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Global climate change (GCC) presents unprecedented global concerns, notably
food supply limitations, unsustainable use of natural resources, and widespread
environmental degradation. The International Panel on Climate Change (IPCC) reports a
0.85 °C increase in global average temperatures between 1880 and 2018 and a 50%
increase in global carbon dioxide emissions since 1990 (Stocker et al., 2018). As a result
of the urgency of the situation, there is a strong emphasis on empowering citizens
through outreach and education. There is a need to adequately prepare the next generation
of scientists, politicians, business leaders, and other people; it is crucial to foster “climate
literacy” among students (Climate Literacy Network [CLEAN], 2007). An individual
possessing climate literacy can comprehend, communicate, and make informed
judgments regarding the weather, climate, and its effects on their surroundings (United
States Global Change Research Program [USGCRP], 2009). Here I describe findings
from three related manuscripts exploring model-based teaching and learning of Earth’s
climate in secondary science classrooms in the mid-western United States. Chapter 1
provides a brief overview and outline of this dissertation; Chapter 2 presents findings
from a concurrent mixed method, multiple-case study of four secondary science teachers’

implementation of a model-centric climate curriculum module grounded in the use of a
data-driven, computer-based climate modeling tool, Chapter 3, is a longitudinal
examination seeking to establish how two secondary science teachers learn and adapt a
model-based climate curriculum to support students’ learning about Earth’s climate and
global climate change, in Chapter 4 the integration of a cloud-based global climate model
into the teaching of Earth climate observed as it related to student learning outcomes
within a secondary science classroom. Finally, in Chapter 5, I provide a brief conclusion
of the findings and areas for future research.
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Chapter 1
Executive Summary
Global climate change (GCC) presents unprecedented global challenges such as
shortages in food production, unsustainable natural resource use, and general
environmental degradation. The International Panel on Climate Change (IPCC) indicates
that average global temperatures have increased by 0.85 °C between 1880-2018. At the
same time, NASA's Goddard Institute for Space Studies (GISS) projects that the
temperature has risen at least 1.1° Celsius (1.9° Fahrenheit) since 1880. Additionally,
global carbon dioxide emissions have increased by 50% since 1990 (Stocker et al., 2018).
Increased emphasis is being placed on empowering citizens through outreach and
education in response to the urgency of the phenomenon. It is imperative to cultivate
‘climate literacy,” particularly in students (Climate Literacy Network [CLEAN], 2007),
to sufficiently prepare the next generation of scientists, policymakers, industry leaders,
and other citizens. A climate-literate individual can understand, communicate, and make
informed decisions about the weather, climate, and its functions and impacts on their
environment (United States Global Change Research Program [USGCRP], 2009).
Earth science is increasingly de-emphasized in the K-12 curriculum (Banilower et
al., 2018). The Next Generation Science Standards (NGSS Lead States, 2013) emphasize
teaching and learning about Earth’s climate, particularly using models in secondary
science classrooms. The NGSS and other disciplinary standards (i.e., National Oceanic
and Atmospheric Administration [NOAA], 2009) provide an opportunity to develop
novel climate education interventions. However, realizing these objectives for climate
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education will be challenging. Opportunities for teaching and learning about Earth’s
climate system and GCC are decentralized across topics and grades.
Furthermore, teachers feel underprepared in their science content knowledge for
teaching about GCC, describe instruction in this area as a low priority, and report limited
resources to support teaching and learning about GCC. As a result, students articulate
various misconceptions about GCC and its underlying core concepts (Choi et al., 2010;
Fortner, 2001; Rebich & Gautier, 2005; Shepardson et al., 2009). These misconceptions
lead teachers and students to underestimate the impact of changing climate on Earth
systems, perceive uncertainty in climate data as a lack of information, and foster a
general mistrust of climate science (Pallant & Lee, 2015; Pruneau et al., 2003).
Scientific modeling is a critical component of NGSS performance expectations
for secondary science. Climate scientists rely heavily on computer-based computational
models and data visualizations in global climate models (GCMs) to explain and make
projections about the Earth’s climate. A GCM is a complex mathematical representation
of the significant climate system components (atmosphere, land surface, ocean, and sea
ice) and their interactions. Earth's energy balance between the four components is the
key to long-term climate prediction. These technological advancements also allow new
opportunities to engage students in hands-on climate science. Therefore, students should
be afforded opportunities to engage in the practices of climate science using authentic
modeling tools to investigate Earth’s climate system and GCC. However, to use these
tools effectively, students and teachers require access to well-developed, coherent
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curriculum resources. Fortunate, teaching and learning about Earth’s climate and GCC
are more accessible and feasible than ever.
The overarching purpose of this dissertation is to investigate secondary science
teachers’ enactment of a curricular intervention using a cloud-based GCM in different
contexts and across time (Figure 1.1). Each chapter addresses another aspect of this
larger purpose.
•

Chapter 2: Focuses on secondary science teachers’ enactment of a curricular
intervention grounded in students’ use of a cloud-based, global climate model
(GCM) developed for educational purposes: Easy Global Climate Model
(EzGCM).

•

Chapter 3: Focuses on secondary science teachers’ enactment and adaptation
of an EzGCM -based climate curriculum over three consecutive years.

•

Chapter 4: Examines secondary science teachers’ enactment of socioscientific issues model-based climate curriculum that uses, EzGCM to impact
student learning outcomes.

A diverse set of data sources are utilized and generate insight into how the teachers’
enactment of a model-based climate curriculum alters student outcomes and learning of
climate science. The goal is to publish each chapter as a peer-reviewed publication.
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Figure 1.1
Research Purpose, Stage, and Studies

Theoretical Framework
This dissertation was designed to promote students’ knowledge about the Earth’s
climate and GCC using model-based teaching and learning as the conceptual framework.
Based on previous research and development efforts by myself and my colleagues
(Baumfalk et al., 2019; Bhattacharya et al., 2020, 2021; Carroll Steward et al., 2021;
Forbes et al., 2020; 2015; Vo et al., 2015, 2019; Zangori et al., 2017a, 2017b), this
framework for model-based teaching and learning integrates three dimensions:
(a) disciplinary concepts, (b) modeling practices for developing students’ reasoning about
various scientific phenomena, and (c) epistemic features (Figure 1.2).
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Figure 1.2
Three Dimensions of Model-based Teaching and Learning

The primary disciplinary concept or big underlying idea for this curriculum is that
there is a global increase in Earth’s average surface temperatures. The acquisition of
knowledge of this core concept requires students to “analyze geoscience data and the
results from global climate models to formulate an evidence-based forecast of the current
rate of global or regional climate change and future associate impacts to Earth systems”
according to NGSS standard - HS-ESS3-5 (NGSS Lead States, 2013). The second
dimension of the curriculum engages students in the practices of modeling that include
opportunities to develop models and make predictions, formulate questions, design, and
conduct investigations, explain phenomena, and communicate or justify ideas. Over time,
students should also evaluate and revise their mental models about climate change and its
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impacts. Throughout this dissertation, I emphasize the importance of teachers providing
opportunities for students to use the GCM. Finally, the third dimension focuses on the
modeling process, or epistemic, dimensions. These epistemic features include making
predictions, organizing data, explaining phenomenon, and generating novel ideas. They
are vital to generating scientific knowledge using the model to explore the global increase
in average surface temperatures.
Research Approach
Each of the three following manuscripts follows a multiple cases study approach
which utilizes both qualitative and quantitative methods to analyze the collected data. A
case study approach is best employed when the research aims to develop an in-depth
understanding of a single, current, real-life case. This way, data collection is current and
not modified by time (Creswell & Poth, 2018). Additionally, case study designs are most
appropriate when the purpose of answering “how” and “why,” manipulation of
participant behavior is not obtainable, want to include the contextual conditions, and the
context may influence the study's phenomenon (Yin, 2018). In this study, the contextual
conditions (inside the traditional secondary classroom) are a critical component of
teachers' choices and strategies. In this way, it would be impossible to understand
teachers’ enactment without considering the setting in which it occurs.
The mixed methods research approach integrates quantitative and qualitative
approaches to provide a more comprehensive exploration of the research problem
(Morgan, 2014; Plano Clark & Ivankova, 2019). Qualitative methods allow for a deep
exploration of a research topic in which little research has been done. Additionally, this
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provides for sense-making in complex phenomena, learning from the participants,
looking at data in new ways, and understanding phenomena deeply. With these features
of qualitative research in mind, we revisit the purpose of this study to gain an in-depth
understanding of secondary science teachers’ enactment of curricular intervention. Little
research has been conducted to explore the phenomenon of teachers’ enactment of
climate education (Bhattacharya et al., 2021). This phenomenon is complex and contains
multiple stakeholders, such as politicians, business owners, residents, farmers, students,
educators, and others. These individuals hold the keys to the knowledge needed to
understand and explore the topic deeply.
Research Context
This study is part of an NSF-funded project involving a collaborative effort between two
research universities, a Midwestern public school district, and the National Aeronautics
and Space Administration (NASA). The overarching project, named “Climate Literacy
through the epistemology of scientific modeling (CliMES),” is a four-year collaborative
project aimed at increasing high-school students’ climate literacy and model-based
reasoning (Figure 1.3, (Bhattacharya et al., 2020, 2021; Carroll Steward et al., 2021;
Forbes et al., 2020)). Through CliMES, a four-week model-based climate curriculum was
designed, implemented, and evaluated for student effectiveness. In this dissertation, the
CliMES curriculum is the curricular intervention in all three chapters.
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Figure 1.3
CliMES Project Model Tree Focusing on the Teaching Branch

The CliMES Curriculum
The CliMES curriculum module (Table 1.1) addresses NGSS performance
expectations and district-level science standards. This curriculum was created using a
Construct-Centered Design process (CCD) (Shin et al., 2010). Through this process, the
core concepts from the HS-ESS3-5 (NGSS Lead States, 2013) and state standards were
reviewed to identify the anchoring phenomenon-global increase in average surface
temperatures. Then using the Next Generation Science Storyline tool, various related
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topics were identified that are critical to helping students make sense of the anchoring
phenomena. The curriculum provided opportunities to explore increasing average global
surface temperatures by:
(a) analyzing the temperature anomalies from 1850-2017;
(b) assessing the rate of change of global average surface temperatures;
(c) analyzing data sets of carbon dioxide concentrations in the atmosphere;
and
(d) formulating explanations for the increase in global average surface
temperatures.
The curriculum was developed in a co-collaborative process with teacher
participants. See Chapter 2 and Chapter 3 for details.
EzGCM
EzGCM (Figure 1.4) is a computational interface that allows users to access and
interact with “big data” (large data sets) over long timescales. A NASA scientist
developed this mainstream computing interface to engage non-scientists, educators, and
students in the exploration of global climate data and experience the
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Table 1.1
CliMES Curriculum Final Outline
Lesson

Guiding Question

Lesson 1: Understanding the Design and Use
of Global Climate Models

How are global climate models made and used?

Lesson 2: Average Global Surface
Temperatures

What do we know about the change in average global
surface temperatures?

Lesson 3: Exploring Earth’s Global Average
Temperature

How do we explore the Earth’s global average
temperature increase using a global climate model
(GCM)?

Lesson 4: Identifying the Root Cause of
Ongoing Global Warming

What are the global average temperatures increasing?

Lesson 5: Identifying the Cause of Ongoing
Global Warming: Two Different
CO2 Scenarios

How do we know what causes global average
temperature increases?

Lesson 6: Using Scientific Visualization to
Calculate the Surface Air
Temperature Anomaly

How do scientists examine climate data?

Lesson 7: Using Scientific Visualization to
Calculate the Surface Air
Temperature Anomaly

Why are the global average temperatures increasing?

epistemic practices that scientists use to simulate and analyze Earth’s climate system.
EzGCM includes three major climate model simulations:
(a) a mid-20th century climate simulation (control experiment);
(b) a simple global warming simulation (double CO2); and
(c) a more realistic future climate change experiment with gradually increasing
greenhouse gases (IPCC).

EzGCM Student Homepage Upon Login. Demonstrating Activity Log and Image Saving Features of the Tool.

Figure 1.4
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Data Validity
Multiple strategies were employed to strengthen the validity and reliability of this
dissertation’s research findings. First, “double coding” was used, meaning that data were
coded concurrently with data collection and fully coded a second time after the collection
was completed (Baxter & Jack, 2008). The initial and second coding were then
compared, and differences were reconciled. Second, multiple coders were employed for
quantitative analysis to evaluate the reliability of these data. Third, a form of “member
checking” or respondent validation (Creswell & Poth, 2018; Merriam & Tisdell, 2016)
was employed at the conclusion of each class period (Chapter 2 and Chapter 3) or after
the implementation period (Chapter 4). In this process, the teacher participants were
provided with themes regarding their teaching and were asked to provide feedback on
these interpretations and their perceived accuracy. The member checking process helps
ensure that the findings accurately portray the participants' views and beliefs.
Additionally, the member checking process served as an additional data collection.
Researcher Positioning
Within the qualitative data collection and analysis, I serve as a key instrument for
both data collection and analysis (Creswell & Poth, 2018; Merriam & Tisdell, 2016). My
background and potential biases shape the qualitative underpinnings of this research. I
bring to this study a unique cultural and social position that is impossible to separate from
my research. Instead, I remain transparent in discussing my background and relationship
to the topic of interest and openly consider how this may influence my research process
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and findings (Creswell & Poth, 2018). For the reader, this transparency affords them the
opportunity to evaluate why and how I selected my study topic critically.
Having worked in the field of environmental education as a practitioner,
curriculum developer, researcher, and facilitator, I am highly vested in the content and
context of this study. I have engaged in memo writing throughout data collection and
analysis to maintain self-awareness. Additional themes and data interpretations will be
checked against another researcher’s interpretations to increase vigor and credibility.
Ethical Considerations
To protect the study participants from unnecessary physical, mental, or emotional
harm, I have completed the CITI Training as required by the University of Nebraska
Instructional Review Board (IRB). The IRB certified the exemption of this project under
IRB #: 20170417203 EX. This research is in compliance with this institution’s Federal
Wide Assurance 00002258 and the DHHS Regulations for the Protection of Human
Subjects (45 CFR 46) being classified as an exempt project. In addition, this project has
been approved by the University of Nebraska IRB and the National Science Foundation
(NSF), as they have funded this project.
I have taken multiple steps during both the data collection and data analysis phase
to ensure the safety of the participants. Participants were made aware of the aim of this
study, and I have openly discussed with participants any potential risks that the study
may have on them, as well as any additional concerns. Participants’ privacy and
confidentiality using pseudonyms throughout the course of the study. Hard-copy data is
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stored in a locked storage cabinet, and digital files on a password protected on a private
computer.
At all personal data collection points (interviews and reflections), participants
were made aware of the right to discontinue the study at any moment. Teacher
participants have received informed consent forms, while students have received assent
forms and informed consent requiring a legal guardians’ signature. In addition, students’
guardians have had the opportunity to limit the student data that was collected and
analyzed. Due to the nature of this study, I have been careful that my analysis of teacher
enactment does not become a critique of their teaching practices. Keeping the purpose of
understanding secondary science teachers’ implementation of a curricular intervention is
essential.
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Chapter 2
Secondary Science Teachers’ Implementation of a Curricular Intervention when
Teaching with Global Climate Models
Abstract
In the past decade, emphasis on promoting “climate literacy” in K-16 science
classrooms has increased. Teachers play a critical role in cultivating these opportunities,
especially in secondary science classrooms. However, most prior climate education
research has focused on students and student learning; little is known about how teachers
implement climate-focused curricular interventions. Here, we report findings from a
concurrent mixed method, multiple-case study of four secondary science teachers’
implementation of a new, NGSS-aligned, model-centric climate curriculum module
grounded in the use of a data-driven, computer-based climate modeling tool—Easy
Global Climate Model (EzGCM). We employ multiple data sources, including videorecorded classroom observations, interviews, and instructional artifacts, and both
qualitative and quantitative analyses, to investigate how teachers implemented the
curriculum. Findings show that, overall, teachers implemented the curriculum in ways
that were less model-centric than designed, placing greater emphasis on EzGCM itself
rather than using the model to investigate Earth’s changing climate. Additionally, we
present detailed single-case studies of each participant teacher that highlight differences
in teachers’ implementation of the curriculum module and their reasoning for making
observed instructional decisions. This research sheds light on the design of secondary
science learning environments by illustrating the varied ways teachers implement a
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climate-focused curriculum to support students’ developing climate literacy. This has
important implications for the design of climate-focused curriculum and supports for
teachers.

