   x  x x  
8 x   x  x  x 
9  x x  x  x  
10  x x  x   x 
11  x x   x x  
12  x x   x  x 
13  x  x x  x  
14  x  x x   x 
15  x  x  x x  
16  x  x  x  x 
 

To illustrate the logic of the ISS matrix, the authors provide descriptions of several ISSs, where: 

“ISS 15 is a prototypical example of a highly specified search. In an online environment, 

a user searches through an identified information item (such as a specific database), with 

the goal of selecting relevant articles that match the keyword specification of a topic. In 

contrast to ISS 15, ISS 2 represents a prototypical unformulated and unspecified 

information seeking strategy. The user approaches the information system with some idea 

of the topic he or she is interested in retrieving information about. This user scans 
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through some meta-information structure, such as a list and description of available files, 

to learn something about where this general topic might be treated. Similarly, an example 

of ISS 1 is that of a user scanning current periodicals shelves to learn what journals exist 

on a particular topic of interest. ISS 6 corresponds to a person scanning through the table 

of contents of a journal, with the goal of selecting articles relevant to a particular topic” 

(Belkin, Marchetti & Cool, 1993, p. 326). 

As noted in earlier sections, think-aloud sessions lasted approximately 30 minutes each, 

with each astronomer reviewing 3-5 papers each, and speaking aloud while learning about and 

searching for data associated with their assigned papers while reading. As a preliminary exercise 

to conceptualize how astronomers move between searching strategies and identify and interpret 

information, 943 think-aloud statements of 7 astronomers corresponding to 27 different 

astronomy papers were recorded and analyzed with protocol analysis, network analysis and 

cluster analysis techniques. Interviewees were given paper copies of 5 pre-selected published 

journal articles and were provided with links to the electronic versions of the articles, with 

instruction to use any online resources to understand and locate the data associated with the 

papers. Two astronomers were given the same set of 5 papers, bringing the total number of 

searches to 32. As with semi-structured interviews, think-aloud statements were initially coded 

from a grounded theory and open coding approach. As aspects of all of the facets of the ISS 

model were observed during the coding process, codes were then mapped to the facets identified 

by Belkin, Marchetti & Cool, with adjustments for the present context described below. See 

Appendix D for an example of a coded search. 
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While reading the papers and attempting to locate the underlying data, interviewees were 

asked to consider the following: 

1. What are the data products underlying the published research (ranging from raw data to 

high level science products)? 

2. Which of these data could be useful, 

a. to guide new research, 

b. and/or for scientific validation or reproducibility? 

3. Is the underlying data easily located and readily accessible online? 

Often, interviewees located some important data, but noted that other data could not be located. 

Overall, the think-aloud sessions were interpreted according to whether interviewees felt that 

meaningful underlying data were found online based on the above instructions for the exercise.  

 

ISS search facets 

 

1. Method of Interaction – Paper and electronic texts are the method of interaction. 

Scan: Scanning refers to looking for something, and for the present study, it refers to scanning 

the text of the article. Some examples of think-aloud statements with this code include: 

• So, page through, here is a table, properties of the LGRB hosts. 

• Let's see if we can find a reference to Table 1 in the text. 

• I’m skimming the article just to see if there’s an indication of a URL or some other 

description of how to get in, how to get access to the raw photometry. 
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Search: Searching refers to looking for a specific item, and for the present study, it corresponds 

to using the electronic version of the article and other online searches to locate relevant 

information, as shown in the following think-aloud statements:  

• Go to SIMBAD, see what SIMBAD has to say. Nope. 

• Let's see what the publisher HTML has. 

• So I’m going to look and see whether ADS has links to the data. 

 

2. Goal of the Interaction – Finding data is the goal of the interaction. 

Learn: Learning about relevant issues translates to developing an understanding of the paper and 

the data while reviewing, along with the desired features for retrieving the data, while reviewing 

the article, as illustrated in the following think-aloud statements: 

• They have, uh, photometry which they show the result of, but don’t provide the data. 

• They’ve got light curves, radial velocity curves from their spectra though they don’t 

publish the spectra. 

• There’s no figure on magnitude distributions or anything. So one has to trust them. 

Select: Selecting refers to identifying useful items, and in this context, it is interpreted as 

assessing relevant information about the data to determine the usefulness of the information, 

including tacit insights and personal knowledge: 

• They at least have a decent section on their observations. Show the way the slits are 

oriented for positions over the galaxies. So we know what they’re talking about. 

• It seems pretty clear that their dataset is this photometric dataset, that they've observed 

over some 120 few days. 
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• Nobody’s going to be able to get the data that they base their conclusions on. Even these 

luminosity functions. And I frankly doubt that the actual numbers are available online. 

 

3. Mode of Retrieval - Reading and online browsing are the modes of retrieval. 

Recognize: Recognizing is considered to refer to looking for information in a group of items, and 

for this study the definition is refined to refer to recognizing useful information within 

characteristics of the research and data such as data format, topic and type, as well as data 

creation techniques: 

• I mean the data is an image really. Plus the two spectra 

• The data products are, in a certain sense, it's got 2 stages: there's the raw images and 

then there's light curve data where most people, in practice, if you trust the analysis you 

don't really care about the raw images and the light curves is what you care about. 

• The spectrograph that they’re using being a correlation spectrometer doesn’t really get 

spectra so. It pretty much just gets the number they’re publishing. 

Specify: Specifying refers to searching for items on an identified topic, and in this case identified 

topics include items such as specific datasets, archives, instruments and software for retrieving 

data: 

• The Harvard plate collection, huh. Okay. Archival data. 

• So with Spitzer at least I know that’s it, it’s a big mission so they have a data plan and 

observations are stored at the, at MAST. 

• So they’ve used 2MASS. A big survey. 

 



141 
 

4. Type of Resource – Resources are the data associated with a paper. 

Information: Information translates to actually retrieving the data in this case: 

• So if you follow back for 2 papers you can find out the paper that actually provided the 

original data. 

• So at least here you can download the table in textual format and the other thing would 

be eventually they're taking Keck's spectra. 

• This would be access to the raw data behind the analysis here. 

Metainformation: Descriptors of information include identifying characteristics of and/or 

assessing quality of data, including trust, author motivations, age of paper, and utility of data: 

• I actually know one of the authors. 

• I haven’t read this paper, but I was there when [name removed] was doing that research. 

So. That’s sort of cool. 

• Yeah this is the 1998 paper so. Chances of getting the spectra are very slim. 

 

To identify patterns in the movement between ISS facets and strategies as astronomers 

reviewed papers to determine the nature and location of underlying data, a network analysis was 

conducted using the 8 codes/facets defined above as nodes in the network. The raw dataset 

shows how many times interviewees moved from one facet to another while searching for data 

associated with papers, forming a network where each edge is a directed edge from one search 

facet to another. The transitional probability was calculated for each movement, which is the 

ratio between the actual number of times a step occurred from node A to node B and the total 

number of times a step occurred from node A to any other node. Figure 5 below depicts the 
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edges in the network with probability greater than .15 that a step will occur between two nodes, 

while Table 21 below shows the probabilities of moving between all facets: 

 

Figure 5: Network of ISS facets as astronomers’ searching strategies 
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Table 21: Probabilities of moving from one ISS facet to another 

  Scan Search Learn Select Recognize Specify Information 
Meta-
information 

Scan 0.24888889 0.05333333 0.12 0.14222222 0.14666667 0.16 0.06222222 0.06666667 

Search 0.09009009 0.38738739 0.04504504 0.20720721 0.03603604 0.0990991 0.06306306 0.07207207 

Learn 0.1754386 0.01754386 0.10526316 0.18421053 0.15789474 0.14035088 0.14035088 0.07894737 

Select 0.10646388 0.05703422 0.07224335 0.26996198 0.14068441 0.121673 0.09505703 0.13688213 

Recognize 0.13545817 0.03984064 0.09960159 0.15139442 0.25099602 0.17131474 0.05976096 0.09163347 

Specify 0.14615385 0.05384615 0.08461539 0.18076923 0.14230769 0.23846154 0.06153846 0.09230769 

Information 0.0877193 0.06140351 0.12280702 0.22807018 0.14912281 0.13157895 0.13157895 0.0877193 

Meta-
information 

0.13291139 0.06329114 0.08227848 0.20253165 0.17088608 0.14556962 0.07594937 0.12658228 

 

As shown in Figure 5 and Table 20, searching in the context of the present study is more 

complex than the ISS model. While the ISS model acknowledges that the dimensions of the 

model are not exhaustive, that dimensions may not be independent, and that information seekers 

may move between strategies, the present study presents more nuanced information, where the 

interviewees frequently switch between strategies and often move from one facet back to the 

same facet (as with Search). Steps rarely occur from Learn to Search, from Search to Recognize 

and from Recognize to Search. In the present study, Select (identifying relevant information 

about the underlying data) has a high number of incoming ties, while Information and 

Metainformation (categorized as finding data) have relatively low numbers of incoming ties. 

Search frequently steps back to itself, and otherwise does not demonstrate a high number of 

incoming ties, as it a closed activity that leads primarily to Select. Specify appears to be an 

important intermediary step between facets, which in this case refers to specifying the datasets, 

archives, instruments and software for retrieving data associated with a paper. 
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K-Means cluster analysis 

To further illustrate search strategies within this context and to inform the ISS model, a 

cluster analysis was conducted to explore how searches about individual papers may be grouped 

together according to search facet, and overall how search facets cluster together in this dataset 

of 943 protocol segments representing 32 search sessions of 7 astronomers reviewing 27 distinct 

journal articles. For each of the 32 search sessions, the percentage of a search in which each facet 

was used was calculated (see Table 22). For example, if a protocol segment was coded with the 

“Select” facet 4 times within a search session, and 13 total codes of segments appear within the 

search, the percentage is 0.3076. While a variety of relevant techniques and algorithms exist for 

supervised and unsupervised learning, considering the relatively small dataset and exploratory 

nature of the analysis, the k-means algorithm was selected primarily for its simplicity. K-means 

functions by creating an initial set of centroids, assigning data points to each centroid, moving 

the centroids to the average location in a cluster, and then iterating this process until the clusters 

do not change. For the present study, the ideal number of clusters was primarily determined 

using the “elbow method”, which plots the sum of squares between data points and centroids of 

each cluster according to number of clusters (in this case 2-16), and demonstrating an “elbow” 

for the optimum value of k. For the present analysis, 6 clusters displayed an elbow formation and 

was determined to be the most interpretable number of clusters. The analysis was conducted 

using SPSS version 26. Interpretation of the 6-cluster model is presented in the tables and 

discussions below. Each cluster is depicted in a table, where the rows correspond to each paper 

search (identified according to the interviewee and paper IDs shown in Table 3), and the columns 

indicate the frequency of each strategy used in the search as a percentage. Clusters indicate that 
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the included paper searches are similar to each other, and the reasons for similarity are 

interpreted according to the search strategies most frequent for each cluster. Note that reddish 

colors indicate smaller frequencies, while bluish colors indicate higher frequencies. 

Table 22: Percentage of each search in which each facet was used 

Paper 
ID 

Method Goal Mode Resource 

Scan Search Learn Select Recognize Specify Information Metainformation 

A.1 0.23076923 0.07692308 0.07692308 0.30769231 0.15384615 0 0 0.15384615 
A.2 0.16666667 0 0.16666667 0.33333333 0 0.08333333 0.16666667 0.08333333 
A.3 0.17391304 0 0 0.17391304 0.47826087 0.13043478 0 0.04347826 
A.4 0.2173913 0.08695652 0.08695652 0.17391304 0.08695652 0.13043478 0.04347826 0.17391304 
A.5 0.24137931 0 0.06896552 0.13793103 0.31034483 0.17241379 0 0.06896552 
B.1 0.15 0.05 0.05 0.125 0.225 0.175 0.125 0.1 
B.2 0.15789474 0.05263158 0.10526316 0.21052632 0.10526316 0.21052632 0.05263158 0.10526316 

B.3 0.1 0.05 0.2 0.2 0.1 0.2 0.05 0.1 

B.4 0.08695652 0.08695652 0.08695652 0.13043478 0.17391304 0.26086957 0.08695652 0.08695652 

B.5 0.1875 0 0.0625 0.3125 0.0625 0.125 0.1875 0.0625 

C.1 0.13636364 0.06818182 0.09090909 0.20454545 0.18181818 0.09090909 0.11363636 0.11363636 

C.2 0.30555556 0.11111111 0.08333333 0.08333333 0.16666667 0.08333333 0.08333333 0.08333333 

C.3 0.04651163 0 0.1627907 0.23255814 0.13953488 0.11627907 0.11627907 0.18604651 

C.4 0.07692308 0.07692308 0.03846154 0.13461538 0.21153846 0.17307692 0.11538462 0.17307692 

D.1 0.10344828 0 0.10344828 0.17241379 0.24137931 0.17241379 0.17241379 0.03448276 
D.2 0 0 0.21428571 0.07142857 0.21428571 0.28571429 0.07142857 0.14285714 
D.3 0.37837838 0.08108108 0.13513514 0.10810811 0.16216216 0.13513514 0 0 
D.4 0.06666667 0 0.1 0.16666667 0.2 0.2 0.06666667 0.2 
D.5 0.03703704 0 0.18518519 0.22222222 0.33333333 0.11111111 0.11111111 0 
E.1 0.4375 0 0.1875 0.0625 0.125 0.125 0 0.0625 
E.2 0.33333333 0.07142857 0.11904762 0.02380952 0.04761905 0.21428571 0.0952381 0.0952381 
E.3 0.22222222 0.16666667 0 0.16666667 0.05555556 0.33333333 0.05555556 0 
F.1 0.07317073 0.14634146 0.02439024 0.43902439 0.04878049 0.19512195 0.04878049 0.02439024 

F.2 0.07317073 0.19512195 0 0.29268293 0.02439024 0.2195122 0.12195122 0.07317073 

F.3 0.05555556 0.22222222 0 0.13888889 0.11111111 0.27777778 0.05555556 0.13888889 

F.4 0.01923077 0.26923077 0 0.19230769 0.13461538 0.25 0.01923077 0.11538462 

F.5 0.19148936 0.12765957 0.0212766 0.29787234 0.08510638 0.17021277 0.0212766 0.08510638 

G.1 0.17647059 0 0.17647059 0.23529412 0.11764706 0.05882353 0.11764706 0.11764706 
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G.2 0.16 0.08 0 0.16 0.2 0.08 0.16 0.16 
G.3 0.04 0 0.16 0.4 0.16 0.04 0.08 0.12 
G.4 0.13636364 0 0.22727273 0.13636364 0.27272727 0.09090909 0.09090909 0.04545455 
G.5 0.03225806 0.16129032 0 0.22580645 0.22580645 0.06451613 0 0.29032258 

 

Cluster #1 

Table 23: K-means Cluster #1 

Paper 
ID Scan Search Learn Select Recognize Specify Information Metainformation 

C.4 0.07692308 0.07692308 0.03846154 0.13461538 0.21153846 0.17307692 0.11538462 0.17307692 

F.3 0.05555556 0.22222222 0 0.13888889 0.11111111 0.27777778 0.05555556 0.13888889 

F.4 0.01923077 0.26923077 0 0.19230769 0.13461538 0.25 0.01923077 0.11538462 

G.2 0.16 0.08 0 0.16 0.2 0.08 0.16 0.16 

G.5 0.03225806 0.16129032 0 0.22580645 0.22580645 0.06451613 0 0.29032258 

 

Cluster #1 appears to represent searches in which the context is already understood by the 

interviewees, and where data are largely accessible online. The interviewees do not need to 

“learn” about the data or “scan” the text for relevant information while reading the paper – it is 

obvious to them what they are working with – such as data from the Sloan Digital Sky Survey 

(SDSS), the Very Large Array (VLA), the W.M. Keck Observatory, and other well-known 

telescopes and facilities. Rather, in this cluster the interviewees focus more on online 

“searching” of data archives at known locations online and understanding “metainformation” 

descriptors to try to obtain data (“information”). Meaningful data were located online by the 

interviewees for three of the five papers within this cluster. The data that were located 

correspond to large missions and facilities including the Sloan Digital Sky Survey (SDSS), the 

Very Large Array (VLA) radio telescope, and the Pan-STARRS1 survey of Near-Earth Objects 

(NEO). Data that were not located include author-generated derived data, and raw data collected 
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by the Yale 1-meter telescope at the Cerro Tololo Inter-American Observatory (CTIO) in Chile. 

Note that while CTIO is a large facility, the focal paper in this case was published in 1999. As 

described in section 5.4.3 of the present dissertation, data from this time period are primarily 

saved on Exabyte tapes and are not currently accessible online. 

Table 24: Cluster #1 search summary 

Paper 
ID Data summary 

Time searching 
(in seconds) 

Data 
found? 

C.4 Table of photometry and a light curve 604 No 

F.3 

Very Large Array (VLA) data (but authors don't provide program number), 
plus reimaged archival data; Keck image provided by referenced source; 
light curve 428 Yes 

F.4 
Tabular data, photometry; raw images and light curve (Yale 1-meter 
telescope, Cerro Tololo Inter-American Observatory) 451 No 

G.2 Sloan Digital Sky Survey (SDSS), spectroscopy data 464 Yes 

G.5 Large scale survey with software 387 Yes 
 

 

Cluster #2 

Table 25: K-means Cluster #2 

Paper 
ID Scan Search Learn Select Recognize Specify Information Metainformation 
A.1 0.23076923 0.07692308 0.07692308 0.30769231 0.15384615 0 0 0.15384615 
A.2 0.16666667 0 0.16666667 0.33333333 0 0.08333333 0.16666667 0.08333333 
B.5 0.1875 0 0.0625 0.3125 0.0625 0.125 0.1875 0.0625 
C.1 0.13636364 0.06818182 0.09090909 0.20454545 0.18181818 0.09090909 0.11363636 0.11363636 
C.3 0.04651163 0 0.1627907 0.23255814 0.13953488 0.11627907 0.11627907 0.18604651 
G.1 0.17647059 0 0.17647059 0.23529412 0.11764706 0.05882353 0.11764706 0.11764706 
G.3 0.04 0 0.16 0.4 0.16 0.04 0.08 0.12 
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Cluster #2 appears to reflect the different searching strategies of individual interviewees, 

as well as the interpretation of the task at hand. Within this cluster, the interviewees typically do 

not search online resources, although they were provided with the option to do so as appropriate. 

Therefore, they do not engage with the “Mode of Retrieval” facets “recognize” and “specify”. 

Rather, the interviewees focus more on the “Goal of Interaction” facets and do more “learning” 

about the data and “selecting” relevant information while reading the articles. The interviewees 

frequently identified the data sources with confidence in hypothetical terms through their 

knowledge of the papers and available resources, but meaningful data that could be reused were 

actually located for only one of the seven papers within this cluster. For example, one 

interviewee (A.2) mentioned that the data were obtained from other papers as well as the 

National Radio Astronomy Observatory, while another interviewee (G.1) remarked that the 

although the data were not available, the calibrated measurements were clear from the paper. For 

the radial velocity data considered within this analysis to be located successfully, the interviewee 

(B.5) noted that the authors “published every single data point, they describe how they got the 

data points, ensure averaging points”, although the corresponding raw data were not published.   

Table 26: Cluster #2 search summary 

Paper 
ID Data summary 

Time searching 
(in seconds) 

Data 
found? 

