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ABSTRACT
In this opinion paper, we, a group of scientists from environmental-, geo-,
ocean- and information science, argue visual data exploration should
become a common analytics approach in Earth system science due to its
potential for analysis and interpretation of large and complex spatio-
temporal data. We discuss the challenges that appear such as synthesis
of heterogeneous data from various sources, reducing the amount of
information and facilitating multidisciplinary, collaborative research. We
argue that to fully exploit the potential of visual data exploration,
several bottlenecks and challenges have to be addressed: providing an
efficient data management and an integrated modular workflow,
developing and applying suitable visual exploration concepts and
methods with the help of effective and tailored tools as well as
generating and raising the awareness of visual data exploration and
education. We are convinced visual data exploration is worth the effort
since it significantly facilitates insight into environmental data and
derivation of knowledge from it.
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1. Introduction

We, a group of scientists from environmental-, geo-, ocean- and information science, argue visual
data exploration should become a common analytics approach in Earth system science due to its
potential for analysis and interpretation of large and complex spatio-temporal data. Visual data
exploration describes the process where researchers analyze complex and large observation and
simulation data by employing their perceptual abilities in combination with adequate visualization
methods to interactively extract relevant information and discover patterns and correlations. Intui-
tive and effective visual exploration techniques enable humans to formulate and test scientific
hypotheses, draw conclusions and interact with the data (Keim et al. 2003).

The understanding of the Earth system with its short- and long-term processes is fundamental
for challenging tasks such as the prediction and management of land-, water-, energy- and
resource scarcity or of natural disasters and their impact (e.g. earthquakes, volcanic eruptions,
floods). Permanent and long-term observation of the Earth system is essential to understand
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and model these processes. Furthermore, computer simulations with coupled Earth system
models will result in a better understanding of the various processes and interactions that govern
this system.

An immense and quickly growing amount of data has been collected in the last decades. In
addition, the amount of data continuously produced by a variety of environmental simulations on
high-performance computers (HPC) as well as high-resolution monitoring and remote sensing
methods is growing more quickly than ever.

Several ongoing activities worldwide (e.g. Earth Cube 2016; EPOS 2016) engage in the manage-
ment of these big data sets in terms of storing, archiving and processing. But there is also a growing
demand for enhanced analysis tools capable to handle and interpret the large, complex and hetero-
geneous data. We anticipate that visual data exploration will have a huge influence on understanding
the increasingly large and complex environmental data in the future. Visualization has been applied
in Earth system sciences for decades. However, traditional visualizations are mostly static pictures
presenting data from one perspective, and even 3D and rotatable GIS applications usually only
allow for the analyses of a small subset of data sets within the environmental sciences. However,
in our experience it is often necessary to assess and correlate data from very different sources
(maps, remote sensing, subsurface exploration, modeling software, etc.). Visual data exploration
allows for interactive visualization that enables scientists to interact with the data, for instance to fil-
ter or modify data adaptively according to characteristics, thresholds or other data, or to create
different perspectives on the data. We argue that visual methods perfectly complement automated
data analysis methods to detect and interpret patterns and correlations in the complex environ-
mental data.

2. Challenges regarding data analysis that benefit from visual data exploration

2.1. Synthesize heterogeneous data from various sources

For many research questions in Earth system sciences, interactions among different subsystems or
environmental compartments have to be taken into account. Examples include processes taking
place at interfaces between subsystems, such as, evaporation that originate in the oceans but will
influence the atmosphere, or precipitation that will have an effect on soil or sediments by changing
parameters such as conductivity or the concentration of chemical compounds. Data from different
sources have to be examined in combination to get a deeper understanding of the processes in ques-
tion. Investigating the Earth system across subsystems requires dealing with a wide range of data sets
with varying characteristics. These data sets differ in dimensionality, spatial and temporal resolution
and scale, reference system, data quality and uncertainty (Rink, Bilke, and Kolditz 2014). A multitude
of different variables (multivariate data) representing the Earth system have to be handled, too. The
analysis of such heterogeneous data is an ongoing challenge. New approaches are required to jointly
visualize and analyze heterogeneous data from various sensors, to compare simulation results with
observation values of a certain area (multimodal data), to cross-compare simulation results with
slightly varying parameters (multi-run data, ensemble simulations) or with data from different
models (multi model ensembles). We also need approaches to analyze simulation data of coupled
models. For instance, distinct subsystem models of the atmosphere, ocean and land need to be
coupled in order to represent the whole climate system and simulate the interactions and feedback
between its components (Kehrer and Hauser 2013). Here, we have to analyze processes and feed-
backs taking place on heterogeneous model discretization of different subsystems (Taylor, Stouffer,
and Meehl 2012).