Keywords: secondary science teaching; climate literacy; global climate change; earth’s
climate
Introduction
Global climate change (GCC) is arguably the most pressing challenge of our age.
The Intergovernmental Panel on Climate Change (IPCC) indicates that average global
temperatures have increased by 0.85 °C between 1880 and 2018, and global carbon
dioxide emissions have increased by 50% since 1990 (Stocker et al., 2018). GCC
introduces unprecedented global challenges, and increased emphasis is being placed on
empowering citizens through outreach and education to prepare the next generation of
scientists, policymakers, industry leaders, and citizens for a changing climate. It is
therefore imperative to cultivate individuals’ climate literacy (United States Global
Change Research Program [USGCRP], 2009). This is particularly the case for secondary
science students (Next Generation Science Standards [NGSS] Lead States, 2013) since,
for many, these experiences represent the end of their formal, compulsory education
(U.S. Census Bureau, 2020).
While cultivating climate literacy in K-12 science classrooms is essential,
resources for doing so are limited (Bhattacharya et al., 2021-b). The use of models
affords students an opportunity to overcome abstractness in climate concepts and
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establish understanding within their own experiences. The NGSS prioritizes model-based
teaching and learning about Earth’s climate and GCC, particularly at the high school
level (NGSS Lead States, 2013). However, few empirical studies have investigated the
effectiveness of model-based strategies in developing students’ understanding of GCC
(Bhattacharya et al., 2021-b; Pallant et al., 2012; Pallant & Lee, 2015; Svihla & Linn,
2012; Tasquier et al., 2016). Additionally, research has shown that science teachers use
and implement purposefully designed science curricula in widely variant ways (Fogleman
et al., 2010; Forbes & Davis, 2010; Roehrig et al., 2007). There is, therefore, a need not
only to make climate-focused curriculum resources available but also to understand how
and why teachers implement model-centric curricular resources in particular ways.
We conducted this mixed methods, multiple-case study to understand secondary
science teachers’ enactment of a curricular intervention grounded in students’ use of a
particular global climate model (GCM): Easy Global Climate Model (EzGCM;
Bhattacharya et al., 2020; 2021-a; -b; Forbes et al., 2020). This research aims to identify
similarities and differences in teachers’ curriculum enactment strategies and to further
illuminate how models can be leveraged for teaching and learning about the Earth’s
climate and GCC. We also provide insight into how and why teachers implement
developed curricular resources. We used multiple data sources collected from
classrooms of four secondary science teachers—including video-recorded classroom
observations, pre-/ post-interviews of teachers, and daily audio-recorded reflections
during implementation of a three-week, model-based, climate education curricular
intervention—to investigate the following research questions (RQs):
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1. How do secondary science teachers implement a GCM-based curriculum
module?
a. How does secondary science teachers’ implementation of the module
compare to a provided curriculum?
b. How do secondary science teachers’ implementations of the module
compare?
2. Why do teachers enact the curriculum in the ways they do?
We use mixed methods to address RQ1a and 1b and qualitative methods to address RQ2
as part of a comprehensive, multiple-case study.
Teaching with GCMs
The NGSS emphasizes teaching and learning about Earth’s climate and GCC
using models in secondary science classrooms (NGSS Lead States, 2013). The NGSS has
provided goals for developing novel climate education interventions; however, realizing
them will be challenging. Opportunities for teaching and learning about Earth’s climate
system and GCC are decentralized across subject areas and grades, and Earth science is
increasingly de-emphasized across the K-12 science curriculum (Banilower et al., 2018).
Furthermore, teachers may feel underprepared in their science content knowledge for
teaching about GCC, describe instruction in this area as a low priority, and report limited
resources to support teaching and learning about GCC. An underdeveloped understanding
of GCC may lead both teachers and students to underestimate the impact of the Earth’s
changing climate, perceive uncertainty in climate data as a lack of information, and foster
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a general mistrust of climate science (Pallant & Lee, 2015; Plutzer et al., 2016; Pruneau
et al., 2003).
Despite evidence that science teachers often do not use curriculum materials as
designed (Fogleman et al., 2010; Forbes & Davis, 2010; Roehrig et al., 2007), little
research has been conducted to explore teachers’ implementation of climate education
curriculum (Bhattacharya et al., 2021-b). Climate education research has shown that in
K-12 classroom settings, instruction about GCC and the climate system is most
frequently found within secondary science classrooms; biology, environmental science,
and Earth science teachers most commonly report teaching climate-related concepts
(Colston & Ivey, 2015; Herman et al., 2017; Monroe et al., 2013; Plutzer et al., 2016;
Wise, 2010). Instructional time varies widely, with the subject often viewed by teachers
as an extension of related science topics rather than a primary focus. Teachers reported
that instructional time on climate topics varies between no formal planned instruction and
about a full week (Dawson, 2012; Feierabend et al., 2010; Herman et al., 2017; Monroe
et al., 2013; Plutzer et al., 2016; Wise, 2010). Additionally, social and political ideologies
can affect the time and depth of teaching about climate and GCC in classrooms (Dawson,
2012; Plutzer et al., 2016).
When climate concepts are taught in formal secondary science classrooms,
instruction is often dictated by core disciplinary concepts (Herman et al., 2017; Plutzer
et al., 2016; Slater et al., 2009), for example, through an emphasis on real-time problems
and socioscientific issues (Dawson, 2012; Teed & Franco, 2014; Zangori et al., 2017).
Many teachers feel challenged in finding time to include climate concepts and GCC
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within subject area curricula (Colston & Ivey, 2015; Dawson, 2012; Monroe et al., 2013;
Slater et al., 2009; Wise, 2010). Additionally, many teachers cite a lack of adequate
standards-based curriculum materials for climate education, commonly reporting creating
their own curricula by piecing together information from a multitude of resources
(Colston & Ivey; 2015; Dawson, 2012; Michail et al., 2006; Slater et al., 2009).
Scientific Modeling
Scientific modeling is one of eight science and engineering practices
foregrounded by the Next Generation Science Standards for secondary-level teaching and
learning about Earth’s climate system and GCC (NGSS Lead States, 2013). NGSS
standards necessitate climate learning experiences in secondary science classrooms
involving computer-based computational models and data visualizations, like the GCMs
used by climate scientists. While such tools have been employed to varying levels in
grade 6–12 classrooms (e.g., Pallant & Lee, 2015; Svihla & Linn, 2012; Tasquier et al.,
2016), including the one here (Bhattacharya et al., 2021-b), there still exist challenges to
incorporating these resources. Students and teachers require access to well-developed,
coherent curriculum to use these tools effectively and to begin to develop the skills that
define the work of climate scientists. However, research has shown that the availability of
coherent, purposefully developed curricula to accompany such tools is limited
(Bhattacharya et al., 2021-b).
For modeling experiences to be meaningful for students, teachers must integrate
models fully within classroom activities; however, teachers often have limited experience
using scientific models in their classrooms (Justi & Gilbert, 2002; Oh & Oh, 2011).
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Moreover, modeling is either rarely incorporated into educational experiences or used for
the limited purposes of illustration (Kahn, 2011; Windschitl et al., 2008). Teachers may
engage in model-based instruction in varied ways based on their experience and
knowledge (Justi & Gilbert, 2002). Teachers often use models as tools of exploration
inquiry rather than focusing on the practice of modeling (Carpenter et al., 2019). It is
therefore important that teachers firmly understand the disciplinary and epistemic
dimensions of models, as both components are critical to model-based teaching (Berland
et al., 2016). This understanding can be supported through professional development and
teacher-educative curriculum resources.
Theoretical Framework
While perspectives on modeling in science education may vary in their emphasis
on students’ learning about models (e.g., Halloun, 2007; Krell et al., 2015) as compared
to engaging in modeling practices (e.g., Berland et al., 2016; Schwarz et al., 2009), they
share a common focus on core features: (a) disciplinary concepts, (b) epistemic features,
and (c) modeling practices for developing students’ reasoning about scientific phenomena
(Gilbert & Justi, 2016). This shared perspective has served as a foundation for our
research and development work (Baumfalk et al., 2019; Bhattacharya et al., 2021-a;
Forbes et al., 2015; Vo et al., 2015, 2019; Zangori et al., 2017). Here, we apply this
framework, specifically modeling practices for developing students’ reasoning, to the
investigation of model-based teaching about the Earth’s climate and GCC in secondary
science. We focus on a subset of its elements—the practices of model construction and
use (Table 2.1)— to operationalize the ways teachers afford students opportunities to
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engage in the construction and use of a GCM for investigating and reasoning about
increasing average global surface temperatures through the implementation of the
project-developed curriculum. As illustrated in Table 2.1, both modeling practices—
construction and use—require students to learn about the nature and purpose of models,
two critical epistemic dimensions of scientific modeling. In the present study, the
construction of models requires students to learn how EzGCM is built and the underlying
principles of

Table 2.1
Framework for Model-based Teaching and Learning Focusing on the Practice of Model Construction and Use
Modeling Practices
Construct

Use

Nature of Models (A model is…)
Evidence-based

Learner conceptualizes construction of model
that incorporates evidence about a phenomena

Learner uses a model to incorporate new evidence
about a phenomena

Appropriately
detailed/complex

Learner conceptualizes construction of model
that is appropriately detailed/complex to
represent a phenomena

Learner uses a model that is appropriately
detailed/complex to describe a phenomena

Generalizable

Learner conceptualizes construction of model
that is generalizable to/from a phenomena

Learner uses a model to make a generalization
about a specific phenomenon

Purpose of Models (A model is for…)
Epistemic
Considerations
Learner conceptualizes construction of model
Learner uses a model to predict and hypothesize
Predict/hypothesize that aids in making predictions or hypothesizing
about a phenomena
about a phenomena
Explain (whole/
part)

Learner conceptualizes construction of model
that aids in explaining some of phenomena

Learner uses a model to explain some of a
phenomena

Organize

Learner conceptualizes construction of model
to organize their ideas about a phenomenon

Learner uses a model to organize their ideas about
a phenomena

Generate

Learner conceptualizes construction of model
to generate new information/ideas about
phenomena

Learner uses a model to generate new
information/ideas about a phenomena
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the climate system that allows for model-based projections. Students then use the model
to study natural phenomena in ways reflecting these epistemic dimensions.
Methods
The concurrent mixed methods, multiple-case study approach used here allows
for the integration of rigorous quantitative and qualitative methods. We use multiple data
sources—analyzed both qualitatively and quantitatively—to cross-validate study
findings, thus overcoming limitations of using these methods alone and allowing for a
more robust accounting of phenomena under study (Morgan, 2013; Plano Clark &
Ivankova, 2019). Additionally, this method allows for deep exploration of cases by
answering “how” and “why,” especially when the manipulation of participant behavior is
not possible, contextual conditions need to be accounted for, and context influences the
phenomenon (Yin, 2009). In this study, the contextual conditions (traditional secondary
science classrooms) are a critical component of the teachers’ choices and strategies; it
would be impossible to understand teachers’ curriculum enactment without considering
this setting. The cases in this study investigate the decisions and strategies of secondary
science teachers while teaching a model-based climate curriculum unit. To ensure that
this research remains within a reasonable scope, this case is bounded by time (3-week
curriculum module) and place (secondary science classroom) (Baxter & Jack, 2008;
Creswell & Poth, 2018).
Research Context and Sample Selection
This study is part of a collaborative project involving two research universities, a
Midwestern public school district, and NASA (Forbes et al., 2020). The overarching
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project, High School Students’ Climate Literacy through Epistemology of Scientific
Modeling (CliMES), is a four-year, NSF-funded collaborative project aimed at increasing
high-school students’ climate literacy and model-based reasoning. Through the project, a
three-week model-based climate curriculum has been designed, implemented, and
evaluated for effectiveness (Bhattacharya et al., 2021-a; 2020). In this study, we
investigate four secondary science teachers’ enactment of the model-based climate
curriculum during the second year of the project.
Study Context. The present study occurred in a mid-sized school district in a
conservative Midwestern state’s second-largest metropolitan area. The district enrolled
42,020 students and employed 3,119 teachers across sixty different schools and specialty
programs during this study. Forty-six percent (46%) of students qualify for free or
reduced lunch programs. Teachers and students in this study were in three of six
secondary schools in the partner district: Meadowlark High School, Goldenrod High
School, and Cottonwood High School (Table 2.2). Pseudonyms were selected to protect
identities of all involved. At the time of this study, the district had just adopted and begun
implementing state science standards that closely aligned with NGSS, including its
climate-related standards at the secondary level. As part of this effort, the district was in
the process of revising the semester-long geoscience course.
Teacher Participants. Access to the participating teachers was obtained through
the school district’s K-12 Science Curriculum Specialist. The four teachers—Julie,
Monica, David, and Michael— chose to participate. As part of the project, they helped
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Table 2.2
District and Participating High School Demographic Data
District
Wide
Teachers Employed
Teacher
Racial
Identity (%)

Teacher
Gender
Identity (%)
*

White

159

Cottonwood
High School
155

90.0

93.0

94.0

**

**

**

0.1

Black or African
American

1.1

2.9

0.9

0.9

Asian

0.9

1.2

0.9

0.9

Hispanic/Latino

2.4

3.8

2.8

5.7

Native Hawaiian or
Pacific Islander

0.1

Two or More Races

1.1

2.4

1.4

32.1

45.6

46.6

47.1

67.9

54.4

53.4

52.9

45.0

56.0

57.0

49.0

Male
Female

Total Student Enrollment

Student
Gender
Identity (%)
*

94.4

178

Goldenrod
High School

American Indian or
Alaska Native

Teachers with Master’s Degrees or
higher (%)
Student
Racial
Identity (%)

3648

Meadowlark
High School

White

42,020

**

2304

**

2202

**
**

2218

66.5

46.0

57.3

82.0

American Indian or
Alaska Native

0.6

1.5

0.8

0.4

Black of African
American

6.3

11.4

7.9

2.3

Asian

4,6

10.2

6.5

3.5

Hispanic/Latino

13.7

21.4

20.8

7.4

Native Hawaiian or
Pacific Islander

0.1

0.1

0.1

0

Two or More Races

8.2

9.4

6.6

4.5

51.2

48.8

51.7

51.9

48.8

51.2

48.3

48.1

Male
Female

Table 2.2 continues
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District
Wide
English Language Learners (%)

Goldenrod
High School

Cottonwood
High School

**

**

**

46.3%

60.1

55.5

21.9

16.1%

**

**

**

Students Identified as gifted (%)

12.7

17.4

9.1

21.8

Yearly average student attendance rate
(%)

94.1

88.9

89.9

92.6

Students Qualified for Free or reduced
Lunch (%)
Students in need of special education
services (%)

