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Abstract

This thesis comprises an empirical case study of scientific data production in
oceanography and a philosophical analysis of the relations between newly
created scientific data and the natural world. Based on qualitative interviews
with researchers, | reconstruct research practices that lead to the ongoing
production of digital data related to long-term developments of plankton
biodiversity in the oceans. My analysis is centred on four themes: materiality,
scientific representing with data, methodological continuity, and the contribution
of non-scientists to epistemic processes. These are critically assessed against
the background of today’s data-intensive sciences and increased automation
and remoteness in oceanographic practices. Sciences of the world’s oceans
have by and large been disregarded in philosophical scholarship thus far. My
thesis opens this field for philosophical analysis and reveals various conditions
and constraints of data practices that are largely uncontrollable by ocean
scientists. | argue that the creation of useful scientific data depends on the
implementation and preservation of material, methodological, and social
continuities. These allow scientists to repeatedly transform visually perceived
characteristics of research samples into meaningful scientific data stored in a
digital database. In my case study, data are not collected but result from active
intervention and subsequent manipulation and processing of newly created
material objects. My discussion of scientific representing with data suggests that
scientists do not extract or read any intrinsic representational relation between
data and a target, but make data gradually more computable and compatible
with already existing representations of natural systems. My arguments shed
light on the epistemological significance of materiality, on limiting factors of
scientific agency, and on an inevitable balance between changing conditions of

concrete research settings and long-term consistency of data practices.
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Chapter One — Introduction: What is “in-between” science

and the world?

This thesis is about the genesis of digital scientific data. It tracks a variety of
activities and research practices that underpin the creation of data and shape
the scientific knowledge of natural systems. These activities and research
practices are not performed in empty space. My thesis reconstructs the
conditions and constraints of data practices that result from the material,
methodological, technological, economic, and social constraints of studying a
dynamic natural system as vast, unexplored, and inaccessible as the world’s
oceans and the ecosystems therein. How scientists balance between these
variously controllable constraints and manage to generate meaningful scientific

data is the leading question of this thesis.

Oceans cover seventy percent of the Earth’s surface and are crucial
components of its climate system. They are the habitat of innumerable living
organisms, including our planet’s smallest and largest animals. Terrestrial life
and societies are deeply affected by the oceans and depend on the biological,
physical, and chemical conditions of the seas in various ways. For centuries,
thinkers and scientists have made efforts to study oceanic processes, but the
physical nature of the seas causes serious constraints for the abilities to

observe and record, let alone understand, these processes.

Scientific communities and institutions are today’s main players in studying
natural processes and their effects on societies. Observing, tracking, recording,
communicating, and making sense of both natural and anthropogenic
processes are among the main activities of these communities and institutions.
Ocean sciences are, as many other sciences, a research field in which groups,
research projects, or even entire institutions have specialised in one of these
activities. For this thesis, | have studied the research practices of an
oceanographic institution that has specialised since the middle of the twentieth
century on continuously recording populations and biodiversity of oceanic

plankton and communicates these records to ocean scientists, environmental



monitoring agencies, and policy makers. Oceanic plankton comprise all plants
and animals that passively drift with the ocean currents, produce around half of

the earth’s oxygen by photosynthesis, and underpin the marine food web.

Sciences that study the natural environment rely heavily on the ongoing
production, the dissemination, and long-term storage of scientific data. |
investigate how plankton populations and biodiversity can be recorded and how
such records are prepared for dissemination so that they can be used by
scientists to advance the understanding of oceanic processes. More specifically,
the subject matter of this thesis is the space in which science and scientific
technologies make physical contact with the natural environment and with the
creatures that populate the oceans, including plankton organisms as well as
seafarers, who play a crucial role in the production of plankton data in my case

study.

My thesis explores the space “in-between” science and the world and provides
arguments for the epistemological significance of processes, practices, and
people that occupy this space. Many of these practices and people are involved
in the creation of scientific data. The term “in-between” may suggest a clear
separation between a world that contains the objects studied by researchers
and the scientific practices and knowledge that describe and explain these
objects. However, my thesis demonstrates that the practices and people in-
between are integral parts of sciences, though they are often driven or affected
by processes that are external to science and beyond the control of

researchers.

Today’s natural sciences, ranging from astronomy to physics, biology, and
environmental sciences like oceanography, are embracing technologies which
enable the production of highly standardised data products in unprecedented
volumes. New technologies also make data readily available to global scientific
communities using the world wide web, while the speed at which large volumes
of data can be analysed has steadily increased. Using attributions like “data-
centric” or “data-intensive”, many scholars have focused on the “escalating”,
high-volume, and high-speed end of the spectrum of scientific practices and

explain how these developments fundamentally transform scientific practices,
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including modes of scientific collaboration, differentiation of labour, and methods
of scientific reasoning. While some scientific areas such as molecular biology or
particle physics have drawn much attention from scholars, the great diversity of
scientific data and associated practices are still sparsely mapped and
accounted for by empirical and qualitative scholarship in philosophy of science.
In this thesis, the large-scale transformations of science and societies due to
new technologies form part of the context in which researchers create scientific

data for the study of oceanic processes.

Although new technologies have reconfigured scientific practices on many
levels and changed the status of data in science and societies, the
transformations and implications of “data-centrism” unfold at the surface of
epistemological problems that have been central to philosophy of science for a
very long time and have not disappeared: How to observe, represent, and
understand the natural world. My thesis addresses these underlying problems
by focusing on the birth and development of digital scientific data. The broad
reconfigurations of scientific practices have frequently made databases, data
banks, and the associated practices of aggregating and re-distributing data the
primary objects of investigation. With my thesis, | intend to shift the focus to
specific, local practices that are required for digital data to come into existence

in the first place.

Akin to Fleck (1935) elucidating the genesis and development of a scientific
fact, my thesis is an attempt to unravel the birth and development of digital
scientific data, originating in physical interactions between the seas and
research technology, in opportunistic collaborations with seafarers, and in
various “hands-on”, manual activities in the lab. Fleck argued in 1935 that
scientific facts are not discovered but actively constructed as well as culturally
and historically conditioned. My thesis builds on the crucial insight that the
outcomes of research practices, including scientific data, despite the
etymological meaning of the word “data” as something “given”, must be
conceived as products shaped by the context of their creation. | argue that what
scientists may perceive as resources today — interconnected digital data

scattered across a multiplicity of databases — are products of creative practices

11



which are not conceived by isolated creative minds, but the outcome of an
assemblage of minds, materials, and technologies. These practices constitute
certain kinds of continuities — material, methodological, and social — that
occupy the space in-between science and the natural world and nurture

researcher’s databases and our knowledge of the environment.

The practices of making scientific data are driven by an underlying tension
which my thesis brings to light and which has occupied philosophers in a variety
of ways for thousands of years. This is a tension between change and
continuity. Change, in a very general sense, is alteration of a thing in time
(Mortensen 2015); continuity is the absence of gaps or jumps (Bell 2013). The
creation of scientific data that are usable for scientific reasoning about long-term
changes of dynamic natural systems requires continuity on a variety of levels:
samples of organisms must be preserved, methods of sampling and
manipulation must remain consistent, specific expertise must pass to new
generations of researchers, resources and funding must be available for lengths
of time that exceed the common life cycle of research projects. Long-term
changes in the object of study require these continuities; but at the same time,
research practices themselves are affected by changes that are beyond their
control: decay or wear and tear of materials; technological and methodological
innovations; progress and change of institutional landscapes, economies, and
societies. How to avoid gaps and jumps in a constantly changing environment
while studying a constantly changing part of the environment is a challenging
balancing act that plays out in practices in-between sciences and the natural
world. The various interactions that are part of the balancing act between
change and continuity ultimately determine and potentially limit human agency

in creating knowledge about the world.

Though | claim kinship with Fleck’s (1935) equally philosophical and historical
research on the genesis of scientific facts, | primarily pursue philosophical goals
and employ ethnographic research methods, whose results | analyse in light of
contemporary literature in the philosophy of science, in the tradition of
“philosophy of science in practice”, as | explain in chapter two. My thesis is

grounded in a detailed case study of the Continuous Plankton Recorder Survey,
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a long-term programme for the creation of physical samples and data related to
plankton distributions of the world’s oceans. The survey’s core business is the
continuous production of research samples and scientific data; its practices are
thus situated precisely in-between the natural world and the scientists that use
the plankton-related data for scientific reasoning about biodiversity, marine
ecology, or climate change. Since the middle of the twentieth century, the CPR
Survey equips commercial ships with mechanical sampling devices that retain
plankton organisms by filtering the seawater with bands of silk. The oceans are
sampled and the silk samples analysed with unchanged methods since 1958. |
focus my analysis on a philosophical account of oceanographic data practices
in-between the oceans and scientific knowledge of the earth’s largest

ecosystems.

The term “in-between” can be deceptive: it could be interpreted as facilitating a
conceptual gap between science and the natural world as separate entities and
suggest that sciences bridge a void and extract knowledge from the natural into
the cultural sphere. This is not what | intend when using this notion. | use the
term “in-between” not to separate science from nature, but to make room in
philosophical accounts of science for the real-world conditions and continuities,
for the practices and people, that structure and shape our knowledge of natural

systems.

1.1 Data-centric, data-intensive, and data-driven research

The importance of data and data practices in the sciences today can hardly be
overestimated. Scientists in almost any field work with data in a multitude of
ways on a daily basis. Data figure as starting points for scientific enquiries, but
also function as evidence for knowledge claims. Observations, recordings, and
data have always been crucial for the production of knowledge, but the rise and
rapid development of digital network technologies have transformed scientific
practices and, above all, the activities and procedures that involve scientific

data in unprecedented ways.
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In the view of many, sciences have entered a new paradigm with the
development and implementation of technologies that enable the production,
manipulation, and analysis of large volumes of data at unprecedented speeds,
the assimilation and integration of data from many different origins, and the
worldwide dissemination as well as long-term storage of scientific data. New
technologies have changed sciences in ways that allegedly emphasise
epistemic practices related to scientific data and diminish the relevance of
theories in knowledge production. These views have peaked in 2008 with a
popularised proclamation of “the end of theory” in science,’ and in 2009 with the
idea of a fourth, ‘data-intensive’, scientific paradigm that was brought forward in
a Microsoft Research publication (Hey, Tansley, and Tolle 2009b) and also in
Science (Bell, Hey, and Szalay 2009). As summarised by Kitchin (2014a: 3), this
version of a new data-intensive scientific paradigm is coined by statistical
exploration and data-mining and follows a computational, ‘pre-Big Data’,
paradigm, for which the simulation of complex phenomena was exemplary.?
According to this paradigm, the role of theory in the creation of knowledge has
gradually diminished, so that scientific knowledge creation has become ‘purely
inductive’ and empirical,® based on the abilities of big data practices to capture
phenomena of interest exhaustively and allow data to ‘speak for themselves’

with the application of unbiased analytical tools (Kitchin 2014a: 4).

Bell, Hey, and Szalay (2009) emphasise that the data-intensive paradigm’s
unprecedented volumes of digital data are demanding and challenging for
scientists in many different fields. Sciences must quickly acquire ‘necessary

expertise in database, workflow management, visualization, and cloud

1 Anderson (2008) in Wired magazine, quoted in Kitchin (2014a: 3).

2 For the sake of completeness, the first paradigm of these paradigms originated
thousands of years ago and was experimental science characterised by
empiricism and the description of natural phenomena. The second paradigm,
theoretical science characterised by modelling and generalisation, originated a few
hundred years ago and ended with the rise of computer technology (Kitchin 2014a:
3; Hey, Tansley, and Tolle 2009a: xviii).

3  Though induction is a contested philosophical problem, inductive and empirical
knowledge can be understood here as knowledge derived only on the basis of past

experiences, observations, or records.
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computing technologies’ (Bell, Hey, and Szalay 2009: 1298). However, as
criticism against the purely inductive paradigm suggests, these challenges are
not just technical and emerging debates on data-intensive sciences and
societies should not bypass philosophical scholarship. Many scholars contest or
vehemently oppose the idea of “theory-free”, data-intensive or big data science
(i.e. Callebaut 2012). According to Leonelli (2012), an ‘intuition’ that induction
from existing data is the new primary form of scientific inference is a key feature
of current “data-driven” research methods in biology and biomedical science.
Yet, given the variety of ways in which researchers use data for scientific
reasoning, the specific meaning of “induction” is all but clear and examples from
biological sciences suggest that inductive reasoning does not mean “free of
hypothesis” (Leonelli 2012: 2). The conception of theory-free science is based
on ‘fallacious thinking’, Kitchin (2014a: 4-5) argues, pointing out that even data
in unprecedented, large volumes remain samples and representations that are
shaped by specific technologies, data ontologies, research environments, and
the conditions under which they were created. All systems and algorithms as
well as any kind of analytics and interpretation of data are based on scientific
reasoning and theoretical thinking (Kitchin 2014a: 4-5). As a consequence, the
various ways in which knowledge is created, recorded, and communicated —
the wide range of scientific “memory practices” (Bowker 2005) — inevitably

affect what we know.

As Strasser (2012b: 86) points out, one important novelty of contemporary data-
driven science is the ‘omnipresence of statistical methods’ in the analysis of
scientific data. Quantification has been a pronounced feature of natural
sciences for centuries, but the rise of statistical methods, which are often
viewed as highly objective and free of theory, is a relatively recent development
that contrasts with earlier scientists’ often exercised subjective judgements in
data analysis (Strasser 2012b: 87). From a philosophical perspective, a
scientist’s choice of statistical algorithms does not appear less theoretical than

the machines and systems that were used to create data.

New data technologies may not have driven theories out of scientific practice.

Nevertheless, developments in digital technology, data analytics, and so-called
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“big data” have already transformed science — not in an all-encompassing,
paradigmatic way but in a variety of ways that philosophical, sociological,
historical, and anthropological scholarship attempt to understand. Rheinberger
(2011: 346) sees the role of data shifting as part of a ‘new primacy of data’ in
today’s science. As researchers increasingly consult online databases as
starting points for scientific enquiries, data have become a resource rather than
a result. Epistemologically, this means that data are no longer created and
analysed to account for certain phenomena, but ‘generated and pooled as data
ponds and streams’ in order to reveal patterns that are still ‘beyond horizon’ at
the time of data creation (Rheinberger 2011: 346). This shift goes along with
data production ‘on an industrial scale’ that requires appropriate software and

computing skills to handle (Rheinberger 2011: 346).

Leonelli (2016: 171) suggests that the popularity of a term like “data-driven”
stems from the fact that consulting available data resources has emerged as an
‘obligatory first step for any research project’. This first step of research hardly
leads to direct inductive reasoning; its value is rather heuristic and its outcomes
certainly shape the directions of the research project (Leonelli 2016: 171-72). In

this sense, data literally take a position of “primacy” in research endeavours.

Data and databases have become the standard starting points of scientific
enquiries, but as Bowker (2000: 643) points out, databases are increasingly
seen as ‘an end in itself. Bowker sees a disarticulation between scientific
knowledge that is published in scientific literature and the data or evidence that
support it. Scientific writings published as papers or books used to be the only
“end product” of research, but they are now complemented by databases and
archives dedicated to the long-term storage of data. Leonelli (2014a: 2) sees
‘the prominence and status acquired by data as scientific commodity and
recognised output both within and beyond the sciences’ as one key novelty of
big data science. Consequently, databases and archives as increasingly
relevant destinations for scientific outputs create demands from researchers
that were hitherto less pronounced or even absent: Data must be made
reusable, so that they can be accessed and manipulated by other scientists
(Bowker 2000: 644).
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Making data reusable is a major challenge of data-intensive science, as various
scholars have documented (Leonelli 2013, Borgman 2012, Edwards et al. 2011,
Zimmerman 2008). It is a task that is challenging for scientists, but one that is
increasingly dealt with by experts such as database managers or data curators.
The new primacy of data has led to the development of new skills, methods,
and infrastructures, which have fostered the emergence of new professions
related to these new infrastructures (Leonelli 2014a). Challenges related to
aggregating, storing, and making data reusable are addressed through the lens
of data curation or stewardship in new, stand-alone scientific journals (Baker
and Yarmey 2009). This differentiation of tasks is effectively a division of labour
that results in new forms of collaboration and an ‘essentially distributed nature
of scientific understanding as a collective cognitive achievement’ (Leonelli
2014b: 412—-13). This means that more than ever before, scientists from around
the world are able to work collectively towards a common goal, perhaps without
ever seeing each other in person or even knowing each other. People who
speak different languages and have different educational backgrounds, who
work for different institutions or organisations under different conditions, have to
find a common ground to be able to cooperate. In many sciences, including
oceanography and other environmental sciences, these new forms of

collaboration are required for further advancing the studies of natural systems.

