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Community resilience increases a place-based community’s capacity to respond and
adapt to life-changing environmental dynamics like climate change and natural disasters.
In this paper, we aim to support Earth science’s understanding of the challenges
communities face when applying Earth science data to their resilience efforts. First, we
highlight the relevance of Earth science in community resilience. Then, we summarize
these challenges of applying Earth science data to community resilience:

¢ |nequity in the scientific process,

e Gaps in data ethics and governance,

e A mismatch of scale and focus, and

e | ack of actionable information for communities.

Lastly, we offer the following recommendations to Earth science as starting points to
address the challenges presented:

® Integrate community into the scientific data pathway;,

e Build capacity to bridge science and place-based community needs,
e Reconcile openness with self-governance, and

e |mprove access to data tools to support community resilience.

Keywords: community resilience, data governance, actionable data, data ethics, data pathways, Earth science
data

INTRODUCTION

Climate change, natural disasters, and public health threats test the durability of our society. A
place-based community’s capacity to respond to and recover from life-changing events is called
community resilience. Science plays a key role in providing evidence that people and groups can
use to make informed decisions about their community’s resilience. Earth science data, which are
qualitative and quantitative products of observation representing properties of objects, events, and
their environments (Rowley, 2007), have been historically produced, curated, and managed for
use by scientists. Due to the nature of Earth science data, data support has been mostly provided
by and restricted to large institutions with access to high computing power (Dutton et al., 1995;
Ramapriyan and Behnke, 2019). However, the societal, political, technical, and cultural landscape
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around the meaning and use of data is changing. There are
growing expectations in society for more open data (ESIP
interview: Mayernik and Virapongse, 2019). Decision-makers,
such as practitioners, planners, industry leaders, and the general
public, seek to leverage scientific data and information to develop
new tools, make decisions, and act. There is still much work to be
done by Earth scientists and their data science partners to address
issues of data access and use by decision-makers (Wee and Pifa,
2019), and particularly for community resilience.

The Earth Science Information Partners (ESIP) Community
Resilience cluster addresses how Earth science data can be
better utilized to support community resilience. Over the
past 5 years, members of the Community Resilience cluster
(co-authors of this paper) have been leading discussions
within ESIP on this topic during ESIP’s biannual meetings,
through monthly teleconferencing calls, and across other ESIP
clusters. With over 150 member organizations, ESIP includes
individuals from federal, state, and local government, non-
profit organizations, and the private sector. The discussions
that we had through these activities greatly informed
this paper.

In this paper, we aim to facilitate the contribution of Earth
science data to community resilience efforts by:

e summarizing challenges related to how data and information
are accessed, trusted, and made actionable for the purposes of
community resilience,

e framing how data use and community resilience can work
together, and

e presenting recommendations to address the challenges.

We pose the question: How can Earth science data
and information be used more effectively to enhance
community resilience? We aim for this paper to be
useful for people that generate, analyze, and manage Earth
science data, support the translation of scientific data
to information, and apply science-based information for
societal benefit.

COMMUNITY RESILIENCE

Community resilience functions within a complex social-
ecological system, where people, environment, climate, and other
entities interact. In this context, “community” is geographically
localized (place-based), while referring to the social interactions
that occur among people in a place (Theodori, 2005).
Communities can be defined by geopolitical units (e.g., town
or neighborhood), social groupings (e.g., demographic profile,
social class structure, culture, language), and entities organized
around special interests. We draw on a definition of “community
resilience” that describes it as the capacity of a system to
prevent, adapt, and recover from shocks and stressors so
that it grows stronger and is more prepared in the future
[United States Agency for International Development (USAID),
2012]. This framing enables us to conceptualize “community
resilience” expansively to consider a community’s capacity
to effectively respond to natural hazards such as flooding,

wildfires, and earthquakes (e.g., Cutter et al,, 2013), human-
caused disasters such as mass shootings (e.g., Aldrich and
Meyer, 2015), as well as systemic trauma experienced by
indigenous people through repression and colonization (e.g.,
Kirmayer et al, 2009). While climate resilience in response
to adverse climate events has been a recent focus in the
literature, our definition encompasses it, acknowledging the
multiple scenarios that communities must cope with in
the face of external challenges. Our thesis in this paper
considers this broader focus of community resilience, with
recommendations that can be applied across different contexts
and circumstances.

Building the capacity and flexibility of a community to
adapt to an ever-changing socio-environment is central
to improving community resilience (Magis, 2010). In
application, community resilience goals help to frame and
guide local- to global-scale decision-making to improve
human livelihoods, address environmental change, and
prepare communities to cope with hazards, risks, and disasters
(PCAST-Executive Office of the President, 2011; Cutter
et al, 2013; Bone et al, 2016). Environmental justice goals
can also be addressed through community resilience efforts
aiming to reduce inequitable exposure from toxic waste in
industrial waterfront areas and improving residents’ health
and quality of life (Bautista et al., 2015); a community’s
resilience is dependent on the strength of the entire social-
ecological system as a whole. Improving community resilience
involves accounting for future change and uncertainty in
decision-making, including assessing when resisting change
is beneficial or detrimental, and developing plans that allow
flexibility as needed. To effectively impact a community’s
resilience, decision-making must be informed and empowered
at multiple socio-political scales (including individual, city,
and national levels) and across sectors (including community
members, private businesses, and government stakeholders)
(Table 1).

Navigating change to community resilience is often framed
within an adaptive cycle, which posits that growth is not constant
and reorganization is required to maintain the community as a
functioning entity (Fath et al., 2015). This emphasizes the need
for communities to adapt to and build capacity for a changing
suite of problems, while being aware of common pitfalls that
they may experience when responding to disturbances. Efforts
to create a more resilient community often require addressing
the tension between the inherent qualities of a system (e.g.,
physical and ecological structure, function, or states) and the
values that people (and often specific groups of people) associate
with different components of a system (Higuera et al., 2019).
Community resilience has been used to address industry changes
(King, 2008), diminishing natural resources (Smith et al., 2012),
climate change (Adger et al, 2005; Funfgeld and McEvoy,
2012), health crises (Chandra et al., 2011), health and wellbeing
of indigenous people (Kirmayer and Valaskakis, 2009), forest
fires (McWethy et al, 2019), and environmental management
(Virapongse et al.,, 2016). Fundamental concepts of resilience
can be operationalized to enhance a community’s ability to use
available Earth science data and information for their benefit.
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TABLE 1 | How geopolitical scale matters for community resilience data/information needs.

