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Because the scientific issues associated with a changing cryosphere are emerging so rapidly, are so highly
coupled and interdisciplinary, and must interact with human belief systems that are shaped by psychological, social, economic, and political factors, it has been difficult to effectively communicate the scientific
knowledge that would be of essential value to the public and to policy makers. This report is dedicated
to identifying key research opportunities in this science communications domain, which ultimately could
be used to raise awareness of this important transformation of the Earth system. Such knowledge could
be indispensable in better informing decisions on climate mitigation and adaptation, many of which will
undoubtedly be driven in response to the disappearance of ice-dominated systems.

EXECUTIVE SUMMARY
The ice in glaciers, sea ice, snow, and frozen ground—what
we will refer to collectively as the “cryosphere”—plays myriad
roles in Earth’s physics, chemistry, and biology. Research into
the changing state of this cryosphere as well as its impacts on
the broader Earth system is evolving rapidly. Frozen systems
are a major and highly dynamic feature of the continents, with
snow, ice, and frozen ground occupying more than 40% of the
continental landmass during their maximum seasonal extent.
Changes observed today across the Arctic, Antarctica, and the
“Third Pole” (glaciers across the high mountains of Asia) are
increasingly recognized as having critical impacts that are not
only immediate and local, but also century scale and extending
well beyond the ice-dominated regions themselves. As Earth
moves toward an increasingly ice-free state, challenges as well
as opportunities for humankind will arise. How to manage
this change will become the centerpiece of a policy dialogue
of global significance.
Notwithstanding near-unanimous scientific consensus that
the climate is changing with dramatic consequences for
nature and society, there is a substantial gap between what
science has concluded from extensive observation and analysis and what many in the general public, the private sector,
and policy-making community appear to be thinking and
acting upon. In November 2014, an international expert
group was convened on “Communicating the Science and
Impacts of Fundamental Earth System Change with a Focus
on Ice-Snow-Water.” The workshop and an affiliated “PublicPrivate Sector Policy Forum” with public and private sector
decision makers included more than 60 participants. The
US National Science Foundation’s Office of Polar Programs’
Arctic Social Sciences Program (Grant #1355278) supported
both the workshop and policy forum. The World Bank hosted
the workshop and the Icelandic Ambassador in Washington,
DC, hosted the policy forum.
The workshop’s primary goal was to execute a critical initial
assessment of how scientific knowledge is transferred into the
public awareness and policy domains. The objective of this
report is to synthesize the workshop dialogue and to provide
specific advice to the National Science Foundation (NSF) on
future research opportunities and investments that could be
made in the theoretical and applied aspects of the process of

science communication with regard to climate change, using
the example of the rapidly changing cryosphere. Here, we provide the group’s consensus advice on future research investments in this domain. We emphasize that the workshop was
not devoted to the science of ice, snow, and water per se but
instead to science communication on a changing cryosphere.
Participants in the two events provide in this report their collective advice on future research investments in this domain.
The following tenet provided both the motivation and a
framework for the overall discussion during the workshop:
Because the scientific issues associated with a changing
cryosphere are emerging so rapidly, are so highly coupled
and interdisciplinary, and must interact with human belief
systems that are shaped by psychological, social, economic,
and political factors, it has been difficult to effectively communicate the scientific knowledge that would be of essential
value to the public and to policy makers in raising awareness on this important transformation of the Earth system
and in making well-informed decisions in response to the
challenges of climate mitigation and adaptation. This declaration arises from the conjunction of several factors that are
currently in play and that are transforming the landscape of
science communication. Workshop deliberations supported
the overall tenet and explored many of the factors giving
rise to its central assertion. In this Executive Summary, we
present an annotated synopsis of key findings, together with
an associated set of recommendations for future research.
Additional detail and interpretation are given throughout the
body of the report.
The workshop’s overall conclusion was that research on
science communication with respect to contentious public
policy issues like climate and cryospheric change constitutes a
legitimate arena of scholarly research. An integrated research
program has yet to be formulated that can adequately address
the transdisciplinary nature of the question at hand, which by
its very nature would necessarily unite both human and natural science dimensions. The group consensus from the workshop was that science communication on cryospheric change
is ideally aligned with the interests and aspirations of several
divisions and offices within NSF. The Foundation, therefore,
would serve as an ideal sponsor for such a research initiative.
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Overall Findings
Given its long-standing support for interdisciplinarity, societally relevant research, as well as polar and cryospheric studies, the National Science Foundation is in a unique position to create and execute a research program dedicated to the study of science communication for climate and cryospheric change. To be successful,
such a program necessarily would unite the biogeophysical, social, and behavioral sciences with economic and
mathematical perspectives, and reflect the rapidly evolving manner in which science knowledge is communicated through a multi-tiered, complex interplay of communication pathways. These routes are determined by
the fundamental nature of the peer-reviewed research process, the dynamics of human and social psychology,
the behavior of institutions, and digital enabling technologies.

The nature of communicating the science of climate and cryosphere changes is evolving rapidly. This evolution is taking
place within the broad context of rapid change, not only in
terms of the biogeophysics that define these systems, but also
within a highly polarized public debate on climate science,
accelerated by new forms of social interaction and media.
Factors originating in the cognitive psychology of individuals
combined with social dynamics define belief systems that
are predisposed to accept or reject findings generated by the
peer-driven scientific process. As a result, scientific consensus
can be substantially dismissed, misinterpreted, distorted, and
rendered inconclusive as a consequence of individual and
group psychologies, belief systems and motivations, as well as
by various actors seeking to direct the public discourse.
Studies on the logic of belief systems demonstrate the importance of the rules by which different constituencies formulate
logical arguments. A science that self-discloses limitations
and uncertainties as part of the peer-review process invites
misinterpretation. Debates can reach logical as well as illogical endpoints, dependent in part upon initial assumptions. In
this context, and paradoxically, climate denial can be shown
to be fully self-consistent yet completely fail to reflect the
overwhelming scientific consensus.

Overall Recommendations for Science
Communication Research
Given the substantial liability to human and societal assets
placed at risk by climate change, an integrated and sustained
interdisciplinary research program in science communication is needed to:

• Document and better understand how scientific informa-

tion flows into and is absorbed or rejected within the multiple stakeholder domain.

• Focus research on several core themes relating to the nature

of science communication: (i) how belief systems and public
opinion are formulated, (ii) the mathematical underpinnings
of this process, and (iii) the efficacy of particular administrative structures, business and partnership models, and
communications approaches within the public and private
sector and how they adopt science into decision making.

• Identify a range of alternative strategies to more effectively

communicate the science of the cryosphere, including
the role of public and private sector communications
partnerships.

Failure to overcome these impediments to effective science
communication represents a substantial loss of investments
in the nation’s research enterprise.

• Develop tracking metrics on public opinion and decision-

Recent studies suggest that the process of communicating
science to public and private sector stakeholders could be
substantially improved through investments in systematic,
interdisciplinary research, both theoretical and applied.

• Analyze
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maker judgments that measure the level of adoption of the
scientific state of the art.

and estimate the costs to the nation—or the
world—of ineffective science communication, as it will
likely produce delays in societal response and/or potentially
maladaptive interventions aimed at mitigating or adapting
to climate and cryospheric change.

KEY FINDING #1: Communicating the
Nature of Peer Reviewed Science

KEY FINDING #2: Scientific Knowledge
and Cognition

Science is adjudicated by the peer-review process, which
acknowledges study limitations and levels of uncertainty. This
process invites disagreements on technical matters and their
interpretation, thus setting the stage for misinterpretation
and repurposing of research findings to support other (possibly conflicting) ends once released into the public domain.
This is especially the case after scientific findings pass through
the filter of various media outlets or online platforms.

The language of science on climate and cryospheric change,
often laden with caveats, combines with the psychology of
the individual and social forces to shape belief systems that
compromise the integrity, use, and significance of scientific
knowledge. The role of belief systems in shaping reactions to
scientific knowledge is an understudied research area. The
cryosphere-climate change question provides an ideal setting
for such analysis.

Recommendations for Science Communication Research

Recommendations for Science Communication Research

To address how the peer-review process itself is an important
element of the science communication challenge, research is
needed to understand:

To better understand how frameworks develop in the individual and in society, and interact with the communication
of peer-reviewed science, new research is needed that would:

• How the public and policy-making community perceive the

• Establish

nature and efficacy of the scientific process.

• The mechanisms by which science issues attract and hold

the attention of media, policy makers, and the public, and
are either objectively interpreted or misconstrued.

• How communication practices can be formulated to enable

non-scientists to better navigate the scientific process,
including peer review and researcher credentialing and
the false dichotomy of giving equal weight and time in the
media to opinions that are opposed to scientific consensus.

studies designed to uncover and understand
the origins of human motivation and conflicts of interest
that lead alternatively to acceptance or rejection of the
scientific consensus.

• Create

simple but unambiguous indicators of science
perception and knowledge to better track and understand
the processes by which belief systems on climate and cryospheric change are formulated.

• Test how different science communication strategies affect
public perception and knowledge through the design of
experimental and survey tools.

• Develop integrative models of cognitive and social systems
that depict processes leading to adoption or rejection of
scientific understanding and/or expert interpretation.

• Analyze case studies on how status quo thinking is disrupted
by new knowledge, readjusted perceptions (e.g., after an
extreme event), and/or changes in sociological settings and
transforms passive response to action.
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KEY FINDING #3: Analyzing the Logic
of Belief Systems

KEY FINDING #4: Knowledge Dissemination
within Institutions

Incongruities in scientific messaging that emerge from the
conjunction of cognitive psychology and social milieu can, in
part, be explained by formal concepts of mathematical logic.

The mechanics of government agencies and bureaucracies,
private sector businesses, and other institutions are often illsuited to the effective flow of basic scientific knowledge that
supports sound decision making. The politicization of the
climate change issue, the scales at which decisions are made,
perceived levels of urgency, and economic incentives or
disincentives are among the issues that determine the effectiveness by which science factors into policy formulation.

Recommendations for Science Communication Research
To forward the mathematical understanding of logical
constructs and emergence of mental frames underpinning
human belief systems with respect to climate and cryospheric
change, new research will be needed on:

• How human psychology and social sciences jointly shape

belief systems on climate and cryospheric change, through
formal analysis of their mathematical and logical interconnections, providing a unique opportunity to catalyze
bona fide interdisciplinary studies across the humanities
and natural sciences at NSF.

• The roles of social media in conveying scientific knowledge
on climate and cryospheric change.

• The best mechanisms to identify and then stimulate jointly
supported research by NSF’s Directorates for Mathematical
and Physical Sciences, Computer & Information Sciences &
Engineering, and Social, Behavioral, & Economic Sciences,
in addition to supporting the subject matter’s direct relevance to the Division of Polar Programs.
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Recommendations for Science Communication Research
Improved understanding of how bureaucracies affect the
translation of science communication into the decision-
making process requires new research targeting:

• Case

studies that demonstrate how research findings on
climate and cryospheric change are adopted, rejected, and/
or reconfigured by the structure and function of institutions. Generalities may exist, for example, in understanding differences between scientists, private sector, and civil
society advocacy groups “pushing” knowledge to decision
makers or policy makers “pulling” this knowledge into
their decisions.

• The subject of how businesses and civil society organiza-

tions interpret climate and cryospheric change as a threat or
opportunity to its business models or charitable mandates is
also worthy of study.

KEY FINDING #5: Communications Research
in the Practical Realm
Research into the process of climate science communication
underpins the design and execution of actual communication campaigns. Additional research will be needed on
best practices, models, and tools for communicating science to decision makers and the public and for metrics to
assess their outcomes.
Recommendations for Science Communication Research
The study of active science communication efforts is likely to
yield new insights into the communication process more generally. Research into the following topics is recommended:

• Identify, develop, and test best practices models and tools,

reflecting perspectives from the natural sciences, anthropology, business, economic, engineering, law, political science,
psychology, and sociology sectors.

• Case studies of successful science communication strategies

and models, taking advantage of existing successes (and
failures), specifically from business, civil society, and publicprivate sector partnerships.

• The

efficacy of traditional communications approaches,
social media, Internet-based platforms, and private, charitable, and nonprofit sector advertising, marketing, polling,
and surveying, through assessments of their levels of success in climate-cryospheric change messaging.