Collective cognitive achievements require the movement of information, data,
and knowledge across the globe. Sharing research data and re-using data of
other researchers are challenging practices in many ways. As Leonelli (2016:
169) puts it, ‘data do not easily flow along the channels devised for their
dissemination and reuse’. For data-centric biology, the efforts of researchers to
make data re-usable in many different contexts have profound epistemological
implications, so that this form of data-centric science is more focused ‘on the
processes through which research is carried out than on its ultimate outcomes’
(Leonelli 2016: 170).* This means that sciences more than ever reflect and pay
attention to the ways they produce knowledge — how scientists know about the
natural world has gained considerable relevance in comparison to what

scientists actually know. This shift of focus encompasses what counts as

4  Emphasis in original.
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scientific data, what is considered as relevant background knowledge and skills
that researchers have “embodied”, and what counts as necessary theoretical
and conceptual commitment (Leonelli 2016: 170). One form in which this new
self-reflection of sciences has become manifest, is the integration of data,
methods, and explanations, which has become ‘both a practical and normative
requirement’ in today’s data-intensive, large-scale sciences, (O’Malley and
Soyer 2012: 58). Data integration aims at making a huge variety of data from
potentially inconsistent sources comparable and usable in novel combinations.

The integration of data may encompass an array of activities and procedures:

theorizing and modelling databases, quantifying data accurately,
developing standardization procedures, cleaning data, and providing
efficient and user-friendly interfaces to enable data not only to be
reused, but reanalysed and combined in novel ways. (O’Malley and
Soyer 2012: 61)

These challenging activities have become ubiquitous in today’s data-intensive
sciences and have been the subject of philosophical, sociological, and historical
scholarship in fields ranging from astronomy (Hoeppe 2014), to climatology
(Edwards 2010), and biology (Leonelli 2013). Yet, this list pertinent to data
integration provides only partial insight into the variety of activities that are

performed in data-intensive sciences today.

The fact that sciences undergo fundamental, if not disruptive, changes with the
new primacy of data is widely recognised by scholars. However, some authors
employing historiographic approaches to scientific practices have pointed out
that not every development that has been proclaimed as revolutionary is
actually entirely new. In particular, scholars have criticised the emphasis on
unprecedented, overwhelming data quantities, which is often underlined with
metaphorical expressions such as “data deluge” or “data flood” (Leonelli 2012:
3).° For example, Mller-Wille and Charmantier (2012) argue that natural history

practices of the 17th and 18th century can be regarded as data-driven. The

5 The title of Bell, Hey, and Szalay’s (2009) article in Science is ‘Beyond the data
deluge’. The Royal Society’s (2012) report Science as an open enterprise uses the

term “data deluge” five times.
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innovative taxonomic systems and rules of nomenclature were developed in
response to an ‘information overload’ that resulted from the rapid discovery of
new plant and animal species worldwide (Mduller-Wille and Charmantier 2012:
4). In this sense, today’s epistemological novelties like new forms of
collaboration or scientific reasoning are not the first changes to scientific
practices that are fuelled by increasing magnitudes of information. Referring to
the ‘imperial drive to archive information’ as a means of exercising control,
Bowker (2000: 644) points out that the production of a ‘working archive of
knowledge’ is not entirely new, only its expansion in scale and scope, which
today ranges from submicroscopic genes to planetary, atmospheric phenomena
and requires technological and methodological innovation to manage. A good
example of this is documented in Aronova, Baker, and Oreskes (2010), who
reflect on the innovations driven by international “big science” and “big data”
programmes in the decades following World War Il. Programmes like the
International Geophysical Year 1957-58, a collaboration to generate diverse
geophysical data on a global scale, led to new ways of organising, storing, and

disseminating large quantities of data.

Strasser (2012a: 336) claims that today’s digital databases are very similar to
the collections of early natural history, as both are ‘organized assemblages of
standardized objects’. These assemblages allow comparative analysis due to
the proximity, mobility, temporary order, and the uniform format of objects inside
them. Most striking to Strasser (2012a: 336) in his comparison between early
natural history and today’s life sciences is that historical collections and digital
databases ‘have been constituted through similar collecting practices and have
been put to use in similar ways for the production of knowledge’. Strasser
(2012a: 337-38) concludes that ‘collecting and comparing’ is a persistent
research practice that is central to today’s data-driven sciences, but not in a
revolutionary or paradigmatic way. Rather, collecting and comparing are key
practices in sciences that are concerned with the history of the objects that are
studied: for example, natural history, geology, cosmology, and today’s life
sciences and ecology. Bowker (2000: 644) puts a similar emphasis on collecting
in his study of biodiversity research: ‘In the relatively new science of biodiversity,

this data collection drive assumes its apogee.” Strasser (2012a: 338) argues
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that the historicity of objects in these sciences contrasts with sciences like
physics, chemistry, or mathematics, in which ‘all the entities of one kind ... are
believed to be structurally identical’ and collecting of data, information, or

objects is therefore less pronounced.®

Strasser’s conclusions illustrate how the study of data practices may motivate
scholars to re-think traditional boundaries of scientific disciplines and
emphasise different kinds of historical continuities between research practices.
New ways of classifying or demarcating scientific fields are sometimes
augmented by labelling practices as “data-driven” or “big data” science.
However, several scholars argue that these broad-brush categorisations of
practices are insufficient to grasp the dynamics of today’s research practices.
O’Malley and Soyer (2012), for example, criticise that the common distinction in
“‘data-driven” and “hypothesis-driven” approaches in the life sciences is too
general and insufficient for any fine-grained account of scientific practice.” Yet,
scholars have accepted this distinction as idealisation and often point out that
actual scientific practices consist in hybrid forms in which data-driven,
hypothesis-driven, and potentially more approaches complement one another
(O’Malley and Soyer 2012: 59). Strasser (2012b: 87), for example, sees today’s
life sciences as a combination of data-driven and hypothesis-driven,
comparative and exemplary, as well as experimental and natural historical

approaches.

The label “big data” seems to be equally problematic, given that various authors
emphasise that large quantities are neither the most fundamental nor the most

impressive characteristic of data-intensive research and, in some cases, not

6 The ‘colossal amounts of data’ that are produced by experiments with the Large
Hadron Collider at CERN near Geneva, Switzerland, are a counterexample from
contemporary physics; <https://home.cern/about/computing> [accessed 7 June
2018].

7 O’Malley and Soyer (2012: 58-59) characterise “data-driven” as an approach that
is primarily guided by the generation, collection, and analysis of data and leads to
the formulation of new hypothesis. Conversely, “hypothesis-driven” research
begins with an existing hypothesis that is being tested and subsequently accepted,

rejected or modified.
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even a novelty (Leonelli 2012: 3). Davies, Frow, and Leonelli (2013: 393)
question the rhetoric of large-scale biological research and find that the term
“big biology” which may be used to describe practices that involve big data is
‘explicitly divisive’. It automatically makes other practices appear small or
ordinary. The attribute “big” may convey a primarily quantitative shift in research
practices and obscure the many innovations and epistemological

transformations in data-intensive sciences.

In this section, | have avoided sharp differentiations between the terms “data-
intensive”, “data-centric”, “data-driven”, “data primacy”, and even “big data”. The
transformations of science that | outlined in relation to these terms are not the
primary object of my research, but rather the context in which my case study is
situated. Scientific data are central in research processes through which we
understand the natural world: Data function as a resource and starting point of
investigation, diverse data from different sources are integrated, data are a
distinct and recognised research output. The centrality of data has driven
transformations of scientific practices: the division of labour and differentiation of
new professions, new ways of collaboration and collective reasoning, new

software and statistical methods that require new skills.

1.2 Conceptions of scientific data

With the term “data” in this thesis, | refer to scientific data. This thesis is about
data that are used by scientists and figure in epistemic processes. This
excludes “sense-data” and the like which are, if anything, something like ‘mind-
dependent objects’ of which humans are directly aware upon perception of an
entity or event (Huemer 2011). Although the minds of scientists are used
extensively in scientific processes, | do not regard images, thoughts, and other
cognitive processes that only happen inside the human brain as scientific data.
My focus on scientific data also excludes data in predominantly commercial or
governmental contexts. Globally operating IT companies as well as government
agencies obtain, store, and analyse huge amounts of data. These companies
and agencies might employ scientists and might carry out analyses that are

similar to those practised by natural scientists at universities. However, there

21



are great differences to publicly funded research carried out at universities or
research institutes, starting with the overall incentives of generating economic
profits, fighting crime or terrorism, or exercising control, which rarely align with
the aims of advancing scientific knowledge of the environment or societies.® |
thus do not contend that this thesis’ findings about data practices apply in the
exact same way to data in the commercial or political sector. | must also clarify
that my empirical cases and the maijority of scholarly literature | refer to are
concerned with environmental data or data used in “classic’ natural sciences
such as biology or physics. Although similarities with other scientific fields such
as social sciences, economics, or medical research are likely, data practices in

these fields are beyond the scope of this thesis.

Thinking about the role and status of data in science requires some kind of
conception of what data actually are. Although in most sciences today the
majority of data are digital and technically stored as sequences of numbers and
letters, scientific data still come in a variety of forms and formats. The diversity
of data practices not only encompasses the activities related to data, but also
the data themselves. Bowker (2000: 643) uses the term “datadiversity” for the
heterogeneity of resources that are used in biodiversity research, which Bowker

characterises as a data-intensive science.

As scientific data moved into the focus of philosophers of science, scholars
faced the difficult task of defining scientific data or data in general. Data are not
the same kind of thing across all sciences and not even within one scientific
field. To give an example of data diversity, Parsons et al. (2011) reflect on
challenges of managing diverse data created during the International Polar Year
(IPY) 2007-08, a multi-disciplinary research programme with participants from

sixty nations:

In IPY, scientists collected every possible form and format of data:
images wide, narrow and panoramic, profiles upward and downward,
hourly to millennial time series, isotope ratios and fractions, energy

and material fluxes, species identification and distributions,

8 However, publicly funded research may have economic goals as well, which may

be secondary or implicit.
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interviews in common and rare languages, disease types and rates,
genealogies and genetic sequences, samples and artefacts, singular

events and gradual processes, and so on. (Parsons et al. 2011: 556)

Even those data that can be associated with natural sciences seem to come in
a variety of different types, even if all of these data are digital: images, profiles,

time series, ratios and fractions, fluxes, distributions, sequences, samples.

To Kitchin (2014b: 4), who begins his book on “The Data Revolution” with a
discussion of how to conceptualise data, ‘it is clear that data are diverse in their

characteristics’. He offers several characteristics by which data broadly vary:

data vary by form (qualitative or quantitative), structure (structured,
semi-structured or unstructured), source (captured, derived, exhaust,
transient), producer (primary, secondary, tertiary), and type
(indexical, attribute, metadata). (Kitchin 2014b: 4)

Given the diversity of data, it seems hardly possible to pin down an adequate
definition of data by compiling either a list of types or an exhaustive set of

characteristics.

Leonelli’s (2015) response to the problem of defining data is a framework that
wants to give up on definitions that are based on intrinsic properties such as
structure, form, source, or level of manipulation. According to the “relational
framework” introduced by Leonelli, what counts as scientific data depends on
relations to the context and research situation in which data are used. Any
output of research activity can become data if the output has potential
usefulness as evidence in a given research situation and if it serves as a means
of communication (Leonelli 2015: 810-11). These, too, are conditions for what
counts as data, but they are not intrinsic, permanent characteristics of objects.
The usefulness of data as evidence can change depending on contextual
factors. Among these factors are the applicability of adequate tools and
technologies, the intelligibility of data given the background knowledge and
skills of a researcher, the availability of information about the provenance of the

data, or the physical coherence and constitution of data. “‘The same objects may
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or may not be functioning as data, depending on which role they are made to

play in scientific inquiry’, Leonelli (2015: 817) clarifies.

Leonelli contrasts her context-dependent, relational framework to context-
independent data definitions, such as the following given by the Royal Society
(2012: 12): Data are ‘numbers, characters or images that designate an attribute
of a phenomenon’. Kitchin (2014b: 3), too, maintains that ‘data are inherently
partial, selective and representative’, whereas Leonelli (2015: 811) argues that
‘data do not have truth-value in and of themselves, nor can they be seen as
straightforward representations of given phenomena’. Data are not data by
themselves or due to an intrinsic power; specific actions and decisions are
necessary for objects to become data. As Borgman (2012: 1061) also
maintains, ‘data may exist only in the eye of the beholder: The recognition that

an observation, artifact, or record constitutes data is itself a scholarly act’.

The recognition of context as the key to defining data does not mean that
philosophers have no general points to make about scientific data. The
following two sections discuss conceptions of data that have emphasised some
of their fundamental characteristics. These do not define data, but need to be

taken into account in philosophical perspectives on data-centric sciences.

1.2.1 Data as physical artefacts

Several scholars have emphasised that scientific data are objects with physical
extensions and weight. Even as digitally stored numbers, data leave a physical
footprint or trace; data consume resources and never float freely or unhindered.
Edwards (2010) follows the history of climatological and meteorological data,
which in their form and physical constitution evolved from paper and ink, to
punch cards, microfilm, magnetic tape, and finally to hard disk drives and
semiconductor electronic devices. ‘Computing remains a material process’,
Edwards (2010: 83) points out; therefore, scientific data, even if they are
considered “born digital” (Bell, Hey, and Szalay 2009: 1297) and can be stored

in digital clouds, far away from potential users, are never purely virtual.
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In chapter three, | elaborate on the notion of materiality from an epistemological
point of view: How to understand materiality and its significance for the creation
of scientific knowledge. Frequently, scholars have interpreted materiality rather
ontologically, with a focus on the characteristics of the elements and fabric that
an object is actually made of. According to Edwards (2010: 84) data are “things”
with ‘dimensionality, weight, and texture’. Strasser (2012a: 336) also remarks
that the difference between data and things is ‘more a matter of degree than a

matter of kind’.

Leonelli (2015) shifts the focus from physical characteristics of data to the

epistemological significance of their physicality:

[Data] are, first and foremost, material artifacts; and their physical
characteristics, including their format and the medium through which
they are conveyed, are as relevant to understanding their epistemic

role as their social and conceptual functions. (Leonelli 2015: 811)

Scientific data have physical characteristics which scholars can attempt to trace
in knowledge making practices: dimension, weight, texture, but also the format
and medium, through which data are accessed. All of these physical variables
can change in the course of data-related activities, for example when data in
paper format are digitised, when digital data are transferred to a different
storage location, but also when materials that store data decay or decompose
as it might happen with researchers’ old notebooks if they are not properly
stored. This is one instance at which the tension between change and continuity
that is the underlying theme of this thesis is brought to bear: If data change their
physical characteristics, for whatever reason, how do scientists achieve the
continuity that is necessary for scientific reasoning? Due to the importance of
medium, format, dimension, weight, and texture of data, | keep track of physical
characteristics and their implications for the creation of knowledge throughout

my thesis.

As Leonelli (2015: 811) emphasises in the above quote, data are material and
they are artefacts. The latter implies that they do not occur naturally, but are

created by humans artificially for specific purposes. This fundamental
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characteristic seems to somewhat clash with the aforementioned views of data
as a resource and as things that are collected. As Edwards (2010: 109-10)
clarifies, scientific data are not “out there” and waiting to be collected, picked
up, or otherwise obtained by scientists from a given repository. Even if a
researcher is required to go into nature to record a process of interest, such as
changes of sea temperatures or sea level, the data thereby obtained are

created by the researcher and usually involve the application of an instrument.

As Rheinberger (2011: 337) notes, the perception of data as being made by
humans seems to have turned the etymological meaning of data — from the
Latin “data”, the nominative plural of “datum”, meaning “what is given” — into
the opposite. Kitchin (2014b: 2) points out that, more precisely, data should
have been termed “capta”, meaning “what is taken”. However, even this change
would not reflect that data are artefacts, only that they are not given to
researchers from nature. If data were only taken, it would suggest the existence
of a repository of potential data from which a distinct number of measurements
are selected and extracted, which is not the same as creating data by means of
observation and recording or intervention into natural systems with a scientific
instrument. My thesis provides strong arguments that support an understanding
of scientific data as artefacts in a sense that is not compatible with the view of

data as collectible items.

The view of data as artificial objects does not require human agency from which
data directly result. In the environmental sciences, a wide range of parameters
related to natural processes are recorded by highly automated systems. These
“‘machine-born” data count as artificial because the instruments and systems
used for their production are conceived, designed, constructed, programmed,
and maintained by humans. Hacking (1992: 48), whose work gave considerable
weight to the notion of “intervention” in research practices, defines data as
uninterpreted ‘marks’ produced by ‘data generators’, which can be both human

and non-human.® For Hacking, too, data result from ‘making and taking’

9 ‘People or teams who count may be data generators. In more sophisticated
experiments, there are micrographs, automatic printouts, and the like. There is no
need to insist on a sharp distinction in all cases between detector and data-

generating device. In the early days a camera taking micrographs from an electron
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measurements (Hacking 1992: 48) — not from taking something that is given,

but from taking something that has been made.