Geopolitical unit

Example decision-maker

Example resilience need

Example of data and information needs,
and their infrastructure and policies

Planning for evacuation or
sheltering-in-place at home for a
hurricane

Adapting subsistence lifestyles to
climate and ecosystem changes that are
occurring
Long to medium term uncertainties
regarding climate/natural disasters/
COVID-19
Understanding short term climate
forecasts for crop/financial planning

Predicted heights of a tidal surge on resident’s

home and status of evacuation routes

Localized ecosystem data with observed trends

Improved data capability for smaller cities;
improved integration of diverse dataset and

information for decision-making

Climate data scaled appropriately, greater

short-term certainty

Individual A resident of a town or village

Community Leaders and members of
subsistence-based indigenous

communities
City City Planners
County Leaders, organizers, and
members of local
farming/forestry cooperatives or
granges

Region Leaders and participants in

recovery restoration efforts, like
in the US Gulf Coast
Country Members of legislature
Global Members of the UN and other

multinational entities

Long term restoration planning,
implementation, monitoring, and disaster

Equitably setting land use policies that
support the needs and interests of the

Meeting climate action sustainable
development goals

Challenges with data quality, documentation,
storage, product integration, discovery,
recovery accessibility, and archiving

Information collecting processes that
adequately represent diverse perspectives
equitably; Improved data and information on
the true effect, cost, and benefit of land use
practices to people and their environment

populace

Global statistics indicating the effect of climate
change on people and their environment

DATA CHALLENGES IN COMMUNITY
RESILIENCE

Closing the gap between community resilience needs and Earth
science data is an ongoing, multifaceted challenge. While we note
some well-known barriers that already have relatively extensive
literature describing these issues (for example, downscaling), we
concentrate primarily on aspects that are less well-studied.

Inequity in the Scientific Process
Without equitable representation in the scientific process, it is
unlikely that the resilience needs of communities—particularly
among those segments of the population that are historically
underrepresented across society—will be sufficiently addressed.
Scientific bodies, composed of academics and professionals,
largely determine who asks questions and makes decisions in
science. They decide the objectives of research, the purpose and
methods for data collection, the types of data products created,
and what research should be funded. Inequities and lack of
representation (e.g., race, ethnicity, class, political perspective;
Funk, 2012) among scientific decision-makers increases the
likelihood that scientific narratives and science agendas are
biased and perceived as untrustworthy. Indeed, the stakes are
high: scientific decision-making can determine the priority
placed on issues and the types of information and knowledge
generated to address them, potentially depriving more socially
vulnerable groups the right to scientific benefits (Klinsky et al.,
2017).

The harmful societal impact of such power discrepancies
in decision-making has been recognized in sectors like

environmental conservation in the US, where it is increasingly
apparent that conservation agendas are being drawn from a
primarily White perspective (Green2.0, 2021). Similarly, STEM
disciplines (e.g., geoscience) have historically created systemic
barriers and thwarted success (e.g., hostile work environments,
limited access to resources and opportunities) for researchers
minoritized due to their race, ethnicity, gender identity, sexual
orientation, and other aspects of their identities (e.g., Berhe et al.,
2022). In terms of topical areas, climate research is one where
such inequities exist in production as well as implementation
for impact. For example in the global context, the majority of
climate change research is conducted within the developed world
(Tai and Robinson, 2018), even though it is well established
that climate impacts less developed countries disproportionately
more (IPCC, Allen et al,, 2014). The latest Intergovernmental
Panel on Climate Change report further documents the miniscule
amount of funding available for climate-related research in
Africa, despite worsening impacts of a warmer climate in the
continent such as biodiversity loss, droughts, reduced crop
productivity, and economic growth (Trisos et al., 2022, Chapter
9, pp- 9-18).

Poor representation in science perpetuates environmental
injustice (“a situation in which a specific social group is
disproportionately affected by environmental hazards”) (Brulle
and Pellow, 2006). A well-known example of environmental
injustice is the drinking water crisis in Flint, Michigan, which the
ESIP Community Data cluster (Diggs et al., 2021) examined as a
case study for the role of Earth Science data in environmental
justice. As a predominantly Black and socioeconomically
depressed community, Flint represents one of the most
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disadvantaged and marginalized groups in our society and in
the scientific process. The failure of the government to provide
adequate drinking water protections resulted in disastrous health
impacts and further erosion of trust between communities of
color and the local, state, and federal U.S. government. With
underrepresentation in the regulatory decision making process,
including any advocates for them, it was extremely challenging
for the Flint community to convince governmental agencies
to address water contamination issues, despite the alarm being
raised within the community (Butler et al., 2016). After attention
was drawn to the issue by the U.S. Environmental Protection
Agency (EPA), further deception of the EPA by state regulators
eventually led to criminal charges (Butler et al., 2016). It also
became evident that data collection protocols to test and monitor
drinking water were willfully ignored or misinterpreted—not
only in Flint but in other underserved communities in the
US as well (Balazs and Ray, 2014; Katner et al, 2016). The
Flint example highlights how scientists supporting government
decision-making must recognize and mitigate the challenges that
exist in applying the scientific process in communities striving for
environmental justice.

