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Abstract 
As we contend with human impacts on the biosphere, there is rightfully a great emphasis 

now on community adaptation and resilience to climate change. Recent innovations in 

information technologies and analyses are helping communities to become more resilient. 

However, not often discussed in this vein is a path toward digital resilience. If mapping 

and information tools are to help communities, it stands to reason that they must be 

resilient themselves, as well as the data that they are based on. In other words, digital 

tools can help make communities resilient by providing data, evidence-based advice on 

community decisions, etc., but the resilience of the tools themselves can also be an issue. 

Digital resilience means that to the greatest extent possible, data and tools should be 

freely accessible, interchangeable, operational, of high quality, and up-to-date so that 

they can help give rise to the resilience of communities or other entities using them. 

Given the speed at which humans are altering the biosphere, the usefulness and 

effectiveness of these technologies must keep pace. This article reviews and recommends 

three fundamental digital practices, particularly from the standpoint of geospatial data 

and for community resilience and policy-making. These are: (1) create and implement a 

culture that consistently shares not only data, but workflows and use cases with the data, 

especially within maps and geographic information systems or GIS; (2) use maps and 

other visuals to tell compelling stories that many different kinds of audiences will 

understand and remember; and (3) be more open to different kinds of partnerships to 

reduce project costs, yield better results, and foster public awareness and behavioral 

change. 
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Introduction 
Barnosky et al. (2015) point out that one of the grand challenges for both science and 

society, is solving six intertwined and vexing problems: human population growth and 

overconsumption, pollution, disease spillovers, human-caused climate disruption, 

ecosystem destruction, and extinction. A Scientific Consensus Statement for Maintaining 

Humanity’s Life Support Systems in the 21st Century (Barnosky et al., 2014a, 2014b) 

identifies many applicable solutions, including working alongside the engineering 

community (e.g., civil and construction engineering, environmental engineering, energy 

resources engineering, materials science, mechanical, industrial, and manufacturing 

engineering, and the like). For example, these collaborations are leading to the creation 

and deployment of new solar, wind, and hydro fuel cells, new monitoring systems for 

drought, new mapping systems that alert citizens to climate-induced hazards, and more. 

This paper focuses more on the digital realm of software engineering, within the broader 

world of information technology and its accompanying practices. The 2015 American 

Association for the Advancement of Science (AAAS) symposium “Avoiding Collapse: 

Human Impacts on the Biosphere” emphasized that various innovations in digital data 

collection, analysis, and visualization now allow for a synthesis of environmental 

information so that we may track and understand human impacts at global to local scales. 

Analysis of such data provides new ways to identify macro-scale patterns and processes 

through long time periods. Indeed we are surely living in an unprecedented era of 

regional to global scale observation and simulation of the Earth as exemplified by 

scientific observatories funded by the National Science Foundation, such as: the Critical 

Zone Observatories (http://criticalzone.org/national/) that look at fluxes of water, carbon, 

sediments, and nutrients across natural watershed and human land use boundaries; the 

EarthScope program (http://earthscope.org) that investigates the structure of the Earth’s 

crust, the strain of earthquake faults, and the activity of volcanoes by way of a vast 

network of sensors scattered across the entire North American continent; the Ocean 

Observatories Initiative (http://oceanobservatories.org) which is deploying a similar 

network of sensors around the world to measure the physical, chemical, biological and 

geological variables throughout the depths of the ocean down to the seafloor; and the 

Global Earth Observation System of Systems (http://www.earthobservations.org/) with its 
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focus on space-borne, airborne, and in situ sensors. All of these above-mentioned 

programs are constructing the appropriate data management architecture and decision-

support systems in parallel. Indeed, we now find ourselves inhabiting a “Digital Earth” 

comprised of digital technologies from satellites to wristwatches that monitor, map, 

model, and manage (Annoni et al., 2011; Dobson, 2000; Foresman, 2008; Goodchild, 

2007; Goodchild et al. 2012; National Research Council, 2010). 

These big science programs produce the so-called “big data.” Big data is defined in Gantz 

and Reinsel (2012) as “a new generation of technologies and architectures, designed to 

economically extract value from very large volumes of a wide variety of data by enabling 

high-velocity capture, discovery, and/or analysis.” Big data, with the three main 

characteristics of volume, velocity, and variety, are in turn leading to a new science 

paradigm, a new data science that deals with, among many issues, the inundation of data 

from satellites, sensors, and other measuring systems and the issues associated with those 

large data sets (Seife, 2015; Wright, 2014a). Indeed we are seeing the fruition of ideas 

expressed by Hey et al. (2009), which posits a new paradigm of scientific discovery 

beyond the existing three paradigms of empiricism, analysis, and simulation, to a fourth 

where insight is discovered through the manipulation and exploration of large data sets 

(i.e., both volume and variety). The impediments to further development are not only 

technological but also conceptual. For example, the lack of complete understanding about 

the nature of data in both space and time (i.e., both velocity and variety) continues to 

obstruct solutions to its manipulation in digital forms. But with recent advances in 

mapping technologies such as geographic information systems or GIS (as an example), 

scientists are now able to apply high-resolution optical and acoustic imaging techniques 

that span an incredible range of mapping scales, from km to cm (e.g., Chase et al., 2012; 

Costa et al., 2014; Dick et al., 2014; Dolan and Lucieer, 2014; Ferrini et al., 2008; 

Galparsoro et al., 2010; Makowski et al., 2015; Sen et al., 2013). 

