
REVIEW ARTICLE

Ten rules to increase the societal value of earth observations

Arika Virapongse1
& Francoise Pearlman2

& Jay Pearlman2
& Miriam D. Murambadoro3

& Yusuke Kuwayama4 &

Margaret T. Glasscoe5

Received: 15 October 2019 /Accepted: 18 February 2020
# The Author(s) 2020

Abstract
Earth Observation (EO) data play an important role in our society today, but there is still tremendous opportunity to improve how
these data are used to affect change. In this paper, we provide guidance to help data providers and intermediaries within the EO
value chain (from data to applications) increase the societal value of the EO data, information, and data products that they work
with. We first describe the EO value chain as a conceptual framework for how data are translated and applied for societal benefit.
We then introduce three approaches that are often used to assess and improve the EO value chain. Finally, we present “10 rules”
that can be implemented to increase the societal benefits of Earth science information. The 10 rules emphasize meeting user
needs, problem-solving within interdisciplinary teams, and long-term sustainable solutions. Some rules focus on a specific
segment of the value chain or phase in the problem-solving process, while others are relevant to the value chain or process as
a whole. Each rule includes at least one case study example to illustrate the key points. The rules are loosely organized according
to project management principles with the initial rules focusing on defining problems, planning for data use, creating effective
teams, and examining a diverse selection of solutions. The next set of rules are best applied throughout a project, and include such
concepts as evaluation, interoperability, trust, adoption, and documentation. Finally, the last rule addresses the challenge of
determining when to close a project.
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Introduction

Earth system science provides important information for un-
derstanding our environment, informing management deci-
sions, and monitoring the impacts of human actions on our
planet. Earth Observation (EO) data collected by sources like

satellites, surface stations, and human observation underpin
societal benefits, such as the production of energy and clean
water (Healy et al. 2015), agricultural decision-making
(Ziolkowska 2018), more accurate prediction of weather
(National Weather Service 2019), policy change to improve
human quality of life and the environment (Bornmann 2013),
and aesthetic, cultural, and existence aspects of our world
(Jorda-Capdevila and Rodríguez-Labajos 2017). It is estimat-
ed that the sectors of society that use Earth Science data for
their operations, products, and services are worth trillions of
dollars (Hanson et al. 2017).

EO data play an important role in our society today, but there
is still tremendous opportunity to construct solutions and im-
prove how data are used for decision-making. Discourses sur-
rounding big data, machine learning, the internet of things, and
the cloud, for example, emphasize how more efficient use and
integration of diverse datasets could literally change our world
(Waga and Rabah 2014). However, there are still many chal-
lenges for utilizing EO data to benefit society. Societal benefits
are anchored in people’s “values”, which relate to a desirable
outcome or way of doing things (De Wit and Notje 2014); these
values are dynamic, subjective, and highly dependent on context
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(Higuera et al. 2019). Given such circumstances, translating data
into information for decision-making is no easy task (Virapongse
et al. 2018a). One problem, for example, is how ineffectively
data are often presented and made available for the purpose of
meeting social and economic goals, such as poverty alleviation
(Taylor et al. 2014).

The goal of this paper is to provide guidance that helps data
providers and intermediaries within the EO value chain in-
crease the societal value of the EO data, information, and data
products that they work with. We first describe the EO value
chain, which provides a conceptual framework for how data
are translated and applied for societal benefit. We then intro-
duce three approaches that are often used to assess and im-
prove the EO value chain. Finally, we present “10 rules” that
can be implemented to increase the societal benefits of EO
data. This paper builds upon a 2018 Earth Science
Information Partners (ESIP) webinar series entitled, “The
Socioeconomic Value of Earth Science Data, Information,
and Applications,” where more detail for many of the case
studies included in this paper can be found (ESIP 2018a).

The EO value chain

The application of EO data for societal benefit can be concep-
tualized as a value chain that is composed of data,
information, knowledge, and wisdom (Ackoff 1989; Sharma
2008). This value chain is illustrated by the large triangle in
Fig. 1. Starting from the bottom of the triangle and moving
upwards, when data are given meaning, such as through
models or analyses, they are transformed into information that
people can use. Information is packaged into “products” (e.g.,
solutions, tools, and services) that address specific purposes.
The application of these products can become integrated into a
body of knowledge, which allows for people to apply infor-
mation to new situations. Finally, based on an understanding
of the fundamental principles embodied within knowledge
(Bellinger et al. 2004), wisdom provides people with the abil-
ity to make decisions under circumstances with high uncer-
tainty. Ultimately, value is created when the decisions lead to
improved outcomes for society.

Different types of actors (people) work within the value
chain to facilitate the contribution of data toward decision-
making for societal benefit. In its most simplistic form, EO
value chains include the following types of people: a) Data
providers that collect, manage, generate, analyze, integrate,
aggregate, and transform Earth Science data into information;
b) Intermediaries that synthesize, translate, communicate, and
help usher information and decision-support products toward
an end use; c) End users that (should) understand a particular
set of information so that they can make decisions (CCSDS
2012); and d) Citizens that can be impacted by said decisions.
In reality, many EO value chains are actually “value net-
works”, which are systems of value-added processes with

multiple exit and entry points for actors (Li and Whalley
2002). With such complex EO value chains, however, most
projects focus on smaller, digestible pieces of the pathway,
such as a value chain element that provides specific data prod-
ucts for scientists. Therefore, we use the term “user” to refer to
any person who benefits from products at any point in a value
chain, including end users. Users are experts in their own
domain. They exercise their contextualized knowledge,
wisdom, and values, leveraging EO information to address
societal problems.

Approaches for increasing the societal benefit of EO
data

To increase the societal benefit of EO data, we highlight three
common approaches: 1) Seeking out new users for existing data
and data products; 2) Improving an existing value chain that
already has data and users; and 3) Developing a new value chain
to meet specific user needs. These approaches (A, B, and C in
Fig. 1) are defined by the existence of data, a value chain, and/or
users, and how well these three elements are aligned.

