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Introduction

At the interface between atmosphere, hydrosphere,
and biosphere, this theme covers content that is
societally crucial but publicly controversial and
fraught by misconceptions and misinformation
(Figure 1).
Climate science is an interdisciplinary field
that straddles the natural and social sciences;
understanding its processes requires systemthinking, understanding mathematical models, and
appreciation of its human and societal components.
Recent data show that extreme weather and Figure 1: From Skeptical Science; data from 2012 Pew Survey. The
between public perception and scientific consensus
climate events have become more frequent in disconnect
continues to persists today as demonstrated by other recent surveys.
the past decades (EASAC, 2018). These include
extreme temperatures, floods, like the ones associated with the series of very powerful hurricanes
that made an unprecedented number of landfalls in August and September 2017 (Figure 2) and
unusual drought conditions and forest fires across the Western US in the summer of 2017 (Figure 3).
Studies like these emphasize the complexity of climate science and highlight the importance of
climate change adaptation. However, there is a significant disparity in the distribution of vulnerability
and readiness to impacts of climate change with most of Africa and South Asia disproportionately
more vulnerable and less equipped to deal with them (Swanson, 2015).
We have identified five Grand Challenges to the conceptual understanding of environmental,
oceanic, atmospheric and climate science, and proposed strategies for the geoscience education
research community.
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Grand Challenges
Grand Challenge 1: How do we identify and address the challenges to the conceptual understanding
specific to each discipline: environmental science, ocean sciences, atmospheric sciences, and
climate science?
Misconceptions, pre-conceptions, partially
correct conceptions, or naive conceptions
are a challenge to students’ conceptual
understanding of the core science. Identifying
common misconceptions that are specific to
each discipline of the fluid Earth is the first step
in addressing these alternative conceptions
and ultimately achieving a higher level of
conceptual understanding.
Grand Challenge 2: How do we teach complex
interconnected Earth systems to build student
conceptual understanding of, for example,
climate change?
Teaching about complex systems, like changes
in climate over multiple temporal and spatial
scales, represents a challenge that has been
studied extensively. Reviewing existing studies,
proposed learning strategies, and drawing
from other disciplines would be a valuable
contribution to the Geoscience education
research community.
Figure 2: Category 5 hurricanes José and Maria on September 19, 2017.

Grand Challenge 3: What approaches Hurricane formation and evolution involve complex interactions between
are effective for students to understand ocean and atmosphere. They are connected to the climate system and
affect environmental change. Research on how to effectively foster stuvarious models (numerical and analytical) dents’ conceptual understanding of this and other Earth systems’ phethat are used for prediction and research in nomena is important to teaching and learning in the geosciences. Image
courtesy of NOAA.
atmospheric, oceanic and climate sciences,
including model limitations?
The study of the atmospheric, oceanic, and terrestrial systems is based on models that help simplify
these complex systems and are used for prediction. Knowledge of computer programming and
advanced math is needed to create, validate or understand these models, making the field less
accessible to the broad student population. Thus, instruction in the geosciences needs to increase
advance math and programming skills.
Grand Challenge 4: How do the societal influences, affective elements, personal background and
beliefs, and prior knowledge impact students’ conceptual understanding of Earth system sciences?
Wildfire smoke crosses the U.S. via the jet stream on September 4, 2017, affecting air quality in the
northern and central part of the continent. How to effectively use models of atmospheric circulation
is one area in which education research can inform teaching practice. Images courtesy of NASA.
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Students enter classes with a complex array of beliefs and personal history that shapes their
learning and their perception of the relevance of what they are learning within their own lives.
Literature about cognitive and metacognitive aspects of learning shows that these external factors
have significant influence on students’
conceptual understanding, particularly
on topics perceived as controversial.
Therefore, instruction in these fields
requires sensitivity to the context and
the prior knowledge and belief systems
of students.
Grand Challenge 5: How do we broaden
the participation of faculty who are
engaged in educational research in Figure 3: Wildfire smoke crosses the U.S. via the jet stream on September 4, 2017,
environmental sciences, atmospheric affecting air quality in the northern and central part of the continent. How to effectively use models of atmospheric circulation is one area in which education resciences, ocean sciences and climate search can inform teaching practice. Images courtesy of NASA.
sciences and encourage implementation
of research-based instruction?
In the U.S. there are approximately 1,200 faculty in oceanography and atmospheric science/
meteorology at 4-year institutions, and four times as many faculty are in the broad field of geology
or solid Earth. Overall, there are 75 faculty that identify themselves as Earth science education
researchers nationwide, and most of them have a background in geology. This relatively small
number of faculty members in fluid Earth science is reflected in the small fraction of the community
that is engaged in education research. Such small numbers make it challenging to create a research
agenda for this field.
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Grand Challenge 1:

