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Abstract

The analysis of ocean and atmospheric datasets offers a unique set of challenges to scientists working in different application
areas. These challenges include dealing with extremely large volumes of multidimensional data, supporting interactive visual
analysis, ensembles exploration and visualization, exploring model sensitivities to inputs, mesoscale ocean features analysis,
predictive analytics, heterogeneity and complexity of observational data, representing uncertainty, and many more. Researchers
across disciplines collaborate to address such challenges, which led to significant research and development advances in ocean
and atmospheric sciences, and also in several relevant areas such as visualization and visual analytics, big data analytics, ma-
chine learning and statistics. In this report, we perform an extensive survey of research advances in the visual analysis of ocean
and atmospheric datasets. First, we survey the task requirements by conducting interviews with researchers, domain experts, and
end users working with these datasets on a spectrum of analytics problems in the domain of ocean and atmospheric sciences.
We then discuss existing models and frameworks related to data analysis, sense-making, and knowledge discovery for visual
analytics applications. We categorize the techniques, systems, and tools presented in the literature based on the taxonomies of
task requirements, interaction methods, visualization techniques, machine learning and statistical methods, evaluation meth-
ods, data types, data dimensions and size, spatial scale and application areas. We then evaluate the task requirements identified
based on our interviews with domain experts in the context of categorized research based on our taxonomies, and existing mod-
els and frameworks of visual analytics to determine the extent to which they fulfill these task requirements, and identify the gaps
in current research. In the last part of this report, we summarize the trends, challenges, and opportunities for future research in

this area.
(see http://www.acm.org/about/class/class/2012)

CCS Concepts

e Human Centered Computing — Visualization; Visual Analytics; e Physical Sciences and Engineering — Earth and

atmospheric sciences;

1. Introduction

Ocean and atmospheric data analysis is important for many do-
mains to facilitate forecasting, planning, and decision making.
Research in this area is highly interdisciplinary, and scientists
from diverse research backgrounds collaborate to address chal-
lenges in enabling such analysis. Significant research has been car-
ried out in the visualization and visual analytics domain to de-
velop techniques and systems to facilitate further research in the
domain of ocean and atmospheric sciences. Advances in tech-
nology and computational resources have enabled scientists to
generate large amounts of data with higher density, complex-
ity, and diversity. Researchers aim to run high-resolution ocean
and atmospheric models [SMG™15], ensembles visualization and
analysis [BLLS17, FKRW17, WLSL17, KRRW18], study ensem-
ble uncertainties [SZD*10, WMK13, ME18, LBR*17, KTB*18,
AZM*15], examine the sensitivity of parameters [WLSL17,
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KBL18, KRRW18], analyze eddies (mesoscale ocean features)
and associated uncertainty in high-fidelity simulations [WPS*16,
WHP*11], interactive querying and filtering in multidimensional
data [ME18, KHS*18b, SSJKF09, LZM14, DPD*15], and apply
predictive analytics [LPCRH18, LMK*15]. Dealing with data of
such volume and complexity for different application requirements
presents new challenges for visualization and visual analytics re-
searchers, and has led to the development of many data analysis
and visualization techniques. As a result, there is an ever-growing
number of publications that target different areas including: big
data storage, management, processing and summarization; visu-
alization design for multi-resolution, multi-dimensional and time-
varying datasets; support for interactive visual analysis, multidi-
mensional querying and filtering; ensembles visualization; eddies
analysis; uncertainty representation and visualization; predictive
analytics; and interactive data analysis and steering of simula-
tions [SGL* 16, HMC*13, WJW*17, KRRW 18, KHS*18a, KBL18,
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FTMKH™18, WPS*16). Keeping in view this rapid growth in the
visualization research relevant to the ocean and atmospheric data,
there is a need for a structured review of the current state of the
art. As well as reviewing the current state of the art, we also need
to evaluate whether research advancements in the visualization
domain are in agreement with the task and system requirements
of ocean and atmospheric scientists. We also need to determine
whether existing visual analytics models and frameworks for data
analysis, sense making, and knowledge discovery adequately ad-
dress the task and system requirements of ocean and atmospheric
domain experts. We also need to assess to what extent the current
visualization research related to ocean and atmospheric datasets
supports the components and functionality of these visual analyt-
ics models and frameworks.

