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Abstract 

 Efforts to adapt and mitigate the effects of global climate change (GCC) have been 
ongoing for the past two decades and have become a major global concern. However, 
research and practice for promoting climate literacy and understanding about GCC have 
only recently become a national priority. The National Research Council (NRC), has 
recently emphasized upon the importance of developing learners’ capacity of reasoning, 
their argumentation skills and understanding of GCC (Framework for K-12 Science 
Education, National Research Council, 2012). This framework focuses on fostering 
conceptual clarity about GCC to promote innovation, resilience, and readiness in students 
as a response towards the threat of a changing environment. Previous research about 
teacher understanding of GCC describes that in spite of the prevalent frameworks like the 
AAAS Science Literacy Atlas (AAAS, 2007) and the Essential Principles for Climate 
Literacy (United States Global Climate Research Program, 2009; Bardsley, 2007), most 
learners are challenged in understanding the science of GCC (Michail et al., 2007) and 
misinformed perceptions about basic climate science content and the role of human 
activities in changing climate remain persistent (Reibich and Gautier, 2006). Our teacher 
participants had a rather simplistic knowledge structure. While aware of climate change, 
teacher participants lacked in depth understanding of how change in climate can impact 
various ecosystems on the Earth. Furthermore, they felt overwhelmed with the extensive 
amount of information needed to comprehend the complexity in GCC. Hence, extensive 
efforts not only focused on assessing conceptual understanding of GCC but also for 
teaching complex science topics like GCC are essential. This dissertation explains 
concept mapping, and the photo elicitation method for assessing teachers’ understanding 
of GCC and the use of metacognitive scaffolding in instruction of GCC for developing 
competence of learners in this complex science phenomenon. 
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Chapter 1: The Rationale for Climate Literacy 

 The International Panel on Climate Change (IPCC) has concluded that human 

activities continue to alter atmospheric composition of greenhouse gases and a rise in 

average global temperatures is expected in the coming years, causing the Earth’s climate 

to change (IPCC, 2007). It has been predicted that these changes will impact global 

precipitation patterns, weather events and ecological systems over time. Thus, human 

health, food productivity, economy and policy will be influenced by the phenomenon of 

Global Climate Change (GCC). Hence, it becomes crucial that all people develop an 

understanding for GCC, the most important and critical environmental issue that our 

society currently faces (Jickling, 2001). 

 Global interest in adaptation and mitigation of the effects of GCC has created a 

demand for developing climate literacy (Climate Literacy Network, 2007) and prompted 

the rise in initiatives to improve climate change education (Atmospheric Science Literacy 

Framework Workshop, 2007). The primary goal of these education and outreach efforts 

in climate literacy and Global Climate Change Education (GCCE) is to make scientific 

information accessible to current and future decision makers including stakeholders, 

natural resource managers, agricultural producers, and everyday citizens. These efforts 

led by various agencies such as United States Global Change Research Program 

(USGCRP), National Science Foundation (NSF), National Aeronautics & Space 

Administration (NASA), and National Oceanic and Atmospheric Administration 

(NOAA) intend to develop frameworks about the changing climate and its understanding. 

As per these initiatives, “climate literacy” has been defined as not only the accumulation 

of information about climate but also the capability of a person for critical thinking and 
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decision-making about it (Berbeco & Caffrey, 2012). Consequently, the Essential 

Principles of Climate Science (EPCL; United States Global Climate Research Program, 

2009) were designed to guide climate literacy initiatives in formal and informal 

education. The seven principles of EPCL create awareness about natural and 

anthropogenic factors impacting the environment and help people to evaluate information 

about the effects of climate change. These principles are as follows: 

1. The sun is the primary source of energy in the Earth’s climate system. 

2. Climate is regulated by complex interactions among components of the earth 

system. 

3. Life on Earth depends on, is shaped by, and affects climate. 

4. Climate varies over space and time through both natural and man-made 

processes. 

5. Our understanding of the climate system is improved through observations, 

theoretical studies and modeling. 

6. Human activities are impacting the climate system. 

7. Climate change will have consequences for the Earth system and human lives 

(EPCL; USGCRP, 2009). 

 The Next Generation Science Standards (NGSS; NGSS Lead States, 2013) 

present an opportunity to integrate climate literacy into formal science education across 

the nation. They emphasize building student reasoning, argumentation skills and 

understanding of complex issues specifically in the context of GCC. For example, these 

standards recommend that middle school students should be able to analyze and interpret 

data about past and current distributions of geological resources, understand natural 
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hazards, forecast future catastrophic events, and apply scientific principles to design 

methods for monitoring and minimizing human impacts on the environment. It is 

expected that high school learning would allow students to learn how to gather evidence, 

construct explanations, create design solutions and compute simulations for mitigation of 

the overall impact of GCC (NGSS Lead States, 2013). Furthermore, NGSS emphasizes 

that all students should develop an understanding of various ecosystems, the interactions 

of various ecosystems with the environment, and how the changing climate may impact 

these interactions.  

 However, even in the presence of guiding documents like EPCL (USGCRP, 

2009) and NGSS, instruction about changing climate and its impacts on the global 

ecosystems in the middle and high school classrooms remains a low priority. A study 

conducted among teachers in the Great Lakes region (Fortner, 2001) found that middle 

school science teachers in Ohio, Michigan, Indiana, Illinois, Wisconsin and Ontario rated 

GCC as a priority but only 26% considered the topic as one of their “highest priorities” 

for instruction. The teachers’ avoidance of GCC was correlated with their own 

knowledge about GCC (Fortner, 2001). Similarly, in other recent studies, many other 

teachers have reported feeling underprepared in their science content backgrounds to 

fully address GCC in their classrooms (Hestness, McDonald, Breslyn & McGinnis, 2013; 

National Research Council (NRC), 2012; Wise, 2010). These studies highlight certain 

aspects that impede conceptual understanding of GCC and lend to its complexity. These 

are: the interdisciplinary nature and intrinsic complexity of the content as well as the 

inherent uncertainty and the “post-normal” nature of science content itself (Weber, 2011). 

A description of these is provided below: 
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GCC as an Interdisciplinary Topic  

The basic science of climate change, its impacts and mitigation practices goes 

beyond the traditional separation of science into the physical, chemical and biological 

realms, it builds on the integration of ideas, tools and research from the disciplines of 

geography, ecology, genomics, soil sciences, conservation biology, atmospheric and earth 

sciences. Hence, to have a complete understanding of GCC, a learner must possess the 

ability to integrate knowledge from two or more disciplines to generate new insights 

about the phenomenon of GCC. However, the traditional form of teaching often requires 

learning in silos of biology, chemistry, physics, or earth sciences rather than in an 

interconnected, multidisciplinary way. Hence, learners’ perspective of environmental 

issues like GCC remain unsophisticated and naïve (NSTA, 2013). 

GCC is Intrinsically Complex 

It is challenging to understand the changing climate in the context of the Earth’s 

multiple ecosystems. First, greenhouse gases are invisible and indicators of change are 

hard to detect (Moser, 2009; NRC, 2012; Weber & Stern, 2011). Second, a relatively 

small number of drivers such as fossil fuel consumption, increasing population can cause 

a large number of uneven and causally linked changes (NRC, 2012; Weber & Stern, 

2011). Finally, the impacts of GCC are culturally, socially, economically mediated 

(Slovic, 1987). Therefore, to be able to understand GCC, one must understand various 

components of the climate, their function and their drivers at various levels of the Earth’s 

biosphere (National Science Teachers Association Reports, 2011).  
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GCC has Uncertainty 

The different components of climate system and the feedbacks between them are 

not fully understood. Hence, whenever these components are brought together into a 

single descriptive and predictive model, uncertainty becomes evident (Climate Literacy 

Network, 2007). For example, clouds are known to have a significant impact on climate, 

however the extent of this impact is not yet fully understood. Everyday citizens have an 

inherent belief about the certainty of science. Hence, the mention of uncertainty leads 

people to disagree with the general concept of GCC. Educators also find it challenging to 

obtain, analyze, understand and present actual scientific data during instruction that 

addresses uncertainty about GCC (NSTA Reports, 2011).  

GCC is a “Post-Normal” Science 

The science of GCC is much different than the public’s general conception of 

science as being certain, hence causing them to be skeptical when uncertainty is 

mentioned about some aspects of GCC. The normal science paradigm of learning and 

understanding science dictates that scientists conduct experiments, draw conclusions, find 

solutions and create theories (Kuhn, 1970). However, for issues such as environmental 

pollution, loss of biodiversity, extinction of species, global warming and GCC, such a 

traditional view of science is unfruitful because these issues are embedded in a social 

context. Hence, a “post- normal” scientific view (Funtowicz & Ravetz, 1993) can be used 

to describe the scientific philosophy of GCC. In this “post-normal” view traditional 

assumptions of science as certain and value-free are discarded, uncertainty and ambiguity 

is accepted, and scientific peer community collaborates with stakeholders, educators, lay-

people to find a solution. Hence, understanding GCC requires recognizing various 
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perspectives and taking into consideration the predictable and non-predictable 

complexities of the natural systems, as well as learning the basic science of GCC.  

The four factors described previously make the path to understanding GCC long, arduous 

and conceptually challenging for most people, including teachers and educators (Bardsley 

& Bardsley, 2007). Thus, misinformed and naïve perceptions about basic climate science 

content (e.g., what causes climate to change, and how it will impact various ecosystems 

on this planet) and the role of human activities in the GCC scenario remain persistent. 

Therefore, extensive efforts focused on improving both teachers’ knowledge and 

understandings of climate change science are necessary. Also needed are research efforts 

devoted towards documenting teachers’ understanding of GCC as a complex and 

multidisciplinary system. 

 Professional development activities with in-service teachers create an opportunity 

to provide them conceptual clarity about GCC, while conducting research into their 

understanding as well as growth in understanding of GCC. Implementation of GCCE 

professional development opportunities that present inquiry-based ways to learn the 

content and demonstrate effective pedagogical practices for teaching about climate 

change is crucial. Previous researchers have documented best practices for providing 

professional development in GCCE (McGinnis, Hestness, & Riedinger, 2011, 2013). 

These include making the context of GCCE personally relevant to the learners by 

integrating local perspectives (McGinnis et al., 2013), providing knowledge about the 

science of climate change and discussing the causes and evidence (Allen & Crowley, 

2014), and using the uncertainty in GCC as an opportunity to emphasize the dynamic 
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nature of science (Johnson, Henderson, Gardiner, Russell, Ward, Foster, Meymaris, 

Hateway, Carbone, & Eastburn, 2008) 

The research related to teachers’ overall science content knowledge of GCC 

identifies conceptual challenges and misconceptions about GCC (Andersson & Wallin, 

2000; Assaraf & Orion, 2009; Booth, Sweeny & Sterman, 2000; Boyes, Chuckran, & 

Stanistreet, 1993; Choi, Niyogi, Shepardson, & Charusombat, 2010; Fortner, 2001; 

Hoffman & Barstow, 2007; Kali, Orion, & Eylon, 2003; Koulaidis & Christidou, 1999; 

Mayer, 1995; Rebich & Gautier, 2005; Rye, Rubba, & Wiesenmmayer, 1997). 

Additionally, some researchers have examined teachers’ conceptions about isolated 

topics, such as the greenhouse effect and global warming (Mason & Santi, 1998) to 

estimate the overall conceptual understanding of GCC. However, since GCC is not a 

single event happening in isolation, this approach becomes a reductionist measure for 

assessing overall understanding of this topic. The change in climate is impacting various 

issues such as biome convergence migration, water resource use, climate feedback and 

global water cycle. To think that a learners’ complete conceptualization about GCC could 

be represented through their understanding about any one of the above mentioned issues 

in isolation is inadequate.  Therefore, understanding of GCC should be assessed using 

methods that elicit the understanding of the phenomenon of GCC as a whole 

(Papadimitriou, 2004), in other words considering understanding from the perspective of 

a “system” rather than isolated events or processes. Methods like Likert scales, content 

assessment surveys, pre and post questionnaires elicit the understanding of isolated 

concepts such as the greenhouse effect and only present a partial picture of the learners’ 

conception of GCC. Thus, research initiatives focused on developing new methods for 
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assessment and evaluation of the understanding of GCC among learners are critical and 

necessary.  

An examination of the literature into teachers’ conceptions of the phenomenon of 

GCC shows that the interdisciplinary and complexity inherent in GCC has remained 

unexamined because of the lack of adequate assessment techniques. Therefore, there is a 

need to cross the traditional boundaries, evaluate understanding in new ways and using 

techniques borrowed from other fields (Andre & Frochot, 2013) This dissertation seeks to 

gain an in depth and holistic understanding of GCC in secondary teachers’ using two 

novel techniques: Photo Elicitation Interviews and the use of Metacognitive perspective. 

This research study was conducted with a cohort of nineteen teachers who participated in 

a three-year professional development program devoted to creating understanding of 

GCC. The objectives were, (a) to provide a research-based resource for teacher 

professional development to researchers and educators who are involved in the climate 

literacy initiatives; and (b) to investigate GCC in the context of multiple topics, systems 

and skills rather than use a reductionist approach as prevalent in the literature of climate 

literacy among in-service teachers.  

Statement of the problem 

This dissertation addresses the need for advanced methods for assessing secondary 

science teachers’ understanding of the phenomenon of GCC, its adaptation and mitigation 

Herein, I use a combination of concept maps, Photo Elicitation Interviews and 

Metacognitive perspective to elicit verbal, pictorial and conceptual descriptions of GCC as 

a whole. This study consists of three papers nested in the context of a NASA funded three-

year professional development program CYCLES (details are provided in the forthcoming 
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literature review chapter). Each paper is an independent exploration of teacher 

understanding about GCC using three different but interdependent assessment techniques. 

The three papers developed using these assessment techniques are summarized below:  

Paper 1:  Using Concept Maps to Conceptualize In-service Secondary School 

Science Teachers’ Knowledge Base for Global Climate Change. 

 This paper analyzed high school science teachers’ understanding of the 

phenomenon of GCC, its adaptation and mitigation by using concept maps made by the 

participants as a group, during the professional development program CYCLES. This 

study was guided by the following research questions: 

• What is the cognitive structure of teachers’ knowledge of climate change? 

• How do teachers’ conceptualize Earth's climate system with respect to their 

knowledge of essential principles of climate literacy? 

Paper 2: Using Photo Elicitation Interviews as a Tool to Assess In-service Secondary   

School Science Teachers’ Knowledge Base for Global Climate Change.  

 This paper analyzed high school science teachers’ understanding of the 

phenomenon of GCC, its adaptation and mitigation by using Photo Elicitation Interviews 

conducted after the professional development program. This study was guided by the 

following research question: 

• How do teachers’ conceptualize Earth's climate system with respect to their 

knowledge of Essential Principles of Climate Literacy? 
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Paper 3: Metacognitive Scaffolding as an Instructional Strategy for Constructing 

Understanding of Global Climate Change. 

This study focuses on adapting metacognitive scaffolding to teach complex 

science phenomenon. I analyzed the influence of metacognitive scaffolding on learners’ 

use of cognitive and metacognitive strategies while understanding a complex scientific 

phenomenon like GCC. With a hypothesis that the use of metacognitive scaffolding will 

help learners to use cognitive and metacognitive strategies which will further help them 

in constructing their understanding of GCC, I asked, “How does metacognitive 

scaffolding influence secondary science teachers use of cognitive and metacognitive 

strategies for understanding complex scientific phenomenon like GCC?” 

Table 1.1 presents a description of the overall research questions of the study, the 

questions for individual research papers, data sources, and the techniques used for data 

collection and analysis. The Paper 1-Using Concept Maps to conceptualize In-service 

Secondary School Science Teachers’ Knowledge Base for Global Climate Change, 

utilizes group concept maps for a holistic analysis of teachers’ conceptualization of GCC. 

The paper 2-Using Photo Elicitation Interviews to assess In-service Secondary School 

Science Teachers’ Knowledge Base for Global Climate Change and paper 3-Using 

Metacognitive Strategies for Assessing the Conceptual Understanding of Global Climate 

Change Among High School Science Teachers) utilize interview data for assessing the 

understanding and knowledge of the participants. Throughout the three papers, the 

climate literacy framework EPCL (Essential Principles of Climate Literacy, USGCRP, 

2009), was used to evaluate the cognitive structure of participants’ knowledge. A 

metacognitive perspective was employed in paper 3 to investigate the process of 
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information assimilation by the teacher participants of the professional development 

program CYCLES. 

 
Table 1.1 

 Overall description of the research questions, data sources and analysis methods used to    
evaluate secondary teachers’ understanding of Global Climate Change (GCC) 
 
Collective Research Questions: How do secondary science teachers understand the 
science of Global Climate Change? 
Are certain strategies effective in improving secondary science teachers’ 
understanding of GCC?  
Paper 1: Using Concept Maps 
to conceptualize In-service 
Secondary School Science 
Teachers’ Knowledge Base for 
Global Climate Change. 

Paper 2: Using Photo 
Elicitation Interviews to 
Assess In-service 
Secondary School 
Science Teachers’ 
Knowledge Base for 
Global Climate Change. 

Paper 3: Using 
Metacognitive 
scaffolding as an 
instructional strategy for 
constructing 
understanding of Global 
Climate Change  

What is the cognitive structure 
of teachers’ knowledge of 
GCC? 
 
 
-How do teachers’ 
conceptualize the 
phenomenon of GCC? 

 

How do teachers 
conceptualize the 
phenomenon of GCC? 

 

Does the use of 
metacognitive 
scaffolding during 
concept mapping 
influence teachers’ use 
cognitive and 
metacognitive strategies 
for understanding GCC?  

Concept Maps Photo Elicitation 
Interviews 
 

Cue-Embedded concept 
mapping 

Qualitative methods  
-Holistic analysis (Kinchin & 
Hay, 2000) 
-Categorization of propositions 
(Wandersee,1990) 
 -Categorization of propositions 
(Essential Principles of Climate 
Literacy, USGCRP, 2009) 
 

Qualitative methods  
-Categorization of 
propositions (Essential 
Principles of Climate 
Literacy, USGCRP, 
2009) 
- Thematic analysis of 
interview transcripts  
 
 
 

Qualitative methods 
Thematic analysis of 
interview transcripts  
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Chapter 2: Review of Literature 

This chapter summarizes the review of literature for all the major topics discussed 

in this dissertation. The first section describes various studies that discuss the scientific 

knowledge base for Global Climate Change (GCC). The second section describes how 

educators, scientists and researchers have assessed the understanding of GCC in lay 

people and in teachers at various stages of their teaching career.  The third section 

describes various teacher professional development approaches for promoting the 

understanding of GCC. Finally, I describe the CYCLES professional development 

program, which forms the context of the three research studies within this dissertation.  

Understanding Global Climate Change 

 Scientists have developed an understanding of global change in climate through a 

peer-reviewed process of collective observations, experimentation, testing and 

development of various climate models. In reports like the Intergovernmental Panel on 

Climate Change (IPCC), U.S. Global Change Research Program (USGCRP), and 

National Research Council assessments (NRC; NRC, 2010), scientists have stated with 

very high confidence (9 out of 10 or better chance of happening, NRC, 2010, p.28) that: 

• The planet’s average temperature was 1.4°F warmer during the first decade of 21st 

century than during the first decade of 20th century. 

• Natural climate variability could not explain the current long term warming trend. 

• Climate change involves much more than global warming. It is associated with 

other changes such as increase in the frequency of intense rainfall, decreases in 

northern hemisphere snow cover and Arctic sea ice, warmer and more frequent 

hot days and nights, rising sea levels and widespread ocean acidification 
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• Human induced climate change impacts will continue for many decades and many 

centuries (NRC, 2010, p.28).  

 However, the scientific consensus about the anthropogenic impacts of greenhouse 

gases on human environment in the form of GCC is not reflected in the current public 

opinion (Dillon, 2014). The American public is not convinced either about the occurrence 

of global warming or its anthropogenic causes (NRC, 2011). Various studies (Moser, 

2010; NRC, 2010; Slovic, 1987; Solomon, Plattner, Knutti & Friedlingstein, 2009; Weber 

&Stern, 2011) conducted in the last decade have documented potential reasons for this 

disconnect between the understanding of scientists and nonscientists. They identify two 

factors that lend to the disconnect: the intrinsic complexity of the topic due to invisibility 

of the greenhouse gases (Moser, 2010; NRC, 2010; Weber & Stern, 2011) and relatively 

few number of drivers causing a large number of changes (NRC, 2010; Weber & Stern, 

2011). Furthermore, the physical aspects inherent to GCC are interwoven with impacts on 

biological systems that are culturally, socially, economically mediated (Slovic, 1987).  

 To improve scientific understanding about climate and global climate change, 

literacy efforts specifically focused on climate have been recently promoted in public 

school education across the United States (National Council for Science Education; 

NCSE, 2012).  Complementing the principles outlined in climate literacy frameworks 

such as the Essential Principles of Climate Literacy (EPCL; USGCRP, 2009), the Next 

Generation Science Standards (NGSS; NGSS Lead States, 2013) aim to address climate 

change in both life and earth science curricula.  Since standards have a significant 

influence on instruction (Wise, 2010), a focus on climate science and an in-depth 

understanding of human impacts on climate change is expected throughout K-12 science 
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instruction. Hence, promoting an in depth understanding of GCC among teachers and 

educators becomes necessary for these climate principles and standards to be 

appropriately implemented.  

 While no single person is expected to understand each and every aspect of GCC, 

the climate literacy framework, Essential Principles of Climate Literacy (EPCL) 

developed by a group of scientists (USGCRP, 2009) recommend that all citizens 

understand and have a basic knowledge of the climate system, natural and human-caused 

factors that affect climate and the relationship between them. The seven principles of 

EPCL create awareness about both natural and anthropogenic factors impacting the 

environment and provide people with tools and knowledge to evaluate information and 

solutions for minimizing the effects of climate change. These principles are as follows: 

1. The sun is the primary source of energy and the Earth’s climate system. The 

principle 1 describes both elemental and complex knowledge about solar energy 

and its role in sustaining life on earth. It helps set the stage for understanding 

Earth's climate system and energy balance. 