Yet, the notion of data artificiality leads to even more fundamental and long-
standing debates in philosophy of science, as | outline in the following
paragraphs. Accepting a view of data as an artificial output of research activity
means that a wide range of theoretical assumptions and commitments have
contributed to the creation of data. These are necessary to decide what kinds of
data to create, where and how often a measurement is taken, which
instruments to deploy, and how the data are stored. What philosophers of
science have termed the “theory-ladenness” of data contradicts a widely held
view of data as unambiguous, “pure” or “raw” manifestations of natural
phenomena. The notion of theory-ladenness stems from scepticism against the
possibility of objective observation of phenomena.’® ‘The thesis of theory-
ladenness of observations, roughly, is the idea that observations are affected by
theoretical presuppositions’ (Schindler 2013: 89). According to this scepticism,
the resulting bias in observing and perceiving the world and its phenomena is
an unavoidable aspect of human-nature interaction (Bogen 2013). In case of
scientific data that are created by humans, scientific theories, expertise in the
subject matter, and assumptions about the functioning of instruments are
inevitably involved in producing and analysing data (Leonelli 2015: 814). If data
are theory-laden, epistemological problems that bear on the usefulness of
scientific data will require consideration. What if data are produced under
assumptions, which the very same data are supposed to verify? The notion that
data shall serve as evidence for theories, which have affected the production or
analysis of the same data, jeopardises data’s often proclaimed role as a neutral

arbiter."

microscope was a data generator that photographed a visible image for study,
analysis, or the record. Today the camera is more often the detector; the data
generator may be a scanner working from the micrograph’ (Hacking 1992: 48).

10 Pierre Duhem, Norwood Hanson, and Thomas Kuhn were among the sceptics of
objective observation in science.

11 Schindler (2013: 89-90) mentions this epistemological problem among others with

respect to the theory-ladenness of observation, not data.
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An important contribution to this debate is the sharp distinction between data
and phenomena introduced by Bogen and Woodward (1988). The distinction is
intended to sidestep the problem of theory-ladenness and show that theory-
ladenness is actually not very relevant for understanding scientific practices.
Scientists ‘straightforwardly’ observe data and not the phenomena of interest,
which are in most cases unobservable, Bogen and Woodward (1988: 305)
argue. At the same time, they claim that scientific theories serve as
explanations for phenomena and not for the data that are observed.' Thus,
there would be no direct conflict between the theories and assumptions
affecting the data and the theories that explain phenomena. In case of theory-
ladenness being applied to data, scientists make great efforts to employ
statistical methods and certain experimental practices to establish confidence
and reliability in data. These efforts can be seen as reasonably distinct from the
theories about phenomena, so that theory-ladenness of data is supposedly less
problematic (Schindler 2013: 90)." A variety of efforts that enhance confidence
and reliability in scientific data are studied and discussed in this thesis. They
play a crucial role in the balancing act between changing conditions and

continuities of materials and research methods.

By separating unobserved phenomena from observable data, Bogen and
Woodward rely on a fundamental evidential relationship between data and

phenomena:

Data [...] play the role of evidence for claims about phenomena. As a
rough approximation, data are what registers on a measurement or
recording device in a form which is accessible to the human
perceptual system, and to public inspection. [...] Data are typically
not viewed as potential objects of explanation by or derivation from

general theory; indeed, they typically are of no theoretical interest

12 Woodward (1989: 393) defines phenomena as ‘relatively stable and general
features of the world which are potential objects of explanation and prediction by
general theory’.

13 Schindler (2013) does not advocate this view, but aptly summarises the different
approaches by philosophers, historians, and sociologists of science to deflate

theory-ladenness.
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except insofar as they constitute evidence for the existence of
phenomena. (Woodward 1989: 393-94)™"

According to this definition, data are observable, they are not explained by
scientific theories, and they constitute evidence for the existence of
phenomena. The intrinsic evidential relationship between data and phenomena
is questionable in light of data being produced without a distinctly targeted
phenomenon or hypothesis. Rheinberger (2011: 346) argues that with today’s
primacy of data in science, large volumes of data are generated without aiming
at specific ‘epistemic phenomena’, but rather in hope of discovering patterns
that are yet unknown. Leonelli (2015: 818) also notes that data may be
produced without one specifically targeted or designated phenomenon.
Moreover, data today are intended to be usable to answer questions in relation
to a variety of different phenomena. More than ever before, data are created
without knowing all the different ways and contexts in which they are going to
be employed (Leonelli 2015). For experimental practices that are not tied to the
testing of a specific hypothesis, the term “exploratory experimentation” has
been established in the 1990s by Steinle (1997) and Burian (1997). The
exploratory way of experimentation includes ‘theoretically undirected data
gathering’ and has been contrasted with more traditional, “theory-driven”
experimentation (O’Malley 2007: 354).%

Finally, the characteristic of data as something made rather than given has
implications for the objects, which scientists and philosophers of science

sometimes call “raw” data. Hacking (1992: 48) notes that what he defines as

14 The following is a more recent definition of data by Woodward (2010: 792—-93):
‘Data are the individual outcomes of a measurement or detection process, which
may involve instruments or unaided human perception. By extension, records or
reports of such outcomes may also be regarded as data. [...] Usually data is
produced in order to serve as evidence for something else—for features of
phenomena.’

15 Note that theory-driven is not the same as theory-laden. Exploratory
experimentation or other research practices not aimed at testing hypothesis or
recording already known aspects of the world are still laden with theoretical

baggage.
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data — marks produced by generators — are sometimes called “raw data”
because they are uninterpreted. However, the notion has also been used in
reference to data which scientists regard as untouched, unmanipulated,
unprocessed, or unmediated. These views tend to entail a notion of data purity
that contradicts with theory-ladenness and neglects the mediating role of
instruments. After all, if data are artefacts, how could they ever come in a state
that is pure or untouched? Some scholars have consequently referred to the
notion of “‘raw data” as an oxymoron (Gitelman 2013) and advocate for
dismissing the term entirely (Ribes and Jackson 2013, Harris 2003). Yet,
scientists speak of raw data and usually have an understanding of what the
term “raw” means in their respective context. From a researcher’s point of view,
data serve as a starting point that precedes their own act of interpretation.
Leonelli (2015: 812), who does not endorse the category “raw data” at all,
understands rawness as an expression to describe those objects that are as
close as possible to ‘documenting aspects of a phenomenon of interest in a way
that can inform further inquiry, without necessarily attempting to reproduce or
represent the phenomenon itself. Yet, from an epistemological point of view,
data are never entirely “raw” but always already “cooked” (Gitelman and
Jackson 2013: 2). Resonating with the idea that any object, in a given context,
can function as data upon recognition and utilisation as such by a researcher,
Gitelman and Jackson (2013: 3) state that ‘data need to be imagined as data to
exist and function as such, and the imagination of data entails an interpretive

base’.'®

The physicality and artificiality of data, theory-ladenness, the relation between
data and natural phenomena, and the status of data as “raw” or “cooked” are
aspects that are largely influenced by the practices that contribute to the birth of
scientific data. This thesis’ detailed empirical account of scientific data in the
making has the potential to add a valuable perspective and depth to these

debates.

16 Emphasis in original.
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1.2.2 Mobility and data journeys

Scientific data of to the environment are typically produced “in the field”, as
opposed to “in the lab”. This means that data must be portable in order to be
analysed with devices or instruments that are located at research institutions or
laboratories. Another reason for portability being required is that a researcher’s
output needs assessment, review, and confirmation by peers from the scientific
community, who may live and work in different places all over the world (Leonelli
2015: 818-19). It might sound trivial that data can be moved from one site to
another, but several different types of data movements, each involving specific
restrictions or challenges, are conceivable: from the site of data creation to a
database, from one database to another database or into a data archive, or
from a database to a scientist’s office computer. Scientific data today may be
exchanged and moved between many different actors or sites, each of which
constitute a different context with different interests, expertise, and technological
or economic constraints; and at each site, data may be the subject of
manipulation, transformation, or other kinds of interventions. How these
changes of location work, which factors are relevant for their success, and
whether these changes have an impact on the produced knowledge is not clear
given the diversity of research settings and disciplines. The mobility of data —
and of other objects in science — has thus become an important topic in studies
of data-centric science, if not a defining feature thereof, as Leonelli (2016: 39)

argues.

Several philosophers, sociologists, and historians of science have focused on
the movement and circulation of objects in science. Latour (1986) influenced
many of these efforts with his study of scientific practice and the mobilisation of
what he called “inscriptions”. Scientists transform the phenomena they study
into inscriptions, traditionally by using pen and paper and today by employing
various technical devices. According to Latour, the central problem of
inscriptions is concerned with their mobilisation, which is necessary to present
what a scientist has created or observed in one place to an audience of fellow
scientists or the public, who are usually scattered across various other places.

For this purpose, inscriptions must be preserved in order to withstand their
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displacement. ‘In sum, you have to invent objects which have the properties of
being mobile but also immutable, presentable, readable and combinable with
one another’ (Latour 1986: 7). These objects are what Latour calls “immutable
mobiles”. Among their advantages are that they are usually made “flat” like a
map, a list, or an index; they are scalable without changing their internal
proportions; they can be reproduced at little cost; they can be superimposed;
and they can easily merge with written text, as well as with geometry (Latour
1986: 20-22). Rheinberger (2011: 344) claims that ‘data are of the form of
Latourian “immutable mobiles™, or ‘traces’ of an experiment ‘made durable’.
Immutability and durability enable data to be stored and retrieved and are a

‘prerequisite for their mobility’ (Rheinberger 2011: 344).

The immutability of mobiles is a central characteristic in Latour’s framework and

is motivated by the preservation of inscriptions during their displacement:

[Inscriptions] are immutable when they move, or at least everything is
done to obtain this result: specimens are chloroformed, microbian
colonies are stuck into gelatine, even exploding stars are kept on

graph papers in each phase of their explosion. (Latour 1986: 21)

Notably, despite the fact that every effort is taken to make inscriptions
immutable, this result is not achieved in all cases. As Leonelli (2015: 819) points
out, when data are moved from one place to another, they often change their
medium, which in turn may affect their usability in epistemic processes. Leonelli
(2015: 816) disagrees with Latour’s and Rheinberger’ emphasis on immutability
of data and argues that in the case of biological data being moved from their
site of creation into databases and from there to new contexts of enquiry, data
are ‘anything but stable objects’. Manipulations, changes of format, medium,
and shape of data commonly occur at various stages while data are travelling

from one place to another (Leonelli 2015: 816).

Leonelli (2016: 39) proposes the ‘data journey’ as a notion that captures the
problematic, demanding, and often unpredictable pathways of data. In today’s

data-centric sciences, any set of data has unlimited potential destinations within

17 Emphasis in original.
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and beyond the scientific field in which it was created. The data journey has a
strong metaphorical dimension, beginning with the idea that travelling often
requires long-term planning, financial resources, and reliable infrastructures,
vehicles, and energy supplies; furthermore, ‘travelers may encounter obstacles,
delays, dead ends, and unexpected shortcuts, which in turn shift the timescales,
directions, and destinations of travel’ (Leonelli 2016: 39). Neither humans nor
scientific data travel in empty space. Rather, journeys frequently need to adapt
to the environment, to changes of terrain, climate, or other conditions. As a
result, ‘journeys can be interrupted, disrupted, and modified as they unfold’
(Leonelli 2016: 39). Although data are often generated in order to record or
learn about reasonably defined processes or systems, the whole spectrum of
pathways along which data may eventually travel is not yet determined at the

moment data are created.

Another framework that emphasises the variety of contexts through which
objects in science may travel is provided by Star and Griesemer’s (1989) case
study of research practices at the Museum of Vertebrate Zoology (MVZ) in
Berkeley, CA, in the early twentieth century. Star and Griesemer (1989: 388—89)
point out that scientific work is ‘heterogeneous’ and involves ‘extremely diverse
groups of actors — researchers from different disciplines, amateurs and
professionals, humans and animals, functionaries and visionaries’, which all
inhabit different ‘social worlds’ (Star and Griesemer 1989: 388—89). In order to
explain the functionality of such heterogeneous research settings, Star and
Griesemer (1989: 393) introduce ‘boundary objects’ as an analytic concept.
Boundary objects are ‘a means of translation’ between different local contexts
for which they require a certain degree of plasticity to adapt as well as a certain
degree of robustness to ‘maintain a common identity across sites’ (Star and
Griesemer 1989: 393). The meaning of boundary objects may change
according to context, but their structure is ‘common enough’ to make them
recognisable (Star and Griesemer 1989: 393). The balance between plasticity
and integrity that Star and Griesemer (1989) describe enables boundary objects
to be portable; this view resonates with the tension between change and

continuity introduced earlier in this chapter.
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The notion of continuity, which allows change and adaptation without jumps or
interruptions, matches with the plasticity and integrity of boundary objects more
than with the immutability of mobiles or the unsteadiness of journeys. However,
my thesis is not primarily concerned with the smoothness or disruption of data
movements between different sites. Rather, | focus on continuities that underpin
scientific practices and enable the creation of data capable of travelling and

being used for scientific reasoning in a variety of research contexts.

Yet, the focus on different concepts of mobility is important, for scientific data
are certainly not the only type of object that scientists from different places
frequently exchange. A non-exhaustive list of types and examples of boundary
objects provided by Star and Griesemer (1989: 410-11) includes indexed and
standardised ‘repositories’ such as a library itself, which is in fact a rather
immobile boundary object with respect to physical changes of location, but
nevertheless can be used by actors of various contexts; another is an ‘ideal
type’ such as a diagram or description that is abstracted from contingent, local
objects in order to serve as ‘road maps’ for different actors; yet another type is a
‘standardised form’, allowing communication across contexts without changing
informational content when transported over long distances.'® Morgan (2011)
and the contributors to How Well Do Facts Travel? The Dissemination of
Reliable Knowledge (Howlett and Morgan 2011) consider things of ‘many guises
and sizes’, including objects that many would preferably call “data”, as facts that
travel between different contexts (Morgan 2011: 8). In contributions covering a
wide range of scientific disciplines, it becomes clear that facts travel
independently in many different and unexpected ways and ‘it is in travelling well
that they prove how essential they are to our sciences, humanities and society’
(Morgan 2011: 36). Morgan (2014) explains different strategies to make locally
produced, situated knowledge portable so that knowledge can be “resituated”
for use in other local contexts by different researchers. All strategies ‘rely on
establishing, or making use of, some form of comparability to prompt the

resituation of specific local knowledge’ (Morgan 2014: 1023). Making local

18 In their description of the information-preserving standardised form, Star and

Griesemer (1989: 411) refer to Latour’s immutable mobiles.
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knowledge usable in other local contexts is the first step to knowledge being

accepted by peers and acquiring a degree of generality, Morgan argues.

Mobility can be regarded as a feature of many objects that are created or used
in science, not least because in my case, not only data are prepared to travel to
many different contexts but also mechanical sampling devices are sent from an
institution in South-West England across the oceans and back. However,
neither portability by itself nor in combination with physicality and artificiality
suffice as an exhaustive definition of scientific data. According to Leonelli (2016:
77) ‘the value assigned to data as prospective evidence’,” or the evidential

value, distinguishes data from other types of objects in science.

A notable characteristic that all three concepts of mobility convey is that
scientific data are objects, even if these objects are not necessarily immutable
or stable. Digital scientific data in arrays of numbers and letters, stored on hard
disk drives or in digital clouds, do not immediately evoke the image of an object
with boundaries. In the current discourse on data-intensive science, frequent
metaphorical references to data as “streams”, “flows”, a “deluge” or “flood”
rather suggest an image of open-ended, messy, or even chaotic, uncontrollable
processes. Against these types of naturalising metaphors, the view of a data
journey as a process anchored in human agency, with planning, artificial
vehicles, designated pathways, and destinations, appears to be an adequate

counterproposal.

1.3 Thesis overview

My thesis consists of three introductory chapters, four main empirical chapters,
and a conclusion. This chapter has introduced the overall philosophical arch
and scope of this thesis. Against the background of data-centrism in science,
my thesis tracks the many practices and processes that contribute to the
making of digital scientific data in a detailed case study in ocean science. The

chapter has reviewed scholarly literature on the reconfigurations of research

19 Emphasis in original.
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practices that are related to data-centrism in science as well as different

conceptualisations of scientific data.