To achieve these goals, we have conducted interviews with 18
domain experts from academia and industry working with ocean
and atmospheric datasets to gather their task and system require-
ments. Then, we surveyed recent research advances in the visual-
ization community related to the visual analysis of ocean and atmo-
spheric datasets. We then categorized and cataloged this research
based on the taxonomies of fask requirements, interaction methods,
visualization techniques, machine learning and statistical methods,
evaluation methods, data types, data dimensions and size, spatial
scale, and application areas. The task requirements identified ear-
lier based on our interviews with domain experts are evaluated in
the context of categorized research based on our taxonomies. This
helped us understand the current research trends and identify any
gaps that exist between the task requirements of the domain experts
and visual analytics research. In the end, we examined how the task
requirements of domain experts relate to visual analytics frame-
works and models. We also apply these models and frameworks to
the survey results generated by coding survey papers based on ten
different taxonomies. This helped us gain insights about the major
challenges, current trends, and opportunities for future research to
the visualization community.

2. Survey Organization

This state-of-the-art report is organized as follows. Section 3 dis-
cusses relevant surveys on this and other closely related topics
[RBS*17, KH13, WHLS18], focusing in particular on the visual-
ization and visual analytics research, highlighting the significance
and differences of our survey report as compared to others, and
what motivated us to write a survey on this topic.

In section 4, we provide details about our survey methodology,
including details about how we defined the scope of our work, built
a set of keywords to search, and generated a sample set of papers for
classification based on our taxonomies. Section 5 provides details
about interviews conducted with domain experts to gather task and
system requirements for designing visual analytics applications for
ocean and atmospheric datasets.

Section 6 provides details about the ten taxonomies used for clas-
sification of papers included in this survey and contains the corre-
sponding tables showing these classification or coding results. We
also discuss why we chose these categories of taxonomies, and how
it compares with the task requirements of domain experts men-
tioned in section 5.

In Section 7, we discuss existing visual analytics models
and frameworks related to data analysis, knowledge generation,
and sense-making [SSS*14, FWR*17, PC05, EM10, KMHO06a,
KMHO6b, TCO5], and evaluate their suitability in the context of
supporting the task requirements for visual analysis of ocean and
atmospheric datasets, identified during our interviews with domain
experts.

Section 8 provides details about the web application to explore
papers included in this survey across different taxonomies. Section
9 & 10 discuss details about the current trends and patterns in visu-
alization research relevant to ocean and atmospheric datasets, high-
lights opportunities and challenges to conduct future research that
aligns with the tasks and requirements identified during interviews
with domain experts. We also provide details about whether current
visual analytics frameworks can address these research challenges.

3. Previous Relevant Surveys

There are some recent surveys that are related to our survey topic.
Rautenhaus et al. [RBS*17] conducted a survey on visualization
in meteorology focusing on tools and techniques utilized in oper-
ational weather forecasting and atmospheric research with a scope
limited to data analysis tasks. The survey was conducted from the
perspective of meteorological research (not from the perspective of
visual analytics) with an objective to review visualization research
that can advance meteorological research. The scope of this survey
does not extend to other areas such as decision-making, commu-
nication, frameworks and models for visual analytics, evaluation
methods, interaction techniques, etc. In this report, we attempt to
address these shortcomings with the objective of identifying the
challenges and limitations that restrict the collaboration and ex-
change between visualization researchers and ocean/atmospheric
researchers.