7.4

Meadowlark
High School

*District collected data employs a binary gender system
** This data was not collected by the district

develop the curriculum and received additional training on teaching with climate models.
Additionally, teachers were offered funding to complete a six-week online climate
change course, which two participant teachers—Julie and Monica—completed.
Participating teachers were split evenly by gender and represented a wide range of
teaching experience (Table 2.3).
Teachers were not provided with specific instructions regarding how or when to
implement the curriculum materials but were presented with the curriculum module and
encouraged to adapt lessons in light of students’ needs and schedule constraints. Julie and
Monica began implementation in late September, while David and Michael began
implementation in late October.
Curricular Context. The partner district was selected, in part, due to a districtwide requirement of a one-semester geoscience course at the ninth-grade level. In the
year prior to the beginning of this project, the state was undergoing a process of adopting
new science standards. The revised state standards went into effect in the first year of the

Table 2.3
Demographic Characteristics of the Four Participate Teachers
Teacher
Certificate

Years Teaching

Science
Education

Traditional

10-20

Master’s

Science
Education and
Meteorology

Alternative

3-9

White

Master’s

Science
Education

Traditional

Over 20

White

Bachelor’s

Science
Education

Traditional

3-9

Teacher

Gender

Age Range

Race

Education Level

Certification

Meadowlark High
School

Michael

Male

30-39

White

Bachelor’s

Goldenrod High
School

David

Male

30-39

White

Cottonwood High
School

Monica

Female

50-59

Julie

Female

20-29
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project. For the first time, state science education standards emphasized teaching and
learning about Earth’s climate system, including GCC. These were incorporated into the
partner district’s geoscience course.
The Climate Model
The project-developed curriculum is designed around EzGCM (Figure 2.1;
Bhattacharya et al., 2020), a data-driven, computer-based climate modeling tool
developed by NASA. EzGCM allows users to access and interact with large data sets
over long timescales, and was developed for engaging non-scientists, educators, and
students in exploring global climate data. Through EzGCM and the curriculum, students
interact with three major climate model simulations. Students use the models to explore
multiple climate variables and their impacts on and relationships to carbon dioxide and
surface air temperature, and to create time-series plots and climate visualizations. These
allow them to make and evaluate their own predictions, observe interactions of climaterelated variables, and ultimately assess carbon’s impact on the global climate.
The CliMES Curriculum Module
The curriculum module, designed around EzGCM, addresses NGSS performance
expectations and district-level science standards (Table 2.4) surrounding two key
objectives: (a) engaging students in scientific modeling, and (b) supporting students to
develop in-depth understanding of Earth’s climate and GCC. The curriculum provided
opportunities to explore increasing average global surface temperatures, determined to be
the anchoring phenomenon, through (a) analyzing temperature anomalies from
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Figure 2.1
Student View of the EzGCM Interface at the Three Major Phases of the Model
Interaction, Simulations, Post-Processing, and Visualization

Table 2.4
NGSS Performance Expectations and District-level Science Standards Addressed in the
CliMES Curriculum Module
Organization

Standards

NGSS

HS-ESS3-5.

Analyze geoscience data and the results from global climate
models to make an evidence-based forecast of the current rate of
global or regional climate change and associated future impacts to
Earth systems.

State Standards

SC.HS.12.2.C

Analyze geoscience data and the results from global climate
models to make an evidence-based forecast of the current rate and
scale of global or regional climate changes.

State Standards

SC.HS.12.2. D

Evaluate the validity and reliability of past and present models of
Earth conditions to make projections of future climate trends and
their impacts.
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1850-2017, (b) comprehending the rate of change of global average surface temperatures,
(c) analyzing the data set for carbon dioxide concentrations in the atmosphere, and
(d) formulating the causes of increasing global average surface temperatures.
This curriculum was developed through the Construct-Centered Design (CCD)
process in which it was iteratively developed, implemented, tested, and refined (Shin
et al., 2010). The four teachers in the present study were directly involved in the
development of the curriculum (Forbes et al., 2020). During the year prior to starting this
project, teachers met with the research team on multiple occasions to generate ideas,
concepts, and pedagogy for the curriculum. Drafts of curriculum lessons were then sent
to the teachers for edits and revision, additional workshop meetings were held, and a
preliminary curriculum was developed.
Two of the teachers (Julie and Monica) then piloted the curriculum in their
classrooms during year one (Y1) of the research project. Both prior to and following
implementation, these teachers met with the research team for professional development.
Following Y1 implementation, teachers provided the team with feedback on classroom
implementation and assisted in revising the curriculum used in the present study (Y2). In
the summer prior to Y2, the teachers participated in formal professional development
designed to prepare them for using the curriculum, and the GCM, in their classrooms. By
Y2 the curriculum included nine lessons and was designed to last approximately four
school weeks (20 days) of 50-minute class periods (Table 2.5), with an additional day for
students to complete a post-evaluation (21 total days).
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Table 2.5
CliMES Curriculum Lesson Plans Outline.
Lesson

Main Objective

Estimate Class
Periods to Complete

Lesson 1: What are models?
What are GCMs? Why
do we use GCMs?

Students engage in conceptually understanding
the complexity of climate models through this
non-data, non- model-based lesson.

1

Lesson 2: Guided Practice
Lesson- Exploring
Simulation using
EzGCM

Students explore the anchoring phenomenon –
increasing global average temperatures –
through their use of a global climate modeling
(GCM) tool.

1

Lesson 3: General conceptstools needed to
understand EzGCM
output

Students learn the general concepts,
vocabulary, and methods needed to understand
the use of models in Global Climate Science.

1

Lesson 4: What is climate
data? How is climate
data obtained?

Students gain an understanding of the different
types of climate data; proxy data, instrumentbased data, and model-based data, while
exploring the concept of how much data is
needed to create strong evidence.

2

Lesson 5: What do we know
about the change in
average global surface
temperatures?

Students will use scientific data to assess and
interpret the unit’s anchoring phenomenon –
“increase in Earth’s average global
temperatures” using climate data for
investigating the rate of increase in average
global temperatures.

3

Lesson 6: How do we explore
the Earth’s global
average temperature
increase using a global
climate model (GCM)?

Students will use the model to complete two
climate simulations producing a time series
graph of surface air temperature for each
simulation.

3

Lesson 7: Fingerprinting the
causes of global
warming- Why are the
global average
temperatures increasing?

Students investigated long-term records of
carbon dioxide levels and use the model to
examine the difference between two different
carbon dioxide scenarios.

3

Lesson 8: Mapping Data,
Creating Visualization,
and Using Visualizations
to Make Predictions

Students will gain an understanding of the
management (averaging and extraction) of the
large amounts of digital data produced by
Global Climate Models by extracting “Big
Data” and creating visualizations with postprocessing. Students will then compare Global

3

Table 2.5 continues
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Lesson

Estimate Class
Periods to Complete

Main Objective

Lesson 8 (cont’d)

Climate Model Data from two Visualization to
Predict Temperature Trends. Students will
explore the results of their global climate
model simulations in more detail by creating a
visualization that represents anomaly data for
global surface air temperature maps.

Lesson 9: Application: Use a
model to reason and
explain

Student makes the decision about what data do
they need and demonstrate the process to
obtain it using the model.

3

Data Collection
The curriculum was implemented during the fall semester in fourteen classes
divided among the four teachers. Data collection occurred in all classes during the period
of curriculum implementation. The present study used multiple data sources—classroom
observations, pre- and post-interviews, daily reflections, and instructional artifacts,
including the lesson plans for the curriculum (Table 2.6).
Table 2.6
Data Collection and Analyzed by Individual Teacher
Classes Taught

Classroom Observations

Pre-/Post- Interview

Daily Reflections

Monica

3

37

1/1

15

Julie

3

42

1/1

15

Michael

3

31

1/1

11

David

5

60

1/1

13

Total

14

170

8

54

Classroom Observations. Implementation of the designed curriculum was
documented through classroom observations, conducted in-person and video-recorded by
the authors, in all class periods for all teachers for the duration of the curriculum
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implementation period. The authors took field notes on teachers’ enactment of the
curriculum with a focus on documenting instances when teachers diverged from the
materials. Video-recorded observations were analyzed using the modeling protocol
(described below), while field notes were used to cross-validate research analysis.
Teacher Interviews. Teachers participated in two, 30–45-minute open-ended,
semi-structured interviews: one before the implementation of the curriculum, one after
(Merriam & Tisdell, 2009; Ch2 Appendix A). The pre-implementation interview was
designed to elicit teachers’ understanding of the curriculum and scientific practices being
used and assess how they anticipated implementing the curriculum. The post-interview
reviewed these same concepts, with the addition of reflection on the curriculum.
Interviews were digitally recorded and transcribed for analysis.
Daily Reflections. At the conclusion of each day of curriculum implementation,
teachers participated in a short reflection lasting 5–10 minutes. Teachers were prompted
with a single question, “How do you feel about today’s lesson?” (Ch 2 Appendix A).
These post-lesson reflections were conducted by co-authors and typically occurred at the
conclusion of teachers’ last class period of the day. The reflections were digitally
recorded and transcribed for analysis.
CliMES Lesson Plans and Curriculum Resources. Each lesson included six
major sub-sections: lesson objectives, summary of needed background information,
important vocabulary, stepwise lesson procedures, discussion, and teacher resources. The
discussion section provided teachers with a conclusion to the main lesson content as well
as questions that could be used to initiate classroom discussion. Many of the individual
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lessons also included materials for student use, like figures and datasets. The written
curriculum was analyzed using the same model-based protocol as the recorded
observations (described below).
Data Analysis and Verification
Data were analyzed using both quantitative and qualitative methods. This
provided an in-depth, overarching description of secondary science teachers’ decisions
and strategies. This mixed methods, multiple-case study approach to data analysis allows
for the identification and articulation of complexities occurring within and across the
cases. Through these analyses, we illustrate the teachers’ differing approaches to teaching
a single curriculum unit as well as trends across the four teachers.
Quantitative Data Analyses. Using a validated observation protocol (Baumfalk
et al., 2019—Ch 2 Appendix B), both the written curriculum (lesson plans) and teachers’
observations were quantitatively scored by three research team members. This protocol
consisted of 34 indicator statements designed to measure four practices of scientific
modeling: construct, use, evaluate, and revise. Each statement was assigned a numerical
value from zero to three. A zero indicated the practice was nonexistent during the
recorded class time. A score of one indicated it was present but without depth, meaning
the practice was addressed but lacked discussion. A score of two signaled average use of
the practice and represented the teacher discussing or demonstrating the practice. Finally,
a score of three was assigned when the use was exemplary, including in-depth discussion
involving both teacher and students and student participation in modeling practice. The
practices of construction and use of models remained the focus of this inquiry, as the
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curriculum at the time of implementation was not designed to elicit evaluation or revising
modeling practices.
Each rater independently scored 20 classroom observations. Fleiss’s multi-rater
kappa (κ = 0.447) was calculated to estimate the level of agreement among the three
raters. This value suggests that the three raters were in moderate agreement, an
acceptable agreement level (Landis & Koch, 1977). Raters reconciled differences,
reached a consensus, and scored the remainder of the data for evidence of model-based
teaching and learning.
Qualitative Data Analyses. Voice-recorded data was transcribed and
consolidated into a single database, allowing for comparison across data types and among
individual teachers. First, readings of transcribed documentation were completed, and
notes were made for each teacher for each question. Themes were identified from points
of divergence and justifications for changes to the curriculum. These themes were
compared to initial notes. Video-recorded classroom observations were then reviewed
and documented with researcher interpretations of the teachers’ intentions, goals, and
classroom activities within each class period, and compared to initial field notes. This
inquiry was furthered by reviewing data sources through a lens of the theoretical
framework’s four practices of scientific modeling—construct, use, evaluate, and revise—
serving as a priori codes; this process is described as deductive coding practice or
provisional coding (Saldaña, 2016). While all four of the described modeling practices
served as a priori codes, we focused on teachers’ affordance of model construction and
use. An inter-rater agreement of 90% was reached and followed by reconciling
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differences after discussion and consultation of the raw data. The coded data were then
triangulated to identify overlapping codes and refined into categories to identify themes.
Finally, both data strands—quantitative and qualitative—were compared to create a
holistic view.
Results
Research Question 1
In RQ1 we asked, how do secondary science teachers implement a GCM-based
curriculum module? Scores from the modeling protocol for the overall curriculum, as
well as subscores for modeling practices construction and use, were analyzed for each
teacher and the written curriculum. Results of one-way ANOVA tests show a significant
effect of curriculum condition (designed curriculum and individual teachers) on the
overall model scores, F (4, 403) = 9.84, p = <0.0001, model construction subscore,
F (4, 410) = 11.12, p = <0.0001, and model use subscore, F (2, 234) = 13.02,
p = <0.0001. These primary results show that teachers’ enacted curriculum varied in its
emphasis on overall modeling, as well as construction and use. Here, we present a
comparison of the four teachers’ enacted curricula to the designed curriculum (RQ1a),
followed by a comparison of the teachers to one another (RQ1b).
Comparison of Teachers and Curriculum (RQ1a). In RQ1a we asked, how
does secondary science teachers’ implementation of a GCM-based curriculum module
compared to a provided curriculum? Overall, teachers’ enacted instruction averaged
slightly lower in overall modeling practices compared to the curriculum, though this
difference was not statistically significant, t(54) = -2.14, p = .076, d = 0.59 (see
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Table 2.7, Figure 2.2, Ch 2 Appendix C, and Ch 2 Appendix D). As Table 2.7 (Figure
2.2) shows, this trend was consistent for all four teachers. Results of post-hoc t-tests
comparing each curriculum condition show that statistically significant differences
between the designed curriculum and teachers’ individual implementation scores were
observed only for Julie’s mean curriculum enactment scores (see Ch 2 Appendix C).
Overall, teachers implemented the curriculum in ways that were less model-centric than
the curriculum design; but, in all cases other than Julie, they were comparable to the
design.
Table 2.7
Comparison of Mean Scores for Overall Curriculum Unit and Modeling Practices
Construct and Use
Overall

Construct

Use

M

SD

M

SD

M

SD

Monica

9.07

0.93

6.61

0.44

1.60

0.66

Julie

4.96

0.90

4.16

0.41

--

--

Michael

6.22

1.05

4.95

0.55

--

--

David

8.43

0.92

7.07

0.42

1.38

0.67

Curriculum

9.22

1.51

2.99

0.98

5.34

0.92

Teacher Average

7.17

1.91

5.70

1.37

1.07

0.50

When the modeling practices of construction and use are examined
independently, however, overall results show that teachers’ curriculum enactment was
characterized by less model use and higher levels of model construction than the
designed curriculum. As shown in Table 2.7 (Figure 2.2), observed differences between
mean scores for model construction in teachers’ enacted curriculum and the designed
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curriculum were statistically significant, t(54) = 3.95, p = .007, d = 0.11. Observed scores
of model construction for all four teachers were higher than those for the designed
curriculum, although results of post-hoc tests from the ANOVA show that differences
from the design were statistically significant in model construction scores only for
Monica and David (Ch 2 Appendix C).
Figure 2.2
Mean modeling Scores as Determined by the Modified Observation Protocol