A.1 Hubble Space Telescope photometry 437 No 

A.2 National Radio Astronomy Observatory 12m radio telescope; also took data 
from other papers 

240 No 

B.5 Radial velocities 142 Yes 

C.1 Time series spectroscopy, radial velocity data 425 No 

C.2 Time series photometry, phase curves 339 No 

G.1 CCD images, reduced calibrated measurements 241 No 

G.3 Light curves; no raw data or tabular data found 274 No 
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Cluster #3 

Table 27: K-means Cluster #3 

Paper 
ID Scan Search Learn Select Recognize Specify Information Metainformation 

A.3 0.17391304 0 0 0.17391304 0.47826087 0.13043478 0 0.04347826 

A.5 0.24137931 0 0.06896552 0.13793103 0.31034483 0.17241379 0 0.06896552 

D.5 0.03703704 0 0.18518519 0.22222222 0.33333333 0.11111111 0.11111111 0 

 

Characteristics of ISS strategy #6 appear to emerge in Cluster #3, where “scan”, “select”, 

and “recognize” and “metainformation” somewhat noticeably dominate within each of the four 

categories of facets (Method of Interaction; Goal of Interaction; Mode of Retrieval; Type of 

Resource). Belkin, Marchetti & Cool’s (1993) example of ISS #6 is “a person scanning through 

the table of contents of a journal with the goal of selecting articles relevant to a particular topic” 

(p. 326). As with Cluster #2, in this case the interviewees avoid searching online resources, and 

heavily focus on “selecting” relevant information” and especially “recognizing” details such as 

format, type, topic and technique with respect to the underlying data. In the context of these 

interviews, the dominant combinations of facets map well to Belkin, et al.’s interpretation of ISS 

#6, as the interviewees scan the text to select relevant data. Meaningful data that could be reused 

were located for one of the three papers in this cluster, where the interviewee found a table in 

machine-readable (TeX) format (D.5). Papers for which data were not located include AR5, 

where the interviewee noted that the Eight-meter-wavelength Transient Array (ETA) telescope 

does not archive data online, and A.3, where the interviewee could not come up with a way to 

access the image and spectra presented in the paper.   
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Table 28: Cluster #3 search summary 

Paper 
ID Data summary 

Time searching 
(in seconds) 

Data 
found? 

A.3 Image, spectra 572 No 

A.5 Eight-meter-wavelength Transient Array (ETA) observations 671 No 

D.5 Machine readable table in TeX format 263 Yes 
 

 

Cluster #4 

Table 29: K-means Cluster #4 

Paper 
ID Scan Search Learn Select Recognize Specify Information Metainformation 

A.4 0.2173913 0.08695652 0.08695652 0.17391304 0.08695652 0.13043478 0.04347826 0.17391304 

C.2 0.30555556 0.11111111 0.08333333 0.08333333 0.16666667 0.08333333 0.08333333 0.08333333 

D.3 0.37837838 0.08108108 0.13513514 0.10810811 0.16216216 0.13513514 0 0 

E.1 0.4375 0 0.1875 0.0625 0.125 0.125 0 0.0625 

E.2 0.33333333 0.07142857 0.11904762 0.02380952 0.04761905 0.21428571 0.0952381 0.0952381 

E.3 0.22222222 0.16666667 0 0.16666667 0.05555556 0.33333333 0.05555556 0 

 

Cluster #4 appears to be distinct in that interviewees heavily rely on “scanning” the text 

of the articles. It is important to note that all three searches conducted by one interviewee (E) 

appear in this cluster, and that this interviewee took substantial time to carefully read the articles 

(note time searching in Table 30 below). Furthermore, English is not the first language for two of 

the four interviewees represented in this cluster, which may increase the need to scan an article 

with more focus (this is something to consider for future work to extend the present research). 

Nevertheless, this cluster may indicate strategies that more commonly accompany the careful 

reading of the text of an article to locate data, namely “searching” online and “learning” about 

the context of the data.  
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Table 30: Cluster #4 search summary 

Paper 
ID Data summary 

Time searching 
(in seconds) 

Data 
found? 

A.4 Spectra, tables 434 No 

C.2 Time series photometry, flux curve data 439 No 

D.3 Table, spectra 248 No 

E.1 
Authors downloaded data from International Ultraviolet Explorer (IUE) 
archive, but data not located 780 No 

E.2 
Liverpool Telescope observations; data published in SIMBAD Astronomical 
Database 780 Yes 

E.3 
Catalog; Spitzer-MAST data archive; 2MASS survey data, images available 
through Infrared Processing and Analysis Center (IPAC) 396 Yes 

 

 

Cluster #5 

Table 31: K-means Cluster #5 

Paper 
ID Scan Search Learn Select Recognize Specify Information Metainformation 

B.1 0.15 0.05 0.05 0.125 0.225 0.175 0.125 0.1 

B.2 0.15789474 0.05263158 0.10526316 0.21052632 0.10526316 0.21052632 0.05263158 0.10526316 

B.3 0.1 0.05 0.2 0.2 0.1 0.2 0.05 0.1 

B.4 0.08695652 0.08695652 0.08695652 0.13043478 0.17391304 0.26086957 0.08695652 0.08695652 

D.1 0.10344828 0 0.10344828 0.17241379 0.24137931 0.17241379 0.17241379 0.03448276 

D.2 0 0 0.21428571 0.07142857 0.21428571 0.28571429 0.07142857 0.14285714 

D.4 0.06666667 0 0.1 0.16666667 0.2 0.2 0.06666667 0.2 

G.4 0.13636364 0 0.22727273 0.13636364 0.27272727 0.09090909 0.09090909 0.04545455 

 

 

Cluster #5 is noteworthy in that three of the five co-reviewed papers appear together in 

this cluster (D.1, D.2, D.4; B.1, B.2, B.4). This convergence may point to features of the papers 

and/or data that contribute to the frequency of the search facets demonstrated here. Most 

noticeably, the interviewees appear to frequently “specify” specific data, archives, instruments 
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and software, while infrequently searching online. The co-reviewed papers highlight similarities 

and differences between the searching strategies and interpretations of the task of the individuals 

performing the same task with the same articles. In the case of the co-reviewed papers that 

appear together in Cluster #5, the interviewees broadly agree on the types and accessibility of the 

data (which supports the integrity of the method and findings of the current study). For paper 

D.1/B.1, Interviewee D located and downloaded tabular data in the form of a TAR file, which is 

a format used to compress and share multiple files at the same time. Interviewee B also located 

the tabular data, but further searched unsuccessfully for the spectra online and noted that it would 

be better if the table were placed in the ViZieR database for astronomical catalogues. For paper 

D.2/B.2, both interviewees agree that the data are comprised of spectra and an image, all 

inaccessible. For paper D.3/B.3, the two interviewees again agree overall that the data are 

comprised of a variety of sources, including tabular data presented in the text of the article, as 

well as archival data from astronomical plates. However, Interviewee B further commented on 

the usefulness of the additional data, noting, “So I think all the data that this paper has that’s 

useful is actually in the paper”. Overall, it appears that the papers included in Cluster #5 

generally do not require researchers to do much online searching, and rather to “recognize” and 

“specify” such important details in the text itself to draw conclusions about the data.   

 

Table 32: Cluster #5 search summary 

Paper 
ID Data summary 

Time searching 
(in seconds) 

Data 
found? 

B.1 Radial velocity, photometry, spectra 274 Yes 

B.2 Spectra, image 200 No 

B.3 Photometry, spectra 154 No 
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B.4 
Archival data, spectra, light curves, radial velocity curves, data from 
literature 170 No 

D.1 Table, spectrum, graphs 377 Yes 

D.2 Data is one image and two spectra 342 No 

D.4 Two-column tables, used various plate collections 575 No 

G.4 Light curve, no tabulation of numbers, no raw data 248 No 
 

 

Cluster #6 

Table 33: K-means Cluster #6 

Paper 
ID Scan Search Learn Select Recognize Specify Information Metainformation 

F.1 0.07317073 0.14634146 0.02439024 0.43902439 0.04878049 0.19512195 0.04878049 0.02439024 

F.2 0.07317073 0.19512195 0 0.29268293 0.02439024 0.2195122 0.12195122 0.07317073 

F.5 0.19148936 0.12765957 0.0212766 0.29787234 0.08510638 0.17021277 0.0212766 0.08510638 

 

Cluster #6 is comprised of three searches by the same interviewee (F), which may point 

to individual searching behavior as well as paper characteristics. The interviewee frequently 

“searches” online, “selects” relevant information, “specifies” data, archives, instruments and 

software, and locates some meaningful data for two of the three papers. Given that one search 

facet within each of the four categories of facets (Method of Interaction; Goal of Interaction; 

Mode of Retrieval; Type of Resource) appears noticeably dominant, Cluster #6 may express 

characteristics of ISS #15. Belkin, et al. (1993) write, “ISS 15 is a prototypical example of a 

highly specified search. In an online environment, a user searches through an identified 

information item (such as a specific database), with the goal of selecting relevant articles that 

match the keyword specification of a topic”. Indeed, Interviewee F was meticulous in attempting 

to locate data online using specified knowledge and resources. All three papers were produced 
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using data obtained from other papers. For F.1, the interviewee follows references back through 

four papers in order to find the original data. Likewise, F.2 used a compendium of data from 

other papers, with spectral data located in the Berkeley Supernova Spectra Database. F.5 also 

assembled data from other papers and multiple catalogs, though the data were not found online 

by Interviewee F. Overall, Cluster #6 is intriguing in that – based on frequency of search facets – 

three papers are grouped together that were produced using data obtained from other papers, 

requiring highly specialized and investigative searching to find the original data. 

Table 34: Cluster #6 search summary 

Paper 
ID Data summary 

Time searching 
(in seconds) 

Data 
found? 

F.1 Tables, figures - reproducing data from other papers 555 Yes 

F.2 Spectra, and looking at compendium of data from other papers 470 Yes 

F.5 Tables, assembling data from other papers and multiple catalogs 399 No 
 

 

Summary: K-means cluster analysis 

The analysis presented here lends support to the Information Search Strategies (ISS) 

model of Belkin, Marchetti & Cool (1993), and shows that distinct search patterns emerge 

through the process of locating relevant data while reading journal articles. This analysis also 

supports the suitability of the k-means algorithm combined with Belkin, et al.’s ISS matrix for 

illuminating the search strategies used by astronomers while finding data through the literature. 

In order to further decipher the clusters created by the algorithm, pairwise tests for statistical 

significance were conducted between cluster and paper age, time spent searching, and whether 

the relevant data were located. It is reasonable to speculate that these variables could be 
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underlying factors in the searching strategies identified by the clusters – for example, if the 

accessibility or inaccessibility of the data and/or the time spent searching create certain patterns. 

However, no significant relationships were found. A statistically significant relationship also was 

not found between paper age and whether the underlying data were located by the interviewee, 

which is somewhat contradictory to the findings of the survey portion of this dissertation that age 

of a paper is associated with some instances of dark data. However, this analysis does affirm the 

general finding of this dissertation that a majority of published research papers in astronomy 

correspond to underlying dark data. In the present case, data considered to be relevant within the 

context of the search task were located for 9 out of 27 unique papers (at the discretion of the 

interviewees and their interpretations of the task at hand). These dynamics will be explored in 

future research, along with how such results might inform new information search models and 

information systems. For example, understanding the fundamental components of highly 

specialized searching as depicted in Cluster #6 and ISS #15 can contribute to development of 

new initiatives and technologies to track formal and informal data references back through 

papers to the original data sources, both to assist in validating the research and to provide this 

link to the data seeker. 

Overall, this preliminary work shows potential for further analysis and future research 

towards developing a new model of information seeking, and to more directly inform 

development of information systems for identifying data associated with astronomy journal 

articles. For example, the importance of the Specify facet uncovered here supports the central 

theme of this dissertation that data can be identified through characteristics of papers and 

references in the literature. Future work may be conducted to repeat this study on a larger scale, 
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across disciplines and with a higher number of interviewees, and more thoroughly considering 

aspects of the decision-making process and information behavior such as relevance assessments, 

serendipitous discovery of information, and accuracy.  

Interviewer: Do you feel at all surprised that all the papers had no data?  

Interviewee A: Probably not. I mean. Disappointed, yes. But I firmly believe that links to 

data should be available in papers. I'm not particularly worried about replication of the 

results. But if people read the paper, it means they have a certain interest in it. And that 

may well mean that at some point that they would like to get the data and do their own 

work with it. Or combine it with the observations that they themselves have. 

 

5.4.7 Research Question #7: What are the system and data characteristics that facilitate 

data deposition?  

 

System and data characteristics for data sharing (P1-2) 

 

The system and data characteristics needed to facilitate data sharing were extensively 

discussed and specified through Astrolabe project workshops and development activities, 

documented in Heidorn, Stahlman & Steffen (2018). The present dissertation emerged directly 

from this work, but the dissertation project itself did not collect data to provide substantial new 

insight into this research question beyond our previous published findings. To briefly summarize 

these previous findings here, feedback from the astronomical community that we obtained 

through Astrolabe workshops includes the following: 
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• The mission and clear science use cases for the system must be clearly and thoroughly 

specified. 

• Social and technical barriers to data sharing should be mitigated by system design and 

centralized curation resources. 

• Longevity of institutions such as universities should be leveraged to create sustainable 

resources. 

• Community buy-in should be secured while managing expectations at a realistic level. 

• Certain kinds of data are low-hanging fruit for new curation systems, such as data 

underlying publications. 

• Data complexity should be managed with staff and cyberinfrastructure that ease the 

burden on individual resources. 

• Authors frequently utilize websites for archiving data, which could be migrated to new 

systems with appropriate tools. 

• Time domain research and serendipitous discovery are key motivators for new systems 

for data deposition. 

• References to potentially useful uncurated data can be located in the literature. 

• Key challenges include: elucidating science use cases for dark data, locating dark data, 

and planning for successful governance, sustainability and buy-in. 

Successfully building a system for deposition of data by individual researchers and teams is 

overall easier said than done. In the present study, Interviewee F reflects on the “if we build it, 

they will come” approach of many open science and research data management infrastructure 

projects:   
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Interviewee F: I think this is kind of where it gets to my opinion is that what it comes 

down to is you need a software system that lets you do it and it needs to work for people. 

And what that means can vary depending on who you ask but it needs to be fast enough 

and it needs to be documented and it’s one of these terrible problems where to do it right 

you end up building something very complicated and it’s so complicated that no one 

wants to use it. 

Reporting on progress of the EarthCube36 initiative, Cutcher-Gershenfeld, et al. (2016) 

reflexively ask the question “Build it, But Will They Come?” EarthCube is funded by NSF as a 

community-driven initiative to support geoscience research through cyberinfrastructure, 

including development of standards, tools and broad access to data. Potential barriers 

encountered by the EarthCube team have also been encountered by Astrolabe, including: I) while 

accessing the data of others is widely seen as important, individual scientists must perceive a 

need for change; II) scientists must have support of their home institutions and colleagues to 

engage in change; and III) disciplinary engagement is mixed, with builders having more support 

than end-users, and some subdisciplines demonstrating more engagement than others within a 

shared cyberinfrastructure environment. The authors point to a “gap between importance and 

ease in data sharing [as] a potential driver for engagement in EarthCube” (p. 11). Furthermore, in 

the case of EarthCube, and applicable to Research Question #7, the authors summarize many of 

the potential incentives for data sharing that have also emerged through the current study: 

Participants pointed to the need for systems to provide credit for reuse of data, similar to 

citation counts for publications, so that data sharing could be taken into account in tenure 

 
36 https://www.earthcube.org/info/about 
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and promotion decisions for university faculty and career advancement for professional 

staff in data facilities. For developers of software, models, and other data products, 

parallel credit is also important and it will be important to better understand if there are 

such credit mechanisms in place where people do report strong organizational and 

institutional support. Participants also highlighted the need for funding, time and other 

forms of support for attaching metadata to aid in the discovery and reuse of data 

(Cutcher-Gershenfeld, et al., 2016, p. 11). 

Beyond the technical design of a system, social and institutional characteristics could be 

influential as well, as noted by Cutcher-Gershenfeld, et al. Another possibility is that publishers 

could widely institute mandates and provide options for data sharing, which would directly 

influence the priorities and behaviors of authors. Interviewee E suggests the following: 

Interviewee E: Well for one, uh, a publisher could make it mandatory. So we would not 

come to accept this paper unless you provide the, the tables in machine readable format. 

I think it’s mandatory with journals like PlosONE. But I’m not 100 percent sure but, so 

that’s one way of sort of forcing others to, to supply - like the best journals provide the 

option to, for authors to provide the data behind the figures. But I think it’s completely up 

to the authors.  

As mentioned by Interviewee F, data publication also requires thorough documentation of both 

data and software, which can be a time- and resource-consuming process for researchers and 

projects. Interviewee D points out that adequate support and resources for documenting data and 
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analyses must be considered in any system design (which is overall improving through initiatives 

like GitHub37 for software versioning and Sphinx38 for documentation): 

Interviewee D: But the idea is that at every chain of, every point in the chain you should 

have available deep documentation as well as the data and the software. We don’t know, 

we don’t have standards yet for astronomy and for the people that write the software 

because … a lot of it is not written as part of a big project. 

A final suggestion that emerged through this dissertation study is that equipment could be 

secured and made widely available to rescue legacy data stored on obsolete media throughout the 

astronomy community, which could enhance user and community engagement with data 

infrastructures as resources for time-domain research. Interviewee G in particular expresses 

difficulties and frustration with trying to locate media reading equipment to migrate data from 

old media into a searchable database: 

Interviewer: So, do you actually have the media reading equipment as well, as part of 

this grant?  

Interviewee G: No. The nine track tapes, we managed to find a guy up at [place name 

removed] who was doing sort of uh, on the side favors for people. He had devices that 

could read those tapes. And he was able to read most of them. Fortunately. And he sent 

us the data back. But we still have to reinvent the software to read the data blocks and 

interpret them and convert them into the FITS format that the astronomical community 

expects and so on.  

[…] 

 
37 https://github.com/ 
38 https://www.sphinx-doc.org/en/master/ 
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Interviewee G: There are so many tasks involved in producing an archive of data that is 

more than just a big pile of files. Yeah. What you want is a searchable database that uses 

the metadata of those images so you can find something useful. And, uh, that's what's 

taking so much time.  

In addition to equipment and infrastructure, such an initiative requires both institutional support 

and scientific expertise for the substantial effort to adequately document and migrate older data, 

as well as incentives to undertake the endeavor, as discussed in more detail in section 5.4.3. 

 

5.4.8 Research Question #8: What individual, institutional, system and data 

characteristics facilitate reuse of data? 

 

Reuse of data (P1) 

The present study has shown that reuse of data is an important activity in astronomy, as 

34.6% of respondents utilized data discovered through published journal articles, 36.5% utilized 

data obtained from another researcher, and 53.6% utilized data in an astronomical data archive. 

Furthermore, 26.5% of respondents indicated that their papers are associated with specialized 

software that would be required to understand or reuse the underlying data, which could 

complicate the potential for reuse of associated data. Finally, 63.6% of respondents indicated that 

they would be amenable to follow-up communication with options for data sharing, indicating 

that there is a need for infrastructures and resources to support sharing and reuse of data. As 

explored in the previous research question, barriers to data sharing for reuse and open science are 

well-documented by researchers as shown in above sections, but may include cost and 
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infrastructure, structure of scholarly communication, lack of supportive culture and incentives, 

privacy and proprietary issues, and disciplinary factors (NAS, 2018). P1 likewise proposes that 

reuse of data is facilitated by infrastructures, tools, incentives and open science initiatives. While 

the dissertation project itself did not collect data to directly address this research question and 

premise, semi-structured interviews revealed some insightful commentary regarding the 

importance of trust in data and research, and reproducibility in astronomy.  

Interviewee A explains that administrators of astronomy data archives often look more 

closely at data references in papers and develop opinions about the general quality of 

researchers’ work. Astronomers who are sufficiently interested in a particular area of research 

can develop a similar sense of trust by looking closely at the published analyses: 

Interviewee A: And it’s also true that in the community people always have their own 

prejudices as to, “Oh that guy there. I don’t trust him” or “she is from that Institute and I 

don’t trust people from that institution”. I think on the whole people tend to be fairly 

trusting. But there is something else here and that is: So we have, these, the people who 

do, who actually establish the links for the [project name removed] archive. And they 

look much more carefully at the data that are mentioned, not necessarily cited but 

mentioned in the paper and then often discover huge discrepancies. Well, significant 

discrepancies that usually are not caught, either by a referee or by an editor. And. So 

yeah, maybe trust is not always, that trust can be misplaced. But yes, they then become 

very much aware that there are specific people who are very sloppy about their papers. 