This is not only about a fourth paradigm of scientific discovery, but a fourth paradigm of 

government, where Pitroda (2013) predicts that the future of democratic governance lays 

not only in the pillars of the executive, legislative and judicial, but also in a fourth pillar 

of information. Indeed governments around the world are adopting principles of open 
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data in government, in which data gathered at the taxpayers’ expense is made freely 

available for both access and reuse, to help foster the transparency and accountability of 

government as it addresses a wide range of societal challenges, including adaptation and 

resilience to climate change (Publications Office of the European Union, 2015). These 

data include local, state, and national boundaries, information about land ownership, the 

heights and depths of land and water bodies, the paths of streams and drainage areas, and 

maps of all transportations corridors, urban and rural (witness the recent, bipartisan 

Geospatial Data Reform Act introduced in the US Senate; 

http://www.scribd.com/doc/259032993/Geospatial-Data-Reform-Act). In some cases, 

powerful interests actively seek to keep digital data and information technologies out of 

the reach of groups of people (Wright et al., 2009). This state of affairs suggests that we 

need to understand how spatial knowledge is shaped by identity, power, and socio-

economic status, and how spatial data handling are socially and politically mediated, 

particularly with the emergence of crowd-sourcing and citizen science (Connors et al., 

2011; Elwood, 2007; Goodchild, 2007). 

A very positive circumstance, however, is that there exists an ever-growing catalog of 

data portals (i.e., single points of electronic access to data and the maps and tools that use 

them) along with information technology tools to monitor, track, and report events and 

day-to-day operations across a network of people within an organization (see for example 

the US federal government data portals Data.Gov and geoplatform.gov). A significant 

proportion of these are map-based, given the incredible power of maps to communicate, 

persuade, inspire, understand, and elicit action (e.g., Gale, 2013; Harrower, 2015; Wood, 

1992). The demand for maps has never been greater; whether for finding directions, for 

looking at city services, deliveries, movements of people and vehicles, weather events, 

social events, and social media. We are clearly in a new digital world order. And in this 

new world order these same digital mapping technologies used for science (for 

understanding how the Earth works) are also helping communities in a more practical 

way to gain resilience against one or more of the six intertwined problems discussed in 

Barnosky et al. (2015). These range from monitoring fire, drought or flooding to mapping 

the relevant insurance zones for such. They include tracking economic collapse or health 

epidemics, finding available drinking water, alerting us to temperature and precipitation 
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changes, determining landscape vulnerability for land managers, monitoring air quality 

monitoring, even the identifying the suitability of a position on one’s roof for installing 

solar panels. However, often not discussed is a path toward digital resilience. If digital 

mapping and information tools are to help communities, it stands to reason that they must 

embody some resilience themselves if they are to continue to be effective. 

Digital resilience 
Resilience in general refers to the capacity to deal effectively with change and even 

threats, to recover quickly from challenges or difficulties, even to withstand stress and 

catastrophe. Holling (1996) lays out two distinct definitions of resilience, further 

amplified in Walker and Salt (2006). The first involves the common conception of the 

ability to recover quickly to a prior desired state (aka “engineering resilience”). The 

second involves whether a system retains the capacity to recover to a prior desired state at 

all, including its capacity to absorb disturbance and still retail essentially the same 

(desired) structure and function (aka “ecological resilience”). I argue that these 

definitions of resilience can and should apply to digital data and systems as well, 

meaning that for the most part they should be free, accessible, interchangeable, 

operational, and up-to-date; hence resilient. 

Investments in digital data continue to rise (especially with the emergence of the open 

data movement) and data portals have been proven to be effective in providing electronic 

access to data and information (e.g., Aditya and Kraak, 2006; Diamond, 2013; Mossbauer 

et al., 2012). Gantz and Reinsel (2012) predict that that by 2020, a third of the data in the 

digital universe (more than 13 zetabytes, where one zetabyte is one million times the 

word count of books, monographs and journals in the world’s largest library; Johnston, 

2012; Kirk, 2012) will have tremendous societal value, but only if tagged and analyzed. 

As such there continue to be huge efforts in structuring and properly characterizing or 

tagging data, a practice commonly known as generating “metadata.” However, there is 

more that can be considered. A first principle is that making data, metadata, and all 

manner of computer code “available” via portals is no longer good enough. Gahegan and 

Adams (2014) point out the very important difference between what data portals provide 

and what the user actually needs, especially if seeking to serve many categories of users. 
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Indeed, it is not only a question of how the data are shared openly, but how to facilitate 

the reuse of data for a range of appropriate scenarios that make sense for the data in that 

context (e.g., temperature and precipitation data can also be used to derive cooling degree 

days mapped out as energy needed to cool a home or business in a specific region). Three 

recommendations toward a digital resilience are shared below. These recommendations, 

while far from exhaustive, are meant to engender initial thought and discussion, 

especially where resilience to the grand challenges of society discussed in Barnosky et al. 