How do we identify and address the challenges to the conceptual understanding
specific to each discipline: environmental science, ocean sciences, atmospheric
sciences, and climate science?
Rationale

As we define the best undergraduate geoscience learning experience, we build longitudinal
connections with K-12 education, in which core Earth science concepts are well defined and
articulated. Earth systems, Earth and human activity, weather and climate, natural hazards, and
human sustainability are disciplinary core concepts in the Next Generation Science Standards that
represent the foundation to the conceptual understanding of environmental science, ocean sciences.
atmospheric sciences, and climate science. These disciplines are also central to the Big Ideas in the
Earth Science Literacy Principles that identify the Earth as a complex, constantly changing system
on which life evolves and modifies it (Big Ideas 3, 4, 6 and 9). Humans’ dependence on natural
resources and the risk that hazards pose to humans are the theme of Big Ideas 7 and 8, while the
role of water on the planet is Big Idea 5.
Misconceptions, pre-conceptions, partially correct conceptions, or naive conceptions are a challenge
to students’ conceptual understanding. Identifying prior conceptions that are specific to each
discipline of the fluid Earth is the first step in achieving a higher level of conceptual understanding.
This can be done using concept inventories, surveys, or focus group interviews (e.g., Arthurs et al.,
2015; Robelia & Murphy, 2012).
Project 2061 contains assessment items that target core concepts and misconceptions in the
Earth, life, and physical sciences. Each question contains data on the percentage of middle and
high school students that answered it correctly. It also contains information on the misconception
held by students who answered incorrectly (Prud’homme-Generaux, 2017). There are more than
80 documented misconceptions in the weather and climate theme, including basic concepts and
seasonal differences. The website also includes an extensive list of references to studies that explore
or unveil misconceptions. Since they are challenging to replace, it is likely that misconceptions held
by middle and high school students will persist in college, making the Project 2061 information
very valuable for the GER community (Prud’homme-Generaux, 2017).
A review of the literature on misconceptions is available for the solid Earth (Francek, 2013) but
research on conceptual understanding of the fluid Earth is scattered among several journals:
misconceptions related to tornadoes (Van Den Broeke and Arthurs, 2015), climate change (Huxter
et al., 2015), environmental issues (Khalid, 2001; Robelia and Murphy, 2012), ozone formation
(Howard et al., 2013), atmospheric pressure (Tytler, 1998), air motion (Papadimitriou, 2001), ocean
acidification (Danielson and Tanner, 2015), the greenhouse effect (Boyes & Stanisstreet, 1993;
Harris & Gold, 2017)(Figure 4), and sea-level rise (Gillette and Hamilton, 2011). Making available
a compilation of common misconceptions to educators through an organized review would be a
valuable contribution of the GER community.
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Recommended Research Strategies
1. The most common barrier to conceptual
understanding are existing misconceptions
or pre-conceptions, thus identifying them
is the first step. Assessment instruments,
like the Force Concept Inventory used
in physics or the Geoscience Concept
Inventory, are commonly used to identify
misconceptions: we recommend the
creation and/or dissemination of concept
inventories about oceanography, climate,
and weather as a valuable contribution
from the GER community to educators. The
Fundamentals in Meteorology Inventory
assessment exam (Davenport et al., 2015)
Figure 4: The Greenhouse Effect (From USGCRP, 2009), is one topic in
which misconceptions persist in the undergraduate student population.
could be used as a starting point. The
Climate Literacy Principles (USGCRP, 2009)
could be used as a compilation of the big ideas in climate science and to organize common
misconceptions.
2. Existing literature focuses on specific misconceptions within the fields of oceanography,
environment, climate and weather science for specific populations. An extensive overview of
misconceptions on weather and climate is included in Project 2061 but this tool is not widely
used by college instructors. A literature review that summarizes what we already know, why
students hold these conceptions, and how they compare in different populations, will be a
useful guide for future research and educators.
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Grand Challenge 2:

How do we teach complex interconnected Earth systems to build student conceptual
understanding of, for example, climate change?
Rationale