And at some point, well, you read a paper. And if you’re really, really interested in this to 



163 
 

the degree that you want to understand it you can usually figure out whether or not you 

can trust what the people have done.  

Interviewee A further notes that replicability is not a priority in astronomy, where issues with 

data and research quality tend to be “sorted out” through the peer review and publication process 

within relatively intimate scholarly communities:  

Interviewee A: But because that is the other thing. Unlike in some other disciplines, in 

astronomy and astrophysics people are less likely to say OK I want to replicate what this 

person has done. That doesn’t happen too often. But particularly when people have their 

own data and they come to different conclusions than some older paper then it sort of 

gets sorted out.  

This dialogue illuminates some key dynamics in astronomy with respect to reuse of data. First, 

trust in data is important for reproducibility, and this trust is determined through expertise and 

familiarity with specialized areas of research. Second, it is not a common practice in astronomy 

to replicate results – as noted by the interview dialogue above, new research reveals any issues 

with older research. Barriers to reuse can result from the above-mentioned observations, where 

reputation within the research community, as well as level of transparency to adequately 

communicate the data and research process, may facilitate or inhibit reuse of data.  

Systems to facilitate use and reuse of data are inherently situated within a complex 

network of institutions, individuals and technologies. When Interviewee B (who has substantial 

bibliometric and archival expertise in addition to astronomy research) was asked to envision 

ways to encourage individual researchers and small teams to share their data, the response was 

rather surprising: 
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Interviewer: If a curator were to want to implement some sort of program to encourage 

data sharing or to make it a little bit easier for individual authors and small groups to 

share their data. Do you have a sense - and I haven’t, I need to read the paper you 

suggested about archives and different levels of archives. But do you have a sense for 

how to prioritize the more important data? And maybe have some sort of the equation, 

like what might be practical to obtain, what would be economical to obtain from authors. 

And also considering the potential for use?  

Interviewee B: Well. The authors are the wrong place.  

This strong statement seems to imply that recent Open Science initiatives such as Whole Tale, 

Open Science Framework, and Dataverse may be misguided in focusing on the behavior of 

individuals, and that a paradigm shift at the institutional level is necessary to tackle widespread 

data sharing and reuse. Building on this notion, the discussion with Interviewee B subsequently 

turned to mission archives such as NASA, where the organization stores the data from its own 

telescopes, and when asked about what happens with mission data that have been transformed by 

researchers through the analysis process, the interviewee continues: 

Interviewee B: That's even harder to get. There are very few places that store that. There 

are plenty of places that have data pipelines that have standard reduction done to them, 

we do for instance, Space Telescope does. But the European Southern Observatory has 

standard pipelines and they do not save the data from them.  

Interviewee B goes on to note that most astronomical organizations do not have librarians and 

curators, while the organizations that do employ curators, such as NASA, do not assign curators 
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to the task of managing derived data. The interviewer then asked whether university librarians 

could provide more assistance with curating astronomical data, and Interviewee B replied: 

Interviewee B: I think that if they don't do stuff like that they'll go out of business. So yes, 

I do think there is hope. If you think about what open access means, things like Plan S if 

it's successful etc. They mean that libraries no longer subscribe. So. Well, if they no 

longer keep paper and don't subscribe to anything so they're not involved financially 

what do they do? What they should be doing is they should be curating the intellectual 

content that comes in and goes out of their facilities in some way. It's up to them to figure 

it out.  

Key observations revealed by this dialogue is the interviewee’s assertion that “the authors are the 

wrong place” to task with sharing data, and that the libraries of both astronomical institutions and 

universities could be more involved with supporting curation of long tail data. As noted by the 

interviewee, data produced by NASA are well-managed, though data produced by other facilities 

and organizations may not have sophisticated methods for storing data. Data produced by authors 

is “even harder to get”. The interviewee places great emphasis on the role of librarians and 

curators for successful data management. In response to my question about whether university 

libraries could take a more prominent role in managing astronomy data (often produced by 

university facilities and consortia memberships), the interviewee shares a belief that libraries 

must evolve to manage complex institutional knowledge in order to stay relevant. Finally, the 

same interviewee also suggests specific ways for libraries to take an active role in astronomy and 

to facilitate data sharing and reuse: 
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Interviewee B: Well the issue with connecting data with the literature is that it's done 

from two different perspectives by two rather different groups of people at many 

institutions. It's done by the librarians and because management wants metrics. And so 

basically they are fairly, the way they date they link these things is fairly broad but 

shallow. And we've had that discussion with the Space Telescope Institute and there it's 

in the domain of the librarians. And they're happy if they can link a paper to basically a 

proposal or a program, not to an individual observation. The problem is that if you want 

to link it to an individual observation then you've got to put more work into doing the 

link. Getting the links, but also you need a different kind of expertise than what the what 

the librarians traditionally have.  

Interviewer: And what is that expertise?  

Interviewee B: It means that they actually need to talk to the research scientists because 

it actually requires more of an understanding of what the paper is talking about.  

While the above dialogue communicates the opinions of one expert, data reuse can clearly be 

supported by creating strong links between publications and data, such as linking individual 

observations to publications. Current initiatives in scholarly communication, data curation and 

publishing are beginning to facilitate creating such links with metadata such as Digital Object 

Identifiers (DOIs) for data, and designing projects, resources and processes with the FAIR39 

(Findable, Accessible, Interoperable, Reusable) principles in mind. Curators may also consider 

the potential for reuse value when making decisions about ingesting and recruiting new and old 

 
39 https://www.go-fair.org/fair-principles/ 
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astronomy data that are not already managed elsewhere (Palmer, Weber & Cragin, 2011), while 

engaging in dialogue with researchers to more deeply understand the data and stakeholder needs.  

Finally, an especially important consideration is that making data reusable is not easy 

(particularly after time has passed), requiring deep knowledge of the circumstances of the data to 

describe and properly format it for others to interpret and implement, as illustrated by 

Interviewee G through the following pertinent historical anecdote: 

Interviewee G: And any big project has a lot of undocumented folklore about the 

experiment that just never gets out into the final location. It’s just not practical. I think in 

a sense that’s probably been true in science all along. Just take for example Johannes 

Kepler who analyzed Tycho Brahe’s data from the 1500’s. He had to take those 

measurements and make sense out of them after Tycho was dead. And his team have been 

dispersed. The observatory was gone. Kepler was in Prague and the data had been 

collected in Denmark. And so he had all these handwritten ledgers and [inaudible] of 

data that he had to convert into something useful. It couldn’t have been easy. The 

measurements were made in a very arcane way. Converting those into simple right 

ascensions and declinations of the position of Mars on the sky is not trivial. Even to 

reproduce that technique today would require, you know, a considerable amount of work. 

Then there would be nuances of the measurements that wouldn’t have been fully written 

down. There would be mysterious entries that weren’t properly documented. Errors in the 

clock accuracy. Things like that.  

Attempts at curation of any research data for the purpose of reuse inevitably encounter this 

philosophical paradox through the simultaneous materiality and ephemeral nature of the data, as 
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some tacit aspects of the scientific process may never be fully conveyed. From a curation 

perspective, it is necessary to consider and decide at any given point in time what makes sense to 

preserve and how, within the constraints and affordance of current social and technical 

structures, while continuing to envision improved knowledge infrastructures.  

 

5.4.9 Research Question #9: Can the value of dark data be measured, in relation to 

potential re-use and/or other aspects of the moral economy in astronomy? 

 

Tracking through repositories (P1) 

P1 anticipates that the value of dark data can be measured by tracking use and reuse 

through repositories, but it is not possible to address this premise with evidence gathered in the 

present study. 

 

Impact and innovation with dark data (P2) 

P2 anticipates that the value of dark data can be measured through citations and innovation. 

In the present study, innovation measures were not applied, and no significant relationships were 

found between paper citations and dark data, or paper citations and whether the paper utilized 

online archival data. However, as noted by Anderson (2004) and Heidorn (2008), the Long Tail 

is a realm in which it is not immediately clear what information will be useful later, and is thus 

conducive to unexpected discovery. History is full of examples of anecdotal information being 

impactfully repurposed in unforeseen ways, although the true value of dark data as an economic 



169 
 

or network construct is difficult to enumerate from our present perspective and in the context of 

this particular dissertation study. 

 

6 Discussion 

6.1 Introduction 

This dissertation has sought to elucidate the characteristics and accessibility of data 

associated with published research in astronomy, as well as the data sharing, management and 

reuse practices of astronomers. These objectives are situated within the broader theoretical 

context of a proposed “Long Tail” power-law distribution of research funding and data, where a 

majority of data are distributed throughout smaller projects and are inaccessible to other 

researchers –a phenomenon referred to in this study as “dark data”. For the purpose of further 

developing Heidorn’s (2008) notion of “dark data in the Long Tail” as a viable theoretical 

framework for information science and tool for data curation research and practice, the discipline 

of astronomy was chosen as a case study for in-depth investigation of data management and 

scholarly communication practices. 

The research questions and findings outlined in section 5 target a broad range of 

uncertainties with respect to astronomy data, and with respect to data curation in general. To 

some extent, insight into all research questions emerged through this study. Research Question 

#1 aimed towards understanding who has dark data in astronomy, positing that dark data is more 

likely to be associated with authors at particular career stages and with different personal 

characteristics, institutional circumstances, and normative practices. Research Question #2 
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sought to understand what data are dark, considering published papers as documentation of 

underlying data with distinct attributes. Research Question #3 asked when in the research 

lifecycle different types of data become dark, and how such trends can be measured over time. 

Where dark data are located – on physical and/or digital media, and with whom – was the focus 

of Research Question #4, while Research Question #5 asked why the phenomenon of dark data 

occurs.  Research Question #6 inquired about how dark data can be identified and curated. 

Research Questions #7 and #8 explored factors associated with data deposition and reuse. 

Research Question #9 was initially included as a foray into the potential value of dark data to 

society, but ultimately this research question was not addressed by the study (though recorded as 

an initial objective for transparency) and instead will be examined in imminent future research. 

 

6.2 Significance of the Study 

To address these wide-reaching questions within the theoretical frameworks that were 

deployed to develop a broad range of premises, the study design triangulated with various 

complementary methods and data, where in many cases a data collection method contributed to 

multiple research questions (see Figure 6 below). Three distinct data collection activities were 

conducted. First, a series of 7 background interviews were conducted in December 2018, with 

one-half of each session dedicated to a semi-structured interview, and the other half to a think-

aloud exercise as astronomers attempted to locate underlying data while reading published 

articles. In early 2019, analysis of the interviews was conducted, with the transcribed semi-

structured portion coded and analyzed using qualitative methods according to each research 

question and associated sub-themes, and with the transcribed think-aloud exercises coded 
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according to the facets of Belkin, et al.’s (1993) prototypical searching strategies, after which the 

transitional probabilities for moving between facets were calculated and mapped. Informed by 

the process of conducting and analyzing the background interviews, a survey was conceived and 

developed between December 2018 and May 2019, and it was distributed to a sample of 1,571 

authors of published astronomy papers between May 24 and June 7, 2019, with 211 completed 

responses. While further interpretation of the survey and interview data is ongoing, the analysis 

presented here shows a number of interesting findings. 

 

Figure 6: Study design and triangulation 

(Note that while each independent research activity was analyzed separately to some extent, the 
interviews and think-aloud exercises directly informed design and interpretation of the survey.) 

 

 

 

6.2.1 The COVID-19 Pandemic and Data Practice 

It is important to note that data gathering activities and most analysis were conducted 

prior to the COVID-19 pandemic. The global scientific community has since been upended by 
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the COVID-19 pandemic, and the same study presented here would likely have different 

outcomes were it to be conducted today or in the foreseeable future. Most importantly, the 

world’s astronomy research facilities have been shut down, essentially halting the generation of 

new raw data40. A recent inventory by Astronomy magazine notes more than 100 major facilities 

closed and “an almost complete shutdown of observational astronomy”41. The article expresses 

the concern of astronomers about a gap in data, especially considering rare celestial events such 

as supernovae, as well as the impending financial consequences of the pandemic for astronomy.  

One of the key observations of this dissertation is that the analysis of curated data leads to 

different instances of dark data at various stages of the research - and researchers’ - lifecycles, a 

finding that supports the work of other researchers and can be generalized across disciplines (as 

discussed in section 6.2.2 below). During the present global pandemic, signs of substantial 

changes to scientific work are emerging quickly, creating new questions about data use and reuse 

across domains, as well as the potential lingering effects of the pandemic on society. As with 

astronomical facilities, instruments and research facilities across disciplines are being shut down, 

field work has been largely canceled, conferences are being postponed or held remotely, and the 

individual lives of researchers and are unsettled. Scientists are undoubtedly relying more on 

archival data to conduct research.  The present study has shown that approximately 53% of 

papers were produced using archival data, and that use of curated archival data to create a paper 

is significantly associated with certain instances of underlying dark data (particularly simulated 

 
40 https://www.discovermagazine.com/the-sciences/covid-19-forces-earths-largest-telescopes-to-
close-but-a-few-
isolated?fbclid=IwAR01gwCKek_cg6iRrczhY28jMDvbSA6CBBe1qggjaHtDejZe83rU6fJX3dU 
41 https://astronomy.com/news/2020/04/covid-19-forces-earths-largest-telescopes-to-
close?fbclid=IwAR1zk7QAnTlfgeQDgpjj9sNyVuWF6bN0OE8DTNvPZd2B9lwetwIKvwQ_W
cc 
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data, photometry, and observational and derived data in the form of images), which indicates that 

certain types of dark data could become more abundant if targeted open science resources and 

incentives are not made available to researchers. 

This study has also noted that the reasons for dark data vary over time since paper 

publication. Newer papers are more likely to correspond to dark data because the research is still 

in progress and also because of issues related to collaboration and intellectual property. Due to 

COVID-19, embargos on proprietary data in astronomy are typically being extended, which 

implies that cutting-edge new data that would have been shared with other researchers will now 

remain inaccessible for a longer period of time. Social, financial, and technical uncertainties 

surrounding the pandemic also raise questions about currently-held definitions of “data at risk” – 

or data that could become dark. For example, the risk assessment framework of Mayernik, et al. 

(2020) for scientific data is aimed towards mitigating risks including natural disasters and 

damage to facilities, and this framework could be mobilized for identifying solutions to effects of 

the pandemic, which has realized a number of the risk factors identified by the authors. 

Furthermore, this dissertation has measured the prevalence of dark data in a specific discipline, 

but the research methodology presented here could be extended to other disciplines and aimed 

more ardently towards uncovering viable solutions that are even more urgent in the present 

situation. The massive social and economic impact of COVID-19 brings these discussions to the 

forefront of science – where data sharing is needed both to combat the disaster and to maintain 

the livelihoods of scientists and the academic enterprise itself. 
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6.2.2 Recent Related Work 

The contributions of this dissertation study are also timely on broader scholarly 

communication research fronts, highlighted by the recent publications of complementary 

research and other examples of convergent thinking.  

 

6.2.2.1 Data publication and reuse 

A rather similar questionnaire to the one presented and analyzed here was recently 

conducted by Gregory, et al. (2020) exploring data reuse across disciplines. The authors 

partnered with the Elsevier publishing company to deliver a survey to more than 150,000 authors 

of papers indexed in the Scopus database, with 1,677 completed responses, and the authors note 

that it is the “largest known survey examining how researchers discover and (re)use research data 

that they do not create themselves”. Key variables include types of data needed by authors, types 

of data usage by authors, and social connections leading to data discovery, access and 

reuse/sharing. The authors also inquired about secondary data needed by authors in the following 

categories: Observational or empirical; Experimental; Simulation; Derived or compiled; Other. A 

majority of secondary data use was found to be for the purpose of conducting new research. 

Also, the authors found that 30% of all respondents indicated that the process of searching for 

data is the same as searching for literature, and for respondents working in astronomy in 

particular, the authors found that 93% of researchers utilize the literature to find data (n=14). 

Without being aware of the study by Gregory, et al. when constructing the survey for this 

dissertation, my study was also designed to inquire about data use, reuse, seeking and discovery, 

and focusing on Observational, Simulated and Enhanced (derived) data as key variables of 
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interest. While my sample was small in comparison, and the sample size greatly limited 

statistical analysis, my response rate was a healthy 13.4% (211/1571). Some findings are similar 

to Gregory, et al. – particularly the frequent use of the literature as a gateway to data, where my 

survey found that 34.6% of papers were produced with data identified through other published 

journal articles. The dissertation study presented here is unique in that it asked authors for details 

about circumstances and data underlying specific journal articles along with demographic 

information, while other surveys including Gregory, et al. have a more general focus. 

 

6.2.2.2 Data search 

A new paper by Liu, Sarkar & Shah (2020) also demonstrates an analysis with 

methodological similarities, in this case for web searching and using controlled laboratory 

environments. The authors calculated transitional probabilities for movement between “task 

states” for different tasks and examined the performance of various machine learning classifiers 

for predicting task states, in order to inform development of systems that suggest appropriate 

information and reduce the number of tasks and thus the cognitive load of users. Through 

analysis of Research Question #6, this dissertation study also introduced a method of 

understanding and interpreting the search strategies of authors looking for data, by implementing 

a think-aloud exercise and analysis of search protocols and the transitional probability of 

movement between facets in the process of searching for data while reading the literature. The 

study by Liu, et al. shows how the preliminary analysis conducted through this dissertation could 

be extended using machine learning for actionable development of new information systems that 

support searching for data through the literature.  
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Other related recent work on data search includes Murillo (2019), where the researcher 

also utilized the think-aloud method, in this case to conduct a quasi-experimental study on how 

scientists assess reusability while reviewing search results in the DataONE database, finding that 

comprehensive inclusion of metadata attributes within dataset records – including information 

such as instrument information, provenance information, and taxonomic information - is more 

likely to facilitate data reuse. Gregory, et al. (2019) studied data search by conducting a 

bibliometric analysis of papers about data retrieval as well as interviews with researchers to 

determine how, why and where researchers seek data in different disciplines, overall finding that 

searching for data is a socio-technical practice and that data move between communities and 

contexts through the process of reuse. Both aforementioned studies align with the present study 

by highlighting the prevalence of locating data through the literature, as well as the overarching 

importance of trust in data sources for successful reuse. 

 

6.2.2.3 Role of libraries 

The dissertation study presented here has also demonstrated opportunities and challenges 

for libraries with respect to curation of scientific research data, as well as appropriately 

connecting researchers with data and repositories. One interview participant in particular voiced 

a measure of frustration with libraries in curating astronomy data (see Chapter 5), recounting that 

librarians are “happy if they can link a paper to basically a proposal or a program, not to an 

individual observation. The problem is that if you want to link it to an individual observation 

then you’ve got to put more work into doing the link. Getting the links, but also you need a 

different kind of expertise than what the librarians traditionally have” (Interviewee B). 
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Examining the roles of two university libraries in curating large-scale Sloan Digital Sky Survey 

(SDSS) data, Darch, et al. (2020) show that possibilities for reuse of astronomy data are 

determined by a library’s curation decisions and supporting infrastructures for implementing 

services. These services can vary widely across institutions due to different technical 

infrastructures and expertise, organizational structure, and organizational culture, mission and 

values. As noted by Heuritch (2020) and largely emphasized in the present dissertation study, 

while astronomy as a discipline has a reputation for openness, a majority of astronomy data – 

including raw data, reduced data, and negative results – are not available for reuse or in 

conformance with the FAIR principles. The reasons range from pressure to publish novel results 

to the currently-voluntary nature of archiving secondary data and lack of incentives for 

transparency. As Interviewee B stated, “the authors are the wrong place” to target for acquiring 

data and developing a culture of open science. This statement possibly indicates that much of this 

task could rather fall on institutions such as libraries and publishers, though adequate incentives 

and funding are necessary for any data curation work.  