(2015) is concerned. 

Share not only data, but workflows and use cases 
In making our data open to access, we need to be more open about we are doing with the 

data. In other words, we need to share more of the workflows done with the data (i.e., the 

actual steps taken in an analysis or preparation of a map from initiation to completion), 

and further amplify them in use cases (scenarios or vignettes showing behind the scenes 

how and why data were used for a particular analysis or map, with an emphasis on a 

practical, real-world outcome to achieve the user’s goal). This is especially true if 

wishing to maintain scientific rigor where repeatability of an experiment or approach or 

algorithm is a hallmark. Can someone reconstruct and verify the rigor of an approach, 

and hence the correctness of a conclusion? Can someone replicate the workflow? In other 

words, can someone reconstruct and understand the scientific process that was 

undertaken? Garijo et al. (2014) define a workflow simply as a template defining the set 

of methods or tasks needed to carry out a scientific or computational experiment (Figure 

1). Providing a workflow supports reimplementation or application by others, thus 

validating approaches and models (Börner and Scharnhorst, 2009; Weber et al., in press). 

And given the provision of a workflow within a data portal, the best datasets, tools, and 

results are amplified not only for research and education, but also for practice by 

governments, non-profits, and other organizations seeking to solve societal problems. In 

addition, the long-term provenance and preservation of both the data and workflow are 

critically important for the life cycle of the scientific process. On-the-fly, dynamic 

calculations and approaches have their import, but scientists often want and need to keep 

the data at each stage of a workflow. 
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Figure 1. An example GIS workflow for an erosion hazard map. This is an example of a simple GIS 
workflow, depicting data layers that will be used as input into GIS analytical functions of determining slope 
from a topography (elevation), erosion potential using soils and vegetation, all combined with rainfall to 
produce a final output map of erosion hazard. This workflow can be coded in the GIS or other computer 
platform using the Python scripting language so that it can be repeated with datasets for different study 
areas. Upper right: In ArcGIS as an example, the workflow can be shared as a “toolbox” within the desktop 
version of the software or as a “geoprocessing web service” (aka “Ready-to-Use Services”), an online 
toolbox that is shared in a data portal for users to select along with the appropriate data and metadata. 

 

Wright (2016a) provides an example scientific data workflow package that is being 

shared openly and freely within the global data and map portal known as ArcGIS Online 

(http://www.arcgis.com/home). In a similar vein, Wright (2016b) also contains Python 

scripts and documentation for building and configuring a workflow to handle imagery 

from the Landsat 8 satellite. 

The workflow is brought to life as part of a use case that simply tells the story of the 

correct or most effective way of using that workflow (aka best practice). This includes 

how the data used by the workflow may interoperate (or be interchangeable) in a range of 
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formats and on whatever devices or platforms are chosen, especially by way of 

international standards. This is not unlike how a file or program that works on both a 

personal computer running Windows and also on a Macintosh running OS, or a digital 

device that plugs into a home stereo but will also plug into and work in one’s car, or how 

a smart phone can translate calls made from other places in the world in many different 

language. Also desirable in a use case is a discussion of interoperability in terms of 

modeling frameworks and how best to decouple data from models so that they may be 

used for multiple purposes (along the continuum from data to information to knowledge). 

The use case should also describe how the integration of the data and workflow might 

work with a host of additional scientific tools and libraries, or the workflow may 

“crosswalk” among several related approaches (e.g., Gallagher et al., 2015). In the 

scientific realm, but also for policy-makers and other non-specialists seeking to benefit 

from scientific data, well-written and complete use cases can be tremendously helpful. If 

the reader of the use case is able to understand what is happening (e.g., what is going on 

behind the scenes that produced a certain map or output), this will engender trust in the 

workflow and hence the results. 

Figure 2 depicts the sharing of both workflows and use cases as part of dissemination 

strategy for a new global ecological land units (ELU) map, aimed at landscape ecologists, 

resource managers, land use planners, and the general public. The project is ongoing as a 

public-private partnership between the Environmental Systems Research and the US 

Geological Survey, and was officially commissioned by the Group on Earth Observations 

(GEO) and its Global Earth Observation System of Systems (GEOSS) Task EC-01-C1, as 

key outcomes of the GEO Biodiversity Observation Network and the GEO Ecosystems 

Initiative (Group on Earth Observations, 2005; Sayre et al., 2007). A global ecological 

marine units (EMU) map (in progress, Sayre et al., 2015) and a global ecological 

freshwater units map have also been commissioned. The ELU is a massive biophysical 

stratification of the planet at a finest yet-attempted spatial resolution (250 m) to produce a 

first ever map of distinct physical environments and their associated land cover, in a 

delineation of ecologically meaningful regions that is both classification-neutral and data-

driven (Sayre et al., 2014; Stockton, 2015). The intent is to provide scientific support for 

planning and management (including as an important variable for GIS geodesign models 
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and apps), to enable understanding of impacts to ecosystems from climate change and 

other disturbances, and for the valuation of ecosystem services. In this way, it offers 

fulfillment of one of the main recommendations of the White House President’s Council 

of Advisors on Science and Technology report on sustainable environmental capital 