Observed differences between mean scores for model use in teachers’ enacted
curriculum and the designed curriculum were also statistically significant, t(54) = -16.91,
p < .001, d = 0.47. Scores of model use for all four teachers were lower than those for the
designed curriculum and were statistically significant for Monica and David (Ch 2
Appendix C). While Julie’s and Michael’s model use scores were also lower than the
designed curriculum, they are excluded from the analyses because both teachers had
confidence intervals, which included zero and therefore were not statistically meaningful.
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Overall, the teachers emphasized model construction at a higher level than the
curriculum while de-emphasizing model use. This increased emphasis on construction
had a significant influence on in-class activities. All four teachers used additional
resources that were not part of the provided curriculum. These additional materials, and
additional classroom time, focused on how climate models are constructed, not the use of
models to make climate projections. As a result, the students’ time using the model
provided with the curriculum was limited across all classrooms.
The teachers also omitted some of the more student-directed modeling activities.
For example, in Lesson 2, students were instructed to explore EzGCM with an
accompanying guiding document to introduce them to the model. Michael instructed his
students to watch him demonstrate using the model follow his steps exactly, forgoing
instruction to openly explore other variables and simulations. In Monica’s
implementation, very little of the original curriculum was enacted. She elected to skip
Lesson 3 in its entirety and much of Lesson 4. David followed the curriculum to a higher
degree but still reduced student use of the model compared to the curriculum, largely due
to running out of class time.
Comparison of Teachers’ Implementation (RQ1b). In RQ1b we asked, how do
secondary science teachers’ implementations of a GCM-based curriculum module
compare? Again, scores from the modeling observation protocol for overall modeling
practices, as well as subscores for construction and use, were analyzed for the four
participating teachers. Results of post-hoc t-tests indicated statistically significant
differences in pairings involving Julie’s and Michael’s mean curriculum enactment scores
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(see Table 2.7, Figure 2.2, Ch 2 Appendix D). When comparing mean overall modeling
practice scores, Julie’s modeling score (M = 4.96, SD = 0.90) was the lowest among
participating teachers, and Monica’s (M = 9.07, SD = 0.93) the highest. Differences
between Julie’s modeling practice scores and those of both Monica —t(54) = -5.29, p <
.0001, d = 0.48—and David—t(54) = 4.63, p < .0001, d = 0.38—were found to be
statistically significant, though not in comparison to Michael’s enactment scores—t(54) =
-1.41, p = 0.16, d = 0.47 (Ch 2 Appendix D). Differences between mean modeling scores
for Monica and David were not statistically significant. Additionally, Michael’s modeling
practices scores were significantly lower than both David’s—t(54) = - 2.54, p = 0.0114, d
= 0.23—and Monica’s—t(54) = 3.00, p = 0.003, d = 0.28. This indicates that mean
modeling scores for, on the one hand, Monica and David, and, on the other, Julie and
Michael, were statistically significantly different from one another. There was not a
statistically significant difference between the pairs of teachers within each group (Ch 2
Appendix D).
Examining the modeling practice of construction independently, Julie’s
construction score (M = 4.16, SD = 0.41) was the lowest among the participating
teachers, with David’s (M = 7.07, SD = 0.42) as the highest (Table 2.7, Figure 2.2).
Similarly, significance was observed compared to the overall modeling practices scores
within multiple pairwise t-tests of construction scores. Julie’s modeling construction
scores were statistically significantly different from both Monica’s—t(54) = -4.41, p <
.0001, d = 0.48—and David’s—t(54) = 5.40, p < .0001, d = 0.45, though not Michael’s—
t(54) = -1.23, p = 0.221, d = 0.46 (Ch 2 Appendix D). Differences between mean
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construction scores for Monica and David, t(54) = 0.81, p = 0.418, d = 0.23, were not
statistically significant. Additionally, Michael’s construction scores were significantly
lower than both David’s, t(54) = 3.31, p = 0.001, d = 0.24, and Monica’s, t(54) = 2.48, p
= 0.013, d = 0.32. Finally, only Monica and David’s modeling use scores were included
as Julie and Michael received scores that were not statistically meaningful. Monica’s use
scores were only slightly higher than David’s; there were no significant differences—
t(54) = -0.50, p = 0.619, d = 0.59 (Ch 2 Appendix D).
Although the curriculum was designed to last twenty days, all four teachers
completed the curriculum module in three weeks (15 days) by not enacting certain
curriculum elements. Exclusion of curriculum material that foregrounded model use was
seen across all teachers’ enactments of the curriculum. Findings from RQ1b indicate that
the teachers could be divided into two groups: teachers scoring higher on modeling
practices, Monica and David, and teachers scoring lower on modeling practices, Julie and
Michael.
Julie and Michael deemphasized model use during their implementation of the
curriculum. For example, Lessons 6–8 (model use-focused lessons) were combined in
Michael’s classrooms, and Lesson 9 removed in its entirety. During Michael’s teaching
of Lessons 6–8, he asked students to watch as he used the model, at times having students
follow him, rather than using the provided student instructions or tasks. During Michael’s
teaching of lesson six through eight, he elected to have his students watch as he used the
model, at times having the student do parts of these lessons following him not through the
provided student instructions or student tasks. Lesson seven provided a student task
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document aimed to guide students through using the model; instead of using this
document in his classroom, Michael recreated the guide in a teacher-controlled software
familiar to his students. This limited students’ ability to explore the climate model as
intended.
Similarly, Julie had students watch as she ran the model simulations and used
EzGCM. Though she did ask students to repeat the guided steps on their own personal
computers, this still largely removed students’ authentic engagement with the model.
Julie’s students also completed Lesson 9 without her first demonstrating the steps. This
allowed students some, limited, engagement in the use of the model. Conversely, while
David and Monica demonstrated the use of the model early in the curriculum model
(Lesson 2), they both allowed students to work in small groups during the model usebased lessons, only providing additional assistance when needed. Although David and
Monica condensed Lessons 6–8, it was not to the extent seen in Julie and Michael’s
classrooms.
Research Question 2
In RQ2 we asked, why do teachers enact the curriculum in the ways they do?
While results presented for RQ1 illustrate how teachers implemented the curriculum,
findings for RQ2 emphasize why they implemented the curriculum in these ways. Below
we present four case summaries providing qualitative descriptions of how teachers
engaged students in the modeling practices of construction and use, and their reasoning
for implementing the curriculum in the ways they did.

49
Julie. Julie scored the lowest in modeling practices overall, as well as in
construction and use. Julie noted that her students lacked conceptual understanding of
climate terms used both in the climate model and student assessments. Students’ lack of
background knowledge led Julie to provide students additional “time to process,” with
much of a class period often spent reviewing previous topics. Julie’s overall low protocol
scores resulted from a focus on teaching skills outside of climate content, including notetaking or proper behavior. This focus on “soft skills” limited the amount of time students
spent with the provided model and modeling practices.
Julie scored lower in model use than model construction. Her relatively higher
model construction scores likely reflect her focus on students understanding the
“background of climate models.” Julie continually engaged students with videos from
scientific organizations that focused on how GCMs are created, what inputs are needed,
and the projection creation process. Having students understand the practice of model
construction was, for Julie, critical for allowing students to independently find answers to
their questions. Using a majority of classroom time to focus on the background of climate
models (construction) was viewed as a necessary step in furthering students’
understanding of how a model would be used. Julie’s enactment of the curriculum was
largely guided by her expressed concerns that students should know “how to create
models” and that students did not have a firm understanding of what a climate model was
or represented.
Michael. Michael scored the second lowest both overall and in use and
construction. Michael tended to use sensationalized videos to provide material to
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students. He felt that the trade-off of “less-scientific” was worth students’ engagement. In
addition, Michael’s focus was often not on lesson material but on behavior management.
Using videos allowed Michael to manage his students independent of his teaching, rather
than in tandem. For Michael, being able to manage students’ behavior is a “top priority
above content knowledge.” These factors led Michael to diverge heavily from the
provided curriculum and to circumvent modeling practices. Michael believed his students
lacked both conceptual knowledge about climate and the technological ability to interact
with the model effectively. Many of Michael’s students entered his classroom without
adequate background knowledge, which he viewed as a “failing of the educational system
and current culture.” Michael often remarked that many of his students would benefit
from special educational support or adult aids, but these were unavailable.
Additionally, Michael stated that he had previously used other simulations and
models in his geoscience classes (outside of the CliMES curriculum) and found that his
students would “shutdown when they became frustrated.” Consequently, Michael
preferred to create a pattern with his students and maintain that structure throughout the
semester. For example, in the CliMES curriculum students were asked to complete tasks
using Google Forms. However, because Michael’s students had no experience with
Forms, Michael elected to forgo these tasks or recreate them using a familiar platform.
Additionally, when using EzGCM in his classroom, Michael would convert students’
solo work into full class discussions, through which he led students step-by-step using the
model.
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Michael’s construction scores were higher than the model use scores. He rarely
asked students to engage with the climate model, stating that the “model was not age
appropriate.” In the rare instance that Michael had students engage in model use, it was
done in a ridged fashion. Students were unable to interact freely with the model as
suggested by the curriculum but rather reproduced what Michael modeled for them.
When Michael taught from the provided curriculum he modified the lesson, forgoing
most of the suggested procedures. For example, lesson two of the curriculum introduced
students to the GCM; instead of allowing students to work through the lesson’s
accompanying google form that instructed them to explore and investigate the model,
Michael chose to have students observe him working through the process of using the
model. In doing this, his students were unable to engage in the model themselves,
resulting in the lower model use scores.
Michael pointed out that, in his belief, in the “real-world,” “climate is not about
using scientific models, but rather the economic and social structures.” He felt his
students needed to have a stronger background in model construction to gain any
“meaningful experience” from using scientific modeling.
David. David had the highest of the construct modeling practice scores and the
second highest in both use and overall protocol. David found that many of his students
lacked abilities, such as math skills, outside the direct content of the class. He often
planned to implement the curriculum in his classes as written and expressed frustration
that he was unable to finish his lesson plans during the time allotted. For example, David
planned to teach the concept of temperature anomalies using temperature data, followed
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by students using the model to create an anomaly visualization. However, the students
struggled to grasp the concept of subtracting the control value from an experimental
value. So, he abandoned his plan and instead used multiple class periods to describe the
concept of anomaly and how it fit into the construction of the model. David had planned
to evenly divide the class time between these two modeling practices but instead focused
solely on model construction.
Additionally, at multiple points during the implementation David elected to
provide supplementary lessons to cover reading graphs and calculating slopes. He
believed his students could not effectively engage with the GCM without this
understanding. David struggled to find the true objective of the curriculum, often asking
if the goal was “for the students to understand what we’re doing [content] or have them
use the software [the practice of climate modeling].” David felt he needed to focus on the
climate content knowledge so that when his student did engage with the model, they were
able to interpret the outputs, but found he often needed to “move slower.” Students
largely experienced climate content knowledge, not the practice of using modeling.
David felt students should know “the information that we need to build a climate model”
and be able to “explain what a climate model is.”
Monica. Finally, Monica scored highest overall and in model use. Interestingly,
Monica relied not on the provided curriculum but on outside curriculum modules to
achieve her relatively high model use score. These “extension lessons” were used to
support her students with the background she felt they needed. For example, Monica used
a class period to show students a slideshow presentation from a conference she had
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visited explaining how GCMs were constructed and used for the IPCC documents. She
then had students watch the IPCC meeting opening, aiming to show students the global
scale of climate phenomena. Monica’s use of “extension lessons” was not limited to
external curricula resources; she also used the model provided, EzGCM, to create one
such lesson. While Monica had students use the model to create data visualizations, the
intent of the lesson was to understand what variables needed to be input into the model to
create the final output and then to examine these outputs over time. The practice of model
use was central during the duration of this lesson. While students were engaged in
authentic modeling use, it was not an application endorsed by the CliMES curriculum.
One explanation for Monica’s willingness to diverge from the provided curriculum is her
experience. With over 20 years of teaching experience, Monica has acquired a large
collection of teaching resources by participating in professional development
opportunities. Monica valued students’ understanding of why the climate model works
and is a reliable tool; she aimed to have students understand both the construction and use
of models. Students needed to know “what would be necessary for a climate modeler to
put into their model” before fully understanding how to use a model.
Discussion
Teachers face many challenges in supporting their students’ learning about
Earth’s climate system and GCC. It is therefore critical that Earth science teaching and
learning not only be prioritized, but supported through intentionally designed, empirically
based, innovative curricular resources made widely available to teachers. However, little
research has investigated how teachers use climate-focused curricular resources to
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cultivate model-centric science learning environments (Bhattacharya et al., 2021). As
novel science curriculum resources are designed and implemented, we must understand
how teachers use these resources and, ultimately, how they cultivate effective
environments to support learning about Earth’s climate and GCC. We undertook this
project to understand secondary science teachers’ enactment of a GCM-based curricular
intervention (Bhattacharya et al., 2021-a, 2020; Forbes et al., 2020), aiming to identify
similarities and differences in teachers’ chosen curriculum enactment strategies and
provide insight into how and why teachers implement developed curricular resources.
Results presented here build upon and contribute to research on model-based teaching
and learning in science (Baumfalk et al., 2019; Forbes et al., 2015; Krell et al., 2015;
Schwarz et al., 2009; Vo et al., 2015, 2019), climate education (Colston & Ivey, 2015;
Herman et al., 2017; Monroe et al., 2013; Pallant et al., 2012; Pallant & Lee, 2015;
Plutzer et al., 2016; Svihla & Linn, 2012; Tasquier et al., 2016; Wise, 2010), and
teachers’ use of science curriculum materials (Fogleman et al., 2010; Forbes & Davis,
2010; Roehrig et al., 2007).
Our findings illustrate how a purposely developed, standards-aligned curriculum
module was implemented by secondary science teachers. Overall, the teachers’ enacted
curriculum was less model-centric than the designed curriculum, despite being part of
the curriculum design process. The teachers emphasized model construction and deemphasized model use compared to the curriculum, reinforcing findings from previous
research (Carpenter et al., 2019; Khan, 2011; Vo et al., 2015, 2019; Windschitl et al.,
2008). Additionally, these trends varied widely across the teachers’ observed curriculum
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implementation; this reinforces findings showing that teachers rarely enact curricula
precisely as intended by developers (Fogleman et al., 2010; Forbes & Davis, 2010;
Roehrig et al., 2007). Each teacher employed unique instructional strategies to engage
with students in the epistemic and practice-based dimensions of modeling, supporting
findings from previous teacher-focused climate education research (Dawson, 2012; Teed
& Franco, 2014; Zangori et al., 2017). Though prior research has shown that the
geosciences are largely underemphasized in the K-12 curriculum by high school
(Banilower et al., 2018) and that the broader curricular context can influence the nature
of climate-focused teaching and learning (Colston & Ivey, 2015; Dawson, 2012;
Feierabend et al., 2010; Herman et al., 2017; Monroe et al., 2013; Plutzer et al., 2016;
Wise, 2010), results presented here indicate that even when these elements are in
relative alignment variation is still likely in how the planned curriculum is implemented.
The varied approaches the teachers took in enacting the curriculum resulted from
a complex combination of factors, including the learning outcomes and teaching
strategies prioritized; each teacher’s background with Earth’s climate, climate education,
and scientific modeling; and perceptions of affordances and constraints of their
classroom contexts, including perceived student needs. These factors likely explain the
generally higher scores within David and Monica’s classrooms compared to Julie and
Michael’s. Monica had the most classroom teaching experience, including experience
using models, while David, as an alternative route teacher (Table 2.3), held a previous
career in a highly model-based scientific field —thus, both had increased exposure to
scientific modeling. This again corroborates prior research documenting the many
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reasons teachers implement the same curriculum in various ways (Fogleman et al., 2010;
Forbes & Davis, 2010; Roehrig et al., 2007).
In foregrounding model construction, teachers emphasized the need for students
to understand the inherent nature and purpose of EzGCM’s design before they could use
it meaningfully. A shared emphasis among the teachers was that students needed “the
information that we need to build a climate model,” or the abstract pieces of the GCM.
This observation is an example of long-standing discussion in the literature about the
degree to which models should presented as “black boxes” to students (e.g., Halloun,
2007). Findings presented here contribute to this body of work by showing why high
school teachers emphasize these epistemic dimensions of GCMs and engage in climaterelated instruction based heavily in perceived student learning needs (Herman et al.,
2017; Plutzer et al., 2016; Slater et al., 2009).
Though study results may help identify why teachers prioritized model
construction, they also highlight why these efforts were met with varying degrees of
success. Efforts to strongly foreground the design of EzGCM, and GCMs more
generally, resulted in emergent challenges in some cases. Not only did students struggle
at times to understand these epistemic dimensions of GCMs, but the teachers may also
have as well. Only partially developed conceptions about Earth’s climate and GCC have
been documented in prior climate education research for both students (Michail et al.,
2006; Pallant & Lee, 2015; Pruneau et al., 2003) and teachers (Dawson, 2012; Michail
et al., 2006; Plutzer et al., 2016). This research thus reinforces the need for teachers’
firm understanding of the epistemic and practice-based dimensions of models, scientific
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modeling, and model-based teaching and learning (Justi & Gilbert, 2002; Oh & Oh,
2011; Vo et al., 2015, 2019). Together, these results illustrate how teachers’ knowledge
and priorities for model-based teaching and learning and understanding of core climate
concepts may work in tandem to influence how they use climate-focused, model-based
curricular resources.
Limitations
Study findings help explain how and why teachers implement climate-focused,
model-based curriculum resources, and begin to address a gap in the literature. However,
the study is limited in three ways. First, it occurred in a rare and unique curricular
context: the partnering school district had a required high school geoscience course. In
most formal high school settings, compulsory Earth science courses are rare (Banilower
et al., 2018). Teachers also had access to a fully developed set of curriculum resources,
which research has shown to be relatively rare for climate education (Colston & Ivey,
2015; Dawson, 2012; Michail et al., 2006; Slater et al., 2009). Second, this study is
limited by the small number of teachers involved. These four teachers were highly
motivated to teach climate concepts and are likely not comparable to the average
secondary science teacher. Finally, it was not within the scope of this study to compare
student outcomes for the individual teachers, and therefore it does not address knowledge
differences among students related to teaching practices. While a primary objective of the
curriculum is to help students learn about Earth’s climate and GCC, the present study
does not provide this evidence. This additional data would be crucial not only to
objectively assess the potential impact of curriculum implementation, but also to give
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teachers more concrete diagnostic information around which to design instruction,
particularly given their emphasis on students’ conceptual understanding illustrated in the
study findings. Future research, including measures of student outcomes, would provide a
valuable contribution to the climate education literature.
Implications
Despite limitations, the study provides insight regarding several potential
implications. Our findings show that teachers may not always have a complete
understanding of students’ background knowledge or may question students’
understanding of climate content and modeling practices. As new curricular resources are
developed, formative assessment tools must be included to serve as diagnostic tools for
teachers to identify areas in which students need additional support. For this climate
curriculum, which foregrounds both conceptual (Earth’s climate and GCC) and epistemic
(modeling) elements, formative assessment tools could help teachers gauge students’
grasp of both.
Additionally, findings highlight the need for effective teacher professional
development related teaching climate concepts and modeling practices. This need is well
documented in the literature (Bhattacharya et al., 2021-a; -b; Colston & Ivey; 2015;
Dawson, 2012; Michail et al., 2006; Slater et al., 2009). Moreover, teachers need
professional learning opportunities that highlight how to effectively support students’
model-based reasoning about Earth’s climate and GCC. Study findings highlight that
teachers may prioritize some modeling practices over others when utilizing model-based
teaching in their classrooms. Teachers, like students, need to be presented with authentic
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modeling experiences. Additionally, professional development needs to embrace the
three core elements of scientific modeling—(a) disciplinary concepts, (b) epistemic
features, and (c) modeling practices—for developing students’ reasoning about scientific
phenomena (Gilbert & Justi, 2016). As noted, the practices emphasized in this study—
construction and use—require understanding of the nature and purpose of models, both
critical epistemic dimensions of scientific modeling. Teachers need a firm understating of
these dimensions.
Finally, while not a focus of our study, tentative evidence suggests that some, if
not all, curriculum-related teaching and learning within the study were affected by
contextual factors of the schools, students, and classroom contexts, including factors such
as students’ socioeconomic status, race, ethnicity, systemically racist classroom practices,
ableism, sexual orientation, and gender identity. Students, especially those who have
marginalized intersectional identities, likely experience additional challenges outside of
the data this study collected. These factors could have shaped how and why the
curriculum was implemented in the above-described ways. In a recent review of climate
education literature (Bhattacharya et al., 2021-b), only a small number of the included
studies accounted for contextual factors and their influence on student outcome or teacher
enactment (Dawson 2012; Plutzer et al., 2016). Future climate education research needs
to examine the intersectionality of contextual factors to ensure that climate-focused
curriculum and instruction provides equitable learning opportunities.
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Conclusion
Earth science teaching and learning must be supported through intentionally
designed, empirically based, innovative curricular resources. Teachers play a critical role
in cultivating authentic modeling experiences for students, and meaningful modeling
opportunities require teachers to integrate models fully within classroom activities. This
study illustrates the ways secondary science teachers implemented a GCM-based
curriculum, as well as how and why they enacted the curriculum the ways they did. It
thus advances the literature on model-based teaching (Carpenter et al., 2019; Khan, 2011;
Vo et al., 2015, 2019; Windschitl et al., 2008) and climate education (Herman et al.,
2017; Plutzer et al., 2016; Slater et al., 2009).
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Chapter 2—Appendix A
Year Two Teacher Interview Protocol
Thanks for talking with me today. We want to learn about your knowledge of Earth’s
climate and the use of global climate models to understand it. Please refer to your
experience of teaching with EzGCM in the last few weeks for answering these
questions. Do I have permission to record?
These questions are focused on eliciting teachers’ own understanding of content
(Changing climate, increasing global surface temperatures)
1. As a learner, could you describe the phenomenon of increase in average surface
temperatures? What evidence supports your understanding of this phenomenon?
2. Discuss other physical characteristics of the climate system that you would expect
to change in addition to surface air temperature?
3. Does increasing average global temperature give us the best measure of global
climate change?