2. Climate is regulated by complex interactions among components of the earth 

system. The principle 2 describes many climatic processes such as the greenhouse 

effect and the carbon cycle as a result of interaction between many components of 

the Earth system (atmosphere, cryosphere, geosphere, biosphere).  

3. Life on Earth depends on, is shaped by, and affects climate. 

The principle 3 describes various climatic conditions that determine various 

ecosystems and habitats universally. As the climate changes, species and 

ecosystems respond by adapting, migrating or reducing their population.  
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4. Climate varies over space and time through both natural and man-made 

processes. The principle 4 defines climate as the long-term pattern of temperature 

and precipitation averages and extremes at a location that can be local, regional, 

or global in extent.  

5.  Our understanding of the climate system improves through observations, 

theoretical studies and modeling. The principle 5 describes specific methods with 

which scientists study the climate and help create understanding about the various 

scientific researches concerning global climate change. 

6.  Human activities are impacting the climate system. This principle essentially 

describes the potential for human activities to increase the temperature of the 

Earth through greenhouse gas emissions as well as the effects of human-induced 

climate change. 

7.  Climate change will have consequences for the earth system and human lives. 

This principle describes changes in climate and precipitation patterns that will 

impact the planet in multiple forms and many of the consequences of these 

changes will create hardship for humans (USGCRP, 2009).  

Furthermore, the EPCL also describes learning objectives necessary for a lay person to 

develop an understanding about climate and its inherent processes. The EPCL state that 

“all citizens can have the ability to assess the validity of scientific arguments about 

climate and to use that information to support their decisions that inform policy” (EPCL, 

p.3). These learning objectives are: 

• Describing characteristics of the past climate. 
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• Describing the essential characteristics of current climate (temperature, 

precipitation, evaporation, climatic water balance, wind, solar input and frequency 

of intense precipitation events),  

• Describing the connectivity among the above mentioned characteristics of climate 

(USGCRP, 2009). 

Additionally, the EPCL postulate that climate literacy will help develop the knowledge of 

a systems thinking perspective that will allow a learner to comprehend various complex 

interconnections among all the components of the climate system. This will enable 

citizens in understanding “when”, “where”, and to “what degree” (NRC, 2010; Weber & 

Stern, 2011) the impacts of GCC will be experienced and how to make informed 

decisions about the mitigation and adaptation efforts.  

Assessing the Understanding of GCC 

 The lack of public understanding about GCC has resulted in complacency about 

taking mitigation and adaptation actions towards the issue. Therefore, many researchers 

have investigated the understanding of lay people about the issue and documented 

reasons for non-comprehension of the urgency of this situation (Sterman & Sweeney, 

2002). Studies assessing individual understanding of the structure and dynamics of the 

global climate (Sterman & Sweeney, 2002), physical processes that govern climate 

change (Groves & Pugh, 1999; Meadows & Wiesenmayer, 1999) and understanding of 

carbon flux (Asshoff, Ried, & Leuzinger, 2010) have described conceptual challenges in 

understanding the science content of GCC. These challenges exist in comprehending the 

essential characteristics of climate i.e. temperature, precipitation, evaporation, climatic 

water balance, wind, solar input, and frequency of intense precipitation events) and their 
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interrelationships. These findings are also supported by literature specific to practicing 

teachers and educators who also found GCC to be interdisciplinary and complex (Fortner, 

2001; Rye, Rubba, & Wiesenmmayer, 1997).  

While limited, research on teachers’ knowledge of climate change has tended to 

focus on isolated topics, such as the greenhouse effect and global warming (Mason & 

Santi, 1998). The greenhouse effect has been found to be conceptually challenging to 

many teachers as evidenced by the incorrect correlations made between the greenhouse 

effect and ozone depletion (Andersson & Wallin, 2000; Boyes, Chuckran, & Stanisstreet, 

1993; Francis, Boyes, Qualter, & Stanisstreet, 1993; Koulaidis & Christidou, 1999; 

Meadows & Wiesenmayer, 1999; Rye, Rubba, & Wiesenmmayer, 1997; Rye & Rubba, 

2000). Studies also showed that many teachers also considered the greenhouse effect 

either as a pollution-derived problem (Koulaidis & Christidou, 1999) or a linear 

mechanism causing increased temperature and rise of sea levels (Andersson & Wallin, 

2000; Koulaidis & Christidou, 1999). They frequently failed to mention greenhouse gases 

other than carbon dioxide (Rye et al., 1997; Koulaidis & Christidou, 1999; Rebich & 

Gautier, 2005) that are involved in creating the greenhouse effect on the planet. Similarly, 

data from in-service teachers and pre-service teachers showed confusion regarding 

definition and behavior of the hydrological cycle, the albedo effect, and aerosols (Rebich 

& Gautier, 2005).  However, most of the assessment techniques used in these studies 

focused on examining teachers’ misconceptions about isolated concepts in the context of 

GCC rather than focusing on the assessment of the understanding of GCC as a whole.  

Therefore, there exists a need to design, test and describe assessment techniques 

that focus on elicitation of the understanding of interconnectedness and dynamicity of 
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various systems in context of GCC (Kali et al., 2003; Rebich & Gautier, 2005). Doing so 

will give a measure of climate literacy (as defined earlier in the chapter) as a capacity of 

having an understanding about climate and its inherent processes.   

Assessment Methods for Measuring Learner’s Understanding of GCC 

Methods like content assessments (Meadows & Wiesenmayer, 1999; Groves & 

Pugh, 1999; Asshoff et al., 2010), reading/texts (Braten, Stromso & Salmeron, 2010), 

Likert-scale attitude surveys or multiple-choice questionnaires have been traditionally 

utilized for estimating learners’ depth of knowledge about GCC. While effective, these 

methods have been used to elicit the understanding of an isolated topic related to GCC 

such as the knowledge of global warming, green house effect, understanding of carbon 

cycle etc. Therefore, they only provided a partial view of learners’ understanding of 

GCC. However, due to the inherent complexity in this topic caused due to the large 

number of variables, multiple interactions, and various spatial and temporal 

considerations, it is important to understand an individuals’ complete mental model of 

GCC. Hence, focusing on a certain aspect is an inefficient approach. 

Concept mapping represents one approach attempted by researchers to capture 

individual’s understanding of GCC as a holistic topic (Reibich & Gautier, 2005). These 

researchers used concept maps to elicit learners’ knowledge about climate and its 

processes. The participants of this study were able to demonstrate what they understood 

about GCC, how they understood GCC, which topics were conceptually clear and where 

cognitive gaps existed.  Similarly, Sterman & Sweeney (2002) and Papadimitriou (2004) 

assessed participants’ systems thinking with respect to climate and its functions and were 

able to demonstrate how their subjects conceptualized GCC as a whole. Therefore, using 
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multifaceted tools capable of provoking thoughts and eliciting learners’ in depth 

knowledge becomes essential in the analysis of the understanding of GCC.  

To address the need for more sophisticated assessment of GCC, this dissertation 

describes three interrelated but independent approaches for assessing the knowledge and 

exploring participants’ mental models of GCC. The three studies were performed among 

adult learners in the context of a professional development program, CYCLES (described 

later in this chapter). Herein, I used concept mapping, photo-elicitation interviews and 

metacognitive perspective for analyzing participant teachers’ mental models about GCC. 

While these approaches are described in detail in the three studies in this dissertation, a 

short description of each is presented below: 

Concept mapping 

Concept maps allow a learner to capture and represent a large amount of 

information related to different variables and their interactions in the form of a graphic 

visualization (Liu, 2000; Novak & Gowin, 1984). As such, concept maps offer a 

representation of learners' mental models of specific concepts. They have been used to 

demonstrate evidence of learning and conceptual change, as well as for providing 

information about gaps in knowledge and identifying misconceptions among learners 

(Novak & Gowin, 1984).  Concept maps have an advantage over traditional instruments 

that assess factual information in isolation because they are instrumental in externalizing 

one’s knowledge (Liu, 2009; Novak & Canas, 2008; Novak & Gowin, 1984) and capture 

an individuals’ inherent cognitive structure and conceptions (Chen, Sung, Lin, &Chou, 

2010). 
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 Additionally, the process of developing a concept map allows learners to 

assimilate newly acquired knowledge structurally within their existing frameworks. GCC 

is a vast topic that overwhelms the learners cognitively. It is complex, involves large 

number of variables, their interactions, both spatial and temporal. Therefore, the strategy 

of concept mapping allows learners to assess and visualize which new concepts are being 

assimilated and how they are being integrated with their prior knowledge. This process of 

visualization facilitates increased retention and comprehension among the learners 

(Heinse-Fry & Novak, 1990). 

Photo Elicitation Interview (PEI) 

PEIs have been employed as a research tool in various disciplines, such as social 

work (Weinger, 1998), psychology (Salmon, 2001), nursing (Riley & Manias, 2003), and 

education (Epstein, Stevens, McKeever, & Baruchel, 2006; Rasmussen, 2004). Drawing 

on the power of image-based discussions over oral interviews, the strength of PEIs lies in 

the use of image prompts that provoke richer conversations especially for an inherently 

complex subject matter like GCC (Clarke-Ibanez, 2004; Hazel, 1995; Holliday, 2000). 

Integrating images specific to GCC in an interview acts as a starting point for a 

conversation between the researcher and the participant that allows for the elicitation of 

longer and comprehensive discussions on the topics represented in the images (Wagner, 

2002).  

Metacognitive perspective 

 Metacognitive strategies allow learners to manage their own thinking (White & 

Frederiksen, 2000), and unpack the thinking of peers to understand complex science 

phenomenon (Perkins & Grotzer, 2005). Using metacognitive strategies, learners reflect 
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on both “what do I know” and “how do I know” (Grotzer & Lincoln, 2007; Hogan, 2000; 

Perry, 1970; Wenk, 2000) to form mental models of their own understanding of complex 

phenomenon (Kramarski, Mevarech & Arami, 2002; Zohar & David, 2008). Studies 

focusing on metacognitive strategies state that learners experienced conceptual change 

through the use of cognitive and metacognitive strategies by retrieving prior knowledge, 

demonstrating newly acquired knowledge and identifying the gaps in their own 

knowledge (Pressley, Woloshyn, Burkell, Cariglia-Bull, Lysynchuk, McGoldrick, 

Scheneider, Snyder, Symons, 1995). Hence, learners were able to create sophisticated 

mental models about complex science phenomenon by acquiring new knowledge and 

organizing it with their existing knowledge (Weinstein & Mayer, 1986).   

Professional Development for Promoting Understanding About GCC 

 The recently published Framework for K-12 Science Education (NRC, 2012) 

describes the core idea, Earth and Human Activity, where explicit investigations based on 

human impacts on Earth’s systems and processes are listed. The Earth and Human 

Activity core idea also includes an entire sub-section on GCC. The overarching intent of 

this framework is to guide standards for teachers and students to “actively engage in 

scientific and engineering practices in order to deepen their understanding of crosscutting 

concepts and disciplinary core ideas” (NRC, 2012, p.217). However, despite these 

guidelines for promoting climate literacy among students, most teachers feel conceptually 

challenged while integrating these topics into their instruction. In such cases, professional 

development is often considered as the best approach to support teachers in updating their 

content and pedagogical knowledge (Borko, 2004) and for learning skills needed to teach 

these topics in the classroom (Gayford, 2002).  
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 While multiple efforts for professional learning, enrichment and development 

have been provided for teachers, only a few have documented what and how teachers 

learn (Desimone, Porter, Garet, Yoon, & Birman, 2002; Fishman, Marx, Best, & Tal, 

2003; Garet, Porter, Desimone, Birman, & Yoon, 2001). These studies have presented 

certain core features that facilitate a thoughtful and insightful professional development 

program (Desimone, 2009; Garet, Porter, Desimone, Birman, & Yoon, 2001). These core 

features include: (a) a focus on content, (b) commitment for active learning, (c) 

coherence of ideas, (d) duration of the program, (e) collective participation, and (f) 

program evaluation.  Each of these ideas is described in the following subsections: 

Focus on content 

A focus on both content and pedagogy is essential for an effective professional 

development for teachers to learn what they teach and how they teach. For teaching 

complex issues like GCC, a research-based perspective on what scientific content should 

be included in the professional development and how it should be presented to teachers 

becomes crucial (Guskey & Yoon, 2009).  

Commitment for active learning 

The National Science Teacher Association (NSTA) recommends that professional 

development activities should model the reform-based practices for active learning 

(NSTA, 1996). Teachers should be able to experience themselves how they are expected 

to teach in their classrooms. 

Coherence of ideas 

 A coherent professional program is aligned both internally (content, pedagogy, 

knowledge, beliefs) and externally (school, district, state policies, district, state and 
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national standards). 

 

Duration of the program 

Researchers have reported the number of hours necessary for effective professional 

development as approximately 30-80 hours or more (Desimone, 2009; Guskey & Yoon, 

2009; Supovitz & Turner, 2000). Additionally, these professional development 

experiences should be spread over a semester or even into the academic year (Supovitz & 

Turner, 2000). 

Collective participation 

 Working together encourages potential for learning and discourse (Borko, 2004) and 

allows teachers to more effectively integrate their learning into their classrooms (Fullan, 

1993; Guskey, 2002). Furthermore, a meaningful partnership between scientists and 

educators is crucial for designing and conducting a professional development program in 

complex science issues (Roehrig, Michlin, Schmitt, MacNabb, & Dubinsky, 2012). Such 

collaborative practices provide for strong conceptual clarity in the content and 

pedagogical interventions for its implementation.  

 Professional development workshops aimed at imparting knowledge about GCC 

have been described in various studies. These studies have documented that professional 

development is crucial for improving teachers’ preparedness to address climate change in 

the classroom (Ekborg & Areskoug, 2006; McGinnis, Hestness, & Riedinger, 2011). 

These professional development opportunities focused on developing teachers’ 

conceptual knowledge on specific topics, such as the relationship between greenhouse 

gases and radiation in the atmosphere, the effects of fossil fuel combustion on 
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atmospheric greenhouse gas concentrations, and the ways in which the enhanced 

greenhouse effect influences the earth’s energy balance (Ekborg & Areskoug, 2006). 

They were effective in helping teachers to interpret climate models and issues of 

uncertainty in climate science by providing teachers with an in-depth understanding of 

the natural and anthropogenic factors related to current and projected GCC (Ekborg & 

Areskoug, 2006; Lambert et al., 2012; McGinnis, Hestness, & Riedinger, 2011). Gayford 

(2010) reported that in addition to an in depth understanding about GCC, teachers’ 

perception about teaching GCC in science courses other than the Earth Science also 

improved 

The CYCLES Professional Development Program 

The “CYCLES: Teachers Discovering Climate Change from a Native Perspective 

(CYCLES)” program was a three-year partnership between science educators, scientists 

and Ojibwe communities in northern Minnesota funded under the NASA Innovations in 

Climate Education (NICE) program. The overarching goal of the CYCLES program was 

to support secondary science teachers in developing and implementation of culturally-

relevant approaches for teaching climate science to their students. CYCLES adopted a 

unique approach for promoting the understanding of GCC. Herein, the GCC content 

employed during workshops was focused on providing an understanding of (a) timescale, 

(b) local and global perspectives, (c) proxy data and (d) ecosystem connectivity. These 

issues have been described to be conceptually challenging for learners to understand and 

grasp. These were documented in studies assessing understanding of the structure and 

dynamics of the global climate (Sterman & Sweeney; 2002), physical processes that 

govern climate change (Meadows & Wiesenmayer, 1999, Groves & Pugh, 1999) and 
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understanding of carbon flux (Asshoff et al., 2010). Additionally, a culturally congruent 

approach was adapted while designing the content by dividing the content into annual 

themes of “Earth”, “Water” and “Disturbance” respectively. This approach was designed 

to reflect the similarities between Native American and scientific explanations of the 

natural world as interconnected processes that are cyclical (in native culture, the medicine 

wheel symbolizes the interconnectedness of the earth, air, water, and fire). Furthermore, 

all the activities and content under the theme of the year were focused on the four 

parameters described earlier i.e. timescale, local and global perspectives, proxy data and 

ecosystem connectivity.  

 Nineteen middle and high school science teachers were recruited from reservation 

areas in Minnesota, specifically the Fond du Lac, Leech Lake, Red Lake, and White 

Earth reservations. The teachers (male=8, female=11) represented a range of years of 

experience from 5 - 35 years. Their teaching assignments varied from upper elementary 

to high school grade levels including science, technology, social science and culture with 

some teachers assigned to multiple subject areas and grade levels (see Table 2.1). 

Table 2.1  

Details of CYCLES Participants’ Teaching Assignments 
  Science Technology 

Education 
Culture* Social 

Studies 
Total 

High School (9-12) 4     4 

Middle School (6-8) 8   1 1 10 

Secondary (7-12) 3 2 0 0 5 
*Students attend a class on Ojibwe culture, history, and language one period each day 

The participant teachers met for one week each summer from 2011-2013 respectively to 

learn about global climate change and the impacts of climate change in Minnesota. 
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Additionally, teachers were provided with 3-4 follow up opportunities each year where 

they participated in activities related to GCC (based on the theme of the year). 

First Annual Summer Workshop 

The first annual summer workshop occurred in July, 2011 where the participants spent a 

week investigating abiotic and biotic factors in different biomes and how they are 

influenced in a changing climate. Details of the professional development week are 

provided below: 

Day 1: Exploring different biomes, connecting climate to shifting biomes 

Day 2: Minnesota Climate, Climate, and biodiversity 

Day 3: Constructing Past Climate Using Local Proxy Data, Tree-ring  analysis 

Day 4: Ecosystem cycling of nutrients and its role in Global Climate  Change 

Day 5: Teaching Minnesota Climate, Climate and biodiversity 

The year 1 activities focused on creating a broad understanding of GCC. The week-long 

workshop initiated by providing teachers with an information of the science of GCC e.g. 

greenhouse effect, enhanced green house effect, data based evidence for GCC, proxy data 

and climate modeling. The workshop followed the theme of “Earth”. Under this theme, 

participants explored the impact of changing climate on land resources with an emphasis 

on Minnesota. The state of Minnesota lies at the juncture of four ecological provinces or 

biomes (Tall grass Aspen, Coniferous, Deciduous and Prairie Grassland). The ecological 

boundaries between these biomes depend heavily on average temperature and 

precipitation patterns. Therefore, it becomes crucial to develop an understanding of how 

the changes in temperature and precipitation will impact Minnesota’s biomes and 
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eventually the overall distribution of trees in Minnesota’s North woods. The concept map 

study (as described in Paper 1) was derived from data collected from the first workshop 

where the participants worked in groups on their concept map about GCC every day for 

five days. Their final concept maps at the end of fifth day was taken as an artifact and 

analyzed as a data source for assessing their understanding of GCC. During the year, this 

cohort met for five follow up workshops where these conversations were carried on in 

greater details on specific issues related to land resources and global climate change 

within Northern Minnesota. 

Second Annual Summer Workshop 

  The second annual summer workshop occurred in August 2012 where the 

participants spent a week investigating watersheds, lakes and how these natural resources 

are influenced by a changing climate. Details of the professional development week are 

provided below: 

Day 1: Exploring Watersheds: On the ground and through satellite data 

Day 2: Indigenous perspectives on Climate Change and impacts on wild rice.  

Day 3: High altitude balloon launch for measuring carbon dioxide in upper 

atmosphere.  

Day 4: Lake Itasca water sample analysis and understanding lake ecology. Water 

quality and global climate change. 

Day 5: Point and Non Point Source Pollution and water cycle   

Workshop participants engaged in hands-on activities, excursions and field trips about the 

annual theme of “Water” and the impact of GCC on water Resources in Minnesota. 

Using limnological techniques to study various physical and chemical parameters like 
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lake depth, turbidity, water temperature, dissolved oxygen (DO), salinity, and density, the 

participants examined water quality of a local lake. Then through extensive data-based 

discussions, the group was able to generate an understanding about how seasonal 

variations in lakes are experiencing long-term impacts due to the changing climate. By 

focusing on some key concepts like dissolved oxygen, salinity and pressure, the 

participants were able to understand the importance of watershed drainage and 

anthropogenic nutrient pollution in the water bodies of Minnesota.  

Additionally, teachers also participated in a high altitude ballooning experience. 

High-altitude ballooning involves using helium-filled (or hydrogen-filled) weather 

balloons to lift payloads (boxes containing data collection instruments) into the upper 

atmosphere (up to about 90,000 feet). Balloons grow in the upper atmosphere until they 

spontaneously burst, after which the payload returns to the ground by parachute. On-

board GPS receivers and ham radios send out location information sot that the balloon 

can be tracked from the ground and recovered. Following the summer workshop, this 

cohort met for five follow up workshops where more in depth discussions on specific 

issues related to water quality and global climate change within Northern Minnesota 

occurred. 

 The Photo Elicitation Interview (PEI) study (as described in Paper 2) was derived 

from data collected from this workshop where the participants were interviewed 

individually using the PEI interview protocol. 

Third Annual Summer Workshop 

The third annual summer workshop was organized in July 2013. This workshop focused 

on interactions between changing global climate and its impact on the invasive species. 
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The participants spent a week investigating how natural resources in Northern Minnesota 

will be influenced by a changing climate through the impact of various disturbances like 

Fire and Invasive species. All activities were inquiry-based and were focused on the 

impacts of climate change on forests, Lake Superior, and invasive species. Details of the 

professional development week are provided below: 

Day 1: Teaching Climate Change in Classroom, Ecological Time stamp 

Day 2: Day trip to Boulder Lake Environmental Learning Center,  

Day 3: Using Argumentation, Concept mapping and Video projects as tools for 

teaching climate change in classrooms. 

Day 4: Day Trip aboard research vessel Blue Heron to observe and participate in 

Lake Superior Climate Change research. Duluth aquarium sponsored session 

about creating curriculum resources for classrooms based on water quality. 

Day 5: Research data collection and Teaching Climate Change in Classroom, Teachers 

share their action plans and curriculum ideas. 