(Executive Office of the President of the United States of America, 2011). A new ELU 

white paper (Frye et al., 2015) provides further guidance to use case testers throughout 

the academic community (i.e., anyone--researchers, students, resource managers, park 

rangers, Congressional staffers, etc.--wishing to work with a local or regional subset of 

the ELU map to assess its effectiveness in that region), offering the associated conceptual 

and technical support pro bono as they download the data, the workflow, the initial use 

cases, and prepare their own. 
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Figure 2. Dissemination strategy for a new global ecological land units map and its underlying data, 
aimed at landscape ecologists, resource managers, land use planners, and the general public. The 
main portal for dissemination of this ecological land units (ELUs) map is ArcGIS Online (AGOL), a cloud-
based geospatial content management system. By sharing workflows and use cases, in addition to receiving 
new ones from the scientific and resource management communities, new thematic maps depicting updated 
classifications of the land units can be derived from the original data. The aim is for a more repeatable form 
of landscape management for state and national governments around the world. The web address at the 
lower right takes the user to a story map describing the entire project. 

 
 
Be willing to tell stories, and of many kinds 
Barnosky et al. (2015) point out an important two-pronged challenge in academia. The 

first is in training environmental and physical scientists to communicate issues in ways 

that truly resonate (especially in concert with, and learning from colleagues in the social 

sciences and humanities). As Caldas et al. (2015) point out, this is largely a matter of 

culture, “both a property of the individual, and a property of the social context in which 

individuals exist… but still an important variable mediating the relationship between 
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humans and the natural environment.” The second challenge is in taking the knowledge 

developed within academia writ large and transmitting it into mainstream society in ways 

that elicit significant action. One way to accomplish both is through the medium of story 

telling. 

Gottschall (2012) contends that the last several decades of studies in psychology have 

shown repeatedly how story affects the human mind, and how attitudes, fears, hopes, and 

values are strongly influenced by story. Scientists are often encouraged not to publish 

their work until it constitutes a complete “story.” In the prior section a use case was 

categorized as a type of story, a “story” of best practice. However, there are different 

modes of story and storytelling. Scientists need to invert their mode and progression of 

communication to modes that a policy maker (or journalist) will receive well or 

understand (for a complete treatment of the concept and method see Baron, 2010). 

Scientists want to explain how the world works, by way of copious background 

information, overview of prior studies, detailed methods, results, and discussion before 

getting to the final take-home message. But policy-makers need this inverted, and thus 

need scientists to inform what decision they need to make (e.g., whether or not to 

establish a new protected area in their jurisdiction or specifically which ecosystem 

service to consider for a new management plan or regulation in that jurisdiction), 

sometimes in near real-time. A scientist may inform their decision by telling them a 

viable story. As we know, journalists are always in search of a good “story.” 

Returning to the realm of digital data and information, there is a relatively new medium 

called the “story map.” The story map is a new medium for the sharing not only data, but 

photos, videos, even sounds, all within the framework of a digital map, and for telling a 

specific and compelling story by way of that map. Story maps are created via web map 

applications that provide the user with sophisticated cartographic functionality that does 

not require advanced training in cartography or GIS, and are usually coupled with web-

accessible data needed to tell the story. They also allows the user to leverage their own 

data (including their workflows and use cases) in new ways to inform, educate, and 

inspire decision-makers on a wide variety of issues (Wright, 2014b, 2015a). Barnosky et 

al. (2015) provide the example of a story map focusing on how threats to human life 
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support systems currently play out across the United States. Figure 3 shows the opening 

page of a story map featured in Esri and Jaggard (2014) for the Smithsonian Institution 

that “reveals the scope of humanity’s influence on Earth—and the innovations aiming to 

create a more sustainable future.” Other examples specifically for scientific, resource 

management and governance applications, including climate resilience, are described in 

Wright (2014b) and Wolfe (2015). A video within Wright (2016c) provides an 

instructional resource to aid in designing and deploying story maps. It provides further 

explanation about what story maps are, how a map becomes a story through its layers of 

data and information, and step-by-step instructions for constructing them. 

 

Figure 3. The opening page of a story map about the Anthropocene. This story map draws upon an 
electronic atlas of the Anthropocene, available with descriptive metadata at http://arcg.is/1S7Nw1z. 
Resources for creating one’s own story map are at http://storymaps.arcgis.com. 