These questions are focused on eliciting the understanding of content (Changing climate,
increasing global surface temperatures) through the use of EzGCM
4. What do you know about global climate models? How can we use GCMs to predict
changes in temperature?
5. In the EzGCM interface, we compared the control run to a simulation where the
climate changes (IPCC_A1FI_CO2). How did this process help you in analyzing the
phenomenon of the increase in Earth’s global surface temperature?

These questions are focused on eliciting the understanding of models and model-based
instruction
6. What are models?
7. How are models used in science?
8. How do you think models should be used in the classroom for science? Why?
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9. How do you think students should use models to… (these are probes)
a. Represent natural phenomena
b. Communicate
c. Account for evidence/observations
d. Explain natural phenomena
10. What do you think of the new unit? How effectively does this unit help students to
(these are probes)?
a. Represent natural phenomena
b. Communicate
c. Account for evidence/observations
d. Explain natural phenomena
11. How can you support students’ model-based reasoning about climate? What are
important instructional strategies?
These questions are focused on teachers’ views and experiences about the CliMES
curriculum
12. What are you most excited about/looking forward to with teaching this new
curriculum module?

Year Two Teacher Daily Reflection Prompt Question
How do you feel about today’s lesson?
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Modeling Observation Protocol: Adapted from MoHSES for CLiMES
Original protocol published:
Baumfalk, B., Bhattacharya, D., Vo, T., Forbes, C. T., Zangori, L., & Schwarz, C.
(2019). Impact of model-based curriculum and instruction on 3rd-grade students’
scientific explanations for the hydrosphere. Journal of Research in Science
Teaching, 56(5), 570–597.
This protocol has been adapted for use from the MoHSES project for the CLiMES
project. Adaptations have been noted in red.
NOTE: The students interact with EzGCM through visualizations and model output.
Therefore, for this protocol, we consider revision and evaluation of visualizations and
output, obtaining different sets of data to explain/predict as “revision of the model.”
Construct/construction of the model for the EzGCM project is the development of a
students’ conceptual or mental model of a computational climate model. The EzGCM
tool is not available for students to construct in the sense that they themselves build
(construct) the computational model; however, they are capable of building
(constructing) a conceptual representation of EzGCM.
Revised and used with permission.
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Item Description _____________ Date of Rating _____________ Rater _________________
Teacher _________________________ Investigation Part Duration ____________________
Students are afforded the opportunity to…
A1. CONSTRUCT: consider a central question or anchoring phenomenon
(the central idea does not have to carry through the entire class period)
A1.1 Teacher explains the central question or anchoring phenomenon
A1.2 Teacher elicits students’ ideas about the central question or anchoring phenomenon
A1.3 Students provide connections between prior knowledge and central question or anchoring phenomenon
A1.4 Students discuss the central question or anchoring phenomenon with peers
A2. CONSTRUCT: share/discuss their initial ideas about scientific modeling
A2.1 Teacher describes the general process of scientific modeling (general idea of modeling)
A2.2 Teacher elicits students’ ideas about scientific modeling (general idea of modeling)
A2.3 Students provide connections between the central phenomenon and scientific modeling (modeling specific
to climate phenomena)
A2.4 Students discuss their ideas about scientific modeling with peers (modeling specific to climate phenomena)
A3. CONSTRUCT: observe/ discuss a scientific model (general climate model)
A3.1 Teacher demonstrates/discusses the construction/conception of a model
A3.2 Teacher explains the components, process, or mechanism involved during the conception of the model
A3.3 Teacher elicits students’ ideas about the construction/conception of the model
A3.4 Students discuss the conception a model with peers
B1. USE: discussing the use of EzGCM in to predict, investigate, or explain a phenomenon
B1.1 Teacher explains how models are used to predict, investigate, or explain a phenomenon
B1.2 Teacher demonstrates using a model – EzGCM to predict, investigate, or explain a phenomenon
B1.3 Teacher elicits students’ ideas about using – EzGCM a model to predict, investigate or explain a
phenomenon
B2. USE: document observations as they use scientific models to predict, investigate, or explain a new
phenomenon
B2.1 Teacher describes the process of obtaining data as models are run
B2.2 Teacher elicits students’ ideas about investigating the phenomenon and/or documenting observations/ data
B2.3 Students investigate the phenomenon and obtain data
B3. USE: communicate/justify an explanation of the phenomenon
B3.1 Teacher elicits students’ thoughts about their explanations or justifications
B3.2 Students communicate/justify their explanations of the phenomenon
B3.3 Students discuss their explanations with peers
C1. EVALUATE: observe how to evaluate scientific models (general climate model/output of the model)
based on specific criteria
C1.1 Teacher explains the process of evaluating a model/ output of the model based on specific criteria
C1.2 Teacher demonstrates the evaluation of a model/ output of the model based on specific criteria
C1.3 Teacher elicits students’ ideas about process of evaluating a model/ output of the model or the criteria for
judging quality
C2. EVALUATE: evaluate their scientific models/ students’ output of EZGCM based on specific criteria
C2.1 Teacher asks guiding questions as students evaluate their models
C2.2 Students evaluate their models individually or with peers
C2.3 Student communicate the results of their model evaluations
D1. REVISE: make modifications to scientific models/ EzGCM based on evaluations
D1.1 Teacher explains the process of making modifications to models based on evaluations
D1.2 Teacher elicits students’ thoughts about making modification to models based on evaluations
D1.3 Students make modifications to their models based on evaluations
D2. REVISE: construct a class consensus about EzGCM
D2.1 Teacher constructs a consensus model
D2.2 Teacher and students negotiate ideas to be included in the consensus model
D2.3 Teacher incorporates student ideas into the consensus model
D2.4 Students compare and revise their individual model to the consensus model

Rating
3
3
3
3

2
2
2
2

1
1
1
1

3
3
3
3

2
2
2
2

1
1
1
1

3
3
3
3

2
2
2
2

1
1
1
1

3 2 1
3 2 1
3 2 1

3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3 2 1

3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3
3
3
3

2
2
2
2

1
1
1
1

73
Chapter 2—Appendix C
Table B1
Pairwise comparisons between teachers and provided curriculum,
including all modeling practices.
Estimate
Curriculum
Monica
Curriculum
Julie
Curriculum
Michael
Curriculum
David
*Significant at α=0.05

0.1477
4.2540
2.9936
0.7823

Standard
Error
1.4383
1.4256
1.5383
1.4578

t Value
0.10
2.98
1.95
0.54

Pr > |t|
0.9182
0.0030*
0.0523
0.5918

Table B2
Pairwise comparisons between teachers and provided curriculum,
modeling practice of construction of model.
Estimate
Curriculum
Monica
Curriculum
Julie
Curriculum
Michael
David
Curriculum
*Significant at α=0.05

-3.62
-1.17
-1.96
-4.08

Standard
Error
1.05
1.05
1.11
1.05

t Value

Pr > |t|

-3.46
-1.12
-1.77
-3.90

0.0006*
0.2619
0.0769
0.0001*

Table B3
Pairwise comparisons between teachers and provided curriculum,
modeling practice of use of model.
Estimate
Curriculum
Monica
Curriculum
Julie
Curriculum
Michael
Curriculum
David
*Significant at α=0.05

3.95
--3.95

Standard
Error
0.80
--0.80

t Value

Pr > |t|

4.87
--234

<.0001*
--<.0001*
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Table C1
Pairwise comparisons between teachers, including total scores of all modeling
practices.
Estimate
Standard Error
David
Julie
3.4717
0.7496
David
Monica
-0.6345
0.8127
David
Michael
2.2113
0.8697
Julie
Monica
-4.1062
0.7758
Michael
-1.2604
Julie
0.8960
Monica Michael
2.8458
0.9495
*Significant at α=0.05

t Value
4.63
-0.78
2.54
-5.29
-1.41
3.00

Pr > |t|
<.0001*
0.4354
0.0114*
<.0001*
0.1603
0.0029*

Table C2
Pairwise comparisons between teachers, modeling practice of construction of model.
Estimate
David
Julie
David
Monica
David
Michael
Julie
Monica
Julie
Michael
Monica Michael
*Significant at α=0.05

2.9114
0.4562
2.1167
-2.4552
-0.7947
1.6605

Standard Error
0.5387
0.5624
0.6396
0.5573
0.6485
0.6684

t Value
5.40
0.81
3.31
-4.41
-1.23
2.48

Pr > |t|
<.0001*
0.4178
0.0010*
<.0001*
0.2211
0.0134*

Table C3
Pairwise comparisons between teachers, modeling practice of use of model.
Estimate
David
Julie
-David
Monica
-0.2195
David
Michael
-Julie
Monica
-Julie
Michael
-Monica Michael
-*Significant at α=0.05

Standard Error
-0.4413
-----

t Value
--0.50
-----

Pr > |t|

-0.6193
-----
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Chapter 3
Teachers’ Use and Adaptation of a Model-based Climate Curriculum: A Three-year
Longitudinal Study
Abstract
Climate education in formal science learning environments provides students with
opportunities to develop critical climate-related knowledge and skills. However, research
has shown many challenges to teaching and learning about Earth’s climate and global
climate change (GCC), including how teachers cultivate climate-focused learning
experiences. This longitudinal study aims to assess how secondary science teachers use a
model-based climate curriculum over time to support students’ learning about Earth’s
climate and GCC. In this study, we employed a concurrent mixed method multiple-case
study approach. Data were collected from two teachers and multiple data sources,
including teacher interviews (n =12), classroom observations (n =223), and daily
reflections (n =79), to address two research questions:
1. How do two secondary science teachers implement a model-based
curriculum?
2. How do the teachers’ implementation strategies evolve over the three-year
study?
Our findings document significant differences between what the two teachers did and
what the curriculum design indicated they should do between years and teachers’
interactions across years. Both teachers engaged in increasingly model-centric
instructional practices, although these changes were modest and not statistically
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significant. Additionally, the observed classroom practices for both teachers were less
model-centric than the designed curriculum. Findings also show that one of the teachers’
classroom practices evolved throughout the study while the second teacher remained
constant. These findings provide important insights into the design and implementation of
climate education programs and contribute to the growing climate education research
literature.