This workshop was focused on interactions between the changing global climate and its 

impact on the invasive species. The theme for year three was “Fire”. The participants 

spent a week investigating how natural resources in Northern Minnesota will be 

influenced by a changing climate through the impact of various disturbances like fire and 

invasive species. All activities were inquiry-based and were focused on the impacts of 

climate change on forests and Lake Superior through invasive species like earthworms. 

The insights from year 1 and year 2 provided evidence that some specific factors were 

impeding conceptual understanding of GCC. Hence, a metacognitive strategy was 

adopted as an intervention to investigate if its use could facilitate a better assimilation of 
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the complex issue. Therefore, certain metacognitive cues were provided during the task 

of concept mapping to investigate if such an intervention allowed participants to be more 

efficient in monitoring and controlling the process of assimilation of critical concepts. 

The insights from data collected in this workshop are presented in chapter 5 as a 

metacognitive perspective on assessing GCC understanding.  

 In the forthcoming three chapters, I describe the data collection and analysis for 

exploring the understanding of GCC among the participants of this study using concept 

mapping, photo-elicitation interviews, and metacognitive strategies. These studies are 

laid out chronologically as the data collection for each occurred during the course of the 

project CYCLES. While independent in their approaches, data collection, and analysis, 

they present some overlap in assessing vital information about teachers’ complete 

understanding of GCC. A discussion about the insights gathered from all the studies is 

presented in chapter 6 followed by a conclusion and implications.
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Chapter 3: Conceptualizing In-service Secondary School Teachers’ 

Knowledge Base for Climate Change Content 
 

 Conceptual understanding of the phenomenon of global climate change (GCC) is 

a major challenge for most Americans. While 63% of the US residents believe that global 

warming is happening (Leiserowitz, Smith, & Marlon, 2010) and they are directly 

observing potential climate change impacts (National Climate Assessment and 

Development Advisory Committee, 2013), only one in ten feel that they are well 

informed about the topic (Berbeco & McCaffrey, 2013). Studies conducted on the public 

understanding of GCC report that most people tend to adapt naive conceptions about the 

basics of climate (McCaffrey & Buhr, 2013) and global climate change (GCC; Bord, 

O’Conner & Fisher, 2000). They tend to do so because (a) the greenhouse gases that 

indicate changing climate are invisible and hard to detect (Moser, 2010; National 

Research Council (NRC), 2009; Weber & Stern, 2011), (b) a small change in fossil fuel 

consumption, population and land use (known as drivers of GCC) can cause a large 

impact on various ecosystems (NRC, 2010; Weber & Stern, 2011), (c) the effects of 

changing climate are unevenly distributed all over the world (Solomon, Plattner, Knutti, 

& Friedlingstein, 2009), and (d) these effects interact among each other, making 

predictions and risk management complicated.  

Understanding GCC and comprehending the structure and dynamics of the global 

climate requires learners to draw their knowledge from various disciplines (Sterman & 

Sweeney, 2002) such as knowledge of physical processes i.e. temperature, precipitation, 

evaporation, climatic water balance, wind and solar input, (Groves & Pugh 2002; 

Meadows & Wiesenmayer, 1999), knowledge of carbon flux (Asshoff, Reid, & 
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Leuzinger, 2010) and their socioeconomic impacts. However, learners who have been 

traditionally exposed to a discipline-focused learning of biology, chemistry and physics 

often find it challenging to draw knowledge from various content areas and create their 

own interdisciplinary understanding. Therefore, to inform citizens and to prepare for 

reducing various risks associated with GCC, it is crucial to facilitate opportunities where 

interdisciplinary climate content can be taught and in-depth understanding about GCC 

can be developed.  

In 2009, various governmental and non-governmental agencies collaborated to 

develop the Essential Principles of Climate Literacy (EPCL; United States Global 

Climate Research Program, 2009) to support and promote public understanding about 

GCC. Furthermore, content ideas focused on climate change were included in the Next 

Generation Science Standards (NGSS) in both life and earth science standards to promote 

climate literacy among all K-12 students, (NGSS lead states, 2013). These initiatives also 

motivated various professional development programs focused on climate literacy 

nationwide (Hestness, McDonald, Breslyn, McGinnis, 2013). Concurrently, efforts for 

examining teachers’ understanding of GCC also gained impetus (Francis, Boyes, Qualter, 

& Stanisstreet, 1993; Groves & Pugh, 2002). However, most studies undertaken explored 

learners’ overall construct of understanding about GCC by assessing their knowledge of 

isolated topics related to climate change such as greenhouse effect or global warming, 

(Boyes, 1995; Dove, 1996; Mason & Santi, 1998; Papadimitriou, 2004). As described 

earlier, comprehending the evidence for GCC, its proposed mitigation and adaptation 

scenarios requires a significant interdisciplinary understanding of geologic time, earth-

surface dynamics and the interrelationship between local and global processes 
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(Papadimitriou, 2004). Therefore, estimating the understanding of GCC by accounts of its 

inherent processes in isolation (such as the greenhouse effect or global warming) is 

insufficient. Similarly, using surveys or multiple-choice content assessments to measure 

teachers’ knowledge of GCC (Libarkin & Anderson, 2005) also failed to elicit learners’ 

overall perspective about GCC. Therefore, the need for (a) describing how a learner 

conceptualizes GCC in its entirety and (b) designing approaches that are capable of 

extracting a participant’s in-depth and overall understanding of GCC remained 

unfulfilled.  

Concept maps have been capable of capturing the conceptual understanding of 

learners through structural organization of key concepts and ideas. They facilitate a 

process where learners are able to demonstrate their understanding, interrelatedness and 

misconceptions about a subject matter (Chi, Glaser, & Farr, 1982; Novak & Gowin, 

1984; Vanides, Yin, Tomita & Ruiz-Primo, 2005). Therefore, this study utilized concept 

mapping for assessing knowledge of GCC among secondary school science teachers’. 

The guiding research question was: 

“What is the overall cognitive structure of secondary science teachers’ knowledge of 

GCC and how does their conceptual understanding of GCC align with the Essential 

Principles of Climate Literacy (EPCL)?” 

Literature Review 

Assessing Climate Literacy and Understanding 

The climate literacy framework developed as a part of the Earth Science Literacy 

Initiative (ESLI) focuses on the big ideas and complexity within the Earth system. This 

framework recommends that all citizens understand and have a basic knowledge of the 
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climate system, natural and human-caused factors that impact climate and the relationship 

between them. Seven EPCL principles were developed within the climate literacy 

framework (described in detail in Table 3.1) that describe past and current climate, the 

earth’s various ecosystems and the changes happening among them. These principles also 

describe “when”, “where” and to “what degree” (NRC, 2010; Weber & Stern, 2011) the 

impacts of GCC will be experienced and how they can be mitigated by humans (Hoffman 

& Barstow, 2007; Songer, Kelcey, & Gotwals, 2009).  

Table 3.1 
 
Summary of the Essential Principles of Climate Literacy (NOAA, 2009) 
1 The Sun is the primary source of energy for Earth’s climate system. 

This topic covers both elemental and complex knowledge about solar 
energy and its role in sustaining life on earth. It helps set the stage for 
understanding Earth's climate system and energy balance. 

2 Climate is regulated by complex interactions among components of the 
Earth system. Many climatic processes such as the greenhouse effect and 
the carbon cycle are the result of interaction between many components of 
the Earth system (atmosphere, cryosphere, geosphere, biosphere).  

3 Life on Earth depends on, is shaped by, and affects climate. Climatic 
conditions determine various ecosystems and habitats universally. As the 
climate changes, species and ecosystems respond by adapting, migrating or 
reducing their population.  

4 Climate varies over space and time through both natural and man-
made processes. Climate is defined as the long-term pattern of temperature 
and precipitation averages and extremes at a location that can be local, 
regional, or global in extent.  

5 Our understanding of the climate system is improved through 
observations, theoretical studies, and modeling. This principle describes 
specific methods with which scientists study the climate and help create 
understanding about the various scientific researches concerning global 
climate change. 

6 Human activities are impacting the climate system. This principle 
essentially describes the potential for human activities to increase the 
temperature of the Earth through greenhouse gas emissions as well as the 
effects of human-induced climate change. 
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7 Climate change will have consequences for the Earth system and 
human lives. 
Changes in climate and precipitation patterns will impact the planet in 
multiple forms and many of the consequences of these changes will create 
hardship for humans. 

 

Despite of the emphasis on various interconnections among the seven climate literacy 

principles, the systems perspective often gets underestimated in instruction of GCC and 

in assessment of learners’ content knowledge and comprehensive understanding about 

GCC. Studies focusing on isolated topics related to GCC, such as the greenhouse effect 

and global warming (Boyes, 1995; Dove, 1996; Mason & Santi, 1998; Papadimitriou, 

2004; Schoon, 1992; Summers, Kruger, Childs, & Mant, 2000; Trend, 2000) have been 

utilized for assessing learners’ overall understanding of the phenomenon. This approach 

is limited as it fails to elicit learners’ knowledge of underlying systems, various 

phenomena and processes that are inherent to understand of GCC.  

One form of revealing learners’ understanding about the inherent complexity in 

GCC, is to facilitate its representation (Gautier, Deutsch & Rebich, 2006). Concept maps 

offer a representation of learners' thinking by externalizing their knowledge (Liu, 2000; 

Novak & Gowin, 1984) and by capturing their inherent cognitive structure and 

conceptions (Chen, Sung, Lin & Chou, 2010). They also demonstrate evidence of 

learning, conceptual change and help in identifying misconceptions and gaps in learners’ 

knowledge (Novak & Gowin, 1984; Safayani & Derbentseva, 2004; Zak & Munson, 

2008). Additionally, they are also instrumental in providing an estimation of how 

knowledge about a certain topic is arranged in a learner’s mind (Gautier et al., 2006).  
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Use of Concept Maps for Assessing Knowledge of GCC 

  GCC is an inherently complex topic that cognitively challenges learners because 

of large number of variables, their interactions, and their cause and effect relationships. 

Therefore, using concept mapping during instruction on GCC allows learners to not only 

learn new concepts about the topic, but also helps them visualize how the new concepts 

are being integrated with their prior knowledge. This process of visualization facilitates 

increased retention and comprehension of cognitively complex ideas such as GCC 

(Heinse-Fry & Novak, 1990). Furthermore, when used as an assessment tool to explore 

teachers’ conceptual understandings of climate change (Rye & Rubba, 1997), concept 

mapping allows the identification of cognitive conflicts and misconceptions about GCC. 

Reibich & Gautier (2005) demonstrated the effectiveness of concept maps in their study 

focused on GCC. This study identified knowledge areas where student understanding had 

altered during instruction on GCC. Consequently, the study reported an increased 

understanding of the predicted consequences of GCC, in the areas of human health and 

agriculture among students. Similarly, Chen et al. (2010) used concept maps to collect 

individual knowledge about GCC. Additionally, they combined each participant’s 

representation to develop a group conceptualization of GCC for all their subjects. They 

found the most prominent concepts selected by participants were the evidence for GCC 

(tree rings, sediment cores, pollen and fossils), the greenhouse effect and the proposed 

mitigation strategies for GCC.  

Teachers Conceptions about Global Warming and Global Climate Change 

  While limited in number, studies on pre-service and in-service teachers’ 

knowledge about GCC have shown existing misconceptions (Boyes & Stanisstreet, 1997; 
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Cordero, Todd, & Abellera, 2008). These studies have reported that teachers use the 

terms “global warming” and “global climate change” interchangeably and often suggest 

stratospheric ozone depletion as one of the leading causes of GCC.  Other prevalent 

misconceptions reported are increased global temperatures attributed to greenhouse gases 

being trapped by themselves, underestimation of long wave radiative processes, 

attributing pollution related health damage to greenhouse gas emissions and enhanced 

greenhouse effect (Daskolia et al., 2006; Dove, 1996; Lambert & Deboer, 2007; 

Papadimitriou, 2004; Summers et al., 2000). However, these studies have utilized content 

assessments, surveys or interviews to examine isolated concepts that constitute aspects of 

their understanding of GCC. Therefore, there exists a gap in research literature about 

assessing secondary teachers’ overall understanding of GCC using methods that 

demonstrate their overall thinking about the topic. This study utilized concept maps to 

evaluate the depth and structure of secondary school science teachers’ knowledge and 

overall understanding about the phenomenon of GCC.  

Methods 

 This study employed a mixed method approach to analyze data collected using 

concept maps for evaluating the depth and structure of secondary school science teachers’ 

knowledge and understanding of GCC.  Qualitative data analysis (holistic analysis) was 

performed through a holistic scoring of concept maps, where the concept maps were 

analyzed for overall patterns and themes represented in their structure. Quantitative data 

analysis (propositional analysis) was performed by assessing the structural and 

conceptual strength of the propositions derived from concept maps. The results from 
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holistic and propositional analysis together provided an insight into participant teachers’ 

understanding of GCC.  

Context 

 This study took place within a larger NASA Innovations in Climate Education 

grant-CYCLES: Teachers Discovering Climate Change from a Native Perspective. 

CYCLES was a partnership between science educators, scientists, and Ojibwe 

communities in northern Minnesota that provided professional development for 

secondary school teachers for developing and implementing culturally relevant 

approaches to teaching climate science. Over a three-year period, teacher participants 

attended an annual weeklong summer workshop to learn about GCC and its impacts in 

Minnesota. Additionally, five follow-up workshops and on-going classroom support was 

provided during each academic year (for details see Chapter 2).  

This study utilized data collected during the first year of the CYCLES professional 

development. During the first year, the content of the professional development program 

was focused on the theme “Earth” that emphasized the impact of GCC on different land-

based ecosystems. Hence, multiple content based hands-on activities and interactions 

with the climate experts that were specifically targeted to produce an understanding of (a) 

timescale, (b) local and global perspectives, (c) proxy data and (d) ecosystem 

connectivity, were provided to the participants (for details see Chapter 2). 

Participants 

Nineteen middle and high school science teachers were recruited from reservation 

areas in northern Minnesota, specifically the Fond du Lac, Leech Lake, Red Lake, and 

White Earth reservations. The teachers (male=8, female=11) represented a range of years 

of experience from 5-35 years. Their teaching assignments varied from middle to high 
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school grade levels including science, technology, social science, and culture with some 

teachers assigned to multiple subject areas and grade levels.  

Table 3.2  
 
Details of CYCLES Participants’ Teaching Assignments 

  Science Technology 
Education 

Culture* Social 
Studies 

Total 

High School (9-12) 4          0        0      0 4 

Middle School (6-8) 8          0 1 1 10 

Secondary (7-12) 3 2 0 0 5 
*Students attend a class on Ojibwe culture, history, and language one period each day 

Data collection  

 The concept maps were collected during the 5-day professional development 

workshop, held in the first year of the project. Participants worked in six groups of 3-4 to 

make one concept map over the five days of the workshop. They added content 

progressively to their concept map at the end of each day of the 5-day workshop. At the 

end of the workshop, the final concept maps were collected from each group and were 

converted to an electronic format.  

 For the purpose of this study, a “concept” was defined as an event, process, 

procedure or product. These concepts were identified by participant teachers and were 

written inside circles. Concepts were then connected with lines. Descriptive words and 

verbs were provided to describe the connections between concepts. Examples were added 

at the terminus of each branch. Directionality was represented using arrows on the 

connecting lines. An example of the concept map is provided in Figure 3.1. All group 

concept maps are included in Appendix 3A. 
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      Figure 3.1. An example of a group concept map collected at the last day of the workshop CYCLE
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Data Analysis 

 Holistic scoring of concept maps. The concept maps were first analyzed 

holistically for their structural types (spoke, chain or net) using the method for structural 

analysis (Kinchin & Hay, 2000). As described by the authors, a “spoke” (Figure 3.2) 

concept map consists of a central idea with other supplementary ideas situated around it. 

This concept map looks like a radial structure in which various aspects of a topic are 

related directly to the core or central idea. A “chain” (Figure 3.3) concept map represents 

a linear sequence of understanding where each concept is linked to those immediately 

above and below. In contrast, a “net” (Figure 3.4) concept map demonstrates a highly 

integrated and hierarchical network demonstrating in-depth understanding of the topic. 

 

 

 

 

 

 

 

 
 

 

 

Figure 3.2. Diagram representing a “spoke” concept map. 
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Figure 3.3. Diagram representing a “chain” concept map. 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
Figure 3.4. Diagram representing a “net” concept map. 
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 Structural scoring of concept maps. A structural scoring method adapted from 

Novak & Gowin (1984) was used to assign a numerical value to each segment of the 

concept map. Each group concept map was assessed for its total number of concepts, 

number of links and cross links between concepts, hierarchy and examples. 

 Propositional scoring of concept maps. Following the holistic and structural 

scoring analysis, propositions were created for each group map. A proposition was 

defined as two concepts connected with a descriptor explaining how the two concepts 

were linked together. Adapting strategies from McClure & Bell, (1990), each proposition 

was scored from one to three in accordance with a scoring protocol that considered the 

correctness of the proposition (1: misconception, 2: structurally strong but not reflective 

of in-depth understanding, 3: structurally strong and shows in-depth understanding of a 

concept).  Table 3.3 describes the scheme for proposition scoring.  

 
Table 3.3  
 
Examples of Propositional Scoring using method adapted from McClure & Bell, 1990  
Proposition  

Score 
Proposition Description Example 

1 Naïve conception or incomplete 
information  

Climate change ->caused by-
>trapped photon 

2 Structurally strong but not 
reflective of in-depth 
understanding 

Albedo->reflected to->space 

3 Structurally strong and shows 
in-depth understanding of a 
concept 
 

Atmosphere contains more 
Energy -> resulting in -> 
increased storm intensity 
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Alignment with Essential Principles of Climate Literacy (EPCL). Finally, 

propositions extracted from the concept maps were aligned with the essential principles 

of climate literacy (EPCL; Table 3.1) to determine the distribution of teachers’ 

knowledge about various aspects of GCC.  

Results 

 Participants worked in groups of three to four for constructing their concept maps 

about GCC. Therefore, the results and analysis presented in this paper are limited by the 

size of the data set (six groups of three to four teachers) and by the use of a group concept 

map rather than an individual one.  

Holistic Analysis and Structural Scoring of Concept Maps  

 Holistic analysis of the six groups, showed three concept maps with highly 

integrated and hierarchical network (Figures A.1, A.2, and A.6; Appendix 3A). These 

were recognized as net like structures. Three other concept maps consisted of a central 

idea with other supplementary ideas situated around it. These concept maps resembled a 

radial structure in which various aspects of a topic were related directly to the core idea 

identified in the center (Figures A.3, A.4, and A.5; Appendix 3A). These were identified 

as spoke like structures. Concept maps with net like structures included concepts at a 

molecular level (e.g. methane, Fig 3.6) connected with concepts representing systems 

(e.g. atmosphere, Fig 3.6) and phenomena (e.g. sociological, biological and geological 

consequences of warming of atmosphere, Fig 3.6). In contrast, concept maps with spoke 

like structure used climate change as their central concept surrounded by concepts 

demonstrating concepts mostly representing phenomena (e.g. nutrient cycles, shift in 

biomes Fig 3.5)  
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Furthermore, the structural analysis of propositions derived from the group concept maps 

(Table 3.4) established that those with net like structures (groups 1, 2, and 6) used a 

higher frequency of links (26, 57, 51), cross-links (3, 2, and 5), and less examples (0, 5, 

and 11). In contrast, spoke like structures (groups 3, 4 and 5) demonstrated a lower 

frequency of links (25, 43, 38), crosslinks (0,5, 2) and used more examples than other 

three groups (3, 19, 11). 

Table 3.4 
 
Structural scoring of propositions adapted from Novak and Gowin, 1984  

Scoring 
Categories 

Grp1 Grp2 Grp6 Grp3 Grp4 Grp5 

Map Type Net Net Net Spoke Spoke Spoke 
Concepts 37 53 44 35 45 33 

Links 26 57 51 25 43 38 
Cross-links 3 2 5 0 2 0 
Propositions 30 55 44 23 36 36 

Hierarchy 3 2 3 2 3 2 
Examples 0 5 11 3 19 11 
Grouping 3 5 6 4 8 9 

 

 For example, Group 3’s concept map was a spoke like structure (Figure 3.5). 

They used “climate change” as a central idea and “greenhouse gases”, “nature”, “cycles” 

and “solutions” and as supporting ideas. Through their supporting ideas, this group 

demonstrated the causes of climate change (warming by the greenhouse gases), the 

impacts of climate change (impacts on nature and nutrient cycling) and ways to mitigate 

climate change (solutions like alternate energy and recycling). They provided examples 

for their supporting ideas but did not show any connectivity (0 cross-links) between the 

various concepts.  
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Alternatively, Group 6’s concept map was a net-like structure (Figure 3.6) where 

concepts like climate change, historical change in climate, changes in atmosphere, 

sociological, biological and geological consequences of GCC were linked with one 

another (51 links), cross linked across various levels (molecular, system and phenomena) 

and supported by various examples.  
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Figure 3.5. A spoke like group concept map showing “climate change” as a central concept and various supporting ideas  
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Figure 3.6. A net like group concept map showing climate, historical change in climate, 

sociological, biological and geological consequences of GCC 
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Propositional Scoring of Concept Maps  

The inventory of propositions derived from the six concept maps (Group 1=30, group 

2=55, group 6=44, group 3=23, group 4=36 and group 5=36; Table 3.4) were 

individually scored for their content strength from zero to three in accordance with a 

scoring protocol described in Table 3.3. Data from the propositional scoring from the six 

groups is summarized below in Table 3.5.  

Table 3.5 
 
Propositions derived from group concept maps categorized as per the strength of their 
content*  

* Adapted from McClure & Bell, 1990 
 

Groups with net like structures (1, 2 and 6) had a preponderance of structurally strong 

propositions (10, 20 and 30 respectively for groups 1, 2 and 6) than the spoke-like groups 

(3, 6 and 10 respectively for groups 3, 4 and 5). A lower number of misconceptions (5, 5 

and 4) was also observed in net like structures belonging to groups 1, 2 and 6 respectively 

than in spoke like structures belonging to groups 3, 4 and 5 (10,10 and10 respectively).  