Chapter two introduces my research methods, reviewing first how studies of
scientific practice figure in contemporary philosophy of science. My thesis
follows a development during which the focus of philosophy, sociology, and
history of science has broadened from narrow considerations of research
products to include research practices and their technological, institutional,
economical, and social conditions. For this purpose, philosophers of science
have adopted ethnographic research methods from anthropologists and social
scientists. This thesis is based on ethnographic fieldwork in a research

institution, complemented by extensive literature and web research.

Chapter three introduces data practices in oceanography. Compared with other
scientific disciplines, oceanography is still under-represented in philosophy of
science. The practices of ocean scientists have only recently started to draw
more attention from sociologists, anthropologists, and especially historians. My
introduction of oceanography and its data practices builds on this literature, but
also draws from standard oceanography textbooks and oceanography journals
to portray the discipline. Oceanography is a loosely defined field that includes
traditions and methods from physics, biology, chemistry, and geology. There are
no clear demarcations between these and other oceanographic sub-disciplines.
Ever since studies of the ocean became a science, observations and data have
been fundamental in knowledge making processes and collaborative practices
for data production have quickly emerged. The chapter outlines the impact of
various technological innovations on how and by whom ocean sciences are
practised. New technologies have enhanced the importance of data and of
continuity in data practices to further advance knowledge of the oceans. Despite
a long established data-centrism and high-volume, large-scale technologies
such as satellites and autonomous measuring platforms, large areas and crucial
parameters of the oceans remain scarcely sampled due to economic costs, the
challenging nature of the seas, and the sheer size of the oceans. Following my
portrait of data practices in ocean sciences, chapter three briefly introduces this

thesis’ main case study, the Continuous Plankton Recorder (CPR) Survey.
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My empirical study of the space in-between scientific data and the natural world
is centred on four themes, which have emerged from ethnographic interviews
and my visits of research sites. The themes are materiality, scientific
representing with data, methodological continuity, and the contribution of non-
scientists to epistemic processes. One main empirical chapter is dedicated to
each of these themes. The overview of each chapters’ content briefly
reconstructs how the theme has emerged from my visits and conversations with
scientists. | then summarise each chapter's main content and philosophical
argument. This is in an effort to be as open as possible about my own thought

processes and about the genesis of this thesis.

| have conducted ethnographic interviews with staff members of the Sir Alister
Hardy Foundation for Ocean Science (SAHFOS), the institution that (until April
2018) was responsible for running the plankton survey that is the main case
study of this thesis. The conversations often revolved around technical and
methodological details of two main practices carried out routinely by SAHFOS:
the sampling of the oceans and the sample analysis. These involve interactions
between different materials such as the mechanical sampling device, the flow of
seawater through the sampling mechanism, large container ships that tow the
sampling device, bands of silk that filter the seawater, and the plankton
organisms themselves. Obviously, the functional details needed to be explained
to me in order to learn how the so-called Continuous Plankton Recorder (CPR)
works. In conversations with various staff members, the importance of physical
interactions and their implications for the entire knowledge production process
quickly came to the fore and made me consider more fundamental questions
regarding materials and materiality in science: How do philosophers of science
understand “materiality” and how do material interactions figure in epistemology

and philosophical accounts of scientific data production?

Samples that are produced in the CPR Survey are often at the centre of these
physical interactions. Hence, materiality and sampling emerged from my
empirical study of practice as the first themes that needed to be addressed in
order to fill the space in-between scientific data and the world. Chapter four, as

the first of four empirical chapters, describes the process of sampling in the
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CPR Survey and conceptualises the “materiality” of the samples. Fleshing out
the term “materiality”, | argue that ocean scientists create material samples by
inducing a “material integration” of physical parts of the ocean ecosystems and
physical parts of the sampling technology. The fusion of materials from different
origins is the formation of a novel entity with distinct characteristics that take
shape in the process of sampling. Preserving the newly created object
throughout the epistemic process constitutes “material continuity”, which is
crucial for the creation of data in my case. | argue that samples, despite their
tangibility, are not fixed entities that are collected or extracted from nature into
the scientific world; material continuity constitutes an ongoing process of
embodiment that needs to be maintained and conveys the notion of a material
object with boundaries. The chapter sharpens the understanding of “materiality”
and “material”, which is a widely used attribution to research objects and
practices. It also leads to a deeper understanding of samples, which have
received much less attention in scholarly literature than scientific data, but are
commonly regarded as representations of a population of similar objects. Based
on my account, | locate the epistemic value of research samples primarily in
their materiality and in the ongoing preservation of material continuity and not in

a representational relation to a group of similar objects.

In chronological order, the mechanical sampling of the oceans is followed by
sample analysis inside a laboratory in Plymouth, UK. As the analysis involves a
variety of manually performed manipulations on the sample, materials and
samples play a central role in the lab, too: Microscopes, metal tools, plastic
wrapping, and preservation fluids interact physically with the samples.
Epistemologically, however, the work inside the laboratory aims at creating
records of the microscopic analysis that can be communicated to other
scientists and related to plankton populations in the oceans. What interested me
in this part of the epistemic process is the step from material samples to
quantitative data, which again prompted questions regarding scientific
representation and the links between samples, data, and the plankton
populations in the oceans. The very first recording of data in the CPR Survey
comes in the form of hand-written tally marks as plankton analysts count the

organisms they see under the microscope. This is a crucial activity for
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establishing links between the natural world and digital data products, but as |
elaborate in chapter five, it is not always clear what the initial recordings actually

account for and how the specific ways of counting plankton are motivated.

Chapter five reconstructs the creation of hand-written tally marks and their
processing into digital scientific data. Following Latour (1999), | view scientific
representing with data as the result of a series of traceable transformations or
translations of perceived qualities of objects into standardised forms. These
actions are intended to increase the circulation and computability of data and
enable their integration and comparability with already existing representations
and records of the past. | argue that the scope of representation changes with
each step of transformation and broadens from specific characteristics of an
individual sample to processes of the ocean ecosystem as the data gradually
become computable and comparable to already existing data. The use of data
as representations depends on the data’s immediate context, their physical
state and their relation to other data, implying that representing is a practical
achievement and not an intrinsic property of data. Chapter five reveals a
perceivable mismatch between data and the natural world that resonates with
the work of scholars who have tried to untie the close coupling between
scientific representation and models which has dominated recent philosophical
accounts of representation and suggests a fixed model-target relationship
(Knuuttila 2010). My chapter shows that the practice of representing does not
link data to targets in the natural world and instead enhances their circulation
and commensurability with already existing representations. Intentional,
traceable change rather than continuity is characteristic for the chains of
transformations that co-occupy the space in-between the natural world and

scientific knowledge.

Almost every interviewee emphasised the need for methodological consistency
in the plankton survey. In some cases, seeking continuity served as an
explanation for why certain practices are performed the way they are.
Continuing to create samples and data in the same way for multiple decades
emerged as a key condition for the usability of the data, as the continuity makes

data from different decades comparable so that long-term changes of the
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ecosystem become visible in the data. Given the high valuation of
methodological continuity, | started wondering about the dynamics of scientific
change and how a research institution manages the tensions between historical
change, innovation, and continuity: How are the creation of new knowledge and
progress in science and technologies intertwined with standards of practice that

need to remain unchanged for the data to be usable?

To address this question, chapter six broadens the scope of my research and
accounts for the conditions of practices in the CPR Survey and how these
conditions have changed and affected the survey in the past. It also briefly
discusses an effort to coordinate and maintain various long-term marine
ecological monitoring programmes around the UK. Scientific practices are
performed in certain settings and researchers face challenges on various levels
— technological, economical, and social — in trying to keep their methodology
unchanged for multiple decades. Applying Caporael, Griesemer, and Wimsatt’s
(2014a) notion of “scaffolding”, a conceptual framework for development in
culture, evolution, and other domains, | argue that the continuity of data
practices is achieved by assimilating change and modifying or expanding data
practices, while the core functionality of the CPR Survey is maintained. The
continuity of data practices is not characterised by stasis, an absence of
change, or by endless repetition of old-fashioned practices, it is a result of
changes and adaptations of data practices. In order to maintain continuity,
researchers modify the design of research technologies, expand their scientific
repertoire and the scope of their data, establish reliable audit trails, respond to
the interests of the scientific community, funding agencies, and the public,
transfer local expertise to young generations of researchers, and even redraw
conceptual boundaries of sciences. These activities contribute to a continuity
that cuts across the material continuity and the traceable series of
transformations that act between scientific data and the natural world. The
continuity of data practices constitutes an absence of jumps between scientific

data of the past and scientific data of today.

The fourth theme encompasses the involvement of a variety of actors in

oceanographic data practices who maintain professional or recreational
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relations to the seas but have no scientific credentials. Seafarers play a central
role in my thesis’ main case study, due to their regular involvement in the
sampling process. This dimension of the CPR Survey was revealed to me in an
interview with a member of the survey’s operations team, who made it clear that
a wide range of continuous relationships to external collaborators link the
research institution with its object of study, the oceans. Since its very beginning,
the CPR Survey has cooperated with a network of volunteers to conduct its
research, which led me to taking a closer look at the epistemic contribution of
these non-scientists and to considering the role of volunteers and citizen
scientists in oceanographic practices in general. As literally acting “in-between”
scientists and the ocean, how are data practices conceived so that they can be
performed by volunteers? And in turn, how do volunteers as integral parts of

epistemic processes shape our knowledge of the natural environment?

Chapter seven accounts for the involvement of seafarers and other non-
scientists in the CPR Survey; it also portrays a relatively young citizen science
project in which sailors are encouraged to measure a parameter related to
ocean turbidity and submit their data through a mobile phone app to a
centralised database. In both cases, ocean scientists exploit the fact that many
different people frequently interact with the oceans on their own account and
that a wide range of oceanographic data can be produced by following relatively
simple instructions. These collaborators actively co-produce data and
knowledge of the oceans and are not passive collectors of data or samples. |
argue that non-scientists enable sampling conditions and shape the outcomes
of research by contributing their particular skills and embodied knowledge
related to their seafaring activities. Rather than being tools that are deployed in
order to collect data or samples in the name of science, these actors are part of
the constantly changing settings researchers must approach in order to create
knowledge. The CPR Survey continuously establishes and maintains social
relationships to collaborators from a variety of professions. This social continuity
between science and seafaring culture is crucial to maintain the network of
volunteers and to ensure that the sampling maintains its spatial and temporal

regularity over multiple decades. In this regard, social continuity is an
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indispensable part of the CPR Survey’s data practices, which underpins the

practices’ material and methodological continuities.

Chapter eight concludes the thesis by recapitulating my case study of data
practices in oceanography and the interweaving continuities, changing
conditions, and various activities that sustain the genesis of digital
oceanographic data. | draw conclusions in relation to the philosophical study of
data-centric sciences and conceptualisations of data, but also in relation to data
practices in ocean sciences. Finally, the conclusion explores various potential

research avenues that could build on this thesis.

The thesis further includes several appendices related to my empirical research
and a glossary that includes some oceanographic terms and all acronyms that

appear in the text.
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Chapter Two — Methodology

This chapter introduces my research methods, reviewing first how empirical
studies of scientific practice figure in contemporary philosophy of science. My
thesis builds on a broadening of the scope of philosophical, sociological, and
historical studies of science in recent decades: from narrow considerations of
research products and idealised preconceptions of making and accumulating
scientific knowledge to including research practices and their technological,
institutional, economical, an social conditions. For this purpose, philosophers of
science have adopted ethnographic research methods from anthropologists and
social scientists, including local case studies of research practices. This thesis
is based on qualitative ethnographic fieldwork in an oceanographic research
institution, complemented by extensive literature and web research, as |

elaborate in the second part of this chapter.

2.1 Following the “practice turn” in philosophy, sociology, and history

of science

My research can be regarded as empirical philosophy based on a qualitative
case study of oceanographic research practices. My thesis follows a
methodological and conceptual shift in philosophy, sociology, and history of
science towards studying the practices of scientists; this shift has been termed
the “practice turn” by many scholars. Soler et al. (2014) reconstruct the origins
and most important contributors of the practice turn in the tradition of Anglo-
American analytic philosophy of science, which culminated bin the 1980s and
early 1990s with titles like Hacking’s (1983) Representing and Intervening and
Pickering’s (1992) Science as Practice and Culture. Soler et al. (2014: 14-24)
identify several key shifts in the course of this turn which contain almost always
strong criticism of earlier studies of science, accusing them of conceptualising
science in ways that do not reflect what science actually is. | review these shifts

and relate each one to the methods | employed in my own research project.
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The first shift is the practice turn’s most fundamental, Soler et al. (2014: 15)
point out: away from a-priori, too idealised accounts of science and passive
scientific agency, towards more empirically based, activity-oriented accounts.
This shift came in reaction to traditional, deterministic or formulaic notions of a
scientific method such as verificationism or falsificationism, and too linear
notions of scientific development and progress as a cumulation of knowledge.?
Most of these accounts developed in the first half of the twentieth century and
were criticised because they ignored local and historical contexts, the material
aspects of practising science, the plurality of scientific approaches, and
individual motivations and careers of scientists; researchers often appear as
overly rational and altruistic minds without limitations in capacities, sKkills, or
background knowledge. This shift requires from philosophers of science a
specific attitude and approach to the object of study: Certain scientific modes of
operation, for example the formulation and testing of hypothesis, as well as the
goals and motivations of scientists should not be presupposed or expected
before a philosopher engages with a scientific field. Inspired by anthropological
scholarship, Latour and Woolgar’'s (1979) seminal Laboratory Life: The Social
Construction of Scientific Facts tried to approach scientists like an alien tribe
with totally unfamiliar practices and conventions. Scholars should not assume
one ideal mode of operation, but rather recognise that scientific knowledge is
produced in many different ways and contexts and by diverse people driven by
different scientific or personal goals and motivations. My most fundamental
research question is an open-ended question about the formation of knowledge
and the conditions of making scientific data. | neither discuss these topics in
relation to idealised images of science, knowledge making, or scientists, nor

“test” my case against a blueprint of scientific practice.

Many scholars have rejected idealised accounts of science and advocate
philosophical doctrines such as the disunity of science, stating that there is not
one kind of knowledge or one kind of scientific method that unifies all scientific

disciplines but a multitude of scientific cultures (Knorr Cetina 1999: 2-3), or

20 In particular, this shift is seen as a response to the logical positivism and unified
views of science advocated by philosophers of the so-called Vienna Circle in the

early twentieth century.
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scientific pluralism, stating that there are multiple equally legitimate ways of
knowing about the world (Dupré 1993: 10). Following the practice turn assumes
plurality in relation to the agency of scientists and makes scientific practices the
primary object of study instead of knowledge produced by only one particular

scientific mode of operation.

The second shift of the practice turn encompasses a rather descriptive instead
of normative approach to science. This shift emerged from criticism against
logical principles that aimed at demarcating genuine science from pseudo-
science or non-science and thereby pretended to know exactly what science is
and how it should be. However, normative approaches often failed in
adequately describing even some of the most prominent examples of scientific
practice. In addition, it was criticised that normative philosophers of science
assumed a privileged position outside of scientific practice, judging over the
legitimacy of scientists’ endeavours. The response was a more modest
approach to science that primarily describes what scientists actually do. Yet,
many scholars quickly saw disadvantages in a purely descriptive perspective on
science and introduced again a normative dimension to their studies, while the
exact kind of normativity remains a topic of debates (Soler et al. 2014: 15-16).
Lynch (2014: 103) explains that the shift to descriptive perspectives was for
many scholars only a stage in a development ‘from one normative era to
another, better one’ in which criticism and recommendations to scientists or
policy-makers are grounded in empirical knowledge of actual scientific

practices.

My own research pursues broadly descriptive goals, in a sense that it aims for a
deeper understanding of the processes and practices by which scientific data
are made. | do not offer recommendations directly to scientists or criticise the
research practices that | have studied. My arguments rather relate primarily to
conceptual notions discussed in contemporary philosophy of science, such as
materiality, scientific representing, or different definitions of scientific data. My
criticism of such notions is not aimed at the ocean scientists but at the ways
their practices have or have not been accounted for in philosophy of science. As

part of a larger body of scholarly literature on the epistemology of data-intensive
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sciences, my research has the potential to underpin critiques of contemporary
sciences or recommendations related to the design or valuation of specific

research practices.