Tominski et al. [TDN11] performed a study with 76 participants
working in climate research to analyze the use of interactive visual
analysis methods in their work. They found that the state-of-the-art-
methods are used very infrequently and integration of existing solu-
tions in their work flows is problematic. There is a need to system-
atically analyze the visualization research and task requirements of
domain experts working on ocean and atmospheric sciences to un-
derstand different issues in this interdisciplinary research. In this
survey, we utilize certain well-defined taxonomies to classify the
surveyed research, and analyze the trends and patterns in light of
task requirements of ocean and atmospheric domain experts.

A survey conducted by Wang et al. [WHLS18] examined the
state of the art in ensemble visualization and was particularly fo-
cused on ensembles from computer simulation models. The survey
was structured based on three categories: ensemble data ( variable,
location, time, member, ensemble), visualization techniques (point,
curve surface, volume, non-spatial), and analytic tasks (overview,
compare, cluster, trend, feature, parameter).

Nocke et al. [NSBWO08] conducted a questionnaire with re-
searchers using visualization tools working in the area of climate
impact, and discussed the state of the art in climate data visual-
ization. The questionnaire was focused on determining the most
frequently used visualizations, major tasks, important features, and
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Table 1: Task classification taxonomy and corresponding coded papers. The light and dark gray background in the table headers is used to

distinguish between consecutive years.

system and tools. Another survey by Nocke et al. [NBD*15] fo-
cused on the use of visual analytics for climate network investi-
gation in the fields of climate and complex system sciences, and
discussed several use cases.

There are examples of previous surveys on uncertainty visual-
ization [BAOL12, BHJ*14]. Brodlie et al. [BAOL12] examined
the challenges with uncertainty visualization, considering that it
needs its own display dimension to encode uncertainty, and dis-
cussed how additional uncertainty is introduced as the data passes
through the visualization pipeline.

Heterogeneity of data sources is an important consideration
when dealing with ocean and atmospheric datasets. There may be
scenarios where we have to fuse multifaceted data (e.g. multimodel,
multirun/ensemble data, coupled simulation models, different di-
mensionality or grid structure) in interactive visualizations. Kehrer
and Hauser [KH13] provided a comprehensive overview of multi-
faceted data and proposed a categorization of different approaches.
Johansson et al. [JNL10] examined the use of evaluation methods
employed in information visualization approaches to climate visu-
alization, and identified the commonalities.

Lie et al. [LMW™*17] conducted a survey that provided detailed
coverage of high-dimensional data visualization based on the cate-
gorization of information visualization pipeline, further augmented
with user interaction driven actions. Sacha et al. [SZS*17] studied
how analysts interact with dimensionality reduction methods, and
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identified seven common interaction scenarios after looking into
visual analytics and dimensionality reduction literature. They also
evaluated several visual analytics implementations that integrate di-
mensionality reduction, and proposed a human-in-the-loop process
model.

Lu et al. [LGH*17] conducted a survey focused on predictive vi-
sual analytics (PVA) and introduced an additional interaction type
‘Shepherd’ that we also used as a subtype in our interaction taxon-
omy.

These surveys have some partial overlaps with our survey.
Whereas they provide a more high level coverage of topics such
as meteorology, machine learning, ensembles, climate science and
uncertainty, our survey is more focused on the problem of visual
analytics support in ocean and atmospheric datasets.

4. Methodology

We initiated our survey by building a list of keywords to search
for papers from major visualization conferences and journals. Al-
though some research challenges are associated with big data re-
search, the scope of this work is focused on visual data analysis and
not on big data analysis, and we have not included papers from big
data conferences and journals in our survey. One of the co-authors
of this paper is an expert in ocean and atmospheric sciences, who,
along with researchers and scientists working in his team, helped
us build an initial set of search keywords. Then we looked into the
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Table 2: Input data-type taxonomy and corresponding coding of papers.

titles and abstracts of papers published in the last three years (2016-
2018) in IEEE Vis (SciVis, InfoVis, and VAST) related to ocean
and atmospheric sciences, and extended this set to include any new
relevant keywords found in these papers. Our final set contained a
total of 54 search keywords.