 Together Table 3.4 and 3.5 indicate that groups with net like structures show a 

higher number of concepts, links among concepts, cross-links between two concepts at 

Scoring Categories Grp1 Grp2 Grp6 Grp3 Grp4 Grp5 
Map Type   Net     Net    Net Spoke   Spoke  Spoke 
Structurally strong and 
shows in-depth 
understanding of a 
concept 
 

   10      20 30 3   6 10 

Structurally strong but 
not reflective of in-
depth understanding 
 

   15      30 10 10    20 16 

Misconceptions    5 5 4 10    10 10 
Total    30      55 44 23    36 36 
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different levels and a higher preponderance of structurally strong propositions than the 

spoke like concepts. Hence, the groups with net like maps have represent their 

understanding of GCC differently than those with spoke like maps. To further investigate 

what constitutes this variation in understanding between the two groups (net and spoke 

like maps), a conceptual assessment of all the propositions was conducted. Herein, all the 

propositions collected from the six group concept maps were categorized according to the 

various principles described in the Essential Principles of Climate Literacy (EPCL). 

Categorization of the Propositions with the Essential Principles of Climate Literacy  

 The propositions collected from six concept maps were categorized into seven 

categories of the EPCL based on their content. Certain propositions that focused on the 

actions that humans could take to mitigate the effects of GCC were grouped in an eighth 

category titled Principle for Informed Climate Decision (PICD). Table 3.6 presents the 

categorization of the propositions collected from six groups into the seven principles of 

climate literacy and PICD.  
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	Table 3.6 

Propositions extracted from the group concept maps categorized according to the 
essential principles of climate literacy  

 

 

Principles of Climate Literacy Grp 1 Grp 2 Grp 6 Grp 3 Grp 4 Grp 5 
Map Type Net Net Net Spoke Spoke Spoke 
Principle 1 
The Sun is the primary source of 
energy for Earth’s climate system. 

1     0 1 1 0 0 

Principle 2 
Climate is regulated by complex 
interactions among components of the 
Earth system. 

0 4 2 1 0 6 

Principle 3 
Life on Earth depends on, is shaped by, 
and affects climate. 

2 11 3 1 3 3 

Principle 4 
Climate varies over space and time 
through both natural and man-made 
processes. 

0 0 2 0 3 4 

Principle 5 
Our understanding of the climate 
system is improved through 
observations, theoretical studies, and 
modeling. 

0 0 0 0 0 0 

Principle 6 
Human activities are impacting the 
climate system 

10 11 10 1 5 3 

Principle 7 
Climate change will have consequences 
for the Earth system and human lives. 

12 20 20 7 5 10 

PICD (Principles for Informed Climate 
Decision) 
Actions that humans could take to 
mitigate the effects of GCC. 

0 4 2 2 10 0 
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 Figure 3.7. Propositions extracted from Net and Spoke like concept maps categorized 
according to the Essential Principles of Climate Literacy. 
 

Figure 3.7 demonstrates the distribution of all the propositions collected from three net 

and three spoke concept maps into principles of climate literacy. In general, among all 

groups, a high frequency of propositions represented essential principles of climate 

literacy 3, 6, 7, and PICD. The essential principle for climate literacy 3 describes life on 

earth with respect to microbes, plants and animals and how life is supported and 

sustained through interactions between various elements of atmosphere, lithosphere and 

hydrosphere. It also talks about carbon cycle and the historic changes in carbon cycle 

driven by the atmospheric elements. The essential principle for climate literacy 6 

describes the scientific consensus about anthropogenic impacts on the global climate 

system due to fossil fuel combustion, farming and depletion of forest cover. Focusing on 

greenhouse emissions and their impact on atmosphere and the climate system, this 

principle describes both positive and negative impacts on climate due to GCC. The 
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	essential principle for climate literacy 7 further describes the consequences of a change in 

various climate factors. It incorporates change in sea levels, distribution of fresh water 

resources, extreme weather, drought and ecosystem changes. The Principle for informed 

climate decision (PICD) describes the actions that humans can take to adapt, mitigate and 

develop resiliency towards the impacts of changing climate. The section below describes 

the alignment of net and spoke group concept maps with the EPCL.  

 
Groups with Net Concept Maps 

Group 1’s conceptions about GCC. Group 1 constructed a net-like map where multiple 

concepts were associated to each other. Their map showed 37 concepts, 26 links, 3 cross-

links (linking concepts between various levels), 30 propositions, and 5 misconceptions. 

The 25 structurally strong and valid propositions were mostly clustered in EPCL 

principles 3, 6 and 7 (see Table 3.7).  

Table 3.7 

 Alignment of the propositions with the Essential Principles of Climate Literacy for 
Group 1.  

EPCL 
Principle 

 Propositions Example 

EPCL 1 1 Sunàemits photonàenergy 
EPCL 2 0 None 
EPCL 3 2 CO2 absorbed byà plantsàenergy 
EPCL 4 0 None 
EPCL 5 0 None 
EPCL 6 10 Humansànoticed of changeàseas and CO2 changes, 

average temp 
EPCL 7 12 Climate change human caused à fast carbon 

releaseàmineral cycles including C, P, N  
PICD 0 None  

 

The highest number of propositions (12) in this map were focused on EPCL principle 7 

that described the consequences of GCC on the planet Earth. Ten propositions were 
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	related to principle 6, focusing on the impact of human activities on the climate system. 

Principles 1 and 3 describing the role of solar radiation and life on Earth were also 

demonstrated by this group map.  The interconnections shown between various concepts 

in this net concept map demonstrate that participants described GCC at molecular, 

phenomenon and system levels. They used photons to describe solar radiation and the 

phenomenon of green house effect (sunàemits photonàenergy). Furthermore, thinking 

about GCC with respect to various systems on the planet, the participants described a 

faster release of carbon due to changes in carbon, nitrogen and phosphorus cycling 

(Climate change human caused à fast carbon releaseàmineral cycles including C, P, N) 

Group 2’s conceptions about GCC. Group 2’s net like map showed 53 concepts, 57 

links, 2 cross-links and 30 valid propositions and 5 misconceptions. These propositions 

were mostly focused in EPCL principle 3, 6, and 7. Principle 7 (Table 3. 8) describing the 

consequences was the most represented while principles 1, 4 and 5 that describe Earth’s 

climate system, variation in climate over space and time and using evidence based on 

data were not represented at all.
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Table 3.8 

 Alignment of the propositions with the Essential Principles of Climate Literacy for 
Group 2.  

EPCL 
Principle 

Propositions Example 

EPCL 1 0 None 
EPCL 2 4 Temperatureàaffects jet streamàdrives weather 
EPCL 3 11 Temperatureàaffectsàclimate 
EPCL 4 0 None 
EPCL 5 0 None 
EPCL 6 11 Deforestationà for buildingàhabitat destruction 
EPCL 7 20 Runoffà leads to àpoor water quality 
PICD 4 Land useàoptimizesàfood sources 

 

 Group 2 described climate with respect to the global circulation patterns that drive 

weather and climate (wateràaltersàoceans and oceans àchangesàlakes). This group 

also mentioned runoff (Runoffà leads to àpoor water quality), land use, and habitat 

destruction with regards to GCC. These propositions demonstrate that the participant 

ideas described changes in various phenomena at a systems level.  

Group 6’s conceptions about GCC. The net like group map by Group 6 had multiple 

concepts describing the impact of human activities on land, oceans and atmosphere. Their 

map showed 44 concepts, 51 links, 5 cross-links, and 44 structurally strong propositions. 

These propositions were mostly focused in EPCL principle 6 and 7. Participants 

mentioned deforestation, release of carbon dioxide in context of various ecological 

systems on the planet Earth. However, principle 5 that focuses on theoretical 

observations, studies and modeling studies describing GCC was not represented in this 

groups’ understanding about GCC. 
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Table 3.9 

 Alignment of the propositions with the Essential Principles of Climate Literacy for 
Group 6.  

EPCL 
Principle 

 Propositions Example 

EPCL 1 1 Climate Change begins with à Sun emits à Photons 
 

EPCL 2 2 Long waves, trapped in à Atmosphere by à Greenhouse 
gases 

EPCL 3 3 Atmosphere contains more à Energy resulting in 
àincreased storm intensity 

EPCL 4 2 Climate Changeàhas occurred throughoutàGeological 
history 

EPCL 5 0 None 

EPCL 6 10 Climate Changeàhumans impact byàmining, depletes P 

EPCL 7 20 Rising temp à causes à sociological consequence 

PICD 2 Proper Land useàpromotes àproduction of resources 
 

Groups with Spoke like Concept Maps 

Group 3’s conceptions about GCC. Group 3 constructed a map that resembled a spoke 

like structure where one central concept (Mother Earth) was associated multiple other 

concepts about GCC (symptoms, causes and possible solutions). Participants described 

GCC with respect to various phenomena that contribute to or are affected by the changing 

climate such as habitat destruction, drought, fires, floods, polar ice melt etc.Their map 

showed 35 concepts, 25 links, 0 cross-links, and 23 valid propositions. These 

propositions were mostly focused in EPCL principle 3, 6, and 7. Principle 7 (Table 3.10). 

Principles 1, 4, and 5 that describe Earth’s climate system, variation in climate over space 

and time and using evidence based on data were not represented at all. Principle 2 and 3 
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	that describe solar energy budget and interactions of climate showed minimal number of 

propositions as well. 

Table 3.10 

 Alignment of the propositions with the Essential Principles of Climate Literacy for 
Group 3  

EPCL 
Principle 

Propositions Example 

EPCL 1 1 Climate changeàsunàtrapped photons 
EPCL 2 1 Greenhouse effectàexamplesà CO2, methane, Water 

Vapor 
EPCL 3 1  Climate àeffectsàtemperature, precipitation and storms 

increases 
EPCL 4 0 None 
EPCL 5 0 None 
EPCL 6 1 Climate changeàpotential causesà fossil fuels, increased 

CO2 
EPCL 7 7 GCCàHabitat destructionà such as drought, fires, floods 
PICD 2 Renewable sourcesàmaximizes à land use 

 

Group 4’s conceptions about GCC. Group 4 constructed a map that resembled a spoke 

like structure where one central concept (climate change) was associated multiple other 

concepts focused on specific phenomena describing impacts, causes, effects and 

needs/solutions towards GCC. This map showed 45 concepts, 43 links, 2 cross-links, and 

36 structurally strong propositions. These propositions were mostly focused in EPCL 

principle 6,7, and PICD (Table 3.11). While this group mentioned principle 4 (climate 

varies over space and time through manmade and natural processes), they talked about 

long term climate records being the evidence for changing climate. Principles 1, 2, and 5 

that describe Earth’s solar energy budget, climate system, variation in climate over space 

and time and using evidence based on data were not represented at all.
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	Table 3.11. 

 Alignment of the propositions with the Essential Principles of Climate Literacy for 
Group 4.  

EPCL  
 Principle 

Propositions Example 

EPCL 1 0 None 
EPCL 2 0 None 
EPCL 3 3 Climate Changeàeffects on Natureà global warming, 

extreme storms, temp going up, mild winters 
EPCL 4 3 Long term dataàestablished àchanging climate 
EPCL 5 0 None 
EPCL 6 5 Greenhouse gasesàwhich are caused byà fossil fuels 

consumptionà Methane  
EPCL 7 5 Minnesotaà shift in biomesàloss of coniferous 

forests, result in more grasslands 
PICD 10 Climate change àneeds solutionsà such as recycle, 

conservation 
 

Group 5’s conceptions about GCC. Group 5 constructed a map that resembled a spoke 

like structure where one central concept (climate change) was associated multiple other 

concepts representing various phenomena (industrialization, floods, fluctuation in 

climate). While they included water cycle, carbon cycle and ocean currents in their map 

demonstrating their thinking at a systems level, these concepts were found to be 

structurally weak. Their map showed 33 concepts, 38 links, 0 cross-links, and 36 valid 

propositions. Most propositions in this map were focused in EPCL principles 6 and 7 and 

Principles for Informed Climate Decision (PICD, Table 3.12). Principle 5 describing the 

variation in climate over space and time and using evidence based on data was not 

represented.  
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	Table 3.12 

 Alignment of the propositions with the Essential Principles of Climate Literacy for 
Group 5.  

EPCL 
Principle 

 Propositions Example 

EPCL 1 0 None 
EPCL 2 6 Mother Earth à symptoms GCC à Water Cycle, 

Carbon Cycle, Ocean Currents 
EPCL 3 3 Mother EarthàClimateàinfluenced by industrialization 
EPCL 4 4 Mother Earth à past climate à fluctuations 
EPCL 5 0 None 
EPCL 6 3 Climate ChangeàExtreme hotter, colder 

weatheràexamples floods 
EPCL 7 10 Mother Earth à reasons for no change à Human socio-

economic factors 
PICD 0 None 

 

Discussion 

The results and analysis presented in this paper are limited by the size of the data set (six 

groups of three-four teachers) and by the use of a group concept map rather than an 

individual one. However, the inherent complexity of GCC required a verbal discussion 

between the participants. Therefore, while data are biased towards group conceptions, 

these discussions were crucial and conducive towards the resulting concept maps created 

by the participants.  

Overarching Ideas Illustrated in all Group Concept Maps 

 A holistic analysis of all the concept maps demonstrated that most participants 

identified and associated GCC with their understanding of the Earth system, the Earth’s 

energy budget, weather and climate. They explored patterns in atmosphere and 

hydrosphere and described how changes therein influenced local weather and global 

climate. Furthermore, the inclination of most participants towards EPCL 7, 6, and PICD 

(Principles for Informed Climate Decision) emphasized that the understanding of human 



 
 

	 60		

	interactions with the natural processes in the Earth system is prevalent in these groups. 

These ideas are very specific to the content covered in the Earth and Space Science and 

Life Science standards for grade levels 9-12 in Minnesota. Therefore, teachers have 

established proficiency in these content areas. However, for comprehending the 

phenomenon of GCC in its entirety, an interdisciplinary understanding of geologic time, 

earth-surface dynamics and the interrelationship between local and global processes is 

needed (Papadimitriou, 2004). Since the interdisciplinary approach is not inherent to 

what the teachers teach and practice in their everyday instruction, it becomes challenging 

for them to deviate from prevalent traditional discipline-based approach and develop their 

own understanding (Sharma, 2012). 

Cognitive Structure of Teachers’ Knowledge of GCC 

 Three groups created “spoke” structures while other three created “net” like 

structures. In the case of spoke like structures, knowledge was associated to one core 

concept which was supported by several supplementary concepts. There was lack of 

cross-links between concepts. In contrast, the net concept maps showed multiple concepts 

which were interconnected. Additionally, the net concept maps demonstrated concepts 

about GCC with the perspective of molecules, phenomena and systems. Whereas, 

concepts demonstrate in the the spoke concept maps were mostly derived from 

phenomena that either cause or are affected by the changing climate. These results are in 

congruence with the studies described by Kinchin and Hay (2000) and Chen et al. (2010). 

They interpreted that learners with novice understanding are conceptually at a level 

where they are unable to support a “systems-perspective” or an interconnected “world-

view”. Therefore, groups 1, 2, and 6 have a higher level of understanding about GCC 
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	than groups 3, 4, and 5 which is evident in the organization of their net concept maps and 

the depth of their conceptions.  

Conceptual Knowledge of Teachers’ about GCC 

 Teacher participants based their understanding of GCC on the Earth system, the 

Earth’s energy budget, weather, climate, human interaction with environment. In general, 

among all groups, a high percentage of propositions corresponded to essential climate 

literacy principle 1(sun is the primary source of energy), principle 3(life depends on and 

is shaped by climate), principle 6(human activities are impacting the climate system), 

principle 7 (climate change will have consequences for the Earth system and human 

lives) and PICD (principle for informed climate decision). Principles 4 (variation in 

climate over space and time) and 5 (understanding of climate system through theoretical 

studies and modeling) were least represented. 

(1) The Earth system, the Earth’s energy budget: A majority of the propositions were 

based on the energy sources of the Earth system. They described how the global climate 

is influenced by the energy from the sun. However, similar to the results reported by 

Grima et al. (2010) and Kempton (1991), the role of long wave radiative processes did 

not appear to play a significant role in the participant’s maps. Shepardson et al. (2009) 

describe in their study that such deficient mental models about the Earth’s energy budget 

are formed when learners are unable to understand the difference between the shortwave 

radiation emitted by the Sun that is than absorbed by the Earth and re-emitted as long 

wave radiation. 

(2) Weather and Climate: The understanding about weather being dynamic and climate 

being long term was prevalent in the propositions collected. However, no crosslinks 



 
 

	 62		

	between regional and global climate and the geographical characteristics of a place were 

observed. This provided evidence for the fact that these interconnections remain 

unexplored and are a source of misconceptions for many learners. Similar results were 

observed by Dupigny-Giroux (2010), where studying interconnected facets of the land-

ocean-atmosphere system, allowed undergraduate students to fully grasp climate and 

climate change. This reinforces the need for developing a systems perspective among 

learners such that they are able to comprehend both individual components and their 

interactions with other components and processes. 

 (3) Human interaction with environment: Recycling, composting, technical innovations, 

improving energy efficiency were the recurring themes in this category. The conceptual 

knowledge was mostly focused on practices and policies that can help in reducing the 

impact of climate change and provide adaptation facilities for the next generation.  

 Taking into consideration the conceptual understandings summarized above, the 

knowledge base of participants in this study about GCC is mostly focused on isolated 

concepts drawn from content taught in Earth System Science, Life Science, popular 

media and internet. Hence, achieving climate literacy among in-service teachers will 

require shaping their perception by providing interdisciplinary content and pedagogy that 

focuses on developing an integrated earth systems perspective. 

Implications 

 We can hypothesize that due to the interdisciplinary and complex nature of this 

issue, participants tend to adopt simplistic mental models for these issues, the ones that 

make most sense to them and are easily supported by their existing knowledge base about 

earth systems and climate. Their concept maps represent a core concept and then 
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	supplement it with other science concepts that they are aware of. However, this may 

indicate that they need support in thinking how change in one variable in one system 

might impact the functioning of another system. Hence, education efforts towards 

adaptation and mitigation of the global climate change scenario should be geared towards 

developing methods for instruction that build upon this type of simplistic structure for 

understanding and provide cognitive scaffolding to allow the intake of new information 

and its connection to other related concepts to lead to a more complex, systematic 

understanding of GCC.
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Chapter 4: Using Photo-Elicitation Interview to Conceptualize In-Service Secondary 
School Teachers’ Knowledge-Base for Teaching Global Climate Change 
 

 The past decade has seen an increase in climate literacy efforts to provide climate 

change education for all citizens. Scholarly efforts aimed at improving understanding of 

Earth’s climate among educators have resulted in the development of various frameworks 

that provide a conceptual basis for climate literacy. The Science Literacy Atlas by 

American Association for the Advancement of Science (AAAS, 2007) and the Essential 

Principles for Climate Literacy (EPCL; United States Global Climate Research Program, 

2009) are two such frameworks that support understanding of local and global impacts of 

global climate change (GCC) and the interaction of human activities with the changing 

climate.  Yet, even in the presence of these guiding documents, public understanding of 

GCC remains unsophisticated and incomplete (National Science Teachers Association, 

2012). Multiple misconceptions like global warming is a consequence of ozone depletion, 

environmental pollution directly contribute to the changing climate, and carbon dioxide is 

the only gas emitted by burning fossil fuels persist among teachers, educators, students, 

and lay people (Francis, Boyes, Qualter, & Stanistreet, 1993; Groves & Pugh, 2002). 

Therefore, climate literacy efforts focused on providing support to develop conceptual 

understanding among all are critical.  

Chapter 2 described the challenges faced by in-service science teachers in 

comprehending GCC. Teachers find this content challenging because the basic science of 

climate change, its impacts and mitigation practices exist beyond the traditional 

disciplines of physical, chemical, and biological sciences (Filho, 2010). The knowledge 

base that supports understanding of GCC is inherently interdisciplinary, building upon 
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	the integration of ideas, empirical data, and research from the disciplines of geography, 

ecology, genomics, soil sciences, conservation biology, atmospheric, and earth sciences 

(Filho, 2010). Hence, to form a complete understanding of GCC, a learner must either 

have or develop the ability to integrate information from multiple disciplines and 

generate their own knowledge of the phenomenon. Traditional teaching often encourages 

learners to think within the silos of biology, chemistry, physics, or Earth sciences, 

therefore, developing an interconnected, multidisciplinary perspective about a complex 

environmental issue like GCC remains challenging and non-intuitive (NSTA, 2012). 

Efforts to assess understanding of GCC among learners are equally complex and 

challenging. Learners’ overall knowledge and understanding of GCC, researchers has 

been researched through (a) misconceptions of various topics related to climate change 

such as the greenhouse effect and global warming (Boyes, 1993; Dove 1996; Mason & 

Santi, 1998; Papadimitriou, 2004), (b) content knowledge through the use of multiple-

choice assessments (Libarkin & Anderson, 2005), and (c) beliefs and attitudes towards 

GCC through the use of used Likert-scale attitude surveys (Libarkin, Kurdziel & 

Anderson, 2007). However, there remains a crucial need for a holistic approach that is 

capable of eliciting learners’ overall conceptions of GCC and allows for measuring in-

depth understanding about the phenomenon. This paper describes the use of photo-

elicitation interviews (PEIs) for exploring teachers’ understanding of the phenomenon of 

GCC. The development of the PEI and exploration of teachers’ knowledge of GCC 

through PEIs was guided by the following research question: 

How do in-service secondary science teachers conceptualize the phenomenon of 

GCC? 
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	Using Photo Elicitation Interviews as an Assessment Instrument 

 Imagery is useful for shaping public perceptions for many environmental and 

non-environmental issues (Jenkins, 1999; Ketelle, 2010). While commonly used as a 

support to the factual information provided in various public media, images have also 

been used for research and evaluation purposes. Identified under various names such as 

directed drawing exercises (Westphal & Hirsch, 2010), influence diagrams (Lowe & 

Lorenzoni, 2007) and photographs (Sherren & Verstraten, 2013), images have often 

mediated the process of assessing the understanding of complex environmental issues. 