Teaching about complex systems (e.g. Scherer et al., 2017, Holden et al., 2017), like changes in
climate over multiple temporal and spatial scales, represents a challenge that has been studied
extensively. Reviewing existing studies, proposed learning strategies (e.g. Gunckel et al., 2012,
Mohan et al., 2009; McNeal et al., 2014; Bush et al., 2016), and drawing from other disciplines
would be a valuable contribution to the Earth science community. Learning progression research
conducted in the K-12 realm (Songer et al., 2009) can inform instruction in higher education, in
particular within the area of interconnected Earth systems. Learning progressions are “descriptions
of the successively more sophisticated ways of thinking about a topic that can follow one another
as children learn about and investigate a topic over a broad span of time.” (Duschl et al., 2007).
An example of a tool that explores the history of life on Earth within a deep-time plate tectonics
and climate framework to inform students about future climate change is HHMI Changing Planet:
Past, Present, and Future (Figure 5).

Recommended Research Strategies
1. Recent literature reviews on student learning
of complex Earth systems (Holder et al.,
2017; Scherer et al., 2017) provide the GER
community with a foundation that can be
used to study the conceptual understanding
of climate change. Identifying examples
from other disciplines (e.g., engineering)
can provide a broader context for future
research.
Figure 5: Opening image of HHMI Changing Planet site. Not only is an

2. Inquiry and problem-based education have interconnected Earth systems perspective important for understanding
shown promise in enhancing learning of modern Earth conditions, it is important for considering the causes
and consequences of change in the geologic past and future.
complex systems like climate change (e.g.,
Bush et al., 2016). We propose to expand
testing of instructional strategies that have shown impact on learning to a broad range of
learning environments (e.g., online, introductory, upper-level undergraduate, pre-service
teachers, informal) and student populations.
3. Examination of learning progression research conducted in and developed for the K-12
setting can inform GER strategies used to research undergraduate students’ development of
understanding complex Earth systems. Adapting such research findings and strategies also has
the potential to better align and understand the knowledge that students hold upon entering
the higher education system to study earth and environmental sciences.

22

4. Study how conceptual understanding evolves from introductory to upper-level courses within
different programs (oceanography, atmospheric sciences), and how we should prepare geoscience
majors for graduate school and the profession (Mosher et al., 2014).
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Grand Challenge 3:

What approaches are effective for students to understand various models (numerical
and analytical) that are used for prediction and research in atmospheric, oceanic
and climate sciences, including model limitations?
Rationale

The study of the atmospheric, oceanic, and
terrestrial systems is based on models that
are used for prediction and for the conceptual
understanding of these complex systems (Figure
6). Knowledge of computer programming and
advanced math is needed to create, validate
or understand these models, making the field
less accessible to the broad student population
(Ledley et al., 2011; Hamilton, 2015; Hamilton et
al., 2015). One possible approach to reduce the
mystery in the ‘black box’ approach to computer
models is through the use of simple, familiar
models like flow charts, graphs, and pictures, and
physical models, like sand tanks for groundwater
flow (Harrison and Treagust, 2000; Schwartz et
al., 2009).
Another challenge to the use of systems models
in atmospheric science is the fact that uncertainty
is inherent in them, yet education research
shows that novices are not comfortable with
uncertainty. This requires a simplification of the
models to adapt them to the student population
and the implementation of targeted approaches
(e.g., Gold et al., 2015).

Figure 6: This image shows the concept used in climate models. Each
of the thousands of 3-dimensional grid cells can be represented by
mathematical equations that describe the materials in it and the
way energy moves through it. The advanced equations are based
on the fundamental laws of physics, fluid motion, and chemistry.
To “run” a model, scientists set the initial conditions (for instance,
setting variables to represent the amount of greenhouse gases in
the atmosphere) and have powerful computers solve the equations in each cell. Results from each grid cell are passed to neighboring cells, and the equations are solved again. Repeating the
process through many time steps represents the passage of time.
The complexity inherent in these models make them conceptually challenging for undergraduate students. Image source: NOAA.

Unanticipated changes in the forcing functions of the system resulting from unpredictability of
human behavior (Konikow, 1986) that commonly involve activities such as increased water use and
land conversion further demands continuous upgrade and creation of new models (Oreskes, 2003).
Therefore, time-to-time update in our modeling curriculum makes it challenging for students to
grasp completely new materials.