Seeking new users In this approach, data and data products
exist, and data providers seek to identify new ways to apply
and use data, as well as recruit new users. Such an approach is
often used to add value to existing data or an existing method
of collecting data. The main challenge with this approach is
that the users may simply not exist, or the products are not
usable by or useful for a targeted user group. Users are often
sought from an “audience”, which includes all people
and groups with a potential interest in the data products
(Baker et al. 2015).

Building capacity among potential users has been proposed as
one strategy to add value to existing data, such as satellite obser-
vations (Hossain 2015). As one example, Copernicus, which is
the EuropeanUnion’s EarthObservation program, generates data
collected from satellites, air, ground, and seaborne stations, and
sensors. Its data are used mostly by large organizations, and
current efforts focus on stimulating user uptake of Copernicus
data through the development of new services and skills devel-
opment in the space geo-information sector, such as among Earth
Science academics (case study presented by Vandenbroucke in
Virapongse et al. 2018b & ESIP 2018c).

Value chain improvement For this approach, an EO value
chain exists, and specific actors in the chain seek to improve
the value chain through increased efficiency or discovery of
new opportunities, such as new products and services for
users. Valuation techniques, like socioeconomic impact anal-
ysis, Value of Information framework, and scenario storylines,
are often used to assess and enhance the value and the Return
on Investment (ROI) that EO data provide.
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Value chain analysis is also helpful for identifying where the
critical path to the greatest value lies. The analysis includes eval-
uating tradeoffs between value chain elements, assessing the so-
cioeconomic factors, resource limitations/opportunities, and
broader environmental context that affect decision-making in
the value chain (Virapongse et al. 2014), and identifying products
and benefits for value chain actors (case study presented by
Coote in Virapongse et al. 2018b & ESIP 2018c). A challenge
with this approach, however, is a tendency to focus on the most
obvious high-value products and shortest paths to these products.
While this can lead to positive cost-benefits and increased adop-
tion, it can also result in overlooking new opportunities and
innovative areas that may be more difficult to achieve but can
result in high-value outcomes.

Use-driven approach Knowledge production in modern society
has often occurred by small homogenous (often elite) groups
defining both the problem and solutions. Such knowledge pro-
duction has been criticized for its poor integration of scientific
knowledge with practical knowledge (Frost and Osterloh 2003),
resulting in minimal benefits for users of the resulting products
(Klocker 2012; Southby 2017). In contrast, for the use-driven
approach (or user-centered design), users frame the solution-

seeking process, aligning different needs and expectations of
those involved while also managing preconceived notions of
the project and team (Gibbons et al. 1994; Burns et al. 2006).
“Dumping information” (i.e., releasing data, information and
products that have not been specifically prepared for user con-
sumption) is increasingly considered inadequate for addressing
societal problems, such as water shortages and flooding of urban
settlements (Patel et al. 2015).

A use-driven approach can lead to more efficient use of EO
outputs over the long-term, because these outputs are created
with input from users regarding specific problems that they
face (Cook et al. 2013; Ziervogel et al. 2014). One challenge
with this approach, however, is that it depends on how much
users are willing to participate in, engage with, and commit to
the process (Southby 2017). For example, citizen science pro-
jects like Nature’s Notebook, which records changes in plants,
animals, and the environment, rely on different motivational
strategies to encourage people to participate (case study
presented by Shanley in Robinson et al. 2018 & ESIP
2018b). Hence, if users do not actively contribute to the pro-
cess, then their needs, knowledge, and expectations cannot be
integrated into broad knowledge systems.

a

b

c

Fig. 1 Earth Observation (EO) value chain and approaches used to
increase the societal benefit of EO data. The large blue triangle
represents an EO value chain, which encompasses data, information,
knowledge, and wisdom, as well as actors (people icon), processes for
transforming data along the value chain (green triangles), and examples of
sources of data and results from the processes (gears icon). Three main

approaches often used to increase the societal benefit of EO data are (A)
Seeking to recruit new users (data exist but the value chain does not), (B)
Improving a current value chain (value chain exists); and (C) Identifying
and/or developing data and data products based on user needs (users
exists, but the value chain may or may not exist) (Figure adapted from
Harshadeep 2018)
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10 rules

The 10 rules outlined here provide guidance for actions and
best practices that data providers and intermediaries in the EO
value chain can implement while planning and executing pro-
jects that seek to increase the societal value of EO data. In
particular, the rules address the “value chain improvement”
and “use-driven” approaches described previously. The rules
focus on problem-solving that cannot be done by a solitary
individual, while aiming to enhance the efficiency, effective-
ness, and long-term sustainability of the solution. While some
rules focus on a specific segment of the value chain or phase in
the problem-solving process, other rules are relevant to the
overall value chain or process. To help increase understanding
and awareness of the perspective that is presented (Goodman
2018), we address what the rule entails, why it’s important to
do, who should be involved, and how to achieve the particular
objectives for the rule.

The rules are loosely organized according to project
management principles with the initial rules focusing on
defining problems, planning for data use, creating effec-
tive teams, and examining a diverse selection of solutions.
The next set of rules are best applied throughout a project,
and include such concepts as evaluation, interoperability,
trust, adoption, and documentation. Finally, the last rule
addresses the challenge of determining when to close a
project.

Identify the root causes of a problem

A well-defined problem helps direct problem-solving
efforts toward addressing underlying issues rather
than just its symptoms

An EO value chain addresses a problem by mobilizing
information, tools, and people to help support a solution.
Such problems can be urgent, such as a forest fire, or an
on-going issue that needs management, like stream flows.
When defining the problem, it is important to identify its
root causes, so that solutions focus on addressing under-
lying issues, rather than its symptoms. Root cause analy-
sis can also uncover multiple potential solutions (Nagy
2018), helping to save time and resources over the long
term by identifying the most appropriate solution(s). In-
depth understanding of the problem helps support better
selection of a team to address the issue, as well as more
effective dialogue with users.