 

6.2.2.4 Data accessibility over time 

This dissertation has also confirmed some prior findings of others regarding the impact 

and accessibility of research data over time. The study was in part inspired by Piwowar’s 

bibliometric approach to understanding the data sharing behavior of scientists working in a 

narrow area of biomedical research, and interestingly, the survey detected some evidence of 

several of Piwowar’s broader conclusions for the discipline of astronomy. First, Piwowar found 

that papers corresponding to archived data are more likely to be highly cited (Piwowar, Day & 
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Fridsma (2007), while the present survey shows that of papers in the top 20% of citations among 

respondents, 82.4% correspond to derivative data products that are shared online (chi-square(1) 

= 7.101, p = .008, V=.294, n = 82). Second, Piwowar found that associated data could be located 

in a trusted repository for 25% of articles in her sample, with the accessibility of data decreasing 

over time since publication (Piwowar, 2011), while both the survey and think-aloud interview 

portions of this dissertation show that approximately three-quarters of research papers 

correspond to some data that are not accessible by other researchers online (although in this case 

the rate of accessibility is relatively consistent while types and formats of dark data change). 

Regarding the impact of data sharing on citations, researchers have similarly noticed a positive 

impact on citation rate for articles corresponding to archived data, both within astronomy 

(Henneken & Accomazzi, 2011) and in other disciplines (Leitner, et al., 2016). Regarding the 

widespread inaccessibility of data associated with publications over time, Pepe, et al. (2014) also 

demonstrate that links to data in astronomy publications - where many researchers use personal 

websites to share data - deteriorate rapidly, while the percentage of broken links to curated 

archives is relatively consistent over time. Finally, the present study has also addressed the 

potential value of “heritage” or “legacy” data for conducting new science, which echoes the 

work of Griffin (2015) and others (Downs & Chen, 2017; Specht, et al., 2018) towards 

widespread data rescue efforts in astronomy and other disciplines. 

 

6.2.2.5 The Astrolabe Project 

Most importantly, this dissertation project was overall conducted as part of the activities of 

the Astrolabe Project, which has worked to create cloud-based cyberinfrastructure resources for 
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heterogeneous astronomical data, as described in section 4.1.1. While the two initial Astrolabe 

workshops documented by Heidorn, Stahlman & Steffen (2018) reflect the enthusiasm and need 

of astronomers for such a resource to facilitate widespread data sharing and linking, a subsequent 

2018 workshop revealed complications with ongoing development of the system (Stahlman & 

Heidorn, 2018), as well as a set of new recommendations that shifted the trajectory of Astrolabe 

towards tailoring services for mid-scale projects such as the Near Infrared Camera (NIRCam) 

instrument for the James Webb Space Telescope (JWST)42 and the Event Horizon Telescope 

(EHT)43. Workshop participants pointed out the strong need to engage users through targeted 

efforts aimed at particular research communities including JWST, and to engage and train 

librarians to assist researchers at their institutions with data upload and populating metadata. In 

support of the objective to engage potential Astrolabe users, the dissertation questionnaire 

included the question “Could we follow up with you by email to assist with options for sharing 

data?”, to which 82 respondents (39%) indicated that they would welcome a follow-up email. 

These respondents may be contacted at some point in the near future as Astrolabe matures. 

Curating data associated with federally-funded research is another priority for Astrolabe, and in 

parallel to this dissertation, a separate related study (Stahlman & Heidorn, 2020) is analyzing 

NSF funding proposals and associated publications in astronomy to determine specific topic 

areas in need of curation services and to further direct future Astrolabe efforts, including training 

and outreach to both individual researchers and institutions such as observatories, libraries and 

publishers.  

 

 
42 https://www.jwst.nasa.gov/content/observatory/instruments/nircam.html 
43 https://eventhorizontelescope.org/ 
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6.3 Theoretical Contributions 

This dissertation overall takes an empirical look at astronomy data and scholarly 

communication – measuring the prevalence and characterizing the nature of dark data, and 

largely validating some key findings of other researchers and adding new details specific to 

astronomy, as described above. The study is situated within and contributes evidence towards 

several theoretical frameworks, described below. 

 

6.3.1 Sociology of Science 

While the purpose of the dissertation study was not explicitly to map social structures, it 

has nevertheless encountered and explored the socio-technical systems and consensual and 

normative processes through which scientific knowledge is constructed, disseminated and 

validated. The subdiscipline of Sociology known as Sociology of Science - intimately related to 

Sociology of Knowledge and also History and Philosophy of Science – provides a framework for 

this study of scientific activities in astronomy as a network of social organizations through which 

actors endeavor to gain and transmit knowledge about a reality comprised of natural and 

behavioral phenomena that seem to obey certain quantifiable and qualifiable rules, and where 

there are links between individuals and institutions, as well as key points in time and space at 

which scientific knowledge develops and flows. 

Several prominent sociological theories are relevant for interpreting the outcomes of the 

present dissertation study. For example, recalling Merton’s (1957, 1968) notion of reputation as 

intellectual property of a researcher, Bourdieu (1986) introduces several forms of “symbolic 

capital” to explain the significance and transfer of scientific knowledge: “cultural capital” and 
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“social capital” are especially useful constructs that can be operationalized in attempting to track 

the dispersive influence of science. In the Marxist framework, as explained by Weber (1957), 

capital broadly represents a relationship between labor and production, and Bourdieu applies this 

concept to scholarship, where knowledge can become both an ideal and a material asset through 

such commonly-performed dynamics as gatekeeping and secrecy, turf wars, prestige and 

academic hierarchies in scientific communities. Bourdieu’s (2004) later work further specifies 

“scientific capital”, in which “a scientist’s symbolic weight tends to vary with the distinctive 

value of his contributions and the originality that his competitor-peers recognize in his distinctive 

contribution.” As shown through the interviews and survey presented here, astronomy research 

communities are relatively intimate, and a researcher’s scientific capital is obvious to other 

researchers through publications and other scholarly contributions. Furthermore, scientific 

capital in the form of data is often exchanged through both formal and informal channels – 

referred to as “horse trading” by Boscoe (2020) - and participants in the present study indicated 

that they often request and share data with other researchers through personal communications. 

Researchers often see data as a property to be protected until it can be integrated into social 

systems such as repositories or enhance personal reputation by way of distribution through 

specialized channels.  

In light of this economic and competitive interpretation of scientific progress through 

production and exchange of resources, power relations and politics are inevitably at play and 

influential in astronomy. Latour’s (2005) Actor-Network Theory (ANT) urges a better 

understanding of the murky social dimension by studying individual human and non-human 

actors as members of collectives rather than societies. Within this theoretical framework, an 
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actor immersed in a social network (which is either a context or set of connecting elements) 

never acts in isolation and meaning emerges from situations in which actors may experience 

different levels of agency. These dynamics are evident in complex socio-technical systems such 

as collaborations formed for construction of sophisticated data pipelines and astronomical 

instrumentation (Tatnall, 2005). In this example, the instrumentation, institutions and individuals 

all function as actors in a knowledge ecology designed for creation and transmission of both 

meaning and capital (Star, 1995). Regarding the cognitive nature of meaning itself, Polanyi 

(1958; 1966) explores the question of how scientists arrive to interesting problems and conduct 

research based on underlying awareness, or non-conferrable tacit insight. While much 

sociological theory focuses on groups, Polanyi’s perspective is directed towards the innate 

capacities of the human individual to infer contextual information for conducting scientific work. 

In the case of astronomy and the outcomes of the present study, implicit knowledge of 

specialized topics – such as variable stars, or asteroids - alongside the reputations of individual 

researchers, teams and institutions have been shown to be important factors in assessing the 

accessibility and quality of data and analyses.  

Social science scholars have shown that scientific institutions emerge and thrive through 

historical power relations and political discourse (Foucault, 1979; Dahl, 1957). Indeed, while 

astronomy is known as an inherently altruistic and forward-thinking discipline by nature of its 

grand research questions and the meticulous sophistication of its methods and instrumentation, 

astronomy is far from being unconstrained by historical power relations and political discourse, 

which fundamentally enable the research. In 1976, Edge & Mulkay published Astronomy 

Transformed: The Emergence of Radio Astronomy in Britain, a seminal work in Sociology of 
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Knowledge that focuses specifically on astronomy and elucidates the intertwined social, 

technical, organizational and cognitive processes that are tightly connected to astronomical 

observations and resulting data, interpretations and discoveries (Edge & Mulkay, 1976). Later, 

historian Patrick McCray (2006) extensively explored the evolution of telescope technology as 

proceeding hand-in-hand with a shift towards publicly-funded science amidst ongoing 

developments in defense technologies, and also requiring delicate political negotiations and 

relationships with international partners and countries that host large facilities, such as Chile 

(Guridi, Petruze & Pfotenhauer, 2020).  

Now, as astronomy is increasingly globalized and teams are overall larger and more 

interdisciplinary, demonstrating a shifting cognitive structure of the discipline (Varga, 2018, 

2020; Velden, Yan & Lagoze, 2017; Heidler, 2011), contemporary institutions that are influential 

within astronomy and contribute to advancement of scientific knowledge include: governments, 

observatories, universities, corporations, funding agencies, publishers, scholarly societies and 

data infrastructures, among many others. In the context of the present dissertation study, some 

key social and institutional dynamics related to the ecology of data sharing and accessibility are 

evident. In the questionnaire portion of the study, respondents indicated key reasons for not 

sharing data including that data are held by another institution or collaborator, followed by 

insufficient time to make data available, as well as size of data, and proprietary reasons. These 

are largely institutional factors that could be addressed with targeted policies, resources and 

infrastructure development, along with cultivating a disciplinary culture that embraces open 

research practices and all that this entails (NASEM, 2018; 2019; Feinberg, et al., 2020).  
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6.3.2 Library & Information Science 

Returning to the questionnaire, the noteworthy exception to reasons for not sharing data 

is lack of appropriate repositories, which appears to reflect a perception of astronomers that data 

management is adequately handled in astronomy - and yet, interviewees and Astrolabe workshop 

participants overwhelmingly expressed desires to make old data available and in general to 

publish discoverable data with robust metadata that can be reused easily. This contradiction is 

likely a result of the substantial personal investment of time and intellectual resources that is 

currently required to make data held by individual researchers and small teams both available 

and discoverable without sufficient existing services or rewards to handle the mechanics of 

widespread data sharing in astronomy. Heidorn (2008) explains that “long tail” data require 

institutions to support curation and make these data discoverable, and the lack of substantive 

progress towards this ideal largely reflects organizational patterns and also points to the 

continued relevance of technology and materiality in social study of science (Leonardi & Barley, 

2010). 

The work of Boscoe (2019) looks at how the knowledge contained within astronomy data 

shapes the infrastructures and organizational and individual decisions that keep data alive and in 

use over time, where “usability” and “interpretability” are the criteria for “aliveness”. Boscoe 

considers much astronomy data to possess materiality, as inscriptions in the sense of Latour and 

Woolgar’s (2013) notion of scientific instruments as “inscription devices”, and as “immutable 

mobiles” (Latour, 1987). Immutable mobiles include “objects such as text, graphs, and images” 

(Boscoe, 2019, p. 21), classified throughout this dissertation as data kinds and formats that 

commonly accompany publications. Indeed, such data can be “frozen”, or immutable, at the time 



185 
 

of publication through curation actions, all the while taking on new incarnations through the 

process of reuse (Pasquetto, 2017), whether through data repositories and archives, or through 

other forms of exchange discussed above. Boscoe explores the process of keeping data alive, 

while the present dissertation has attempted to characterize and quantify the prevalence of data 

that are currently not living outwardly. In many cases, the data considered to be “not outwardly 

living” within this exploration of “dark data” are actually very alive behind the scenes, as 

evidenced in Boscoe’s (2020) scenario in which norms are violated if researchers “scoop” other 

researchers by publishing about archival data that have been released to the public before the 

proposing researchers have been able to publish their own analyses (called “archive vultures” by 

Boscoe), as well as data published in “dark archives” that are deliberately or incidentally not 

open to outsiders. The present dissertation study further addresses the widespread “dark data” 

held by researchers and teams – data that were generated over time and correspond to published 

articles and are currently inaccessible (a state considered to be either “dead data” or “zombie 

data” by Boscoe, 2019). While the research groups studied by Boscoe made complex collective 

decisions about archiving data, many individual astronomers and research teams – oftentimes 

later-career scientists - would like to do the same, but lack resources, direction and incentives to 

make the effort. In these and other circumstances, there is often viable hope for “dark” 

astronomy data to be resurrected and reinterpreted at any moment, given the will and resources 

to do so. 

This dichotomy overall highlights the primary theoretical contribution of the present 

dissertation study. The fundamental objective of the study has been to seek empirical evidence of 

Heidorn’s (2008) notion of a “long tail” distribution of “dark data” in relation to the distribution 
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of research funding in astronomy. Recall that Heidorn’s notion builds upon the observation that 

80% of NSF funding is directed to only 20% of projects across divisions, suggesting that an 

abundance of potentially-useful uncurated data correspond to the lower-funded projects in the 

bottom 80% of the distribution. A similar financial distribution can also be observed for projects 

funded by NSF’s Division of Astronomical Sciences (AST), where large missions have 

sophisticated data pipelines and archives, and many small mid- and small-scale research and 

instrumentation projects populate the tail of the funding distribution. While the present 

dissertation study did not detect a statistical association between dark data and limited variables 

related to funding, dynamics of the long tail framework were nevertheless detected and analyzed. 

As a parallel effort to understand the composition of the “long tail” funding distribution 

in terms of dark data, Stahlman & Heidorn (2020) recently delved more deeply into this 

distribution by examining the topics and funding levels of NSF-AST grant proposals. Using a 

sample of proposal abstracts corresponding to funded NSF proposals and awards originating in 

2016 (n=201), we implemented Latent Dirichlet Analysis (LDA) (Blei, Ng & Jordan, 2003) to 

identify 22 distinct topics. We also introduced a “Topic Investment” score to characterize 

whether a topic is comprised primarily of higher-funded or lower-funded grants, and we 

conducted a qualitative assessment of the published journal articles that acknowledge individual 

grants within our sample (n=700). Results of this preliminary study confirm that topics primarily 

corresponding to infrastructure and facilities tend to occur in the top 20% of the funding 

distribution, while experimental research and community-building activities such as workshops 

tend to occur in the bottom 80%. We also show that while there is surprisingly not a statistical 

association between research funding and number of papers associated with a grant for awards 
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originating in 2016, research-dominated topics tend to produce more published journal articles, 

indicating that much dark data is likely associated with these papers for reasons demonstrated in 

the present dissertation.  

Prior to Heidorn’s (2008) work, the Pareto Principle (Juran, 1954) – the “law of the vital 

few”, or the “80/20 rule”, as it is commonly known – was first adapted for research in Library & 

Information Science by Trueswell (1969) to show that approximately 80% of library transactions 

represent approximately 20% of all items and to suggest that this insight can be used to establish 

a “core collection” within the library. Britten (1990) muses that “the proving or disproving of a 

mystical relationship between the numbers 80 and 20 is only of interest for curiosity’s sake” (p. 

184-185), while iterating that establishing such a ratio for a collection is helpful in understanding 

the state of the collection in order to develop services and collection management solutions, and 

to determine where resources should be allocated. Likewise, the present dissertation considers 

the knowledge that only approximately one-third of all papers within the survey portion of this 

study correspond to entirely-accessible data as a helpful metric for developing targeted services 

and allocation of resources. Taken together, the finding of this dissertation that most published 

papers were produced with data that are currently “dark” and that most scientists are interested in 

making their dark data available indicates an opportunity for new curation methods and services. 

For example, 43 respondents indicated that they possess observational dark data located on hard 

disks and 16 respondents indicated that they possess observational dark data located on other 

physical media, perhaps pointing to a need for tools and services to assist astronomers with 

migrating data from physical media and local disks to archives. Likewise, 41 respondents 

reported derived dark data stored on hard disks, largely in the form of images and spectra, and in 
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FITS and plain text format. These and many other details also seem to corroborate a need to 

direct resources towards tools, services and incentives to make data underlying publications both 

available and discoverable. 

While Trueswell (1969) and Britten (1990) apply the 80/20 ratio to understanding which 

resources are in high demand and thus should be more available, Heidorn (2008) argues for the 

importance of the dark data in the long tail, and the potential for transformative science and new 

discovery if dark data are made widely available. In fact, computing technology and information 

retrieval techniques have advanced to the point that it is technically feasible to publish large 

amounts of data alongside software, and to connect with other relevant data through Virtual 

Observatory technologies and robust metadata. However, Heidorn’s suggestions to create science 

centers around individual disciplines, along with appropriate reward structures, funding 

mechanisms and infrastructures for dark data have not yet been sufficiently realized, as 

demonstrated through this dissertation study. As Heidorn points out, in the end all attempts to 

understand dark data are “a study of the behaviors of individual scientists” (p. 297). Through a 

mixed methods study of scientists’ behaviors triangulated with bibliometric analysis, this 

dissertation has provided evidence from a survey representing 211 papers of a ratio that is 

complementary to Heidorn’s 80/20 rule for dark data: approximately only one-third of published 

papers correspond to underlying data that are accessible online, and two-thirds do not. 

This dissertation has been one step towards a better understanding of the ecosystem of 

dark data in a single discipline. Much work remains to be done to further unearth the underlying 

social and technical mechanisms that lead to dark data and solutions to support a data lifecycle 

model in which scientists use data from instruments and archives and create new data in the 
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process of publishing articles. Resulting research proposals and publications meanwhile inform 

priorities for new data-generating missions, instruments and projects, and where data can 

potentially be resurrected at any point in time and given a new chance at life. This conception of 

the data lifecycle (see Figure 7 below) requires both deeper understanding of data practices, as 

well as solutions for recovering dark data, and infrastructures to support open science (Borgman, 

2019). Poole (1985) expresses concern that Library & Information Science has lacked a strong 

theoretical foundation, and argues that the field can be legitimized by developing “theories of the 

middle range” in the Mertonian sense of theoretical frameworks that are intermediate to general 

theories, originate through empirical observations, and guide further empirical inquiry (Merton, 

1968). Certainly, the notion of “dark data in the long tail” fits the criteria of a middle-range 

theory and has provided a rich arena for exploration through the dissertation study presented 

here, with great potential for ongoing theoretical development and empirical research to further 

understand dark data within and beyond astronomy.  

 

Figure 7: Dark data lifecycle 
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7 Summary and Conclusions 

So what happens when somebody loses their funding? Well they have to go after some 

other job. They might have to leave the institution. Well they can't take all that data with 

them. Maybe they can nowadays, but um, they usually don't. And it either just sits there. 

Or it may get handed off to somebody else at the institution. But permanent employees 

tend to be tenured faculty and they have other priorities. Curating and caretaking old 

data is taken by other people. So it's a fundamental cultural handicap. In the whole 

community of science, not just astronomy. Where vast amounts of data are collected on a 

very short timescale and then there's this attention span deficit in the community that 

causes a lot of data to be orphaned. I don't know what the solution is. (Interviewee G) 

 

The study presented here has illuminated many characteristics of heterogeneous, 

researcher-held Long Tail and dark data underlying publications in astronomy. This dissertation 

has attempted to address the research questions and premises through a survey of authors of 

journal articles, as well as semi-structured background interviews and a think-aloud exercise 

with astronomers. The broad findings can be summarized in the following categories: 

 

Prevalence of dark data 

The main finding of this dissertation is that dark data is very prevalent in astronomy. The 

survey provides evidence that nearly two-thirds of research papers (72.9%) correspond to some 

data (observational, simulated and/or derivative data products) that are not available for other 
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researchers to access. This percentage aligns with Piwowar’s (2011) finding that only 25% of 

data associated with papers in a specialized area of biomedical research could be found online. 

 

Dark data over time 

The rate of dark data is consistent over time since paper publication, with 68.1% of 

papers published before 2010 corresponding to some dark data, and 69.5% of papers published 

after 2010 corresponding to some dark data. However, the types of dark data differ over time. 