Recommended Research Strategies
1. Two working groups (Cognitive - Spatial and Temporal Reasoning, and Cognitive - ProblemSolving, Quantitative Reasoning, and Models) are focusing on the cognitive understanding of
complex systems. Other DBER communities (like ecology) have conducted research in educational
approaches that are effective for the understanding of models. The science education community
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has studied extensively how best to teach students about models (Gilbert, 2011) and we can
apply what they have learned to weather and climate models. If the difficulty is related to
understanding the concepts of deterministic vs. probabilistic models, perhaps research in statistics
education can provide valuable information. We recommend that education researchers refer
to contributions of these groups to identify research paths for the fluid Earth community.
2. An important aspect of teaching models is to be able to minimize, or even eliminate, the
widespread skepticism students have about outcomes of the models. We recommend expanding
research on learning impacts of various models that can be broadly divided into two groups:
i) models that have their validation index reported or that can be validated with existing data,
and ii) models that lack validation measures. What is the learning impact of one vs. the other
group within the realm of weather and climate models?
3. Research students’ attitudes towards models and modeling, and the efficacy of different
approaches to stimulating students’ interest to learn about models. For example, one could show
and test the use of models as decision-support tools in the context of resource management.
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Grand Challenge 4:

How do the societal influences, affective elements, personal background and
beliefs, and prior-knowledge of students impact their conceptual understanding
of Earth system sciences?
Rationale

Students enter classes with a complex array of beliefs and personal history that shapes their
learning and their perception of the relevance of what they are learning within their own lives.
Literature about cognitive and metacognitive aspects of learning shows that these external
factors have significant influence on students’ conceptual understanding, particularly on topics
perceived as controversial (e.g., Vaughn & Robbins, 2017; Walker et al., 2017). Religious beliefs,
political inclination, and social identity are strongly correlated with the acceptance or rejection
of perceived controversial science topics like evolution, vaccination benefits, and climate change
(Walker et al., 2017).
The strong disconnect between scientific views of climate change and the public perception of
the scientific consensus (Figure 1), fueled by media and various interest groups, is a formidable
challenge for educators (Walker et al., 2017) and has striking similarities to challenges encountered
in teaching evolution in the United States.
Social identity theory hypothesizes that people sort themselves into groups based on perceived
similarities (e.g., religion, political inclination) and that they hold onto the opinions of the group to
remain part of it, a phenomenon known as identity-protective cognition (IPC, Kahan et al., 2007;
Kahan, 2010). Studies have shown that, for example, teaching the evidence of climate change is
not sufficient, or even counterproductive (Maibach et al., 2009; Kahan, 2015; Walker et al., 2017).
However, a recent study shows that students’ perception of risks associated with climate change
increases with their level of knowledge of climate change science (Aksit et al., 2017). Addressing
the connection between student identity and acceptance of certain scientific conclusions (Walker
et al., 2017), building from personal background and beliefs, rather than challenging them (e.g.,
Nadelson & Southerland, 2010; Catley, Lehrer, & Reiser, 2005), and focusing on solutions as well
as challenges (McCaffery & Buhr, 2007) are powerful teaching approaches.

Recommended Research Strategies
1. We recommend the use of research-based evidence in developing curriculum and formal and
informal instructional guides for instructors in how to approach teaching about controversial
topics like climate change. Instructional guides, like the ones available for teaching evolution,
would focus on best practices for teaching students about identity-protective cognition (i.e.
the tendency of individuals to selectively credit and dismiss evidence in patterns that reflect
the beliefs predominant in their group) and acknowledging external influences on scientific
opinions (Kahan, 2017).
2. The perceived controversy about anthropogenic climate warming is created by groups that
organize climate change deniers; learning more in detail about the efforts and agenda of these
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groups can be used to inform students about misinformation. The GER community should draw
on literature in the information sciences, specifically on the importance of information literacy
in higher education (Flierl, 2017) and the use of misinformation as a teaching tool (Bedford &
Cook, 2013).
3. Incorporating feedback of human-induced alterations in complex natural system and realizing
effects of extreme events of climate change in society requires collaboration between natural and
social scientists. Connecting with social scientists doing similar work to create multidisciplinary
research and then spreading the resulting messages to community would broaden the impact
of this field (Morss et al., 2016; Morss & Zhang, 2008).
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Grand Challenge 5:

How do we broaden the participation of faculty who are engaged in educational
research in environmental sciences, atmospheric sciences, ocean sciences and
climate sciences and encourage implementation of research-based instruction?
Rationale