 

Be continually open to partnerships 

Climate science, resilience studies, and ecology are squarely in the realm of academia 

and government agencies, but it will be critical to partner with industry as well. The 

private sector is already working on solving the six intertwined problems discussed in 
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Barnosky et al. (2015), and is often looking to create and share knowledge toward 

effective action and in partnership with academia or government. Many are entering into 

a “culture of resilience” not only as part of the values or worldview of a particular 

company, but because it is also good business. To quote former Maryland Governor 

Martin O’Malley and many, many others: “cooperation is the new competition” (see also 

Lowery, 2014; Lowitt, 2013). Hence, academics in particular should not be afraid to 

investigate partnerships with the private sector. 

Such public-private partnerships are successful when based upon a holistic strategy that 

addresses specific community or social needs in the context of sustainable socio-

ecological systems (Hoegh-Guldberg et al., 2013). For example, in June 2013, President 

Obama announced the Climate Action Plan and within that the Climate Data Initiative, 

which encourages innovators from the private sector and the general public to convey 

data on climate change risks and impacts in compelling and useful ways that help 

citizens, businesses, and communities make smart choices in the face of climate change 

(Wright, 2015a). Similarly, NOAA, in an attempt to explore more sustainable models for 

increasing the amount of open data made available via the cloud, while minimizing the 

great cost in doing so, has created cooperative research and development agreements with 

Amazon, Microsoft, Google, IBM, and the Open Cloud Consortium (https://data-

alliance.noaa.gov). These industry partners have in turn formed data alliances with 

smaller companies such as AccuWeather, Esri, and PlanetOS to extend the public-private 

partnership even further. The current strategy in part mirrors the recommendation of 

Hoegh-Guldberg et al. (2013) to “optimize the yield of common goods utilized, minimize 

the cost to the public of the activity through the leveraging of opportunities and assets 

and, incentivize responsible behavior in a transparent and synergistic fashion such that it 

results in long-term sustainability.” On a much smaller scale, the new Research Data 

Alliance (https://rd-alliance.org) is fostering public-private partnerships focusing on data 

use, data quality, and the adoption of data sharing approaches and tools, with the aim that 

such a focus will lead to these resources being around and helpful for a longer period of 

time. 
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These are examples of free and open data stimulating new businesses and new research 

directions. A sample research issue: how best to keep the data free, of high quality, 

accessible, interchangeable, operational, up-to-date, and hence resilient, while keeping 

the businesses that generated the data sustained as well? A challenge will be engaging the 

rest of the private sector to participate in partnerships such as these, with the knowledge 

that they can, in fact, market these approaches, while still benefiting society at large and 

serving a public good. 

Conclusion 
Communities around the world are facing increasing challenges from natural and man-

made disasters. Leaders of these communities seek to anticipate future trends and enact 

policies that will support rapid response during times of need. Whether they face 

challenges such as drought or flooding, economic collapse, or a health epidemics, 

communities that are resilient are using digital information technologies (such as GIS) to 

prepare ahead of time, to operate effectively during events, and to recover quickly. 

While such digital information technologies can provide innovations that better connect 

cities, governments, and private organizations together in assessing their risk exposure 

and increasing their overall resilience, the emphasis of this article has been to lay out 

three major recommendations for ensuring the resilience of the digital resources 

themselves. Given the speed at which humans are altering the biosphere, we need such a 

digital resilience so as not to miss the opportunities for forecasting detrimental outcomes 

in time to avoid them. Global data needs will continue to grow, and will be met as the 

“digital Earth” expands, especially by way of real-time sensors. As such, data portals will 

continue to proliferate. 

But this is not just about eyeballs on a map or on a series of numbers, but about coupling 

of the appropriate data, with workflows and use cases to make the data useful for the 

right audience (Wright, 2015b). The concepts of workflows and use cases are hardly new, 

but explicitly sharing these resources within data portals, even from the standpoint of 

digital objects that can be characterized with metadata, downloaded just like datasets, or 

even mapped out spatially, is the point of emphasis of here. It is also about telling 

compelling stories to effectively communicate the scientific results and to transform 
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scientific data into actionable information that people can use in their decision cycles. To 

use the example of extreme weather (Wright, 2015b), this can be critical for short-term 

decisions (e.g., get in storm shelter now), medium term (e.g., evacuate), or long term 

(e.g., infrastructure planning as communities recover from a hurricane or tornado). 

As emphasized in the AAAS symposium that prompted this Elementa Special Feature the 

time is now for governments, communities, non-profits, the private sector, and 

universities to go beyond just an exploration and discussion of ideas, to actually using 

these technological tools in an approach that is digitally resilient. This with an aim 

toward rapidly prototyping and delivering repeatable solutions that all can use to help 

guide the planet towards a more resilient future… before time runs out. 

References 
Aditya T, Kraak M-J. 2006. Geospatial data infrastructure portals: Using the national 

atlas as a metaphor. Cartographica 41(2): 115–133. 

Annoni A, Craglia M, Ehlers M, Georgiadou Y, Giacomelli A, et al. 2011. A European 
perspective on Digital Earth. International Journal of Digital Earth 4(4): 271–
284. doi: 10.1080/17538947.2011.582888. 