Fundamental issues regarding ownership of and access to
scientific data and information exacerbate inequity in the
scientific process by limiting who can use data and information.
Despite the fact that many scientific datasets are at least partially
funded by place-based communities (e.g., via taxes), much of the
scientific literature that reports Earth science research findings is
published in journals that are inaccessible to the public or behind
paywalls that are insurmountable by marginalized communities
and nations. Open licensing presents its own unique set of
challenges regarding the ownership of federally funded research
data (Khayyat and Bannister, 2015). Moreover, even when the
data and literature are available, it isn’t always clear that results
are easily and broadly usable by communities. While progress
toward public access to data continues to be incremental, the
equitable, technical, and legal challenges associated with data
inhibit the societal benefit of science.

Social structures inherent in science create rigidity in the
scientific process that inhibits the due consideration of stake
and rights holder input, and the equitable distribution of
benefits from science. These are especially pronounced given the
social inequities that exist in society, and the fact that science
has significant barriers to overcome with its implicit biases,
including learning to see how inequities show up within the
scientific establishment (Tanner, 2009). The question is, who do
scientists take an oath to when performing their duties? Are
they serving science and the continuation of its norms and
practices? Community resilience applications offer an option
to help scientists understand who science is being performed
for, so the due representation of disadvantaged and historically
underrepresented communities in the scientific process can
be improved. Only by adapting the scientific process to the
community context, can science address these inequities.

Gaps in Data Ethics and Governance
Improved community resilience relies on data that authentically
represents the specific context and needs of a place-based

community. Collecting such data, however, can be fraught and
contested if people are not able to control their data and trust
how it will be used. In this section, we focus on the ethical lapses
that occur when managing, using, and reusing data products.
Data governance entails formalizing ethical processes to ensure
data are correctly managed after collection-this can include data
preparation, maintenance, and security (Thompson et al., 2015).

In the community resilience context, data governance can
include community members designing restrictions on data
collection and use, and assigning responsibility for collecting,
maintaining, and protecting data in alignment with their cultural
identity. This is particularly crucial for indigenous peoples and
other racial and ethnic minority groups and the institutions
within which they are embedded (Smith, 2016). The ability of
groups to control their own data has been defined as part of
the right to self-determination as outlined in the United Nations
Declaration on the Rights of Indigenous Peoples (UN General
Assembly, 2007). The authority to control data collection and
use are also components of more recent CARE Principles for
Indigenous Data Governance (Carroll et al., 2020).

Data reuse can be ethically problematic. Interpretation and
reuse of data by third parties can be harmful if such use is
uninformed by the scientific and cultural context or selective in
its analysis of available data (Reimsbach-Kounatze, 2021). Many
datasets lack the information needed to inform data users about
how data should or should not be used. For example, the U.S.
Bureau of Land Management (BLM) collected oral histories from
indigenous elders in Alaska Arctic boroughs in order to establish
indigenous rights to federal lands. The BLM controlled access
to the data for many years despite it being a valuable source
of cultural information for the associated communities (Pratt,
2004).

Systematic data collection from disenfranchized communities
can be intertwined with discrimination, reinforcing narratives
that may be detrimental to the communities themselves. In
addition, while data on their own may not disclose sensitive
information, they often can be combined with other data to
unintentionally or intentionally reveal sensitive information
about vulnerable populations. A broadly cited example is the
re-identification of individuals’ names and addresses by piecing
together multiple de-identified environmental quality datasets
from a public health study (Sweeney et al., 2017). The availability
of spatial data can similarly present a problem, such as when
personal information is unintentionally re-identified through a
geographic information system (GIS; Scassa, 2010).

Existing global inequality is perpetuated by data injustices
through surveillance, economic exploitation, algorithmic
profiling, and loss of the right to privacy (Heeks and Renken,
2018). Globally, approximately 19% of countries have no data
protection laws, leaving their residents acutely vulnerable
to personal security breaches and algorithmic prejudice
(UNCTAD DPR., 2016; UNCTAD, 2020). Refugees are even
more vulnerable. They lack access, control, and protection of
their data, since they may not have rights within an asylum
country to their data or be defended by the country they leave
(Rolan et al., 2020). As the collection, storage, sharing, and use
of Earth science data are increasingly facilitated by technological
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advances, ethical advances must also keep pace to ensure that the
interests of vulnerable communities are adequately protected.

Despite recent interest in co-production of scientific
knowledge between producers and users of science (e.g., Lemos
et al, 2018; Jagannathan et al., 2020), the literature remains
largely theoretical without addressing the specific challenges we
have described in this section (e.g., the step-by-step process of
co-development and relationship). While there are promising
trends to be more inclusive of communities in co-developed
climate services (i.e., customized products such as forecasts
and predictions), climate adaptation projects, environmental
decision making, and environmental sustainability projects
(Kirchhoft et al., 2013; Laursen et al., 2018; Bremer et al., 2019;
Mach et al., 2020), many projects still fail to authentically address
the inequitable power dynamics that are inherent in the processes
of collaboration. For initiatives aiming to enhance community
resilience in response to external events, including but not
limited to climate-related damage, the gap in skills, capacities,
and awareness needed for data producers to build trust with
users to enable co-creation continues to be a limitation.

A Mismatch of Scale and Focus
Earth science research and place-based communities often work
on different time and spatial scales, as well as have differing needs
and goals for data collection. Community resilience decision-
makers need data to make urgent and consequential decisions,
while addressing multiple spatial and temporal scales (Table 1)
and the needs of diverse stakeholders. An example of such
tradeoffs are near- and long-term economic stability, or a city vs.
an individual’s exposure to climate risks (Chelleri et al., 2015).
Earth science data products that are needed for community
resilience planning (e.g., climate projections, Earth systems
modeling) are often produced at vast spatial and temporal scales,
which are relevant to the understanding of long-term natural
phenomena (Kirchmeier-Young et al., 2019). Yet, communities
and industries often require data products that incorporate long-
term trends with more actionable near-term, higher accuracy
data (Vera et al., 2010; Dunn et al., 2015). Therefore, additional
research and processing of Earth science data are needed to make
these larger-scaled data more appropriate for community-level
resilience needs (Bhuvandas et al., 2014), but many communities
lack such data processing capacity (O’Neill, 2011). Without
correctly scaling data and information, decision-makers may
be taking (or not taking) actions that ultimately reduce their
community’s resilience. For example, Earth science phenomena
described at a coarse scale (i.e., large areas represented as uniform
depicted with lower resolution) may have directionally opposite
effects at a local scale (Keskitalo et al., 2016). The lack of
appropriately scaled Earth science data can limit its use to
community resilience efforts for larger geopolitical units (such as
nations), while local communities are left out of such efforts.
While the previously described issue of downscaling is well-
addressed in literature, there are other kinds of scale mismatches.
One is illustrated by the 2012 U.S. National Science Foundation
(NSF) sponsored 2nd Semantic Sea Ice Interoperability Initiative
(SIIT)—a workshop that brought together Alaskan indigenous sea
ice experts, National Oceanic and Atmospheric Administration