The third shift of the practice turn primarily relates to historical studies of
science and criticises present-centred, rationalised reconstructions of past
scientific endeavours. The practice turns entails a historically adequate
perspective on practices that contextualises scientific situations and the agency
of scientists in their historical setting. Present-centred accounts tend to create
the illusion that scientific knowledge progresses rationally and linearly
accumulates to the current state of affairs (Soler et al. 2014: 17). Adequate
contextualisation is also central in the fourth shift: ‘From Decontextualized,
Intellectual, Explicit, Individual, and “Purely Cognitive” to Contextualized,
Material, Tacit, Collective, and Psycho-Social Characterizations of Science’
(Soler et al. 2014: 17). This shift is most clearly visible in the many ‘finely
contextualized micro-studies of science’ that appeared in philosophy, sociology,
and history of science since the practice turn (Soler et al. 2014: 17). These not
only adopt a smaller, local scale and pay close attention to the context in which
scientists operate, scholars have also shown that science consists of more than
a researcher’s cognitive processes and explicit statements in official science
publications. Scholars have revealed the epistemological relevance of aspects
that were not visible or neglected in earlier accounts of science, such as
physical materials, unarticulated or “tacit” knowledge and skills, economic or

institutional settings, and background values or beliefs of scientists.

My thesis aims for a contextualised view of scientific practice. | account for
material aspects and associated practices in my study of sampling and sample
analysis (chapter four). | also discuss scientific data situated in the context of
their creation in the lab and in the context of their storage in a digital database
(chapter five) and further consider a variety of external, technological and socio-
economic factors and non-scientific actors that shape the outcomes of research
practices (chapters six and seven). In studying the practices of creating
scientific data, my thesis also follows the fifth shift suggested by Soler et al.

(2014: 21-22), that is from studying scientific products to scientific processes.
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Certainly, some products of scientific practices such as samples or data play a
central role in my account. Yet, | am not taking these objects as given starting
points of my enquiry, but try to trace their formation processes. Not only material
objects may count as products but any stabilised outcome of a research
practice, including ‘theories that are taken for granted, experimental facts,
mathematical theorems’, and the like (Soler et al. 2014: 21). The main shift of

focus is from stabilised objects to unstable entities that are in the making.

Philosophers of science associated with so-called “New Experimentalism”
exemplify the shift from products to processes. They no longer accepted the
results of scientific experiments as stable, unproblematic facts about
phenomena. Hacking (1983) showed how experimental practices actually
produce phenomena by intervention. In Rheinberger's (1997: 15) words,
experimental research practices constitute processes that do not converge
towards a stable equilibrium, but progress like a ‘meandering river’. My
philosophical analysis of data practices draws from Hacking’s and especially
from Rheinberger’s contributions in chapters four and five, although | do not

study a clear case of laboratory experimentation.

Both Hacking’'s and Rheinberger’s contributions also exemplify the final shift of
the practice turn: away from science as contemplation of the world and
representation towards science as intervention, creation, and transformation of
the world (Soler et al. 2014: 22-24). This shift entails questioning a scientists’
situatedness and agency in relation to the object of research. It conceives
scientists not as passive observers who perceive and contemplate what exists,
but as active investigators who manipulate and probe by intervening with
technical instruments even when using visual devices such as microscopes.
This revaluation of research practices led to new understandings of scientific
representations. They no longer were considered as mere descriptions of the
world but served ‘as means for doing things, tools for intervening, and material
artifacts for transforming the world’ (Soler et al. 2014: 23). | explicitly question
notions of scientific representation as adequate descriptions of the research

practices in my case study in chapters four and five. Furthermore, my entire
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research project can be regarded as an examination of a scientist's

situatedness and agency in relation to various contextual factors.

A shift of interest and approaches as substantial as the practice turn requires
new or modified research methods in order to capture scientific practice as a
new unit of investigation. Chang (2011, 2014), a co-founder of the Society for
Philosophy of Science in Practice, proposes a framework for the description and
analysis of science ‘in terms of activities’ (Chang 2011: 18). In this framework,

researchers are engaged in what he defines as ‘epistemic activities’:

An epistemic activity is a coherent set of mental or physical actions
(or operations) that are intended to contribute to the production or
improvement of knowledge in a particular way, in accordance with
some discernible rules (though the rules may be unarticulated).
(Chang 2011: 209)

Philosophers have to keep in mind the aims and intentions of scientists when
performing an epistemic activityy, Chang emphasises. An identifiable
intentionality distinguishes epistemic activities from mere events or ‘happenings
involving human bodies’ (Chang 2014: 72). Further, epistemic activities are not
performed in isolation but in relation to other activities that together constitute a
‘system of practice’ (Chang 2014: 72).2" Soler and Catinaud (2014) comment on
Chang’s framework and understand it as a structure with three nested levels: a
system of practice at the upper level, epistemic activities at the intermediate
level, and mental or physical operations at the lowest level. When a philosopher

applies this framework, the aims of the philosophical analysis are important:

The decision to categorize a given reality as, say, a system of
practice rather than an activity or an operation, depends on the
project of the analyst. It is not imposed by some inherent property of
the reality under scrutiny. Consequently, one and the same targeted
reality might legitimately be categorized as a system of practice, or

as an activity, or as an operation. (Soler and Catinaud 2014: 82)

21 ‘A system of practice is formed by a coherent set of epistemic activities performed

with a view to achieve certain aims’ (Chang 2014: 72).
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Additionally, the introduction of three levels is mostly a ‘convenient artifice of
presentation’, since any activity or operation could be decomposed into smaller
units indefinitely without ever reaching any ‘ultimate fundamental level’ (Soler
and Catinaud 2014: 82). In other words, what is identified as a system of
practice, an activity, or operation depends on the intentions and perspective of
the philosopher and is not an inherent quality of the scientific endeavour under

examination.

| do not apply Chang’s framework to my case study rigorously. Chang (2011:
218) himself calls his proposal a ‘very broad and abstract outline of how | think
we should be doing our concrete work’ and Soler and Catinaud (2014: 84—-86)
point to various problematic issues with the framework that still need to be
addressed, in particular regarding the individuation of an action or an activity
and the identification of an actor’s or a collaborative group of actors’” motives,
aims, and values. My thesis focuses on data practices that based on Chang’s
framework can be viewed as a system of epistemic activities constituted by a
coherent set of mental or physical actions or operations. These operations are
intended to contribute to the production or processing of data in a particular

way, in accordance with some discernible rules.

As a guideline for the study of science in terms of activities, Chang (2014: 77—
78) provides a ‘Checklist for Activity-Based Analysis’.?? The list contains
questions regarding the exact activity, its aims, its systematic context, agents
and other persons involved, required capabilities and resources, an agent’s
freedom of choice, metaphysical principles, and evaluation of the activity. As |
elaborate below, | found myself contemplating many of these aspects of
scientific practice during my own ethnographic fieldwork. Chang (2011: 218)
admits that his framework is not truly novel and only articulates how many
scholars have been thinking and structuring their own research since the
practice turn. As a young scholar, | have been inspired by many close-up,
contextualised studies of scientific practice and took Chang’s framework as an

additional support for my focus on research practices. My philosophical analysis

22 Chang presents this list also as a ‘Recipe for the Transformation of Boring
Philosophical Issues’ (Chang 2014: 77).
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draws on various approaches and concepts employed in philosophy of scientific
experimentation (Hacking, Rheinberger), in scholarship that integrates
philosophy and history of science (Knuuttila, Morgan, Woodward), in social
studies of science and technology (Latour),” and decisively in scholarship in
which all three traditions — philosophy, sociology, and history of science —

intersect (Griesemer, Leonelli).

Finally, Chang’s (2014: 76-77) outline of benefits that derive from activity-
oriented philosophy of science conveys a promising outlook for my research
project: drawing attention to aspects of scientific practice that have been
overlooked or deemed unimportant in the past; recognising that even highly
abstract objects in science are rooted in actions and agency, which may bring
‘all kinds of unexpected things’ into a philosopher’s scope of analysis; providing
a ‘natural basis for normative evaluations’; and recognising ‘more clearly the

continuity between science and the rest of life’ (Chang 2014: 77).

2.2 The benefits of qualitative case studies

In contrast to only focusing on the explicit, propositional, and published output
of research, the study of research practices appears much more problematic.
How can scholars detect and analyse the unarticulated, tacit aspects of
scientific practice, identify and capture scientific processes rather than products,
or find answers to the questions on Chang’s checklist for an activity-based
analysis of science? As Wagenknecht, Nersessian, and Andersen (2015: 5)
explain, philosophy of science over the past three decades has become
considerably more empirical with the introduction of qualitative research
methods. Osbeck and Nersessian (2015) identify three types of empirical
approaches to enquiry in philosophy of science: historical, observational (or

ethnographic), and experimental (or statistical).?*

23 The commonly used acronym “STS” is sometimes used in this thesis to refer to
scholarship in science and technology studies which view science and technology
as socially embedded enterprises.

24 Osbeck and Nersessian (2015: 14) have no formula to clearly distinguish empirical

from non-empirical, but emphasise that ‘the empirical is rooted in the instrument
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The practice turn entailed an increased diversity of research methods that
scholars applied to sciences. Latour and Woolgar’'s (1979) Laboratory Life or
Knorr Cetina’'s (1981) The Manufacture of Knowledge demonstrated how
ethnographic and qualitative research methods could be employed in
sociological studies of science. Since the so-called “Science Wars” of the
1990s, during which realists and constructivists fiercely debated over the nature
and authority of scientific enquiry,®® philosophers of science have started to
incorporate qualitative methods into their repertoire. An important and frequently
employed approach to research practices is an empirical case study. Burian
(2001: 384) argues for the virtues of using case studies in history and

philosophy of science and defines case studies as follows:

Case studies are concerned with scientific work carried out during a
limited time period and are usually restricted to a specified set of
scientists, institutions, laboratories, disciplines, or traditions. [...]
Case studies usually deal with relatively narrow topics. And most of
the case studies that interest philosophers of science are organized

around a focal issue of broad interest. (Burian 2001: 384—85)

Morgan (2012a: 668) emphasises in her own definition that a case study
focuses on a ‘bounded whole object of analysis’, but that the boundary between
object of study and context may not be clear from the beginning and remain
variable throughout the process of study. In this sense, case-based research

‘maintains a considerable degree of open-endedness’ (Morgan 2012a: 668).

and cannot be understood apart from it’ (emphasis in original). Importantly, the
researchers themselves count as instruments in observational and ethnographic
research, the main empirical methods of my research project.

25 As Wylie (2000: 228) summarises, scholars of sociological, anthropological, and
feminist studies of science and technology argued that sciences are inherently
human, social, and political, while questioning the presumption that ‘the sciences
are uniquely non-parochial in scope and warrant, that they share a body of
investigative practices capable of establishing knowledge that decisively
transcends the contexts of its production’. Defenders of science reacted by

maintaining a ‘unique integrity and authority of science as a corporate whole’.
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Case studies gain relevance as a research method when philosophers follow
some of the practice turn’s aforementioned principles, in particular the plurality
and disunity of scientific practices and the rejection of too idealised conceptions
of scientific knowledge, methods, and agency. As Burian (2001: 399-400)
points out, ‘science has no essence’, no universal or objective scientific method;
hence, ‘case studies cannot and should not be expected to yield universal
methodologies or epistemologies’. More explicitly, Morgan (2012b: xv) states in
the preface to a book comprising a series of case studies of economic
modelling practices: ‘Science is messy’ and ‘the messy details are important’ to
understand and explain both micro- and macroscale aspects of science. Case
studies are the best way to capture the details of scientific practices and ‘to
figure out how science goes on’ (Morgan 2012b: xv). Case studies are the
primary research tool for making the unarticulated and tacit details of scientific

practice visible.

Flyvbjerg (2006) addresses several misunderstandings and simplified views of
case studies. A common misunderstanding is that general, context-independent
knowledge would be more valuable than concrete, context-dependent
knowledge. Flyvbjerg (2006: 6—-9) responds by highlighting the benefits of case-
based research for the philosopher or sociologist: The type of context-
dependent learning with case studies is essential for the acquirement of
thorough expertise in a specific field of research. Additionally, any research of
human affairs inevitably leads to context-dependent knowledge, because ‘social
science has not succeeded in producing general, context-independent theory
and, thus, has in the final instance nothing else to offer than concrete, context-
dependent knowledge’ (Flyvbjerg 2006: 8). A related, frequently raised
scepticism against case studies is the impossibility to generalise on the basis of
a single case study. Flyvbjerg (2006: 14) contends that the value of formal
generalisation is overestimated whereas the force of exemplification and a case
study’s potential to falsify expectations and given propositions are
underestimated. Rather than confirming a researcher’s subjective bias, case
studies more frequently make researchers question or rebut preconceived
notions (Flyvbjerg 2006: 23). Indeed, as outlined in the thesis overview in the

previous chapter, the closeness to concrete research situations made me

52



question my own preconceptions as well as common philosophical conceptions

of specific aspects of research practices.

| study data practices by conducting an in-depth local case study because | see
case studies as the only way to adequately reconstruct in terms of activities how
scientific data are made. My thesis explicitly focuses on the contexts and
conditions of making scientific data and a case-based approach seems well-
suited for this task. The diversity of practices in data-intensive sciences can only
be mapped with more empirical case studies. These are not intended to replace
but underpin rather general, comparative perspectives on commonalities or
differences between scientific practices. My case study consists of multiple
visits to a research institution, qualitative interviews with researchers, and
extensive research of scientific literature related directly to my case.
Ethnographic interviews as part of case studies are a powerful research tool in
sociology and find increasing acceptance among philosophers of science.® |
used ethnographic research methods in order to establish an empirical basis for
my philosophical analysis of scientific practice. The following summary of my
empirical research addresses additional questions related to the qualitative

interviews and their analysis.

2.3 Empirical methods used for this thesis

My approach to ocean sciences during my PhD project was partly shaped by
my own educational background. From 2006 to 2011, | studied geophysics and
physical oceanography at the University of Hamburg, Germany. | worked as a
student assistant at the Institute of Oceanography and was thereby introduced
to a variety of practices, by which oceanographers produce and analyse data. |
also worked as a student assistant on two research cruises on the Atlantic
Ocean, during which | contributed to the sampling of ocean waters and the
production of scientific data. Attending lectures in hydrochemistry,

biogeochemistry, hydrodynamics, and marine ecology provided me with

26 See for example Osbeck and Nersessian (2015: 26—33) for a detailed description
of “Empirical Philosophy of Science in Practice” in bio-engineering, including field

observations, audio-recorded interviews, and the analysis of interview data.
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additional background knowledge on practices that are not primarily concerned
with ocean physics. Between 2011 and 2014, | studied history and culture of
science and technology at Technical University Berlin and worked as a student
assistant at the Max Planck Institute for the History of Science in a project on
large-scale data collection programmes in post-World War |l natural sciences.
These studies provided me with specific historical perspectives on science that
at times, intersected with philosophy of science, as for example in Michel
Foucault’'s (1969) discourse analysis and archaeological method to analyse

knowledge and scientific cultures.

This scholarly background gave me broad and useful background knowledge
and practical experience in ocean sciences, but left me with a lack of
philosophical fundamentals, as | learned in the early stages of my PhD
research. Such a disciplinary crossover is not uncommon in contemporary
academia. Yet, thinking and writing about science in philosophical terms as well
as learning about empirical research methods in philosophy of science
comprised a large part of my learning curve, especially during the early stages
of my research project. Being a trained oceanographer certainly shapes my
understanding of the information | obtain in ethnographic interviews. Laudel and
Glaser (2007) reflect on interviewing scientists and the required level of
expertise in the science practised by the interviewees. They point out that for in-
depth, qualitative, empirical research, understanding the science to some
degree is inevitable. My approach can be considered as ‘native observation’
using Laudel and Glaser’'s (2007: 96) words, because | am a trained
oceanographer studying oceanography. In some cases of native observation,
researchers experienced an ambiguity when studying the work of former
colleagues or peers. In rare cases, accusations surfaced that in doing native
observation, researchers might too easily adopt false assumptions from the
researchers under study. However, as Laudel and Glaser (2007: 96-97)
summarise, the consequences of native observation for the outcomes of

empirical studies are actually unknown.

| was not aware of my case studies’ specific data practices prior to beginning

my PhD research. My studies in history and culture of science and technology
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also provided me with critical distance to ocean sciences in such a way that |
did not feel “native” when | visited research sites in Plymouth. My background
knowledge of oceanic processes and practices certainly aided my
understanding of the content of my conversations with oceanographers. | admit
that in discussing my research with other philosophers, | sometimes felt that |
was less surprised by my case study than scholars that were not familiar with
oceanography. Presenting and discussing my research in workshops and at
international conferences was therefore crucial for my own interpretation of my

empirical data.