Barnosky AD, Brown JH, Daily GC, Dirzo R, Ehrlich AH, et al. 2014a. Introducing the 
Scientific Consensus on Maintaining Humanity's Life Support Systems in the 21st 
Century: Information for Policy Makers. The Anthropocene Review 1: 78–109. 
doi: 10.1177/2053019613516290. 

Barnosky AD, Hadly EA, Dirzo R, Fortelius M, Stenseth NC. 2014b. Translating science 
for decision makers to help navigate the Anthropocene. The Anthropocene Review 
1(2): 160–170. doi: 10.1177/2053019614533670. 

Barnosky AD, Ehrlich PR, Hadly EA. 2015. Avoiding collapse: Grand challenges for 
science and society to solve by 2050. Elem Sci Anth: under review for this Special 
Feature. 

Baron N. 2010. Escape from the Ivory Tower: A Guide to Making Your Science Matter. 
2nd ed. Washington, DC: Island Press. 

Börner K, Scharnhorst A. 2009. Visual conceptualizations and models of science. 
Journal of Informetrics 3(3): 1–19. 



Wright, D.J., Toward a digital resilience, Elementa: Science of the Anthropocene, in press, 2016. 

 16 

Caldas MM, Sanderson MR, Mather M, Daniels MD, Bergtold JS, et al. 2015. Opinion: 
Endogenizing culture in sustainability science research and policy. P Natl Acad 
Sci 112(27): 8157–8159. doi: 10.1073/pnas.1510010112. 

Chase AF, Chase DZ, Fisher CT, Leisz SJ, Weishampel JF. 2012. Geospatial revolution 
and remote sensing LiDAR in Mesoamerican archaeology. P Natl Acad Sci 
109(32): 12916–12921. 

Connors JP, Lei S, Kelly M. 2011. Citizen Science in the Age of Neogeography: 
Utilizing Volunteered Geographic Information for Environmental Monitoring. 
Ann Assoc Am Geogr 102(6): 1267–1289. doi: 10.1080/00045608.2011.627058. 

Costa B, Taylor JC, Kracker L, Battista T, Pittman S. 2014. Mapping reef rish and the 
seascape: Using acoustics and spatial modeling to guide coastal management. 
PLoS ONE 9(1): e85555. doi: 10.1371/journal.pone.0085555. 

Diamond H. 2013. The Global Observing Systems Information Center (GOSIC): A 
comprehensive and evolving portal for global climate data and information. Data 
Sci J 12: WDS13–WDS16. doi: 10.2481/dsj.WDS-002. 

Dick DM, Walbridge S, Wright DJ, Calambokidis J, Falcone EA, et al. 2014. geneGIS: 
Geoanalytical tools and Arc Marine customization for individual-based genetic 
records. Transactions in GIS 18(3): 324–350. 

Dobson J. 2000. Who will land first on Digital Earth? GEOWorld 13(4): 26–27. 

Dolan MFJ, Lucieer VL. 2014. Variation and uncertainty in bathymetric slope 
calculations using geographic information systems. Mar Geod 37(2): 187–219. 

Elwood S. 2007. Grassroots groups as stakeholders in spatial data infrastructures: 
Challenges and opportunities for local data development and sharing. Int J Geogr 
Inf Sci 22(1): 71–90. 

Esri Story Maps Team, Jaggard V. 2014. See how humans have reshaped the globe with 
this interactive atlas. Smithsonian Magazine. Washington, DC: The Smithsonian 
Institution. Accessed 22 November 2015. http://bit.ly/1ttxZm2. 

Executive Office of the President of the United States of America, President's Council of 
Advisors on Science and Technology. 2011. Report to the President: Sustaining 
Environmental Capital: Protecting Society and the Economy. Washington, DC: 
President's Council of Advisors on Science and Technology. 126 pp. Accessed 22 
November 2015. 
https://www.whitehouse.gov/sites/default/files/microsites/ostp/pcast_sustaining_e
nvironmental_capital_report.pdf. 



Wright, D.J., Toward a digital resilience, Elementa: Science of the Anthropocene, in press, 2016. 

 17 

Ferrini VL, Tivey MK, Carbotte SM, Martinez F, Roman C. 2008. Variable morphologic 
expression of volcanic, tectonic, and hydrothermal processes at six hydrothermal 
vent fields in the Lau back-arc basin. Earth Planetary Sc Lett 9(7): Q07022. doi: 
10.1029/2008GC002047. 

Foresman TW. 2008. Evolution and implementation of the Digital Earth vision, 
technology and society. International Journal of Digital Earth 1(1): 4–16. 

Frye C, Wright DJ, Aniello P, Vaughan R, Breyer S. 2015. Introducing the Global 
Ecological Land Units ArcGIS Online Services. Redlands, CA: Esri.15 pp. 
Accessed 22 November 2015. http://esriurl.com/eluwhite. 