(NOAA) specialists, and researchers around the topic of sea ice.
Some members of indigenous communities of the Arctic are sea
ice experts. However, their ability to understand and predict sea-
ice behavior has been becoming increasingly strained by climate
change. For years, NOAA had been providing sea ice charts,
which provide a low resolution but comprehensive picture of sea
ice in the Arctic. These charts are based on a variety of much
higher resolution data, including Synthetic Aperture RADAR
(SAR) full-resolution imagery; imagery that is too large to be
transmitted to indigenous coastal villages given their available
bandwidth. During the workshop, members of the indigenous
community suggested producing a cropped SAR data product
covering only the sea ice within a few miles of their community.
Such a product would be useful for making decisions about travel
and food harvesting. Existing ice charts and SAR products extend
for 100 miles or more, far outside the bounds that a typical hunter
would travel, thus providing many times more data than are
useful at the community level. A cropped data product, however,
would fit within the bandwidth limitations of the communities
and could be directly compared to what community members
could see from shore and on shore fast ice; an insight that NOAA
data managers appreciated and acted upon.

Scientific research is often organized as individual research
projects (i.e., principal investigator-led projects) that range from
global efforts to local groups focusing on a single domain
area. While there is an assumption that the results of different
research projects will naturally inform each other, the reality
is that these connections often fail to form, resulting in a
splintered scientific approach that lacks place-based synthesis
and fails to address emerging disasters (Cutter et al., 2013).
For example, scientists studying rare earthquakes and floods do
not automatically integrate their research with those studying
modern disaster response or engineering cities (Ismail-Zadeh
et al,, 2016). In addition, the relationships between the projects
may be too weak to support upward scaling of their goals and
extrapolation from their results (Taylor, 1984; Parsons et al,
2011). Data products may neglect cross-scale relationships and
address communities as if they are stand-alone and isolated
entities (Sharifi, 2016), or provide sweeping results that are not
fine-grained enough for tangible and useful decision-making.
In contrast, information useful for community resilience must
be well-coordinated across various scales to accurately assess
risk, illuminate knowledge gaps and solutions, and communicate
hazards. The information available to decision-makers depends
on the strength of the interactions between data creators
operating at multiple scales (Pulsifer et al, 2020). Better
interaction across scales of this “information ecosystem” can
improve data for interdisciplinary, systemic research (Parsons
etal., 2011), such as for community resilience.

Lack of Actionable Information for

Communities

Earth science data are often created for a particular science
community with the expectation that others will find a way to
use them (Baker et al., 2015). The lack of attention given to
the nuanced needs and worldviews of specific groups that could
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use Earth science data contributes to this challenge (Bhargava
and Manoli, 2015). For example, different communities use
different terminology, which impacts how information can reach
and influence people, and in turn impacts their knowledge
development (Eitzel et al, 2017). Further, existing power
dynamics in knowledge generation often undermine data and
knowledge that originate from outside of conventional scientific
frameworks, such as among traditional and tacit knowledge
systems (Brun and Schumacher, 1987; Roux et al., 2006; Dunlop,
2009). Often this issue is framed as a lack of data literacy, which
implies that the solution involves improving a community’s
ability to read, work with, analyze, and argue with data (D’Ignazio
and Bhargava, 2016). The problem with this framing is that
all of the responsibility for “learning” about data is placed
on community members, rather than Earth science researchers
making efforts to provide data and information that are useful
for those communities.

The application of Earth science data toward societal benefit
is often conceptualized as a data, information, knowledge, and
wisdom (DIKW) pathway (Ackoft, 1989; Sharma, 2008). This
DIKW pathway emphasizes the one-directionality of data to
application. An oversimplified and idealized version of the
climate change discourse illustrates an example of the DIKW
pathway from data to societal benefit: (1) Earth scientists notice
trends and describe climate change to their peers as part of their
typical scientific discourse, (2) scientists communicate technical
information about climate change outside their disciplines, and
their implications become evident in closely allied fields, (3)
climate change begins to be recognized broadly across a number
of disciplines and by a subset of the general public, and (4) climate
change is now a central part of public policy discourse with
analysis occurring cross-sectorally. There are many assumptions
within this process, such as the trickling effect of scientific
knowledge into the general public. However, it serves as a useful
example of how scientists might envision how their data efforts
contribute to societal benefit through the DIKW pathway.

Figure 1 depicts the data equivalent of such a DIKW pathway,
where source data is processed through a number of steps into
intermediate data products that become publicly accessible final
data products to be interpreted for community consumption.
Even with this simple, linear model it is clear that unless all of the
products along the path are continuously funded and available,
neither the final data products nor their interpretations will be
available for any community to consume.

An unexplored assumption behind long-term investments in
data management, and in today’s policy and decision making
context, is that the DIKW pathway justifies the initial investment
and creation of structured data, for example, climate data
records (Meier et al, 2021), even when existing knowledge
frameworks are too rigid to address today’s pressing needs and
priorities. Indeed, the example of the climate change information
pathway demonstrates how much easier it is to address an Earth
science problem from one worldview, rather than taking on the
challenge of considering the complex and nuanced perspectives
of multiple user communities. The challenge here is to present
more accurate conceptual frameworks that demonstrate the role
of users (community) in the data pathway.