My empirical research for this thesis began with a broad literature and online
research into contemporary data practices in oceanography. The aim of this
research was to broaden my knowledge beyond the rather technical and
methodological knowledge that | obtained during my time as an oceanography
student. In particular, | intended to gain an overview of important oceanographic
data infrastructures, including their participants, funding backgrounds, their
scientific scope, impact, and their relation to other oceanographic projects and
programmes. The aim was finding oceanographic programmes and projects
suitable for an empirical case study within the limited time of a three-year PhD
project.?’ Large-scale, multi-national data infrastructures like the International
Argo Project, the ocean chemistry observational programme GEOTRACES, or
the Global Ocean Data Assimilation Experiment (GODAE) appeared too
complex and demanding in this regard. My focus therefore shifted to databases
and projects within the UK with a smaller scientific scope and potential access
points for ethnographic fieldwork. Among the projects and locations | identified
were the Marine Biological Association of the UK (MBA), the Data Archive for
Seabed Species and Habitats (DASSH), the Continuous Plankton Recorder
(CPR) Survey and the Secchi Disk Project, all based in Plymouth, the National
Oceanography Centre (NOC) in Southampton, and the British Oceanographic
Data Centre (BODC) in Liverpool.

27 See appendix A for a list of criteria for selecting fieldwork sites. These were
developed jointly by members of the ERC-funded project “The Epistemology of

Data-Intensive Science”.
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Towards the end of my first year of research, | started collaborating with people
from the MBA, the CPR Survey, DASSH, and the Secchi Disk Project. | visited
the MBA building in Plymouth several times throughout 2015 and conducted six
ethnographic interviews in a span of six months. | was shown around the
building, the laboratory where CPR samples are analysed, the instrumentation
workshop, and the CPR Survey’s sample archive. The interviews were semi-
structured and usually lasted for around one and a half hours. | based the
interviews on individual sets of topics and questions intended to guide the
conversation while also allowing space for deeper discussions of specific topics,
whenever they emerged from the conversation.?® One theme that all interviews
had in common was the scientists’ everyday work. | kept asking about the
recurring activities and routines of scientific practice, in particular those
practices relating to data, required technologies and skills, typical problems, and
communication networks related to these activities. On the one hand, | wanted
to learn the facts and the functioning of specific instances of scientific work; on
the other hand, | wanted to gain insight into the individual realities of scientific
work as lived and experienced by people in a specific research setting. One
major goal of semi-structured interviews of this type is to learn about
constraints, relations, and interactions involved in scientific work, which cannot
be uncovered by any other method, for example by researching only published
scientific literature. At the same time, the interviews retained an exploratory
character because they were also intended to give me deeper knowledge and
insight into the work of scientists from which | would be able to select specific

aspects to address in my thesis.

During my visits to Plymouth, | have interviewed the following scientists or
members of staff: a marine ecologist who is now the Deputy Director of the MBA
and chair of the Marine Environmental Change Network (MECN), which
oversees a number of long-term environmental time series of the UK; the data
manager of DASSH; a marine ecologist and micro-biologist who has launched

the Secchi Disk citizen science project; from the Sir Alister Hardy Foundation

28 See appendix B for an interview protocol from which | developed specific
questionnaires for each interview. The template was developed in the course of the

ERC-funded project “The Epistemology of Data-Intensive Science”.
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(SAHFOS) | interviewed the lab manager, a senior plankton taxonomist; an
instrumentation technician, plankton taxonomist, and sample archive curator;
the workshop manager and member of the operations team; and a geneticist
specialised in plankton ecology. All participants agreed to the interviews being

audio-recorded.

Participation in my research was entirely voluntary and only happened after the
scientists signed an ethics consent form in which they were able to choose if the
interview would be recorded and if their identity would be disclosed. | also
asked interviewees to sign a re-use and archiving agreement to decide if
transcripts of their interviews could be archived and shared online to be

available for future research projects.?

Most of the second year of my research was spent with transcribing and
analysing the interviews, as | describe below. During the third year of my
research | travelled back to Plymouth for another three interviews which were
less exploratory and rather aimed at answering follow-up questions and filling
gaps in my knowledge of the data practices. By this time, | had settled on the
CPR Survey as my main case study for this thesis. The total number of nine
interviews, with only six interviewees working directly for the CPR Survey,
leaves me with a relatively small sample size. Crouch and McKenzie (2006)
argue that small sample sizes in qualitative research with interviews function
well for studies which aim at capturing the dynamics of social situations. They
further point out that ‘strictly speaking, [...] the whole notion of “sample” is not
appropriate here since in research of this kind respondents are not drawn (i.e.
sampled) from a “target population” (Crouch and McKenzie 2006: 492). Indeed,
the case | selected is a rather unique example of ocean science and the
researchers | interviewed were not chosen as representatives of larger groups
of people. For example, the lab manager of the CPR Survey or the data
manager of DASSH occupy singular positions in relatively small institutional

settings.

29 See appendix C for copy of the ethics consent form and appendix D for the re-use

and archiving agreement.
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For analysis of the interview transcripts, | utilised the data analysis software
Nvivo 10. | used the software’s “coding” function to mark passages with one or
more themes depending on the current topic or question of the conversation.*® A
list of forty different themes emerged from this analysis, which gave me an
overview of which topics have occurred more often than others. The themes

questions of analysis”, “data uses and

” “* ” 113

“storing, archiving, curating”, “sample”,

re-uses”, “material”’, and “funding” emerged as the most frequent topics. The
themes were not pre-determined but rather developed in the course of the
analysis. In the following weeks, these topics guided my philosophical thinking
and the structuring of my empirical data into potential chapters and papers to
present at philosophy of science conferences and workshops. This means that
the philosophical themes addressed in my thesis’ main chapters emerged from
my empirical data and from the reconstruction of the research practices that |
studied. | was not initially driven by an intention to find out about, say, scientific

representation in ocean sciences.

This thesis is the primary output of my PhD project. It is based on qualitative,
empirical philosophy of science and exemplifies what Morgan (2012a: 668)

describes as the outcome of a case study:

A complex, often narrated, account that typically contains some of
the raw evidence as well as its analysis and that ties together the

many different bits of evidence in the study.

My empirical chapters contain much of the “raw evidence”, direct quotations
from researchers, which | inserted with the deliberate intention to let the

scientists speak for themselves.

30 See Osbeck and Nersessian (2015: 31-32) for an example of coding interview

data in empirical philosophy of science.
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Chapter Three — Between scarcity and overload: Data

practices in oceanography

Abstract: This chapter introduces data practices in oceanography and briefly
introduces this thesis’ main case study, the Continuous Plankton Recorder
(CPR) Survey. Compared to other scientific disciplines, oceanographic
practices are still under-represented in philosophy of science; however,
oceanography has recently started to draw more attention from sociologists,
anthropologists, and especially historians. My introduction of oceanography
builds on this scholarship, but also draws from standard oceanography
textbooks and oceanography journals to portray the discipline. Oceanography is
a loosely defined field that includes traditions and methods from physics,
biology, chemistry, and geology, but there are no clear demarcations between
these and other oceanographic sub-disciplines. Ever since studies of the ocean
became a science, observations and the production of data have been
fundamental in knowledge making processes. Oceanographers have long
maintained close ties to the seafaring culture and established international
collaborations to increase the scope and volume of data production. Various
technological innovations have impacted how and by whom ocean science is
practised. New technologies have also enhanced the importance of data and of
continuity in data practices to further advance knowledge of the oceans.
Despite the long established data-centrism and the implementation of high-
volume, large-scale technologies, large parts and crucial parameters of the

oceans remain scarcely sampled.

3.1 Introduction

Oceanography is a diverse scientific field and, as | discuss in this chapter, lacks
a clear definition as well as distinct topical or methodological boundaries. This
chapter reviews the diversity of oceanographic data practices and formulates
some cornerstones that characterise the field in view of the following chapter’s

case study. | intend to draw a broad sketch of oceanographic data practices —
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in particular of the practices by which data of the oceans have commonly been
created — that is informed by scientific literature and the rather limited
scholarship on oceanography in philosophy, sociology, anthropology, and

history of science.

| argue that oceanography is a relatively young scientific field in which “data-
centric” or “data-intensive” approaches have been prominent from the very
beginning. A variety of new technologies have been introduced to ocean
sciences since the middle of the twentieth century. These have greatly
increased the capacities of ocean scientists to produce oceanographic data.
Yet, ironically, a characteristic scarcity of data is still prevalent today as the
scope of oceanographic research has expanded from exploratory mapping of
ocean phenomena to understanding the oceans’ crucial role in the planetary
climate system. The expansion of scope occurred gradually over the course of
one century and has transformed the scientific image of the oceans from rather
static bodies of water to assemblages of dynamic, interrelated physical and
biogeochemical processes. This shift amplified the importance of continuity in
the data practices of ocean scientists and spawned a high degree of
collaboration between scientific institutions and research organisations across

the globe.

For a large part of their history, ocean sciences were closely associated with
maritime and seafaring culture, with exploratory voyages and discoveries made
exclusively by institutions and male scientists with seafaring capacities and
experience. While new platforms for data production like satellites and
autonomous sensing networks have opened ocean sciences to a greater
diversity of people, some oceanographic practices still require the skills to bring
research instruments or entire laboratories on ships right into the adverse

conditions of the world’s oceans.

In general, | understand oceanography as an engagement in the oceans and
seas that involves the collection of samples, the recording of phenomena, the
creation of data, or the production of knowledge from samples, records, or data.
This view includes a wide range of activities performed by scientists as well as

non-scientists. The objects of study not only encompass the ocean’s and
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adjacent sea’s bodies of water, but also the living organisms within them,
organic and inorganic compounds floating with the currents, as well as the
constitution and processes across their boundaries, at the sea floor, along
coasts, and between oceans and the atmosphere. | do not aim for a general
definition or demarcation of oceanography and tend to use the term “ocean
sciences” frequently throughout this thesis to signal the plurality of approaches,
traditions, and specific objects of study that researchers of the oceans engage
with. My view of oceanography or ocean sciences is derived from research into
the practices and history of the field conducted for the purpose of this thesis and
from my experience as a student and research assistant in physical

oceanography.

The chapter first discusses definitions of oceanography given in
encyclopaedias, oceanography textbooks and in materials from public
representatives of the discipline such as journals, learned societies, and
international organisations. The chapter then reviews the limited scholarship on
oceanographic practices from historical, philosophical, sociological, and
anthropological studies of ocean sciences. The main part of the chapter is
formed by a historical sketch of data practices in ocean sciences that briefly
introduces the main technologies of data production, research programmes,
and innovations that have shaped how oceanography is practised today. Finally,
before summarising, | briefly introduce this thesis’ main case study, the

Continuous Plankton Recorder (CPR) Survey.

3.2 Defining oceanography

Several textbook and encyclopaedia definitions of oceanography are two-fold:
They define oceanography first as all science of the oceans and seas and,
second, as being traditionally divided into four sub-disciplines dedicated to the
oceans’ physics, biology, chemistry, and geology, respectively. Sverdrup,
Johnson, and Fleming (1942: 1), for example, write in a classic oceanography

textbook:
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Oceanography embraces all studies pertaining to the sea and
integrates the knowledge gained in the marine sciences that deal
with such subjects as the ocean boundaries and bottom topography,
the physics and chemistry of sea water, the types of currents, and

the many phases of marine biology.*'

In a more recent introductory textbook for oceanography students, Stowe (1996:
5) claims that the division in physical, biological, chemical, and geological
oceanography is ‘customary’ among oceanographers. According to
Encyclopaedia Britannica, oceanography is the ‘scientific discipline concerned
with all aspects of the world’s oceans and seas, including their physical and
chemical properties, their origin and geologic framework, and the life forms that

inhabit the marine environment’.*

Most oceanographic research can probably be regarded as falling under one or
more of the four traditionally distinguished sub-disciplines. Among scientists,
common labels for these sub-disciplines are “physical oceanography”, “marine
biology” or “biological oceanography”,®®* “ocean chemistry”, and “marine
geology”. In scientific literature and among oceanographers, the term

“oceanography” is often associated only with physical oceanography, especially

31 Although geology is not explicitly mentioned, geological research can be regarded
as included in ‘subjects such as ocean boundaries and bottom topography’
(Sverdrup, Johnson, and Fleming 1942: 1).

32 <http://www.britannica.com/EBchecked/topic/424573/oceanography> [accessed 19
November 2015].

33 Scientists seem to distinguish between marine biology and biological
oceanography. A Google search for the “difference between marine biology and
biological oceanography” leads to some online discussions and disciplinary
descriptions claiming slight differences in thematic scope and tradition. Marine
biology is viewed as the study of marine organisms themselves and as a sub-
discipline of biology, whereas biological oceanography is rather associated with the
study of marine organisms within the physical and chemical environment of the
oceans. The latter, as the name suggests, is viewed closer related to
oceanography than to biology. In contemporary science, the two fields are closely
interrelated and often overlap. For the purpose of this thesis, a distinction is not

necessary.
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since the rapid rise of physics and natural sciences on research and political
agendas during the early Cold War, as | discuss below. Thus, biology, chemistry,
geology, and other disciplines are often excluded when the term is used.
Throughout this thesis, | use the term “physical oceanography” when
specifically referring to research in ocean physics. Instead of “oceanography”
and “oceanographers”, | frequently use the term “ocean sciences” and “ocean

scientists” to include all traditions and research practices related to the oceans.

The four subdisciplines associated with physics, biology, chemistry, and geology
of the oceans cover what can be regarded as basic scientific research in
oceanography.** More applied research fields are also sometimes regarded as
sub-disciplines of oceanography, for example operational oceanography, ocean
engineering, fisheries management, or marine policy. The goals and interest
groups related to these disciplines differ substantially from more basic ocean
sciences. Operational oceanography, for instance, is concerned with systematic,
routine measurements of ocean parameters combined with rapid interpretation
and dissemination for the purpose of deriving forecasts, as well as ‘nowcasts’
and ‘hindcasts’. Among the outputs of operational oceanography are warnings
against floods, ice and storm damage, harmful algal blooms or contaminants,

and optimised shipping routes.*

Most oceanographic sub-disciplines are large and autonomous enough to have
journals and learned societies explicitly committed to them, but there are also
“general” oceanographic societies, journals, as well as intergovernmental and

nongovernmental oceanographic organisations,® which aim at covering multiple

34 | follow the International Council for Science’s (ICSU) definition of ‘basic scientific
research’, given in 2004 as: ‘fundamental theoretical or experimental investigative
research to advance knowledge without a specifically envisaged or immediately
practical application’; <http://www.icsu.org/publications/icsu-position-
statements/value-scientific-research> [accessed 21 November 2015].

35 <http://eurogoos.eu/about-eurogoos/what-is-operational-oceanography/>
[accessed 21 November 2015].

36 For example The Oceanography Society and its journal Oceanography, Elsevier’s
Progress in Oceanography, UNESCO'’s Intergovernmental Oceanographic

Commission (IOC), or the nongovernmental Scientific Committee on Oceanic
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or all different strands of oceanography. The aims and scope of these societies,
journals, and organisations often include more specified focus areas than just
the traditional four. For example, the open-access journal Ocean Science,
published by the European Geosciences Union, covers ocean physics, ocean
chemistry, and biological oceanography, but also ‘air-sea interactions’, ‘ocean
models — physical, chemical, biological, and biochemical’, ‘coastal and shelf
edge processes’, and ‘paleooceanography’.®” This list is indicative of
oceanography’s intersections with other geosciences such as meteorology,
biogeochemistry, or palaeontology. In these fields, oceanographic processes
are highly relevant and many of their studies may also be regarded as

oceanographic.

In my personal experience as a trained physical oceanographer and when
visiting and speaking with ocean scientists during research for this thesis, |
found that oceanography is relatively open and receptive for scientists trained in
other disciplines. Today, in light of the growing variety of teaching programmes,
many universities offer stand-alone courses and degrees in oceanography or
one of its sub-disciplines. However, many senior oceanographers were
educated in other disciplines such as biology, zoology, physics, meteorology, or
mathematics and became engaged in studying oceanic processes in the course

of their careers.

In summary, rather than finding a straight to the point and readily adoptable
definition of oceanography, the impression of a highly diverse and dispersed
discipline emerges that is difficult to demarcate. Given the diversity of sub-
disciplines, a wide range of methodological and educational traditions among
ocean scientists is not a surprise. Consequently, it seems difficult to associate
oceanography with a particular label to indicate a preferred methodological or

M LT3

practical approach such as “laboratory”, “experimental”, “field science”, or the

like. The Ocean Science journal — a title that resonates with my choice of the

Research (SCOR).
37 <http://www.ocean-science.net/about/aims_and_scope.html> [accessed 19
November 2015].
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term “ocean sciences” — is dedicated to reviewing and publishing ‘papers on all

aspects of ocean science: experimental, theoretical, and laboratory’.®®

3.3 Scholarly views of oceanographic practices

Scholarship in the philosophy of science is almost devoid of research that
focuses explicitly on the practices of ocean scientists. Ocean sciences have not
drawn interest from philosophers of scientific practice in magnitudes
comparable to physics or the life sciences including genetics, microbiology, and
medical research. However, given the diverse traditions and practices that can
be counted as ocean science, some philosophical research relate either to the
practices of ocean scientists or their objects of study. For example, in relation to
physics, philosophers have become increasingly interested in numerical
modelling practices and prediction in climate science (Parker 2011, Steele and
Werndl 2009), which intersect with practices of modelling oceanic currents and
biogeochemical cycles. With respect to biology, some scholarship on research
of microbial life (O’Malley and Dupré 2007, Schrader, 2017) addresses scientific
knowledge of bacteria, microscopic organisms, or viruses that inhabit the
oceans; however, the scientific practices by which knowledge of these
organisms is produced is usually not the primary concern of these authors.
Camprubi’s (2018) very recent analysis of observation practices related to deep
ocean currents integrates some philosophical reflection on the epistemological
status of diagrams and drawings into a historical reconstruction of
oceanographic practices. Such scholarship might indicate that the interest in

philosophical analysis of ocean sciences is growing.