• Tests of the models, tools, and theories for effective translation of science to broader audiences, focusing on innovation in ongoing communication campaigns on climate
change and the cryosphere.
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BACKGROUND
AND RATIONALE
Scientific knowledge is advancing rapidly with respect to the
changing state of the cryosphere1 and its impact on the Earth
system and human society. Changes observed today across the
Arctic, Antarctica, and the “Third Pole”—mountain glaciers
in High Mountain Asia2—are increasingly recognized as
having impacts that are not only immediate and local but also
century scale and extending well beyond the ice-dominated
regions themselves.
The ice in glaciers, sea ice, snow, plus frozen ground plays
myriad roles in the physics, chemistry, and biology of the
Earth. Collectively, the cryosphere helps to cool the planet
by reflecting sunlight. Yet, at the same time, it provides an
important source of insulation when snow cover separates
the frigid wintertime atmosphere from soils, or when sea ice
blankets a much warmer ocean. The phase changes between
liquid water, ice, and vapor set critical global thermostats that
control temperature in the atmosphere, on the landmass, and
in the world’s oceans. Carbon trapped in permafrost represents an enormous stock of radiatively important CO2 and
methane that, if liberated by thawing, would greatly intensify
greenhouse warming. Frozen systems are a major and highly
dynamic feature of the continents, with snow, ice, and frozen
ground occupying more than 40% of the continental landmass during their maximum seasonal extent. Additionally,
the continents owe their present geographies to the storage of
ice on land, and if this ice were to be ultimately lost, the fresh
water produced would render a new and arguably difficult to
recognize map of the world’s coastlines.
These changes are of more than simple academic interest. As
all types of ice at Earth’s surface diminish [1,2], challenges as
well as opportunities arise. In the Arctic, melting permafrost
affects land-based infrastructure especially along coastlines where reductions in wintertime sea ice cover enable

larger waves to come ashore and rapidly erode shorelines
and endanger long-established communities. Major shifts
toward an ice-free state, as with the decline of Arctic Ocean
sea ice, are substantially affecting marine ecosystems and
repositioning fisheries far outside their historical ranges.
At the same time, such losses of ice cover enable previously
inconceivable human activities with clear impacts on the
world economy, like routine ship passage and greater access
to potentially enormous and valuable natural resources [3,4].
The resource extraction issue cuts two ways, however. For
example, while new fisheries may be developing in response
to a more ice-free Arctic Ocean, so might ice roads for oil
extraction be deteriorating—a testament to the broader
issue that cryospheric change is neither unidimensional nor
straightforward. Glaciers and snowpack constitute the frozen
sourcewaters that serve a substantial fraction of the world’s
population, and their seasonal releases are in many places
remarkably synchronized with human water demands during
the warmer and drier months. Therefore, should changes
arise in seasonal snowmelt or if runoff is exhausted due to
the disappearance of glaciers across the mountain belts of the
world, food and economic security will be jeopardized for
the one-sixth of the global population that depend on such
water [5]. Still farther downstream, the habitability of critical
coastal zones, home to additional billions and a substantial
fraction of global economic activity, will be placed into an
increasingly precarious state as land-based snow and ice are
exchanged for rising ocean waters.
These scientific issues are highly intertwined, threshold-laden,
and richly interdisciplinary, and their significance has
proven difficult to convey clearly where it is arguably needed
most—in the decision-making and public awareness arenas.
Evidence for this recalcitrance includes the on again-off again
negotiations on climate, the persistence of climate denial in

1

For the purposes of this report, we refer to the cryosphere and cryospheric processes as the character, dynamics, and transformations of water in its
frozen state (i.e., as ice in permafrost, lakes and rivers, glaciers, ice caps, and ice sheets; as sea ice; and as snow). We also consider water in an unfrozen
state, liquid or vapor, that is resident within these systems and/or associated with state change.
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Includes the Himalayas, Hindu Kush, Karakoram, and other mountain ranges between ~70°E and 98°E longitude.
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major policy circles, and the limited knowledge of the public
on the basics of the cryosphere (Box 1). Notwithstanding
near unanimous scientific consensus that the climate is
changing as a result of human activities, with dramatic and
growing consequences for the human condition, there is a
substantial gap between what science tells us about environmental change and the steps being taken by the general public
and policy makers to reduce the damages and risks for this
and future generations.
The science of science communication on contentious public policy issues like climate change is a legitimate arena of
scholarship and begs for more attention. As will be demonstrated throughout this report, science communication on
the climate-cryosphere issue shares many of the challenges
encountered with knowledge transfer regarding the larger
issue of climate change in general, and it appears to be well
poised for a focused research effort.

BOX 1. LEVELS OF KNOWLEDGE
AND AWARENESS OF CLIMATE AND
CRYOSPHERIC CHANGE AND THEIR
POTENTIAL CONSEQUENCE
Survey information on public knowledge and perceptions
of global climate change and a dynamic shift to a less icedominated cryosphere is the mainstay of assessments of the
efficacy of science communication strategies. Recent survey
information on the level of understanding by the American
public shows that only 40% of the population is aware that the
North Pole is covered by an ocean with ice [6]. While 80–90% of
representative US populations agree that climate change is a
reality, only about half see it as caused by humans [6], explaining why fully one-third of all Americans are doubtful, dismissive, or antagonistic to the idea of anthropogenically induced
climate change [7]. (To place this in larger context, nearly
500 years after Copernicus, one in four Americans still believe
that the Sun revolves around Earth, and 150 years after Darwin,
about one-half reject evolution [8].) Although it is impossible
to place an exact price tag on this lack of basic knowledge or
interest by the public, it may be enormous, should indifference
lead to inaction on climate mitigation and adaptation. In the
United States, certainly many hundreds of billions of dollars in
assets will be at risk from sea level rise alone [9,10]. Global costs
of climate change-associated damage are estimated to be in
the trillions of dollars [11–15].
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NSF WORKSHOP AND
WORKSHOP PROCESS
For decades, the US National Science Foundation has made
substantial investments in the research and observatory
infrastructure necessary to improve understanding of the
changing state of the cryosphere. The Foundation has long
sought to produce transdisciplinary and societally relevant
knowledge [16], and in this spirit continues to evaluate its
success in transferring the emerging knowledge base to
user communities [17]. In November 2014, an international
expert group was convened on “Communicating the Science
and Impacts of Fundamental Earth System Change with a
Focus on Ice-Snow-Water.” The workshop and an affiliated
“Public-Private Sector Policy Forum” with public and private
sector decision makers included more than 60 participants.
Both meetings were supported by the NSF’s Office of Polar
Programs’ Arctic Social Sciences Program (Grant #1355278).
The World Bank hosted the workshop and the Icelandic
Ambassador in Washington, DC, hosted the policy forum.
The workshop’s primary goal was to execute a critical initial
assessment of the process of converting science knowledge to
action, with the aim of providing advice to the Foundation on
future research opportunities and investments that could be
made in the theoretical and applied aspects of this process.
Addressing these issues as a legitimate arena of scholarly
research was a primary motivation for the meeting, and here
we provide the group’s consensus advice on future research
investments needed in this domain. We emphasize that the
workshop was not devoted to the science of ice, snow, and
water per se but instead to science communication, focusing
on a changing cryosphere as emblematic of the broader issue
of science communication on climate change. We acknowledge recent work, also the product of workshops [18–20] on
science communication, where many of the same themes presented here with a cryosphere-climate focus were identified as
issues facing the climate research community more generally.
This workshop report reflects these new findings, combining
them with its own dialogue and recasting them as opportunities for future research.
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During the planning phase of the workshop, a central tenet
was proposed and provided motivation for the overall
discussion: Because the scientific issues associated with a
changing cryosphere are emerging so rapidly, are so highly
coupled and interdisciplinary, and must interact with human
belief systems that are shaped by psychological, social, economic, and political factors, it has been difficult to effectively
communicate knowledge to where it is most needed—policy
making and public awareness. This tenet arises from the
conjunction of several factors that are currently in play and
that are transforming the science communication landscape.
The expert deliberations, including both at the workshop and
at the policy forum, provided ample evidence to support this
overall contention. We present this evidence here and summarize it as a set of Overall and Key Findings below, organized
as chapters in this report.
The workshop was organized to maximize open discussion,
but was guided by a series of plenary talks (see Agenda,
p. 43). The first block of stage-setting talks was particularly
important, insofar as it created an overall context, scope,
and tone for the workshop dialogue that would follow. The
sequence of talks was purposefully chosen, with the starting
point a discussion on debates within the research community
itself and how scientific disagreements are adjudicated. The
agenda built out from there, exploring the mathematical logic
of how opinions are formed by non-scientists on scientific
matters, then considering the ways in which social science
researchers detect and evaluate what they term beliefs and
belief systems—the cognitive framing by individuals and
groups as they arrive at particular viewpoints on critical
science issues. The presentations moved on to the nature of
how research outcomes are processed within several target
stakeholder communities, including the public and private
sectors, plus how messages are delivered by traditional and
modern media outlets (i.e., social media).

These talks and ensuing discussions helped to identify how
a scientific consensus is transformed by the forces that shape
human belief systems. The study of these belief systems falls
within the realm of cognitive psychology, social science
research, the mechanics of governance, and political science.
Through each domain—from the peer-review process, to
individuals, to social groups, to institutions—obstacles arise
in translating what otherwise should be objective observations
and scientific consensus that ultimately become transformed
and absorbed into value-laden belief systems (see also [21]).
The phenomena are collectively akin to a giant game of
“telephone,” which many readers likely played in elementary
school. That game taught us the important lesson of how one
simple statement can be remarkably transformed, having
been heard perhaps correctly early on, but then misheard,
misconstrued, and/or misinterpreted—if not deliberately
distorted—after passing through but a few of our classmates.
The first stage-setting talks were also essential from the
standpoint of providing many of the key ideas on science
communication that were then tested within the context of
three major cryospheric science issues that were considered
during the workshop:

• Thawing

Permafrost and Its Role in Climate Change:
Loss of permafrost and rising soil and water temperatures,
liberating radiatively important CO2 and methane, posing
the risk of an uncertain and possibly catastrophic release of
these gases into the atmosphere.

• The

Polar Vortex and Its Impacts Outside the High
Latitudes: Changes in atmospheric dynamics and climate
extremes, teleconnected from the Arctic into the middle
latitudes, impacting weather and human activities there.

• Ice

Sheets, Glaciers, Ice Caps, and Sea Level Rise:
Disappearing land ice, yielding changes in global ocean
volume, heat content, and dynamics, and simultaneous
impacts on water resources for domestic, agricultural, and
industrial use, mountain geologic hazards, and ultimately
vulnerability of the world’s coastal zones.

These three topics were chosen to represent issues of cryospheric change that generate impacts (and perceptions of
impact) over vastly different time frames and on which scientific consensus may be at different levels of communication

readiness. The polar vortex issue arguably conveys the most
immediate perceptions regarding cryosphere-climate change
and extremes in weather, aspects of which are being revealed
on nightly weather reports over recent winters and springs.
The first and third issues encompass much longer time
horizons of impact and perceptions of impact. In the case
of disappearing ice and sea level rise, there are tangible and
costly coastal infrastructure asset questions that are linked
to knowledge regarding this particular change, whereas the
permafrost-methane question, though acting on a similar
time scale, is clouded by much larger uncertainties and a less
obvious connection to societal vulnerabilities.
The scientific state of the art on these topics was presented
by leaders in the field (Katey Walter Anthony, University
of Alaska Fairbanks, permafrost carbon; Jennifer Francis,
Rutgers University, polar vortex; Tad Pfeffer, University of
Colorado, Boulder, glaciers and ice sheets) and served as the
raw material through which “worked examples” of science
communication were developed during the ensuing open dialogue. These deliberations provided three practical contexts
for testing the relevancy and inherent value of the ideas that
were presented during the stage-setting phase of the workshop. Some of the key scientific findings are detailed in sidebars describing each of the three issues (see Boxes 2–4). All
workshop and policy forum participants received invitations
to review the content of this report. Many elected to do so
for particular chapters or the entire document. Hundreds of
comments were received and considered in the preparation of
the document. Deliberations that took place during the events
or through the review process that were noteworthy and
demonstrated a reasonable level of agreement on particular
topics are presented as expert consultation or group consensus.
Another goal of the meeting was to begin a direct dialogue
with a potential user community to raise the profile of cryospheric change and establish a more direct avenue of communication between scientists and stakeholders. With this
goal in mind, the formal two-day workshop culminated in
a four-hour policy forum, a dialogue between scientists and
leaders from the private and public sectors that highlighted
key outputs from the scientific portion of the workshop and
combined them with an assessment of how well aligned (or
not) the workshop’s key messages were with the needs of the
decision-maker community.
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KEY
FINDINGS
The narrative that follows is a synopsis of workshop and policy forum presentations and discussion, organized as a set of key findings and affiliated recommendations. We report below on findings relating to the
following five themes: (1) the mechanics of the peer-review process; (2) belief systems arising from the conjunction of cognitive psychology, social dynamics, and economic and other incentives; (3) the mathematical logic that is reflected in justifying particular debate outcomes and beliefs; (4) the capacity of public or
private sector administrative structures to absorb and process relevant facts and accept new information
upon which decisions are made; and (5) the potential use of the recommended research agenda on science
communication in the practical domain. These factors together define the readiness of individuals, groups,
and institutions, if not the nation at large, to align actions (or not) with the scientific consensus on cryospheric change, its impacts on the Earth system, and implications for human society.
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KEY FINDING #1
Communicating the Nature of Peer Reviewed Science
Scientific debates, competing hypotheses, and differing interpretations of findings emerging from within the
scientific community are adjudicated by the peer-review process. Yet, by its very nature, this process requires
acknowledgment of study limitations, invites disagreements on technical matters as well as their interpretation,
and declares levels of uncertainty, setting the stage for misinterpretation and repurposing of scientific findings
to support other (possibly conflicting) ends once the information is released into the public domain through the
filter of various media outlets or online platforms.

Recommendations for Science
Communication Research
To address how the peer-review process itself is an important
element of the science communication challenge, research is
needed to understand:

• How the public and policy-making community perceives

the scientific method, the nature of the peer-review process,
and scientific consensus or contention as researchers seek
to understand cryospheric dynamics and its complex interconnections with the larger climate and Earth system. Such
research, in turn, could improve the public’s understanding
of the value of the nation’s investments in research and forward NSF’s broader impacts more generally.

• The mechanisms by which high profile debates among sci-

entists often attract and hold the attention of public media
and policy makers and are either appropriately interpreted
or misconstrued in the context of open disagreements
among scientists. Distinguishing between a natural human
affinity for contentious debate and legitimate aspirations to
sort out scientific information remains an open question.
Understanding these motivations is a first step toward
developing more effective engagement strategies for the
public and policy makers.