Based on this set of keywords, we searched papers published in
the last ten years (from 2008 onwards) in following visualization
related journals and conferences: IEEE Visual Analytics Science &
Technology (VAST), IEEE Symposium on Information Visualiza-
tion (InfoVis), IEEE Scientific Visualization (SciVis), IEEE Trans-
actions on Visualization & Computer Graphics (TVCG), EG &
VGTC Conference on Visualization (EuroVis), Computer Graph-
ics Forum (CGF), IEEE Large Scale Data Analysis & Visualiza-
tion (LDAV), IEEE Pacific Visualization Symposium (PacificVis),
EuroVis workshop on Visual Analytics (EuroVA), Information Vi-
sualization (SAGE), ACM CHI Conference on Human Factors in
Computing Systems, IEEE Computer Graphics and Applications
(CG&A), Hawaii International Conference on System Sciences
(HICSS), VAST Challenge, International Conference on Informa-
tion Visualisation (IV), and Eurographics workshop on Visualiza-
tion in Environmental Sciences (EnvirVis).

This extensive search gave us a sample set of around 170 papers.
Then we read and discussed the titles and abstracts of these papers
to filter out irrelevant papers. In the next stage, we examined the
references of each paper and kept on extending our sample set if
any new relevant paper published within last ten years was found.
While determining the relevancy, we ensured that newly added pa-
pers should have relevance to visualization research even if they
were published in a conference or journal that was not included in
our initial list. We assigned a relevance score to each paper between
1 and 10, with 10 being the most relevant. This relevance score was
determined based on reviewing the examples or case studies along
with the abstract and examining the extent to which visual analysis
was involved in the implementation. The final sample set contained
around 300 papers. However, due to the scope and length of this
paper, we filtered 100 of the most relevant papers based on the rel-
evance score that was assigned to each paper. We provide all these
300 papers and their classification based on our taxonomies in the
supplementary material.

We labelled (assigned a code to each paper) based on ten tax-
onomies of the work as detailed in Section 6. We provide details

and results of this labelling, along with the discussion about the
trends and patterns discovered from this labelling, in the context of
domain experts task requirements in Section 5.

5. Survey of Task and Visualization Requirements

Besides looking into advances in visualization and visual analyt-
ics research related to ocean and atmospheric sciences, we have
conducted interviews with ocean and atmospheric domain experts
to understand their task requirements, to identify gaps that exist
between the state of the art in visualization research and domain
experts requirements. We interviewed a total of 18 domain experts
including people from both academia and industry, working on di-
verse analytics problems involving ocean and atmospheric datasets.
Their age range was from 34-59, and there were six female and
twelve male participants. The interview participants were carefully
selected to ensure that they reflect the field well. This helped us
limit the scope of our work as the ocean and atmospheric domain
is large, and interviewing these domain experts helped us identify
the task requirements and challenges associated with their oper-
ational and research workflows. The domain experts interviewed
include researchers and operational experts from environmental
science and engineering, physical and operational oceanography,
ocean and atmospheric modeling and forecasting, weather model-
ing and forecasting, environmental protection, marine sciences and
fisheries, cyclones and extreme weather events prediction, clima-
tology and global change biology, renewable energy, coastal ocean
processes, ecosystem modeling and analysis, atmospheric dynam-
ics, air pollution dispersion, and ocean circulation.

Interview questions were mainly focused on different aspects
of the experts’ typical analysis workflows, including the nature of
datasets and their storage, computational requirements, automated
techniques and pipelines, visualization tools and libraries used, vi-
sualization and analysis tasks, and simulation models. The domain
experts interviewed are working on problems related to climate
study, ensemble and weather forecasting, physical and operational
oceanography, air-sea interaction, numerical modeling, ecological
modeling, data assimilation, operational forecasting, Lagrangian
tracking of tracers, and linking environmental data to biological
responses.

The majority of these domain experts use model outputs (e.g.,
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