However, very few studies have critically examined individuals’ understanding of GCC 

using images of climate change (Boycoff, 2007; Carvalho & Burgess, 2005). The method 

of interviewing using photos, also called as “the Photo Elicitation Interviews (PEIs)” 

provides an opportunity to do so.  

 PEIs have been employed as a research tool in various disciplines, such as social 

work (Weinger, 1998), psychology (Salmon, 2001), nursing (Riley & Manias, 2003), and 

education (Epstein, Stevens, McKeever, & Baruchel, 2006; Rasmussen, 2004). Drawing 

on the power of image-based discussions over oral interviews, the strength of PEIs lies in 

the use of image prompts that provoke richer conversations for a subject matter that is not 

readily explained and is inherently complex (Clarke-Ibanez, 2004; Hazel, 1995; Holliday, 

2000). During a PEI, certain images about the target concept are integrated in an 

interview. The selected images act as a starting point for a conversation between the 

researcher and the participant. Such an approach elicits longer and comprehensive 

discussions on the topics represented in the images (Wagner, 2002). Because this is a 

process of reaching a common understanding between the researcher and the subject, the 



 
 

	 67		

	participants feel comfortable, extend their thinking and explain contentious aspects of the 

research topic effectively, without indecisiveness, intimidation and hesitation.  

While limited research has been done using this technique to analyze the knowledge of 

GCC, PEIs have been utilized in obtaining image perceptions associated with landscape 

management. Images taken by farmers depicting their land and its uses were used to 

understand their perspective for land management (Beiun, 2005; Biazquez, 2012; Meo, 

1981). Similarly, Lorenzoni, Leiserowitz, Franca Doria, Poortinga, & Pidgeon (2006), 

Harper, (2000), and Epstein et al. (2006) employed images to stimulate conversations in 

their studies for understanding the perceptions of the participants in their studies. These 

studies conducted PEIs in three steps: (a) obtaining the images, (b) integrating the images 

into the interview protocol and, (c) stimulating a conversation to elicit understanding 

about the target issue. Hence, the elicitation of understanding about a desired topic 

occurred through a process where both researcher and the subject explore the ideas 

conjured up from the photographs. Bryman, (2001) referred to this technique as a “double 

interpretation, where the researcher is providing an interpretation of other people’s 

interpretation of the image” (p.15).  The PEI method described in the studies of 

Lorenzoni et al. (2006), Harper (2000), and Epstein et al. (2006) was applied in this paper 

for eliciting teachers’ understanding about GCC. Images depicting GCC were obtained 

from public sources and were integrated into an interview protocol to elicit teacher 

participants’ understanding of GCC. 

Methods 

 This study employed an interpretivist paradigm (Garfinkel,1988) to analyze data 

collected through PEIs. The objective was to explore how participant teachers 
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	conceptualized the phenomenon of global climate change. To achieve this objective a 

priori codes were developed from the relevant literature (IPCC, 2013, Karl &Trenberth 

2003, Summers, Kruger, Childs & Mant 2010) for examining the data. These included 

the factors that are crucial for comprehending GCC such as: fossil fuel combustion and 

carbon dioxide, greenhouse effect and GCC, biodiversity and GCC, global warming and 

an understanding of the direct and indirect impacts of GCC (Karl &Trenberth 2003, 

Summers et al., 2010).  

 Data were also analyzed inductively where the transcript was read by the 

researchers and codes emerged from the data. These emergent codes along with the a 

priori codes provided major ideas that were tailored into three levels of understanding: 

basic, advanced, or misconception. 

Context  

 This study took place within the context of the project, CYCLES: Teachers 

Discovering Climate Change from a Native Perspective, a National Aeronautics and 

Space Administration (NASA) Innovations in Climate Education grant. CYCLES was a 

partnership between science educators, scientists and Ojibwe communities in northern 

Minnesota that provided professional development to secondary school teachers for 

developing and implementing culturally relevant approaches for teaching climate science. 

Over a three-year period, teachers attended an annual weeklong summer workshop to 

learn about GCC and its impacts in Minnesota. Additionally, five follow-up workshops 

and on-going classroom support were provided during each academic year (for details 

please refer to chapter 2).  
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	 This study used data collected during the second year of the CYCLES 

professional development program. The content of the professional development was 

focused on the impact of global climate change on different regional and global 

ecosystems. The main causes of climate change (greenhouse gases) are invisible, it 

causes multiple cascading impacts, its evidence requires the understanding of data and its 

impacts are geographically distant for most Americans. Therefore, to promote an in depth 

understanding about GCC, multiple content based hands-on activities and personal 

interactions with the climate experts were provided to the participants. These 

opportunities were specifically targeted to produce an understanding of (a) timescale, (b) 

local and global perspectives, (c) proxy data that constitutes the evidence for GCC and 

(d) ecosystem connectivity with respect to GCC (refer to chapter 2 for more details).  

Participants 

 Nineteen middle and high school science teachers (male=8, female=11) 

participated from reservation areas in Minnesota, specifically the Fond du Lac, Leech 

Lake, Red Lake, and White Earth reservations. The teachers represented a range of years 

of experience from 5-35 years. Their teaching assignments varied from upper elementary 

to high school grade levels including science, technology, social science, and culture with 

some teachers assigned to multiple subject areas and grade levels. Out of the nineteen 

teachers enrolled in the professional development program CYCLES, ten teachers 

volunteered to participate in the PEI research study (see Table 4.1). The PEI interviews 

were conducted with the participants during the professional development workshop in 

year 2 of the program. 
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	Table 4.1 
 
Details of CYCLES Participants’ Teaching Assignments 

  Science Technology 
Education 

Culture* Social 
Studies 

Total 

High School (9-12) 4         0        0      0 4 

Middle School (6-8) 2         0 0 0 2 

Secondary (7-12) 4 0 0 0 4 
*Students attend a class on Ojibwe culture, history, and language one period each day 

The Photo Elicitation Interviews 

  An interview protocol for PEI was designed using the images (see Appendix A) 

from the NASA image collection and local climatology websites. Images were selected 

for how they might help to draw comments and thoughts that would illuminate teachers’ 

understanding of GCC. Attention was paid to the form and content of the photographs, 

image clarity, focus and color of the images. Literature suggests that certain specific 

information constitutes as key evidence for GCC: 1) information about the impact of 

carbon dioxide on increasing average global temperatures, 2) records of long term data of 

weather and climate, 3) records of proxy data collected through ice cores and pollen, 4) 

reports and popular media articles about the direct and indirect impacts of GCC 

(Intergovernmental Panel on Climate Change, 2013; Karl & Trenberth, 2003). Therefore, 

eight images that depicted the above mentioned key evidence of GCC were selected from 

NASA and local climatology websites. These images were arranged in a sequential 

manner to depict weather and climate, greenhouse effect, the Keeling curve, carbon 

dioxide levels, change in global average temperatures, evidence of climate change from 

various data sources and images showing direct and indirect impacts of GCC. The 

interview process began with sharing the image of a receding glacier and progressed 
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	towards other images. Participants were allowed to use various images to construct their 

explanations. For example, while discussing the image showing evidence of climate 

change from various data sources, a participant could utilize their previous explanation of 

weather and climate.  

 Additionally, all the questions related to these concepts were (see Appendix 1, 

Table A1) aligned with the Essential Principles of Climate Literacy (see Appendix 1, 

Table A2). The EPCL is a guiding document created for citizens to understand Earth's 

climate, impacts of climate change, and approaches for adapting and mitigating change 

(USGCRP, 2009). The principles described in the guide are: 

1. The Sun is the primary source of energy for Earth’s climate system. 

2. Climate is regulated by complex interactions among components of the Earth 

system. 

3. Life on Earth depends on, is shaped by, and affects climate. 

4. Climate varies over space and time through both natural and human processes. 

5. Our understanding of the climate system is improved through observations, 

theoretical studies, and modeling. 

6. Human activities are impacting the climate system. 

7. Climate change will have consequences for the Earth system and human lives. 

8. Humans can take actions to reduce climate change and its impacts (USGCRP, 

2009). 

These principles are focused towards promoting an in-depth understanding about climate 

and various issues regarding global climate.  They envision a climate literate person to be 

capable of understanding the Earth's climate system, assessing scientifically credible 
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	information about climate for informed decision making about climate issues (Climate 

Literacy Network, 2007). Hence, using images and designing questions based on 

parameters that constitute as evidence for GCC and aligning them with EPCL ensured 

that the PEI protocol was focused towards eliciting the understanding of basic science of 

GCC.  
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	Table 4.2 

 Photo Elicitation Interview questions designed using Essential Principles of Climate Literacy and the basic science 
 

Concepts focused Essential Principle of Climate Literacy Photo Elicitation Interview Questions 

The understanding about weather and climate 
and the ability to understand the long term 
trends in the temperature records 

Principle #4. Climate varies over space and time 
through both natural and man-made processes. 
Principle #2. Climate is regulated by complex 
interactions among components of the Earth system 

Question: What is the difference between 
“weather” and “climate”? Which factors 
determine daily weather and the influence 
climate? 
 

The understanding of  Greenhouse effect as the  
process where solar energy penetrates into the 
lower atmosphere and onto the surface of Earth, 
is converted to heat, but then cannot freely leave 
the planet due to the presence of certain 
greenhouse gases that trap heat  

Principle #1. The Sun is the primary source of 
energy for Earth’s climate system. 
Principle #2. Climate is regulated by complex 
interactions among components of the Earth system 
 

Questions: What are greenhouse gases? How do 
they create the “greenhouse effect”? How is 
greenhouse effect related to global warming? Is 
the term “global climate change” 
interchangeable with “global warming”? 

Understanding the phenomenon of global 
climate change with respect to carbon dioxide in 
the atmosphere. 

Principle #3. Life on Earth depends on, is shaped 
by, and affects climate. 
Principle #6. Human activities are impacting the 
climate system. 
Principle #5. Our understanding of the climate 
system is improved through observations, 
theoretical studies and modeling. 

Questions: What does the Keeling curve 
represent? What does the zigzag shape of the 
graph represent? Does carbon dioxide trap more 
heat than other green house gases? How much 
Carbon dioxide is already present in the 
atmosphere?  How does CO2 affect the global 
temperatures? 

Understanding the phenomenon of global 
climate change with respect to increasing 
temperatures. 

Understanding the empirical data and the 
evidence provided for climate change from 
various data sources such as ice cores, tree cores 
and temperature records. 

Principle #4. Climate varies over space and time 
through both natural and man-made processes. 
Principle # 6. Human activities are impacting the 
climate system. 

Questions: What does the graph represent? 
What does this data convey? What are the 
factors that would hinder your understanding 
and acceptance of information provided by this 
data 

Understanding of the direct and indirect impacts 
of global climate change. 

Principle #7.Climate change will have 
consequences for the Earth system and human lives. 

Questions: What do you predict about: 
1) Precipitation intensity as a result of rising 
temperatures? 
2) Risk of droughts or precipitation or both? 
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Piloting the PEI. Once the images were selected and questions were written, pilot 

interviews were conducted to determine the effectiveness of the images for eliciting 

desired discussions. Four weeks before commencing the data collection, the PEI was 

piloted with graduate students, colleagues and two high school science teachers. Piloting 

showed that the PEI stimulated a conversation between the researcher and the 

participants. Within the conversation, the researcher was able to pose questions and 

prompts that were able to elicit the desired responses from participants. Therefore, 

images, questions and interview prompts in the interview protocol were left unchanged. 

To keep the interview between 30-35 minutes, participants were provided with the 

images ahead of time (Patton, 2002).  

Conducting PEIs. PEIs were conducted during the second annual workshop in the year 2 

of CYCLES project. Ten out of eighteen teacher participants (who had been a participant 

in the CYCLES professional development program for a year) volunteered for the PEI 

interview. An informed consent was sought at the beginning of each interview. 

Thereafter, images were presented and interviews were conducted with participants. 

Participants were probed using prompts, such as “How so” and “please elaborate” When 

explanations provided by participants were not clear, the interviewer asked for examples 

or analogies for that particular concept. This technique required that the researcher 

understood the perception of interviewees. Hence, researchers encouraged the 

participants to think aloud, pause, and reflect on their comments. Following these 

techniques, the interview became more like an interaction, where both interviewer and 
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	the interviewee conversed on a particular topic to achieve a common understanding about 

GCC.  

Data Analysis 

External influences on coding. An initial task was to determine what might constitute as 

the understanding for the complex issue of GCC. Some key concepts were considered as 

a priori codes for initial coding of the data. These a priori codes were developed from the 

relevant literature (IPCC, 2013, Karl & Trenberth 2003, Summers et al., 2010) for 

examining the current data. These included the factors that are crucial for comprehending 

GCC: fossil fuel combustion and carbon dioxide, greenhouse effect and GCC, 

biodiversity and GCC, global warming and an understanding of the direct and indirect 

impacts of GCC.  

Coding process.  The initial coding process used the a priori codes. These existing set of 

codes were developed by the key concepts necessary to develop an understanding of 

GCC. As data were coded, certain codes were revised and expanded. The secondary 

coding process was inductive where the transcript was read by the researchers and codes 

created by data were noted. These emergent codes along with the a priori codes provided 

major ideas that were categorized into three levels of understanding: basic, advanced, or 

misconception (Table 4.3). 
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	    Table 4.3 

              Categorization of Understanding about Essential Principles of Climate Literacy and the basic science of GCC 
Basic understanding of GCC Advanced understanding of GCC Misconceptions about GCC 

Use of prior knowledge to form their 
understanding of the images  
 
Explanation, generalization based on the 
factual information from one image  
 
Limited or non-specific objective statements 
about GCC 
 

Use of prior knowledge to form their 
understanding of the images  
 
Explanation, generalization based on 
information derived from multiple 
images.  
 
Correct, relevant and descriptive 
statements included throughout 

Misconception or superficial 
scientific knowledge 
These ideas were false or 
mistaken views about GCC. 
 
Very little or incorrect objective 
statements included 
 

When asked about the causes of GCC, a 
participant’s response was “Burning fossil 
fuels produces carbon dioxide”. This 
participant based most of his discussions on 
the concept “fossil fuel combustion” 

For example, when asked about the 
causes of GCC, a participant’s 
response was “Burning fossil fuels 
releases ancient carbon in huge 
quantities over a relatively small 
amount of time”. Here, participant 
considered the rate of release of carbon 
as well as the type of carbon that was 
being released depicting an advanced 
understanding.  

There is a large amount of 
carbon dioxide in the 
atmosphere 
Holes in the ozone layer cause 
global warming 
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	Results 

Teacher participants’ conceptualizations about GCC are discussed in two sections, 

(1) teacher understanding based on different PEI images and (2) differentiated levels of 

teacher understanding about GCC  

Teacher Understanding of the GCC content based on different PEI images  

Image 1 showed significant observable changes due to the melting of Holgate Glacier in 

Alaska over the past century. Most of the teachers had seen this image multiple times in 

various documentaries and also in materials presented during the professional 

development workshop. Eight out of ten teachers acknowledged that the image caught 

their attention and made them think about the earth warming up. However, they also 

stated that the image did not tell them anything about global climate change. They stated 

the need for more evidence from multiple sources to be able to fully understand the issue.  

“My first instinct is to say, yes, this is climate change, but I kind of feel like that I 

need to see more and have more evidence than just a picture to look at. I mean 

definitely it gets you thinking, but I don’t think you can just have this one picture 

as evidence. You need more proof.” (Teacher 1) 

 Teacher 3 and 5 were skeptical about climate change being the only cause and 

suggested that other variables could have influenced observed changes at the Holgate 

Glacier in Alaska. 

“ I think there are so many variables that are involved and that there is not one 

specific item that is effecting climate change”. (Teacher 5) 

 Image 2 was designed to elicit teachers’ understandings of weather vs. climate. 

All ten teachers were able to distinguish between weather and climate data. When asked 
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	about what duration of weather data was needed to make climate predictions, their 

answers varied from 10 years to a much longer span of 100 years of weather data.  

“The climate would be—I believe when we talked about it I think it was three 

decades is the smallest amount and the best amount they said was at least 100 

years to actually talk about climate. So, the gradual change over time would be 

more climate and weather is just your snapshot picture of a day or about a month 

or a year.” (Teacher 1) 

“If you’re going to talk climate of an area? Fifty years, minimum, I would say” 

(Teacher 7) 

Climatologists consider a 30-year period for comparing current climatological trends to 

that of the past (World Meteorological Organization, 2013). However, even with the 

variation in their response, all teachers understood climate as the average weather for a 

region and that weather anomalies were not representative of a changing climate. 

“So the weather may change every day but that does not mean that climate is 

changing with.” (Teacher 2) 

 Image 3 was a textbook image showing the Greenhouse effect. Seven of the ten 

teachers were able to describe the greenhouse effect in detail with descriptions about the 

nature and the role of the greenhouses gases. As one of the participants explained: 

 “Short waves—solar radiation—come into the planet. It’s absorbed by the 

earth’s surface and then the earth’s surface re-emits long-wave infrared radiation 

as heat. And then, the more greenhouse gases we have, the greater the percentage 

of that heat that gets trapped in. So, normally a certain percentage of infrared 

radiation would just pass out again, out into space, but the more greenhouse 
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	gases we have in there, the more they absorb that energy and prevent it from 

leaving back into space. And then, off the planet.”   (Teacher 7) 

The remaining three teachers (Teacher 3, 6 and 8) stated water vapor, nitrogen and 

carbon dioxide as greenhouse gases and briefly described the process. Their explanations 

focused on sun being the source of energy which was “trapped” in the Earth’s atmosphere 

due to the greenhouse gases. 

“Well, there’s CO2. Nitrogen, I believe, was a greenhouse gas, water vapor was a 

greenhouse gas, I think there’s a few more I can’t remember right off hand.” 

(Teacher 3).  

 Image 4 showed an image of the Keeling curve. All participants recognized the 

Keeling curve and were able to explain an ongoing change in the concentration of carbon 

dioxide in the Earth’s atmosphere since 1958. On being probed about the repeating 

fluctuations (monthly averages of carbon dioxide concentrations) in the Keeling curve, 

only five teachers (2,4,5,7, 9, and 10) explained that seasonal fluctuations were due to the 

absorption of carbon dioxide gas during northern hemisphere’s spring and summer. They 

explained that growing plants absorbed more carbon dioxide than those in winter.   

“The Earth breathes, in spring we have plants growing thus CO2 is absorbed, but 

we loose that in fall and winter”. (Teacher 4).  

The other five teachers were not sure about why there was a fluctuation in monthly 

averages of carbon dioxide concentrations. Four of these participants (teachers 1, 3, 6, 

and 8) associated release of carbon to the temperature difference between seasons. One of 

them said, 
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	“Looks to me like it’s almost seasonal so every year it spikes at some point in time 

during the year, I’m not quite sure if it would be winter or summer. Maybe summer 

there’s more of this is generated because of the heat and then in the winter time 

not as much or maybe it could be vice-versa”. (Teacher 8) 

Image 5 was a pictorial representation of the carbon dioxide levels in our atmosphere. All 

ten participants confidently discussed this image that depicted the changing carbon 

dioxide levels in the atmosphere and their steady increase over the past few decades. 

Drawing information from the image of Keeling curve, all the participants stated the 

present day concentrations of carbon dioxide gas in the atmosphere. Teacher 10 stated 

that “We are somewhere between 360-380 ppm levels of Carbon dioxide”. Furthermore, 

all of them observed that the highest concentrations of carbon dioxide were focused over 

North America, Europe and Asia. They also suggested that that the highest concentrations 

corresponded to the major sources of emissions. Teacher 8 also stated that the emissions 

were dispersed all over the planet due to global circulation patterns: 

“The Earth’s spewing off carbon dioxide and the image shows that there’s more 

between 2003 and 2007. It’s showing, you know, where it was concentrated 

towards the middle of North America, and now it’s shown flowing up towards 

Alaska, Russia, and Japan, so it moves around”. (Teacher 8) 

When asked about the sources of carbon dioxide in atmosphere, two teachers (3 and 9) 

attributed carbon dioxide emission to burning of fossil fuels, agriculture, and land use, 

while others also considered the natural seasonal variability in carbon dioxide 

concentrations (as summer transitions to fall, plant photosynthesis decreases and carbon 

dioxide starts accumulating in the atmosphere) in addition to the sources mentioned 
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	above. While Teacher 3 described over-consumption of fossil fuels as the source of 

carbon in the atmosphere, Teacher 2 stated that the rate of accumulation of carbon 

dioxide in the atmosphere was a bigger issue than where the carbon dioxide came from. 

“What it is a never ending consumption of resources, an exploitation of fossil fuels 

and a constant pumping of carbon in the atmosphere by over consuming various 

resources”. (Teacher 3) 

“There is the burning of fossil fuels, deforestation and then also the seasonal 

differences too, the red line in the Keeling graph (pauses), I think the concern is 

because the rate of accumulation of CO2 no matter what the source is increasing.” 

(Teacher 2) 

Teacher 2 also attributed the increase in average temperatures to the increasing carbon 

dioxide concentrations.  

  “I think the concern is because the accumulation of CO2 no matter what the  

  source is increasing, which eventually corresponds to increased temperatures. 

Image 6 was a pictorial representation of changes in average global 

temperatures.” 

All participants stated that the average temperatures all over the world were increasing 

and it was getting warmer, two participants (teacher 3 and 9) ascribed this increase to a 

combination of both natural and anthropogenic causes. Teacher 9 stated that, “I think it’s 

a combination of a variety of things, manmade as well as natural causes.” When asked 

further about what a one –degree change in temperature would mean, eight participants 

described this change as significant. They mentioned that in the past such a change in one 

or two degrees had been responsible for the advent of the ice ages. 
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	        “I have seen documentaries talk about a rise in 2 degrees C of global temperature 

would mean melting glaciers, rising sea levels of the oceans, think about people 

losing their coastal land and moving. I am not sure but wasn’t it a small decrease in 

temperature that had led to the ice ages?” (Teacher 5) 

Three participants (3, 6, and 9) also mentioned that the increase in global temperatures 

could also be attributed to the size of the ozone hole, which is a commonly held 

misconception (Gautier, 2006; Kempton, 1991). 