• How communication practices can be formulated to enable

non-scientists to better navigate the scientific process,
including peer review and researcher credentialing, the
false dichotomy of giving equal weight and time in the
media to opinions that are opposed to scientific consensus,
and difficult-to-grasp concepts like statistical uncertainty.

Background
Knowledge generation in the scientific domain is predicated
on strict adherence to a well-structured system of peer review,
designed for rigor and systematic hypothesis testing, which in
turn accepts or rejects findings and explanations based on statistical rules of the road designed to weed out spurious conclusions. Through numerous examples highlighted during the
workshop, the scientific process is alive and well in the context
of climate-cryosphere research. Such studies have been at the
forefront of climate change research more generally, and substantial advances have been made in the last decade based on
both inductive (observation-based) and deductive (modelbased) approaches [22,23]. Periodic synthesis reports that
summarize the new research on cryospheric change appeared
in IPCC AR5 [24] and National Climate Assessment [25],
special extensions of the Arctic Climate Impact Assessment
focused on water-snow-ice [26], as well as State-of-the-Arctic
reports released annually at the Fall American Geophysical
Union meetings [27].
Arctic system science provides several good examples of how
scientists reach consensus and move forward or alternatively
test new ideas and reject unsubstantiated or spurious findings. Scientists are trained to be skeptical in their evaluation
of scientific propositions and routinely challenge each other
on (1) the sufficiency of evidence, specifically, the quality,
quantity, and reproducibility of data gathered through laboratory or field experimentation; (2) the interpretation of the
evidence gathered; and (3) the suitability of experimental
designs, model structures, and their parameterization.
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Arctic Methane
During the workshop, Eli Kintisch presented an excellent
example of the search for consensus among scientists. He
described a now nearly five-year debate on methane hydrates
in the East Siberian Arctic Seas, which, if thawed, could lead
to the acceleration of global warming, described by some
as a “methane time bomb.” Two papers published in 2010
introduced the issue, one most notably in Science [28], which
projected a potential for 50 Gt greenhouse-gas equivalent
burst (cf. to ~9 Gt/yr today) as a globally disruptive forcing
emanating from this relatively small region of the ocean.
Kintisch described how these findings were stridently questioned on several independent grounds, mainly challenging
the validity of the data upon which they were based and challenging their reproducibility.

Figure 1. An otherwise mundane biogeochemical process of methane ebullition from carbon-rich thermokarst lakes is brought to
life by photographs and videos that have captured the attention of
mainstream and social media. The complexities and uncertainties
associated with the basic research have been poorly conveyed to the
audiences who have sought out these images [35,36]. Photo credit:
Todd Paris, University of Alaska Fairbanks
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Several lines of evidence pointed to the implausibility of the
original study, given lack of correspondence with high latitude global methane monitoring data [29], additional measurements made in the region [30], and absence of similar
fluxes in response to warming during interglacial periods
in the paleoclimatic record [31]. Some scientists [32] hold
that present-day emissions of methane from marine permafrost are low and 1,000 years of permafrost warming would
be needed to induce globally significant emissions. While
debate continues, the emerging consensus appears unwilling
to accept the original findings and thus the presence of an
associated high level of climate risk.
A similar debate has been playing out on the terrestrial side
with respect to the issue of the potential releases of methane
associated with permafrost melting and concerns that this
could ultimately fuel a runaway permafrost-carbon feedback
(Box 2). Redundant approaches to document current emission rates and to converge on plausible future flux estimates
provide us with additional insights into how scientists study a
complex and highly dynamic cryosphere.
Taken together, the presence of many subtle and complex
interactions (e.g., detecting gross versus net flux, bottom-up
versus top-down estimates, incomplete inventories, lack of
sufficient models of the processes controlling aerobic and
anaerobic metabolism or the role of thermokarst lakes, wildfires) motivates an ongoing refinement of quantitative estimates and process-based understanding within the research
community. It follows that these complexities also create what
in reality is a challenging science communication issue. It is
ironic then, that Katey Walter Anthony, who has produced
iconic imagery that has captured the public’s attention
(Figure 1), has perhaps unintentionally oversimplified the
message. As a keynote speaker at the workshop, she indicated
that the non-scientific community never seeks out many of
the fundamental details and uncertainties. Furthermore,
she found that while some news outlets focused more on
the scientific methods and findings (e.g., Los Angeles Times,
The New York Times, National Geographic, National Public
Radio), others opted to cover more extreme and alarmist
views. The popularity of this coverage also produced a logistical problem for the scientist—the capacity to fact check less
than 5% of the inquiries regarding the study that were sent
to her for verification. On the more positive side, insightful
questions during media interviews helped her to better synthesize results and reprioritize future research planning.

Box 2. Thawing Permafrost and Its Role in Climate Change
Synopsis of presentation by K. Walter Anthony

Given large stocks of carbon trapped within frozen ground and
coastal ocean substrates, a plausible hypothesis has emerged
regarding a potential positive feedback between climate warming
and the melting of permafrost, with associated releases of both
carbon dioxide and methane into the atmosphere. This release
of greenhouse gases could, in turn, amplify global warming.
Warming by a similar process may have occurred in the geologic
past, may be occurring now, or possibly could occur in the future
(Figure B2-1) [34].

Radiative forcing
(W m–2)

Using observations from circumpolar networks, terrestrial biogeochemists have established a range of estimates for the contemporary emission of methane, derived both from bottom-up scaling
of representative samples [35,36] and top-down inversion modeling that reconciles atmospheric methane measurements [37]. The
results identified several limits in researchers’ collective capacity to
converge on a set of emission estimates. The upscaled results necessarily represent only a portion of the total methane flux insofar
as they include measurements of lakes in permafrost zones, but
there are no reliable observations over tundra and boreal permafrost wetlands. At the same time, the top-down estimates, which
presumably integrate the net effect of all fluxes, are generally substantially lower [38-40]. Recent studies also uncovered a high level
of spatial complexity and differentiated source areas, for example,
thaw lakes underlain by yedoma (carbon-rich permafrost), which

constitute only 9% of pan-Arctic lake area but yield 35% of total
methane flux. More detailed assessments demonstrate that the
carbon balance of permafrost-dominated lakes is defined by a
complicated system of interactions involving terrestrial carbon
inputs and sediment trapping, atmospheric CO2 assimilation, and
CH4 and CO2 efflux, all modulated by the interplay of hydrology
and climate-mediated freeze-thaw dynamics. These dynamics
evolve over time, and reconstructed paleo time series show
how CO2 assimilation and CH4 efflux can alternately dominate
this chronosequence over thousands of years [41,42]. For example, in the early Holocene, a period of maximum deglaciation
(11.5–9.5 kyr BP), yedoma lakes served as an important source of
methane, and indeed, they show evidence of permafrost-climate
feedback. Yet, afterwards (ca. 5 kyr BP), during a cooling phase,
yedoma lakes became an important carbon assimilation system,
with an opposite, climate-mitigating role (Figure B2-2).
In the future, it is expected that widespread permafrost thawing
will reverse the climate-mitigating role of these lakes, releasing
to the atmosphere much of the carbon sequestered for the
past 10,000 years. Geologic seeps are yet another important
component yet to be fully investigated, but they are likely much
greater than the ecologically mediated fluxes. Permafrost-carbon
feedbacks are mentioned, but not accounted for (e.g., in IPCC AR5
scenarios), so it is possible that future warming could be larger
than projected. As a consequence of these many complexities,
projections of cumulative emissions from thawing permafrost to
the year 2100, made only a decade apart (from 2004–2013), show
CO2 equivalents that vary from about 37–347 Gt, with a range of
uncertainty from 3–85%. While we still do not have an accurate
estimate of methane flux, the mean emission rate associated with
the permafrost-climate feedback would apparently have only a
modest impact of <10% of anthropogenic forcings under both
AR5 RCP8.5 and RCP4.5.
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Figure B2-1. The steps associated with
hypothesized permafrost carbon feedback
(PCF), which would result in an amplification of anthropogenic warming due to
C emissions from thawing permafrost [34].
The active layer refers to surface soil that
periodically freezes and thaws, in tandem
with the seasons.
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Figure B2-2. Reconstructed paleo time series
showing the impact on net radiative forcing due
to CH4 and CO2 emissions from high-latitude
lakes across the pan-Arctic. Relatively modest
impacts from CH4 emissions are counteracted
by CO2 assimilation on net over much of the
recent Holocene [41]. BP = Before Present.

13

The Polar Vortex
Although assessment of how sufficient and valid the data
upon which a contention is based figured prominently in
the debates on permafrost and methane, a second major
class of skepticism arises from differences in how scientists
interpret the same data. We see this issue in the debate on
the much-publicized links between Arctic amplification of
climate change and lower-latitude weather, including what is
known as the polar vortex. The idea, emerging as the so-called
Francis Hypothesis [33,44], developed rapidly and united several strands of otherwise disparate findings into a coherent
picture of the mechanics of the Arctic climate and its connection to the lower latitudes (Box 3).
While the hypothesis has the distinct advantage of linking
otherwise long-term climate dynamics to weather and, indeed,
weather extremes—a connection that has proven very difficult
to establish in the climate debate more generally [52]—some
in the research community have remained unconvinced. The
two weakest links in the chain have been (1) distinguishing an increase in the “waviness” of the northern polar jet
stream and its attendant propensity to create more frequent
blocking patterns (Figure 2), and (2) linking any changes
to Arctic amplification. Healthy scientific debate within the
community has also uncovered many basic unknowns and
methodological questions. These issues (summarized in [33])
are as varied as: (1) to whether Arctic amplification leads to

Chain of events linking Arctic amplification with increased extreme
weather in the mid-latitudes: A hypothesis
Arctic
amplification
Poleward
temperature
gradient weakening

Upper-level
westerly winds
decreasing

The mechanisms
are emerging…

More persistent
weather patterns,
extremes more likely

Larger waves
progress eastward
more slowly

Upper-level
flow becoming
more wavy

Amplified patterns
more frequent,
blocking more likely

Figure 2. Current state of causal factors leading from Arctic amplification to the persistence of extreme weather. Dashed lines indicate
where scientific consensus is currently lacking, but serving as an
active arena of research [modified from 51].
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atmospheric circulation changes or is reciprocally caused by
them; (2) the role of the tropics that potentially overwhelms
the effects of the high-latitude climate amplification; (3) our
current capacity to detect statistically significant signal over
noise and whether blocking patterns are increasing or
decreasing; (4) the adequacy of approaches to quantifying
atmospheric meanders; and (5) the capacity of climate models to coherently simulate blocking, amplified patterns, and
extreme events that are consistent with the theory.
With the hypothesis not yet fully vetted by the research
establishment [33], additional criticisms have arisen from
those within the scientific community who consider the
idea’s apparent acceptance by government officials (e.g., the
President’s science advisor John Holdren) as premature. The
concept has already begun to be analyzed from the standpoint
of its role in generating elevated insurance risk outside of
the Arctic [53]. But, the issue of whether or not researchers
themselves should, in the first place, decide on the levels of
confidence required before scientific knowledge translates
into policy action remains an open question [54]. Such disagreements notwithstanding, a major byproduct of this entire
process has been to generate new research. A 2015 paper by
Francis and Vavrus [44] provides two new metrics that reduce
the uncertainty associated with issue (4) presented above.
When we peer into this process of acceptance of research outcomes, we see a consensus in the making on the polar vortex
issue in contrast to the overall level of skepticism regarding
the hypothesis on ocean methane hydrates within the scientific community itself. Given the realities of a climate and
broader Earth system characterized by chaotic and nonlinear
dynamics interacting with accelerating human influences, the
scientific knowledge base is hardly deterministic and is more
aptly viewed as a set of likelihoods couched within carefully
stated caveats like levels of confidence or uncertainty bounds
(witness the nomenclature used by the IPCC). This degree of
imprecision is intrinsic to the process of scientific discovery
and is a direct reflection of the current state of the art. At
the same time, such imprecision creates what is in essence a
range of realities that can arguably provide alternative entry
points from which scientific findings then enter the public
domain and interact with the logic of different belief systems
(see Key Finding #3).

Box 3. The Polar Vortex and Its Impacts Outside the High Latitudes
Synopsis of presentation by J. Francis

eam? The Francis Hypothesis

Figure B3-1. Temperature variations lead to
polar jet stream dynamics, which in turn define
large-scale sea level pressure differences.
While these overall patterns have long been
m, which can be uprecognized
to 200 kilometers
and across,
studied, their links to Arctic
of up to 400 km/hr,
some 7 to 12 due
kilometers
amplification
to climate change have only
neates colder and warmer air masses.
recently been postulated [44]. Image from [43]
(reprinted with permission, Wiley).
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their links to climate warming have remained elusive until only
recently. A series of papers by Francis and colleagues [44,45] and
others [46–49] describe the possible links, and Figure B3-2 and
Figure 2 summarize their stepwise logic. The linkage begins with
well-documented amplification of high-latitude temperature [50],
which leads to self-reinforcing melting of sea ice and other manifestations of a warming Arctic. Among them is the larger vertical
expansion of the Arctic atmosphere relative to that in midlatitudes, which in turn reduces atmospheric gradients between
the lower and higher latitudes, weakens westerly upper winds,
and produces more sinuous and sluggish jet stream pathways. Together, these atmospheric phenomena favor more
persistent weather patterns.
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The polar vortex is a well-documented part of the Arctic climate system. It is a cold pool of air centered in the Arctic that
is encircled by the west-to-east flowing jet stream, and whose
position varies in latitude with fluctuations in the stratosphere,
ocean temperature patterns, and a variety of other factors
(Figure B3-1). One regional expression of this variability is known
as the North Atlantic Oscillation (NAO). When the NAO is in its
positive mode, pressure differentials are large between a semipermanent, high-pressure center to the south and the Icelandic
Low to the north. In the NAO negative phase, pressure contrasts
are relatively weak, and the jet stream’s path is more wave-like and
meanders in latitude, which favors more persistent blocking systems. While these features are normal parts of the climate system,

1

Thickening Arctic atmosphere

2

Jet stream
Pole

EARTH
Equator

Declines in sea ice cover and other factors are
driving “Arctic amplification,” or the more rapid
warming of the Arctic than warming of the
globe as a whole.