Gahegan M, Adams B. 2014. Re-envisioning data description using Peirce's pragmatics, 
in Duckham M, Pebesma E, Stewart K, Frank AU eds., Geographic Information 
Science: 8th International Conference, GIScience 2014, Vienna Austria, 
September 24–26, 2014, Proceedings. Berlin: Springer International Publishing: 
142–158. 

Gale G. 2013. Push pins, dots, customisation, brands and services: The three waves of 
making digital maps. The Cartographic Journal 50(2): 155–160. 

Gallagher J, Orcutt J, Simpson P, Wright D, Pearlman J, et al. 2015. Facilitating open 
exchange of data and information. Earth Science Informatics 8(4): 721–739. 

Galparsoro I, Borja A, Legorburu I, Hernandez C, Chust G, et al. 2010. Morphological 
characteristics of the Basque continental shelf (Bay of Biscay, northern Spain); 
their implications for Integrated Coastal Zone Management. Geomorphology 
118(3–4): 314–329. 

Gantz J, Reinsel D. 2012. The Digital Universe in 2020: Big data, bigger digital shadows, 
and biggest growth in the Far East. Framingham, Massachusetts: International 
Data Corporation: 1–16. Accessed 22 November 2015. 
http://www.emc.com/collateral/analyst-reports/idc-the-digital-universe-in-
2020.pdf. 

Garijo D, Alper P, Belhajjame K, Corcho O, Gil Y, et al. 2014. Common motifs in 
scientific workflows: An empirical analysis. Future Gener Comp Sy 36: 338–351. 
doi: 10.1016/j.future.2013.09.018. 

Goodchild MF. 2007. Citizens as sensors: The world of volunteered geography. 
GeoJournal 69: 211–221. 

Goodchild MF, Guo H, Annoni A, Bian L, de Bie K, et al. 2012. Next-generation Digital 
Earth. P Natl Acad Sci 109(28): 11088–11094. 



Wright, D.J., Toward a digital resilience, Elementa: Science of the Anthropocene, in press, 2016. 

 18 

Gottschall J. 2012. Why storytelling is the ultimate weapon. Fast Company. New York: 
Fast Company & Inc. and Mansueto Ventures, LLC. Accessed 22 November 
2015. http://www.fastcocreate.com/1680581/why-storytelling-is-the-ultimate-
weapon. 

Group on Earth Observations. 2005. Global Earth Observation System of Systems 
(GEOSS) 10-Year Implementation Plan Reference Document. The Netherlands: 
European Space Agency Publication. GEO 1000R/ESA SP 1284. 210 pp. 
Accessed 22 November 2015. 
https://www.earthobservations.org/area.php?id=ec&smsid=310&aid=5&did=145
0274626. 

Harrower M. 2015. Maps We Love: How to make great maps that engage and inspire. 
ArcGIS Resources. Redlands, CA: Esri. Accessed 22 November 2015. 
https://shar.es/1qOiaQ. 

Hey T, Tansley S, Tolle K, eds. 2009. The Fourth Paradigm: Data-Intensive Scientific 
Discovery. Redmond, Washington: Microsoft Research. 

Hoegh-Guldberg O, Aqorau T, Arnason R, Chansiri T, Del Rio N, et al. 2013. 
Indispensable Ocean: Aligning Ocean Health and Human Well-Being -- Guidance 
from the Blue Ribbon Panel to the Global Partnership for Oceans. Washington, 
DC: Global Partnership for Oceans. 44 pp. Accessed 22 November 2015. 
http://dusk.geo.orst.edu/Indispensable_Ocean.pdf. 

Holling CS. 1996. Engineering resilience versus ecological resilience, in Schluze PC, ed., 
Engineering within Ecological Constraints. Washington, DC: National Academy 
Press: pp. 31–44. 

Johnston L. 2012. How many Libraries of Congress does it take? Library of Congress 
blog. Accessed 22 November 2015. http://1.usa.gov/21c287s. 

Kirk J. 2012. Will Megaupload’s 28 petabytes of data be deleted? Computerworld 
Magazine online. Accessed 22 November 2015. http://bit.ly/1lD2xiM. 

Lowery T. 2014. Human to human (H2H) -- Collaboration is the new competition. The 
Blog: Huffington Post. Washington, DC: Huffington Post. Accessed 22 
November 2015. http://www.huffingtonpost.com/tom-lowery/human-to-
humancollaborati_b_4696790.html. 

Lowitt E. 2013. The Collaboration Economy: How to Meet Business, Social, and 
Environmental Needs and Gain Competitive Advantage. New York: Jossey-Bass. 



Wright, D.J., Toward a digital resilience, Elementa: Science of the Anthropocene, in press, 2016. 

 19 

Makowski C, Finkl CW, Vollmer HM. 2015. Geospatially Integrated Seafloor 
Classification Scheme (G-ISCS): A new method for cognitively interpreting 
benthic biogeomorphological features. J Coastal Res: 488–504. 

Mossbauer M, Schernewski G, Bock S. 2012. The effectiveness of coastal management 
web portals – a critical analysis. Journal of Coastal Conservation 16: 439–448. 