“I know that the atmosphere is thinner in those areas, so it is depleting there 

faster, so it’s getting warmer and warmer there because the atmosphere isn’t as 

great and is depleting. So it’s getting warmer and warmer and that’s affecting 

those areas from the hole.” (Teacher 7) 

 Image 7 consisted of a graph adapted from the IPCC, 2007 report which presents 

data from proxy instruments (tree ring, ice core and coral growth records) and data 

collected with modern instruments, showing differences between annual mean 

temperatures during the reference period of 1961-1990. While many participants 

struggled with explaining this image, they were able to assess the info in the graph. 

However, they were challenged in explaining the “grey region” on the graph that 

represented “uncertainty”.  

“I can say for sure that this graph is talking about a lot of things, its data from 

tree rings, ice cores and coral reefs, so data that we are collecting now but is 

about past events. The “red line” is when we have instruments to measure 

temperature so those are recent data. I don’t know what the grey fluctuations are 

about… may be another source?” (Teacher 8) 
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	On being told that the “grey” area represented uncertainty, teacher 8 associated 

uncertainty with measurements being faulty rather than considering it (uncertainty) as a 

quantitative measurement of variability in the data. Furthermore, after observing the data 

trends from this graph, six of the ten participants expressed the need for more evidence 

and more accuracy in future predictions for local impacts. These two ideas are evident in 

the following quote: 

“We should be re-doubling our efforts to verify whether or not this is something 

that has never happened before. From 1900 to 2000, is this something that hasn’t 

happened in the past or is it something that has happened in the past and it’s just 

further back than the year 1000. And it could be 10,000 or 20,000 years ago that 

you had something like this or similar to this. But, at the same time this is 

obviously over the past 1000 years, and if it’s spiking right now it might be a 

concern that we have to monitor. But, continue to look at where it has been in the 

past beyond 1000 years, and I’m sure there is data that could be gathered on 

that.” (Teacher 4) 

Image 8 represented a flooding event in the Mississippi River in the Midwest USA. This 

image was targeted at eliciting the understanding for the indirect impacts of changing 

climate in regards to flooding and droughts. All the participants were confident that 

increasing temperatures were correlated with the increased chances of drought or 

precipitation. They attributed this correlation to the global circulation pattern of winds. In 

the event of climate change, the participants said that the dry areas will get drier and the 

wet areas will become wetter. However, most participants were not sure about the 

interplay of several factors at a local scale.  
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	“ I think that you can have more rain and less rain. I think due to the way that the 

global circulation patterns of winds and things are set up—so, areas now that are 

dry will get drier and areas now that are wet will get wetter. Because, if it’s 

naturally a warm, dry area anyways, it’s going to get hotter and hotter and hotter 

and there’s not going to be more moisture there. But, if it’s normally an area with a 

more intermediate climate, where there’s rainfall the increased energy in the 

atmosphere and the increased temperature of the atmosphere is going to allow the 

air that’s normally wet to hold even more water, which is going to give us more 

rain”. (Teacher 10) 

Differentiated Levels of Teacher Understanding about GCC  

 A priori codes were developed from the relevant literature (IPCC, 2013, Karl & 

Trenberth 2003, Summers et al., 2010). These codes constituted the key ideas about 

GCC: fossil fuel combustion and carbon dioxide concentration, greenhouse effect and 

GCC, global warming and its direct and indirect impacts. Participant responses were then 

categorized into basic and advanced level of understanding. Misconceptions about GCC 

were also identified using these key ideas. Table 4.4 shows teachers’ understanding about 

the above mentioned key concepts related to GCC.  Also included are some identified 

misconceptions that were elicited using the Photo Elicitation Interview method. 
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	Table 4.4.  

Teachers’ understanding of concepts related to Global Climate Change elicited using the Photo Elicitation Interviews  

 
 
 

Key ideas  Basic Understanding Advanced Understanding Misconceptions 
Fossil Fuel 
combustion and 
Carbon dioxide 

Burning fossil fuels  
produces carbon dioxide 

Burning fossil fuels releases ancient 
carbon in huge quantities over a 
relatively small amount of time 

There is a large amount of 
carbon dioxide in the 
atmosphere 

Greenhouse effect 
and GCC 

Greenhouse effect allows the incoming 
radiation and sustains life on earth 

Man-made carbon dioxide leads to an 
enhanced greenhouse effect and 
observed rise in mean global 
temperatures 

Role of shortwave and long 
wave radiative processes  

Global warming  There has been an observed increase in 
the mean global temperatures  

Increase in mean global temperatures 
will cause changes in multiple other 
climate patterns 

 

 Keeling Curve showed an ongoing 
change in the concentration of carbon 
dioxide in the Earth’s atmosphere since 
1958 

Repeated fluctuations in the Keeling 
curve are due to the seasonal fluctuations 
in the release of carbon dioxide gas.  

 

 Multiple data sources constitute as an 
evidence for climate change 
(thermometer, tree rings, ice cores and 
historical records)  

Climate models estimate trends rather 
than single events and their predictions 
are based on mathematical 
representations of the interactions 
between the atmosphere, oceans, land 
surface, ice – and the sun.  

Models are unreliable. They 
consider factors that rely on 
current climate so they agree 
with the observed data 

 

Direct and Indirect 
impacts of GCC 

Coastal Inundation, Feedback processes 
may amplify or diminish the warming 
or cooling of the climate  

Coastal inundation, Complexities in 
climate such as, an increase in the 
greenhouse gases is causes warming of 
the troposphere and a cooling of the 
stratosphere.  
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	The insights from the table 4.4, show that the participants who demonstrate a basic 

understanding about GCC are able to describe fossil fuels combustion as a source of 

carbon dioxide in the atmosphere, describe the greenhouse effect as a phenomenon, 

contribute observed increase in the mean global temperatures to an ongoing change in the 

concentration of carbon dioxide and describe the direct and indirect impacts of changing 

climate. While these participants are able to describe factual information, it is challenging 

for them to use empirical or graphical evidence to support their information. In contrast, 

the participants who demonstrate an advanced understanding about GCC are able to 

describe fossil fuel combustion with focus on the both the time and the type of Carbon 

released in the atmosphere, they describe greenhouse effect and enhanced greenhouse 

effect with anthropogenic sources of carbon dioxide and talk about cascading impacts of 

rise in global temperatures. The participants with advanced understanding also describe 

social repercussions for indirect impacts of GCC like migration of communities. 

Furthermore, these participants are able to consider multiple data sources as an evidence 

for climate change (thermometer, tree rings, ice cores, and historical records). 

Misconceptions similar to those documented in literature were observed in this study as 

well. These included participants underestimating greenhouse gases like water vapor, 

methane and nitrous oxide, considering the ozone hole as one of the causes for GCC, 

associating air pollution with greenhouse gas emission and undermining radiative 

processes of the Earth (Gautier, 2006; Grima et al. 2010; Kempton, 1991). As example 

for the same is presented in the quote below. 

“I know that the atmosphere is thinner in those areas, so it is depleting there 

faster, so it’s getting warmer and warmer there because the atmosphere isn’t as 
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	great and is depleting. So it’s getting warmer and warmer and that’s affecting 

those areas from the hole.” (Teacher 5) 

Discussion 

 Using images for assisting participants to discuss their knowledge of GCC elicited 

in depth conceptions of GCC. The images facilitated recall of participants’ knowledge, 

ideas, biases as well as experiences. The stimulus provided by the image sharpened 

participant reflections during the PEI, prompted lengthy discussions thus allowing 

respondents to verbalize their conceptions more than a traditional interview method 

(Jacobsen, 2007; Loeffler, 2004; Rose 2007). Hence, the use of Photo Elicitation 

Interview (PEI) provided lengthy discussions, which were further instrumental in 

identifying basic and advanced levels of understanding for the key concepts that 

constitute the understanding of GCC.   

The teacher participants’ in this study conceptualized GCC based on their prior 

knowledge of green house effect, global warming and fossil fuel combustion. They were 

aware of climate processes and climate as a regulator of Earth’s energy budget, and this 

knowledge is reflected in their explanations about GCC. However, the interactions 

between various climate processes are not explicit to their learning. (Bostrom et al., 1994; 

Kempton, 1991; Reynolds, Bostrom, Read, & Morgan, 2010). Additionally, our 

participants did not use empirical evidence in communicating their understanding about 

climate change. They used ideas from topics that are inherent to the life science and Earth 

science curricula. This assertion is in concurrence with  a recent survey where it was 

found that while teaching global climate change, most teachers did not emphasize upon 

evidence that supported anthropogenic influence on global warming and climate change 
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	such as CO2 measurements from ice cores, data collected and predictions made using 

climate models, our teachers (Plutzer et al., 2016) instead teachers preferred to teach 

global warming and green house effect.  These findings suggest that a barrier to 

understanding climate change might be grounded in a lack of understanding of evidence 

of anthropogenic influence on global warming (Huxter, 2013). Therefore, much like 

climate scientists, teachers and students need to experience the process of science to 

develop their own epistemological understanding of climate data. Previous research 

supports that providing conceptual knowledge about climate change does not help 

learners fully comprehend the processes that scientists have undertaken to make their 

scientific claims (Bowen & Rodger, 2008). However, epistemological understanding is 

integral to the learning of the conceptual knowledge and facilitates exploration, in depth 

processing of information, ability to develop claims and helps learners understand how 

evidence is generated in science. It also helps learners decide what counts as scientific 

evidence, and how information from multiple sources can be integrated critically to 

obtain a rational representation of the issue (Sinatra, Kienhaus & Hofer, 2014; Tyler & 

Peterson, 2003). Hence, it becomes critical to provide opportunities for students to make 

sense of climate data themselves through exploration and interaction with climate data 

(Holthius et al., 2014). 

Implications 

 Global climate change issues are inherently abstract and learners tend to 

understand and relate to the concepts that are grounded in their prior knowledge and 

influence their every day life. However, for the first time in history, U.S. national science 

standards explicitly target climate change as a core conceptual strand in K-12 science that 
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	build on student reasoning, argumentation skills and understanding of complex issues 

specifically in the context of global climate change (GCC). The NGSS recommend that 

middle school students become capable of analyzing and interpreting data, understanding 

natural hazards, forecasting future catastrophic events, and applying scientific principles 

for monitoring and minimizing human impacts on the environment. At the high school 

level, the NGSS recommend that students learn how to gather evidence, construct 

explanations, create design solutions and compute simulations for managing and adapting 

towards GCC (NGSS Lead States, 2013).   

To achieve the NGSS recommendation, we must first prepare our teachers by 

developing their own understanding of climate change science. Recent empirical 

evidence has highlighted the challenges for STEM teachers to engage in climate change 

education (Fortner, 2001). These include comprehending the basics of climate science, 

using information from various disciplines to teach global climate change and 

understanding uncertainty inherent within certain climate projections (Fortner, 2001). 

Currently most professional development programs focus on developing conceptual 

understanding through various approaches. However, there is a preceding need to 

promote learners’ understanding of what counts as a scientific evidence before we can 

expect them to use the evidence to form their knowledge about the phenomenon. 

Therefore, grasping epistemic underpinnings of climate science before conceptual clarity 

is a critical step in promoting climate literacy.   
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	Chapter 5: Metacognitive Scaffolding as an Instructional Strategy for Constructing 
Understanding of Global Climate Change 

 

 Over the last decade creating awareness and understanding about global climate 

change (GCC) has become a priority for education researchers, scientists, and educators 

(Climate Literacy Network, 2007). Multiple frameworks like the Essential Principles for 

Climate Literacy (EPCL; USGCRP, 2009) and the Earth Science Literacy Initiative 

(ESLI; National Science Foundation, 2009) have supported efforts in creating a scientific 

understanding of GCC among learners. Recently the Next Generation Science Standards 

(NGSS; NGSS Lead States, 2013) have included climate literacy as a core disciplinary 

idea within K-12 education and recommend that all students become capable of 

constructing scientific explanations about the evidence and impacts of changing climate 

on various global ecosystems (NGSS Lead States, 2013; Poppleton et al., 2015). 

However, developing understanding about GCC in K-12 classrooms and among 

adult learners has been challenging. Recent empirical evidence highlights that both 

teachers and students alike struggle with comprehending the basics of climate science. 

Two important factors, the type of knowledge (interdisciplinary content knowledge) and 

the structure of knowledge (awareness of how multiple concepts are interrelated) required 

to understand GCC makes this topic a challenge for learners across ages (National 

Science Teachers Association, 2013; Plutzer et al., 2016; Rebich & Gautier, 2005).  

While understanding and learning about GCC, most learners tend to focus on isolated 

aspects of GCC (such as the impacts on a particular place) and ignore the ideas that 

demonstrate connectivity between various aspects of GCC (such as how changing climate 

impacts on water resources are related to those on land). Hence, while investigating data-
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	based evidence supporting anthropogenic influence on global warming challenging 

(Rebich & Gautier, 2005), learners become overwhelmed with the extensiveness of the 

topic and tend to develop simplified mental models of GCC that overlook critical and 

complex information (Huxter, 2013; Jonassen, 2000; Koulaidis & Christidou, 1999; 

Rebich & Gautier, 2005; Rule, 2005).  

The inclination to focus on isolated concepts can be attributed to the traditional 

instruction of climate science, where emphasis is on learning about either evidence for 

changing climate or the impacts of a changing climate (Filho, 2010). However, changes 

occurring in one part of the planet impact and contribute to changes in other climate 

processes. Therefore, instructional approaches focused on developing learners’ 

understanding of the dynamicity of the climate processes are needed. This will require 

attention to both content and structural knowledge, where learners not only identify the 

critical scientific knowledge that constitutes an issue, but also their own understanding of 

the scientific phenomenon (Grotzer & Lincoln, 2007; Hamilton et al, 2008; Richmond & 

Striley, 1996; Rule & Meyer, 2009; Sweeney & Sterman, 2000). More specifically, 

learners need to understand both “what do I know” and “how do I understand” about a 

complex scientific phenomenon like GCC, so that they can understand the structure of 

complex ideas, identify gaps in their own knowledge and acquire new knowledge to form 

comprehensive mental models (Blank, 2000; Baird, 1986; Grotzer & Mittelfehldt 2012; 

Zohar & David, 2008; Zohar & Peled 2008).  

Some research studies have described the use of cognitive and metacognitive 

strategies to improve learners conceptual understanding of science topics (Grotzer & 

Lincoln, 2007; Trundle et al., 2002, 2007). Metacognition, often defined as "thinking 
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	about thinking" (Flavell, 1979), allows learners to manage their own thinking (White & 

Frederiksen, 2000) and understand the structure of complex ideas (Perkins & Grotzer 

2005). Using metacognitive strategies, learners reflect on both “what do I know” and 

“how do I know” (Grotzer & Lincoln, 2007; Hogan, 1999; Perry, 1970; Wenk, 2000).   

to form mental models of their own understanding of complex phenomena (Kramarski, 

Mevarech & Arami, 2002; Schoenfeld & Herrmann, 1982; Zohar & David, 2008). 

Studies focusing on metacognitive strategies state that learners experienced conceptual 

change through the use of cognitive and metacognitive strategies by retrieving prior 

knowledge, demonstrating newly acquired knowledge and identifying the gaps in their 

own knowledge (Pressley, Woloshyn, Burkell, Cariglia-Bull, Lysynchuk, McGoldrick, 

Scheneider, Snyder, & Symons, 1995). Doing so allowed learners to create sophisticated 

mental models about complex scientific phenomena (Weinstein & Mayer, 1986).   

 Although researchers have established relationships between metacognition and 

conceptual understanding of science concepts, not much work has been done in assessing 

how metacognitive scaffolding influences the use of cognitive and metacognitive 

strategies in understanding a complex scientific phenomenon like GCC. Addressing this 

gap in literature, I hypothesized that the use of metacognitive scaffolding will help 

learners to use cognitive and metacognitive strategies which will further help them in 

constructing their understanding of GCC. To assess this hypothesis, I asked, “How does 

metacognitive scaffolding influence secondary science teachers use of cognitive and 

metacognitive strategies for understanding complex scientific phenomenon like GCC?” 
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	Theoretical Framework 

The theoretical framework for metacognition used to guide this study was adapted 

from Nelson & Narens (1990) who describe metacognition as an interplay between two 

levels of information processing-an object level and a meta level. Object-level processing 

of information refers to learners recognizing specific concepts and creating a spatial 

representation for themselves about how they understand the content. The actions taken 

at the object level, such as reading, identifying and processing information, inform the 

meta level where information is evaluated, retained and assimilated with existing 

knowledge. Employing metacognitive strategies allows a learner to not only read, 

identify and assimilate information but also to reflect about how they did so. Such in-

depth reflection facilitates an environment where the learner is able to observe and 

identify underlying connections, causal relationships between the components, and 

various processes that otherwise go unrecognized and unaccounted for (Perkins & 

Grotzer, 2005).  

Research shows that when metacognitive strategies are used in the form of 

scaffolding (Bulu & Pederson, 2010; Ge & Land, 2003), students perform better in 

problem solving, representation of complex information, making justifications and 

critical evaluation of content. Metacognitive scaffolding can be provided in the form of 

self-reflection, self-questioning, thinking aloud, note taking, using embedded cues and 

writing in depth explanations (McKeachie, 1988; Pintrich & Degroot, 1990; Simpson & 

Nist, 2000; Soldner, 1997; Taylor, 1999). The effect of metacognitive scaffolding on 

learners can be analyzed by assessing metacognitive and cognitive strategies, that 
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	demonstrate awareness about both the content and process of learning (Heikkila & Lonka 

2006; Pintrich 1999; Sackes, 2010; Sackes & Trundle 2014; Wolters 1999).  

A cognitive strategy refers to the cognitive and behavioral process used by 

learners to evaluate and their goals (Heikkila & Lonka 2006). They are employed by 

learners for achieving their cognitive goal (Pressley et al., 1995) through selecting, 

organizing and integrating new information with their existing knowledge (Weistein & 

Mayer, 1986). Examples of cognitive strategies have been documented by various studies 

(Biggs, 1984; VanderStoep & Pintrich, 2003), these strategies include asking in-depth 

questions, distinguishing important and unimportant information, searching for 

connections between prior knowledge and newly acquired information, elaboration and 

organization, and assessing how newly acquired information fits with existing mental 

models. Metacognitive strategies are used to monitor if the cognitive strategies have been 

employed efficiently to reach the desired cognitive goal. They include selecting proper 

strategies and resources and assessing task performance. Personal skills (recognizing 

personal strength and weaknesses), task skills (understanding the nature and demands of 

the task) and strategy skills (creating personal strategies for the completion of the task) 

are some examples of metacognitive strategies. Studies have demonstrated the 

relationship between students’ use of cognitive strategies and their metacognitive 

monitoring (Heikkila & Lonka, 2006; Wolters, 1999). They have reported that students 

who were highly metacognitive were aware of the cognitive strategies that they used and 

were able to change their cognitive processing of complex scientific information in 

response to metacognitive interventions (Pintrich, Wolters, & Baxter, 2000). 
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	Methods 

A multiple case study design was employed to explore the cognitive and 

metacognitive strategies used by participants when they were asked to create concept 

maps in the presence and absence of metacognitive scaffolding. Groups of teacher 

participants constructing concept maps in three different settings constituted the cases.  A 

carefully established rationale guided the selection of the embedded multiple case study 

design. The prominent reasons being that this study 1) involved more than one bound 

case, 2) was both explanatory and exploratory in approach and, 3) sought to understand 

how providing metacognitive scaffolding influenced teacher participants’ use of 

metacognitive and cognitive skills. Additionally, a case study approach served 

appropriately because “1) research topics were defined broadly, 2) complex multivariate 

conditions and not isolated variables were covered, and 3) multiple and singular sources 

of evidence were used” (Yin, 2000, p. xi).   

Defining and selecting the cases 

  The cases were selected purposively and involved three groups of teachers 

constructing concept maps in three different settings. Each group of teachers was 

identified as a case to investigate how metacognitive scaffolding influenced teacher 

participants’ understanding of GCC through their use of cognitive and metacognitive 

strategies. Data were analyzed within each case, followed by a cross case analysis to 

obtain a holistic perspective about the impact of metacognitive scaffolding on learners’ 

understanding of complex issues like GCC.  
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	Context  

 This study took place within a larger study, NASA Innovations in Climate 

Education project - CYCLES: Teachers Discovering Climate Change from a Native 

Perspective. CYCLES was a partnership between science educators, scientists and 

Ojibwe communities in northern Minnesota providing professional development to 

secondary school teachers for developing and implementing culturally relevant 

approaches to teaching climate science. Over a three-year period, teachers attended an 

annual weeklong summer workshop, five follow-up workshops and on-going classroom 

support to learn about GCC and its impacts in Minnesota (for details see chapter 2).  

 This study is based on data collected during the third year of the CYCLES 

professional development program. The content of the professional development was 

focused on the impact of global climate change on different regional and global 

ecosystems. Multiple content based hands-on activities and personal interactions with the 

climate experts were provided to the participants (for details see chapter 2) to develop 

their conceptual knowledge about the topic.  

Participant selection  

 Out of the nineteen teachers enrolled in the professional development program 

CYCLES, twelve teachers participated in the metacognitive intervention research study. 

These twelve middle and high school science teachers (male=7, female=5) represented a 

range of years of teaching experience (5 - 35 years) in northern Minnesota (see Table 

5.1). Their teaching assignments varied from upper elementary to high school grade 

levels including science, technology, social science and culture.  
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	Table 5.1.  