In sociology, anthropology, and especially history of science, scholars have
more explicitly focused on concrete practices in ocean science and on
challenges of observing a natural system as large and inaccessible as the
oceans. A growing field of interest are the use and implications of earth
observing satellites for global observation of the ocean surface (Lehman 2017,

Benson 2012). Haraway (2008: 249-63) discusses the relation between

38 <http://www.ocean-science.net/about/aims_and_scope.html> [accessed 19
November 2015].
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humans and animals in scenarios where researchers have equipped sea turtles
and humpback whales with cameras. As an anthropologist, Helmreich (2009)
has accompanied microbiologists who sample the oceans with remotely
operated vehicles (ROV) from ships to learn about the climate from microbial
DNA, blue-green algae with a potential use in pharmaceutical biotechnology,

the ecologies at hydrothermal vents, or the origins of life.

For the purpose of this chapter, the ‘modest existing tradition’ in historical
studies of oceanography (Rozwadowski 2014: 335) is most useful. Two specific
areas that have drawn attention of historians are, according to Rozwadowski
(2014: 336), the role of science in fisheries and the development of
oceanography following World War |lI, when ocean science was heavily
influenced by geopolitical agendas and received substantial political and military
support. Oreskes (2014) even claims that the oceans have been generally
neglected by historians for a long time. If historians ever paid attention to the
oceans, ‘they saw them as a literal void, devoid of the stuff of which history is
composed: culture, politics, art, and sociability’ (Oreskes 2014: 379). One
reason for the historians’ neglect of the oceans is the fact that scientific
practices related to the oceans did not exist for a very long time. Until the
beginning of the twentieth century, the oceans were mostly not accessible for
scientists and only coastal phenomena were within reach to be studied
(Oreskes 2014: 381).*® Oceanography became institutionalised throughout the
twentieth century, but, in accord with the observation of the previous section,
oceanography ‘remained and remains fragmented as a discipline’, so that it has
rarely been viewed and studied as a stand-alone, coherent discipline (Oreskes
2014: 382). As Oreskes (2014: 382) clarifies, ‘oceanography as a discipline still,

in some ways, does not quite exist’.

Yet, some historians have engaged in tracing how the oceans or specific parts
of the oceans have become scientific objects and how research practices of the
oceans have developed over time. A collection of essays edited by Benson and

Rozwadowski (2007) closely studies oceanographic expeditions into the

39 A notable exception to the disinterest of historians in ocean science is Deacon’s
(1971) monograph on research and knowledge of the seas and oceans from

ancient philosophy until the late nineteenth century.
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extreme conditions of the Arctic and Antarctic during the nineteenth and
twentieth century. Covering an even broader scope, Mills’ (2009) The Fluid
Envelope of Our Planet: How the Study of Ocean Currents Became a Science
has emerged as a standard regarding the research of ocean currents from the
middle of the nineteenth century until the 1960s, when a complete theoretical
model of the dynamic planetary ocean circulation first emerged. Covering
roughly the same time period, Mills (2012) has also reconstructed how
biological oceanography developed as an independent branch of turn-of-the-
century ecological science at German, Scandinavian, British, and North
American research institutions. Mills’ narrative begins with a desire to quantify
the biological production of the seas and ends with a convergence of biology,

chemistry, physics, and mathematics in late 1960s’ numerical plankton models.

The early Cold War period of oceanography and its political dimension are well
documented by Hamblin’s (2005), who focuses in particular on the question of
how international cooperation became one of the most crucial components of
oceanography as a ‘Cold War science’ while being closely tied to national
governments and military patronage (Hamblin 2005: xviii). With regard to the
definition and scope of oceanography, Hamblin (2005: xviii) shows that
oceanographers strategically embraced broad disciplinary understandings of
oceanography and expanded its definition by including numerous other
scientific fields in order to seek support for their work. Hamblin (2014) also
explores disciplinary dynamics within oceanography and distinguishes
methodological trends among oceanographers at the middle of the twentieth
century, not along traditional disciplinary boundaries such as biology, physics, or
chemistry but along a divide between “descriptive” and “dynamic’
oceanography. This distinction, adopted from Mills (2009), considers different
scientific values among oceanographers, which shape how researchers see the
oceans and design their enquiries. Descriptive oceanography was based in the
tradition of climatology, included long-term data collection, and centred on the
formulation of causal relationships to explain phenomena. By contrast, the
dynamic values are grounded in mathematical and statistical methods,
hydrodynamics, and thermodynamics, and saw the oceans as an integral part of

a large-scale climate system.
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Writing more from a military-historical perspective, Weir (2001) covers the
relationship between US Navy and ocean scientists between World War | and
the 1960s. Weir claims that the mutually beneficial connections between military
and science relied on technological and political developments as much as on
interpersonal networks between military officials and oceanographers, many of
whom had served in the US Navy before seeking professions as scientists.
Rainger (2000: 370) shows how physical oceanographers ‘embedded’ their
interests into military objectives; the scientists ‘knowingly and willingly’ carried
out military work for the Navy, which was the dominant party in the relationship
(Rainger 2000: 369-70). Note that these relations occurred mainly between the
Navy and physical oceanographers, as the oceans’ physical properties were the

most crucial for military operations.

Much of the historiographic writing on the Cold War era of oceanography is US-
centred due to the leading role of American oceanographic institutions and the
country’s superior technological capabilities of the time. Historians who focused
on scientists’ engagement with the oceans during the nineteenth century have
often considered European activities and the role of expanding empires as well.
According to Reidy and Rozwadowski (2014), the oceans became culturally,
economically, and politically relevant during the nineteenth century, leading to
sustained attention of scientists on the open oceans for the first time in history.
The cultural and economic role that the oceans assumed during the nineteenth
century, for example in literature, trade, or telegraph communications, and the
resulting efforts of Anglo-American science to measure and map the oceans’
depth, is documented by Rozwadowski (2005). Politically, nineteenth century
empires constructed the oceans as a space open to anybody capable of
mastering it. This required reliable knowledge of the oceans and led to a
‘mutually sustaining’ relation between the oceans, science, and empires before
oceanography as a science was institutionalised (Reidy and Rozwadowski
2014: 338).

Rozwadowski (1996) also discussed that early practitioners of ocean science in
the nineteenth century shared and identified with experiences of going to sea

more than they shared a body of specialised knowledge or scientific practices.
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Maritime culture and the production of knowledge of the oceans clearly
overlapped and established a ‘scientific maritime culture [that] became the basis
for the field practices of the new discipline’ (Rozwadowski 1996: 428). Early
oceanographers contributed to a heroic, adventurous, and romanticised image
of ocean science by publishing not only scientific works but also personal
accounts of seagoing experiences for popular audiences (Rozwadowski 1996:
429). The image of seafaring scientists who ‘defined seagoing as a central
element of their science’ prevailed far into the twentieth century (Rozwadowski
1996: 428). Consideration of the cultural and social setting is crucial for an

adequate understanding of oceanography’s history, Rozwadowski argues.

An adjacent, but highly relevant, thread of historical literature focuses on
disciplines with similarities and intersections with ocean sciences. Similar to
oceanography, research on atmospheric weather and regional or global climate
deals with highly complex phenomena of the earth, which are governed by fluid
motions. These include non-linear behaviour and physical, chemical, and
biological feedback loops. The phenomena are often difficult to access and
observe, extend from local to planetary spatial scales, and require consistent
recording over long durations. Edwards’ (2010) historical work on data practices
in climatology and meteorology covers practices from the nineteenth century
until today, including the introduction of digital computing technologies,
numerical modelling, and earth observing satellites. The history of
environmental observation systems has also been studied by Aronova, Baker,
and Oreskes (2010), focusing on “big science” in the early cold war, by Conway
(2006), discussing an “information overload” in environmental sciences since
the introduction of earth-observing satellites, and by Benson (2012) who deals
with the diversification and commercialisation of satellite-based data collection
during the 1980s. Relating rather to biological practices, Devictor and
Bensaude-Vincent (2016) explore the “datafication” and quantification of global
biodiversity in the 1980s. Benson (2016) describes data practices in movement
ecology, which aim at recording the movement trajectories of various animals

for up to several decades.
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In summary, scholars of sociology, anthropology, and history of science have
not entirely neglected ocean sciences and there appears to be a growing
scholarly interest in ocean sciences. However, philosophers of science in
particular have yet to explore a wide range of oceanographic practices
empirically. My thesis is only one step towards mapping and making sense of
the variety of oceanographic practices with tools of analytic philosophy of

science.

3.4 Data practices in ocean sciences

In several oceanography textbooks, the expedition of the Challenger in 1872—-76
is considered to mark the beginning of oceanography (Sverdrup, Johnson, and
Fleming 1942: 6; Lalli and Parsons 1997: 7-10). Reidy and Rozwadowski
(2014: 348), too, point out that the Challenger expedition established ‘the
modern science of oceanography as the preferred way to interpret ocean
space’. Organised by The Royal Society, the British Navy vessel Challenger
was transformed into a dedicated research vessel with laboratories and
workrooms in order to survey the open oceans. The Challenger
circumnavigated the earth and crossed nearly all ocean basins within four
years. Coinciding with the four traditional oceanographic sub-disciplines
discussed above, the expedition already ‘attempted to integrate biology,
chemistry, geology, and physical phenomena’ (Lalli and Parsons 1997: 9). The
voyage spawned empirical material and data of ocean phenomena which took
fifty volumes and nineteen years to get fully analysed and published. Scientists
of the Challenger expedition ‘established systematic data collection using
standardized methods’ (Lalli and Parsons 1997: 9). It seems that the first
instance of research to be recognised by scientists and historians as
“oceanographic” was primarily driven by the intention to create scientific data

and to establish data practices.
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3.4.1 Large-scale data practices and internationalism

Almost seven decades after the Challenger expedition, Sverdrup, Johnson, and
Fleming (1942: 6) still emphasise that ‘expeditions are needed for filling in gaps
and for carrying out systematic exploration of regions from which only scattered
data are available’. At the middle of the twentieth century, large-scale
oceanography sought to fill these gaps. The International Geophysical Year
1957-58 (IGY) focused on worldwide data collection across several geophysical
disciplines, including a programme in oceanography. Funded through national
governments and carried out by numerous scientific institutions, sixty thousand
scientists and amateurs from more than 67 nations participated in data
collection for the IGY (Aronova, Baker, and Oreskes 2010: 194). The IGY has
drawn interest from historians partly because scientists and institutions from
both Western countries and the Soviet bloc countries participated. The
programme was hierarchically structured into different disciplines, into national
IGY committees and programmes, and into thousands of individual measuring
stations. Historians argue that the IGY programme can be regarded as a ‘data-
driven mode of research’ and that it lacked theoretical drivers shared between
different organising committees and programmes (Aronova, Baker, and Oreskes
2010: 185).

The oceanographic programme of the IGY consisted of two main parts:
scientific cruises with research vessels and a global network of coastal tide
gauges to measure the sea level on predetermined dates, the IGY’s so-called
‘World Days’. Although the participating nations planned and conducted
oceanographic expeditions mostly on their own, and despite Cold War tensions
overshadowing the entire programme, the IGY gave oceanographers a chance
to connect with ocean scientists from other countries (Hamblin 2005: 59-98).
The IGY further coincided with an era that saw oceanography rapidly gaining
geopolitical relevance and funding by the military. The strategic importance of
submarines during World War Il and the early Cold War resulted in a financial

boost for physical oceanography, in particular for research regarding the
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oceans’ density and acoustic properties, and for research on the oceans’
bathymetry (Hamblin 2005).%

A novelty introduced in the course of the IGY were the so-called World Data
Centres (WDC). These centres were responsible for collecting and openly
disseminating data. The designers of the IGY felt from the beginning that full
and open access should be granted to all participants. Three WDCs were
established: one in the United States, one in the Soviet Union, and one data
centre spread across several Western European countries and Japan (Korsmo
2010). Like the IGY itself, the WDCs exemplify an aspiration for international
cooperation and openness in science which was characteristic for geosciences
in the 1950s and 1960s. Oceanography certainly featured prominently in these
aspirations. As Aronova, Baker, and Oreskes (2010) point out, however, the
American WDC for oceanographic data, operated by Texas A&M College,
merged in 1961 into the United States’ National Oceanographic Data Centre
(NODC). As many other WDCs that originated from the IGY, the oceanographic
WDC subsequently lost its international trait and became a national institution.
The characteristic as a fundamentally international discipline, however,

prevailed in the case of oceanography, as Hamblin (2005: xix) points out:

The lack of national borders at sea, the indiscriminately hostile
environmental conditions, and the global scope of observations have
long lent oceanography the reputation of being an inherently

international endeavor.

The need of international cooperation due to the oceans’ nature has been an
ongoing theme throughout the history of ocean sciences. On the occasion of the
first International Oceanographic Congress in 1959, the eminent oceanographer
Roger Revelle writes that ‘the marine sciences are peculiarly international’ and it
is only appropriate that the congress was held at the Headquarters of the United
Nations in New York (Revelle 1961: iii). The oceans, according to Revelle (1961:
iii), are ‘the property of no man and no nation but the heritage of every man and

every nation’.

40 Bathymetry is the study of the ocean floors, or the equivalent to topography in the

terrestrial sphere.
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Rozwadowski (2004: 128) calls ‘the conviction shared by scientists that fish and
water masses could be studied effectively only by means of international
collaboration’ an ‘environmental necessity’. Indeed, most of the large-scale
oceanographic programmes considered successful since the 1950s have been
internationally coordinated efforts. According to Rozwadowski (2004), the
oceanographic community is among the most successful scientific communities
in realising international cooperation. Collaborations have grown since around
1900, and increasingly since 1945, into an ‘integral part of ocean science’
(Rozwadowski 2004: 128). Besides environmental necessity, however, national
interests and the political and intellectual context must not be neglected as
motivating factors whenever governments decide to fund and encourage
international oceanography projects (Rozwadowski 2004). The IGY is a prime
example of the way international collaborations in geosciences were subject to
political agendas (Hamblin 2005: 59-98). At the same time, international
cooperation served as a common denominator for North American and
European oceanographers for launching a wide range of projects and activities
which ‘might have appeared incongruous or even conflicting’ in times of
geopolitical tension (Hamblin 2005: xxiii). Since the Cold War, oceanography
has become less relevant to national security and geopolitics; military financing
of oceanographic research only grew until the early 1970s (Conway 2006: 129),
when space travel, science from space, and environmental topics became more
relevant than the oceans as a strategic battlefield. However, with regard to
climate change, energy resources, fisheries, global shipping, and tourism,
oceanographic research has retained strong political interest until today and has

also gained considerable economic relevance.

For ocean scientists worldwide, the IGY was a significant achievement with
regard to collecting data of oceanic phenomena. In terms of methodology,
however, the oceanographic programme can be regarded as relatively
unsystematic. The subsequent decades of ocean sciences were to a great
extent coined by efforts to design and develop data practices into connected

observation systems and to integrate new technologies.
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Until the 1970s, technological constraints restricted the production of
oceanographic data mostly to ‘individual surveys, single time series, or spatial
sampling with very limited duration’ (Davis 2006: 50). The 1973 Mid-Ocean
Dynamics Experiment (MODE) was therefore ‘revolutionary’ for oceanography,
as it was ‘the first large-scale observing effort that combined diverse observing
tools into a designed system’ (Davis 2006: 50-51). MODE was specifically
conceived to investigate mid-ocean phenomena in an area south-west of
Bermuda over a period of five months. The idea was to bring enough
instrumentation into a relatively small area of the open ocean to be able to
create maps of current velocity and water density. These data were intended to
cover a time period long enough for an assessment of the dynamical balances
controlling the circulation (Bretherton 2006: 20). MODE exemplifies that by the
1970s, long, coast-to-coast hydrographic surveys typical for the IGY and earlier
ocean science had become less popular among scientists. This was partly
caused by their limited, mostly qualitative usability, which contrasted with
MODE'’s closer studies of processes by means of new technology. Eminent
oceanographer Carl Wunsch claims that MODE was one of the more “dynamic”

and ‘more scientific-seeming’ process studies (Wunsch 2006: 187-88).