In reality, the Earth science data “pathway” is often more like a
“network system” (Li and Whalley, 2002) with multiple intended
products stemming from data sets or combined data sets, and
people who play multiple roles on the path and in the network.
Figure 2 depicts a fragment of an existing data product network
currently available at the National Snow and Ice Data Center
(NSIDC). Data products that are tailored to support a particular
user group’s needs have potential for greater use and applicability
by that user group, in contrast to data products that are developed
without a specific end user in mind. However, creation of such
downstream data and interpretive products for end users can be
challenging. Baker et al. (2015) describe a situation where data
products created by a specific Earth science community (e.g., the
sea ice scientific community) were confusing and unhelpful for
various groups outside of that community, leading to a process
of data development that continued for more than a dozen years.

RECOMMENDATIONS TO ENHANCE
COMMUNITY RESILIENCE

To address the challenges identified in the previous section, this
section describes four categories of recommendations to help
improve how Earth Science enhances community resilience:

e Integrate community into the scientific data pathway,

e Build capacity to bridge science and place-based
community needs,

e Balance openness with self-governance, and

e Improve access to data tools to support community resilience.

These recommendations present elements of decentralized,
transdisciplinary, and systems thinking, which are needed to
address the complex social-ecological systems that underlie
community resilience. Figure3 provides a summary of
how the recommendations (section Recommendations to
Enhance Community Resilience) map to the challenges
presented previously in this paper (section Data Challenges in
Community Resilience).

Integrate Community Into the Scientific
Data Pathway

Develop new conceptual frameworks that incorporate all relevant
participants within data usage pathways for societal benefit
(e.g., communities, scientists, data managers, analysts, translators,
consultants, science communicators, non-profit groups, and
other intermediaries).

Earth science applications affect people, the world that we
live in, and the resilience of our communities. For this reason,
Earth science project design and development, including data
creation and curation, should be inclusive and representative
of all relevant perspectives, values, and needs. It is challenging
to consider the needs of different stakeholders and participants
present in a community context, but by doing so, Earth science
projects can be designed to ensure that the groups most
vulnerable to adverse effects of climate and other environmental
events are fairly represented in scientific processes. Progress
to that end involves co-production within the conceptual
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FIGURE 1 | The linear equivalent of the DIKW pathway for data.

framing of the Earth science data pathway for community
resilience. Such a process encourages more interaction between
scientific information and the applied context, helping to
overcome the entrenched knowledge systems that support one-
way linear processes where science disseminates information and
knowledge as a commodity.

While programs such as ELOKA have begun to facilitate
these processes (in ELOKA case for Arctic communities), more
long-term programs that facilitate co-production in individual
research activities for a wide variety of community contexts are
needed (Pulsifer et al., 2012). Similarly, large agency missions
should explicitly consider the entire range of communities that
could potentially find utility in the agency data produced and
should design their initial data products accordingly. In general,
it can be expected that different products will be needed for
each kind of community, so such products should be developed
in conjunction with those communities. Moreover, agencies
should expect that as conditions change over time, new needs
and uses for the data will be found. Consequently, ongoing
resources should be allocated to support co-development of
useful, new products as they are identified. NASA’s long-standing
Advancing Collaborative Connections for Earth System Science
(ACCESS) program is a prototype of such a program though
focused primarily on science community needs (Ramapriyan and
Murphy, 2017). Their Earth Science Applications programs that
call for projects in specific topic areas, such as health and air
quality, use Earth observations to improve decision-making and
service to the public.

Several ESIP clusters contribute in this area. For example, the
long-standing Agriculture and Climate cluster is working with
county and agency fire chiefs and managers on improved data
for dealing with wildfires and their aftermaths. A nascent Space
Weather group, whose members have worked with national grid
providers, are discussing how best to represent space weather
impacts on the electrical grid. The Community Data cluster also
grappled with how to better include community perspectives in
the analysis of data for environmental justice purposes.

Community resilience projects are diverse, and their
needs for different co-production processes can vary. Such
contextual variation is considered in typologies of community
participation (Cornwall, 2008) that range from a more passive
information-seeking approach to a more highly interactive
transdisciplinary approach, where users are more deeply

involved in developing the goals, methods, and analyses of
a project. Similarly Meadow et al. (2015) describe strategic
co-development of science knowledge through four increasingly
cooperative modes of engagement ranging from contractual,
consultative, collaborative, to collegial that reflect one-directional
flow of information to more shared exchange of different forms
of science knowledge. Their examples of conducting action
research incorporating social science approaches suggests an
openness to transdisciplinary learning that is critical to advance
community resilience.

An often used type of co-production approach in science is
citizen science, or “community science;,” which centers around
involving members of the public in the scientific process to
both benefit the scientific process and the involved community
members (Craglia and Shanley, 2015). Areas of convergence
where science and communities can build beneficial co-
productive relationships include motivations to benefit society,
social location (i.e., the user groups that must be involved to
succeed at change), and ethics to support inclusive knowledge
generation (Jull et al., 2017).

Co-production in Earth science occurs as scientific data and
information interfaces with existing knowledge and wisdom
from communities to support decision-making for community
resilience. For such a model to work, mutual respect between
scientists and community members, as well as a more pluralistic
perspective of research expertise is needed to provide an
important starting point for successful co-production. This
can look like evidence-building activities that incorporate
scientific research findings and data (e.g., as expressed in the
Foundations of Evidence Based Policy-making Act of 2018) with
those based on traditional knowledge systems and tacit place-
based knowledge (Kendall et al., 2017; Rainie et al., 2017).
Strategic reframing is one approach for conflict resolution in
environmental management decisions that allows government
agencies to adapt to different stake and rights holder perspectives
and consider different scenarios (Auad et al., 2018). Such
integration of world views helps to build trust around science,
while also ensuring that scientific information is relevant and
useful within real-world contexts. The goal of these processes is
for Earth scientists to become more sensitive to the historical
colonial context of science that influences and colors their
assumptions, approaches, implicit biases, and applications within
their work (D’Ignazio and Klein, 2020).