Keywords: Secondary science teaching, climate literacy, global climate change, Earth’s
climate

Introduction
Global climate change (GCC) is a primary threat to the development and
sustainability of human society. To mitigate these effects, education is critical to
nurturing the global community's awareness and increasing knowledge about Earth’s
climate and GCC (Pallant et al., 2012). Prioritizing climate education helps equip
students with the knowledge and skills to confront and mitigate the impacts of GCC.
Providing the relevant educational foundation must begin with climate teaching and
learning in K-12 classrooms, as it is critical to cultivating a climate-literate international
community (Svihla & Linn, 2012). In response, the implementation of the Next
Generation Science Standards (NGSS Lead States, 2013) in the United States has
intensified the focus on teaching and learning about Earth’s climate in formal educational
settings (Bhattacharya et al., 2021).
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Although most secondary teachers in the United States are interested in and
willing to engage in climate education (Monroe et al., 2013), there many obstacles to
teaching and learning about Earth’s climate (Bhattacharya et al., 2020, 2021). There is
frequently a struggle to “fit” climate topics into existing curricula because of time
constraints on instruction and the challenge of alignment between climate concepts,
current science standards, and course scope and sequence (Colston & Ivey, 2015). As a
result, opportunities for teaching and learning about Earth’s climate system and GCC are
often decentralized across both subject areas and grade levels. In addition, Earth science
is historically deemphasized within the K-12 curriculum, particularly at the secondary
level (Banilower et al., 2018). Furthermore, many teachers feel that there is a lack of
quality climate-focused curriculum materials available and, as a result, they may create
their own using an array of available resources (Colston & Ivey, 2015; Dawson, 2012;
Michail et al., 2006; Slater et al., 2009; Wise, 2010). Teachers also feel underprepared in
their science content knowledge for teaching about GCC, describe instruction in this area
as a low priority, and report limited resources to support teaching and learning about
GCC (Fortner, 2001; Hestness et al., 2014; Plutzer et al., 2016).
Given the many challenges related to teaching about Earth’s climate system, it is
crucial to understand better how teachers can be supported to cultivate student learning
and climate literacy. Prior research documents that science teachers implement
curriculum materials and resources differently (Fogleman et al., 2010; Forbes & Davis,
2010; Roehrig et al., 2007). However, little is known about how secondary science
teachers implement these materials over time and learn to support students’ learning
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about Earth’s climate and GCC. This longitudinal study aims to evaluate how secondary
science teachers implement and use a model-based climate curriculum to support
students’ learning about Earth’s climate and GCC. The objective of this study is to
address these two questions:
1. How do two secondary science teachers implement a model-based
curriculum?
2. How do the teachers’ implementation strategies evolve over the three-year
study?
Climate Education
There has been increased emphasis on climate education in formal K-12
classrooms (Bhattacharya et al., 2020), including the number of teachers addressing
climate-related topics (Plutzer et al., 2016). Teachers use many approaches to support
student learning about Earth’s climate and GCC; however, many of these approaches
may not produce the desired student learning outcomes. Plutzer and Hannah (2018)
suggest that many science teachers encourage students to debate empirical findings that
have garnered scientific consensus, such as the anthropogenic causes of climate change.
Berbeco and colleagues (2014) propose that student debate can be a valuable method for
teaching climate but warn that this method often leads to student and teacher confusion
between “social controversy” and “scientific controversy.” Additionally, teachers often
use a “traditional” approach where the teacher is the provider of knowledge, and the
student is the passive receiver (Favier et al., 2021). This leads students to believe that the
future is unchangeable. This approach often emphasizes specific science content, such as
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the greenhouse effect, carbon cycle, and observable consequences (Plutzer et al., 2016).
Socio-scientific approaches are becoming more common within science classrooms
(Favier et al., 2021; Monroe et al., 2013), where teachers utilize fieldwork or place-based
methods to emphasize real-world problems and regional issues (Dawson, 2012; Halim &
Saat, 2017; McNeal et al., 2014; Zangori et al., 2017). All these approaches have some
merit yet do not engage students in the process of science that is used to increase
knowledge and understanding of Earth’s climate system, that is, scientific modeling.
Science education research supports using models and modeling as essential tools
for science teaching (Passmore & Svoboda, 2012; Windschitl et al., 2008). Scientific
models provide blueprints from which scientists work through critical issues (Krell et al.,
2015). Previous work has highlighted the use of scientific modeling to enhance teaching
and learning about climate (Cox et al., 2014; Gautier & Solomon, 2005; Holthuis et al.,
2014; Pallant & Lee, 2015; Visintainer & Linn, 2015). Pallant et al. (2012) and Pallant &
Lee (2015) highlight the importance of successfully integrating models into climatefocused curricula and pedagogical practices that teachers can implement in their
classrooms. The focus in teaching climate needs to be placed on the practices of
modeling that climate scientist uses and epistemic dimensions of modeling, allowing
students to have an authentic scientific experience in which they can develop new climate
knowledge (REF). Model-based learning provides students opportunities to make sense
and reason about complex phenomena that are often abstract. This leads to deeper
conceptual understanding (Baumfalk et al., 2019; Schwarz et al., 2009; Windschitl et al.,
2008) and helps students better integrate conceptual and epistemic aspects of scientific
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practice (Duschl, 2012; Manz, 2012). As a result of the work documenting its
importance, scientific modeling has become a significant component of the science and
engineering practices, computational thinking, and 3-D performance expectations in Next
Generation Science Standards (NGSS Lead States, 2013).
Model-based Teaching and Teacher Learning
A challenge to using scientific modeling and model-based teaching is that
teachers struggle with understanding scientific modeling and using models in their
classrooms (Justi & Gilbert, 2002; van Driel & Verloop, 2002) because they often lack
modeling experiences (Windschitl et al., 2008). Justi and Gilbert (2002) found that
teachers exhibit an overall awareness of the value of scientific models and model-based
teaching; However, they ignore the epistemic value of models to student learning about
the process of science and the nature of models. Although teachers report the value of
models in teaching science, they seldom report engagement in scientific modeling within
their teaching practices (Justi & Gilbert, 2002). Few empirical studies have documented
teachers' use of model-based approaches when teaching Earth’s climate and GCC
(Bhattacharya et al., 2020). Levy & Wilensky (2011) suggests that without meaningful
engagement with models, students may fail to reason effectively about the phenomenon
of GCC. Students often articulate simplistic explanations that may not accurately reflect
scientific knowledge (Thompson & Reimann, 2010).
Given these challenges, teachers need to be provided professional learning
opportunities to cultivate model-centric science learning environments for climate
education. These opportunities need to recognize that many teachers begin with an
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underdeveloped understanding of Earth’s climate (Smagorinsky et al., 2003). Because of
the urgent nature of the climate challenges society faces, there is a need to advance our
understanding of how teachers learn to teach and improve their instructional practices
over time, related to climate issues, specifically as it relates to the use of scientific
modeling of climate systems, of which, they have limited knowledge. There is still an
incomplete understanding of the unique factors that enable and constrain teachers’
learning (Ingersoll, 2001), including across time through longitudinal studies.
Longitudinal studies of teachers and climate education are limited. In this study, we aim
to address this gap in the literature by utilizing a longitudinal approach in which inservice teacher learning is embedded within classroom practice.
Theoretical Framework for Scientific Modeling
While there are many different perspectives on models and modeling in science
education, most share a core focus on three features of modeling: (a) disciplinary
concepts, (b) epistemic features, and (c) modeling practices for developing ‘students’
reasoning about scientific phenomena (Gilbert & Justi, 2016). These three core features
have afforded an overarching perspective on models and modeling (Figure 3.1), serving
as a foundation for our research and development work within the domain of modelbased teaching and learning about complex Earth systems within K-12 classrooms
(Baumfalk et al., 2019; Carroll Steward et al., 2021; Forbes et al., 2020 2015; Vo et al.,
2015, 2019; Zangori et al., 2017a, 2017b). We use this framework to operationalize the
methods in which the teachers afford their students opportunities to engage in both the
construction and the use of a model.
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Figure 3.1
Theoretical Framework for Scientific Modeling in Teaching and Learning

Model construction is defined as a students’ ability to either develop or
understand how an existing model was developed to embody these core features. In this
study, students were provided with a previously built model with which they must
engage. The construction of models requires students to learn how a model is created and
the underlying climate data and equations needed to make model-based climate system
projections. This is done through the student constructing a conceptual or mental model
of the GCM. Students then engage in the use of the model to study natural phenomena.
We operationalize the use of models as averaging, extracting, and visualizing provided
climate data through a model to allow students to investigate, explain, and communicate
the temperature changes in the climate. Therefore, students are engaging in both
conceptual and computational modeling throughout this study. Both require that students
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learn about models’ nature and purpose, noting that both are critical epistemic
dimensions of scientific modeling. Students should be able to conceptualize a model’s
evidentiary basis, representational affordances, and generalizability to specific instances
of phenomena to demonstrate an understanding of the nature of models. While the
purpose of models suggests an understanding of sense-making practices made possible by
the models, including investigation, reasoning, and evidence-based explanation.
Methods
We employed a multiple-case study approach that integrated both quantitative and
qualitative methods. This mixed-methods process used multiple data sources, which
allowed for cross-validation of study findings, overcoming the limitations of individual
methods (Plano Clark & Ivankova, 2019). This approach allows for extensive exploration
of the case by answering “how” and “why.” Case study approaches are especially
valuable in traditional education as manipulating participant behavior is not an option and
the context in which the case occurs needs to be accounted for and likely influences the
phenomenon (Yin, 2018).
Research Context and Sample Selection
Study Context. The study is embedded within a four-year, NSF-funded
collaborative project between two research universities, a Midwestern public school
district, and NASA (Bhattacharya et al., 2020, 2021; Carroll Steward et al., 2021; Forbes
et al., 2020). The partner district consisted of 60 different schools and specialty programs,
enrolled between 41,562–42,297 students, and employed 3,648–3,711 teachers during the
three-year study. Participating teachers and their students were located at one of six
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secondary schools in the partner district. Pseudonyms were used to protect the school
district’s identity, the individual schools, and the teachers.
During the first year of this study (Y1), the partner district had adopted and begun
implementing newly approved state science standards that closely resembled NGSS. This
included climate-related standards for secondary science. During the remaining two years
(Y2, Y3), the district was also revising the geoscience course in which data collection
took place. This geoscience course was a one-semester course mandatory for all students
as part of the standard secondary science curriculum. The geoscience course covered
several topics related to Earth science, including geology, meteorology, oceanography,
astronomy, origins of the universe and the Earth, changes through time, and energy in the
Earth system. This course remained the same during the three-year study period.
Teacher Participants. The two participating teachers —Julie and Monica—
taught the geoscience course. They were critical in the development and continued
refinement of the project curriculum which occurred throughout all three years of the
study (Figure 3.2). These teachers participated in training related to teaching with climate
models and were compensated for their time spent on the project. During the summer
after Y1 implementation but before Y2 of this study, Julie and Monica completed a sixweek online climate change course. Monica completed a master’s degree (her highest
level of education) before this project, while Julie was actively pursuing a master’s
degree during all three implementation years. Julie and Monica held a broad field
certification in secondary science education, meaning they did not have a specific science
certification (i.e., Physics, Chemistry, Biology).

Timeline of Teacher Professional Development (PD), Curriculum Refinement, and Implementation

Figure 3.2
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The Climate Model. As part of the overarching project’s goals, a curriculum
module was designed around a student friendly global climate model (GCM), EzGCM
(ezgcm.org, Figure 3.3). This model is a data-driven, computer-based climate modeling
tool that allows non-climate scientists to explore global climate data and experience the
practices through which scientists simulate and analyze Earth’s climate system. Through
the model and the project curriculum, students interact with three major climate model
simulations: (a) a mid-20th century climate simulation (control experiment), (b) a simple
global warming simulation (double CO2), and (c) a more realistic future climate change
experiment with gradually increasing greenhouse gases (see Bhattacharya et al., 2020,
2021; Carroll Steward et al., 2021). These three climate simulations were purposefully
selected to represent a wide range of climate scenarios.
The Curriculum module. The curriculum module addresses NGSS performance
expectations and newly implemented district-level science standards (Table 3.1). The
curriculum, designed around the model, addresses two key objectives: (a) engaging
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Figure 3.3
EzGCM Anomaly Visualization Output

Note. The map that is produced is a color representation of the annual average surface air
temperature that was calculated by EzGCM and post-processed by the students.
This map is not a static image but is a dynamic scientific visualization of data. Therefore, it can be
modified in ways that help with the analysis of data.

88
Table 3.1
NGSS Performance and District-level Science Standards Addressed in the CliMES
Curriculum Module
Organization

Standards

NGSS

HS-ESS3-5.

Analyze geoscience data and the results from global climate
models to make an evidence-based forecast of the current rate
of global or regional climate change and associated future
impacts to Earth systems.

State Standards

SC.HS.12.2.C

Analyze geoscience data and the results from global climate
models to make an evidence-based forecast of the current rate
and scale of global or regional climate changes.

State Standards

SC.HS.12.2. D

Evaluate the validity and reliability of past and present models
of Earth conditions to make projections of future climate trends
and their impacts.