3

The result, she hypothesizes, is a slower,
more sinuous jet stream with tips that stretch
farther north.

Jennifer Francis believes Arctic warming is
altering the jet stream’s behavior, in particular
by reducing the pressure gradient between
the colder, thinner polar atmosphere and the
warmer, thicker atmosphere to the south.

4

The “wavier” jet stream causes longer lasting
weather patterns, such as the southward bend
that brought record cold to much of eastern
North America this past winter.

Figure B3-2. Summary of the links between Arctic amplification and its potential role
in producing persistent weather across the lower-latitudes (reprinted with permission,
AAAS, 2014) [33].
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Ice Loss and Sea Level Rise
The land ice-sea level rise question—whether loss of ice from
glaciers, ice caps, and ice sheets results in sea level rise—which
at first glance may appear to be more-or-less deterministic, is
another example of the evolution of scientific consensus. In
this case, it emerges from the need to understand the individual factors that affect sea level rise as well as how sea level rise
connects to a broad array of societal risks. It is also another
example of how multiple strands of scientific evidence must
be used to create a globally meaningful picture of change
(Box 4). For non-scientific audiences, it has been difficult
to easily grasp the core elements of the complex accounting
scheme that needs to be employed to detect sea level rise,
which also reflects a long time horizon and substantial uncertainties, despite clear societal impacts.
While scientists are careful to couch their projections in
terms of error bounds and levels of uncertainty, the presentation of ranges like those shown in Figure B4-2, and “moving
targets” from assessment to assessment, can be misconstrued
as a lack of knowledge. Yet, the opposite is actually true. The
ranges reveal recognized limitations in the knowledge base
that are supported by analysis and hard statistics, which in
turn motivate researchers to embark upon new studies aimed
at reducing uncertainty. Expressing such limits to understanding in a manner that can engage policy actions remains
a challenge. Figure 3, which presents a component analysis

Future SLR Contributors:
Sources and PDFs @ 2100
Jevrejeva et al. (2014, http://
dx.doi.org/10.1088/1748-9326/
9/10/104008) assembled the five
sources of future SLR and sought
a more robust upper limit on SLR
at 2100 than given by IPCC AR5.
Their conclusion:
“Less than 5% probability of
SL > 1.80 m by 2100”

of five probability distribution functions leading to an overall
level of uncertainty may offer a promising alternative [55,56].
Its authors contend that this approach may be more meaningful than giving simple ranges as, for example, IPCC AR5
Working Group 1 provided. Using this approach, it can be
stated that there will be a less than 5% probability that sea
level will rise by more than 1.8 m by 2100, which the authors
judge to better reflect the current level of scientific understanding than reporting simple, and often wide, ranges as the
IPCC has traditionally been doing (e.g., presenting simply
5% and 95% values as a range). Expressed in this way, such
probability distributions are potentially more informative for
designing and investing in monitoring and analysis systems
that would improve early detection and reduce misunderstandings surrounding future projections of sea level rise and
coastal vulnerability.
Finally, while assessments of the importance of glacier and
ice cap mass disappearance have been motivated in large
measure by the sea level rise question, these losses also have
critical implications for water resources globally, with the
disappearance of glacial meltwater potentially removing an
essential water supply that serves large populations living
downstream [5]. The “Third Pole” issue of cryospheric change
linked to water resource security, both in terms of required
new research and science communication, appears to lag
behind the sea level rise question but is gaining momentum. Sponsors and partners
of the current workshop
(World Bank, Vox Naturae,
UNESCO-IHP, ICIMOD)
recognize this limitation and
are organizing follow-on
events to raise awareness
and stimulate research on
this important aspect of
cryospheric change. Sea level
rise can also result in salinity
intrusion that threatens fresh
groundwater resources in the
coastal zone [58].

Figure 3. An alternative expression of uncertainties that help to visualize areas of most and least
scientific consensus on the overall sea level rise (SLR) projections to 2100 [55,56].
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Box 4. Ice Sheets, Glaciers, Ice Caps, and Sea Level Rise
Synopsis of presentation by W.T. Pfeffer

This period of maturation in both observation of current and projection of future sea level rise has nearly
run its course, and it is possible that the range of future
projections of sea level rise will fail to be narrowed
much further. Yet, substantial improvements in communicating the significance of findings are still likely—if
the right research avenues are pursued—in areas such
as the development of robust probability distribution
functions characterizing sea level rise and better estimates of the near-term (pre-2050) time evolution of sea
level rise (Figure B4-2). Glaciers and ice caps today lead
the list in terms of contributions to sea level rise and are
thus the largest current contributor with respect to the
transformation of land ice to water [56]. Despite broadscale concerns about the disintegration of ice sheets,
the consensus across the two major IPCC assessments
ranks their potential contribution to sea level rise as
relatively low until well after 2100.
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Greenland & Antarctic ice sheets
0/700 m thermosteric sea level
Deep thermosteric sea level
Terrestrial storage
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Sum of the components of SLR
from above compared to direct
observations of SLR

60
Sea level (mm)

Determining the magnitude of sea level rise and linking
it to the loss of ice on land depends on the research
community’s capacity to create sufficiently accurate
accounting systems and to understand the dynamics
of this phenomenon across both the continental and
oceanic domains. A complex set of processes must
simultaneously be addressed [56]: thermal expansion
of surface and deep ocean waters; climatically forced
mass losses of ice from glaciers and ice caps [57], the ice
sheets in Greenland, and Antarctica; and the dynamics
of the ice sheets. Additional factors include isostatic
rebound from prior glaciation, gravitational response to
current melting [59], winds and currents, coastal erosion
and subsidence, and terrestrial storage and depletion
of water in engineered reservoirs and aquifers [60,61].
Under contemporary conditions, a net sea level rise
of approximately 3 mm yr –1 has been corroborated by
numerous and redundant data sources, including six
ocean altimeter campaigns [62] (Figure B4-1). This net
rate of rise provides a critical “target” for the component contributions, and is generally well matched by a
summation of sea level rise components [63]. Since the
early 1980s, the assessment of contributions from the
three major sources of “new water” (the Greenland and
Antarctica ice sheets, and glaciers/ice caps) has been
extensively refined as understanding of processes and
development of observational tools have improved [64].
For example, a 1983 EPA report [65] presented a range of
0.5–3.5 m sea level rise by 2100, while current IPCC AR5
estimates are an order of magnitude smaller [64].
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Figure B4-1. Time series of component contributions to global sea level rise
[modified from 63].
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Figure B4-2. The IPCC synthesis is necessarily based on results from numerous independent studies. The reported ranges shown on the left for AR4 and AR5 are substantially constrained relative to the series of original studies and is a testament to
the inherent difficulties in generating scientific consensus. Note also how the results
have changed in the span of but six years [56].
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KEY FINDING #2
Scientific Knowledge and Cognition
The language of science on climate and cryospheric change, often laden with caveat, combines with the psychology of the individual and social forces that shape belief systems to compromise the integrity, use, and significance of scientific knowledge. Deep partisan divisions, including mistrust of science and conflation of opinion
with proven facts, are evident. The evolution of particular belief systems in the context of scientific knowledge,
especially relating to societally relevant topics that require consensus and eventual collective response, is an
understudied research area. The cryosphere-climate change question provides an ideal setting for such analysis.

Recommendations for Science
Communication Research
To better understand how frameworks develop in the individual and in society and interact with the communication
of peer-reviewed science, new research is needed that would:

• Establish

studies designed to uncover and understand
the origins of human motivation and conflicts of interest
that lead alternatively to acceptance or rejection of the
scientific consensus.

• Create

simple but unambiguous indicators of science
perception and knowledge to better track and understand
the processes by which belief systems on climate and cryospheric change are formulated.

• Test how different science communication strategies affect
public perception and knowledge through the design of
experimental and survey tools.

• Develop integrative models of cognitive and social systems
that depict processes leading to adoption or rejection of scientific understanding and/or expert interpretation. These
models could be created in the relatively near term, capitalizing on progress in agent-based modeling developed by
the academic community and those by the private sector for
marketing analysis.

• Analyze case studies on how status quo thinking is disrupted

by new knowledge, readjusted perceptions (e.g., experiencing an extreme event), and/or changes to sociological settings. These case studies lend insight into how society can
move from a passive stance on particular issues to action.
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Background
Even if well established by the research community, scientific findings are hardly static, and once delivered to nonscientific constituencies, they undergo transformations that
are conditioned by individual psychological predisposition
and group social dynamics. Differences can be stark with
respect to individuals who have generally inquisitive personalities that welcome new facts and reinterpret previously
held conclusions, and are willing to change positions in light
of new evidence versus those whose personalities are averse
to and fearful of change. Yet, individual propensities do not
operate in isolation, and instead interact within the milieu
of social and cultural norms that in some sense “police” the
range of beliefs that any individual may retain in order to
remain in a respective social circle. Social acceptance, recognition, and status within the human guild are thus powerful
motivators of individual beliefs. It is also easy to imagine how
self-interest, the simplest of which being financial gain (or
aversion to losses), can drive an incorrect interpretation of
scientific findings and likelihoods or active misleadership.
Such propensities to develop particular belief systems as well
as political orientations have been linked to personality traits
apparent as early as preschool [67].
These factors accumulate to societally significant scales [68],
creating multiple audiences that respond in different ways
to scientific information, tending to cluster around combinations of traits and geography [7,69]. As stated by science
reporter and workshop participant Andrew Revkin in 2009,
“the longer I look at it, the scariest science by far is not the
glaciology, or what’s happening to Antarctica, or how the
oceans are responding. It’s the sociology—it’s how people deal
with it. Human nature and risks that are cumulative are not

a good mix…” This workshop report took on this idea, summarizing some of the key cognitive, psychological, and social
dimensions of belief formulation, highlighting the complex
interplay among each of these factors.
One foundation of the climate science communication challenge rests on the issue of causality (some might say “blame”),
tracing the mechanisms of change to their predominant
source: either humans or nature [70]. Should one agree with
the nearly universal acceptance by the scientific community
that humans are a critical driver of the contemporary acceleration of climate change, then it is a small leap of logic to conclude that economic development (and our choices on energy
technology) together with population growth are the major, if
not ultimate, drivers of change. Thus, if the source of climate
change is fundamentally societal, then there arises an immediate conflict with respect to economic development as a virtually unquestioned global aspiration [71], despite the presence
of some leaders in the business community who consider a
passive stance on addressing the causes and impacts of climate
change a “risky business” [9,10]. And, notwithstanding recent
changes in contemporary theocracy (e.g., Pope Francis), many
would continue to hold that population growth is (or should
be) a matter of human destiny [72]. There exist then two major
factors that must be simultaneously addressed in the context
of climate change, but doing so flies in the face of deeply held
cultural and economic beliefs, formed well before the specter
of climate change ever entered the public discourse. This dissonance sets the stage for the questioning by many of what
scientific research is today revealing. Such doubt can take the
form of outright denial and/or hostility to the facts, if not the
institution of science itself.
Opinion surveys support the existence of such conflicted public perception and evaluation of climate science. Only about
one-half of all people surveyed in 13 developed or moderate
income countries were concerned about climate change as a
major threat [73], with the United States showing about 40%,
demonstrating such concern with respect to impacts in their
country.3 It has also been shown that opinions in the United
States on a wide variety of topics are convolved with climate
change, linking issues as disparate as birth control, economy,
and immigration [74]. This finding suggests the existence of
what might be termed a logical lattice or a set of interconnected beliefs that are self-reinforcing, which constitutes a
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mindset and defines the identity of an individual. An individual’s mindset functions as a filter to make information
inputs highly selective, to the point where an individual may
search for evidence to confirm what he or she already believes
in order to reject contradictions [75]. Essentially, “you don’t
believe what you see but instead see what you believe,” preserving the overall logical lattice through selective perception, memory, reinterpretation, and rationalization, even if
cognitively dissonant. Neither a climate denier nor a climate
change activist may be immune to this human predisposition [6,70]. Furthermore, scientists themselves are not free
from such belief-shaping forces, and have taken on advocacy
if not activist roles, often strident ones, on both sides of particular climate and cryospheric change issues. This includes
the nearly ad hominem attempt by the Shakhova et al. team
to question the credentials of a detractor [66], rancor-filled
debate at the National Academy of Sciences on the Francis
Hypothesis [33], and disagreements on the basic existence
of anthropogenic climate change and resulting policy
prescriptions [76 cf. 77].
In turn, an individual’s belief system helps to define the social
groups to whom he or she belongs, be they local or even
national or international in domain. The logical lattice thus
takes on a more complex social dimension, with ensembles of
beliefs and social relationships supporting or rejecting each
other’s conceptions or misconceptions. Reformulating an
opinion risks the very basic human instinct for social acceptance and camaraderie and thus yields a powerful disincentive
for change. One can therefore hypothesize about the characteristics of those who are least likely to change opinions in
light of evidence. These would include individuals who have
the most elaborate logical lattices or tightly joined belief
systems, lodged in a potent social network. As part of the
self-reinforcing mindset, and somewhat counterintuitively,
knowing more about the issues can mean knowing more
about counterarguments and how to refute them, as well as
knowing which associates can provide intellectual and moral
support when in doubt [6,70]. Such mindset processes help
to explain strong anti-climate sentiment among those selfidentifying themselves in surveys as Tea Party members,
whose basic knowledge of the most solid findings regarding climate change appears to decline with increasing
levels of education [6] (Figure 4). The convolution of climate and non-climate issues implies that an entire suite of