With regard to new ways of creating data, MODE included an array of 26
subsurface moored current meters and temperature-pressure recorders. A
moored measuring platform consists of an anchor, a stack of railroad wheels is
commonly used, and a steel wire with various measurement instruments
attached to it, with buoyancy bodies at the top to keep the wire in an upright
position. Moorings often remain deployed for several years until they are
recollected. The ability to store data internally until a mooring is picked up was
relatively new when MODE was planned.*' MODE further featured a grid of 77
hydrographic stations that were each repeated on twelve individual surveys,

acoustic and electromagnetic profilers,*? and twenty neutrally buoyant floats

41 Today’s moorings usually transmit data in real-time from surface and sub-surface
buoys via satellite. Moorings with surface buoys are further capable of recording
meteorological data and data of air-sea interaction phenomena (Weller et al.
2000).
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drifting at 1,500 metres depth that were tracked by acoustic signals (Davis
2006: 50-51, MODE Group 1978).

Apart from a small number of German and British scientists and institutions,
MODE, was an experiment dominated by American scientists, institutions, and
funding bodies. MODE took place within the International Decade of Ocean
Exploration (IDOE), but as Hamblin (2005: 264) shows, the IDOE and other
similar projects ‘sprang forth from the American marine affairs bureaucracy, not

from American scientists, and certainly not from the international community’.

3.4.2 New technologies against data scarcity

Numerical modelling of the earth’s climate based on mathematical theories was
envisioned long before any existing technology was able to perform the
complex mathematical operations. Most notable are Richardson’s (1922)
attempts at numerical weather forecasting in the 1910s and 1920s. The
American Institute of Advanced Study (IAS) conducted pioneering work in
numerical weather forecasting during World War |l. After the war, only few
research institutions were equipped with expensive computers capable of
numerical modelling of weather, climate, and oceans; renowned American
oceanographic laboratories were not among them. Rather, institutions with a
focus on climate studies were leading in the development of ocean models, for
example the US Weather Bureau General Circulation Laboratory in Princeton,
NJ, or the National Center for Atmospheric Research (NCAR) in Boulder, CO.

At the Weather Bureau, numerical ocean modelling began in the early 1960s

with two-dimensional models of an ocean basin and simulations of the wind-

42 Oceanographers speak of a “profile” when referring to one-dimensional data of a
parameter measured in vertical intervals at one geographical location. A
temperature profile, for example, is a series of temperature values measured
throughout the “water column”, that is between the ocean’s surface and a specific
depth or the ocean floor at one distinct location. Profilers are instruments, which
record individual profiles of the water column; a series of profiles located along a
straight horizontal line is commonly termed a “section” and results in two-

dimensional arrays of measured values.
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driven oceanic circulation; three-dimensional models appeared in 1969. The
growing scope and complexity of numerical ocean models from the 1960s
onwards required amounts of data which were not available at the time. The
models needed data from regions, which had never been sampled and spatial

resolutions higher than those of the data available.

Numerical models were the primary research tool for dynamic oceanographers
who sought to address practical problems of the oceans (Hamblin 2014: 353).
Dynamic approaches gained popularity among oceanographers in the second
half of the twentieth century and often included a rather dismissive view on
descriptive oceanography as mere data collecting and not real science
(Hamblin 2014: 360-62). Ironically, however, the dynamic approach required
the collection of more and more data and made oceanography for several
decades ‘more descriptive than ever, flooding it with data, most of which sat
unused’ (Hamblin 2014: 360).

Early global ocean models were often criticised for being unverifiable due to the
lack of comparable data and for insufficient knowledge to set the models’ initial
conditions, boundary conditions, and forcing parameters (Bryan 2006). It
appears that the dynamic and descriptive approaches did not come together to
resolve this problem, probably because the development of models outpaced
the production of data and always required higher resolutions and greater
coverage than those achieved by descriptive oceanographers. Regarding the

scarcity of oceanographic data, Wunsch recounts:

Anyone who understood models realized [by 1979] that the more
sophisticated the model, the more demanding the requirements on
the observations. It was obvious that numerical models of the ocean
were about to outstrip any observational capability for testing them.
There was a grave danger that the field would produce sophisticated,
interesting models, without any ability to calibrate them. (Wunsch
2006: 187)

Today, numerical modelling is an integral part of oceanography and models with

a wide range of characteristics are being used. The scales of models range
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from exemplary process studies, for example vertical diffusion on a scale of
centimetres or sea ice formation, to three-dimensional simulations of ocean
basins and entire planets. Oceanographic models may or may not be coupled to
models of the atmosphere, the biosphere, or the cryosphere, and they may or
may not include certain chemical, biological, or geological processes. Needless
to say that numerical models produce large amounts of data for scientists to
analyse. However, as was the case with the earliest ocean models in the 1960s,
today’s numerical models still require new data and tend to require more data

the more complex they become.

Alongside electronic computers, earth-observing satellites emerged and rapidly
progressed as a technology in the course of the Cold War and had a substantial
impact on earth sciences. Instruments mounted on satellites led to the
production of a new type of data, known as “remote sensing” data. Until the
advent of satellites, almost all oceanographic data were “in-situ”, meaning that a
measuring instrument’s sensor has been in direct physical contact with the
object or process that is measured, for example when a resistance thermometer
is lowered directly into sea water. By contrast, “remote sensing” data are
produced when the sensor measures a parameter from a distance and

indirectly.

Using radiometry technology, sensors mounted on satellites are able to receive
and measure radiation emitted or reflected by the earth’s and oceans’ surfaces.
NASA’s Seasat 1, launched in 1978, was the first satellite designed for remote
sensing of the world’s oceans to use synthetic aperture radar (SAR) which
generates higher resolutions than normal radar technology by simulating an
extremely large antenna aperture along the satellite’s flight path. Seasat 1 was
designed to produce data related to sea-surface wind, sea surface temperature
(SST), wave height, internal waves, atmospheric water content, sea ice

features, and ocean topography.”® The mission demonstrated the feasibility of

43 Ocean topography or sea surface height (SSH) is the height of the sea surface
level relative to the earth’s geoid, which is the shape that the oceans’ surface
would take only from gravitational and rotational forces and in absence of winds
and tides. Differences between SSH and the geoid indicate variations in density of

the underlying sea water.
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oceanographic remote sensing despite transmitting only 42 hours of real-time
data due to a technical failure.** SST is one of the most important parameters
measured from space. The ocean water’s temperature is relevant for physical,
chemical, and biological phenomena, not just in oceanographic but also in
meteorological and climatological contexts (Thomson and Emery 2014: 27-35).
Two general advantages of remote sensing data are the global coverage of
ocean surfaces, which will never be matched by in-situ measurements, and in
many cases, near real-time access to data due to highly automated data

processing.

However, remote sensing data require complex corrections and calibration with
in-situ data, due to the effects of various phenomena such as clouds, winds, or
coastlines. Therefore, much effort and a variety of theoretical assumptions are
needed to produce usable remote sensing data before any data can be
analysed. A major drawback of satellite remote sensing data compared to in-situ
measurements from ships is that only phenomena on the ocean’s surface are
visible, such as the surface temperature, salinity, height, roughness, and water
colour. Despite these characteristics, oceanographic remote sensing data have

become invaluable for applied and basic oceanographic purposes.

As Conway (2006) shows, satellite technology promised to provide strongly
desired spatial data on a global scale, but data volumes were created which
most traditional oceanographic institutions could not handle by themselves. As a
response to this overload of information, NASA created its own oceanographic
data centre for the purpose of validating and distributing data to users in the
scientific community. This marks a notable separation between data producers
and data users, a division of labour which is a key characteristic of data-
intensive sciences and which quickly became a ‘new normative practice’ in

oceanography (Conway 2006: 150).

At least partly in response to the inability to calibrate early numerical models
and satellite observations with in-situ data, planning for an international
measuring programme, the World Ocean Circulation Experiment (WOCE),

began in the late 1970s. The observational phase of WOCE, however, started

44 <http://science.nasa.gov/missions/seasat-1/> [accessed 10 December 2015].
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only in 1990 and ended in 1998.* One of the main goals of WOCE was to
survey the global ocean without spatial restrictions in a relatively short time
span in order to create a snapshot of the state of the oceans that leaves no
major gaps (WOCE International Project Office 2003: 6). Wunsch (2006: 182),
who chaired WOCE'’s International Steering Group, described the programme
retrospectively as the ‘centerpiece’ of oceanographic research during the 1990s.
The core of the international programme, in which around thirty countries were
involved, was a coordinated ship-based hydrographic measuring programme
spanning the entire globe and producing a global oceanographic dataset.*® 31
countries expressed their intention to commit resources and contribute to
WOCE in 1988. 22 countries had been involved by the end of the programme’s
field phase, with more than fifty percent of the contributions coming from the
United States (Thompson, Crease, and Gould 2001: 37).

Until WOCE, the primary mechanism to archive and share data was still through
the World Data Centres first implemented in the 1950s as part of the IGY. For
WOCE, a new system with seven Data Assembly Centres (DACs) supervised
by scientists at research institutions was implemented. The DACs implemented
world wide web communication and links to the datasets from as early as 1994
onwards. WOCE achieved ‘unprecedented cooperation of scientists in
submitting the data’ and led to the principle of data sharing being widely
accepted in the oceanographic community (Thompson, Crease, and Gould
2001: 39-41).

45 WOCE was one of three major programmes of the World Climate Research
Programme (WCRP) between 1980 and 2005. WRCP was established in 1980
sponsored by ICSU and the World Meteorological Organization (WMO). The IOC
has been a sponsor of WCRP since 1993; <http://www.wcrp-climate.org/about-
history> [accessed 7 December 2015].

46 All of the cruises measured conductivity to calculate salinity, temperature, and
depth (CTD) by lowering CTD sensors into the water at predetermined stations in
intervals of not more than fifty kilometres. Additionally, most research vessels
produced water samples for tracer analysis, meteorological data, bathymetric data,
and current profiles (WOCE International Project Office 2003: 7).
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As Wunsch (2006) notes, oceanography was different after WOCE than it had
been before. Regarding oceanographic data, there were no more completely
blank areas on the map. Even though WOCE could not take measurements
everywhere, oceans were at least covered to an extent that allowed reasonable
estimations of remaining unknowns. WOCE is until today the largest
internationally coordinated programme in oceanography ever conducted and
provided the scientific community with a quantitative snapshot to be used as a
baseline for decades to come. Further, the focus of oceanography shifted during
WOCE and towards its expiration. The main challenge was no longer to gain
any data at all from previously unknown regions. In light of growing concerns
about climate change, the new challenge became the implementation of
sustainable, long-term monitoring networks that could record changes over
time. A central research problem in relation to climate change is to find out how
much of the variation in physical, biological, and chemical characteristics of the
oceans is due to natural oscillations and developmental cycles and how much is
caused by anthropogenic influences. To disentangle patterns and events in
oceanographic data and distinguish long-term responses to climate change
from local, high-frequency noise and anomalies continuous, long-term
monitoring of the oceans is essential (Hawkins et al. 2013, Sukhotin and Berger
2013). The success of the global WOCE experiment thus also shifted the
interest of oceanographers back to regional scales and local variations of
processes relative to the global picture (Wunsch 2006). To implement consistent
long-term monitoring, the Global Ocean Observing System (GOOS), which is
the oceanographic component of the multi-national Global Earth Observing
System of Systems (GEOSS),*” has been planned and implemented since
1991. GOOS is designed to monitor the global oceans permanently for basic
scientific and applied purposes using a variety of platforms, such as
autonomous floats, buoys, embarked systems on commercial ships, research

vessels, launched probes, and moorings.*

47 GEOSS is created by the Group on Earth Observations (GEO), a partnership of
more than one hundred governments and participating organisations based in
Geneva, Switzerland; <https://www.earthobservations.org/geo_community.php>
[accessed 19 June 2018].
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Similar to previous large observational programmes, WOCE introduced new
technologies, most notably an array of autonomous measuring instruments
named Argo floats. Argo floats produce hydrographic profiles in the ocean’s
upper 2,000 metres by changing their buoyancy automatically and moving
vertically up and down the water column. Upon reaching the surface, the
recorded data are transmitted via satellites into a database. A float then
descends to its so-called “parking depth”, usually around 1,000 metres, and
drifts with the ocean currents for ten days before starting another measuring
cycle (Argo Science Team 2001). The International Argo Project is responsible
for coordinating the worldwide deployment of Argo floats, which began in 2000.
Today, thirty countries participate in the Argo project; their contributions vary
between sponsorship of only one float and up to fifty percent of the entire array,
which is the United States’ contribution. The funding is decentralised and
distributed over more than fifty research and operational agencies which finance

national Argo programmes by a variety of funding mechanisms.*°

Initially only aiming at a number of 3,000 Argo floats in constant operation, the
number of floats as of June 2018 is almost 4,000 with a deployment rate of
around 800 floats per year. The permanently drifting Argo floats amount to a
dynamic array of measuring instruments covering nearly all areas of the
oceans. This includes many locations that are hardly accessible with any other
available and affordable oceanographic method, for example the high latitudes
in the southern hemisphere, where the world’s most powerful ocean current
circles Antarctica. With respect to spatial coverage and quantity of in-situ
oceanographic data, the Argo project is unprecedented. In 2012, the Argo
project celebrated its one millionth measured profile, which is roughly twice the
amount of profiles obtained by all research vessels during the twentieth century
worldwide (Argo Project Office 2012). While all research vessels worldwide
create around 5,000 hydrographic profiles every year, Argo produces more than

a hundred thousand, without any bias caused by seasonal conditions that

48 GOOS is sponsored by the IOC, WMO, ICSU, and the the United Nations
Environment Programme (UNEP); <http://www.goosocean.org> [accessed 12 July
2018].

49 <http://www.argo.ucsd.edu/Organisation.html> [accessed 25 February 2016].
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restrict the use of ships.®® In addition to the core hydrographic parameters
temperature, salinity, and depth, Argo floats are increasingly equipped with
sensors for dissolved oxygen, particle backscattering, sea water turbidity,
chlorophyll a, nitrate, or pH level (Carval et al. 2014). These parameters extend
the scope of Argo data from mostly physical oceanography to biological
oceanography and ocean chemistry. Furthermore, the fully automated, real-time
quality control and data storage, all within 24 hours of measurement, make Argo
data a valuable resource not just for basic scientific, but also for applied,

operational purposes.

A major advantage of Argo floats in comparison to ship-based data production is
that it reduces the costs of creating in-situ data significantly. Operating a
research vessel on the open ocean can cost $20,000 per day with the salaries
of researchers not included. The purchase of a single Argo float, which
produces data for several years costs approximately $16,000. This makes
oceanographic science and data production much more affordable for smaller
organisations or countries without dedicated research vessels (Lehman 2017:
73-74).

Just as Argo floats with new sensors have become increasingly useful for
chemical and biological research, other technological developments have
broadened the scope of oceanographic subdisciplines and blurred the
boundaries between them. Sonar technology, for example, originated during
World War Il and has been employed for physical oceanography in combination
with drifting floats to measure ocean currents. But sonar technology became
also useful for mapping the bathymetry of ocean basins, for finding fish schools,
and detecting and tracking high concentrations of larger zooplankton (Lalli and
Parsons 1997: 13).

Satellite remote sensing also produces data highly relevant for biological
oceanography and marine biology, thanks to marine organisms’ sensitivity to
temperatures. Additionally, plankton blooms are made visible via remote

sensing of the ocean surface colour. Remote sensing provides ‘an

unprecedented global time series of satellite-derived parameters relevant to

50 <http://www.argo.ucsd.edu/Novel_Argo.html> [accessed 25 February 2016].
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algal bloom studies’ (Blondeau-Patissier et al. 2014: 139). NASA first launched
an ocean colour sensor into space aboard Nimbus-7 in 1978, which operated
until 1986. Following a ten-year data gap, several satellite missions since 1996
have used a variety of ocean colour sensors and algorithms, resulting in
datasets which allow for the derivation of important ecological baselines (Wilson
2011, Blondeau-Patissier et al. 2014). Viewed from space, ocean colour is also
useful for physical oceanographers, as differences in ocean colour make ocean
fronts,’' horizontal currents, or rotational phenomena such as eddies detectable.
In light of these examples, it is not uncommon at all that one oceanographic
data product is re-used in several research contexts associated with different

sub-disciplines.

3.4.3 Limitations and opportunities

Despite earth-observing satellites and other highly automated observing
systems, biological oceanography in particular requires ocean scientists to go to
sea in order to take water and species samples or to measure biologically
relevant parameters insid