Details of CYCLES participants and their teaching assignments 
 

      Case 1-Control 
Participants  

provided with  
no text or keywords 

Case 2-Experimental1  
Participants  

provided with  
text and 15 keywords 

Case 3-Experimental 2 
Participants  

provided with  
text and generated 

keywords 

 

High School 
(9-12) 

2                  2                       2 

Middle School 
(6-8) 

0                  1  1 

Secondary 
 (7-12) 

2                1  1 

Total 4                  4                            4 

 

Concept mapping was previously used with the teacher participants of this project for 

assessing their understanding of GCC (Chapter 2). Hence, it was a technique that the 

participants were familiar with. In this study, concept mapping was supplemented with 

metacognitive scaffolding in the form of cues (no keywords, keywords provided and 

keywords generated). Participants were divided into three groups randomly. Group 1 was 

provided with no text or keywords. They created a concept map about their understanding 

of GCC based on their prior knowledge. Group 2 was provided with 15 keywords and a 

text about GCC before they created their concept map about GCC and Group 3 was 

provided the same text and was asked to generate their own keywords before they created 

their concept map about GCC. The text used with the teacher participants was a short one 

-page description of causes, impacts and existing evidence about GCC. The content for 

this text was derived from the readings that the participants were familiar with through 
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	the CYCLES professional development workshop. More information about the text and 

the metacognitive scaffolding is provided in appendix 5A. 

Data collection and procedure  

 Structured interviews (Figure 5.1) were conducted with the participants 

individually after they completed their concept-mapping task. During this interview, 

participants reflected on their knowledge of the content (understanding GCC) and their 

experience about the process of making concept maps about GCC with or without 

metacognitive cues. Interviews were audiotaped and transcribed for analysis. 

Questions for the control group (no keywords provided) 
1. Please describe your concept map. 
2. Can you describe the process of concept mapping that you just participated in. Think 
about what you did when you got the task, then how did you proceed and finish the task.  
3. Which concepts in this map are the most important? 
4.  How do the concepts at the top of a concept map differ from those at the bottom? 
5. What plans do you make before you start to create a map? 
6. What was the hardest part about concept mapping for you? 
7. Did you include all the information in the concept map or did you omit anything? 
8. Any other insight that you might have about the process of concept mapping. 
Additional questions for the experimental group 1 (15 key words given) 
1. How did reading the given target text help you in this process of concept mapping? 
2. While you read the text what do you do to help you remember it? 
3.  How did the given keywords help you (or did not help you) in this process of concept 
mapping? 
4. Did you include all the information in the concept map or did you omit anything? 
5. Any other insight about this process? 
Additional questions for the experimental group 2 (generate key words) 
1. How did reading the given target text help you in this process of concept mapping? 
2. While you read the text what do you do to help you remember it? 
3.  How did the task of generating keywords help you (or did not help you) in this process 
of concept mapping? 
4. Did you include all the information in the concept map or did you omit anything? 
5. Any other insight about this process 
Figure 5.1. The questions of the interview protocol used in interviews conducted post 
meta cognitive intervention.



 
 

	 99		

	 
Data analysis 

To analyze how metacognitive scaffolding helped participants understand GCC, a 

set of cognitive strategies (scanning, organization, identifying concepts, elaboration and 

making associations) and metacognitive strategies (personal, task and strategy variables) 

were identified from the interview transcriptions of the participants. These strategies are 

used by learners when they are demonstrating conceptual awareness about both the 

content and their own process of learning new knowledge (Alao, & Guthrie, 1999; 

Heikkila & Lonka 2006; Pintrich 1999; Sackes, 2010; Sackes & Trundle 2014; Wolters 

1999). Table 5.2 provides a description of these strategies along with examples from the 

different experimental conditions where they were evident during this study. 

 For each case in this study (the three experimental conditions), data were 

collected for all teachers within a condition. Data were analyzed at group level (within 

and across the control and experimental conditions). For within case analyses (Stake, 

1995), each teacher participants’ concept map was assessed to reveal their conceptual use 

of cognitive and metacognitive skills to understand GCC. Additionally, frequency counts 

for the cognitive and metacognitive skills were collected using the interview transcripts 

from each participant. For cross case analyses, within-case findings of teacher 

participants were compared to identify common themes and relationships. 

Results 

Within case analysis 

Embedded Unit 1: Control group participants. Overall, the participants of this 

group used metacognitive strategies (personal, task and strategy skills) more frequently 

than the cognitive strategies (scanning, organization, elaboration and identifying 
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	concepts) (Figure 5.2) Participants of this group were required to make a concept map 

using prior knowledge when no text or keywords were provided. The control group 

members found the process of demonstrating their knowledge about GCC in the absence 

of any metacognitive scaffolding very challenging: “The task seemed very difficult. There 

is so much information about GCC, I did not know where to begin, that I did not want to 

miss any important idea.” (Teacher C3). The absence of any metacognitive scaffolding in 

the form of text and keywords left these participants “all on their own”. Using the 

metacognitive task skills to assess the nature of the task and its processing demands, 

these participants expressed that the GCC content was too vast for them to comprehend 

and hence they felt challenged with creating the GCC concept map.  

“The more I thought about it, the complicated it became, and the more questions I 

had that I needed answers for. If I didn’t know about how climate would change for land 

resources, then I thought about water on land too.” (Teacher C9). 
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	Table 5.2.  

Cognitive and Metacognitive strategies used by the participants under control (C), keywords provided (KP) and keywords 
generated (KG) conditions.   

 

 

 

 Description Control (C) 
(No text & no keywords) 

Keywords provided (KP) 
(Text & keywords given) 

Keywords generated (KG) 
(Text & generate keywords) 

Cognitive strategies: Strategies employed for the completion of a specific task. 

Scanning Looking for information, recalling prior 
knowledge and taking count of what is 
given 

I felt lost I read the text, then checked 
the key words 

I read and re-read, then I kept it away and 
wondered what would be a “key word” 

Organization Deciding a pattern for presenting the 
information 

I couldn’t decide what is 
more important, it was 
all a mess 

Certain concepts are more 
important, like increasing 
temperature, I feel that goes 
up top 

I generated these key concepts but they are 
all interconnected, I feel that these 
connections are equally important than 
these concepts 

Identifying concepts Deciding which words are important Temperature, Ice melt 
comes to my mind right 
away 

I got frustrated because I 
could add more concepts 
than what I had 

I identified issues which became my key 
concepts 

Elaboration and 
making associations 

Supporting ideas about key concepts 
and associating key concepts with other 
concepts, and examples 

Once I had 5 concepts 
than I added 1 things 
that impacted each of 
them 

Connecting keywords is 
where most of my time 
went. I thought more about 
what causes what. 

Connecting these concepts was easy 
because I had already thought of the 
connections before 

Metacognitive strategies: Thinking about one’s own thinking, reflecting and analyzing behaviors that effect task completion and understanding 

Personal skills 
 

Recognizes one’s strengths and/or 
weaknesses in learning and processing 
information. 

I thought about our 
morning discussion  

It was frustrating but doable Not sure, the task didn’t seem hard.  

Task skills 
 

What one knows about the nature of a 
task and its processing demands  

I worried about what I 
knew and how much I 
knew 

I had to re-read but even 
with keywords provided, 
deciding where they go was 
difficult 

It was my information and I arranged it as 
per my choice 

Strategy skills 
 

 Available strategies for successfully 
accomplishing a task 

I focused on what 
impacts me personally 
and then wrote my 
keywords 

I read and re-read, checked 
the keywords. They seemed 
adequate 

It seemed two- step process for me. I 
thought about the key words and then 
thought about their interactions 
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	Using metacognitive strategies to assess the nature of the task and what it would 

require to complete the task of creating a concept map about GCC, participants decided 

to use their prior knowledge (Figure 5.2). “I realized that I did not know a lot about GCC, 

so I wrote my thoughts in the form of questions, then found other questions associated to 

the ones before” (Teacher C3). Another teacher participant described,  

“I thought hard about what we had discussed in the previous years and nothing 

 fruitful came to my mind. Then I focused on documenting what I know about 

 weather and climate. That’s when I started thinking about how weather and 

 climate impact land and then how a change in climate would impact land. I drew 

 the concept map as I thought.” (Teacher C5)  

As the above excerpt demonstrates, one teacher participant (C5) identified three 

focal areas to talk about GCC: atmosphere, water and land. Furthermore, he identified 

five concepts that were integral to these three focal areas (Figure 5.3). Then, he described 

change in climate with respect to these three areas. Hence, knowledge about GCC 

became accessible to the participant because of drawing connections with prior 

knowledge. In the follow up interview, the participant described his process of 

constructing the concept map about GCC, “Once I had 5 concepts (for each of the three 

focal areas) that related to global climate then I added ideas that described how changing 

climate impacted them” (Teacher C5).  
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Figure 5.2. Average cognitive and metacognitive strategies observed per group in the 
control group participants with no text and no keywords.  
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 Figure.5.3. Concept map created by a participant of the control group (no text or keywords were provided)
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	 Embedded Unit 2: The keywords provided group. The participants in the 

keywords provided group were required to make a concept map using a text about GCC 

(appendix 5A) and 15 key words. They used the cognitive strategies of elaboration and 

making associations and strategy skills more than personal and task skills during the 

process of constructing their concept map (Figure 5.4). These participants did not focus 

on identifying concepts. Instead, their strategy focused on organizing the keywords and 

elaborating on any connectivity between the keywords. 

 

 

 

 

 

 

 

 

Figure.5.4. Average cognitive and metacognitive strategies observed per group in the text 
and keywords provided group  
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	their understanding of these keywords and how these key concepts were related to each 

other. For this purpose, participants used various organizing strategies like making 

outlines, charts, using color-coding to categorize and arrange information (Figure 5.5).  

 “I arranged the key words into groups and wrote them on colored post its, then I tried to 

arrange them in a hierarchy.” (Teacher KP8) 

“I spent my time in thinking about how to represent these keywords in a way that makes 

sense to me. Hence, while organizing the keywords I provided examples from my 

understanding.” (Teacher KP10) 
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      Figure 5.5. Concept map created by the participant of the keywords provided group (text and 15 keywords provided). 
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	Embedded Unit 3: The Keywords generated group. The participants in this group 

were provided with a text, but were required to generate their own keywords for the 

concept map. They used all four cognitive skills (scanning, organization, identifying 

concepts, elaboration and making associations) and two metacognitive skills (personal 

and task) during the process of constructing their concept map. Making connections 

between the key concepts was less emphasized (Figure 5.6). During the interview, these 

participants described that they had thought about the underlying connections between 

concepts early on while generating their own keywords. As a teacher participant of the 

keywords generated group explained,  

“Earlier, I identified issues impacted by changing climate which became  my 

keywords. Connecting these issues was easy because I had already thought of the 

underlying connections while generating my keywords. All I had to focus on was 

thinking more about how GCC impacts resources locally and then globally,” 

(Teacher KG2) 

Participants described that in the process of generating keywords, they accessed their 

prior knowledge about GCC and organized concepts  

“Coming up with our own keywords was challenging as you want to pick the right 

ones. The text got me thinking, a lot of information came to my mind, but I took 

my time to pick the best 15 keywords. I organized all my information for climate 

change in terms of evidence we have, predictions we have made and the current 

impacts that we know”. (Teacher KG6) 
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Figure.5.6. Average cognitive and metacognitive strategies observed in the keywords 
generated group 
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 Figure 5.7. Concept map created by the participant of the keywords generated group (text provided and keywords generated).  
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	Cross case analysis 

  Learners use multiple cognitive and metacognitive strategies while learning. 

Information is retained through identification, creating association with previous 

knowledge, and constructing elaborations and connections between prior knowledge and 

new information (Terhart, 2003). Cognitive strategies are the behavioral processes used 

by learners to learn information while metacognitive strategies help in monitoring and 

application of cognitive strategies (Heikkila & Lonka, 2006). In this study, I observed the 

influence of metacognitive scaffolding on learners’ use of cognitive and metacognitive 

strategies while learning about GCC. While all three groups demonstrated the use of 

cognitive and metacognitive strategies, their frequency in doing so varied (Figure 5.8). 

 

 

Figure 5.8. Graph demonstrating the cognitive (scanning, organization, identifying 
concepts and elaboration) and metacognitive strategies (personal, task and strategy) 
used by control (C), Keywords provided (KP) and Keywords generated (KG) groups.  
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	 Metacognitive scaffolding was absent for the control group participants. They 

were provided with no keywords or text to aid in the construction of a concept map about 

GCC. These participants had to create their own procedures to make connections with the 

content of GCC. Hence, they derived their key concepts and supporting ideas from their 

prior knowledge. They asked “what in my prior knowledge will help me in this task 

completion” (C3). Therefore, the emphasis in this case was on identification and 

elaboration of prior knowledge. A high frequency of metacognitive strategies (personal, 

task and strategy) were observed in these participants. While unexpected, these results are 

supported by Bulu & Pederson (2010), where domain general scaffolds facilitated 

monitoring and evaluation better than domain specific ones. In this study, while the 

control group was not provided any domain specific scaffolding (scaffolding specific to 

concept mapping about GCC like keywords or text about GCC), domain general 

scaffolds (scaffolding and instruction for creating concept maps) were provided to all 

participants during CYCLES professional development program.  Hence, when the 

participants of this group felt challenged by creating a concept map about GCC in 

absence of key words and text, they emphasized the metacognitive strategies for task and 

strategy and used their knowledge of concept mapping to make their maps. 

 For example, participant C9 said, “It went from identifying key concepts to realizing key 

questions about concepts that I realized I did not know”. Another teacher participant C3 

described “I did not realize how many of these aspects were so closely connected till I 

started searching for key concepts. And this process made me understand what 

information I need to look for to understand the global nature of changing climate. I 

started writing questions on the connecting lines between two concept”.As these excerpts 
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	illustrate, these participants were able to articulate the deficits in their understanding 

about GCC while constructing a concept map. They realized that, 1) they lacked 

information about GCC and 2) they realized that various content topics representing GCC 

were interconnected to each other.  

Providing metacognitive scaffolding enabled learners to construct connections 

with new information about GCC provided in the form of text. Differences in the type of 

metacognitive scaffolding (key words provided or keywords generated) guided the effort 

of how these connections were made. The keywords provided group incorporated new 

information about GCC through creating their own representation using the given 

keywords. These participants felt that the nature of the task was too restrictive for them, 

as they were not able to modify and adapt procedures. However, they supported the idea 

that the given 15 keywords were critical in describing GCC. Hence, they focused on 

establishing a causal relationship between concepts. 

“I focused on finding any patterns between these 15 keywords. And then though I 

could not find a pattern, I was able to arrange the given keywords in a way that 

they were connected to each other. I guess connectivity was on my mind.”     

(Teacher KP8)  

Using graphical organizers and color coding, these participants created flow charts for 

demonstrating their understanding of GCC. As one participant stated, “Changes in the 

first concept here will cause impact on the second concept below it”. (Teacher KP10).  
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	The participants in keywords generated group identified their own key words. 

They became familiar with the new information on climate content through reading the 

text and generating the keywords. Flexibility was the critical factor for this group, as  

learners in this group were provided with the opportunity to execute their process of 

learning new content about GCC and coming up with their own keywords. Hence, 

metacognitive ideas such as “what would be the best word to define this concept”, helped 

learners select the appropriate words that represented their understanding of GCC. In this 

process, they were able to create their own understanding of GCC by identifying how 

various concepts were associated to each other. Therefore, these participants 

demonstrated high frequencies for multiple cognitive skills. They scanned, organized 

and, identified concepts and were very clear about the nature of the task and were able to 

reflect in depth about their learning of GCC content.  

“My keywords are from the weather and climate topics that I am familiar with. 

With that basic information, I can extend my thinking about how a change in 

weather and climate could impact a place. Generating keywords allows me to 

demonstrate my own understanding of this issue” (Teacher KP2) 

Discussion 

The extensiveness and complexity inherent to the science of GCC makes it a very 

challenging topic for learners to understand. Therefore, simplified mental models that 

under-emphasize critical science information remain prevalent (Huxter, 2013; Jonassen, 

2000; Koulaidis & Christidou, 1999; Rebich & Gautier, 2005; Rule, 2005). Most of 

simplified mental models arise from the inability of learners in identifying underlying 

connections between various aspects of GCC. In this study, the use of metacognitive 
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	scaffolding allowed learners to engage effectively with GCC content and observe the 

underlying connections among various concepts. In the absence of any scaffolding, 

learners used metacognitive strategies to complete their concept mapping task. They 

identified and elaborated upon their prior knowledge for creating a concept map about 

GCC. On the other hand, when metacognitive scaffolding was provided in the form of 

keywords, participants focused on establishing causal relationships as they believed that 

the 15 keywords were critical to their understanding of GCC. Furthermore, when learners 

generated their own keywords, they explored how newly acquired information about 

GCC fitted into their existing structure of knowledge and then found keywords relevant 

to their understanding of GCC.  

The findings of this study parallel Lyke & Young (2006) and Thomas & Rowler 

(1986) in suggesting that the use of metacognitive scaffolding guided learners through the 

nature of task (concept mapping about GCC). Learners not only completed the task of 

concept mapping about GCC but also engaged in planning, monitoring, questioning, 

explaining, elaborating and evaluation of both content and process of learning about 

GCC. In this way, the cognitive guidance facilitated by the metacognitive strategies 

helped learners identify their own existing structure of knowledge, their conceptual 

deficits and critical information about GCC. Therefore, metacognitive scaffolding is 

critical in developing both interdisciplinary content knowledge and the awareness of how 

multiple concepts are interrelated required to understand GCC (National Science 

Teachers Association, 2013; Plutzer et al., 2016; Rebich & Gautier, 2005).   
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	Chapter 6: Discussion, Implications and Future Research 

 This set of three studies was designed within the context of a professional 

development program CYCLES, aimed at promoting climate literacy and the 

understanding of global climate change (GCC) among secondary science teachers in 

Northern Minnesota. The primary objective of this study was to analyze learners’ overall 

knowledge of GCC. For this purpose, two strategies were used: concept mapping (study 

1) and Photo Elicitation interviews (study 2). In the third study, the effectiveness of 

metacognitive strategies was assessed for demonstrating the understanding of complex 

science issues such as GCC (study 3). The research questions that guided the 

development of these papers were: 

1) What is the structure of teachers’ knowledge of climate change? 

2) How do in-service secondary science teachers conceptualize the phenomenon 

of GCC? 

3) How do metacognitive strategies help teachers understand complex scientific 

phenomenon like GCC? 

 In the following sections, I discuss the insights from each of studies developed in 

this dissertation. Subsequently, I summarize the findings with respect to each question. 

Where necessary, results from the different research questions were combined to provide 

a holistic response to the research questions. To conclude the discussion of the results, I 

describe the study’s implications for future research in climate literacy and climate 

change education. 
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	Effectiveness of the methods used for assessing understanding of GCC 

 A number of studies examining the understanding and perceptions of climate 

change have used quantitative data collected through large-scale surveys, pre-post 

assessments or multiple-choice content knowledge assessments (Koulaidis & Christidou, 

1999; Mayer, 1995; Rye, Rubba, & Wiesenmmayer, 1997). Very few studies have used a 

combination of quantitative and qualitative instruments to assess learners’ mental models 

for estimating their understanding of global climate change (Rebich & Gautier, 2005; 

Reynolds et al. 2010). Also, most studies tend to focus on isolated aspects of GCC such 

as global warming or the greenhouse effect to assess learners’ understanding of GCC 

(Andersson & Wallin, 2000; Assaraf & Orion, 2005; Booth and Sweeny, 2000; Boyes, 

Chuckran & Stanistreet, 1993; Choi, Niyogi, Shepardson & Charusombat, 2010; Fortner, 

2001; Hoffman & Barstow, 2007; Kali, Orion & Eylon, 2003).  To think that a learners’ 

complete conceptualization about GCC could be represented through their understanding 

about a single aspect of GCC in isolation seems inadequate. A full understanding of GCC 

requires that one comprehends the overall impact of changing climate among various 

biological and physical systems (Andre & Frochot, 2013). Thus, learners’ understanding 

of GCC should be evaluated using methods that elicit the general understanding of the 

phenomenon rather than an event or process of GCC in isolation. Study 1 and 2 addressed 

the need to evaluate understanding of GCC using concept mapping and Photo Elicitation 

Interview.  

 Concept Mapping. Concept mapping, used in study 1, allowed learners to 

identify and demonstrate their conceptions, and gaps in knowledge for GCC. Applied in a 

group setting, the concept mapping method allowed teacher participants to identify areas 
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	where knowledge was required to develop their understanding of GCC (Reibich & 

Gautier, 2005; Rye & Rubba, 1998). Applying concept mapping in similar group settings, 

Chen, Sung, Lin & Chou (2010) were able to combine their participants’ representations 

into a group conceptualization map of GCC. Comparing their map with an expert GCC 

map, they were able to identify areas that needed to be focused through professional 

development. In the study 1, teachers’ understanding of GCC from the concept maps was 

organized into novice, intermediate and advanced levels of understanding. Teachers with 

novice understanding identified various processes associated to GCC, but were 

challenged in recognizing the interactions between various processes. Those with 

intermediate understanding were conceptually at a level where they were able to 

demonstrate interconnections between multiple ideas and identify interactions among 

various processes as well. Finally, teachers with advanced understanding not only 

identified associations between various concepts but also were able to discuss causality of 

events i.e. How change in one system impacts the change in another. Grotzer & Basca, 

2003 substantiate this finding in their study that an ability to understand causality 

significantly influences how learners understand ecosystem concepts (Duit, & Treagust, 

2012). 

 Thus, concept mapping was not only able to externalize participants’ 

understanding for GCC but was also able to capture the presence or absence of a systems 

thinking perspective among the learners A major disadvantage of concept mapping 

method was that it required the participants to be familiar with the method of concept 

mapping. For this purpose, concept mapping was included as an integral part of the 
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	CYCLES professional development program before data from participants could be 

collected  

Photo Elicitation Interviews (PEIs). Photo Elicitation draws its strength from the 

power of image-based discussions over oral interviews. Many studies employing 

interview methods for eliciting the understanding of GCC mention that the lack of in-

depth conversation was a deterrent in analyzing the subject’s conceptualization of GCC 

(Hazel, 1995; Holliday, 2000). Employing PEI, where certain selected images about 

GCC were integrated in the interview triggered recall of teachers’ prior knowledge, 

experiences and their understanding of GCC and sharpened participant reflections 

during our study. Like the concept maps in study 1, the PEI method revealed the 

presence of simplistic mental models about GCC in our participants. Most participants 

conceptualized GCC based on their prior knowledge of green house effect, global 

warming and fossil fuel combustion. While aware of the basic impacts of climate change 

in various isolated ecosystems, participants struggled to describe the how interactions 

between various ecosystems will influence the impacts of a changing climate. 