A root cause is often composed of individual human
factors, like people’s knowledge, awareness, attitudes, and
behavior, as well as social causes, such as cultural, eco-
nomic, and political factors (Lopez 2018). For example,
the Pressure and Release conceptual model emphasizes

the importance of understanding root causes for prepared-
ness and management of disasters and hazards (Wisner
et al. 2004). In this case, economic, demographic, or
politically-related root causes, like limited access to pow-
er and resources, play a key role in vulnerability and un-
safe physical and social conditions.

Root cause analysis, which aims to isolate and under-
stand the impacts of a root cause, begins with identifying
what is known about the problem, and gathering any
missing information (Nagy 2018). A causal loop diagram
is a conceptual model that provides a visual representation
for how a problem relates to other variables; it demon-
strates the relationships and feedback processes between
components within a complex system (Lannon 2018;
Marketlinks Team 2019). A system is an interdependent
group of items forming a unified pattern, and some exam-
ples include a community, city, or organisation (Kirkwood
1998). A causal loop diagram promotes a shift in thinking
about problem solving by moving from isolating a prob-
lem and its causes towards a systems approach
for understanding how a problem interacts with other var-
iables in the system. For example, the problem of water
shortages in a community can result from a combination
of changes in climatic variables (e.g. decline in rainfall),
poor maintenance of bulk water infrastructure, and popu-
lation growth. Variables have a positive causal link if a
change in one component results in a similar change in
another (i.e. both increase or both decrease). Variables
have a negative causal link if a change in one component
results in a change in the opposite direction for another
component (Kirkwood 1998).

The initial problem statement can be subjected to fur-
ther analysis to identify its root causes by using the “5
Whys”, which was initially developed by the Toyota pro-
duction system (Ohno 1988). It entails repeatedly asking
“But why?” (Lopez 2018). For example, many people did
not evacuate their homes before Hurricane Katrina made
landfall in the US in 2005. But why? They didn’t have a
place to go and way to leave. But why? Shelters and
emergency transportation prohibited companion animals
(Fritz Institute 2006). Such analysis led to the passing of
the PETS Act in 2006 that requires government entities to
“account for the needs of individuals with household pets
and service animals before, during, and following a major
disaster or emergency.” The 5 Whys method can be
strengthened by engaging in various iterations of the
questioning process to overcome any simplistic, linear
thinking (i.e., there is only one root cause) (Card 2017).
It is important to include diverse participants and partic-
ularly people across the value chain (e.g., theorists, devel-
opers, users), because root cause exploration is limited
by the knowledge base of those involved (Murugaiah
et al. 2010).
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Consider how data are really used

Understanding how different people need and want
to use data and information can help identify the best
solutions

The difficulty of transforming data into useful information and
products is often underestimated. Even more challenging is
predicting how people will use those information and products
to make decisions and solve problems (Cook and
Lewandowsky 2016). To gain the most societal benefit from
EO value chains, it would be ideal if decisions were made
based solely on scientific information. In reality, however,
decisions are often made based on information sourced from
multiple communities and non-scientific knowledge systems
like traditional and place-based knowledge (Wenger 2000;
Roux et al. 2006; Dunlop 2009), under different political mo-
tivations and levels of imposed use of information through
hierarchical structures (Dunlop 2017), and within personal
worldview and belief systems (Murambadoro and Mambo
2017a). For example, while Earth Science information can
inform potential climate change responses, the corresponding
decisions and actions taken do not always align with scientific
recommendations (Adger et al. 2009).

Being aware of the complex circumstances under which
decisions are made is helpful for planning and designing data
products that are well-tuned to users’ needs and worldview.
Different actors require and use different data products–one
“size” does not fit all. Most end users seek summarized infor-
mation and applications that help solve their problem, while
caring less about the actual data and technical details. The
Higg Index, for example, aggregates natural resource use data
into a simplified assessment tool that the apparel industry uses
as a tool to measure and communicate a company’s or prod-
uct’s environmental sustainability performance (Sustainable
Apparel Coalition 2019).

Different approaches are available to understand users’
needs and worldviews associated with data use. A stakeholder
analysis is useful for identifying people’s behavior, intentions,
interrelations, agendas, and interests (Brugha and
Varvasovszky 2000). User experience (UX) research is often
used by technology companies to understand how users expe-
rience their products, so that their perspectives may be inte-
grated into the design and functionality of their products
(Vermeeren et al. 2016). Overall, it must be kept in mind that
user groups are often very diverse (Virapongse et al. 2014),
necessitating specific requirements to design products that
meet their varying needs (Baker et al. 2015).

As an example of how one solution has helped to transform
federal agency data into an information source that decision-
makers can use, GeoCollaborate (www.geocollaborate.com)
is a NASA-funded mapping platform that enables better shar-
ing, aggregation, and visualization of geospatial data between

agencies (federal, state, and local) and with the private sector.
GeoCollaborate has been used operationally since 2017 in
eastern and central U.S. to “up the tempo” of utility responses
to tropical and winter storms, wildfires, heat waves, and pipe-
line incidents, The All Hazards Consortium, for example, has
implemented GeoCollaborate to help mobilize and move re-
sources, such as fleet vehicles, across state borders, past weigh
stations, and into staging areas by sharing key datasets across
multiple platforms and devices in real-time (case study
presented by Jones in Moe et al. 2018 and ESIP 2018e).

Get the right people to the table

Building bridges between data and use is not easy,
but identifying and accessing key intermediaries
and users can help

The value of collaborating across disciplines and sectors has been
well-emphasized for helping to develop innovative approaches to
complex challenges, and improve the effectiveness, adoption
rates, and reach of a solution (O'Leary et al. 2012). Much less
attention, however, has been paid to identifying who to engage
with, and how to gain and sustain access to them.

To identify the different disciplines and sectors that should
be engaged, a value chain analysis can help break down a
complex value chain into more discrete steps and roles.
People can range from those that help to identify and bring
attention and accountability to a problem, technical experts
that address specific elements of the problem, and the ultimate
users of the solution. To help identify the right people,
a “snowball” technique is useful for identifying and reaching
hidden populations (Faugier and Sargeant 1997). It is conduct-
ed by asking an individual to refer another person’s name until
a person is identified that meets specific criteria.