Such survey results are generally stable but also are sensitive to the manner in which the questions are posed (and even their timing relative to weather
extremes, for instance) [6]. In contrast to survey data less than one year earlier [73], a recent NY Times/Stanford University/Resources for the Future poll
from 7–22 January 2015 showed that four out of five Americans are concerned or very concerned about the negative impacts on the nation arising from
inaction on climate, and two-thirds more likely to vote for a candidate who reflects scientific consensus on the causes of climate warming.
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simultaneous beliefs of individuals or groups would need
to be fundamentally disrupted in order for them to accept
simply the reality of a warming atmosphere and disappearing
ice, even before considering any possible strategies on climate
mitigation or adaptation.
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Integrated personality modeling helps to define the audience
through which knowledge of basic instincts or disposition
(e.g., sense of right and wrong), values shaped by life experience, and correlated behaviors are combined [85]. Of these
three basic ingredients identifying belief systems, human
behaviors are the most malleable, yielding a constantly
shifting set of preferences and affinities that then enable
new actions to disrupt the status quo. A model of behavioral
change can thus be formulated starting from social causes,
through which a core idea emerges and is adopted by a small
group of opinion leaders who then pass new thinking to
sequentially larger social circles—insider peers, interested
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Disruptive events can dismantle otherwise entrenched
belief systems and social relations, changing the status quo
through force of circumstance rather than argument [70].
Hurricanes Katrina and Sandy are prime examples, with more
than $200B [79,80] invested in repair, recovery, and climate-
proofing New Orleans and New York as a direct consequence
of but two events. Revkin’s earlier concern about the human
tendency to resist change is not restricted to modern society
alone. The history and pre-history of humans demonstrate
how our species often defied its own self-interest, time and
again, by failing to perceive and adapt to rapid environmental
and/or societal change, with often catastrophic results [81,82].
That episodic climate-related shocks serve as a primary motivator of human behavioral change is a testable hypothesis,
for which there is contrary evidence in favor of economic
factors like energy prices and cues received from elites [83].
Less clear is how human perception of risk will change in
light of melting glaciers or disappearing permafrost, which
may yield very few immediately discernible extreme events
given the long time horizons of the biogeophysics involved
or impacts that are projected by scientists to occur far in the
future. Whether humans respond to extremes or chronic
change, it will be shifts in the psychology of individuals and
sociology of groups that will contribute potentially the most
important impetus for proactive response. This also constitutes a testable hypothesis.

Frameworks for understanding value systems have been
developed in the academic community [21,84], but useful
lessons can also be drawn from the field of marketing analytics [85], in particular, with respect to changing status quo
mindsets and behaviors. With the rise of the digital age and
“big data,” an unprecedented revolution in detecting and
analyzing human perceptions and behaviors has arrived.
Marketing analysts are today digitally uncovering several
intrinsic qualities of human nature, which they recognize as
the interplay between individuation and social binding. These
studies are enabled by the success and reach of social media,
which promotes a sense of self-value, identifies opinions that
matter to people, and motivates membership in groups and
causes that validate an individual’s instincts and worldview.
These social phenomena are used to categorize unique audiences, identify best practices of engagement that elicit and
influence behaviors, and build relationships that yield specific
marketing outcomes.
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College
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Figure 4. Persistent trends in the acceptance of Arctic climate change as a documented scientific reality (left panel) are convolved with political
belief systems, particularly polarized with respect to climate change. Belief in the anthropogenic source of climate change (right panel) as
a function of educational level (based on almost 9,000 interviews in 18 surveys nationally representative and executed in New Hampshire over
2010–2014) [78].
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but distracted partners, and ultimately the masses. From
a business and marketing perspective, improving climate
change communication will involve working with the target
communities (i.e., body politic) on their own terms, focusing
on behaviors and outcomes that make proposed behavioral
changes personal and local, and perhaps most importantly,
ensuring that each action is financially viable. According to
such a model, mitigating or adapting to climate change will
require changing behaviors at the sub-community level,
which ultimately must change the perceived financial and
other costs of inaction.

“statistical significance,” and “risk,” the mainstay of researchers, can reduce the effectiveness of engagement with the public. A more practical nomenclature for use by science communicators is clearly needed, carefully formulated to accurately
preserve the original meaning while effectively conveying the
significance of the original concept in broader terms.4

The role and behavior of media are also relevant in this context,
by changing target audience behaviors and actions [86]. The
diverse temporal and spatial dimensions of the broader climate
debate not only produce a fundamental challenge in motivating
human behavioral change but also in communicating science,
given that long-lived, yet-to-be-detected impacts are multigenerational. Absent a major climate or weather catastrophe,
climate change on a year-to-year basis is almost imperceptible as indicated by trending news stories [e.g., 87]. An everchanging and complex world of climate change, of climate
change findings, and uncertainties in scientific understanding lead to an abundance of assertions. These claims, in turn,
provide the raw material for media interest in such issues,
but the stories often feature argumentation, dramatization,
and edginess at the expense of rational discussion, risking
an overall information deficit [88]. This situation well characterized a debate in 2011 [89] on achieving 350 ppm CO2
stabilization, with two well-known experts alternatively arguing for reduced energy consumption and small-scale energy
systems [Bill McKibben] versus a widespread embrace of
nuclear energy [George Monbiot]. Furthermore, a false sense
of balance is suggested when media pit opposing viewpoints
against one other, which for climate denial vastly overrepresents that position relative to the scientific consensus [69].
Even if the intended message is successfully delivered, attention spans of the public on issues like climate change are
short-lived, with public disengagement from the endpoint
and actions that more typically prepare for the last crisis.
This fading interest, in turn, serves those in favor of stasis,
as change in attitudes and behaviors often require the halting
and reversal of long-lived beliefs. The value of imagery and
tools such as social media are clear, as is the avoidance of
jargon-laden messages by scientists. Words like “uncertainty,”

4

A noteworthy attempt in this direction is the IPCC’s glossary series, a lexicon seeking to unify the definition of concepts shared among the scientific
community, decision makers, and the public [90].
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KEY FINDING #3
Analyzing the Logic of Belief Systems
Incongruities in scientific messaging emerge from the conjunction of cognitive psychology and social milieu,
which can, in part, be explained by formal concepts of mathematical logic. A conceptual model is found in Box 5.

Recommendations for Science
Communication Research
To forward the mathematical understanding of logical
constructs and emergence of mental frames underpinning
human belief systems with respect to climate and cryospheric
change, new research will be needed on:

• How human psychology and social sciences jointly shape

belief systems on climate and cryospheric change, through
formal analysis of their mathematical and logical interconnections, providing a unique opportunity to catalyze
bona fide interdisciplinary studies across the humanities
and natural sciences at NSF.

• The roles of social media as an emerging force in conveying
scientific knowledge on climate and cryospheric change.

• The best mechanisms to identify and then stimulate jointly
supported research by NSF’s Directorates for Mathematical
and Physical Sciences, Computer & Information Sciences
& Engineering, and Social, Behavioral, & Economic
Sciences, in addition to supporting the subject matter’s direct relevance to the Division of Polar Programs.

Background
Logical frameworks underpin contrasting belief systems.
Inside the science community, debates rage about how the
climate system is wired together, how it is changing, and
how it will be subject to future change. Similar debates arise
beyond the scientific community, progressing without the
strict requirements of the peer-review process. The source
and nature of such debates can be analyzed—at least in part—
through analysis of the logical arguments that are employed.
The phenomena can be studied, but necessarily requires
research into the interactions among human psychology, the
social sciences, and their “mathematics,” and thus presents a
unique opportunity to catalyze truly interdisciplinary studies
across the humanities and natural sciences at NSF.
A first set of mathematical analyses has been performed on
the logic of climate denial [143,144]. A brief review of this
work (Box 5) demonstrates how studies of this phenomenon
could lend insight into how arguments emerge against the
scientific process more generally. The Internet has created
a proliferation of such debates, which can provide the raw
material for understanding how perceptions and interpretation of scientific consensus evolve by activists on one side or
another as well as the public at large. “Denial logic,” which is
alive and well across this digital medium, belongs to a broad
class of justification logics that relies fundamentally on the
idea of warranting beliefs or, more simply, of providing reasons to support particular beliefs [145,146]. This concept is
critical to epistemology, for as Socrates argued, opinion must
not only be true, it must also be justified to be categorized as
knowledge. From this standpoint, knowledge is justified true
belief. A bit more formally, the logic requires explanatory
power to be assigned to a term t, which justifies proposition P.
Central to denial logic is the denial axiom, which holds that
whatever is justified can never be perfectly established and,
thus, by definition, is false. Furthermore, under this premise,
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Figure B5-1. A simple conceptual
model of the logic of science communication, summarizing key mechanisms affecting message delivery
presented during the workshop. The
conjunction of individual psychology plus behavior in group dynamics (the logical lattice referred to
earlier under Key Finding #2) is a
major shaping factor of beliefs.
A broader institutional and economic context further influences the
fidelity of factual knowledge from
initial premises to logical outcomes,
which may or may not be scientifically supportable. Eight trajectories
are offered as examples of testable
hypotheses, the content of which is
summarized in the table.
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A conceptual model summarizing psychological, social,
institutional, and logical interactions is presented in
Figure B5-1 [143,144] (see also [91]). Each of the example
trajectories (moving upward through the graphic) first
reflects a dependency on the combination of human
dimension factors that supports one’s choice of a starting premise. The starting premises then initiate a logical
sequence of arguments, which alternatively falls within
or outside the range of scientifically defensible forecasts
of outcomes. Tracing the logical streams can be used to
highlight contrasts between logical (and some illogical)
thought processes that produce logical outcomes that are
in harmony with evidence-based results. Thus, both logical
and illogical processes may converge to scientifically consistent outcomes. These examples can be viewed as a series
of testable hypotheses with respect to the emergence and
subsequent fidelity or distortion of scientific knowledge at
each step in the process, moving from individual to group
to administrative logics. Understanding these mechanisms
can lend insight into improvements in the way scientific
knowledge is conveyed to stakeholders.
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there are two properties that can be proven mathematically
to hold. First is its completeness in the sense that an assertion that is true in all models (of denial logic) is syntactically
provable. Second is that the logic itself is sound. Under this
set of rules, the “denial axiom” can only accept negative justifications while simultaneously accepting the rejection of
justified true beliefs, forming in other words, the essence of
denial. The main difficulty with denial is not any lack of logical
consistency, but instead its inability to construct positive justifications of true realities, opting instead (and being limited
by its capacity) to deny any supposed justifications as true.
The example of denial logic given here is a pure and admittedly
extreme form, and as such it constitutes an incomplete model
of contrarian positions that proliferate, in particular, online
(e.g., http://contrarianmatrix.wordpress.com). In reality, one
can combine less skeptical forms of logic with the purer
elements of denial logic to create a less strident rejection of
truths. In online debates, there is no absence of justifications,
facts, figures, and indicators that can be cherry-picked to
support one assertion or another. Major classes of climate
contrarian arguments can be blended into a structured frame:
the absence of a single unifying theory on climate change; no
best practices on analyzing results or interpreting data; the
future (based on past history) will change much less than one
might conclude from unverified climate model projections;
no need to panic or react at this point to climate change,
which is a long-term process; action today may violate a
do-no-harm principle; the skeptics have won, those who do
not share the common view need now to move on.
Whether accepted or not by the rank-and-file research community, informal citizen science is proliferating as a social
network of justified beliefs. In this way, the Internet provides
an abundance of justified positions. But, this non-refereed
process cannot help people judge which supposedly justified beliefs are in fact true. Providing factual information
necessary to enable people to evaluate what is posted on the
Internet is a critical science communications challenge. The
danger is that knowledge in the absence of appropriate justification will fail to motivate action or, at its worst, motivate the
wrong kinds of action.
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Finally—and perhaps most importantly in terms of explaining beliefs regarding the science of climate systems with its
abundance of ranges in estimates, reliability, uncertainty,
and probability measures that inherently invite skepticism—
beliefs can be directly traced to initial premises (Box 5).
Climate denial, in fact, can be shown to be completely self-
consistent in the context of arguably tenuous starting points and
unassailable in terms of its mathematical rigor. If the range of
initial conditions is sufficiently large, any ensuing argumentation can yield radically different logical endpoints, which
indeed appears to be the case with respect to the differences
in contrarian positions on climate change.

KEY FINDING #4
Knowledge Dissemination within Institutions
The mechanics of government agencies and bureaucracies, private-sector businesses, and other institutions are
often ill suited to the effective flow of basic scientific knowledge from which sound decisions can be formulated.
The politicization of the climate change issue, the scales at which decisions are made, perceived levels of urgency,
and economic incentives or disincentives are among the many issues that determine the degree to which science
factors into policy formulation.

Recommendations for Science
Communication Research
Improved understanding of how bureaucracies affect the
translation of science communication into the decisionmaking process requires new research targeting:

• Case

studies that demonstrate how research findings on
climate and cryospheric change and scientific consensus
are either adopted, rejected, or reconfigured by the structure and function of institutions and their bureaucracies.
Generalities may exist, for example, in understanding differences between scientists, private sector, and civil society
advocacy groups “pushing” knowledge to decision makers or
policy makers “pulling” this knowledge into their decisions.