For example, newer papers correspond more frequently to simulated dark data, and less 

frequently to observational dark data. Significant relationships were also found between age of a 

paper and: simulate dark data maintained by a collaborator and observational dark data 

maintained by a collaborator, both with fewer years since publication; and observational dark 

data stored on physical media such as Exabyte tapes. 

 

Locating dark data 

The characteristics of researchers, papers and data can be indicators of underlying dark 

data. Some examples include that older authors are more likely to have observational dark data 

(late career Cosmologists in particular). Collaboration has an impact on dark data, with a higher 

mean number of authors on a paper corresponds to observational dark data, and in particular for 

younger papers – perhaps indicative of larger collaborations that are not ready to share data yet. 

Furthermore, a lower mean number of authors on a paper corresponds to discarded enhanced 

data products – perhaps due to reduced accountability and/or resources for data sharing. 

Combinations of different wavelengths of the electromagnetic spectrum also lead to dark data, 
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such as observational dark data on individual or laboratory hard disk associated with a higher 

mean number of wavelengths. Finally, understanding the information seeking behavior of 

astronomers as they read the literature for references to data can potentially inform new 

information systems for identifying data associated with publications.  

 

Funding and dark data 

The notion of Long Tail of research data was a driving concept for this study, referring 

not only to a distribution of volumes of data with a smaller number of data “consumers” in the 

tail, but also to a financial distribution of research funding with the largest proportion of 

resources designated to only a few highly-funded projects. With admittedly limited information 

about funding for sampled papers, this study did not detect significant relationships between dark 

data and number of indicated funders or specific funding agencies. Furthermore, the study 

observed that funding streams supporting individual papers are not apparent to authors of journal 

articles, as only 71.4% of respondents from a list of publications associated with National 

Science Foundation grants indicated NSF as a funder through the relevant survey question. 

Overall, the survey and conversations with interviewees show that while large-scale resources 

are created for the benefit of astronomical research communities internationally, the “tail” of the 

funding distribution is an integral part of this ecosystem through smaller-funded preliminary 

studies, workshops, conferences, and education and training initiatives. 
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Reasons for dark data 

Approximately 87% of 149 respondents indicated that they would be willing to share any 

data products associated with the paper that are not available to other researchers. In the interest 

of promoting the Astrolabe Project and locating potential data to ingest into the system, 

respondents were asked if we could follow up with information about curation resources, and 

64% of 82 authors agreed. Therefore, only 20 respondents answered the question about reasons 

for not sharing data, where time, collaboration, proprietary reasons, and perceived usefulness are 

the most common reasons for not sharing, with other reasons including: missing data; low impact 

of the paper; change of employment; early stage of research; and availability of more useful data. 

Interestingly, no one selected lack of appropriate repository as a reason for not sharing, perhaps 

indicating that astronomers do not perceive or consider a need for additional astronomical data 

repositories. 

 

Coexistence of dark and “bright” data 

Within the context of this study, dark data frequently coexist with well-managed archival 

(“bright”) data in astronomy, where researchers often produce new uncurated data through the 

analysis of curated data, and where researchers and institutions do not consistently preserve and 

share data. In a new paper called “The Lives and Afterlives of Data”, Borgman (2019) writes that 

“determining what data to keep, why, how, and for how long” is the challenge of our day. With 

respect to astronomy, the physical volumes of data create challenges for long-term preservation, 

and facilities often discard raw data while maintaining higher level data products. Similarly, 
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individual researchers and teams may be reluctant to share cumbersome data without a 

convincing reason for taking the time and effort needed to do so. 

A recent report from the “Petabytes to Science” workshop series colloquially refers to the 

sustained existence of data that are continually in use as “Darwinian selection”, where “catalogs 

and derived data products could potentially persist in regular use for longer than their source 

data” (p. 19)44 if appropriate tools and infrastructures are created to support long-term 

preservation in astronomy. Conversely, new discoveries have been made unexpectedly with 

historical and legacy data. For example, the digitization of Harvard’s Astronomical Photographic 

Plate Collection45 continues to produce new science and is expected to be an especially valuable 

resource for follow-up observations when the Vera C. Rubin Observatory (LSST) is operational 

(requiring a need for time-domain data to investigate variable phenomena in the sky). As a 

discipline, astronomy is especially concerned with vast timescales, and access to data collected 

over time is exceedingly important. Likewise, the lifecycles of data can potentially span lifetimes 

and epochs, where dark data is part of a natural process, but not necessarily a permanent 

condition. 

 

7.1 Limitations 

 
Limitations of the dissertation study were identified throughout the research process. First, 

by nature of the simplistic statistical tests conducted there are likely confounding variables, and 

circumstances are more complex than can be captured and interpreted through bivariate analysis 

 
44 https://petabytestoscience.github.io 
45 https://platestacks.cfa.harvard.edu/about-collection 
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of survey data with only 211 respondents and many question areas with too few observations for 

reliable statistical inference. Furthermore, it could be argued that the sampling strategy produced 

results that are not representative of astronomy publications and data over time by focusing on 

PASP (which is a relatively low-impact and instrumentation-heavy journal) and a list of papers 

associated with new NSF grants. 

Aspects of the survey itself may have been confusing to recipients. First, papers focusing 

primarily on development of instrumentation were not excluded from the sample, and this may 

have jarred instrumentalists when they realized that the majority of the survey was not applicable 

to their work. Also, some question areas could have been worded more successfully, and the 

overall survey design tightened. For example, several question areas asked about simulated data 

and software in different ways, and this may have impacted the calculation of the “New Dark 

Data” and Simulated Dark Data” outcome variables.  Furthermore, it was necessary to 

operationalize a definition of dark data for the survey, but “available online” does not indicate 

that the data are well-managed or curated, only that they are accessible. Finally, write-in answers 

were not considered systematically in analysis of the survey. Future work should address these 

issues, while finding ways to understand the potential usefulness of the various data behind 

papers. In all of this work, it would have improved the validity of the research to have multiple 

coders of the qualitative data (interviews, think-aloud exercises and survey written responses). 

 

7.2 Future work 

 
First, I intend to deepen my analysis of the current survey and interview data through 

development of multivariate and nested models and more nuanced statistical tests. I also plan to 
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adapt this study across disciplines and aiming towards a random sample of publications using 

bibliographic records. I would like to parse author institutions and funding statements from the 

Web of Science records to incorporate additional informative variables about collaboration, 

international practices, and research resources. Overall, I intend to expand upon the methodology 

developed through this dissertation to conduct an improved and larger-scale study aimed towards 

identifying and characterizing data behind papers in multiple domains. Furthermore, I would like 

to conduct a think-aloud exercise with a larger number of papers and interviewees, and across 

disciplines, to map searching strategies and develop new models of information seeking with 

respect to data behind publications. 

Throughout the dissertation, several related spin-off projects were identified. One related 

project envisions using natural language processing techniques to operationalize some of this 

dissertation’s findings for automatically locating data references in text. Through the survey 

responses that were collected, a number of papers have essentially been annotated to some extent 

by the authors themselves, which presents an opportunity for experimenting with text 

classification. A theme in the present dissertation is how journal articles are a gateway to data for 

astronomers - they read and use tacit decision-making processes and knowledge about where 

data are likely to be, as well as making assessments of data quality. If some of these processes 

could be automated, this could inform new recommender systems and ways publishers can 

connect researchers with data behind papers published over time. 

Finally, I am especially interested in how data are socially, culturally and individually 

contextualized. Particularly with respect to rescuing old data, there is an intriguing element of 

nostalgia associated with data collection and analysis as deeply personal experiences for 
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individual researchers and even on a social level, which could indicate psychological incentives 

for data preservation efforts, and perhaps representing an opportunity for librarians and curators 

to conscientiously interface with stakeholders while considering the importance of context and 

individual histories in data rescue efforts and development of new infrastructures and tools for 

curation.   
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8 Appendix A: Survey Tables 

 
Overflow descriptive figures and tables: 
 

Characteristics of respondents 

 

Figure A1: Distribution of year of highest degree among survey respondents 
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Figure A2: Distribution of age of survey respondents 

 
 

 
 
Table A1: Education of survey respondents 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Highest 
university 
degree 

Ph.D. 184 87.6 93.2 82.2 
Master’s 22 10.5 5.8 15.0 
Bachelor’s 3 1.4 0 2.8 
Other 1 .5 1.0 0 
N =  210    

 
Year of 
degree 

1963-1974 15 7.3 14.0 1.0 
1975-1986 22 10.7 18.0 3.8 
1987-1998 33 16.1 27.0 5.7 
1999-2010 51 24.9 27.0 22.9 
2011-2019 84 41.0 14.0 66.7 
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N = 205    
 
Where 
degree 
earned 

In the U.S. 123 58.9 62.7 55.1 
Outside the U.S. 86 41.1 37.3 44.9 
N = 209    

 
Field of 
degree 

Astronomy or 
Astrophysics 

158 75.2 77.7 72.9 

Physics 43 20.5 17.5 23.4 
Planetary Science 1 .5 0 .9 
Engineering 1 .5 1.0 0 
Mathematics 2 1.0 1.0 .9 
Other 5 2.4 2.9 1.9 
N = 210    

 
Table A2: Employment of survey respondents 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Employment 
status 

Employed, full-time 124 59.3 73.8 45.3 
Employed, part-time 7 3.3 5.8 .9 
Postdoc 42 20.1 4.9 34.9 
Student 19 9.1 1.9 16.0 
Retired 16 7.7 13.6 1.9 
Not employed 1 .5 0 .9 
N = 209    

 
Current or 
most recent 
field of 
employment 

Astronomy 171 81.4 85.4 77.6 
Physics 25 11.9 7.8 15.9 
Engineering 6 2.9 2.9 2.8 
Education, formal and 
informal 

4 1.9 2.9 .9 

Software 3 1.4 1.0 1.9 
Other 1 .5 0 .9 
N = 210    

 
Current or 
most recent 
employer 

University or 4-year 
college 

136 65.1 58.3 71.7 

Government laboratory 
or research facility 

20 9.6 12.6 6.6 

Observatory 14 6.7 8.7 4.7 
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

Research institute 27 12.9 14.6 11.3 
Industry 6 2.9 1.9 3.8 
Other government 
agency 

2 1.0 1.0 .9 

2-year college 1 .5 1.0 0 
Other 3 1.4 1.9 .9 
N = 209    

 
Academic 
status (if 
employed or 
retired) 

Tenured 47 44.3 53.7 28.2 
Tenure-track 12 11.3 4.5 23.1 
Soft money 16 15.1 14.9 15.4 
Long-term (but not 
tenured) 

12 11.3 11.9 10.3 

Other 19 17.9 14.9 23.1 
N = 106    

 
 
Table A3: Research of survey respondents 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Primary 
scientific 
areas of 
interest 
(multiple 
response) 

The Sun 10 4.8 4.9 4.8 
Solar System / Space 
Physics 

17 8.2 9.8 6.7 

Planetary Studies 21 10.1 10.8 9.5 
Exoplanets 33 15.9 24.5 7.6 
Stellar Atmospheres / 
Interiors 

31 15.0 25.5 4.8 

Stellar Evolution (i.e. 
Supernovae, 
Formation) 

60 29.0 36.3 21.9 

Stars (i.e. Clusters, 
Kinematics, etcetera) 

59 28.5 43.1 14.3 

Interstellar Matter / 
Dust 

33 15.9 16.7 15.2 

The Milky Way 37 17.9 18.6 17.1 
Normal Galaxies 30 14.5 8.8 20.0 
Active Galaxies / 
Quasars 

36 17.4 10.8 23.8 

Extragalactic (i.e. 55 26.6 17.6 35.2 
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

Clusters, Surveys, 
Intergalactic Medium, 
etcetera) 
Cosmology 35 16.9 10.8 22.9 
High Energy 
Astrophysics (i.e. 
Gamma-rays, X-rays, 
cosmic rays) 

17 8.2 4.9 11.4 

Astronomical 
Instruments & 
Techniques 

68 32.9 51.0 15.2 

Astronomy Education 15 7.2 10.8 3.8 
Other 16 7.7 7.8 7.6 
N = 207    

 
Types of 
astronomy 
research 
(multiple 
response) 

Instrumentation 55 26.7 41.6 12.4 
Theoretical 56 27.2 13.9 40.0 
Observational 167 81.1 88.1 74.3 
Other 15 7.3 8.9 5.7 
N = 206    

 
Types of 
observations 
used for 
research (if 
engaging in 
observational 
research, 
multiple 
response) 

Gamma-rays 7 4.2 4.5 3.8 
X-rays 26 15.6 14.6 16.7 
Ultraviolet 54 32.3 33.7 30.8 
Optical 141 84.4 89.9 78.2 
Infrared 92 55.1 57.3 52.6 
Submillimeter 34 20.4 11.2 30.8 
Microwave 21 12.6 10.1 15.4 
Radio 40 24.0 13.5 35.9 
Other 2 1.2 0 2.6 
N = 167    

 
Table A4: Nationality and ethnicity of survey respondents 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Nationality United States citizen 117 55.7 59.2 52.3 

Not a United States 
citizen 

86 41.0 37.9 43.9 

Prefer not to respond 7 3.3 2.9 3.7 
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N = 210    
 
Ethnicity 
(multiple 
response) 

American Indian or 
Alaska Native 

1 .5 1.0 0 

Asian or Asian 
American 

15 7.1 2.9 11.3 

Black or African 
American 

0 0 0 0 

Hispanic or Latino 9 4.3 2.9 5.7 
Native Hawaiian or 
Other Pacific Islander 

0 0 0 0 

White 162 77.9 79.4 76.4 
Other 6 2.9 3.9 1.9 
Prefer not to respond 15 7.2 9.8 4.7 
N = 208    

 
Table A5: Age and gender of survey respondents 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Age Under 30 23 11.9 2.2 21.0 

30-39 68 35.2 18.3 51.0 
40-49 36 18.7 19.4 18.0 
50-59 31 16.1 30.1 3.0 
60-69 21 10.9 16.1 6.0 
70+ 14 7.3 14.0 1.0 
N = 193    

 
Gender Female 42 20.3 19.0 24.3 

Male 158 76.3 81.0 72.0 
Other 2 1.0 0 1.9 
Prefer not to respond 5 2.4 3.0 1.9 
N = 207    

 
 
Characteristics of journal articles 
 
Table A6: Year of publication – frequency and percentages 

Year of Publication 

 Frequency Percent Valid Percent 
Cumulative 
Percent 
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Valid 1998 3 1.4 1.4 1.4 
1999 1 .5 .5 1.9 
2001 1 .5 .5 2.4 
2002 2 .9 .9 3.3 
2003 2 .9 .9 4.3 
2004 9 4.3 4.3 8.5 
2005 6 2.8 2.8 11.4 
2006 9 4.3 4.3 15.6 
2007 3 1.4 1.4 17.1 
2008 3 1.4 1.4 18.5 
2009 4 1.9 1.9 20.4 
2010 4 1.9 1.9 22.3 
2011 7 3.3 3.3 25.6 
2012 6 2.8 2.8 28.4 
2013 7 3.3 3.3 31.8 
2014 11 5.2 5.2 37.0 
2015 13 6.2 6.2 43.1 
2016 15 7.1 7.1 50.2 
2017 23 10.9 10.9 61.1 
2018 58 27.5 27.5 88.6 
2019 24 11.4 11.4 100.0 
Total 211 100.0 100.0  

Statistics for Publication Year 
Year   
N Valid 211 

Missing 0 
Mean 2014.05 
Median 2016.00 
Mode 2018 
Std. Deviation 5.334 
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Figure A3: Distribution of publication year for PASP subsample 
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Figure A4: Distribution of publication year for NSF subsample 

 
 

Table A7: Article classification 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Article 
category 

Research paper or 
dissertation summary 

166 78.7 59.6 97.2 

Astronomical 
instrumentation, 
telescopes, 
observatories and site 
characterization 

41 19.4 37.5 1.9 

Other 4 1.9 2.9 .9 
N = 211    

 
Subject 
category (if 
research 
paper or 

Cosmology; Evolution 
and Contents of the 
Universe 

19 11.4 3.2 16.3 

Extragalactic 41 24.7 3.2 37.5 
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dissertation 
summary) 

Astronomy and 
Galaxies (including the 
Milky Way) 
Stars and Stellar 
Evolution 

46 27.7 50.0 14.4 

Interstellar Medium and 
Star Formation 

12 7.2 3.2 9.6 

Brown Dwarfs, Planets 
and Planetary Systems 
(including the Solar 
System) 

15 9.0 8.1 9.6 

Astronomical software, 
data analysis, and 
techniques 

25 15.1 27.4 7.7 

Other 8 4.8 4.8 4.8 
N = 166    

 
Table A8: Types of astronomical observations  

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Types of 
astronomical 
observations 
that 
produced the 
paper 
(multiple 
response) 

Gamma-ray 3 1.6 1.1 2.2 
X-ray 15 8.2 3.2 13.5 
Ultraviolet 29 15.8 14.9 16.9 
Visible 135 73.8 75.5 71.9 
Infrared 47 25.7 21.3 30.3 
Microwave 13 7.1 3.2 11.2 
Radio 24 13.1 4.3 22.5 
Submillimeter 15 8.2 5.3 11.2 
Gravitational wave 1 .5 0 1.1 
Other 13 7.1 7.4 6.7 
N = 183    

 
Table A9: Funding sources for articles 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Funding 
agency or 
agencies 
(multiple 

NASA 71 35.1 34.0 36.2 
NSF 104 51.5 29.9 71.4 
DOE 11 5.4 0 10.5 
DOD 0 0 0 0 
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response) Institutional or 
university support 

99 49.0 48.5 49.5 

Private foundation(s) 19 9.4 10.3 8.6 
International (non-U.S. 
agency) 

46 22.8 13.4 31.4 

Other 31 15.3 18.6 12.4 
N = 202    

 
Table A10: Top 20% of citations – all respondents 

Top20Cited – All respondents 

 Frequency Percent Valid Percent 
Cumulative 
Percent 

Valid 80% 166 78.7 78.7 78.7 
20% 45 21.3 21.3 100.0 
Total 211 100.0 100.0  

 

Table A11: Top 20% of citations – PASP subsample 

Top20Cited – PASP  

 Frequency Percent Valid Percent 
Cumulative 
Percent 

Valid 80% 66 63.5 63.5 63.5 
20% 38 36.5 36.5 100.0 
Total 104 100.0 100.0  

 

Table A12: Top 20% of citations – NSF subsample 

Top20Cited – NSF 

 Frequency Percent Valid Percent 
Cumulative 
Percent 

Valid 80% 100 93.5 93.5 93.5 
20% 7 6.5 6.5 100.0 
Total 107 100.0 100.0  

 
Table A13: Observational dark data variables 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Observational 
dark data 
location - 
physical 

None 57 78.1 62.9 92.1 
Some 16 21.9 37.1 7.9 
N =  73    
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

media 
 
Observational 
dark data 
location – 
hard disk 

None 30 41.1 40.0 42.1 
Some  43 58.9 60.0 57.9 
N = 73    

 
Observational 
dark data 
location -  
restricted 
network 

None 58 79.5 77.1 81.6 
Some 15 20.5 22.9 18.4 
N = 73    

 
Observational 
dark data 
location - lost 

None 72 98.6 97.1 100.0 
Some 1 1.4 2.9 0 
N = 73    

 
Observational 
dark data 
location - 
discarded 

None 69 95.8 91.2 100.0 
Some  3 4.2 8.8 0 
N = 72    

 
Observational 
dark data 
location - 
maintained by 
collaborator 

None 57 78.1 85.7 71.1 
Some  16 21.9 14.3 28.9 
N = 73    

 
Observational 
dark data 
location - 
unsure 

None 64 87.7 85.7 89.5 
Some  9 12.3 14.3 10.5 
N = 73    

 
Observational 
dark data 
kind – Images 

None 34 50.0 47.2 53.1 
Some  34 50.0 52.8 46.9 
N = 68    

 
Observational 
dark data 
kind - Spectra 

None 42 60.9 69.4 51.5 
Some 27 39.1 30.6 48.5 
N = 69    
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Observational 
dark data 
kind - 
Photometry 