Additionally, our participants relied on content easily accessible to them through prior 

professional development for building their conceptual knowledge. Their ideas were 

derived from topics covered in their middle and high school life science and earth 

science curricula. In this study, reliance on empirical data or research based evidence 

was not observed among participants which suggests that a barrier to in depth 

understanding of climate change might be grounded in a lack of understanding of 

empirical evidence about global warming and climate change. Holthius, Lotan, 

Saltzman, Mastrandrea and Wild, 2014 document that an emphasis on epistemological 



 
 

	 120		

	understanding (how do we know) is critical for conceptual understanding (what do we 

know) about GCC. Hence, a lack of epistemological understanding could be an 

influential factor among the participants of CYCLES project.  

 The PEI method had its own limitations. Most of the interpretations that the 

teachers provided were directly related to the content of the images. While participants 

were asked about unexpressed and unrepresented ideas during the interviews, the images 

might not have been sufficient to elicit the understanding of ideas that were latent in the 

selected images. Overall, PEI allowed the researcher to explore deeper into the teachers’ 

understanding of the phenomenon and provided more in-depth information about the 

conclusions derived from the concept mapping approach. Concept mapping described 

“what” teacher conceptions were and PEI supported with “why” they might harbor those 

conceptions. A combination of these two strategies was employed in the study 3 where 

teachers individually created concept maps about GCC and then were interviewed using 

their concept maps. This approach not only focused the teachers about their own content 

knowledge of GCC but also made them attentive towards their process of learning 

Effectiveness of Metacognitive Strategies for constructing understanding of GCC. 

 For the third study, I assessed the effectiveness of using metacognitive scaffolding 

for developing understanding of the GCC content. For this purpose, the CYCLES 

participants created concept maps in the presence and absence of metacognitive 

scaffolding provided as keywords and text based on GCC. Interview transcripts were 

analyzed qualitatively to reveal that in absence of metacognitive scaffolding, teacher 

participants focused on identifying keywords, developing associations between 

keywords and how these keywords could be best represented to create a concept map 
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	about GCC. In contrast, in the presence of keywords, the participants focused more on 

organization and elaboration of given keywords rather than identifying associations and 

interconnections between concepts When participants were asked to generate their own 

keywords, an active monitoring of both content and the learning process was facilitated 

and the participants identified causal linkages and interconnections between their 

keywords. Previous studies (Perkins & Grotzer 2005; Zohar & David, 2008; Zohar & 

Peled 2008) documenting students’ learning of science using metacognitive strategies 

report that as learners respond to metacognitive strategies, they begin to pay attention to 

both “what” they are learning and “how” they are learning it (Blank, 2000; David, 2008; 

Grotzer & Mittelfehldt 2012; White & Frederiksen 1998; Zohar and Peled 2008).  

 Most approaches towards the assessment of metacognitive strategy use either 

behavioral or physiological indicators, or self-report methods.  The disadvantage of these 

methods is that metacognitive processes are highly subjective and often rely on others for 

evaluation and interpretation. Hence, there is a high probability for misinterpretation or 

researcher bias affecting the analysis. The use of concept mapping along with the 

metacognitive cues, followed by an interview with the participant provided reliable data 

for interpretation. However, a critical limitation of this method is that it assessed only 

short-term learning processes (e.g., during a specific learning task) as opposed to more 

long-term learning processes. 

Cognitive Structure of Teachers’ Knowledge of Global Climate Change 

 GCC is an inherently complex phenomenon. Factors like invisibility of 

greenhouse gases, impacts of GCC being geographically and temporally distant, hard to 

detect signals of changing climate, and the existing uncertainty in many facets regarding 
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	GCC make this topic intensive and complex (IPCC, 2007). Developing an in-depth 

understanding of GCC requires comprehending the structure and dynamics of global 

climate, carbon flux, and geological records in a socially and economically mediated 

context (Jickling, 2001). Hence, for teacher participants in this study and for lay citizens 

in general, who have been only exposed to the traditional disciplines of biology, 

chemistry and physics, it is challenging to develop an interdisciplinary and systems 

perspective about GCC.  

 The concept map data in study 1 demonstrated participants’ understanding in two 

forms of cognitive structure: novice and advanced. Three groups created a net like 

structure demonstrating various interlinked concepts about GCC. These maps 

demonstrated that learners were trying to establish connections between multiple climate 

processes, flow of energy, nutrient cycling and carbon transfer to create a holistic 

description of GCC phenomenon. Alternatively, the other three groups demonstrated 

spoke like structures, where connectivity between various concepts, processes or 

interactions was not emphasized.  

In terms of the GCC content, the teacher participants of study 1 have simplistic 

knowledge about “what to do” or “mitigation” end for climate change and lack the 

understanding of the science of climate change.  Gaps in knowledge also exist about earth 

as a radiating body, long wave and short wave radiations, weather and climate. Several 

misconceptions that have been previously reported in various studies (Gautier et al., 

2006; Grima et al., 2010; Kempton, 1991) such as, the role of long wave radiative 

processes, the distinction between greenhouse effect and enhanced greenhouse effect and 

the role of air pollution in the emission of greenhouse gases were also observed in  
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	study 1. 

 Most of the propositions derived from the concept maps were focused on the 

actions that humans could take to mitigate the effects of GCC. “Recycling”, 

“composting”, “technical innovations”, “improving energy efficiency” were the recurring 

themes in this category, which represented that teachers seem to be aware of the effects 

that humans may be having on climate change, however they lack the conceptual 

knowledge basis for the same. However, it was every evident from the data in study 1 

that a very few of them rely on data-based evidence to create their own understanding of 

the process. 

Teachers’ conceptualization of GCC with respect to their knowledge of Essential 

Principles of Climate Literacy 

  Concept mapping (Study 1) allowed for the identification of strengths and 

weaknesses in teachers’ understanding of climate change using the seven essential 

climate literacy principles as the unit of analysis. In general, among all groups, a high 

percentage of propositions corresponded to principles 1 (The sun is the primary source of 

energy), 3 (Life on Earth depends on, is shaped by, and affects climate), 6 (Human 

activities are impacting the climate system) and 7 (Climate change will have 

consequences for the Earth system and human lives), showing their knowledge about the 

Earths climate system, causes and implications of GCC. Principles 4 (Climate varies over 

space and time through both natural and man-made processes.) and 5 (Our understanding 

of the climate system is improved through observations, theoretical studies and modeling) 

were least represented. There were minimal concepts that represented evidence based on 

data or mentioned climate modeling. Hence, teachers’ understanding about spatial and 
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	temporal changes in climate along with various modeling and theoretical studies that 

explain climate change appears deficient. Similarly, none of the groups mentioned the 

role of computational models as a source for data that underlie climate change.  

 GCC is a conceptually complex and challenging topic and to facilitate the in 

depth understanding of this issue, one must develop a system based perspective. Study 1 

demonstrated that while all groups identified various components and processes in a 

system, there was a general lack of appreciation for feedbacks that occur within the 

climate system. This demonstrated that grasping how the changes in one system can lead 

to changes in another was challenging to the teacher participants. Very few mentioned, 

“nutrient cycling” being impacted by changing climate which demonstrated that while 

teachers were aware of interactions and connections between the various ecosystems. 

However, identifying the components of these ecosystems and understanding the inherent 

processes is not something that they were comfortable with.   

 
Implications 

 
Teachers’ Understanding of Global Climate Change (GCC) 

 The findings presented in this study reflect secondary teachers’ understanding of 

the complexity of processes involved in GCC. The presence of simplistic mental models 

due to the lack of systems perspective formed a key element that needs to be addressed in 

order to develop understanding about GCC. While the use of EPCL (Essential Principles 

of Climate Literacy) allowed learners to describe the characteristics of the past climate, 

comprehend the essential characteristics of current climate and describe the connectivity 

among the above mentioned characteristics of climate, cognitive gaps persisted in the 

knowledge of climate system, weather and climate, Earth’s energy budget, and system 
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	feedbacks between various ecosystems. Emphasis on these concepts would extend 

teacher understanding of components of a system and the various interactions among the 

components of the climate system. Therefore, incorporating Essential Principles of 

Climate Literacy (NOAA, 2009) in formal and informal education and professional 

development efforts for promoting climate literacy is recommended. Additionally, Earth-

related instruction focused on developing learners’ understanding about interacting 

processes must be promoted in formal and informal education must  

Developing Climate Literacy  

The Next Generation Science Standards (NGSS) integrate climate literacy into 

formal education all across the United States. The NGSS outlines climate change, energy, 

human impacts on earth systems and sustainability as key ideas in both life and earth 

sciences. Additionally, in the earth sciences, GCC is included in the standards as a means 

for developing knowledge about both evidence for past changes and adapting towards the 

future changes. As we witness a change in the global climate and the communities around 

us, teacher professional development efforts will play a guiding role in leading our next 

generation of students on this path towards a sustainable future. Hence, formal 

professional development opportunities are critically needed to develop required 

knowledge base about GCC for instruction in their classrooms. This research study 

demonstrates that developing competence for teaching about climate system, Earth’s 

energy budget, nutrient cycling between various ecosystems and interpretation of climate 

models is needed. Additionally, facilitating appropriate pedagogical approaches such as 

the use of metacognitive strategies that help learners regulate their cognitive processes 

while learning content is recommended for the learning of GCC. 
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Future Research 

Many questions and ideas were generated during the development of this research. 

These ideas will be the foundation of my future research in the field of climate literacy. I 

observed that participants’ conceptual knowledge of the climate change content mostly 

developed from their prior knowledge of Earth Science and Biology concepts. Only a few 

of them relied on data-based evidence to form their own understanding of GCC. Hence, I 

wondered if developing epistemic understanding prior learning about GCC would 

influence the conceptual understanding of the topic (Osborne, 2007). Hence, I would like 

to investigate this idea in the form of the research question:  

i) Does developing epistemic understanding about Earth’s changing climate 

influence students’ conceptual understanding of GCC? 

Research shows that conceptual knowledge alone is not sufficient to help students 

fully comprehend Earth’s changing climate (Bowen & Rodger, 2008, Mazzatenta, 2008). 

Rather, students must also develop understanding of the processes, tools, and norms 

through which climate scientists study the Earth’s climate system (Huxter et al., 2013), 

including exploration and interaction with authentic climate data (Holthius et al., 2014). 

Doing so allows them to develop epistemological understanding, or knowledge of how 

science, is conducted, including decisions, about what questions to ask, how data is 

collected, organized, and visualized, and how evidence-based claims are generated using 

GCMs. For this investigation, I would focus on the use of empirical data about changing 

climate. Opportunities for collecting data and creating their own evidence will be 
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	provided to the students and then they will be assessed for their conceptual understanding 

of the phenomenon. 

ii) Does Scientific modeling as an instructional practice in science classrooms 

facilitate metacognition among learners? 

Research provides evidence that metacognitive strategies can develop an in-depth 

conceptual understanding of complex science content like GCC. However, when it comes 

to implementation in the classroom, it becomes one more thing for a teacher to do. 

Hence, I would like to focus on already prevalent and NGSS recommended scientific 

practice “developing an using models” or scientific modeling. Modeling encourages 

learners to understand “how” and “why” a phenomenon occurred (Osborne, Collins, 

Ratcliffe, Millar and Duschl, 2002; Gilbert, 2004). It affords opportunities for students to 

develop representations that make their ideas visible and use these representations to 

generate a model-based explanation (NGSS Lead States, 2013; Gilbert, 2004). Hence, I 

would like to investigate the interconnections between scientific modeling and 

metacognition by assessing if the learners are being metacognitive when they are 

involved in making explanations using scientific modeling. 

Overall, my research and outreach in promoting climate literacy will continue in 

formal and informal environments through 1) Developing research-based resources for 

climate literacy, 2) Investigating cognition and understanding of global climate change 

(GCC) among learners and, 3) Developing effective and research-based instructional 

methods for teaching GCC. 
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	Appendix 3A 
Participant Concept Maps, Annual Professional Development Workshop, 2011, CYCLES 

 

 
 
 
 Figure 3A-1. Final Concept Map for Group 1 participants submitted at the end of the five-day annual professional development 
 workshop CYCLES 
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Figure 3A-2. Final Concept Map for Group 2 participants submitted at the end of the five-day annual professional development 
 workshop CYCLES 
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Figure 3A-3. Final Concept Map for Group 3 participants submitted at the end of the five-day annual professional development 
 workshop CYCLES 
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Figure 3A-4. Final Concept Map for Group 4 participants submitted at the end of the five-day annual professional development 
 workshop CYCLES 
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Figure 3A-5. Final Concept Map for Group 5 participants submitted at the end of the five-day annual professional development 
 workshop CYCLES 
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Figure 3A-6. Final Concept Map for Group 6 participants submitted at the end of the 

 five-day annual professional development workshop CYCLES 
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	Appendix 4A 

Table 4A-1. 
Images and Prompts used for developing the Photo Elicitation Interview protocol 

Photo Elicitation Images  Questions and Prompts  

 
Image1: Holgate Glacier, Alaska. Left: July 24, 1909. Right: 
August 13, 2004. 
This image was used as an icebreaker, Since this is very 
commonly used image generated by NASA as an evidence of 
GCC. We wanted to know what the subject thought about this 
image? Had he/she seen it before? Was the subject able to 
relate to the image?  And how did the image contribute to his 
or her understanding of GCC. 
 

Questions: Are you 
familiar with these 
images?  What does the 
image communicate to 
you? Does this image 
suffice as an evidence 
for climate change?  If 
yes why? If no, why?  
 
Concept: None 
 
 
 

 

 
Image 2: Above: Temperature record for Minneapolis from 
1820-2015. Below: Temperature record for Minneapolis for 
one specific day. 

 
 
Question: What is the 
difference between 
“weather” and 
“climate”? How long is 
long enough to define 
the average climate for a 
city, state, or region 
 
 
Concept: Understanding 
of timescale, weather 
and climate  
Essential Principles of 
Climate literacy 4 
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Through the use of these two images we wanted to elicit the 
subjects’ understanding about weather and climate. We also 
wanted to analyze their ability to understand the long –term 
trends in the temperature records shown in the figure. 

Image 3: Greenhouse effect  

Questions: What are 
greenhouse gases? How 
do they create the 
“greenhouse effect”? 
How is greenhouse 
effect related to global 
warming?  
IS the term “global 
climate change” 
interchangeable with 
“global warming”? 
 
Concept: Understanding 
of the Greenhouse 
effect, Essential 
Principles of Climate 
literacy 1 
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Image 4: The Keeling curve 
Measurements collected atop Hawaii’s Mauna Loa and other 
locations show a steady rise in global carbon dioxide 
concentrations since 1958.  

Questions: What does 
the Keeling curve 
represent? What does 
the zigzag shape of the 
graph represent? Is 
carbon dioxide most 
effective than other 
green house gases in 
trapping heat? 
 
Concept: Understanding 
the phenomenon of 
global climate change 
Essential Principles of 
Climate literacy 3, 6 

 
Image 5: Carbon dioxide levels in our atmosphere are rising.  
Left: July 2003. Right: July 2007. Both images show the 
spreading of carbon dioxide around the globe as it follows 
large-scale patterns of circulation in the atmosphere.  

Questions: How much 
Carbon dioxide is 
already present in the 
atmosphere?  How does 
CO2 affect the global 
temperatures?  
 
Concept: Understanding 
the phenomenon of 
global climate change 
with respect to carbon 
dioxide 
Essential Principles of 
Climate literacy 3 

 

Image 6: Change in global average temperatures, Left 1880-
89, right 2000-09. Earth's average surface temperature has 
increased by about 0.7 °C (1.3 °F) since 1880. Two-thirds of 
the warming has occurred since 1975, at a rate of roughly 0.15 
degree C/decade 

Questions: What is the 
average global 
temperature now?  
Where have the most 
strongest and earliest 
impacts of global 
warming occurred? 

 
Concept: Understanding 
the phenomenon of 
global climate change 
with respect to 
increasing temperatures 
Essential Principles of 
Climate literacy 6 



 
 

	 161		

	

 

Image 7: Evidence of Climate change from various data 
sources. Thermometers (Red), Tree Rings, Corals, Ice cores 
and historical data records (Blue) 

Questions: What does 
the graph represent? 
What would you 
conclude? What does 
this data convey? What 
are the factors that 
would hinder your 
understanding and 
acceptance of 
information provided by 
this data 

Concept: Understanding 
the graphical data and 
the evidence of climate 
change from various 
data sources 

Essential Principles of 
Climate literacy 4, 6 

 

Image 8: Mississippi River. Left: January 28, 2011. Right: 
May 8, 2011. These images show Tennessee and the state of 
Mississippi to the east of the river and Arkansas to the west. 
After one of the snowiest winters on record and several 
violent early-spring rainstorms, the Mississippi River and its 
tributaries overflowed their banks, inundating hundreds of 
thousands of acres of homes, cropland, and woodland with 
muddy water.  

Questions: What do you 
predict about: 

1) Precipitation intensity 
as a result of rising 
temperatures?  

2) Risk of droughts or   
precipitation or both?  

Please provide 
explanations to your 
answer. 

Concept: Understanding 
of the direct and indirect 
impacts of global 
climate change. 

Essential Principles of 
Climate literacy 7 
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	Table 4A2. 

Questions for Photo Elicitation Interview aligned with the Essential Principles of Climate 
Literacy (EPCL-NOAA, 2009)  
Essential Principle of Climate Literacy Photo Elicitation Interview Questions 

Principle #4. Climate varies over space 
and time through both natural and man-
made processes. 

Question: What is the difference between 
“weather” and “climate”? How long is 
long enough to define the average climate 
for a city, state, or region 

Principle #1.The Sun is the primary 
source of energy for Earth’s climate 
system. 

Questions: What are greenhouse gases? 
How do they create the “greenhouse 
effect”? How is greenhouse effect related 
to global warming? IS the term “global 
climate change” interchangeable with 
“global warming”? 

Principle #3 .Life on Earth depends on, is 
shaped by, and affects climate. 
6.Human activities are impacting the 
climate system. 
 

Questions: What does the Keeling curve 
represent? What does the zigzag shape of 
the graph represent? Is carbon dioxide 
most effective than other green house 
gases in trapping heat? 

Principle #3. Life on Earth depends on, is 
shaped by, and affects climate. 
6.Human activities are impacting the 
climate system. 
 

Questions: How much Carbon dioxide is 
already present in the atmosphere?  How 
does CO2 affect the global temperatures?  
 
Essential Principles of Climate literacy 3 

Principle #6. Human activities are 
impacting the climate system. 
 

Questions: What is the average global 
temperature now?  Where have the most 
strongest and earliest impacts of global 
warming occurred? 

Principle #4. Climate varies over space 
and time through both natural and man-
made processes. 
6.Human activities are impacting the 
climate system. 
 

Questions: What does the graph 
represent? What would you conclude? 
What does this data convey? What are the 
factors that would hinder your 
understanding and acceptance of 
information provided by this data 

Principle #7.Climate change will have 
consequences for the Earth system and 
human lives. 

Questions: What do you predict about: 
1) Precipitation intensity as a result of 
rising temperatures?  
2) Risk of droughts or precipitation or 
both?  
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	Appendix 5A  

Text Provided for Reading 

The current and future consequences of global change 

 Global climate change has already had observable effects on the environment. 

Glaciers have shrunk, ice on rivers and lakes is breaking up earlier, plant and animal 

ranges have shifted and trees are flowering sooner. 

Effects that scientists had predicted in the past would result from global climate change 

are now occurring: loss of sea ice, accelerated sea level rise and longer, more intense heat 

waves. 

 Scientists have high confidence that global temperatures will continue to rise for 

decades to come, largely due to greenhouse gasses produced by human activities. The 

Intergovernmental Panel on Climate Change (IPCC), which includes more than 1,300 

scientists from the United States and other countries, forecasts a temperature rise of 2.5 to 

10 degrees Fahrenheit over the next century. 

According to the IPCC, the extent of climate change effects on individual regions will 

vary over time and with the ability of different societal and environmental systems to 

mitigate or adapt to change. 

 The IPCC predicts that increases in global mean temperature of less than 1.8 to 

5.4 degrees Fahrenheit (1 to 3 degrees Celsius) above 1990 levels will produce beneficial 

impacts in some regions and harmful ones in others. Net annual costs will increase over 

time as global temperatures increase. “Taken as a whole," the IPCC states, "the range of 

published evidence indicates that the net damage costs of climate change are likely to be 

significant and to increase over time."  



 
 

	 164		

	Below are some of the regional impacts of global change forecast by the IPCC: 

North America: Decreasing snowpack in the western mountains; 5-20 percent increase 

in yields of rain-fed agriculture in some regions; increased frequency, intensity and 

duration of heat waves in cities that currently experience them. 

Latin America: Gradual replacement of tropical forest by savannah in eastern 

Amazonia; risk of significant biodiversity loss through species extinction in many 

tropical areas; significant changes in water availability for human consumption, 

agriculture and energy generation. 

Europe: Increased risk of inland flash floods; more frequent coastal flooding and 

increased erosion from storms and sea level rise; glacial retreat in mountainous areas; 

reduced snow cover and winter tourism; extensive species losses; reductions of crop 

productivity in southern Europe. 

Africa: By 2020, between 75 and 250 million people are projected to be exposed to 

increased water stress; yields from rain-fed agriculture could be reduced by up to 50 

percent in some regions by 2020; agricultural production, including access to food, may 

be severely compromised. 

Asia: Freshwater availability projected to decrease in Central, South, East and Southeast 

Asia by the 2050s; coastal areas will be at risk due to increased flooding; death rate from 

disease associated with floods and droughts expected to rise in some regions.
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