It is too much to hope for that all of the identified people
and groups will be easy to access and work with, so interme-
diaries can be essential. Such intermediaries provide benefits
like opening paths of communication, providing cultural
translation, aligning interests, establishing trust between
groups, and bringing problem solving to a more concise level.
For example, different groups use different vocabularies and
meanings, making it often difficult for groups to communicate
and understand each other. Intermediaries are “fluent” and
trusted in multiple cultures; their facilitation efforts can help
prevent misunderstandings and speed up the process of coa-
lescing groups so that they can work together.

Intermediaries can be both individuals and organizations.
Individuals include “boundary spanners” (Williams 2002),
communication specialists, community leaders, champions,
and consultants. For example, Climate champions are individ-
uals designated by the United Nations to connect the work of
governments with actions taken by cities, regions, businesses,
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and investors to develop innovative and practical solutions
(United Nations Climate Change 2019). Boundary organiza-
tions, middle-out organizations, and community organizations
are valuable for helping to identify appropriate individuals and
groups for projects, and open doors for communication.
Boundary organizations and middle-out organizations both
help organize communities and identify topics of shared inter-
ests, but boundary organizations focus on lateral co-design/co-
production of knowledge (Gustafsson and Lidskog 2018),
while middle-out organizations help mediate between top
(e.g., government) and bottom-up (e.g., community) direc-
tives (Cutcher-Gershenfeld et al. 2017).

Co-production of knowledge and co-implementation of
projects are approaches that help to reach a high level of
success for solutions. Studies show that social cohesion,
trust, and social capital are key factors that enable indi-
viduals or collectives to organise and execute certain
courses of action (Sampson 2004; Hipp 2016). Co-
implementation of projects allows knowledge producers
to assess how well the products, applications, and services
are addressing an identified need/challenge. Implementing
these approaches successfully relies on sustaining access
to collaborators and participants through best practices
that build trust and reward people fairly (Oettle et al.
2014). People have a limited amount of goodwill and
patience, so it is important to consider what motivates
them and what is the best strategic use of their time. For
example, some tasks are more successfully achieved with
financial compensation (e.g., staff positions), while others
are appropriate as volunteer work (e.g., participating in
surveys). Human resources needs also vary over the life
of a project, affecting when people’s contributions are
most valuable.

As an example of a middle-out organization, Earth
Science Information Partners (ESIP) is framed by the in-
terests of sponsoring federal agencies (NASA, NOAA,
and USGS), while being composed of activities that are
led by the broader science and data user community, in-
cluding academics, NGOs, industry, and private sector.
ESIP clusters (groups of people that self-organize around
a specific topic or goal) offer a way to efficiently identify
a group of experts on topics ranging from semantics to
data use for community resilience (ESIP 2019). By
leveraging its over-20-year-old network, ESIP helped to
align the interests of diverse stakeholders around data-
sharing practices, leading to the “Enabling FAIR Data
Project’s Commitment Statement in the Earth, Space,
and Environmental Sciences” that over 100 repositories,
communities, societies, institutions, infrastructures, indi-
viduals and publishers committed to (Stall et al. 2019).
Without ESIP’s network, establishing a FAIR data com-
mitment statement that all stakeholders agreed with would
have taken much more time and effort to achieve.

Investigate all alternative solutions carefully

Comprehensive identification and analysis
of potential solutions helps determine which (if any)
solutions should be advanced

Before pursuing specific solutions to a problem, the breadth of
different options must be identified and explored. Ideation can
be done on both an individual- and group-level. While the
number of ideas that are identified may not differ greatly be-
tween these two approaches, it is notable that the qualitative
depth of discussions is intensified by working in collaborative
groups (McMahon et al. 2016). Such depth is useful when
moving beyond identification of solutions and onto determin-
ing which solutions should be pursued.

Ideation is often conducted through different variations of
brainstorming, which aim to inspire creative problem solving
by encouraging people to share ideas while withholding crit-
icism or judgment (Rudy 2017a). To ensure the best results
from a brainstorming session, it is important to choose the
right people to participate and facilitate the process, and to
have a clear idea of what the outcome should be (Rudy
2017b). This process should be supported by all of the dom-
inant actors in the value chain, as well as external advisors.

Once a set of potential solutions has been identified, a
comprehensive analysis is conducted for each idea. The group
should consider what they like and dislike about each idea, as
well as its potential negative and positive side effects, practi-
cality, and potential effectiveness. They should also question
how easy/difficult it is to put into practice, if everyone in-
volved will accept it, and if it is consistent with other things
done by the group. The proposed solution may need to be
modified based on suggestions (Nagy and Axner 2018).

With the reduced list, more detailed analyses are con-
ducted to compare between variations of the proposed
solution, as well as between different solutions. A first
step in this comparison process is to identify the costs
of implementing the solution and benefits that are relevant
to the decisions that will be made using the solution. A
cost-benefit analysis can then be used to determine if the
benefit greatly outweighs the costs incurred. With this
analysis, the cost and benefit valuation methods should
clearly link the use of data and methods to defined and
quantifiable outcomes (Smart 2014). The analysis should
address critical questions like: Are the needed resources
(budget, equipment, team) available to support the solu-
tion? Who are the beneficiaries of the solution, and what
benefits will they experience? Are there any potential neg-
ative impacts on other elements of society? Should one or
more solution be eliminated as a result of cost-benefit
analysis? A risk identification and analysis can also be
conducted to consider and manage project and technical
limitations (Lavanya and Malarvizhi 2008).
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This rule is demonstrated in practice through the process of
selecting a solution that best informs culvert design. A culvert
is an engineered structure (e.g., a pipe) that is partially buried
to allow surface water to flow underneath a roadway; it must
be built to an optimal size that is neither too small nor too
large. The provision of stream gage data can help culvert
builders understand the frequency of high-flow events, there-
by informing their decision-making about the appropriate size
for a culvert. A cost-benefit analysis compares the cost of
implementing the solution (i.e., installing and operating the
stream gages) to its potential benefits, which include a greater
likelihood of building culverts of optimal size, as well as cost
savings and reduced roadway flooding. Data collected from
diverse stakeholders, such as the Transportation Engineering
Community and Disaster Response entities, are essential for
providing the type of information needed for better compari-
sons between different solutions (case study by Pindilli in
Virapongse et al. 2018b and ESIP 2018c).