None 48 69.6 66.7 72.7 
Some 21 30.4 33.3 27.3 
N = 69    

 

 

Table A14: Simulated dark data variables 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Simulated 
dark data 
location - 
physical 
media 

None 64 78.0 82.4 75.0 
Some 18 22.0 17.6 25.0 
N =  82    

 
Simulated 
dark data 
location – 
hard disk 

None 22 26.8 23.5 29.2 
Some  60 73.2 76.5 70.8 
N = 82    

 
Simulated 
dark data 
location -  
restricted 
network 

None 66 80.5 88.2 75.0 
Some 16 19.5 11.8 25.0 
N = 82    

 
Simulated 
dark data 
location - lost 

None 79 96.3 94.1 97.9 
Some 3 3.7 5.9 2.1 
N = 82    

 
Simulated 
dark data 
location - 
discarded 

None 75 91.5 88.2 93.8 
Some  7 8.5 11.8 6.3 
N = 82    

 
Simulated 
dark data 

None 67 81.7 91.2 75.0 
Some  15 18.3 8.8 25.0 
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

location - 
maintained by 
collaborator 

N = 82    

 
Simulated 
dark data 
location - 
unsure 

None 81 98.8 100.0 97.9 
Some  1 1.2 0 2.1 
N = 82    

 

 

Table A15: New/enhanced dark data variables 

Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

 
Enhanced 
dark data 
location - 
physical 
media 

None 46 83.6 77.3 87.9 
Some 9 16.4 22.7 12.1 
N =  55    

 
Enhanced 
dark data 
location – 
hard disk 

None 14 25.5 27.3 24.2 
Some  41 74.5 72.7 75.8 
N = 55    

 
Enhanced 
dark data 
location -  
restricted 
network 

None 47 85.5 81.8 87.9 
Some 8 14.5 18.2 12.1 
N = 55    

 
Enhanced 
dark data 
location - lost 

None 53 96.4 90.9 100.0 
Some 2 3.6 9.1 0 
N = 55    

 
Enhanced 
dark data 
location - 
discarded 

None 51 92.7 90.9 93.9 
Some  4 7.3 9.1 6.1 
N = 55    
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

Enhanced 
dark data 
location - 
maintained by 
collaborator 

None 46 83.6 81.8 84.8 
Some  9 16.4 18.2 15.2 
N = 55    

 
Enhanced 
dark data 
location - 
unsure 

None 54 98.2 100.0 97.0 
Some  1 1.8 0 3.0 
N = 55    

 
Enhanced 
dark data kind 
– Images 

None 34 63.0 56.5 67.7 
Some  20 37.0 43.5 32.3 
N = 54    

 
Enhanced 
dark data kind 
- Spectra 

None 36 66.7 47.8 80.6 
Some 18 33.3 52.2 19.4 
N = 54    

 
Enhanced 
dark data kind 
- Photometry 

None 47 87.0 87.0 87.1 
Some 7 13.0 13.0 12.9 
N = 54    

 
Enhanced 
dark data kind 
- Catalogs 

None 50 92.6 91.3 93.5 
Some  4 7.4 8.7 6.5 
N = 54    

 
Enhanced 
dark data kind 
– Time Series 

None 49 90.7 91.3 90.3 
Some  5 9.3 8.7 9.7 
N = 54    

 
Enhanced 
dark data kind 
- Astrometry 

None 53 98.1 95.7 100.0 
Some  1 1.9 4.3 0 
N = 54    

 
Enhanced 
dark data kind 

None 50 92.6 87.0 96.8 
Some  4 7.4 13.0 3.2 
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Variable Category Frequency Valid 
Percent 

Percent -
PASP 

Percent -
NSF 

– Light Curves N = 54    
 
Enhanced 
dark data kind 
– Orbital Data 

None 52 96.3 95.7 96.8 
Some  2 3.7 4.3 3.2 
N = 54    

 
Enhanced 
dark data kind 
- 
Interferometry 

None 53 98.1 100.0 96.8 
Some  1 1.9 0 3.2 
N = 54    

 
Enhanced 
dark data kind 
– Events List 

None 53 98.1 100.0 96.8 
Some  1 1.9 0 3.2 
N = 54    

 
Enhanced 
dark data kind 
– 
Computational 
Simulations 

None 38 70.4 87.0 58.1 
Some  16 29.6 13.0 41.9 
N = 54    

 
Enhanced 
dark data 
format - FITS 

None 23 43.4 50.0 38.7 
Some  30 56.6 50.0 61.3 
N = 53    

 
Enhanced 
dark data 
format – 
HDF5 

None 48 90.6 100.0 83.9 
Some  5 9.4 0 16.1 
N = 53    

 
Enhanced 
dark data 
format – Plain 
Text 

None 33 62.3 63.6 61.3 
Some  20 37.7 36.4 38.7 
N = 53    
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Additional tables (not referenced explicitly from the manuscript): 
Observational Data: 
 

For this paper, did you utilize new observational data that you collected or collaborated in 
collecting? - Total 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 120 56.9 56.9 56.9 

No 88 41.7 41.7 98.6 
Unsure 3 1.4 1.4 100.0 
Total 211 100.0 100.0  

 
 
 

For this paper, did you utilize new observational data that you collected or collaborated in 
collecting? - PASP 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 57 54.8 54.8 54.8 

No 44 42.3 42.3 97.1 
Unsure 3 2.9 2.9 100.0 
Total 104 100.0 100.0  

 
 

For this paper, did you utilize new observational data that you collected or collaborated in 
collecting? - NSF 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 63 58.9 58.9 58.9 

No 44 41.1 41.1 100.0 
Total 107 100.0 100.0  

 
 
 

Are all or some of these observational data currently available online for other researchers to 
access? - Total 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 89 42.2 74.2 74.2 

No 25 11.8 20.8 95.0 
Unsure 6 2.8 5.0 100.0 
Total 120 56.9 100.0  
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Missing System 91 43.1   

Total 211 100.0   
 
 
 

Are all or some of these observational data currently available online for other researchers to 
access? - PASP 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 32 30.8 56.1 56.1 

No 20 19.2 35.1 91.2 
Unsure 5 4.8 8.8 100.0 
Total 57 54.8 100.0  

Missing System 47 45.2   

Total 104 100.0   
 
 
 

Are all or some of these observational data currently available online for other researchers to 
access? - NSF 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 57 53.3 90.5 90.5 

No 5 4.7 7.9 98.4 
Unsure 1 .9 1.6 100.0 
Total 63 58.9 100.0  

Missing System 44 41.1   

Total 107 100.0   
 
 
Archival Data: 
 

For this paper, did you utilize existing data obtained through an astronomical data archive? - 
Total 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 113 53.6 53.6 53.6 

No 91 43.1 43.1 96.7 
Unsure 7 3.3 3.3 100.0 
Total 211 100.0 100.0  

 
 

For this paper, did you utilize existing data obtained through an astronomical data archive? - 
PASP 
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 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 49 47.1 47.1 47.1 

No 51 49.0 49.0 96.2 
Unsure 4 3.8 3.8 100.0 
Total 104 100.0 100.0  

 
 
 

For this paper, did you utilize existing data obtained through an astronomical data archive? - 
NSF 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 64 59.8 59.8 59.8 

No 40 37.4 37.4 97.2 
Unsure 3 2.8 2.8 100.0 
Total 107 100.0 100.0  

 
 
Data discovered through journal articles: 
 
 

For this paper, did you utilize data that you discovered through a published journal article? 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 73 34.6 34.6 34.6 

No 126 59.7 59.7 94.3 
Unsure 12 5.7 5.7 100.0 
Total 211 100.0 100.0  

 
 
 

For this paper, did you utilize data that you discovered through a published journal article? - 
PASP 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 23 22.1 22.1 22.1 

No 75 72.1 72.1 94.2 
Unsure 6 5.8 5.8 100.0 
Total 104 100.0 100.0  

 
 
 

For this paper, did you utilize data that you discovered through a published journal article? - 
NSF 
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 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 50 46.7 46.7 46.7 

No 51 47.7 47.7 94.4 
Unsure 6 5.6 5.6 100.0 
Total 107 100.0 100.0  

 
 
Data obtained through another researcher or team: 
 
 

For this paper, did you utilize data obtained directly from another researcher or team? 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 77 36.5 36.7 36.7 

No 127 60.2 60.5 97.1 
Unsure 6 2.8 2.9 100.0 
Total 210 99.5 100.0  

Missing System 1 .5   

Total 211 100.0   
 
 
 

For this paper, did you utilize data obtained directly from another researcher or team? - PASP 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 31 29.8 30.1 30.1 

No 71 68.3 68.9 99.0 
Unsure 1 1.0 1.0 100.0 
Total 103 99.0 100.0  

Missing System 1 1.0   

Total 104 100.0   
 
 
 

For this paper, did you utilize data obtained directly from another researcher or team? - NSF 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 46 43.0 43.0 43.0 

No 56 52.3 52.3 95.3 
Unsure 5 4.7 4.7 100.0 
Total 107 100.0 100.0  
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Simulated data models: 
 
 

Did you create simulated data models for this paper? 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 101 47.9 47.9 47.9 

No 107 50.7 50.7 98.6 
Unsure 3 1.4 1.4 100.0 
Total 211 100.0 100.0  

 
 

Did you create simulated data models for this paper?a 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 41 39.4 39.4 39.4 

No 63 60.6 60.6 100.0 
Total 104 100.0 100.0  

 
 

Did you create simulated data models for this paper?a 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 60 56.1 56.1 56.1 

No 44 41.1 41.1 97.2 
Unsure 3 2.8 2.8 100.0 
Total 107 100.0 100.0  

 
 

Are all or some of the simulated data and software currently available online for other researchers 
to access? 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 49 23.2 48.5 48.5 

No 46 21.8 45.5 94.1 
Unsure 6 2.8 5.9 100.0 
Total 101 47.9 100.0  

Missing System 110 52.1   

Total 211 100.0   
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Are all or some of the simulated data and software currently available online for other researchers 
to access? - PASP 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 15 14.4 36.6 36.6 

No 24 23.1 58.5 95.1 
Unsure 2 1.9 4.9 100.0 
Total 41 39.4 100.0  

Missing System 63 60.6   

Total 104 100.0   
 
 

Are all or some of the simulated data and software currently available online for other researchers 
to access? - NSF 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 34 31.8 56.7 56.7 

No 22 20.6 36.7 93.3 
Unsure 4 3.7 6.7 100.0 
Total 60 56.1 100.0  

Missing System 47 43.9   

Total 107 100.0   
 
 
New or enhanced data: 
 
 

For this paper, did you create new or enhanced data products? 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 86 40.8 40.8 40.8 

No 108 51.2 51.2 91.9 
Unsure 17 8.1 8.1 100.0 
Total 211 100.0 100.0  

 
 

For this paper, did you create new or enhanced data products? - PASP 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 42 40.4 40.4 40.4 

No 54 51.9 51.9 92.3 
Unsure 8 7.7 7.7 100.0 
Total 104 100.0 100.0  
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For this paper, did you create new or enhanced data products? - NSF 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 44 41.1 41.1 41.1 

No 54 50.5 50.5 91.6 
Unsure 9 8.4 8.4 100.0 
Total 107 100.0 100.0  

 
 

Are all or some of the new or enhanced data available online for other researchers to access? 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 44 20.9 51.2 51.2 

No 38 18.0 44.2 95.3 
Unsure 4 1.9 4.7 100.0 
Total 86 40.8 100.0  

Missing System 125 59.2   

Total 211 100.0   
 
 
Are all or some of the new or enhanced data available online for other researchers to access? - PASP 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 22 21.2 52.4 52.4 

No 17 16.3 40.5 92.9 
Unsure 3 2.9 7.1 100.0 
Total 42 40.4 100.0  

Missing System 62 59.6   

Total 104 100.0   
 
 

Are all or some of the new or enhanced data available online for other researchers to access? - NSF 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 22 20.6 50.0 50.0 

No 21 19.6 47.7 97.7 
Unsure 1 .9 2.3 100.0 
Total 44 41.1 100.0  

Missing System 63 58.9   

Total 107 100.0   
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Has another researcher asked for data?: 
 
 

Has another researcher or team ever asked you for data associated with this paper? 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 76 36.0 36.0 36.0 

No 126 59.7 59.7 95.7 
Unsure 9 4.3 4.3 100.0 
Total 211 100.0 100.0  

 
 

Has another researcher or team ever asked you for data associated with this paper? - PASP 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 32 30.8 30.8 30.8 

No 67 64.4 64.4 95.2 
Unsure 5 4.8 4.8 100.0 
Total 104 100.0 100.0  

 
 

Has another researcher or team ever asked you for data associated with this paper? - NSF  
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 44 41.1 41.1 41.1 

No 59 55.1 55.1 96.3 
Unsure 4 3.7 3.7 100.0 
Total 107 100.0 100.0  

 
 

Did you share the data with the other researcher(s) upon request? 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 76 36.0 100.0 100.0 
Missing System 135 64.0   

Total 211 100.0   
 
 
Specialized software: 
 
 

Is specialized software required to understand or reuse the data associated with this paper? 
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 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 56 26.5 26.8 26.8 

No 139 65.9 66.5 93.3 
Unsure 14 6.6 6.7 100.0 
Total 209 99.1 100.0  

Missing System 2 .9   

Total 211 100.0   
 
 

Is specialized software required to understand or reuse the data associated with this paper? - PASP 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 28 26.9 27.5 27.5 

No 71 68.3 69.6 97.1 
Unsure 3 2.9 2.9 100.0 
Total 102 98.1 100.0  

Missing System 2 1.9   

Total 104 100.0   
 
 

Is specialized software required to understand or reuse the data associated with this paper? - 
NSF 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 28 26.2 26.2 26.2 

No 68 63.6 63.6 89.7 
Unsure 11 10.3 10.3 100.0 
Total 107 100.0 100.0  

 
 

Is the software accessible online by other researchers? 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 36 17.1 64.3 64.3 

No 13 6.2 23.2 87.5 
Unsure 7 3.3 12.5 100.0 
Total 56 26.5 100.0  

Missing System 155 73.5   

Total 211 100.0   
 
 

Is the software accessible online by other researchers? - PASP 
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 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 15 14.4 53.6 53.6 

No 7 6.7 25.0 78.6 
Unsure 6 5.8 21.4 100.0 
Total 28 26.9 100.0  

Missing System 76 73.1   

Total 104 100.0   
 
 

Is the software accessible online by other researchers? - NSF 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 21 19.6 75.0 75.0 

No 6 5.6 21.4 96.4 
Unsure 1 .9 3.6 100.0 
Total 28 26.2 100.0  

Missing System 79 73.8   

Total 107 100.0   
 
 

Would you be able or willing to publicly share the software? 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 7 3.3 53.8 53.8 

No 6 2.8 46.2 100.0 
Total 13 6.2 100.0  

Missing System 198 93.8   

Total 211 100.0   
 
 

Would you be able or willing to publicly share the software? - PASP 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 2 1.9 28.6 28.6 

No 5 4.8 71.4 100.0 
Total 7 6.7 100.0  

Missing System 97 93.3   

Total 104 100.0   
 
 

Would you be able or willing to publicly share the software? - NSF 
 Frequency Percent Valid Percent Cumulative Percent 
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Valid Yes 5 4.7 83.3 83.3 
No 1 .9 16.7 100.0 
Total 6 5.6 100.0  

Missing System 101 94.4   

Total 107 100.0   
 
Data sharing: 
 
 
Considering your responses to previous questions, would you be able or willing to publicly share any 

data products associated with this paper that are not currently accessible online by other 
researchers? 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 129 61.1 86.6 86.6 

No 20 9.5 13.4 100.0 
Total 149 70.6 100.0  

Missing System 62 29.4   

Total 211 100.0   
 
 
Considering your responses to previous questions, would you be able or willing to publicly share any 

data products associated with this paper that are not currently accessible online by other 
researchers? - PASP 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 52 50.0 83.9 83.9 

No 10 9.6 16.1 100.0 
Total 62 59.6 100.0  

Missing System 42 40.4   

Total 104 100.0   
 
 
Considering your responses to previous questions, would you be able or willing to publicly share any 

data products associated with this paper that are not currently accessible online by other 
researchers? - NSF 

 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 77 72.0 88.5 88.5 

No 10 9.3 11.5 100.0 
Total 87 81.3 100.0  

Missing System 20 18.7   

Total 107 100.0   
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Could we follow up with you by email to assist with options for sharing data? 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 82 38.9 63.6 63.6 

No 47 22.3 36.4 100.0 
Total 129 61.1 100.0  

Missing System 82 38.9   

Total 211 100.0   
 
 

Could we follow up with you by email to assist with options for sharing data? - PASP 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 35 33.7 67.3 67.3 

No 17 16.3 32.7 100.0 
Total 52 50.0 100.0  

Missing System 52 50.0   

Total 104 100.0   
 
 

Could we follow up with you by email to assist with options for sharing data? - NSF 
 Frequency Percent Valid Percent Cumulative Percent 
Valid Yes 47 43.9 61.0 61.0 

No 30 28.0 39.0 100.0 
Total 77 72.0 100.0  

Missing System 30 28.0   

Total 107 100.0   
 
 

Why are you unable or unwilling to share the data products associated with this paper that are not currently accessible 
online? Select all that apply. - Other reasons (please specify if you wish) - Text 

 Frequency Percent Valid Percent Cumulative Percent 
Valid  191 90.5 90.5 90.5 

-99 11 5.2 5.2 95.7 
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I cannot personally share the data 
because it belongs to the LIGO 
collaboration. The collaboration has 
shared the main gravitational-wave 
strain data publicly. This paper 
makes use of auxiliary data from 
other sensors around the detectors. 
At the time there are not plans (that 
I'm aware of) to make all of this 
data public because it contains 
many data streams that would be 
difficult to interpret, and there is not 
enough personpower to document it 
all in a way that would make it 
useful beyond the collaboration. 

1 .5 .5 96.2 

I no longer work for GMT for 
which this work was done and who 
own the data. 

1 .5 .5 96.7 

Missing data 1 .5 .5 97.2 
No point for a paper with such few 
citations.  The measurements have 
been superseded in any case 
(Leviton, Frey, & Henry 2013) 

1 .5 .5 97.6 

not sure if _I_ can access it still 1 .5 .5 98.1 
Paper is not yet published 1 .5 .5 98.6 
The thing which people use are the 
catalogs, which are available - it's 
unlikely they want my processed 
images from SOAR/APO for a 
handful of clusters or the SALT 
spectra. No one has asked. 

1 .5 .5 99.1 

There was very little data collected 
for the few demonstrations in the 
paper and they have long since been 
deleted as they were not of 
scientific value. These were 
technology demonstrations. 

1 .5 .5 99.5 
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These are trial runs that are not final 
solutions 

1 .5 .5 100.0 

Total 211 100.0 100.0  
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9 Appendix B: Survey Instrument 

 
 

Characterizing	the	Data	Behind	Papers	
 

	

Start	of	Block:	Informed	Consent	

 
Q1 CHARACTERIZING THE DATA BEHIND PAPERS: A SURVEY OF AUTHORS OF 
ASTRONOMY JOURNAL ARTICLES OVER TIME      
 
You are being invited to participate in a survey, which is a component of a dissertation study 
titled “Exploring the Long Tail of Astronomy: A Mixed-Methods Approach to Searching for Dark 
Data.” The following questionnaire should approximately take between 15 and 30 minutes to 
complete. Please complete the questionnaire by June 7, 2019 for a chance to win a $50 (USD) 
Amazon gift card.         
 
The study is being done by Gretchen Stahlman, a PhD Candidate from the University of 
Arizona's School of Information.  The purpose of the project is to examine research practices in 
astronomy, and to develop an understanding of the discoverability and accessibility of various 
astronomical data products through the scholarly literature. The information gathered by the 
survey will also be used in the development of software tools and data management 
infrastructure for open science.  
 