Another aspect concerning the various data sources is the different quality of data that has to be
documented for further processing of the data. Data quality differences arise from varying data
sources and varying pre-processing routines. Data from observations and models require an assess-
ment of precision and accuracy. For instance, proxy data derived from geo-archives such as climate

2 C. HELBIG ET AL.



data inferred from ice or sediment cores is characterized by low and often varying accuracy. Results
from multi-run simulations have a bandwidth of accuracy representing the feasible result space.
Making data quality apparent is important to assess the data’s relevance with respect to the focused
question, and to guide further processing of the data.

Visual data exploration enables the analyst to create synopses of different, heterogeneous data. It
allows data integration and synthesis to generate a complete picture. Multiple views can relate data
sets, e.g. putting temporal and spatial dimensions or different variables of the Earth system into
relation. Providing different perspectives of the data by interaction options, such as moving through
the data space and filtering subsets, supports researchers in creating a holistic view of the data and in
detecting patterns and relationships in temporal and spatial dimension, as well as relationships
between different variables (Helbig et al. 2015; Unger et al. 2012). Visualizing meta data about
data quality enables researchers to examine and simultaneously validate the data, for instance by
considering their uncertainty (Köthur et al. 2015). The combined visual analysis of data and related
uncertainty information is still a challenging task, being actively discussed in the visualization com-
munity (Böttinger et al. 2015).

2.2. Reduce the amount of information

Besides the increase in data complexity, the amount of data collected or generated is rapidly growing
as well. Observation systems nowadays continuously measure more and more parameters of increas-
ing spatial and temporal resolution instead of just punctual data. In addition, the variety of sensors
that collect environmental data is also growing very fast (Kolditz et al. 2012). Models, which are get-
ting more and more complex, are another aspect that leads to growing data amounts. There is a high
demand for methods and applications being able to handle these large data sets and the information
contained within.

It is obvious that the information density of environmental data is often very high, pushing the
demand for methods that are able to handle this density and ultimately display the relevant infor-
mation hidden in complex data in an understandable, well-arranged way. This is not only true
for single data sets but also for data repositories. To get an understanding of which data sets are con-
tained in a data repository and how particular data sets are related regarding space, time and vari-
ables is a prerequisite for exploiting the existing data bases.

Scientific visualization and visual analytics allow reducing the amount of information by making
only relevant parameters and features visible. One approach is the use of interactive visualization that
is based on the information seeking mantra ‘overview first, details on demand’. It allows researchers
to filter their data during exploration. Feature-based visualization is another approach for exploring
large data sets, where features in the data are extracted by automated analysis steps and then stored to
disk to allow for interactive visualization (Köthur et al. 2014a, 2014b; Manten, Vetter, and Olbrich
2011). For the exploration of simulation data that is too large to store in a timely manner, in situ
visualization is a promising approach. Here, the data computed remains in the HPC memory
while being interactively visualized (Bethel, Childs, and Hansen 2012).

2.3. Facilitate multidisciplinary, collaborative research

In environmental sciences, multidisciplinary research is increasing to understand the Earth system as
a whole beyond single subsystems. Therefore, it is common to have geographically separated, but
collaborating research groups from different disciplines (Anderson et al. 2011; MacEachren 2001).
Observation data and analysis results of single groups have to be linked, discussed and presented.
To this end, multidisciplinary research groups have to face the challenge not only to bridge geo-
graphic distance but also to bridge knowledge space by aligning different scientific concepts and
languages. In addition, the need for professional data presentation is growing in all scientific disci-
plines, because of the increasing importance of communicating scientific results to the public.
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Visual data exploration can facilitate multidisciplinary, collaborative research and scientific com-
munication in the following way: it allows integrating the various data into a synoptic view, as
already mentioned. Additionally, it can operate as boundary object that enables sharing and discuss-
ing concepts, ideas and results. Boundary objects were introduced as a concept to facilitate cross-dis-
ciplinary collaboration by contextualizing foreign knowledge in the own thought world (Star and
Griesemer 1989). Visual data exploration designed as a boundary object supports scientists in talking
about findings, developing, clarifying and structuring arguments, and in coordinating different
domain specific perspectives. Vivid and appealing visualizations also enable stakeholders from out-
side the subject area to get quick insight into complex concepts. An interactive character of the visual
exploration enables and encourages researchers and stakeholders to investigate the data.

3. What do we need to enable visual data exploration in Earth system science?

To fully exploit the potential of visual data exploration, several bottlenecks and challenges have to be
addressed.