Evaluate, adapt, and iterate

Solutions must be strategically evaluated and refined
to ensure their best possible fit within the context

An evaluation strategy should be developed early in the
project–rather than after a solution has been implemented–to
help inform the solution design and its associated EO value
chain. An evaluation strategy requires identifying the societal
outcomes that a solution seeks to influence, metrics for track-
ing changes in those outcomes, and an empirical strategy to
assess whether the changes in outcomes (as monitored by the
metrics) can be attributed to the solution. To help inform the
evaluation strategy, the project’s theory of change should be
identified. The theory of change “is a method that explains
how a given intervention, or set of interventions, is expected
to lead to specific development change, drawing on a causal
analysis based on available evidence” (UNDG 2017).

Once the development of a solution is underway, the eval-
uation strategy is implemented to measure how well the pro-
ject is reaching its goals. The evaluation may also reveal how
the solution can be improved to potentially enhance its impact.
Engaging with participants of the value chain is crucial during
this phase to identify how to improve the presentation, acces-
sibility, and utility of data and information. Different methods
for usability testing are particularly useful for testing and eval-
uating user interactions with data products (Maramba et al.
2019). This process of evaluation and improvement can be
repeated, forming an iterative process that continually im-
proves the solution.

Different quantitative and qualitative methods are available
for evaluating the added-value contribution of a solution. The
methods are selected depending on the problem environment,

and if the expected outcome is qualitative or quantitative. For
example, quantitative methods like socioeconomic impact anal-
ysis (Adams et al. 2013) and The Value of Information (VOI)
approach (Macauley 2006), and qualitativemethods like scenario
storylines (Rounsevell and Metzger 2010) are all useful for mea-
suring the value of information used in a solution.

As an example of how one of these methods is used in
practice, the VOI approach helps demonstrate ROI on satel-
lites and data products, and provides Earth scientists with an
effective tool to communicate the value of their work, make
informed choices about how to invest limited resources, and
increase the likelihood that a satellite or satellite data applica-
tion produces socioeconomic benefits. The VOI approach has
been applied to evaluate the impacts of EO data in several
applications, including the benefits of improved frost predic-
tion for Kenyan tea farmers, the role of LandSat imagery for
the discovery of new gold deposits, and the human health
benefits of using remotely sensed data for regulating air pol-
lution (case study presented by Kuwayama in Pearlman et al.
2018 and ESIP 2018d).

Think globally

Data and data products should adhere to existing
best practices, standards, and ethical considerations
to increase their potential for interoperability
and broad applicability

Most EO projects focus on context-specific problems that ad-
dress a segment of a larger, more complex value chain; such
projects can operate at a local, national, or global level. These
projects must consider how they connect and interface with
other value chain segments in order to attain interoperability
across the broader value chain. While it is often difficult to
anticipate just how products might be used in the future, the
codification and use of best practices and standards can guide
projects to desired outcomes. In the best case, a developed
solution is applicable across a range of applications.

Sustainable Development Goal (SDG) indicators, which help
to assess society’s progress on global sustainable development
challenges like poverty and ocean stewardship (https://unstats.un.
org/sdgs/indicators/indicators-list/), offer an example of how
aggregation of discrete data collections leads to global metrics
and analyses. SDG indicators are based on inputs from national
statistical agencies for each country. To operate across the global
spectrum that is needed for sustainability analyses, the sharing of
data and information, and the detailed definition of indicators is
particularly important. Thus, thinking globally does not mean
knowing and planning for everything. Instead, it refers to the
need to reach out beyond the local or national operating
environment.
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Using existing best practices and standards can facilitate
collaboration across communities. A best practice is a “meth-
odology that has repeatedly produced superior results relative
to other methodologies with the same objective” (Pearlman
et al. 2019). Whether best practices focus on data, informa-
tion, products, or methods, they provide a consistent frame-
work for operating in multiple, disparate places. Best practices
that have broad adoption support more efficient sharing, inter-
operability and sustainability. For example, the principles of
“findable, accessible, interoperable and reproducible” offered
under the FAIR approach (Wilkinson et al. 2016) are gaining
broad acceptance in Earth Sciences, and should be considered
in designing and implementing projects (Stall et al. 2019).

One example of adopting standards and best practices is
addressing the portability of data used for natural disaster re-
sponse. In 2017 alone, U.S. weather and climate disasters
caused a record-breaking $306 billion in damages. Supply
chains were disrupted, business was halted, repair and over-
time costs skyrocketed, and lives were lost (Moe et al. 2018).
The NASADisasters Mapping Portal strives to present NASA
and other EO data in geospatially enabled and compatible
formats (https://maps.disasters.nasa.gov). The NASA portal
is working to ensure that data are broadly accessible by
adopting a set of standards and best practices that is
documented and available to all users (https://disasters.nasa.
gov/resources/portal). Examples of these data can be found on
the portal and also in the case study presented by Glasscoe in
Moe et al. 2018 and ESIP 2018e.

Trust is essential

Users must be able to easily determine that data
and data products have been developed
with transparency and scientific rigor

Data have become the underlying fabric for much of modern
society, particularly as internet and technological advances
support automated data collection, increased ease of data
and information aggregation, interpretation, sharing, and re-
use. This deluge of data is also accompanied by the potential
for mis-use and misinformation, however, and both technical-
and human-oriented strategies are needed to address these
challenges (Murambadoro and Mambo 2017b; Farrell et al.
2019; Tavares et al. 2019). For information to be valuable and
useful, it is key that users of information can trust both the
Earth science information itself and the people providing it.
Users must have ways to identify which data, information,
products, and data producers they can trust as a basis for
informed decisions.