You were chosen to participate because you are the first and/or corresponding author on a paper 
that is represented in a selection of journal articles published over the past several decades. Your 
expertise and knowledge of the data and analysis associated with a specific paper you authored 
can contribute valuable insight to this study.     
  
IMPORTANT! TO COMPLETE THE SURVEY, YOU WILL NEED TO REVIEW AND 
REFER TO THE FOLLOWING PAPER:      
Journal: ${e://Field/Journal}, ${e://Field/Year}, vol. ${e://Field/Volume}, 
issue ${e://Field/Issue} 
Title: ${e://Field/Title} 
 Author(s): ${e://Field/Author} 
 Link (copy/paste): ${e://Field/Link}   
 
The questionnaire presented here will ask about the attributes of your data and your research. 
The questionnaire will also ask a series of questions related to demographic information and your 
career path in general. In certain cases similar questions will be asked to confirm results. 
Furthermore, while some papers in the selected corpus do not correspond to underlying 
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astronomy research data, all responses will contribute to analysis of the survey and accurate 
classification of the papers. Finally, if you are aware of inaccessible and potentially-useful 
research data and software associated with your published journal article, we will offer to follow 
up with options for data sharing.      
 
Your participation is voluntary and you may withdraw from the survey at any time. We believe 
there are no known risks associated with this research study; however, as with any online related 
activity the risk of a breach of confidentiality is always possible.  To the best of our ability your 
answers to the questionnaire will remain confidential. At no time will your actual identity be 
publicly revealed. While your responses will be anonymized, this information taken together 
may allow you to be identified based on your research profile and answers. If you do not wish to 
be identified indirectly, you are encouraged to abstain from the study.  
 
The original data linking your name with your responses will be kept until the project is 
completed on a password-protected hard disk and in a private cloud-based data management 
system, and only I and my primary academic advisor will have access to it. The data you provide 
will be used for my dissertation and may be used as the basis for articles or presentations in the 
future. I won’t use your name or information that would directly identify you in any publications 
or presentations, or in any published dataset.     If you have questions or concerns about this 
research, please contact:  Gretchen Stahlman at gstahlman@email.arizona.edu. You may also 
contact the faculty member supervising this work: Bryan Heidorn, heidorn@email.arizona.edu.      
 
This study is approved by University of Arizona IRB Protocol# 1811061332. If you have 
questions concerning your rights as a research participant, have general questions, concerns or 
complaints or would like to give input about the research and can’t reach the research team, or 
want to talk to someone other than the research team, you may call the University of Arizona 
Human Subjects Protection Program office at (520) 626-6721.  If you would like to contact the 
Human Subjects Protection Program by email, please use the following email address: VPR-
IRB@email.arizona.edu. See the following website for further information: 
http://orcr.arizona.edu/hspp.     By clicking “I agree” below you are indicating that you are at 
least 18 years old, have read and understood this consent form and agree to participate in this 
research study.  Please print a copy of this page for your 
records.                                                                              

o By	proceeding	to	the	survey,	I	acknowledge	that	I	am	at	least	18	years	old,	and	that	I	
have	read	and	understood	this	consent	form	and	agree	to	participate	in	this	research	
study.		(1)		

 
End	of	Block:	Informed	Consent	

	

Start	of	Block:	Questions	About	Your	Paper	
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Q2 To which article category does the paper I've asked you to review primarily belong? 

o Research	paper	or	dissertation	summary		(1)		
o Astronomical	instrumentation,	telescopes,	observatories	and	site	characterization		
(4)		

o Other		(5)		
 
	
Display	This	Question:	

If	To	which	article	category	does	the	paper	I've	asked	you	to	review	primarily	belong?	=	Research	paper	or	
dissertation	summary	

 
Q3 To which subject category does the paper I've asked you to review primarily belong? Select 
the most appropriate response. 

o Cosmology;	Evolution	and	Contents	of	the	Universe		(7)		
o Extragalactic	Astronomy	and	Galaxies	(Including	the	Milky	Way)		(1)		
o Stars	and	Stellar	Evolution		(2)		
o Interstellar	Medium	and	Star	Formation		(3)		
o Brown	Dwarfs,	Planets	and	Planetary	Systems	(Including	the	Solar	System)		(4)		
o Astronomical	software,	data	analysis,	and	techniques		(6)		
o Other		(5)		

 
End	of	Block:	Questions	About	Your	Paper	

	

Start	of	Block:	Question	Area	One	-	Observational	Data	
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Q4 For this paper, did you utilize new observational data that you collected or collaborated in 
collecting? 

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	For	this	paper,	did	you	utilize	new	observational	data	that	you	collected	or	collaborated	in	coll...	=	Yes	

 
Q5 Are all or some of these observational data currently available online for other researchers to 
access? 

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	Are	all	or	some	of	these	observational	data	currently	available	online	for	other	researchers	to	a...	=	Yes	
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Q6 Where are the observational data located online? Select all that apply. 

▢ Astronomical	data	archive		(1)		

▢ Institutional	repository		(2)		

▢ Personal	website		(3)		

▢ General/replication	repository	such	as	Open	Science	Framework,	Dataverse,	
Zenodo,	or	Figshare		(4)		

▢ Other	(specify)		(5)	________________________________________________	
 
	
Display	This	Question:	

If	Are	all	or	some	of	these	observational	data	currently	available	online	for	other	researchers	to	a...	=	Yes	

 
Q7 What kind(s) of these observational data are currently available online? Select all that apply. 

▢ Images		(1)		

▢ Spectral	data		(2)		

▢ Photometric	data		(3)		

▢ Other	(specify)		(4)	________________________________________________	
 
	
Display	This	Question:	

If	Are	all	or	some	of	these	observational	data	currently	available	online	for	other	researchers	to	a...	=	Yes	
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Q8 Where are the observational data that are NOT located online, if any? Select all that apply. 

▢ Physical	media	storage	(plates,	tapes,	etcetera)		(1)		

▢ Individual	or	laboratory	hard	disk		(2)		

▢ Restricted	network		(3)		

▢ Lost		(4)		

▢ Discarded		(5)		

▢ Maintained	by	a	collaborator		(6)		

▢ Other	(specify)		(7)	________________________________________________	

▢ Unsure		(9)		

▢ Not	applicable		(8)		
 
	
Display	This	Question:	

If	Are	all	or	some	of	these	observational	data	currently	available	online	for	other	researchers	to	a...	=	Yes	
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Q9 What kind(s) of observational data are NOT currently available online, if any? Select all that 
apply. 

▢ Images		(1)		

▢ Spectral	data		(2)		

▢ Photometric	data		(3)		

▢ Other	(specify)		(4)	________________________________________________	

▢ Not	applicable		(5)		
 
	
Display	This	Question:	

If	Are	all	or	some	of	these	observational	data	currently	available	online	for	other	researchers	to	a...	=	No	
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Q10 Where are the observational data currently located? Select all that apply. 

▢ Physical	media	storage	(plates,	tapes,	etcetera)		(1)		

▢ Individual	or	laboratory	hard	disk		(2)		

▢ Restricted	network		(3)		

▢ Lost		(4)		

▢ Discarded		(5)		

▢ Maintained	by	a	collaborator		(6)		

▢ Other	(specify)		(7)	________________________________________________	

▢ Unsure		(8)		
 
	
Display	This	Question:	

If	Are	all	or	some	of	these	observational	data	currently	available	online	for	other	researchers	to	a...	=	No	

 
Q11 What kind(s) of these observational data are not currently available online? Select all that 
apply. 

▢ Images		(1)		

▢ Spectral	data		(2)		

▢ Photometric	data		(3)		

▢ Other	(specify)		(4)	________________________________________________	
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End	of	Block:	Question	Area	One	-	Observational	Data	
	

Start	of	Block:	Question	Area	Two	-	Archival	Data	

 
Q12 For this paper, did you utilize existing data obtained through an astronomical data archive?  

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	For	this	paper,	did	you	utilize	existing	data	obtained	through	an	astronomical	data	archive?		=	Yes	
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Q13 What kind(s) of archival data did you utilize? Select all that apply. 

▢ Images		(1)		

▢ Spectral	data		(2)		

▢ Photometric	data		(3)		

▢ Catalog(s)		(4)		

▢ Time	series		(5)		

▢ Astrometry		(6)		

▢ Light	curves		(7)		

▢ Orbital	data		(8)		

▢ Interferometry		(9)		

▢ Event	list(s)		(10)		

▢ Computational	model(s)	or	simulation(s)		(11)		

▢ Other	(specify)		(12)	________________________________________________	
 
	
Display	This	Question:	

If	For	this	paper,	did	you	utilize	existing	data	obtained	through	an	astronomical	data	archive?		=	Yes	
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Q14 In what format(s) are the archival data you utilized? Select all that apply. 

▢ FITS		(1)		

▢ HDF5		(2)		

▢ Plain	text		(3)		

▢ VOTable		(6)		

▢ UVFITS		(8)		

▢ Other	(specify)		(7)	________________________________________________	
 
	
Display	This	Question:	

If	For	this	paper,	did	you	utilize	existing	data	obtained	through	an	astronomical	data	archive?		=	Yes	

 
Q15 If readily available, please provide the name(s) of the astronomical data archive(s) you 
utilized for this paper. 

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	
 
End	of	Block:	Question	Area	Two	-	Archival	Data	

	

Start	of	Block:	Question	Area	Three	-	Article	Data	
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Q16 For this paper, did you utilize data that you discovered through a published journal article? 

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	For	this	paper,	did	you	utilize	data	that	you	discovered	through	a	published	journal	article?	=	Yes	
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Q17 What kind(s) of data did you utilize that were discovered through a published journal 
article? Select all that apply. 

▢ Images		(1)		

▢ Spectral	data		(2)		

▢ Photometric	data		(3)		

▢ Catalog(s)		(4)		

▢ Time	series		(5)		

▢ Astrometry		(6)		

▢ Light	curves		(7)		

▢ Orbital	data		(8)		

▢ Interferometry		(9)		

▢ Event	list(s)		(10)		

▢ Computational	model(s)	or	simulation(s)		(11)		

▢ Other	(specify)		(12)	________________________________________________	
 
	
Display	This	Question:	

If	For	this	paper,	did	you	utilize	data	that	you	discovered	through	a	published	journal	article?	=	Yes	
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Q18 In what format(s) are the data you utilized that were discovered through a published journal 
article? Select all that apply. 

▢ FITS		(1)		

▢ HDF5		(2)		

▢ Plain	text		(3)		

▢ VOTable		(6)		

▢ UVFITS		(7)		

▢ Other	(specify)		(8)	________________________________________________	
 
End	of	Block:	Question	Area	Three	-	Article	Data	

	

Start	of	Block:	Question	Area	Four	-	Researcher	Data	

 
Q19 For this paper, did you utilize data obtained directly from another researcher or team? 

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	For	this	paper,	did	you	utilize	data	obtained	directly	from	another	researcher	or	team?	=	Yes	
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Q20 What kind(s) of data obtained directly from another researcher or team did you utilize? 
Select all that apply. 

▢ Images		(1)		

▢ Spectral	data		(2)		

▢ Photometric	data		(3)		

▢ Catalog(s)		(4)		

▢ Time	series		(5)		

▢ Astrometry		(6)		

▢ Light	curves		(7)		

▢ Orbital	data		(8)		

▢ Interferometry		(9)		

▢ Event	list(s)		(10)		

▢ Computation	model(s)	or	simulation(s)		(11)		

▢ Other	(specify)		(12)	________________________________________________	
 
	
Display	This	Question:	

If	For	this	paper,	did	you	utilize	data	obtained	directly	from	another	researcher	or	team?	=	Yes	

 



243 
 

Q21 In what format(s) are the data you obtained directly from another researcher or team? Select 
all that apply. 

▢ FITS		(1)		

▢ HDF5		(2)		

▢ Plain	text		(3)		

▢ VOTable		(6)		

▢ UVFITS		(7)		

▢ Other	(specify)		(8)	________________________________________________	
 
End	of	Block:	Question	Area	Four	-	Researcher	Data	

	

Start	of	Block:	Question	Area	Five	-	Simulated	Data	

 
Q22 Did you create simulated data models for this paper? 

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	Did	you	create	simulated	data	models	for	this	paper?	=	Yes	
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Q23 Are all or some of the simulated data and software currently available online for other 
researchers to access? 

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	Are	all	or	some	of	the	simulated	data	and	software	currently	available	online	for	other	researche...	=	Yes	

 
Q24 Where are the simulated data and software currently located online? Select all that apply. 

▢ Astronomical	data	archive		(1)		

▢ Institutional	repository		(2)		

▢ Personal	website		(3)		

▢ General/replication	repository	such	as	Open	Science	Framework,	Dataverse,	
Zenodo,	or	Figshare		(4)		

▢ GitHub		(6)		

▢ Other	(specify)		(5)	________________________________________________	
 
	
Display	This	Question:	

If	Are	all	or	some	of	the	simulated	data	and	software	currently	available	online	for	other	researche...	=	Yes	
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Q25 Where are the simulated data and software that are NOT located online, if any? Select all 
that apply. 

▢ Physical	media	storage	(plates,	tapes,	etcetera)		(1)		

▢ Individual	or	laboratory	hard	disk		(2)		

▢ Restricted	network		(3)		

▢ Lost		(4)		

▢ Discarded		(5)		

▢ Maintained	by	a	collaborator		(6)		

▢ Other	(specify)		(7)	________________________________________________	

▢ Unsure		(10)		

▢ Not	applicable		(9)		
 
	
Display	This	Question:	

If	Are	all	or	some	of	the	simulated	data	and	software	currently	available	online	for	other	researche...	=	No	
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Q26 Where are the simulated data and software that are not located online? Select all that apply. 

▢ Physical	media	storage	(plates,	tapes,	etcetera)		(1)		

▢ Individual	or	laboratory	hard	disk		(2)		

▢ Restricted	network		(3)		

▢ Lost		(4)		

▢ Discarded		(5)		

▢ Maintained	by	a	collaborator		(6)		

▢ Other	(specify)		(7)	________________________________________________	

▢ Unsure		(9)		

▢ Not	Applicable		(8)		
 
End	of	Block:	Question	Area	Five	-	Simulated	Data	

	

Start	of	Block:	Question	Area	Six	-	Enhanced	Data	

 
Q27 For this paper, did you create new or enhanced data products? 

o Yes		(1)		
o No		(2)		
o Unsure		(3)		
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Display	This	Question:	

If	For	this	paper,	did	you	create	new	or	enhanced	data	products?	=	Yes	

 
Q28 Are all or some of the new or enhanced data available online for other researchers to 
access? 

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	Are	all	or	some	of	the	new	or	enhanced	data	available	online	for	other	researchers	to	access?	=	Yes	

 
Q29 Where are the new or enhanced data you created that are currently available online? Select 
all that apply. 

▢ Astronomical	data	archive		(1)		

▢ Institutional	repository		(2)		

▢ Personal	website		(3)		

▢ General/replication	repository	such	as	Open	Science	Framework,	Dataverse,	
Zenodo,	or	Figshare		(4)		

▢ Other	(specify)		(5)	________________________________________________	
 
	
Display	This	Question:	

If	Are	all	or	some	of	the	new	or	enhanced	data	available	online	for	other	researchers	to	access?	=	Yes	
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Q30 What kind(s) of new or enhanced data did you create that are currently available online? 
Select all that apply. 

▢ Images		(1)		

▢ Spectral	data		(2)		

▢ Photometric	data		(3)		

▢ Catalog(s)		(4)		

▢ Time	series		(5)		

▢ Astrometry		(6)		

▢ Light	curves		(7)		

▢ Orbital	data		(8)		

▢ Interferometry		(9)		

▢ Event	list(s)		(10)		

▢ Computational	model(s)	or	simulation(s)		(11)		

▢ Other	(specify)		(12)	________________________________________________	
 
	
Display	This	Question:	

If	Are	all	or	some	of	the	new	or	enhanced	data	available	online	for	other	researchers	to	access?	=	Yes	
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Q31 In what format(s) are the new or enhanced data you created that are currently available 
online? Select all that apply. 

▢ FITS		(1)		

▢ HDF5		(2)		

▢ Plain	text		(3)		

▢ VOTable		(6)		

▢ UVFITS		(7)		

▢ Other	(specify)		(8)	________________________________________________	
 
	
Display	This	Question:	

If	Are	all	or	some	of	the	new	or	enhanced	data	available	online	for	other	researchers	to	access?	=	Yes	
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Q32 Where are the new or enhanced data you created that are NOT currently available online, if 
any? Select all that apply. 

▢ Physical	media	storage	(plates,	tapes,	etcetera)		(1)		

▢ Individual	or	laboratory	hard	disk		(2)		

▢ Restricted	network		(3)		

▢ Lost		(4)		

▢ Discarded		(5)		

▢ Maintained	by	a	collaborator		(6)		

▢ Other	(specify)		(7)	________________________________________________	

▢ Unsure		(9)		

▢ Not	applicable		(8)		
 
	
Display	This	Question:	

If	Are	all	or	some	of	the	new	or	enhanced	data	available	online	for	other	researchers	to	access?	=	Yes	
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Q33 What kind(s) of new or enhanced data are NOT currently available online, if any? Select all 
that apply. 

▢ Images		(1)		

▢ Spectral	data		(2)		

▢ Photometric	data		(3)		

▢ Catalog(s)		(4)		

▢ Time	series		(5)		

▢ Astrometry		(6)		

▢ Light	curves		(7)		

▢ Orbital	data		(8)		

▢ Interferometry		(9)		

▢ Event	list(s)		(10)		

▢ Computational	model(s)	or	simulation(s)		(11)		

▢ Other	(specify)		(12)	________________________________________________	

▢ Not	applicable		(13)		
 
	
Display	This	Question:	

If	Are	all	or	some	of	the	new	or	enhanced	data	available	online	for	other	researchers	to	access?	=	Yes	
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Q34 In what format(s) are the new or enhanced data you created that are NOT currently 
available online, if any? Select all that apply. 

▢ FITS		(1)		

▢ HDF5		(2)		

▢ Plain	text		(3)		

▢ VOTable		(6)		

▢ UVFITS		(7)		

▢ Other	(specify)		(8)	________________________________________________	

▢ Not	applicable		(9)		
 
	
Display	This	Question:	

If	Are	all	or	some	of	the	new	or	enhanced	data	available	online	for	other	researchers	to	access?	=	No	
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Q35 Where are the new or enhanced data you created that are not currently available online? 
Select all that apply. 

▢ Physical	media	storage	(plates,	tapes,	etcetera)		(1)		

▢ Individual	or	laboratory	hard	disk		(2)		

▢ Restricted	network		(3)		

▢ Lost		(4)		

▢ Discarded		(5)		

▢ Maintained	by	a	collaborator		(6)		

▢ Other	(specify)		(7)	________________________________________________	

▢ Unsure		(9)		

▢ Not	applicable		(8)		
 
	
Display	This	Question:	

If	Are	all	or	some	of	the	new	or	enhanced	data	available	online	for	other	researchers	to	access?	=	No	
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Q36 What kind(s) of new or enhanced data are not currently available online? Select all that 
apply. 

▢ Images		(1)		

▢ Spectral	data		(2)		

▢ Photometric	data		(3)		

▢ Catalog(s)		(4)		

▢ Time	series		(5)		

▢ Astrometry		(6)		

▢ Light	curves		(7)		

▢ Orbital	data		(8)		

▢ Interferometry		(9)		

▢ Event	list(s)		(10)		

▢ Computational	model(s)	or	simulation(s)		(11)		

▢ Other	(specify)		(12)	________________________________________________	
 
	
Display	This	Question:	

If	Are	all	or	some	of	the	new	or	enhanced	data	available	online	for	other	researchers	to	access?	=	No	
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Q37 In what format(s) are the new or enhanced data you created that are not currently available 
online? Select all that apply. 

▢ FITS		(1)		

▢ HDF5		(2)		

▢ Plain	text		(3)		

▢ VOTable		(6)		

▢ UVFITS		(7)		

▢ Other	(specify)		(8)	________________________________________________	
 
End	of	Block:	Question	Area	Six	-	Enhanced	Data	

	

Start	of	Block:	Question	Area	Seven	-	Requests	for	Data	

 
Q38 Has another researcher or team ever asked you for data associated with this paper?  