Frontiers in Climate | www.frontiersin.org 7

May 2022 | Volume 4 | Article 761499


https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles

Virapongse et al. Earth Scientists Contributions to Community Resilience

Raw SSM/I-SSMIS Data

IMS Daily Northern
Hemisphere Snow and Ice
Analysis at 1 km, 4 km, and 24
km Resolutions

Multisensor Analyzed
Sea Ice Extent -
Northern Hemisphere

NOAA SSMIS Brightness
Temperature Swath Data

Raw SMMR Data

Near-Real-Time DMSP
SSMIS Daily Polar Gridded
Brightness Temperatures

NOAA Historical
Satellite-Derived
89x89 Weekly Maps

of NH SCE

RSS Calibrated
SSM/I-SSMIS Brightness
Temperature Swath Data

Rutgers Reprocessed
NOAA Historical Satellite-
Derived 89 x 89 Weekly
Maps of NH SCE

NIC ESRI E00 Format Ice
Charts

SMMR Brightness
Temperatures

DMSP SSM/I-SSMIS Daily
Polar Gridded Brightness
Temperatures

NOAA /INCDC CDR of
Northern Hemisphere
Snow Cover Extent

Sea Ice Concentrations
from Nimbus-7 SMMR & DMSP
SSM/I-SSMIS Passive
Microwave Data

EWG Atlas 25-km EASE-grid
Products

Near-Real-Time DMSP
SSMIS Daily Polar Gridded
Sea Ice Concentrations

Bootstrap Sea Ice
Concentrations from
Nimbus-7 SMMR and DMSP
SSM/I-SSMIS

Northern Hemisphere
EASE-Grid 2.0 Weekly Snow
Cover and Sea Ice Extent

NIC Arctic Sea Ice
Charts &
Climatologies in Gridded
Format

Sea Ice Trends and
Climatologies from SMMR and
SSM/I-SSMIS

Sea Ice Index

Ice Masks Derived From
National Ice Center
Climatologies

Greenland Surface Melt Extent

Arctic Sea Ice
News & Analysis

Greenland Today

FIGURE 2 | Each bubble represents a data product, most of which are publicly available from NSIDC. Orange products are raw data; while dark blue indicates data
external to NSIDC used in creating NSIDC data products. Light blue indicates science products available from NSIDC; while Green indicates products that are NSIDC
terms “Easy-to-use”. In NSIDC’s view these data products are in “formats that require little or no processing or programming. These may be of particular interest to
K-12 teachers and students, the press, the general public, or non-cryospheric researchers.” (NSIDC, 2022). Purple represents science products (blogs) also available
from the NSIDC homepage that provide data interpretation for broad audiences. Figure adapted and updated from Baker et al. (2015).

Build Capacity to Bridge Science and better understand the real-world context that their work applies

Place-Based Community Needs to. While many scientists are unlikely to interact directly with
Provide more skills development for scientists, community ~ communities, some do interact with community members

members, and other participants within the data usage pathway that use and interface with data based on their unique skills
to help bridge gaps and develop intermediaries. and to fulfill different roles (as intermediaries). These include:

Training and professional development for scientists can ~ Communicators (who make sense of and tell stories about data
help them engage more meaningfully with communities and for others to digest), Readers (who need skills to interpret data),
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described in this paper.

FIGURE 3 | Recommendations to the Earth sciences as to how changes in Earth science can enhance community resilience, stemming from the challenges

Makers (who need the skills to use data for problem solving), and
Scientists (who are knowledgeable about the data domain and
need to leverage strong technical data use and communication
skills) (Wolff et al., 2016). Community members with technical
skills (e.g., Scientists as described above) can be valuable brokers,
representing community needs in collaboration with the Earth
science data community. The Pacific Islands Climate Adaptation
Science Center’s University of Hawai’i's Manager Climate
Corps program (Laursen et al.,, 2018) demonstrates the value
of a careful needs assessment as researchers embarked on a
collaboration with natural and cultural resource managers
to co-create climate adaptation strategies—their processes
of harnessing the knowledge and experiential capacities
of local experts through close interpersonal engagement
helped establish relationships that can jointly work toward
social-ecological change.

Recent trends in data science education are promising
for creating a new generation of application-focused data
scientists (e.g., Irizarry, 2020). Scholars have advocated for
multiple strategies and new curricular foci to train students to
effectively use data to understand and tackle societal problems-
these suggestions include creating opportunities for students
to actively engage with real-world projects, collaborate across
disciplines, and across sectors like industry and government
(Song and Zhu, 2016); learn to interact with multivariate
phenomena that depict the complexity and interconnectedness
of variables underlying societal issues (Engel, 2017); and
inculcate “habits of mind” (p. 5) in practice and theory
that encourage critical thinking, inquiry-based reasoning, and
problem solving (Finzer, 2013). Greater attention to skills-based

education is a start to help data scientists develop data
products for community members in a manner that prioritizes
community members use (rather than Earth scientists’ use).
However, the burden should not fall on communities to defend
themselves with data, and the education of data skills and
capability to work with data should not be isolated to the
privileged. This would help communities overcome barriers in
access and use of available information to advocate on their
own behalf.