Students in scientific modeling as a core practice, and (b) supporting students to develop
an in-depth understanding of Earth’s climate and evidence for GCC.
This curriculum was developed using a Construct-Centered Design (CCD)
process in which the curriculum was iteratively developed, implemented, evaluated, and
refined (Shin et al., 2010) during the three-year implementation period. The core
concepts from the HS-ESS3-5 (NGSS Lead States, 2013) and state standards were
reviewed to identify the anchoring phenomenon—the global increase in average surface
temperatures. Through the project curriculum (see Bhattacharya et al., 2020; Carroll
Steward et al., 2021 for a description of the curriculum), students focus on two main
variables—carbon dioxide and surface air temperature. Students’ explorations and
engagement with the model result in the creation of time-series plots and climate
visualizations. Students then use these model outputs to make and test their own
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predictions, observe interactions of climate-related variables, and ultimately perform their
assessments of carbon’s impact on the global climate.
Both study teachers—Monica and Julie—were directly involved in developing the
curriculum (Bhattacharya et al., 2020; Carroll Steward et al., 2021). Before project
implementation, teachers met with the research team on multiple occasions throughout
the study period to develop the curriculum (Figure 3.2). During all three years of this
study, before and after implementation, these teachers met with the research team to
generate curricular ideas, align activities with target phenomena and concepts, and
provide feedback on the curriculum. During this study, teachers were not provided with
specific instructions regarding how or when to implement the curriculum materials.
Instead, both teachers were encouraged to enact and adapt module lessons to reflect the
needs of their students and schedule constraints.
Data Collection
The curriculum was implemented over three consecutive years. Multiple data
sources, including classroom observations, pre-/post-interviews, daily reflections, and
instructional artifacts such as the lesson plans for the designed curriculum, were utilized
in this study (Table 3.2).
Classroom Observations. Implementation of the designed curriculum was
documented through classroom observations(n=223), with each observation lasting
approximately 50 minutes. These observations were conducted in-person and videorecorded by the authors. During the observations, the authors recorded field notes with a

Table 3.2
Data Collected and Analyzed by Individual Teachers Across Years
Year
Y1
Y2
Y3

Classes
Taught

Classroom
Observations

Pre-/PostInterview

Monica

3

37

1/1

15

15

Julie

3

42

1/1

15

15

Monica

3

45

1/1

23

15

Julie

3

45

1/1

20

15

Monica

3

26

1/1

0

8

Julie

3

28

1/1

6

13

Total

18

223

12
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Semester
Spring 2018
Fall 2019
Fall 2020

Daily
Reflection

Class Days to
Complete Unit
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specific focus on modeling practices of construct and use. Implementation of all enacted
lessons was recorded in all class periods for all teachers during the curriculum
implementation period.
Teacher Interviews. Teachers participated in two (one before and one after
implementation) 30–45-minute open-ended, semi-structured interviews (Ch 3 Appendix
A) (Merriam & Tisdell, 2016). The pre-implementation interview was designed to elicit
teachers’ understanding of the curriculum and scientific practices, how they anticipated
teaching with the curriculum, and what teaching practices they anticipated implementing
through the curriculum. The post-implementation interview asked the same questions
plus their reflections on the curriculum. These teacher interviews were digitally recorded
and transcribed for analysis.
Daily Reflections. After each day during the curriculum implementation,
teachers were asked to participate in a 5–10 minute daily reflection. Teachers were
prompted with a single question, “How do you feel about today’s lesson?” The daily
reflections were digitally recorded and transcribed for analysis.
Lesson Plans and Curriculum Resources. Each written lesson plan within the
curriculum module provided information to the teachers beyond just the lesson
procedures. Lessons were designed with subsections: (a) lesson objectives, (b) summary
of the needed background information of the lesson, (c) essential vocabulary, (d) stepwise
lesson procedures, (e) discussion, and (f) teacher resources. The discussion section aimed
to provide teachers with a general conclusion to the lesson's core content and suggest
questions that teachers can use to initiate classroom discussion. Teachers were also
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provided materials that students could use during the lessons, such as figures and
datasets.
Data Analysis and Verification
Quantitative Data Analyses
A validated modeling practices observation protocol (Ch 3 Appendix B)
(Baumfalk et al., 2019) was utilized to score the designed curriculum (lesson plans) and
the classroom observations. The protocol consisted of 34 indicator statements designed to
measure four scientific modeling practices: construct, use, evaluate, and revise. Each
indicator statement was assigned a numerical value from zero to three. For this study, the
practices of construction and use of models remained the focus as the curriculum at the
time of implementation was not designed to elicit evaluation or revising modeling
practices. Two raters independently scored 20 pre-selected classroom observations and
all the curriculum lesson plans (Y1, n=6; Y2, n=9; Y3, n=9). The Cohen’s kappa (κ =
0.910) score indicates that the raters were in almost perfect agreement, being highly
acceptable agreement level among raters (Landis & Koch, 1977). The raters did reconcile
the limited differences within scores and scored the remainder of the observational data.
Analyses were conducted on the overall protocol scores and construct and use subscores.
Qualitative Data Analyses
Voice recorded data was transcribed and consolidated into a single database to
allow for comparison across data types, years, and individual teachers. Qualitative data
analyses began with the initial readings of transcribed interviews and daily reflection.
The research team made detailed notes for each teacher and each question. This process
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resulted in an initial set of emergent themes, mainly highlighting the teachers'
justification for implementing the curriculum. These themes were compared to initial
notes taken after each data collection point (field notes). This comparison served as a
method of crosschecking the collected data. Video-recorded classroom observations were
then reviewed and documented with researcher interpretations of the teachers’ intentions,
goals, and classroom activities occurring during implementation. The interpretive notes
were compared to the initial research notes and memos occurring while researchers were
present within the classroom on the day of instruction (field notes).
The research team then reviewed the data through a lens of the theoretical
framework’s two scientific modeling practices—model construct and use—serving as a
priori codes (Saldaña, 2021). Two research team members jointly coded 25% of the total
qualitative data. An inter-rater agreement of 85% was reached, followed by reconciling
differences after discussion and consultation of the raw data. The theoretically coded data
were then triangulated with the emergent themes to identify overlapping codes and
refined into categories centered on model construction and use.
Results
Research Question #1. how do two secondary science teachers implement a modelbased curriculum?
Scores from the modeling protocol for the overall curriculum and subscores for
modeling practices—construct and use—are provided in Table 3.3. Construct and use
represent an average score calculated after scoring each observation with the protocol
(Baumfalk et al., 2019) (Ch 3 Appendix B). Both teachers increased their average scores
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from the first to the third year of implementation, although these increases were modest
and not statistically significant (Table 3.3).
When examining the modeling practice of construct independently, significant
differences were identified between teachers and curriculum (F [2, 253] = 15.48, p ≤
0.0001), between years (F [2, 253] = 21.48, p ≤ 0.0001), and within the interactions of
teachers and the years (F [2, 253] = 17.99, p ≤ 0.0001). In the practice of use, significant
differences occurred between teachers and curriculum (F [2, 253] = 95.29, p ≤ 0.0001),
between years (F [2, 253] = 33.48, p ≤ 0.0001), and within the interactions of teachers
and the years (F [2, 253] = 14.05, p ≤ 0.0001).
In the following subsections, we outline the findings as three major themes: (a) a
comparison of the teachers' modeling practices in the classroom to the intended practices
provided curriculum, (b) longitudinal changes in modeling practices in the classroom to
the intended practices of curriculum and (c) a comparison modeling practices in the
classroom between the two participating teachers.
Table 3.3
Comparison of Mean Scores for Overall Curriculum Unit and Modeling Practices
Construct and Use
Overall
Year 1

Year 2

Construct

Use

M

SD

M

SD

M

SD

11.88

2.07

3.06

1.40

7.19

0.91

Julie

5.77

0.76

3.89

0.51

1.88

0.33

Monica

6.54

0.80

5.08

0.55

1.14

0.35

Curriculum

8.56

1.95

2.78

1.32

5.06

0.86

5.28

0.90

4.40

0.61

0.73

0.40

Curriculum

Julie

Table 3.3 continues
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Year 3

Monica

8.46

0.96

6.58

0.65

1.57

0.42

Curriculum

38.00

1.95

17.33

1.32

15.00

0.86

Julie

6.22

1.38

2.61

0.94

3.11

0.61

Monica

8.58

1.15

6.81

0.78

1.65

0.51

Comparing Teachers to the Curriculum. A comparison of modeling practices
in the classroom to the intended practices provided in the curriculum indicates that both
teachers did not implement the curriculum as defined in the written curriculum.
Throughout the study period, the written curriculum had higher scores than the scores of
both teachers in overall modeling practices. Results of post-hoc tests indicated significant
differences occurring only within the third year of the study, with Monica and Julie
receiving significantly lower modeling scores for the enactment of the curriculum
(Table 3.3).
After examining all modeling practices, the practice of model construction was
examined independently. The curriculum scored lower than teachers’ Y1 and Y2;
however, it was higher than teachers’ scores in Y3 (Table 3.3). Significant differences
were only observed in Y3 for Monica (Ch 3 Appendix A). The increased curriculum
score in Y3 in the construction practice was due to the teachers’ close involvement in
refining the project curriculum over time. Findings show that both teachers chose to
highlight the construction of models over the use of models in classroom enactment,
apart from Julie in Y3. The modeling practice use was analyzed independently, with
significant interactions between teachers’ implementation and curriculum occurring
across the three years of the study (Ch 3 Appendix A). Model use scores in the
curriculum largely followed the teachers’ emphasis on modeling practices due to
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teachers’ involvement in refining the curriculum. For example, in Y3, there was an
increase in model use scores within the curriculum and participating teachers. During all
years of the study, the curriculum scored higher than the enactment scores of both
Monica and Julie.
Longitudinal Changes in Curriculum Enactment. When examining all
modeling practices together, no significant differences were noted across the three years
for each teacher. However, the curriculum did exhibit significant changes from Y1 to Y3
(t(253) = -9.18, p ≤ 0.0001, d= -1.15) and from Y2 to Y3 (t(253) = -10.66, p ≤ 0.0001, d=
-1.34). Monica increased her modeling scores (composite, construct, and use) each
consecutive year (Figure 3.4).
Conversely, Julie’s scores in overall modeling practices decreased between Y1
and Y2 and increased between Y2 and Y3. This same pattern was observed in Julie’s
enactment model use scores. Julie’s construct scores increased from Y1 to Y2 but
decreased from Y2 to Y3. There were no significant changes in modeling construct
scores for either teacher across the three years of the study. In the modeling practice of
use, Monica had no significant differences between years during the study, but her score
did slightly increase each year of the project (Figure 3.4). However, Julie’s scores were
significantly different between Y1 and Y2 and between Y2 and Y3, with a significant
decrease from Y1 to Y2, followed by an increase from Y2 to Y3.
Comparing Teachers to One Another. When comparing teachers’
implementation scores to one another, on average, Monica’s modeling practices scores
were higher than Julie’s in both overall modeling practices and the modeling practices of
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construct. When examining means scores of the modeling practice of use, Over the threeyear study period, post-hoc test analysis identified a single occurrence of significance (Ch
3 Appendix A) between the two participating teachers. Julie received a higher score than
Monica in Y1 and Y3. In Y3, Monica’s level of model construction was higher than
Julie’s, t(253) = -3.44, p ≤ 0.0007, d=-0.43.

Figure 3.4
Observed Mean Modeling Scores for Both Teachers and the Curriculum Module Throughout the Three-Year Study
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Research Question #2 how do the teachers’ implementation strategies change over the
three-year study?
This section presents two individual case summaries, one for each of the teachers,
which provide qualitative descriptions of how teachers engaged students in the modeling
practices of construct and use and how the changes in these strategies occurred over the
three years of the study (Figure 3.5).
Figure 3.5
Main Features of Each Teacher Case and Common Central Theme Across Time and
Cases