• The subject of how businesses and civil society organiza-

tions interpret climate and cryospheric change as a threat or
opportunity to its business models or charitable mandates is
also worthy of study. This could include research into how
scientific knowledge is used to formulate decisions by a particular sector or actors within a sector, for example, a major
energy company facing mandated constraints for climate
mitigation or an insurance company that must deal directly
with the consequences of climate and weather extremes.

Background
Institutions and bureaucracy—be they public or private—are
subject to many of the same forces that shape individual or
group belief systems. A series of fundamental questions can
be asked about how the organizational structure, administrative procedures, and reward systems of governments and
corporations enable or disable adoption of new scientific
knowledge, which in turn allows such institutions to evolve
in response to such intelligence, presumably to better serve
their constituencies. By their very nature, bureaucracies are
deeply linked to politics and thus are sensitive to the news or
imagery of the day. High profile articles, such as one recently
published by The Economist that depicts the riches of a more
ice-free Arctic [93], and high profile events like the planting
of a Russian platinum flag at the bottom of the Arctic Ocean,
are beginning to change the mental geography of the cryosphere as an international arena of interest. But, a politicized
environment is not normally conducive to the efficient communication of scientific findings [92].
The issue of scale figures prominently in the capacity of institutions to discern and then keep pace with environmental
change. The time scales of centuries or millennia used by geologists or climatologists place the issue of impending impacts
far off the radar screen of the politician seeking reelection,
or the homeowner contemplating purchase of a home on the
shore, or residents of Shishmaref on the Alaskan coast considering moving their entire community to higher ground.
Human actions are driven by exigency or immediacy, and
thus investments to protect future generations can be significantly delayed, despite warnings of moving past a point of no
return [94,95]. Links of extreme weather to the global climate
change issue have been slow to gain momentum, in part due
to the enormous inertia in the physical system, the reluctance
(or inability) of scientists to express definitive forecasts, and
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the spatial diversity of impacts and human perceptions that
are tuned to local-scale phenomena. Yet the notion of a polar
vortex has been uncharacteristically successful in capturing
the essence of these issues, with an organized set of hypotheses
now being tested that can be linked to a well-founded reality
of polar amplification of heating and an immediate societal
feedback in terms of brutal temperatures that members of the
public can easily sample as that reality. A global-scale problem like global warming is now linked to frostbitten fingers of
Americans living in the Midwest. In addition, in a day and age
of instant information gratification, the slow process of information gathering to substantiate facts, which is accompanied
by the necessary caveats associated with scientific findings,
contributes to reducing the level of concern among policy
and decision makers.
These inherent scaling incongruities in human perception
work against society’s response to climate change, with arguably the least effective levels of engagement at the macroscale,
weighed down by bureaucracies that are poorly optimized
to respond to rapidly changing conditions. The sluggish UN
intergovernmental climate process or national-level politics
in the United States fall into this category. In the United
States, climate policy debates have been particularly acrimonious, linked to regional and subregional economic interests
(e.g., fossil energy production). National-level policies have
alternatively oscillated between states of cautious optimism
to outright antagonism with the comings and goings of different administrations and which legislators hold most sway in
Congress at any particular time.
As a result of such administrative failures, bottom-up
responses are taking root at several subsidiary scales, like
the C40 urban consortium or the Northeast’s Regional
Greenhouse Gas Initiative or any variety of citizen action
groups at the neighborhood level. Even omnibus UNFCCC
climate accords, currently pending, have a decidedly decentralized character [96]. In this context, the failure of a largescale, consensus-based governmental apparatus to coordinate
climate change response is symbolic of the inefficiencies or
outright breakdown of macroscale institutions, replaced by
more nimble administrative structures [97]. Case studies,
therefore, would be particularly valuable to help determine
how proactive stances within the government have developed
on climate adaptation and mitigation over sub-global and
sub-national domains (e.g., Governor Pataki’s Alliance to
Save Energy in New York; Governors Schwarzenegger’s and
Brown’s carbon strategies for California; the C40 initiative;
RGGI in New England; City of Austin, TX, with plug-in cars
to take advantage of nighttime wind energy).
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Federal Government Bureaucracy
In the United States, there is no single office for science, and
thus agencies set their own agendas, based on historical precedent, on guidance from the Administration and Congress,
and on their own interpretation of their mission and
objectives. An overall and de facto set of priorities is established and provided to the agencies by the Office of Science
and Technology Policy (OSTP). The ability of agencies to
implement these priorities, if they are above and beyond an
agency’s normal workload, depends in part whether sufficient resources to execute these priorities are included in the
President’s budget, which itself is developed by the Office of
Management and Budget. At the Cabinet level, the National
Science and Technology Council (Chaired by the President)
gives a flavor for the richness of policy elements that are in
play. Among the four committees (Environment & Natural
Resources, Science, Technology, Homeland Security), there
are three dozen individual subcommittees or working groups,
with representatives from the Vice President to the Director
of OSTP, Cabinet secretaries, and agency leads. The NSTC
sets overall national science and technology policy and also
establishes funding investment priorities, mainly with a concentration on domestic priorities. On the Congressional side,
there are a large number of committees with some element
of science or technology as part of their mandate. Individual
agencies also have their inherent “cultures” that may fail
to fully align, as on fuel efficiency and carbon emissions
(e.g., EPA versus DOT; [98]). And, of course, states have their
science and technical administrative structures. These realities mean that science and technology have a broad and deep
reach within the government. At the same time, and arguably
as any large bureaucracy, science policy is complex, difficult
to navigate, and inertia-laden.
Federal Arctic research policy and process is a case in point
(Figure 5). The US Arctic Research Commission (USARC),
constituted under the Arctic Research and Policy Act of
1984 [99], provides advice to the President and Congress
on matters pertaining to the Arctic research portfolio of the
nation. It works with the National Science and Technology
Council and NSF as the lead agency responsible for implementing Arctic research policy and to support cooperation
and collaboration throughout the federal government.
USARC offers guidance to the Interagency Arctic Research
Policy Committee (IARPC, with more than 20 agencies) to
develop a national research agenda and a five-year research
program plan to implement the associated projects. USARC
therefore sets in place a broad set of goals for Arctic research,
the multi-agency IARPC creates and executes its five-year

research plan, and the White House OMB/OSTP is supposed
to coordinate and review the budget, after which Congress
authorizes and appropriates money. In reality, there has
never been an accounting of agency-by-agency expenditures
devoted to Arctic research, despite the requirement to do so in
the 1984 Act. Thus, many forces, in some sense uncoordinated,
shape the agenda of any single agency, including the legacy of
the past year’s budget, coordination from OSTP and NSTC,
OMB, as well as Congressional fiscal directives, agency heads
and staff, external advisory bodies (e.g., National Academy
of Sciences), and internal planning activities. A sequence of
executive orders [101–103] have attempted to remedy this
situation, in part motivated by the current Chairmanship by
the United States of the intergovernmental Arctic Council.
Despite multi-agency interests in a changing Arctic, public
perceptions of the national importance of any particular issue
drive the commitment of financial resources by the federal
government. In the words of Daniel Greenberg [104]: “Money
is the primary concern of science in its relations with politics
and government and to some degree it is a truism that in the
context of the federal bureaucracy, you are your budget.” In
this context, it is important to understand that few Americans
recognize that we are an Arctic nation. This lack of knowledge
reflects in large measure that there are only 735,000 Alaskans
and only 18,000 who formally live north of the Arctic Circle,
based on census data collected between 2005 and 2012 [105].
It might therefore be expected that perceptions of the importance of the Arctic in the federal agenda and funding disbursements will be low. Indeed, this appears to be the case, with
an informal estimate of $400M spent annually by all federal
agencies in Arctic-related research [106]. While cryosphere-
related research spans the interests of several federal agencies,
its most important stream of financial support for research
comes from NSF. Within its overall $7.2B FY2016 budget
(for activities in both the Arctic and Antarctic), the NSF’s
Division of Polar Programs is slated to be funded at a level of
$435M, mostly for infrastructure support, with $125M of that
sum targeted for research spending [107]. In the era of flat or
declining federal budgets [108], it is important to recognize
that private-sector funding has been increasing and constituting a growing share of US R&D budget. Given growing
commercial interest in the Arctic, it is reasonable to anticipate
that the level of nongovernmental research sponsorship will
follow a similar path in the future. Many academic researchers will need to pivot from communicating solely within their
respective scientific communities to knowledge consumers,
who in many instances, may be much more interested in
the products of directed studies than of federally funded,
curiosity-based research.

Figure 5. A flow chart of interactions within the government at
the time of the inception of the US Arctic Research Commission.
The figure legend (presented verbatim below) is from an original
article appearing in Eos Transactions of the American Geophysical
Union [100] and is instructive of the complexities that pervade the
linkages among the government, the research establishment and
stakeholders, then and now.
Fig. 1. An attempt to represent in flow chart form the intricate
relationships between the Arctic Research Commission (ARC), the
Interagency Arctic Research Policy Committee (IARPC), and the rest
of the “players” in the new federal arctic research “game.” This graph
was obtained by superimposing all interaction routes, information
routes, reporting routes, and budget submission routes specified in the
Arctic Research and Policy Act of 1984, which was signed into law by
President Reagan last year.

Despite the complex bureaucracy and budget formulation
process, it could be argued that the federal bureaucracy for
cryospheric research is nevertheless a success story. The process is well established, starting with a solid foundation (the
1984 law), which has been implemented and improved upon,
including amendment to the original Act by President Obama,
who in 2010 elevated the importance of IARPC by placing it
under the NSTC. Both the Bush and Obama Administrations
have been active in improving the functioning of the process, with an Arctic Policy document in January of 2009, the
Arctic Strategy (in May 2013), Implementation Plan (January
2014), and recent Executive Order (January 2015) [101–103].
A key unknown is whether the financial resources provided
will match the rhetoric, and constitute a suitable response to
perennial calls for improved understanding of accelerating
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Arctic system change. Or, will the current gridlock in the
process that develops and passes federal budgets continue
to hinder the advancement of research? And, how durable
would any commitments be, in light of perennial changes in
congress and the executive branch?
Additional success stories can be found when scientific information is actively sought by decision makers. Such an example, but decidedly driven more by the demands of US policy
on energy development than by climate mitigation or
adaptation, was organized recently in response to Executive
Order #13580, issued on July 12, 2011, establishing the Alaska
Interagency Working Group to help coordinate the numerous
federal agencies involved in energy development and permitting in Alaska. Later, a Deputy-level Interagency Working
Group on Coordination of Domestic Energy Development
& Permitting in Alaska [3] was convened to integrate all
relevant government and (where possible) private sector data
sources relevant to the offshore energy permitting process
in the Chukchi and Beaufort Seas outer shelf—essentially
creating a ready-made audience and demand for scientific
information. Many of the variables, indicators, and metrics
essential to the offshore permitting process are in fact those
that are also generated by the research community, including baseline inventories depicting the region’s oceanography, climate, geology, and biology as well as environmental
sensitivities. Very specific needs were identified and well
articulated, and two quotes from a key planning document
(USGS Circular 1370, [4], p. 103 and p. 35, respectively) are
instructive: “Support for the development of fully integrated
(atmosphere-ocean-land) regional climate models specifically
for the Arctic region, as well as periodic Arctic climate impact
assessments, is important.” and “There is a continuing need to
facilitate the collection, integration, and sharing of multiscale,
multidisciplinary datasets, and using these data to develop
comprehensive, holistic approaches to building resource
development and impact scenarios to inform planning.”
The permitting process thus provides an excellent opportunity to study the pros and cons of how science has been
communicated to decision makers who are “pulling” research
results to support their mandated duties. Such an assessment could yield a “best practices” toolkit of coordinated
methodologies and approaches for appropriately distilling
out and conveying to users relevant scientific information.
Understanding differences and similarities in how science
is communicated within a multi-agency decision-making
context versus supporting individual agency responsibilities
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could constitute one focus. Another is how science is communicated and acted upon when there is overlapping authority
or jurisdictional responsibilities [147].
In the context of this governmental structure and process sits
politics and stark contrasts between different administrations
and Congressional factions. Witness the restrictions on governmental scientists with respect to climate change under past
versus current administrations. Congressional challengers to
the legitimacy of the federal science bureaucracy also impede
the flow of scientific knowledge through investigations into
NSF awards, questioning of the peer-review process, and
on-the-record dismissal of the results of climate science, if not
the climate scientists themselves.
Insofar as climate and cryospheric dynamics are effectively
boundary-free, the federal government maintains an interest
and responsibility in developing an agenda that supports
research and development internationally. For this, the nation
looks to the State Department, which fully reflects the inherent
complexity of government bureaucracy as described earlier
(see Figure 5). The State Department’s Bureau of Oceans
and International Environmental and Scientific Affairs is
a prime example of the bureaucratic latticework targeting
simply one domain (the ocean). First, the Bureau must deal
with a broad swath of issues spanning: the United Nations
Convention on the Law of the Sea (UNCLOS) and maritime
boundaries; the Arctic and Antarctica; marine science and
data policy; International Maritime Organization (IMO)
environment, navigation, and safety; UN Oceans Programs
(UNEP, Regional Seas, Intergovernmental Oceanographic
Commission); marine pollution; and whales. Of the three
Bureau directorates, Oceans and Fisheries maintains two supporting arms, with the Office of Marine Conservation dealing
with international fisheries and related issues and the Office
of Oceans and Polar Affairs dealing with issues concerning
the ocean, the Arctic, and Antarctica. Superimposed upon
this structure is a workforce at the State Department populated by a broad spectrum of career types, including political
appointees, members of the Foreign Service, Civil Service
employees, and lawyers. The Bureau and offices (>60 in total)
are both regional but also functional. Issues are multilateral
as well as bilateral.
While the Bureau strives to remain neutral, conflicts arise
when politics enters the fray. A good example of this involves
the climate change debate, where the Bush administration in
2001 initiated a significant change in the US position in the