In the U.S. there are approximately 1,200 faculty
in oceanography and atmospheric science/
meteorology at 4-year institutions, and four
times as many faculty are in the broad field of
geology or solid Earth. Overall, there are 75
faculty that identify themselves as Earth science
education researchers nationwide, and very few
of them have a background in oceanography/
atmospheric science/meteorology (Wilson, 2016).
This difference in numbers is reflected in the
size of the community engaged in education
research in the fluid Earth field, which makes
it challenging to create a research agenda for
it (Figure 7).
Calls for a more research-based approach to
understanding student learning were made a
decade ago (e.g., Charlevoix, 2008), and with
only limited GER in the environmental science,
atmosphere, ocean, and climate science (compared
to solid Earth science), there is reluctance for
Figure 7: Breakdown of degree fields of geoscience graduates in the U.S.
from Wilson (2016). Note that the PhD graduates in the environmental,
university departments to dedicate faculty
ocean, atmospheric, and climate sciences are only about 15% of all doctoral
lines to education research in these fields. The
graduates. A smaller fraction of these will enter academia, accounting
interdisciplinary nature of GER is also a challenge for the small number of faculty in these fields that are engaged in GER.
for many universities as it relates to tenure-track
positions with the tenure process being either less clear or more onerous (O’Meara & Rice, 2005;
Trower, 2008; O’Meara, 2010). Efforts and collaborations are underway in the social sciences
to connect the research, application, and operation aspects of atmospheric sciences. The GER
community could learn from this group as we develop and expand our community (Jacobs et al.,
2005; Feldman & Ingram, 2009). Making the work of GER meaningful to faculty across the country
can help broaden participation.

Recommend Research Strategies
1. Information on the importance and relevancy of GER is critical to our ability to engage additional
faculty in the GER community as well as institutionalize GER within the Earth and environmental
sciences. The value of GER to the university community should be communicated in terms
of the benefits to students, the individual institutions, and the disciplinary field. This would
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contribute to growing the DBER/SoTL community within the fluid Earth disciplines. Resources
like the GER Toolbox would be helpful for faculty who are interested in expanding their research
into SoTL/DBER. Additionally, documenting and adapting lessons learned from partnerships
between social scientists and operational scientists can inform the methods in which GER
advocates for and informs faculty of research-based instruction. This in turn would generate
interest in implementing research-based instructional strategies.
2. Grow the footprint of GER at professional society meetings and functions. The professional
societies of NAGT, GSA and AGU have been important in the growth of the Earth science
education research community. More engagement with NSTA and NARST would also help.
Efforts should continue to link DBER who attend NAGT, GSA and AGU meetings with DBER
working in the atmospheric and oceanic sciences. The AMS has a small group of atmospheric
sciences education researchers not connected to the NAGT/GSA/AGU established communities.
A presence of NAGT at the AMS Annual Meeting could engage those DBER who do not attend
annual meetings of the GSA, AGU, or Earth Educator’s Rendezvous.
3. Survey the entire atmospheric science community to assess their interest, support, value, and
recognition of DBER/SoTL research and/or research-based teaching practices. This would provide
useful information to better quantify the size of the DBER/SoTL community, and identify what
kind of support there is within the broader community. The survey could be administered by
AMS.

References
Aksit O., McNeal, K. S., Gold, A. U., Libarkin, J. C., & Harris, S. (2018). The influence of instruction,
prior knowledge, and values on climate change risk perception among undergraduates. Journal
of Research in Science Teaching, 55, 550–572.
Arthurs, L., Xsia, J., & Schweinle, W. (2015). The Oceanography Concept Inventory: A Semicustomizable
Assessment for Measuring Student Understanding of Oceanography. Journal of Geoscience
Education, 63, 310-322.
Bedford, D., & Cook, J. (2013). Agnotology, scientific consensus, and the teaching and learning of
climate change: A response to Legates, Soon and Briggs. Science & Education, 22(8), 2019-2030.
Boyes, E., & Stanisstreet, M. (1993). The ‘Greenhouse Effect’: Children’s Perceptions of Causes,
Consequences and Cures. International Journal of Science Education ,15(5): 531–555.
Bush, D., Sieber, R., Seiler, G., & Chandler, M. (2016). The teaching of anthropogenic climate change
and Earth science via technology-enabled inquiry education. Journal of Geoscience Education,
64(3), 159-174.
Catley, K., Lehrer, R., and Reiser, B. (2005). Tracing a prospective learning progression for developing
understanding of evolution. Paper commissioned by the National Academies Committee on Test