To address the problems of scale and community data needs
that we identify in our challenges, new research pathways
can be created by pursuing transdisciplinary approaches based
on communities of practice (Wenger-Trayner and Wenger-
Trayner, 2015). Such communities of practice would include
Earth science and Community Resilience practitioners, who
are brought together by common needs and goals. These
communities of practice would act as transdisciplinary teams
to “work jointly to grasp the complexity of problems from
diverse scientific and societal perspectives, integrate natural and
social science disciplines, alter discipline-specific approaches,
and focus on problem-solving for what is perceived to be the
common good” (Yates et al., 2015). These teams would require
long-term and stable co-operation between Earth Scientists
and the community. Working together would help develop
translators or intermediaries between different stakeholders
in the information pathway, such as translating between
communities to understand information needs and what data
is appropriate for resilience planning. As an example, the
Bureau of Ocean Energy Management, a US federal agency,
could integrate a multi-scale resilience framework into its
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scientific research and management enterprise in order for
science to more clearly articulate and navigate the multi-
scale dynamics of social-ecological systems (Auad et al.,, 2018).
Building connections between Earth science and communities
may benefit from intermediary organizations and initiatives, like
the Thriving Earth Galkiewicz and Pandya (2014) which can help
identify communities with Earth science challenges and facilitate
interactions with Earth science experts.

Reconcile Openness With Self-Governance
Open  science reduces barriers to information while
increasing governance ¢ agency over data to protect
the interests of people and communities that are subjects
of data.

We articulated two problems concerning access to data.
The first is the limited access to relevant data by those
outside the Earth science community. The second problem is
marginalized communities’ limited agency over data use. While
these may seem to have different solutions, we argue that
both problems require the same solution: creating equitable
systems for data products, infrastructure, and governance. Such
management of Earth science data is not only scientific, but
also dependent on societal norms and cultural best practices.
Yet transformative shifts in norms of practice or systems
change are inherently challenging as highlighted by Jagannathan
et al. (2020) in their analysis of outcomes of knowledge co-
production processes observed in practice compared to those
theorized. However, initiatives are already in place to change
data systems that enable more transparency and access to data
and will hopefully spur additional efforts. For example, the FAIR
(Findable, Accessible, Interoperable, and Reusable) principles
(Wilkinson et al., 2016) is an example of one solution that
has been offered to help increase community members access
to data.

Additionally, there have been some good examples of how
the consideration of the ethical context around data collection,
governance, and use has occured at different scales that affect
the Earth science data community. The 2019 decadal U.S.
Federal Data Strategy emphasizes ethical governance, conscious
design, and learning culture to “continually challenge and
guide agencies, practitioners, and policymakers to improve
the governments approach to data stewardship and the
leveraging of data to create value” (United States Government
et al, 2019). Recent findings from an open forum co-
hosted by the Data Coalition and the Data Foundation
concluded that future Federal Action Plans should emphasize
“equity and inclusion, the importance of sharing data in
a way that protects and respects privacy, and prioritizes
transparency and openness’ (Turbes, 2020). The American
Geophysical Union (AGU) has also published ethics questions
for practicing scientists to consider during the data life
cycle (Gundersen, 2017) and the AGU Position Statement
on Data states “all players in the science ecosystem should
ensure ... that relevant scientific evidence is processed, shared,
and used ethically...” (American Geophysical Union, 2019).
Privacy concerns can involve the release of information by
different entities, so it may benefit from control by an

overarching governance body (Commission on Evidence-Based
Policymaking, 2017).

Openness, without governance, might infringe upon
the rights and privacy of people who are subjects of data,
but the CARE principles present an example of an ethical
bookend to FAIR. The CARE principles were formulated
to further the self-determination of indigenous people
against the ongoing process of colonial oppression and
exploitation of indigenous knowledge and data (Carroll
al, 2020). Similar principles could also be more
broadly applied beyond the indigenous context and among
other groups of people who are historically marginalized
in society.

We note that principles alone will not resolve these issues.
Principles must be carried over into practice. While several
groups are working to translate FAIR principles into action
as well as measure the FAIRness of research data (Bahim
et al., 2020); practices and measures for the CARE principles
are not as far along. However, it should be noted that the
ESIP Sustainable Data Management cluster has been working
with the Global Indigenous Data Alliance (GIDA) to define
the responsibilities and actions data repositories should take
to become more CARE-compliant (Global Indigenous Data
Alliance, 2019). Moreover, work on translating the CARE
principles into theory and action for researchers is forthcoming
from IEEE (a project on “Recommended Practice for Provenance
of Indigenous Peoples’ Data” https://standards.ieee.org/ieee/
2890/10318/) and Research Data Alliance (International
Indigenous Data Sovereignty Interest Group, https://www.rd-
alliance.org/groups/international-indigenous-data-sovereignty-
ig).

Reconciling openness with governance offers the opportunity
to be deliberative with incremental progress that carefully
considers the ethics behind data use. Science and society has
no other option but to reconcile these objectives, as further
promotion of open principles along with due consideration
for the ethical dimension are two critical components for
maintaining the social contract (Lubchenco and Rapley,
2020).

et

Improve Access to Data Tools to Support

Community Resilience
Reduce the burden  for
practitioners discover
science data.

People in communities use a diverse set of sources to make
decisions impacting their lives, including those that address
problems that arise within the complex systems that they live
in. Decisions are rapid and responsive to evolving information
contexts, and may not be based in the sciences, including Earth
sciences. In other words, in the absence of data that are specific
to a problem, people use whatever information they have at hand.
Decision-makers may base their decisions on data that have been
reinterpreted within a personal or specific context. They might
also seek out experts to help interpret the landscape of the Earth
sciences and present contextualized information relevant to the

resilience
Earth

community

to and access
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community’s predicament. Secondary data sources that provide
a level of interpretation, which people in communities consume
as scientific products, can form the basis of people’s world views.
For example, the Climate Data Initiative brought together earth
science datasets and reframed them in a global resilience context
to enable broader consumption by practitioners (Sisco et al.,
2019). In this derived data context, discovery of scientific data
may occur when pre-digested and cited secondary scientific
information is cataloged to allow people to back track to
originating discoveries and datasets more easily, and challenge
misconceptions that may inadvertently arise about the secondary
sources. Cvitanovic et al., 2014 also recommends the creation
of management-oriented summaries of research articles to
describe the policy implications of research outcomes in publicly
meaningful ways; many journals have instituted or are in the
process of instituting the concept of plain language summaries.