Trust, in part, comes from transparency in the creation and
evolution of products through the value chain. Documentation
of these processes is key, so that others can verify and replicate

results, as well as understand where results come from.
Maintaining data and methods in sustained repositories is
emerging as the norm for scientific work so they can be cited
consistently when questions are raised about product veracity
and quality (Oettle et al. 2014). Elsevier, an academic publish-
er that encourages the publication of data, for example, notes
that “greater transparency boosts public faith in research”
(Elsevier 2019).

A user’s confidence and trust in data and information are
greatly affected by their understanding and perceptions of the
uncertainties in data, analyses, and products (Sacha et al.
2015). Unfortunately, discussions of uncertainties often take
a backseat to the dissemination of new findings, even though
uncertainty is an important element in understanding, using,
and advocating applications. In the worst cases, such broad
lack of understanding around scientific uncertainty has been
used “to discredit undesirable results or postpone important
policies” (Broomell and Kane 2017).

The development of indices is one approach that is used to
help make it easier for users to identify which data are reliable,
and can be trusted and used for decision-making. Operational
Readiness Labels (ORLs), for example, have been developed
to aid users in planning, decision support, and risk reduction
by creating a standard by which data may be evaluated and
ranked for use by stakeholders in a uniform model. The ORL
is a federated standard that was developed by the Sensitive
Information Sharing Environment (SISE) working group in
partnership with ESIP, NASA, NOAA, the All Hazards
Consortium (AHC), and the private sector. A model decision
tree is used to assess each data set, so that a data set can be
classified as ORL 1–4; the lower levels meet more criteria and
can be considered as more trusted (as related to completeness
of the dataset). Specifically, ORL 1 means that the data are
available now for immediate decision making and there are
people available to contact with questions about it. ORL 2
data are available sporadically on an event-driven basis, and
a point of contact is provided. ORL 3 data are nearly opera-
tional and in testing phase, but the data are not guaranteed.
Such data could still improve situational awareness and deci-
sion making, and target operations are 6–12 months in the
future. ORL 4 data are the lowest level and considered to be
in the testing or validation phase. Data are still being evaluated
for accuracy and being validated (case study provided by
Hicks in Moe et al. 2018 & ESIP 2018f).

Transparency, honesty, and openness are all important mech-
anisms for building trust among people and within groups. Trust
must be built both externally (between the team and people ex-
ternal to the project) and internally (within the project team) to
the project. To build trust between the project teams and the
people external to the project, information producers must be
honest and open about acknowledging uncertainties and also
gaps in the data and its limitations in order to manage user ex-
pectations, and their use and satisfaction with the product (Petter
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2008). This can be done, in part, by integrating strategies for
transparency in data/knowledge quality (e.g., biases, uncer-
tainties), decision-making processes and methods, and specific
challenges and past failures. Users do not have the same back-
ground as data/information providers, so technical details and
subtleties of the processes must be thoughtfully translated to
make themmore easily understood. In regard to the project team,
appropriate interfaces between relevant value chain elements are
needed, so that the hand off between elements is efficient, and
does not introduce errors and increase undesired uncertainties.
Good cohesion within the elements and across teams helps sup-
port co-creation of knowledge and solutions.

One approach that is helpful for building trust among a
project team is the development of a team contract, which
allows participants to share their values, concerns, and vision
for the team, as well as challenge current norms and practices,
and agree upon a set of rules for engagement. The Bergrivier
Climate Knowledge Network in the Western Cape of South
Africa used this approach to help build trust among a group of
climate change adaptation specialists, provincial government,
local decision makers, residents, and other local stakeholders.
The goal of the Network is to address climate challenges in the
region through a collaborative framework. Building partici-
pants’ trust allowed the project to grasp the community’s level
of understanding about climate change, perceptions on the
accuracy of forecasting data and application of weather fore-
casts in day-to-day farming activities, and bring in underrep-
resented community groups, like women. Further to this, there
is increased interaction and knowledge exchange between sci-
entists, decision makers, traditional leaders, and community
members. The Network plays a key role in guiding local cli-
mate change adaptation and capacity building of key actors in
the municipality. The success of such group processes, how-
ever, depends on a skilled facilitator/s to manage power dy-
namics while also allowing for all voices to be heard, espe-
cially vulnerable and marginalized groups (case study from
Oettle et al. 2014).

Lower barriers to entry

Adapting outcomes to user capabilities can help
increase the uptake and success of data
and information solutions

When EO data and information are disseminated, they are
often subject to varying policy and socioeconomic condi-
tions, and respond to development pressures that are embed-
ded within complex contexts (Roberts 2008; Leck and
Roberts 2015; Patel et al. 2015). Therefore, when users fail
to appreciate the value of the information, it is often not
because they are ignorant of epistemic knowledge but be-
cause they struggle with information that they are uncertain

of how to use (Dunlop 2009). To increase societal benefit
from EO information, both tailoring information products to
align with user capability, and building capacity among
users to apply these products can help.

Working within user capability entails developing, translat-
ing, and communicating products that align as closely as pos-
sible to a user’s context, such as their existing workflows,
habits, language, and culture. Leveraging platforms and infra-
structure that people are already using helps to minimize how
much they need to learn or change their current workflows to
use a new product. Users prefer to receive information in
formats that make it easier to apply; approaches like iterative
dialogue can help determine what those formats should be
(Bielak et al. 2008). Ethnographic study, such as through in-
terviews and observation, has been used by technology com-
panies like Intel (Anderson 2009) to identify and better under-
stand user context, and determine what terminology is best
for communicating the product to different users (Pelling
et al. 2015). To design products that address the specific per-
spective and culture of different users, development of user
personas that summarize observations of potential users into
different archetypes can help. Such user personas describe a
fictional person, such as their main occupation, demographics,
a day in their life, goals, and fears (Wilshere 2017).