National Research Council. 2010. Understanding the Changing Planet: Strategic 
Directions for the Geographical Sciences. Washington, DC: National Academies 
Press. 

Pitroda S. 2013. A National GIS for India’s Development. Series Esri E280 Video Series, 
ed. 2013 Esri International User Conference Plenary. Esri. Accessed 22 
November 2015. https://shar.es/1qO84f. 

Publications Office of the European Union. 2015. EU Open Data: The Basics for EU 
Data Providers [eBook]. 2015 Edition. Luxembourg: Publications Office of the 
European Union. 

Sayre R, Dangermond J, Frye C, Vaughan R, Aniello P, et al. 2014. A New Map of 
Global Ecological Land Units — An Ecophysiographic Stratification Approach. 
Washington, DC: Association of American Geographers: p. 46. Accessed 22 
November 2015. http://www.aag.org./cs/global_ecosystems. 

Sayre R, Wright DJ, Aniello P, Breyer S, Cribbs D, et al. 2015. Mapping EMUs 
(Ecological Marine Units): The creation of a global GIS of distinct marine 
environments to support marine spatial planning, management and conservation, 
in Bastos A, Vitai H, Landim J-M, Araujo T, eds., Fifteenth International 
Symposium of Marine Geological and Biological Habitat Mapping (GEOHAB 
2015). Salvador, Bahia, Brazil: GEOHAB. 

Sayre R, Yanosky A, Muchoney D. 2007. Mapping global ecosystems – the GEOSS 
approach, in Group on Earth Observations (ed.), The Full Picture. Geneva, 
Switzerland: Group on Earth Observations: pp. 231–232. 

Seife C. 2015. Big data: The revolution is digitized. Nature 518(7540): 480–481. doi: 
10.1038/518480a. 

Sen A, Becker EL, Podowski EL, Wickes LN, Ma S, et al. 2013. Distribution of mega 
fauna on sulfide edifices on the Eastern Lau Spreading Center and Valu Fa Ridge. 
Deep-Sea Res Pt I 72: 48–60. 

Stockton N. 2015. New map shows the world's ecosystems in unprecedented detail. 
Wired Magazine online. Accessed 22 November 2015. http://bit.ly/1PIybIf. 



Wright, D.J., Toward a digital resilience, Elementa: Science of the Anthropocene, in press, 2016. 

 20 

Walker B, Salt D. 2006. Resilience Thinking: Sustaining Ecosystems and People in a 
Changing World. Washington, DC: Island Press. 

Weber N, Hart EM, Laney CM. 2015. Informatics for reproducibility in Earth & 
environmental science research. Eos Trans Am Geophys Union 96: Session 
IN027, ID 8601: in press. 

Wolfe B. 2015. It all comes down to communication, in Artz M, ed. Esri Insider. 
Redlands, CA: Esri. Accessed 22 November 2015. https://shar.es/1cpwg5. 

Wood D. 1992. The Power of Maps. New York: The Guilford Press. 

Wright A. 2014a. Big data meets big science. Commun ACM 57(7): 13–15. doi: 
10.1145/2617660. 

Wright DJ. 2014b. Speaking the "language" of spatial analysis via story maps, in Artz M, 
ed. Esri Insider. Redlands, CA: Esri. Accessed 22 November 2015. 
http://esriurl.com/analyticalstories. 

Wright DJ. 2015a. An ocean of story maps, in NOAA Office of Coastal Management, ed. 
Coastal GeoTools 2015. North Charleston, SC: NOAA Office for Coastal 
Management. 

Wright DJ. 2015b. Before time runs out: An ocean of information for climate resilience, 
in Artz M, ed. Esri Insider. Redlands, CA: Esri. Accessed 22 November 2015. 
https://shar.es/1qOi63. 

Wright DJ. 2016a. Data from Toward a Digital Resilience [dataset]. Elementa: Science of 
the Anthropocene. http://esriurl.com/workflows.  

Wright DJ. 2016b. Data from Toward a Digital Resilience [dataset]. Elementa: Science of 
the Anthropocene. http://esriurl.com/landsat8. 

Wright DJ. 2016c. Data from Toward a Digital Resilience [dataset]. Elementa: Science of 
the Anthropocene. https://www.openchannels.org/webinars/2015/ocean-story-
maps.  

Wright DJ, Duncan SL, Lach DH. 2009. Social power and GIS technology: A review and 
assessment of approaches for natural resource management. Ann Assoc Am Geogr 
99(2): 254–272. 

Competing interests 
The author has declared that no competing interests exist. 



Wright, D.J., Toward a digital resilience, Elementa: Science of the Anthropocene, in press, 2016. 

 21 

Data accessibility statement 
The following datasets are freely available with this article and listed in the reference 
section. 

• Example computer code package, documentation, and sample data for 
selected scientific workflows (Wright 2016a); 

• Example computer code package for building and configuring a workflow 
to handle imagery from the Landsat 8 satellite (Wright 2016b); 

• Story map instructional webinar video (Wright 2016c). 

 
 