Similar challenges in using science to formulate policy and
decisions are found in the private sector. Among successful
users of scientific information are insurance and re-insurance
companies, who by necessity have been concerned with
sources and potential mitigation of risks to protected assets.
These companies have been early adopters of climate change
science and therefore provide valuable lessons in how climate
considerations can become part of a successful business
model. These companies have embraced quantitative information about a changing climate (in particular, its extremes),
joined it with societal vulnerability assessments, and evaluated
risk, which is then monetized. The motivation is not difficult
to establish, with both the number of catastrophic events and
records of global insured losses spiking well above $100B for
individual years (Figure 6) [111], and with insurance claims
averaging most recently in the $25–30B per year, a twentyfold
increase since the 1970s.
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With the United States having taken the chairmanship of the
Arctic Council from 2015–2017, major statements are being
consolidated that represent Administration-level consensus
on the importance of the high northern latitudes. In the
words of the Obama Administration: “The Arctic has critical
long-term strategic, ecological, cultural, and economic value,
and it is imperative that we continue to protect our national
interests in the region, which include: national defense;
sovereign rights and responsibilities; maritime safety; energy
and economic benefits; environmental stewardship; promotion of science and research; and preservation of all the rights,
freedoms, and uses of the sea as reflected in international
law.” [103]. The Council, under US chairmanship, will focus
on three areas: (1) impacts of climate change; (2) stewardship of the Arctic Ocean; and (3) improving economic and
living conditions. Underlying motivations for this choice are
driven by the need to increase awareness of the role of the
Arctic to the rest of the globe, strengthen existing international consortia (e.g., Arctic Economic Council), co-balance
development and environmental protection, and improve
international collaboration (e.g., US-Russia). In addition,
the Arctic Council is helping to forward an Arctic regional
planning initiative [109,110] to chart the potential impacts
and opportunities inherent in developing the Arctic region;
obvious inputs could be provided by the US applied science
research community, permitting agencies, and regulators.
These international efforts all constitute ready-made opportunities to study the ways in which new research is successfully
or unsuccessfully conveyed to policy makers who are actively
seeking to acquire such knowledge.

Private-Sector Interests:
The Insurance Industry
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multilateral talks. To that point, the United States was broadly
in agreement with the international consensus that fossil fuels
were contributing to the increase in global warming, until a
new administration overruled the experts and scientists and
refused to implement previously agreed accords. With the
subsequent change in administration in 2008, the pendulum
swung in a decidedly different direction, a testament to the
speed with which national policy on climate can shift in
response to the political climate.

120
110
100
90
80
70
60
50
40
30
20
10
0
1970 1975 1980 1985 1990 1995 2000 2005 2010
Figure 6. Rising number of natural disasters and insured losses
globally [111].
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The Institute for Catastrophic Loss Reduction (ICLR) in
Canada is a good case study into the motivations of a consortium of generally early adopters, who have taken a proactive
stance on addressing climate change challenges [112]. Formed
in 1997, the ICLR is a partnership of insurance industry members assembled to reduce losses of life and property, which
for Canada and as well as globally [113,114] is dominated
by meteorological and hydrological events. While focused
on Canadian interests, it has essential scientific information
needs, which hold for insurers more generally: natural hazard climatology (past, present, future); factors contributing
to documented increases in the frequency and severity of
extreme events; loss statistics and their use to identify emerging thematic as well as geographic areas of concern (i.e., identify marketable insurance products); and human elements of
hazard risk perception. To forward its business interests, the
consortium uses scientific knowledge to develop best practices to control losses and adapt to anticipated climate change.
Its business model also improves community action for disaster prevention and promotes the role of government science.
At the workshop, Glenn McGillivray reported that decision
making in the insurance industry has become increasingly
data demanding, due largely to the increasing frequency and
severity of severe weather events. Yet, much of this demand is
left unmet, in large measure due to government cutbacks in
research and development, as well as in monitoring, despite
the government’s role in preventing damages and backstopping post-disaster loss financing [115]. Large companies
tend to have sufficient on-staff resources (such as weather,
flood, and GIS experts) and can accommodate some of the
shortfall by executing in-house research, but the products
typically then become proprietary and unshared. In contrast, small-to-medium sized players are unable to stage
their own research programs and therefore must rely on
fragmentary and dwindling information resources generated
in the public domain.
ICLR also contends that communication is greatly siloed
inside industry, academia, and government alike, impeding
information exchange on what in reality is a highly interconnected problem, making it difficult to communicate the
essence of climate risk to Institute members, policy makers,
and the public. Furthermore, information is inconsistent with
respect to weather-related losses, with insurance companyspecific claims codes thus interfering with much-needed
data aggregation. There is little cross-sharing of data, with
limitations set by privacy and competition laws. As a result,
the use of data from other parts of the world, even if only
modestly relevant, as well as workarounds become the rule.
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A fundamental shift in the role of government science in
Canada is noteworthy, with a move toward science to further
business interests at the expense of basic research and research
to inform public policy, with the former arguably able to be
formulated by the private sector itself. Finally, and aiming
at the heart of the risk-management issue, is the emergence
of—and greater demand for—cost-benefit analyses of different approaches to climate mitigation. Nonetheless, the tools
needed to make such calculations are expensive and complex
(or sometimes nonexistent), leaving virtually no simple lowcost tools available for the typical user.
All of these many factors result in gaps in the knowledge
base required for effective cost-benefit studies, making it
difficult to seek change in potentially outdated government
policies (e.g., building codes, land use planning regulation).
In addition, homeowners, the ultimate customers of insurance products, remain largely oblivious to the perils they may
be exposed to and thus have little awareness of mitigating
such. Insurers are themselves frustrated by the complexity
of climate change issues and how to better translate the core
science of risk to actionable information than can be operationalized by their customer base. Should the communication
not go far enough, urgent messages will likely fail to be conveyed. On the other hand, if one communicates too “deeply,”
complexity takes over and a sense of the need to prepare for
potentially negative impacts may easily be lost. The necessity
of an appropriate balance in messaging becomes apparent.
Another important lesson to science knowledge providers is
that just as with “plain English” insurance policies (a trend
that began a few years ago), “plain English” science will engage
the broadest possible constituencies. In this context, studying
successful examples, be they from climate deniers to social
networking to consumer product marketing, could also yield
important insights into improving science communication
that generate responsive actions.

KEY FINDING #5
Communications Research in the Practical Realm
Research into the process of climate science communication underpins the design and execution of actual
communication campaigns. Additional research will be needed to examine best practices, models, and tools
for communicating science to decision makers and the public, and to develop metrics for assessing how those
strategies ultimately result in substantive actions and outcomes. Many of the existing models for successful
communication come from business, civil society, and public-private sector partnerships.

Recommendations for Science
Communication Research
The study of active science communication efforts is likely to
yield new insights into the communication process more generally. Research into the following topics is recommended:

• Identify, develop, and test best practices models and tools,

reflecting perspectives from the natural sciences, anthropology, business, economic, engineering, public health, law,
political science, psychology, and sociology sectors.

• Case studies of successful science communication strategies

and models, taking advantage of existing successes (and
failures) from business, civil society, and public-private
sector partnerships.

• The

efficacy of traditional communications approaches,
social media, Internet-based platforms, and private sector
experience in advertising, marketing, polling, and surveying, through assessments of their levels of success in
climate-cryospheric change messaging.

• Tests of the models, tools, and theories for effective translation of science to broader audiences, focusing on innovation in ongoing communication campaigns on climate
change and the cryosphere.

Background
To this point, our report has highlighted the many facets of
a basic research agenda dedicated to studying the process
of science communication, organized around the testing of
a specific tenet (see Workshop Process section). That central
tenet holds that the general absence of success on the science
communication front can be understood by systematic, interdisciplinary studies of the actors, processes, and context in
which science communication exists plus an analysis of the
interactions among these individual elements. The workshop stopped short of the next logical step of exploring how
the findings of such a new research agenda could be put to
use in designing improved communication strategies. This
topic, with several key examples, was highlighted during the
Public-Private Sector Policy Forum, which took place after
the second full day of the workshop. Through a variety of
oral, multimedia, and film presentations, the forum reflected
the active interest of the public and private sector in communicating the science of climate and cryospheric change. The
broad spectrum of perspectives represented at the forum was
a testament to the importance of this multifaceted transformation of the Earth system as a public policy issue, and the
concerns voiced by government agencies, intergovernmental
entities, artists, businesses, and charitable organizations were
themselves broad. Core issues include those associated with
financial risk and risk perception, hazard management, and
environmental and biodiversity impact, which together have
motivated consumer campaigns of one type or another.
Business opportunities in both science communication and
commerce associated with sustainable business practices and
products will likely be at the forefront of motivating societal change. Research and strategic planning in the private
sector are dedicated to and in fact have already identified
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many business opportunities in climate-oriented solutions.
In the United States, one overarching marketing strategy
has been to connect with America’s core values ([128]; see
also Key Finding #4), executed by individual companies or
business partnerships and staged as national campaigns. The
aim is to bring about and sustain change in personal and
civic choices and, ultimately, behaviors that yield commercial
possibilities. The first step in this transformation is predictive
consumer research (e.g., ecoAmerica [128]) to identify receptive audiences and catalyze behavior-changing programs
that will infuse change within the larger US population.
Such marketing research reflects many of the more academic
research topics highlighted earlier in this report, including
(1) “psychographic” research on social values for climate and
sustainability; (2) social science research that charts adoption
of best practices; (3) communications research on successful narratives; (4) cultural and political science studies; and
(5) the role of neuroscience in identifying the sources of
consumer motivation [129–134]. ecoAmerica is segmenting
the audience to identify subgroups that are sympathetic to the
message and likely to take action, giving rise to a need for the
study of practical examples.
Some business models are motivated by a growing recognition within the commercial sector to first identify and then
confront climate-related risk [9,10]. In this domain, serious
responses were identified in the policy forum for major sectors of the economy like banking [135], insurance [136,137],
and technology [138]. Insurance, in particular, has been
a leader in attempting to better grasp the nature of climate
impacts and adaptation, and the appropriate role of that
industry is continually being examined and expanded upon.
To do so, the industry (as across Canada [112]) uses science
information to understand past, present, and future natural
hazards; understand the factors that contribute to increases
in frequency and severity of such events; analyze loss data
to recognize trends and emerging areas of concern; keep
informed of latest developments for loss control, risk management, and climate change adaptation; consider human
perceptions of hazard risk; and lay out best practices. The
major re-insurers, for example, Swiss Re, see insurance playing a formative role in managing climate and natural disaster
risk, which is why the subject is part of their core business
model [137]. Insurance products are continually being developed to meet climate and natural disaster risk, with insurance
needs in the US Northeast post-Hurricane Sandy being an
illustrative example. Re-insurers have also been active participants at the UNFCCC climate negotiations, including the
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pledge of billions of USD at the 2014 Climate Summit. The
pledge comprised insurance protection as well as expertise
to help developing nations strengthen their levels of climate
resiliency by 2020 [136].
While the forum was not exhaustive, it did provide a foreshadowing of what could be achieved by merging the academic, business, and civil society through public-private sector partnerships, and how these partnerships could support
public and social acceptance of the necessary policy changes.
An example is the trust accorded to scientists and civil society organizations for certain messaging by segments of or
all of the public, which underpins numerous environmental
organizations and movements. While this may be a realistic
strategy in some circles, it may be successful in only some
segments of society and, as argued throughout this report,
conditioned by the context of belief systems and the messenger offering up the knowledge (as discussed in Box 6).
The forum also addressed possible research into how social
media and digital connectivity change the overall communication dialogue. One important aspect is the diversity of messaging strategies that could be viable. An example of this is the
contrast between the structured Conservation International
media campaign versus the more spontaneous but viral Ice
Bucket Challenge. Another example, rife with miscommunication, was the treatment in the media of the recent Ebola
epidemic, which can be viewed as a best/worst case practice
model—best from the standpoint of instantaneous transfer
of information, worst from the near panic that ensued. These
examples highlight the need for research on the impact of
multiple and cascading small changes, as well as grassroots
movements, and the underlying patterns that define different
media and social media networks. Patterns within the networks of communication could be analyzed in terms of their
inherent structure (e.g., fractal, nested, branching) that potentially reflect elements of human psychology [148], which,
again, could be studied by a dedicated research program.