3.1. Efficient data management

First, some preconditions have to be satisfied regarding the quality of data acquisition and an ade-
quate data management to enable a directed quick data search. The heterogeneous, large data has to
be categorized by taking into account the existing analogies of data from various fields. In addition,
generalized metadata standards, which are giving information about quality of data and uncertainty,
have to be implemented for all data types discussed (ECJRC 2009; Maidment et al. 2011; OGC 2016).
An adequate data management system (DMS) should collect, host and supply data and correspond-
ing meta data in a standardized and permanent way. Availability and transparency of the DMS will
raise the motivation to supply data and data products (Haas et al. 2016). Several frameworks have
already been developed for this purpose (Gerchow 2014; Koppe et al. 2015) and they need to be inte-
grated in a DMS that provides solutions across institutes and thereby covers multiple project part-
ners (Kunkel et al. 2013; Nebert 2005; Tomasicm and Simon 1997). An adequate solution here would
help to synthesize large collections of heterogeneous data (Challenge 2.1) and it would form a useful
basis for collaborative research (Challenge 2.3).

3.2. Integrated workflows

The use of a common, generalized visual data exploration workflow with efficient, configurable,
modular methods could bring together currently isolated applications, where every project and
task has its own customized solution. Therefore, interfaces for transforming heterogeneous input
data to standardized data types have to be used (Rew and Davis 1990; Schroeder, Martin, and
Lorensen 2006) or developed. These interfaces have to fill the gap between the software commonly
used in the various research disciplines and the software used for visual data exploration. As before,
this would help mainly with Challenges (2.1) and (2.3) as such workflows would support working
with previously unknown data formats and give guidance to collaboration partners.

3.3. Suitable visual exploration concepts and methods

Visual concepts and methods that are able to display and explore the complexity of the data in Earth
system sciences need to be developed. Depending on the character of the data and the goal of the
analysis, these can be methods from scientific visualization, information visualization or visual ana-
lytics. Scientific and information visualization investigate how to represent more-dimensional,
multivariate data, e.g. four-dimensional environmental data sets (Helbig et al. 2014); visual analytics
focuses on the combination of automated data analysis and human judgment facilitated by
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interactive visualization (Keim et al. 2010). In addition, concepts for interacting with complex, large
data need to be developed supporting researchers to analyze their environmental data. Existing stan-
dard methods are rarely satisfying for the complex purposes of scientific research. As a variety of
users should be involved, visual data exploration has to be feasible with various devices such as
PC, web and virtual reality environments (Bilke et al. 2014; Chen et al. 2015; Rink et al. 2016).
The visualization process should be documented in order to be reproducible. This includes the
methods and algorithms chosen as well as their parameterization (Van Wijk 2005). Since a suitable
concept is the basis for any exploration effort, all of the suggested challenges would benefit from pro-
gress in this domain.

3.4. Effective and tailored tools

The best visual exploration tools would not be used very often, if they were not applicable for daily
work or need to address issues that have not been covered by existing solutions (Van Wijk 2005).
Thus, usability aspects are of great importance in a visual data exploration workflow. Tools have
to be intuitive and provide adequate interaction methods. They have to efficiently facilitate the
users’ analytical tasks and goals and complement their set of analytical methods. An appropriate bal-
ance between usability and flexibility has to be worked out. Development of successful visual data
exploration tools requires a close cooperation between visualization experts and environmental
researchers (Dransch et al. 2010; Jänicke et al. 2008). While everyone will benefit from working
with suitable tools, these are of particular interest for collaborative work (Challenge 2.3) so project
partners can reproduce results and have no need to re-implement already existing functionality to
participate in collaborations.

3.5. Awareness of visual data exploration/education

The method of visual data exploration has not yet been introduced to environmental science to its
full potential. Visualization is mostly regarded as means for result presentation; exploring data by
interactive visual interfaces is widely unknown. Also, visual exploration is often not yet regarded
as suitable method for data analysis and interpretation since many domain scientists are not familiar
with the advantages of interactive visualization. A change in attitude and perspective is necessary.
We need compelling examples showing the benefit of visual data exploration in environmental
science (Billen et al. 2008; Helbig et al. 2015; Köthur et al. 2014a, 2014b, 2015; Sips et al. 2012;
Unger et al. 2012). A wider awareness of the possibilities for exploration would benefit every
researcher in environmental sciences but is especially helpful in collaborative projects (Challenge
2.3). Education and training in novel data analysis approaches such as visual data exploration and
visual analytics will provide advantages and support all disciplines handling large and complex data.

Summary

Visual data exploration has much potential to meet recent challenges regarding data analysis and
interpretation in Earth system science. It facilitates synthesis of heterogeneous data from various
sources, reduces the amount of information by making only the relevant information visible and
supports multidisciplinary collaborative research. To exploit this potential, a broad effort is required
concerning efficient data management, integrated workflows, suitable visual exploration concepts
and methods, effective and tailored tools, as well as education to increase awareness of visual data
exploration. We are convinced visual data exploration is worth the effort since it significantly facili-
tates insight into environmental data and derivation of knowledge from it.
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