In the context of EO data use, capacity building is needed
when there is limited access to EO data and processing
tools, education and training materials, and best practices
(Desconnets et al. 2017). Capacity building can apply to
individuals, institutions, and infrastructure (GEO 2006); it
often aims to increase user self-sufficiency, as well as to
gain commitment, acceptance, and adoption of EO data
and data products (Giuliani et al. 2015). Common capacity
building tools and mechanisms include guiding documents,
tutorials, workshops, and one-to-one expert support. The
CLEAN (Climate Literacy and Energy Awareness
Network), for example, provides webinars and workshops
to help teachers learn new approaches and tools for teaching
K-12 students about climate and energy issues (case study
in Niepold et al. 2018 and ESIP 2018 g).

As an example of how communication and use of data
products can be improved by working within user capability,
there have been efforts to support policy and decision makers
in the Capricorn District Municipality of Limpopo, South
Africa. This is done through the provision of climate change
data and products. Such products include a spatial portal that
presents updated weather information, as well as climate da-
tabases, vulnerability, and impact assessment tools to help
support climate change response and disaster management.
Despite having such products, however, local government
users struggle to mainstream climate change information into
municipal operations, because geospatial and scientific
knowledge are presented in unfamiliar formats. Local-level
forums and community meetings are currently used by
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officials to share this climate information, enabling them to
implement rainwater harvesting and energy saving initiatives
within the district. Successful mechanisms for better aligning
data products and user capability include using participatory
approaches to identify appropriate entry levels for climate
change communication, developing sector plans that allow
for integrated planning through high public participation,
and creating social learning platforms (e.g., forums for munic-
ipal climate change and disaster advisory) that allow for long-
term dialogue, collective action, and reflection (Harvey et al.
2012; Cundill et al. 2014) (case study by Murambadoro in
Pearlman et al. 2018 and ESIP 2018d).

Document the process

Capturing lessons learned allows others to avoid
repeating mistakes and to improve upon successes

If a tree falls in the forest and no one is around to hear it, did it
make a sound?Without documentation and communication of
the processes, failures, successes, and lessons learned in a
project, a great portion of a project’s value is lost. While a
project may result in providing solutions for a specific prob-
lem, without documentation it is often limited as to how it can
be applied to other solutions in a broader context. It is also
possible that the project’s solution fails. As such, the docu-
mented lessons learned could become a project’s main product
and contribution. Documenting the process also allows for
impediments to knowledge transfer and uptake to be
highlighted, as these subtle barriers to the application of earth
observation data and products are easy to overlook
(Williamson et al. 2002).

Documenting processes involves keeping careful records
of both initial and evolving concepts, data and information
workflows, governance and management of the project,
methods, and all of the inputs, outputs and versions associated
with the process and data management. Importantly, specific
people, dates, and locations of where data and products are
stored should be noted. A project management plan (Project
Management Institute 2017) that is developed early in the
project can be used to think about and guide how diverse
aspects of the project, such as data and information, will be
treated, stored, and shared. Documentation approaches should
consider if a person in the future might be able to understand,
find, and re-use the information provided. The goal of docu-
mentation is to create a record of presentable and useful infor-
mation, rather than documenting for documentation’s sake,
which can result in a project’s “paralysis through analysis”
(Adomavicius 2016). Therefore, the project should plan early
on what should be documented, how and when documenta-
tion should occur, how much documentation is needed, who
should do it, and what the goals of the documentation are.

In addition to documenting project successes and best prac-
tices (see rule 6), it is also important to note and report project
failures, while being aware that failures differ in regards to why
and how they occurred. “Intelligent failures”, for example, in-
cludes experimentation to identify the best path forward in un-
certain contexts, providing essential new knowledge that contrib-
utes to future successes. Less desirable failures include those that
are preventable (a known mistake was made) and complex situ-
ations where a combination of needs, people, and problems align
in just the wrong way. (Edmonson 2011). Detailed descriptions
of challenges and failures, such as how place-based communities
are engaged and contribute to a project, are often not reported
(Plowden 2008), although such recording can be very valuable
for other projects to use for guidance.

Aside from simply documenting, the next step is to select how
the documentation will be archived (for future reference) and
communicated. It should be considered what audiences are
intended for different types of documentation and what purpose
the documentation could serve in the future. This will allow
venues for communication to be properly selected. For example,
scientific articles provide a level of summarized project detail that
is typically appropriate for more technical audiences. Taking this
communication further by translating project processes and re-
sults for a wider, non-expert audience, such as through blog posts
and editorials, also contributes to societal benefits.

As an example of how documentation can be done, com-
municated, and used, the Climate Resilience Toolkit includes
a collection of case studies that describe how people are build-
ing resilience for their businesses and in their communities.
Sharing these case studies can inspire others to build climate
resilience. The brief stories highlight examples of real people
or communities who recognize climate-related issues and take
some action toward building resilience. Such stories can help
to communicate complex science into more easy to digest
lessons learned. For example, an engaging narrative can
help describe how a VOI approach can be used to study the
impact of Landsat on agricultural land management (case
study by Bernknopf in Hoebelheinrich et al. 2018 & ESIP
2018d).

Walk away when the solution has legs

Once the solution has been adopted, know when it’s
time to let users take over

A great sign of success for a project is to develop solutions that
users adopt, take leadership of, and adapt further in ways that
were not originally planned by the developers. It can be difficult
to know when users should be allowed (and encouraged) to lead
the direction of any further development, while the development
team moves on to another project or accepts new roles as advi-
sors, support, or “leading from behind” (Hill 2010).
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Once a satisfactory solution has been reached, the project team
should take a step back and ask: Has the solution been adopted by
users? Is it attaining the benefits that were envisioned? Has the
training and skills development in the project been effective for
users? Often it is necessary to give users time to test, use, and
experiment with solutions before it becomes evident how the so-
lutions will be applied in a real-world context. This should be part
of the original project design developed under the process of co-
design and transition planning.