Box 6. Examples of Approaches to Science Communication
The wide array of knowledge gaps on the science communication
front described in the context of the first four key findings (i.e., from
the nature of scientific discovery, to psychological and social system
impacts, to the logical foundations of beliefs, to the role of bureaucratic and economic settings) provides an indication that there
undoubtedly will be many modes of conveying scientific messages to
non-scientific audiences. Below is a small sampling of five such categories of approach to the communications question. In concert with
the basic research advocated in this report, these approaches themselves could be used as case studies from which useful insights could
be gleaned on the process of communication. Identifying successful
communications campaigns and understanding the problems (if
not failures) of others should once again be considered a legitimate
arena of research.
The Anthropomorphic Message. Two presentations at the forum
illustrated this science communications approach, in terms of both
forwarding environmental campaigns and in achieving sustainable
business outcomes. The first discussed a Nature is Speaking campaign [116,117], where the environmental message that people
need nature is delivered by celebrities through short films that were
supported across multiple platforms and enabled by the Internet
and social media campaigns. Nature reveals serious misgivings on
the way humans are treating Earth from the viewpoint of a cast of
characters—from Mother Nature to The Ocean and The Rainforest.
“I have fed species greater than you, and I have starved species
greater than you…I am prepared to evolve. Are you?” asks Mother
Nature, voiced by actor Julia Roberts. “Every living thing on this planet
needs me,” states The Ocean, through the voice of actor Harrison Ford,
who also serves as Vice Chairman of Conservation International.
The Correct Messenger. Choosing the voice to communicate
knowledge is often as important as the message itself, given that
people tend to trust those messengers whose authority is consistent with their belief system [118]. As the breadth of those willing
to deliver warnings about the existence and impacts of climate
and cryospheric change grows, so may the public and social acceptance of the message. While IPCC and National Climate Assessment
reports provide a wealth of societal impact perspectives and reflect
government reaction and preparedness, it may be other voices who
can strike a stronger chord with particular audiences, for example,
on the economy [9,10,15], national security [119,120], or food sector [121–123]. Thus, a group of retired generals or admirals, who for
some in the body politic are trusted much more than scientists, may
have a greater impact on public perception of the climate-cryosphere
problem [124]. In principle, those who switch sides in the climate
debate are another unique message provider, for example, conservative blogger D.H. Tucker, who arrived at such a change in position
(“defeated by facts” [125]), yet by his own admission has not been able
to change many minds since then—a testament to the entrenched
belief systems described repeatedly in this report. In addition, civil
society organizations may be much more trusted than governments
or corporations in delivering environmental messages, suggesting
the value of partnership approaches for communicating science.

The Correct Target Audience. Commercial and political campaigns
often target their messages toward specific segments within the universe of potential audiences or constituencies. For example, polling
data from multiple sources indicate that while people who identify
themselves as conservatives are not nearly as sensitive to protecting
the environment as are progressives, they are nonetheless likely to
support energy conservation, which would yield an important environmental benefit. Identifying a receptive audience may also require
an understanding of its mix of economic activities, party identification, cultural orientation, and levels of education. The mix of these
factors, which varies considerably across regions in the country, can
be seen in the overlap between “red” and “blue” states, as well as in
concrete measures that have been adopted statewide and regionally
in response to climate change [126,127]. Again, evaluating the patterns and strength of these propensities to adopt particular messages
could serve as an important area of future research.
Science Communication as a Learning Process. Transferring
scientific knowledge into the public domain could be considered
as a long-term learning process—audiences need time to develop
skill in understanding climate and cryospheric change just as it has
taken time for scientists themselves to develop expertise in their
respective fields. Viewing communication as an orientation process
has two important consequences. First, external factors will intervene
to facilitate learning moments, learning events, or learning trends
by providing opportunities to disrupt existing beliefs (i.e., Hurricane
Katrina), by reinforcing them (warm winters are consistent with climate warming) or by explaining phenomena that are counterintuitive (i.e., explaining in plain English the polar vortex). Second, while
it may not be possible to provide rudimentary scientific training to
everyone, one way to improve the understanding of scientific discussions and findings would be to strengthen science education across
the country and demonstrate new ways to communicate insights in
a more pedagogical manner than under the status quo. Long-term
strategies and campaigns for communications underpin public and
social acceptance, with successful examples being green and renewable energy and anti-littering campaigns.
Action-Oriented Communication. Not all communication is verbal
or written—some is embodied in actions that are either practical or
symbolic—or both. Actions, such as the federal government providing resources to help farmers and coastal dwellers (or whole Alaskan
communities) adapt to climate change, help reinforce the sense in
the public that something serious really is happening and that those
in power have begun to act in response. The cues of others, ranging
from trusted public figures to those immediately around us, also
provide an important signaling device to raise awareness through a
synthesis of what might otherwise be overwhelmingly complex or
technical to the average citizen [83].
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OVERALL FINDINGS
Given its long-standing support for interdisciplinarity, societally relevant research, as well as polar and cryospheric studies, the National Science Foundation is in a unique position to create and execute a research program dedicated to the study of science communication for climate and cryospheric change. To be successful,
such a program necessarily would unite the biogeophysical, social, and behavioral sciences with economic and
mathematical perspectives, and reflect the rapidly evolving manner in which science knowledge is communicated through a multi-tiered, complex interplay of communication pathways. These routes are determined by
the fundamental nature of the peer-reviewed research process, the dynamics of human and social psychology,
the behavior of institutions, and digital enabling technologies.

The nature of communicating the science of climate and cryosphere changes is evolving rapidly. This evolution is taking
place within the broad context of rapid change, not only in
terms of the biogeophysics that define these systems, but also
within a highly polarized public debate on climate science,
accelerated by new forms of social interaction and media.

and uncertainties as part of the peer-review process invites
misinterpretation. Debates can reach logical as well as illogical endpoints, dependent in part upon initial assumptions. In
this context, and paradoxically, climate denial can be shown
to be fully self-consistent yet completely fail to reflect the
overwhelming scientific consensus.

Factors originating in the cognitive psychology of individuals
combined with social dynamics define belief systems that
are predisposed to accept or reject findings generated by the
peer-driven scientific process. As a result, scientific consensus
can be substantially dismissed, misinterpreted, distorted, and
rendered inconclusive as a consequence of individual and
group psychologies, belief systems and motivations, as well as
by various actors seeking to direct the public discourse.

Failure to overcome these impediments to effective science
communication represents a substantial loss of investments
in the nation’s research enterprise.

Studies on the logic of belief systems demonstrate the importance of the rules by which different constituencies formulate
logical arguments. A science that self-discloses limitations
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Recent studies suggest that the process of communicating
science to public and private sector stakeholders could be
substantially improved through investments in systematic,
interdisciplinary research, both theoretical and applied.

Overall Recommendations for Science
Communication Research
Given the substantial liability to human and societal assets
placed at risk by climate change, an integrated and sustained
interdisciplinary research program in science communication is needed to:

• Document and better understand how scientific informa-

tion flows into and is absorbed or rejected within the multiple stakeholder domain.

• Focus research on several core themes relating to the nature
of science communication: (1) how belief systems and
public opinion are formulated, (2) the mathematical underpinnings of this process, and (3) the efficacy of particular
administrative structures, business and partnership models,
and communications approaches within the public and private sector and how they adopt science into decision making.

• Identify a range of alternative strategies to more effectively

communicate the science of the cryosphere, including
the role of public and private sector communications
partnerships.

• Develop tracking metrics on public opinion and decisionmaker judgments that measure the level of adoption of the
scientific state of the art.

• Analyze

and estimate the costs to the nation—or the
world—of ineffective science communication, as it will
likely produce delays in societal response and/or potentially
maladaptive interventions aimed at mitigating and adapting
to climate and cryospheric change. This societal challenge is
critical, given the substantial liability to human and infrastructure assets that will be placed at risk due to climate and
cryospheric change.

Background
While the workshop and policy forum outlined a long list of
critical shortcomings in science communication—essentially
prima facie evidence of its general failure to deliver knowledge
effectively into the policy and public dialogue domains—
they at the same time presented numerous opportunities
to go beyond the status quo and to improve how scientists
convey evidence-based knowledge to stakeholders. From a
societal standpoint, improving science communication is in
the national interest. It is a necessary precursor to economic
and social adjustments for meeting the challenges of climate
and cryospheric change. No less than trillion dollar resource
issues, disaster mitigation, national security, potential social
disruption, food security, and the public’s health and wellbeing are at stake. These challenges are clearly not limited
to climate and cryospheric change questions alone but are
emblematic of how scientific information, even when recognized as being important to society, is impeded as it moves
into the non-scientific domain.
The workshop deliberations identified the context of change
in which science communication today exists as an overarching challenge. This context is defined not only by the changing
physics, chemistry, and biology of the environment, but also
by the new ways in which humans consume information in
the digital age, by the political rancor as well as public perception surrounding cryospheric change, and how these social
factors themselves evolve. The capacity of scientists to work
with stakeholders to reconcile both facts and human values
may well determine the long-term viability of the science-
media relationship [139]. Interest in the Arctic is rapidly
rising within the highest levels of political and economic
circles, as evidenced by the addition of six observer states
to the Arctic Council (China, India, Italy, Japan, Singapore,
and South Korea).
The fact that the natural world is changing to a less icedominated state is at the core of a new global reality, with
imperfect but accumulating knowledge that is corroborated
by an overwhelming body of evidence from traditional
sources of knowledge to state-of-the-art observatory data and
modeling. This reality is at odds with flat or declining budgets
for research and monitoring investments at NSF and other
major funding bodies as well as in the proprietary nature of
private-sector data sets, which often go unshared. Thus, we
see on the horizon an intensifying demand on the publicly
funded research community to produce a steady flow of
accurate information on the changing state of the climate and
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cryospheric system, especially in light of anticipated development of regions like the pan-Arctic [4,109,110,140]. This will
constitute a still more difficult challenge, given long-standing
calls for interdisciplinary, systems-level science [16], which
has specifically been articulated for Arctic research but as
yet fully realized [141]. Despite such aspirations, we find
stovepiped research programs that, by their very nature, miss
critical interdependencies. Even the promotion and tenure
process at universities cannot accommodate the necessary
transdisciplinary thinking, for example, a traditional aversion
in the humanities to team-based research and joint authorship, which in contrast serves as the unquestioned cornerstone of modern natural science research.
Change in the social dimensions of science communication
is also at play. A useful starting point for new research would
be studies on scientific debates themselves (see Boxes 2–4).
Such studies would necessarily address how the psychology,
social dynamics, and motivations of researchers themselves,
and their response to internal and outside criticism, ultimately affect the transfer of scientific knowledge to outside
consumers of scientific information. Also noteworthy would
be research aimed at explaining the recent improvement in
public perception that a changing Arctic influences lowerlatitude weather, with ~60% now believing such and constituting an important sea change in public perception [6]. Yet,
climate issues remain polarizing, and the fact that climate
denial itself enjoys relative success raises critical questions
on the efficacy of existing science communication strategies.
How the rejection of science on the issue of climate becomes
conflated with other social, economic, and political issues
constitutes fertile ground for study, as would any examples of
“de-conflation” that could be studied. It has been argued [142]
that the nature of the science-media communications relationship has changed little since the 1980s. Yet, as traditional
university and federal laboratory research continues to be
limited by the inertia of carefully vetted findings, the rise
of social media and its shifting information dissemination
model that strives for more immediacy (and arguably less
rigor) is creating a dichotomy in how complex research findings are to be interpreted, rejected, or accepted in an age of
Tweets. The question of whether a reasonable coexistence
could be created between peer and socially mediated bodies
of knowledge using new models of information dissemination remains an open one.
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In light of the many ways in which the integrity of otherwise
robust scientific information is compromised once in the
public and decision-making domain, the expert gathering
saw a decided but yet unmet need for studies on the process
of science communication as an arena of scholarly research.
The issue of a changing cryosphere and the planetary-scale
redistributions of snow-ice-water is among the most palpable and well-quantified aspects of the broader global
climate change question.
While the group consensus was that investments in new
research on communicating the science of climate change
are necessary, the decision is ultimately a strategic one for
the Foundation. Thus, while we make reference to research
on communicating the nature of cryospheric change as a
possible research investment specifically at NSF, we can also
envision the relevancy of our recommendations to other
governmental funding bodies, as well as the private sector
and NGOs. And, while the expert consultation offers as a
general recommendation for new studies into the process
of science communication, it is not difficult to envision how
the knowledge gleaned from such research could be used
to materially improve the value of scientific investments in
an applied sense—from improved decision making, regulation, and business opportunities in climate mitigation or
adaptation to better managing our critical natural resources
and built infrastructure.

CONCLUSION

This report presented a preliminary survey of evidence
related to communicating the science of climate and cryospheric changes. It demonstrated that sizable gaps exist today
between the scientific consensus among researchers and the
understanding by the public and decision-making spheres of
important global change issues. At the same time, the report
explored many of the characteristics of the communication
process that could give rise to such an outcome. While the
authors have not sought to be comprehensive, we believe that
there is fertile ground for further rigorous study, with a rich
variety of topics to be explored. Perhaps the most important
overarching question, which frames the major findings of the
workshop is encapsulated by: What are the forces at work
that produce and sustain the public’s attitudes, premises, and
beliefs to resist understanding and acceptance of the reality
of climate change and the need for early response to limit its
most serious impacts? The expert consultation recognizes
these issues to be an ideal arena for interdisciplinary study
and training of the next generation of researchers and science
communicators, which would directly support the interests of
several NSF elements—from the Division of Polar Programs

in the Geosciences Directorate to the Directorates for Social,
Behavioral, and Economic Sciences; Mathematical and
Physical Sciences; and Computer and Information Science
and Engineering. More broadly, our findings point to the need
for significant upgrades in our nation’s educational system in
order to yield a more critical and scientifically literate populace.
On a final note, we find it disheartening as citizens that our
review has demonstrated that the essential need of a democracy to support rational debates on scientific issues has been
assailed as a consequence of fundamental yet incompletely
studied forces that shape how citizens interact or fail to interact productively with their contemporary information environment. If investments in the research enterprise are meant
to support decision making and to create a scientifically
literate citizenry, the nation should contemplate the lost value
of such investments as represented by less-than-effective
science communication and education. From this standpoint,
the workshop’s more academic recommendation on creating
an interdisciplinary NSF research program dedicated to the
science of science communication takes on added urgency.
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