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	Has	another	researcher	or	team	ever	asked	you	for	data	associated	with	this	paper?		=	Yes	

 
Q39 Did you share the data with the other researcher(s) upon request? 

o Yes		(1)		
o No		(2)		
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End	of	Block:	Question	Area	Seven	-	Requests	for	Data	
	

Start	of	Block:	Question	Area	Eight	-	Software	Sharing	

 
Q40 Is specialized software required to understand or reuse the data associated with this paper? 

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	Is	specialized	software	required	to	understand	or	reuse	the	data	associated	with	this	paper?	=	Yes	

 
Q41 Is the software accessible online by other researchers? 

o Yes		(1)		
o No		(2)		
o Unsure		(3)		

 
	
Display	This	Question:	

If	Is	the	software	accessible	online	by	other	researchers?	=	Yes	

 
Q42 Where is the software located online? Please specify. 

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	
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Display	This	Question:	

If	Is	the	software	accessible	online	by	other	researchers?	=	No	

 
Q43 Would you be able or willing to publicly share the software? 

o Yes		(1)		
o No		(2)		

 
	
Display	This	Question:	

If	Would	you	be	able	or	willing	to	publicly	share	the	software?	=	No	

 
Q44 Why are you unable or unwilling to share the software? Select all that apply. 

▢ Proprietary	reasons		(1)		

▢ Software	is	missing		(2)		

▢ Don't	want	to	share		(3)		

▢ Lack	of	documentation		(4)		

▢ Software	quality		(5)		

▢ Effort	required	to	support	the	software		(6)		

▢ Other	(specify)		(7)	________________________________________________	
 
End	of	Block:	Question	Area	Eight	-	Software	Sharing	

	

Start	of	Block:	Question	Area	Nine	-	Data	Sharing	

 



258 
 

Q45 Considering your responses to previous questions, would you be able or willing to publicly 
share any data products associated with this paper that are not currently accessible online by 
other researchers? 

o Yes		(1)		
o No		(2)		
o Not	applicable		(4)		

 
	
Display	This	Question:	

If	Considering	your	responses	to	previous	questions,	would	you	be	able	or	willing	to	publicly	share...	=	Yes	

 
Q46 Could we follow up with you by email to assist with options for sharing data? 

o Yes		(1)		
o No		(2)		

 
	
Display	This	Question:	

If	Considering	your	responses	to	previous	questions,	would	you	be	able	or	willing	to	publicly	share...	=	No	
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Q47 Why are you unable or unwilling to share the data products associated with this paper that 
are not currently accessible online? Select all that apply. 

▢ Complexity	of	data		(1)		

▢ Size	of	data		(2)		

▢ Quality	of	data		(3)		

▢ Insufficient	time	to	make	data	available		(4)		

▢ Lack	of	funding		(5)		

▢ Data	would	not	be	useful	to	others		(6)		

▢ Lack	of	appropriate	repository		(7)		

▢ Proprietary	reasons		(8)		

▢ Data	could	be	reused	improperly		(9)		

▢ Data	are	held	by	another	institution	or	collaborator		(10)		

▢ Other	reasons	(please	specify	if	you	wish)		(11)	
________________________________________________	

 
End	of	Block:	Question	Area	Nine	-	Data	Sharing	

	

Start	of	Block:	Question	Area	Ten	-	Additional	Paper	Questions	
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Q48 Which type(s) of astronomical observations produced the research documented in this 
paper, if any? Select all that apply. 

▢ Gamma-ray		(1)		

▢ X-ray		(2)		

▢ Ultraviolet		(3)		

▢ Visible		(4)		

▢ Infrared		(5)		

▢ Microwave		(6)		

▢ Radio		(7)		

▢ Submillimeter		(8)		

▢ Gravitational	Wave		(9)		

▢ Other	(specify)		(10)	________________________________________________	

▢ Not	applicable		(11)		
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Q49 Which agency or agencies funded the research presented in this paper? Select all that apply. 

▢ NASA		(1)		

▢ NSF		(2)		

▢ DOE		(3)		

▢ DOD		(4)		

▢ Institutional	or	university	support		(5)		

▢ Private	foundation(s)		(6)		

▢ International	(Non-U.S.)	agency		(7)		

▢ Other	(specify)		(8)	________________________________________________	

▢ Not	applicable		(9)		
 
	
Display	This	Question:	

If	Which	agency	or	agencies	funded	the	research	presented	in	this	paper?	Select	all	that	apply.	!=	Not	
applicable	

 
Q50 If readily available, please provide the grant number(s) and funding amount(s) of the agency 
or agencies that supported this research. 

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	



262 
 

 
	

 
Q51 Please feel free to share any other information about this paper and associated data that may 
be relevant to this questionnaire and study. 

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	

________________________________________________________________	
 
End	of	Block:	Question	Area	Ten	-	Additional	Paper	Questions	

	

Start	of	Block:	Questions	About	You	

 
Q52 For the purpose of verifying your publication history, what is your full name? 

________________________________________________________________	
 
	
 
Q53 What is the highest university degree you have earned? 

o Ph.D.		(1)		
o Master's		(2)		
o Bachelor's		(3)		
o No	degree		(4)		
o Other		(5)		
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Q54 In what year did you earn your highest university degree? 

________________________________________________________________	
 
	
 
Q55 Where did you earn your highest university degree? 

o In	the	United	States	or	its	Territories		(1)		
o Outside	the	United	States	or	its	Territories		(2)		

 
	
 
Q56 In what field is your highest university degree? 

o Astronomy	or	astrophysics		(1)		
o Physics		(2)		
o Planetary	science		(3)		
o Engineering		(4)		
o Mathematics		(5)		
o Other	(specify)		(6)	________________________________________________	
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Q57 What is your current employment status? 

o Employed,	full-time		(1)		
o Employed,	part-time		(2)		
o Postdoc		(3)		
o Student		(4)		
o Retired		(5)		
o Not	employed		(6)		

 
	
Display	This	Question:	

If	What	is	your	current	employment	status?	=	Employed,	full-time	

Or	What	is	your	current	employment	status?	=	Employed,	part-time	

 
Q58 In what type of position are you currently employed? 

o Permanent	or	potentially	permanent		(1)		
o Temporary		(2)		
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Q59 What is your current or most recent primary field of employment? Select the most 
appropriate response. 

o Astronomy		(1)		
o Physics		(2)		
o Medical	or	Health		(3)		
o Hardware		(4)		
o Engineering		(5)		
o Earth	Science	or	Geology		(6)		
o Business	and	Finance		(7)		
o Education,	formal	and	informal		(8)		
o Software		(9)		
o Other		(10)		

 
	
 



266 
 

Q60 Who is your current or most recent primary employer? Select the most appropriate 
response. 

o University	or	4-year	college		(1)		
o Government	laboratory	or	research	facility		(2)		
o Observatory		(3)		
o Research	Institute		(4)		
o Industry		(5)		
o Other	government	agency		(6)		
o Self-employed		(7)		
o 2-year	college		(8)		
o Planetarium	or	museum		(9)		
o Secondary	school		(10)		
o Other		(11)		

 
	
Display	This	Question:	

If	What	is	your	current	employment	status?	=	Employed,	full-time	

Or	What	is	your	current	employment	status?	=	Employed,	part-time	

Or	What	is	your	current	employment	status?	=	Retired	
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Q61 If you hold an academic affiliation, what is your current academic status? 

o Tenured		(1)		
o Tenure-track		(2)		
o Soft	money		(3)		
o Long	term	(but	not	tenured)		(4)		
o Other		(5)		
o Not	applicable		(6)		
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Q62 What are the main professional activities of your current or most recent position? Select all 
that apply. 

▢ Teaching		(1)		

▢ Devising	and/or	conducting	observations		(2)		

▢ Development	of	theory		(3)		

▢ Instrumentation	and/or	telescope	design		(4)		

▢ Data	visualization	and/or	data	mining		(5)		

▢ Education	and/or	public	outreach		(6)		

▢ Management	and/or	administration		(7)		

▢ Data	analysis		(8)		

▢ Laboratory	astrophysics		(9)		

▢ Other	research		(10)		

▢ Software	development	and/or	IT		(11)		

▢ Other		(12)		

▢ Not	applicable		(13)		
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Q63 What are your primary scientific areas of interest? Select all that apply. 

▢ The	Sun		(1)		

▢ Solar	System	/	Space	Physics		(2)		

▢ Planetary	Studies		(3)		

▢ Exoplanets		(4)		

▢ Stellar	Atmospheres	/	Interiors		(5)		

▢ Stellar	Evolution	(i.e.	Supernovae,	Formation)		(6)		

▢ Stars	(i.e.	Clusters,	Kinematics,	etcetera)		(7)		

▢ Interstellar	Matter	/	Dust		(8)		

▢ The	Milky	Way		(9)		

▢ Normal	Galaxies		(10)		

▢ Active	Galaxies	/	Quasars		(11)		

▢ Extragalactic	(i.e.	Clusters,	Surveys,	Intergalactic	Medium,	etcetera)		(12)		

▢ Cosmology		(13)		

▢ High	Energy	Astrophysics	(i.e.	Gamma-rays,	X-rays,	cosmic	rays)		(14)		

▢ Astronomical	Instruments	&	Techniques		(15)		
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▢ Astronomy	Education		(16)		

▢ Other	(please	specify)		(17)	________________________________________________	

▢ Not	applicable		(18)		
 
	
 
Q64 What type(s) of astronomy research do you typically engage in? Select all that apply. 

▢ Instrumentation		(1)		

▢ Theoretical		(2)		

▢ Observational		(3)		

▢ Other	(please	specify)		(4)	________________________________________________	

▢ Not	applicable		(5)		
 
	
Display	This	Question:	

If	What	type(s)	of	astronomy	research	do	you	typically	engage	in?	Select	all	that	apply.	=	Observational	
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Q65 Which type(s) of observations do you typically work with for your research in astronomy? 
Select all that apply. 

▢ Gamma-rays		(1)		

▢ X-rays		(2)		

▢ Ultraviolet		(3)		

▢ Optical		(4)		

▢ Infrared		(5)		

▢ Submillimeter		(6)		

▢ Microwave		(7)		

▢ Radio		(8)		

▢ Other	(please	specify)		(9)	________________________________________________	

▢ Not	applicable		(10)		
 
	
 
Q66 What is your nationality? 

o United	States	citizen		(1)		
o Not	a	United	States	citizen	(please	specify	country	of	citizenship)		(2)	
________________________________________________	

o Prefer	not	to	respond		(3)		
 
	



272 
 

 
Q67 What is your ethnicity? Select all that apply. 

o American	Indian	or	Alaska	Native		(1)		
o Asian	or	Asian	American		(2)		
o Black	or	African	American		(3)		
o Hispanic	or	Latino		(4)		
o Native	Hawaiian	or	Other	Pacific	Islander		(5)		
o White		(6)		
o Other		(7)		
o Prefer	not	to	respond		(8)		

 
	

 
 
Q68 What is your year of birth? 

________________________________________________________________	
 
	
 
Q69 What is your gender? 

o Female		(1)		
o Male		(2)		
o Other		(3)		
o Prefer	not	to	respond		(5)		

 
End	of	Block:	Questions	About	You	

	

Start	of	Block:	Conclusion	
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Q70 Thank you for completing the survey!  
You now have an opportunity to win one of six Amazon gift cards ($50 each)! 
 Would you like to be included in the raffle? (If you select "Yes", please note that we will only 
send notification to the winners.) 

o Yes		(1)		
o No		(2)		

 
End	of	Block:	Conclusion	
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10 Appendix C: Interview Instructions and Topic Guide 

 
 

Think Aloud Exercise Description and Guidelines 
 
Today I am asking you to assist me with a decision-making task. I have provided 
you with five printed astronomy journal articles published in Publications of the 
Astronomical Society of the Pacific. In addition to the printed copies of the papers, 
I am also providing you with access to the electronic versions of the articles. 
 
For each article, I want to know the following specific information: 
 
4. What	are	the	data	products	underlying	the	published	research	(ranging	
from	raw	data	to	high	level	science	products)?	

5. Which	of	these	data	could	be	useful,	
a. to	guide	new	research,	
b. and/or	for	scientific	validation	or	reproducibility?	

6. Is	the	underlying	data	easily	located	and	readily	accessible	online?	
 
The purpose of the exercise is to assess the accuracy of a heuristic I’ve developed 
to classify articles that may correspond to currently-inaccessible and potentially-
valuable underlying data. In determining whether data associated with an 
article can be easily discovered and accessed, you may utilize the printed text, 
the electronic publications, and any other online sources of information. 
 
Instructions for the exercise are as follows: 
 
1. As	you	determine	the	answers	to	the	three	questions	provided	above,	
please	verbally	articulate	as	much	as	possible	your	process	of	thinking	
and	searching	for	information	within	and	associated	with	the	articles.	

2. Please	mark	up	the	paper	copy	of	each	article	by	underlining	or	
otherwise	flagging	any	in-text	references	you	encounter	to	a)	data,	b)	
software,	c)	facilities	and	instruments,	and	d)	data	archives.		

3. You	may	add	any	other	notes	you	like	to	the	paper	articles.	
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Prior to beginning the exercise, I will ask you to sign the informed consent form 
that was sent to you by email, and return it to me. 
 
I will not intervene, except to remind you to continue speaking aloud. You may 
stop the task at any time, for any reason. You may ask questions at any time. You 
will decide when the task is completed for each article.  
 
The session will be audio recorded, and I will observe your decision-making 
process and take notes. 
 
Bear in mind that you are not being tested on anything, and you cannot do anything 
wrong. I am simply requesting your advice to assess the quality of the heuristic 
I’ve proposed. 
 
We only have approximately ~30 minutes for this portion of today’s interview. I 
will monitor the time and will bring the exercise to a close after 30 minutes, 
regardless of how many articles you have reviewed. You may choose the order in 
which you review the articles (including to select or prioritize preferred articles). 
There is no rush! Please proceed at your most comfortable pace. 
 
At the conclusion of the exercise, you will have an opportunity to discuss the 
process and share additional thoughts or insights about the task and heuristics. This 
“Think Aloud” portion of the interview will be followed by a semi-structured 
discussion about your experiences, workflows and data practices. 
 
Finally, the following questions are provided simply as helpful prompts for 
directing your thinking about the decision-making task at hand: 
 

• What	are	the	primary	analytic	techniques	implemented	by	the	authors?	
• Which	facilities,	instruments	and/or	data	archives	contributed	to	this	
research?	

• Do	you	believe	this	paper	likely	corresponds	to	currently-inaccessible	
data	that	could	be	used	for	replicability	and/or	new	discovery?	

• If	so,	what	kind	of	data?	
• If	so,	how	might	this	data	be	located?	
• What	characteristics	of	the	paper	and/or	other	indicators	made	you	
arrive	to	this	conclusion?	
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Thank you for agreeing to participate in this research project and for sharing your 
expertise as an astronomer! 

 
Topic Guide 

 
 
What is your primary research area/subfield? 
 
Do you have any other institutional affiliations? 
 
How do you typically collect your astronomical research data?  
 
What facilities (instruments, telescopes, observatories) do you use? 
 
Do you use archival data? 
 
Do you use data obtained from other researchers? 
 
What sorts of collaborations do you typically engage in? How large? With particular institutions? 
How do you communicate and conduct your analyses? 
 
Do you personally have data not currently shared/curated that could be useful to other 
researchers and/or to support your published work? 
 
If so, in what format, and what are the barriers to sharing? 
 
If so, what approximate volume? 
 
Where/how do you typically publish your own processed/non-mission data? 
 
What repository characteristics/features would incentivize you to upload and share your data? 
 
Would you be willing to answer any follow up questions by email? 
 
Would you be willing to take a pilot survey? 
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11 Appendix D: Protocol Analysis  

 
Table D1: Example coded search (P.2) 
Select So from the abstract it's not obvious what the kind of underlying data 

are 
Scan So from the abstract it's not obvious what the kind of underlying data 

are 
Select Go to the importance of early time in identification of supernovae 

Okay that's core classification 
Scan Go to the importance of early time in identification of supernovae 

Okay that's core classification 
Scan Table 1, Supernovae Spectral Database 
Specify Table 1, Supernovae Spectral Database 
Specify Data from Poznanski listed in the upper part of the table. Spectral work 

study listed below. No station corrections, extra values as referenced 

Select So there's not any new data in this paper but they're looking at a 
compendium of data from previous papers 

Specify So there's not any new data in this paper but they're looking at a 
compendium of data from previous papers 

Select This is all just reproduced from other works and then this plot looks 
like analysis stuff 

Specify This is all just reproduced from other works and then this plot looks 
like analysis stuff 

Recognize Dissolution of delay times 
Specify This looks like this is maybe 60 objects so that's probably additional 

data of the delay times that's going into this plot 
Specify So the delay times should be in their sample, in the sample that they're 

using here, but the delay times are actually listed in the table 

Select So basically this is a classic paper from a collaboration where they 
post a bunch of stuff and then they synthesize it all but if you wanted 
to reproduce it yourself you'd have to look up these 13 different papers 
and pull out the data from all them and all those papers probably don't 
have the data in any systematic way 
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Information So basically this is a classic paper from a collaboration where they 
post a bunch of stuff and then they synthesize it all but if you wanted 
to reproduce it yourself you'd have to look up these 13 different papers 
and pull out the data from all them and all those papers probably don't 
have the data in any systematic way 

Select This would be really frustrating trying to reproduce underlying data 
used to make the paper happen 

Select What they're showing here is just a summary so I would say this paper 
basically has no new, actual data. It's just a synthesis. You can't even 
build any new research or validating or reproducing the work here 
would be incredibly tedious 

Specify What they're showing here is just a summary so I would say this paper 
basically has no new, actual data. It's just a synthesis. You can't even 
build any new research or validating or reproducing the work here 
would be incredibly tedious 

Select I'm not even going to try and find any data online here because I know 
that this group has worked on supernova data releases over the years 
but they're not very good at it 

Metainformation I'm not even going to try and find any data online here because I know 
that this group has worked on supernova data releases over the years 
but they're not very good at it 

Metainformation This paper's old enough and to find the data you'd have to go into the 
old papers and figure out what the referencing and I'm not even sure 
what subset of data that they have released. I know that they're not 
very organized or consistent about anything 

Search We can give it all the old Berkeley Supernova Spectra Database 
Specify We can give it all the old Berkeley Supernova Spectra Database 
Search So what we can search for spectrum type or wavelength coverage or 

date range or instrument. I can't search by supernova name or 
anything. Oh good, there's an object table 

Search So let's just try, what's the first one, Supernova 1994 D 
Search No results found 
Search Okay let's try a more recent one. How about 2002 AP? 
Search So if unclick all these, I don't know 
Search I'll try this, 2002 AP 
Search Ah, alright, so that made something happen 
Information So there's a bunch of spectra here 
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Specify This paper says they have 19 epochs, I think what this is trying to say. 
Does this look like 19 spectra? Well, maybe. And the reference is 2003 
PASP which is not this paper. So the reference listed here shows JP 
2003 PASP Foley 

Information This paper says they have 19 epochs, I think what this is trying to say. 
Does this look like 19 spectra? Well, maybe. And the reference is 2003 
PASP which is not this paper. So the reference listed here shows JP 
2003 PASP Foley 

Select This is the paper that they reference, where again, you know the best 
source of the actual data is gonna be 

Select Well, okay, this is maybe less bad than I thought it would be 
Metainformation I know the people involved in this project I know have a supernova 

database which, because it was published like literally ten years after 
this paper you'd have no way to know about the existence of the data if 
you were just looking at the paper by itself 

Information That being said, you know, okay we've got ourselves a spectrum 
Information Presumably that slim file download actually lets you access the data. It 

would be very obnoxious to let you plot the data but not actually 
provide the tabular form 

Select Other than that the paper is really all about some derived products 
from these data 
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