ESIP’s Discovery cluster emphasizes that making assumptions
about data’s future utility should be avoided. Instead, data
discovery informed by the end-user’s actual usage (Usage-based
data discovery; Lynnes et al., 2020) can better align existing
knowledge frameworks to re-prioritize research investments. As
a result of this process, intended audiences and beneficiaries of
data management labors can be clearly identified, so the relevance
and value of highly technical endeavors can be better targeted
(e.g., decision-makers who seek to support resilience in their
community). Usage-based data discovery can further increase
the utility of data by providing examples of how data have been
used by other communities, while communicating the larger
application context for the data. With the right processes in place,
a feedback mechanism to data providers would also allow for
iterative improvements.

To further this process, Earth science repositories can develop
controlled vocabularies to tag datasets according to specific
information needs (e.g., Semnacher and Chong, 2019). This
allows federal agencies to enhance discovery and demonstrate
the applicability of their research products to society and
sustainable development goals (e.g., the Arctic report card by
Starkweather et al., 2020). In these scenarios, data products (e.g.,
summaries, subsets, trends, or infographic representations) that
are context- and culturally-specific are more easily utilized by
decision-makers within their community (Baker et al., 2015).
Correctly scaled data in a format usable by communities can
interact with their cultural knowledge to produce data subsets
and syntheses that directly improve community resilience. For
example, city governments develop resilience plans that cover
different sectors of the government, including energy, food,
and urban infrastructure. These plans aim to bring together
government, industry, community groups, and residents using
a collaborative transdisciplinary effort. Earth scientists would be
more closely involved in these efforts as the developers of data
being used to guide decision-making. Data are often used by
communities post-hoc, so the purpose of data and their relevant
metadata need to be carefully and clearly articulated so they can
be used appropriately.

Information about the reliability and trustworthiness of data
should also be provided. A basic overview of the database,
including how it was developed, who was involved, and the

audiences for whom it was intended are some basic metadata
that are fundamental to improving the usability of data. For
example, websites displaying analyses of Earth science can
provide a level of transparency to understand data sources
and versions of data used in the analytical products (Lynnes
et al., 2020). The Earth sciences could provide data that have
verifiable data trust measures as a means to pre-assess the quality
of data for applications (see example below). While there will
always be inherent uncertainty in Earth science data products,
certain datasets are categorically wrong for certain applications,
and an established and transparent evaluation process would
help mitigate untrained users from missapplying data (Ekstrom
et al., 2015; Nissan et al., 2019) and clearly communicate the
uncertainty within the dataset. This would enable increased
trust and reliability in external data sources by users of this
data in community contexts. Recent guidelines around the
trustworthiness of data can help the scientific community
(Jamieson et al., 2019) and repositories (Lin et al., 2020) with
their assessment of datasets. Trusted data are highly reusable,
broadly applicable, of verified quality, and clarify the source of
the data and its intended applicability. Data trust assessments
should be provided to datasets that meet transparent guidelines
or rules on data maintenance, governance, and storage that
emphasize access, accountability, and long-term management.
This is another area where ESIP clusters have been actively
working. For example, the Information Quality Cluster recently
published a paper calling for the development of practical
guidelines for representing and sharing data quality information
(Peng et al., 2021).

In another example, Operational Readiness Levels (ORL)
developed within the ESIP Disaster Lifecyle cluster provide
a ranking by which to provide decision-makers with an
understanding of the operational reliability of datasets using
predefined criteria (case study provided by Hicks in the ESIP
webinar Moe et al., 2018). This is an example of how credentials
can allow for diverse datasets to be accessed and used in decision-
making, while still accounting for the level of uncertainty
inherent to a given data set. This can drive community decision-
making by forwarding value-neutral information as to how
complete or ready a data set is. Similar ORLs could be developed
for community planning data, such as climate/weather/natural
disaster forecasts.

CONCLUSION

In this paper, we described the challenges of applying Earth
science data to community resilience decision-making. Inequity
in the scientific process presents challenges in identifying
solutions that are both innovative and reflective of community
needs. Gaps in data ethics and governance highlight the
need to be aware of how misuse of data can negatively
impact people who are subjects of that data. A mismatch
of scale and focus emphasizes the importance of how data
must address the different sociopolitical, temporal, and
geographical scales that are relevant to place-based community
resilience. Lack of actionable information for communities
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speaks to the gaps between the types of data products
that are produced and the expectations of communities to
use them.

We encourage the Earth science data community to
develop practices for improving how Earth science data and
analyses are disseminated to and used for community resilience
purposes. To that end, we have suggested the following
starting points:

e Integrate community into the scientific data pathway to
emphasize the importance of re-framing how we think about
data literacy, and re-conceptualize the DIKW pathway to be
more inclusive of community world views.

Build capacity to bridge science and place-based needs to
help identify opportunities for skills development among
both scientists and community decision-makers to reduce the
disconnect between the groups.

Reconcile openness with self-governance to create more ethical
and equitable systems of data products, infrastructure,
and governance.

Improve access to data tools to support community resilience
by prioritizing usage-based discovery to ensure data can better
meet the needs of communities.

The framing that we present here can help organizations like
ESIP mobilize Earth science data scientists and practitioners to
develop innovative solutions to Earth science data challenges,
and affect durable and effective change with the most impactful
benefit across society. Such organizations have the capacity
and connections to integrate the suggestions that we offer
within the Earth science ecosystem. Through our work in
ESIP’s Community Resilience cluster and in collaboration
with other ESIP clusters, we see the potential to create
spaces within Earth science that better support place-based
community needs.

Contributing to these Earth science data opportunities
is our professional responsibility to the communities that
we are a part of, since as scientists we have access to
resources, skills, and tools that many in our society do
not. Without more attention given to bridging the gaps
between Earth science and community resilience, we risk
continuing to exclude and marginalize the most vulnerable
place-based communities in our world, and continue to
waste scarce resources on producing data and investing in
scientific initiatives that do not meet the urgent needs of
our society. By working in concert with communities, Earth
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