To assess when it is time to allow users to take the lead, the
project’s theory of change (UNDG 2017) that is established
early on the project (as described in rule 5) can provide a
helpful framework. A theory of change allows knowledge
producers (and users) to define the change they want to make
and how it will be done (Plimmer and Kail 2014). Articulating
the outcomes of a solution allows for monitoring and evalua-
tion of progress to occur, so that when outcomes have been
met, it can be identified that it is time to close the project. For
example, once a specified number of people have adopted a
solution, it is determined that a level of adoption has been
achieved, and the project team can allow users to begin lead-
ing the process. This allows for self and group efficacy as
users increase their confidence to perform a task successfully,
while also maintaining the skills and knowledge acquired
(Bandura 1977, 1997; Pelling et al. 2015).

Coordinated networks are one way to build capacity and
organize resources for users in order to add value to or help
launch their projects. For example, the CLEAN framework
provides cyberinfrastructure (to host group communication)
and management personnel (staff that manage the network)
to enable participants (e.g., teachers and educators) to take
leadership and ownership of specific activities. As a result,
while initiation of the network was science-driven, it has
now become a platform that helps support community-
driven activities, such as helping teachers create Earth
Science-based lesson plans for K-12 classrooms (case study
by Manning in Niepold et al. 2018 & ESIP 2018g).

The danger of not being aware of the right time for the
project team to take a step back is that the solution may not
be able to attain a level of sustainability, and worse may even-
tually fail because of lack of user ownership. Development
studies highlight the risk of dependency when aid agencies
fail to build the capacity of recipient communities to take their
destiny into their own hands. Such a transition is essential to
ensure that the benefits from solutions reach people as broadly
and as sustainably as possible (Blair and Gross 2013).

It is also possible that a project is not taken far enough
along to achieve the intended success. SERVIR, which is
a joint initiative between NASA and the United States
Agency for International Development (USAID), offers
an example of how a project, while initially successful,
could have been carried further to ensure greater success.
The Salvadoran National Red Tide Commission

(CONAMAR), which is composed of different Ministries
of El Salvador, the Water Center for the Humid Tropics of
Latin America and the Caribbean (CATHALAC), and
SERVIR collaborated to develop a spatial tool to comple-
ment traditional water and shellfish tissue sample collec-
tion in order to improve monitoring of harmful algal
blooms (HAB). The tool consists of processed maps of
moderate-resolution ocean data (1 km spatial resolution)
collected daily by the Moderate-Resolution Imaging
Spectroradiometer (MODIS) instrument aboard NASA’s
Aqua satellite. When a HAB event is detected, the El
Salvador government issues a ban on selling shellfish to
prevent consumption of toxins. A shortcoming that is of-
ten seen in development work is that use and capacity for
technical tools is often centralized or concentrated at a
ministerial level. Therefore, adoption does not extend to
local departments, extension services, or end users that
might be able to apply the information in local-level con-
texts. For example, with access to better information, fish-
ing cooperatives could alter their fishing routes to avoid
algal blooms. This case study demonstrates how projects
could achieve higher societal value from EO-based tools
by investing in capacity building beyond the immediate
users (i.e., CONAMAR) (case study from Management
Systems International, A Tetra Tech Company &
Development and Training Services, a Palladium compa-
ny n.d.)

Conclusion

There are increasing demands to understand and monitor
the value of EO data, information, and application prod-
ucts in order to maximise societal benefits. EO value is
optimized when users can easily access and use data and
information to improve decisions. To help data producers
and intermediaries of the EO value chain increase the
effectiveness of their work, this paper provides 10 rules
that can be applied toward the overall EO value chain and
its segments.

Several themes are noted in the rules, such as the ben-
efits gained from co-design and collaboration with diverse
participants, and viewing a project and its intended results
and participants as a complex system. Rather than a pre-
scription, the rules offer best practices for addressing such
challenges as developing and managing an EO data-based
project, addressing end user needs, and developing project
outcomes that scale up toward broader goals. The rules
draws on concepts from such domains as biophysical sci-
ence, science and technology studies, operations research,
economics, and project management. While no means a
comprehensive set of rules, we intend for the ten rules
presented here to be a starting place toward thinking,
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planning, and increasing the societal benefit that can be
gained from the wealth of EO data and information that
exists and will be produced in the future.
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Glossary Audience: people and groups with an interest in specific data
products (Baker et al. 2015).

Benefit: something that produces good or helpful results or effects, or
promotes well-being of people and/or the environment.

Data: “measurements, values calculated therefrom, observations, or
facts that can be represented by numbers, tables, graphs, models, text, or
symbols which are used as a basis for reasoning and further calculation;
Earth science data can include “observation data, metadata, products,
information, algorithms, including scientific source code, documentation,
models, images, and research results” (NASA n.d.); data can also result
from local place-based observations made by citizen scientists, land and
natural resource users, and the broader public (i.e., not necessarily
resulting from scientific instruments, the scientific method, and/or
scientists).

Data product: a tool, service, or package of data/information that
“facilitates an end goal through the use of data” (Patel 2012).

Information: a product created from data that have been processed,
structured, or presented according to a given context to make it meaning-
ful and useful.

Knowledge: a collection of information with an intent to be useful
(Bellinger et al. 2004).

NASA: National Aeronautics and Space Administration.
NOAA: National Oceanic and Atmospheric Adminstration.
Problems: analytical constructs that are also feasible to solve (Dery

2000).
Project: a temporary endeavor undertaken to create a unique product,

service, or result; differing from operations and programs, a project has a
definite beginning and end, and a defined scope and resources (Project
Management Institute, 2017).

Socioeconomic: Concerning the use of resources belonging to a group
of people (Adams et al. 2013).

Solution: The EO data product, tool, or service that directly responds
to a problem(s) identified by an actor in the EO value chain for the
purpose of increasing the societal benefit of EO data.

Value chain: the set of value-adding activities that are performed to
create and distribute goods and services (Longhorn andBlakemore 2007).

Case study: a particular instance of something used or analyzed in
order to illustrate a thesis or principle.

User: people that benefit from products at any point in a value chain.
A user is inclusive of end users, as well as data generators and interme-
diaries that may take on roles as users of data products in some contexts.

USGS: United States Geological Survey.
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