29

Design for K–12 Science Achievement. http://web.archive.org/web/20081118025720/http://
www7.nationalacademies.org/bota/Evolution.pdf
Charlevoix, D. J. (2008). Improving teaching and learning through classroom research. Bulletin of
the American Meteorological Society, 89(11), 1659-1664.
Daily, G. C., Alexander, S., Ehrlich, P. R., Goulder, L., Lubchenco, J., Matson, P. A., Mooney, H. A.,
Postel, S., Schneider, S. H., Tilman, D., & Woodwell, G. M.(1997). Ecosystem Services: Benefits
Supplied to Human Societies by Natural Ecosystems. Issues in Ecology, 2, 1-16.
Danielson, K. I. & Tanner, K. D. (2015). Investigating Undergraduate Science Students’ Conceptions
and Misconceptions of Ocean Acidification. CBE - Life Sciences Education, 14, doi: 10.1187/cbe.1411-0209.
Davenport, C. E., Wohlwend, C. S. & Koehler, T. L., (2015). Motivation for and development of a
standardized introductory meteorology assessment exam. Bulletin of the American Meteorological
Society, 96(2): 305-312.
Duschl, R.A., Schweingruber, H.A., & Shouse, A.W. (2007). Taking science to school: Learning and
Teaching science in grades K-8. Washington, DC: The National Academies Press.
European Academies Science Advisory Council (EASAC). (2018). Extreme weather events in Europe:
Preparing for climate change adaptation: an update on EASAC’s 2013 study. Retrieved from https://
easac.eu/publications/details/extreme-weather-events-in-europe/
Feldman, D. L. & Ingram, H. M. (2009). Making science useful to decision makers: climate forecasts,
water management, and knowledge networks. Weather, Climate, and Society .1(1), 9-21.
Flierl, M., Maybee, C., Riehle, C. F., & Johnson, N. (2017). IMPACT Lessons: Strategically Embedding
Media and Information Literacy Through Teacher Development in Higher Education. Media and
Information Literacy in Higher Education, Elsevier: 119-133.
Francek, M. (2013). A Compilation and Review of over 500 Geoscience Misconceptions. International
Journal of Science Education, 35, 31-64.
Gilbert, S. (2011). Models-Based Science Teaching. 204 p., NSTA Press.
Gillette, B. & Hamilton, C. (2011). Flooded! An Investigation of Sea-Level Rise in a Changing Climate.
Science Scope, 34, 25-31.
Gold, A. U., Oonk, D. J., Smith, L., Boykoff, M. T., Osnes, B., & Sullivan, S. B. (2015). Lens on Climate
Change: Making Climate Meaningful Through Student-Produced Videos. Journal of Geography,
114(6), 235-246.
Gunckel, K., Mohan, L., Covitt, B. & Anderson, C. et al. (2012). Addressing Challenges in developing

30

learning progressions for Environmental Science Literacy In Alonzo and Gotwals (Eds.), Learning
progressions in Science: Current Challenges and Future Directions, 39-75.
Hamilton, L.C., Hartter, J., Lemcke-Stampone, M., Moore, D. W., & Safford, T. G. (2015). Tracking
Public Beliefs About Anthropogenic Climate Change, PLOS ONE, 10(9), e0138208.
Hamilton, L.C. (2015). Polar Facts in the Age of Polarization, Polar Geography, 38(2), 89-106.
Harris, S. E., & Gold, A. U. (2017). Learning molecular behaviour may improve student explanatory
models of the greenhouse effect. Environmental Education Research, 1-18.
Harrison, A. & Treagust, D. (2000). A typology of school science models. International Journal of
Science Education, 22, 1011-1026.
Holder, L. N., Scherer, H. H. & Herbert, B. E. (2017). Student Learning of Complex Earth Systems:
A Model to Guide Development of Student Expertise in Problem-Solving. Journal of Geoscience
Education, 65, 490-505.
Howard, K. E., Brown, S. A., Chung, S. H., Jobson, B. T., & VanReken, T. M. (2013). College Students’
Understanding of Atmospheric Ozone Formation. Chemistry Education Research and Practice, 14,
51-61.
Huxster, J. K., Uribe-Zarain, X. & Kempton, W. (2015). Undergraduate Understanding of Climate
Change: The Influences of College Major and Environmental Group Membership on Survey Knowledge
Scores.Journal of Environmental Education , 46, 149-165.
Jacobs, K., Garfin, G., & Lenart, M. (2005). More than just talk: Connecting science and decision
making. Environment: Science and Policy for Sustainable Development, 47(9), 6-21.
Kahan, D. M. (2010). Fixing the communications failure. Nature, 463, 296-297.
Kahan, D. M. (2015). Climate-science communication and the measurement problem. Political
Psychology, 36, 1-10.
Kahan, D. M. (2017). Misconceptions, Misinformation, and the Logic of Identity-Protective Cognition.
Cultural Cognition Project Working Paper Series No. 164; Yale Law School, Public Law Research
Paper No. 605; Yale Law & Economics Research Paper No. 575. Available at SSRN: https://ssrn.
com/abstract=2973067.
Kahan, D.M., Braman, D., Gastil, J., Slovic, P. & Mertz, C.K. (2007). Culture and identity-protective
cognition: explaining the white-male effect in risk perception. Journal of Empirical Legal Studies,
4, 465-505.
Khalid, T. (2001). Pre-service Teachers’ Misconceptions Regarding Three Environmental Issues.
Canadian Journal of Environmental Education, 6, 102-120.

31

Konikow, L. (1986) Predictive accuracy of groundwater models: Lessons from a post-audit.
Groundwater, 24, 173-184.
Ledley, T. S., Dahlman, L., Mcauliffe, C., Haddad, N., Taber, M. R., Domenico, B., Lynds, S., & Grogan,
M. (2011). Making Earth Science Data Accessible and Usable in Education. Science, 333(6051),
1838-1839.
Maibach, E., Roser-Renouf, C., & Leiserowitz, A. (2009). Global warming’s Six Americas 2009: an
audience segmentation analysis, George Mason University Center for Climate Change Communication.
Available at: https://cdn.americanprogress.org/wp-content/uploads/issues/2009/05/pdf/6americas.
pdf
McCaffrey, M. S. & Buhr, S. M. (2008). Clarifying climate confusion: addressing systemic holes,
cognitive gaps, and misconceptions through climate literacy. Physical Geography, 29(6), 512-528.
Mohan, L., Chen, J., & Anderson, C. W. (2009). Developing a multi-year learning progression for
carbon cycling in socio-ecological systems. Journal of Research in Science Teaching, 46(6), 675-698.
McNeal, K. S., Libarkin, J. C., Ledley, T. S., Bardar, E., Haddad, N., Ellins, K., & Dutta, S. (2014). The
Role of Research in Online Curriculum Development: The Case of EarthLabs Climate Change and
Earth System Modules. Journal of Geoscience Education, 62(4), 560-577.
Miller, T.R., Wiek, A., Sarewitz, D., Robinson, J., Olsson, L., Kriebel, D. & Loorbach, D. (2014). The
future of sustainability science: a solutions-oriented research agenda. Sustainability Science, 9(2),
239-246.
Morss, R. E. & Zhang, F. (2008). Linking meteorological education to reality: A prototype undergraduate
research study of public response to Hurricane Rita forecasts. Bulletin of the American Meteorological
Society, 89(4), 497-504.
Morss, R. E., Demuth, J. L., Lazo, J. K., Dickinson, K., Lazrus, H., & Morrow, B. H. (2016). Understanding
public hurricane evacuation decisions and responses to forecast and warning messages. Weather
and Forecasting, 31(2), 395-417.
Mosher, S., Bralower, T., Huntoon, J., Lea, P., McConnell, D., Miller, K., Ryan, J., Summa, L., Villalobos,
J., and White, L. (2014). The Future of Undergraduate Geoscience Education. Retrieved from http://
www.jsg.utexas.edu/events/files/Future_Undergrad_Geoscience_Summit_report.pdf
Nadelson, L. S. & Southerland, S. A. (2010). Examining the interaction of acceptance and
understanding: how does the relationship change with a focus on macroevolution? Evolution:
Education and Outreach, 3, 82-88.
O’Meara, K. (2010). Rewarding multiple forms of scholarship: Promotion and tenure. Handbook
of engaged scholarship: Contemporary landscapes, future directions, 1, 271-294.
O’Meara, K. A., & Rice, R. E. (Eds.) (2005). Faculty priorities reconsidered: Encouraging multiple

32

forms of scholarship. San Francisco: Jossey-Bass.
Oreskes, N. (2003) Role of quantitative models in science, In C. D. Canham, J. J. Cole & W. K.
Lauenroth (eds.), Models in Ecosystem Science. Princeton University Press. pp. 13–31.
Papadimitriou, V. & Londridou, P. (2001). A Cross-Age Study of Pupils’ Conceptions Concerning
the Movement of Air Masses in the Troposphere. In Science and Technology Education: Preparing
Future Citizens. Proceedings of the IOSTE Symposium in Southern Europe (1st, Paralimni, Cyprus,
April 29-May 2, 2001). Volume I and II.
Prud’homme-Generaux, A. (2017). Assembling a case study tool kit: 10 tools for teaching with
cases. Journal College Science Teaching , 47 (2), 37-45.
Robelia, B. & Murphy, T. (2012), What Do People Know about Key Environmental Issues? A Review
of Environmental Knowledge Surveys. Environmental Education Research, 18, 299-321.
Scherer, H. H., Holder, L., & Herbert, B. E. (2017). Student Learning of Complex Earth Systems:
Conceptual Frameworks of Earth Systems and Instructional Design. Journal of Geoscience Education,
65, 473-489.
Schwarz, C. V., Reiser, B. J., Davis, E. A., Kenyon, L. , Achér, A. , Fortus, D. , Shwartz, Y. , Hug, B.
and Krajcik, J. (2009), Developing a learning progression for scientific modeling: Making scientific
modeling accessible and meaningful for learners. Journal of Research in Science Teaching, 46:
632-654. doi:10.1002/tea.20311
Songer, N. B., Kelcey, B., & Gotwals, A. W. (2009). How and when does complex reasoning occur?
Empirically driven development of a learning progression focused on complex reasoning about
biodiversity. Journal of Research in Science Teaching, 46(6), 610-631.
Swanson, A. (2015, February 3). The countries most vulnerable to climate change, in 3 maps. The
Washington Post. Retrieved from https://www.washingtonpost.com/news/energy-environment/
wp/2015/02/03/the-countries-most-vulnerable-to-climate-change-in-3-maps/?noredirect=on&utm_
term=.302456326ac8
Trower, C. A. (2008). Promoting interdisciplinarity: Aligning faculty rewards with curricular and
institutional realities. Presentation at the American Association of Colleges and Universities Annual
Conference.
Tytler, R. (1998). Children’s Conceptions of Air Pressure: Exploring the Nature of Conceptual Change.
International Journal of Science Education, 20, 929-958.
Understanding Evolution: Library of Teaching Materials. (n.d.). Retrevied from https://evolution.
berkeley.edu/evolibrary/teach/index.php
USGCRP (2009): Climate literacy: the essential principles of climate science. Retrieved from https://

33

downloads.globalchange.gov/Literacy/climate_literacy_lowres_english.pdf
Van Den Broeke, M. S. & Arthurs, L. (2015). Conceptions of Tornado Wind Speed and Land Surface
Interactions Among Undergraduate Students in Nebraska. Journal of Geoscience Education, 63,
323-331.
Vaughn, A. R., & Robbins, J. R. (2017). Preparing preservice K-8 teachers for the public schools:
improving evolution attitudes, misconceptions, and legal confusion. Journal College Science
Teaching , 47 (2), 7-15.
Walker, J. D., Wassenberg, D., Franta, G. & Cotner, S. (2017). What determines student acceptance
of politically controversial scientific conclusions? Journal College Science Teaching, 47 (2), 46-56.
Wilson, C. (2016). Status of Geoscience Workforce. American Geosciences Institution (AGI). Retrieved
from https://www.americangeosciences.org/workforce/reports/status-report

Figures
All figures and tables are offered under a Creative Commons Attribution-NonCommercial-ShareAlike
license (https://creativecommons.org/licenses/by-nc/4.0/) unless specifically noted. You may
reuse these items for non-commercial purposes as long as you provide attribution and offer any
derivative works under a similar license.
Figure 1.
Provenance: Skeptical Science Graphics by Skeptical Science, Retreieved from https://skepticalscience.
com/graphics.php?g=78.
Figure 2:
Provenance: NOAA
Figure 3:
Provenance: NASA, Retrieved from https://www.nasa.gov/multimedia/guidelines/index.html
Figure 4:
Provenance: USGCRP (2009)
Figure 5.
Provenance: HHMI BioInteractive, Retrieved from https://www.hhmi.org/biointeractive/changingplanet-past-present-future

34