Monica. Throughout the study period, Monica’s scores remained essentially
unchanged. In Y1, Monica relied on the provided curriculum and included other
curriculum modules and materials. These additional lessons primarily served to build
students’ background knowledge of climate concepts and to explore the practice of model
construction. This use of supplemental materials continued through the remaining two
years of the study. However, the additional lessons did not necessarily remain the same
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across the years. For example, Monica often used current events to guide which
additional lessons were used in her classroom. For instance, during Y2 of this study, the
Intergovernmental Panel on Climate Change (IPCC) was in session, and Monica used this
to direct her teaching and lessons for roughly a week of the CliMES unit. However, this
event did not occur in Y1 or Y3 of implementation. Some of these additional lessons did
remain in the implementation across all three years of the study.
Monica often introduced additional concepts that she felt were valuable to her
students’ understanding of climate science and the use of the climate model. Monica
often used a different content area to address these “key concepts.” One such example
could be seen in what was referred to as the “stock market” lesson. This lesson introduced
the concept of data as a separate piece of climate science and was taught separated from
climate content. This stock market lesson was added to the implementation's second year
and remained a core lesson in the third year.
Additionally, the “stock market” lesson, introduced how much data is needed to
make an informed decision. Using an example from stock market data in two companies,
Monica would clip the graphs to include a single day, a week, and a year of these
companies’ share values. Monica evolved this lesson in Y3 to introduce the additional
concepts of “cherry-picking” data and “less than honest” science. This lesson was
followed by a lesson regarding where climate data was gathered and the three major types
of climate data (proxy, direct, and model). This concept of climate data was largely
absent from the Y1 curriculum but incorporated into Y2 and made a standalone lesson in
Y3, highlighting the teachers’ involvement in the interactive curriculum creation process.
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While Monica did opt to alter and replace some of the provided lessons, others
remained true to the curriculum and were present in all three project years. Lesson one,
now titled “Understanding the Design and Use of Global Climate Models,” was included
in all of Monica’s classes across all three years. This lesson largely remained unchanged
from Y1 to Y3 in the curriculum. In this lesson, students were asked to work in groups
and assigned or chose cities to research. Students were then asked to identify critical
parameters that define a regional climate near their selected city. A teacher-led discussion
introduced climate modeling, how models are designed, and important parameters to
include. Monica likely continued with this lesson because it was in line with what she felt
was important for her students to understand Earth’s climate, the modeling practice of
construction (helping the student build a conceptual model).
Monica essentially felt that for her students to have a valuable and authentic
experience with climate modeling, they needed to understand climate data and how
climate models are designed (a mental model). This aligned with Monica’s philosophy
and understanding of her practice, believing that her primary role was to teach students
how to be “critical consumers of knowledge.” Without a firm grasp of “background”
modeling concepts, Monica felt her students may fall prey to “bad science.”
Julie. Julie changed her implementation strategies drastically over the three-year
study period, although her scores from the modeling protocol did not reflect the change in
her practice. Julie’s scores significantly differed between Y1 and Y2 and again between
Y2 and Y3. Julie’s curriculum enactment exhibited a significant decrease from Y1 to Y2,
followed by an increase from Y2 to Y3. Julie, like Monica, noted that many of her
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students lacked background knowledge in the concepts of climate and modeling as a
practice. This sentiment reoccurred across all three years of implementation. In Y1 and
Y2, Julie made great efforts to allow her students additional time on student tasks during
class time. This limited the amount of time that Julie could teach using the provided
curriculum.
Most notably, in Y2, Julie elected to cut a large amount of the modeling practice
use of the computational model (EzGCM) from her enactment of the curriculum
materials, largely skipping lessons focused on modeling use. However, at the beginning
of Y3, Julie did note that she wanted her students to experience more project-based
learning and be less teacher-directed, allowing students to explore topics with the model
that were of interest to them, “making the topic local.” As a teacher, Julie aimed to have
her students find answers to their questions independent of her and often encouraged
them to ask “how and why” a phenomenon would occur. Between Y2 and Y3, Julie made
significant changes in her lesson plans, vastly diverting from the provided curriculum.
Additionally, there was a decreased focus on building students’ background knowledge
and construction of models. The third year of Julie’s implementation primarily focused
on a culminating project that her students completed as their final exam grades. Students
were asked to work either as partners or independently to design a question that they
would then use the climate model to answer. Instead of taking 15 days to complete the
unit, Julie finished her teaching in 10 days, leaving three days for students in classwork
and two days to present their findings to their peers. During this final week, Julie
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answered student questions, clarified what was required of the students, and
demonstrated model use for the students.
This shortened teaching period meant that Julie largely included model usefocused lessons as she wanted to ensure that her students understood how to use the
model to explore their final questions. However, Julie believed that students needed a
firm understanding of model construction for this capstone project to provide a
meaningful experience. Julie largely removed the model construction-based lessons by
implementing the entire curriculum module later in the semester (the last three weeks)
instead of the middle as she had done in the previous two years. This change in timing
allowed Julie to teach most background concepts, data, climate, and modeling before
implementing the project curriculum. Instead of teaching Lessons 3 and 4, Julie chose to
use videos and interactive web materials to engage her students in creating GCMs and
refresh student knowledge on these topics. While there was some teaching of these
concepts, time spent on model construction was significantly reduced and driven by
student needs, instead of the teacher’s perceived needs in the previous two years. These
changes, paired with Julie’s two years of experience working with the climate model and
project curriculum, allowed her to prime her students for an authentic climate modeling
experience in the final week of implementation. Overall, Julie’s Y3 implementation of
the unit focused more on the practices of model use, which aligned with the goals of the
project curriculum.
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Discussion
The Next Generation Science Standards (NGSS Lead States, 2013) emphasize
developing secondary science students’ understanding of the evidence for GCC through
models. Yet, many teachers face challenges in fostering and supporting their students’
learning about Earth’s climate and GCC, often choosing approaches that do not produce
the desired student learning outcomes (Berbeco et al., 2014; Levy & Wilensky, 2011;
Plutzer & Hannah, 2018; Thompson & Reimann, 2010). Additionally, previous research
has shown that teachers report limited resources (Colston & Ivey; 2015; Dawson, 2012;
Michail et al., 2006; Schwarz et al., 2009; Slater et al., 2009) and have limited
experiences with climate-related concepts and using scientific models in their classrooms
(Fortner, 2001; Hestness et al., 2014; Justi & Gilbert, 2002). There exists a need for
intentionally designed, empirically-based, innovative curricular resources made widely
available to teachers to support teaching and learning about Earth’s climate and GCC.
However, little research has investigated how teachers implement a climate-focused
curriculum, specifically for model-centric science teaching and learning (Bhattacharya et
al., 2021). As new resources become available to teachers, it is necessary that we better
understand how teachers use these resources to cultivate effective science learning
outcomes for students, both in the short and long term. This project builds upon research
on model-based teaching and learning (Baumfalk et al., 2019; Carroll Steward et al.,
2021; Cox et al., 2014; Duschl, 2012; Forbes et al., 2015; Gautier & Solomon, 2005;
Holthuis et al., 2014; Krell et al., 2015; Manz, 2012; Pallant & Lee, 2015; Passmore &
Svoboda, 2012; Schwarz et al., 2009; Visintainer & Linn, 2015; Vo et al., 2015, 2019),
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climate education (Colston & Ivey, 2015; Herman et al., 2017; Monroe et al., 2013;
Pallant et al., 2012; Pallant & Lee, 2015; Plutzer et al., 2016; Svihla & Linn, 2012; Wise,
2010), and teachers’ use of science curriculum materials (Fogleman et al., 2010; Forbes
& Davis, 2010; Roehrig et al., 2007) by investigating how two secondary science
teachers chose to implement a model-based climate curriculum and how their enactment
strategies evolved.
First, our findings illustrate how two secondary science teachers implemented a
standards-aligned, model-based climate curriculum module. Compared to the curriculum,
both teachers enacted the module with less model use than the provided curriculum
across all implementation years. Monica and Julie were centrally involved in the design
and refinement of the project curriculum yet chose to emphasize model construction,
building a mental model, while deemphasizing model use, engaging with a computational
model. These results may indicate that while both teachers were experienced in using
models, they may hold different beliefs about what a model is and how it should be used
in their classroom. Previous research found that teachers tend to emphasize functions and
characteristics of models, largely omitting the concept of a model as a tool or, in this
study, the use of the model (van Driel & Verloop, 2002).
Furthermore, these findings reinforce previous research on model-based teaching
and learning, showing that teachers often choose to place focus on different goals within
the curriculum (Carroll Steward et al., 2021; Forbes et al., 2015, 2019; Windschitl et al.,
2008). This juxtaposition highlights the often-differing agreement between practitioners
and researchers on the overall purpose of curriculum materials (Smagorinsky et al.,
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2003). More generally, findings support previous research relating to the teachercurriculum relationship (Fogleman et al., 2010; Forbes & Davis, 2010; Roehrig et al.,
2007), highlighting teachers rarely enact curriculum as intended by its developers even
when, as in this case, they are central to the curriculum development effort.
Second, these results inform how the implementation of the project-developed
curriculum evolved. Julie and Monica adapted and altered their pedagogical strategies
over the three years. Monica exhibited a modest but progressive increase in her emphasis
on modeling, while Julie was more inconsistent over time. However, in the third year,
Julie demonstrated the most dramatic shift in her teaching by moving away from her
teacher-centered approach to a student-focused, project-based, model use approach.
Julie’s evolution in her teaching practices also involved a shift in the content covered in
her teaching. These instructional choices resulted in a focus on science content
knowledge (conceptual). Previously, literature has shown that this is a common practice
in teaching climate, with some teachers electing to focus entirely on delivering the
science content (Plutzer et al., 2016), and that teachers commonly deemphasize the
controversial aspects of Earth’s climate and GCC (Dawson, 2012; Herman et al., 2017).
Julie’s teaching in Y3 moved away from content knowledge to emphasizing real-world
problems and regional issues by utilizing more socio-scientific approaches to education.
Research has shown that this approach to teaching climate can be beneficial (Dawson,
2012; Halim & Saat, 2017; McNeal et al., 2014; Zangori et al., 2017-a; -b).
Additionally, observing teachers’ pedagogical strategies transforming over time
provided insight into their professional learning. Both teachers gradually developed their
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knowledge and instructional skills throughout the study. This supports previous findings
within the field of teacher learning, mainly that to provide students with the most relevant
educational experiences, teachers must actively engage in a continuous and gradual
learning process themselves (Smagorinsky et al., 2003; Thurlings & den Brok, 2018).
Third, the results show how these participating teachers differed from one another
and why they chose their enactment strategies. Both teachers approached teaching the
curriculum differently, considering multiple factors, such as their personal experiences
with teaching and learning about climate, their experiences with climate models, their
unique set of objectives, and student factors (Fogleman et al., 2010; Forbes & Davis,
2010; Roehrig et al., 2007). As a veteran teacher, Monica had multiple years of
experience teaching and using models in her classroom. In contrast, Julie was a less
experienced teacher and was more flexible in her methods year to year as she acquired
new resources, content knowledge, and pedagogical knowledge. Julie was also taking
courses working towards her master’s degree in education and was likely exposed to
more novel approaches to teaching. Both teachers’ practices highlight the need for
continuous development of their knowledge and instruction skills, which supports
previous literature (Thurlings & den Brok, 2018). These teachers emphasized that
students must understand the climate model, how it is constructed, and how data is
obtained (build conceptual models). As seen in previous studies, these teachers showed
an understanding and awareness of the value of using scientific models, but
underemphasized epistemic dimensions of models use (Justi & Gilbert, 2002). This
reduction of the epistemic components of models, especially in Y1 and Y2, drove
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teachers to deemphasize model use in favor of concrete concepts. The abstract pieces of
climate and GCM, such as the underlying equations, forcing, and system interactions,
posed a challenge for the students and the teachers. Integration of the abstractions in
models is critical in students’ ability to use models to reason effectively about complex
topics such as GCC (Levy & Wilensky, 2011; Thompson & Reimann, 2010), though in
these findings, it is unknown how these curriculum decisions impacted student outcomes.
Implications
These findings provide important insights into the design of resources that assist
teachers’ learning and professional growth when teaching with GCMs. They highlight the
need for effective teacher professional development, especially in teaching climate
concepts and modeling practices. Previous literature has also highlighted a lack of
effective climate-related professional development opportunities (Bhattacharya et al.,
2021; Colston & Ivey; 2015; Dawson, 2012; Michail et al., 2006; Schwarz et al., 2009;
Slater et al., 2009). While supporting teachers’ understanding of climate-related concepts
is critical, there is a need to provide professional opportunities highlighting how to
emphasize supporting students’ model-based reasoning efficiently and effectively about
Earth’s climate and, more broadly, GCC through their instruction. Professional
development experiences that highlight the importance of all modeling practices and
resemble authentic climate scientists’ use of climate models are of the utmost importance
in improving teachers’ ability to support students’ model-based reasoning. Finally,
teacher education should include all three core elements of scientific modeling: (a)
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disciplinary concepts, (b) epistemic features, and (c) modeling practices for developing
students’ reasoning about various scientific phenomena (Gilbert & Justi, 2016).
Limitations
Study findings must be interpreted within the constraints of the study’s
limitations. The study was focused on two teachers and cannot be generalized to a larger
population of science teachers. Additionally, both participating teachers were in a single
school within a public school district with similar student populations. Additionally, the
compulsory geoscience course these teachers implemented is not typical in U.S. high
schools, where Earth science is generally deemphasized (Banilower et al., 2018).
Additionally, the model used within this study is one of many available climate models
for teaching about Earth’s climate, each of which has unique features and abilities. The
goal of this study is not to critique or recommend how best to use climate models within
K-12 classrooms but rather to provide a “day-to-day” look into the classroom.
Furthermore, the study does not provide evidence of student-level outcomes.
Therefore, our findings about the teachers’ use of the curriculum materials cannot be
directly linked to positive student outcomes. Lastly, this study does not address the
unique contextual factors that enable and constrain teachers’ and students’ learning.
There continues to exist an incomplete understanding of these factors and their
interactions within teaching and learning (Ingersoll, 2001).
Conclusion
Although our study cannot be widely generalized to all secondary science
teachers, its findings provide insight into how teachers implement model-based climate
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curricula and how these strategies evolve. Julie and Monica, overwhelming chose to
focus on the construct practice of modeling, rather than the use of the provided model. As
a result, their students largely engaged in conceptual modeling, instead of the
computational, computer-based modeling. At its core, our curriculum’s goal was to
engage students in authentic modeling experiences. While we and the teachers, as
curriculum developers believed that model use (of EzGCM) was the critical piece it
seems that when in the classroom conceptual understanding of the climate model was
most central.
As Earth’s climate and GCC become increasingly prioritized in secondary science
classrooms, in no small part due to the influence of NGSS, it is imperative to find optimal
ways to support students’ learning and development of climate literacy. Curricular
resources play a critical role in this work, particularly those designed from the ground up
to reflect 3-dimensional learning in NGSS. This study and future similar studies provide
insight into how and why these resources are utilized in science learning environments,
thereby informing ongoing efforts to enhance climate education and, in doing so,
preparing the next generation of climate-literate adults prepared to confront this most
critical global challenge of our age.
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Chapter 3—Appendix A
Teacher Interview Protocol
Year 1 Pre/Post Teacher Interview
Thanks for talking with me today. We want to learn about your knowledge about
Earth’s climate and global climate models. Please refer to your experience of teaching
with EzGCM in the last few weeks.
These questions are focused on eliciting teachers’ own understanding of content
(Changing climate, increasing global surface temperatures)
1. Could you describe of increase in average surface temperatures? Could you
provide evidence supporting this phenomenon?
2. Discuss other physical characteristics of the climate system that you would
expect to change in addition to surface air temperature?
3. Does increasing average global temperature give us the best measure of the
most important impacts of climate change?
These questions are focused on eliciting the understanding of content (Changing
climate, increasing global surface temperatures) through the use of EzGCM
4.What do you know about global climate models? How can we use GCMs to
predict change in temperature?
5.In the EzGCM interface, we compared the control run to a simulation where
climate is changing (IPCC_A1FI_CO2). How did this process help you in
analyzing the phenomenon of increase in Earth’s global surface temperature?
These questions are focused on eliciting the understanding of models and modelbased instruction
6. What are models? Are scientific models a unique kind of model?
7.How are models used in science?
8. How do you think models should be used in the classroom for science? Why?
9. How do you think students should use models toa. Represent natural phenomena
b. Communicate
c. Account for evidence/observations
d. Explain natural phenomena
10. What do you think of the new unit? How effectively does this unit help students
to-?
a. Represent natural phenomena
b. Communicate
c. Account for evidence/observations
d. Explain natural phenomena
11. How can you support students’ model-based reasoning about climate? What are
important instructional strategies?
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These questions are focused on teacher’ views and experience about the CliMES
curriculum
1. What are you most excited about/looking forward to with teaching this new
curriculum module?
Year 2 Pre/Post Teacher Interview
Thanks for talking with me today. We want to learn about your knowledge of Earth’s
climate and the use of global climate models to understand it. Please refer to your
experience of teaching with EzGCM in the last few weeks for answering these
questions. Do I have permission to record?
These questions are focused on eliciting teachers’ own understanding of content
(Changing climate, increasing global surface temperatures)
1. As a learner, could you describe the phenomenon of increase in average surface
temperatures? What evidence supports your understanding of this phenomenon?
2. Discuss other physical characteristics of the climate system that you would expect
to change in addition to surface air temperature?
3. Does increasing average global temperature give us the best measure of global
climate
change?
These questions are focused on eliciting the understanding of content (Changing
climate, increasing global surface temperatures) through the use of EzGCM
4. What do you know about global climate models? How can we use GCMs to predict
change in temperature?
5. In the EzGCM interface, we compared the control run to a simulation where
climate is changing (IPCC_A1FI_CO2). How did this process help you in analyzing
the phenomenon of increase in Earth’s global surface temperature?
These questions are focused on eliciting the understanding of models and modelbased instruction
6. What are models?
7. How are models used in science?
8. How do you think models should be used in the classroom for science? Why?
9. How do you think students should use models to… (these are probes)
e. Represent natural phenomena
f. Communicate
g. Account for evidence/observations
h. Explain natural phenomena
10. What do you think of the new unit? How effectively does this unit help students
to(these are probes)
e. Represent natural phenomena
f. Communicate
g. Account for evidence/observations
h. Explain natural phenomena
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11. How can you support students’ model-based reasoning about climate? What are
important instructional strategies?
These questions are focused on teacher’ views and experience about the CliMES
curriculum
12. What are you most excited about/looking forward to with teaching this new
curriculum module?
Year 3 Pre/Post Teacher Interview
Today is _____ and I am here with _________for their (pre/post) CliMES interview.
Thanks for talking with me today. We want to learn about your knowledge of Earth’s
climate and the use of global climate models to understand it. Please refer to your
experience of teaching with EzGCM in the last few weeks for answering these questions.
Do I have permission to record?
These questions are focused on eliciting the understanding of models and model-based
instruction
1. What are models?
2. How are models used in science?
3. How do you think models should be used in the classroom for science? Why?
• How you think you could use models in your own classroom?
4. How do you think students should use models?
(these are probes)
a. Represent natural phenomena
b. Communicate
c. Account for evidence/observations
d. Explain natural phenomena
These questions are focused on eliciting the understanding of content (Changing climate,
increasing global surface temperatures) using EzGCM
5. What do you know about global climate models?
• How can we use GCMs to predict change in temperature?
6. Have you had a change to explore the EzGCM interface?
• If so, one thing we can do is compared a control run to a simulation where climate
is changing.
• How could this process help you in analyzing the increase in Earth’s global
surface temperature?
These questions are focused on eliciting teachers’ own understanding of content
(Changing climate, increasing global surface temperatures)
7. As a learner, could you describe the phenomenon of increase in average surface
temperatures?
• What evidence supports your understanding of this phenomenon?
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8. Discuss other physical characteristics of the climate system that you would expect to
change in
addition to surface air temperature?
9. Does increasing average global temperature give us the best measure of global climate
change?
These questions are focused on reflection of the curriculum and how they plan to use it in
their classroom.
10. Have you had an opportunity to explore the new curriculum?
• What do you think of the new unit?
• From reviewing the curriculum, how effectively do you think this unit will help
students to learn about climate?
11. As a teacher can you support students’ learning? About climate? Using this
curriculum?
12. What are important instructional strategies for you?
• How would you describe your teaching style?
These questions are focused on teacher’ views and experience about the CliMES
curriculum
13. What are you most excited about/looking forward to with teaching this new
curriculum module?
• If second year, what are you planning on changing this year?

Teacher Daily Reflection Prompt Question (Year 1-3)
How do you feel about today’s lesson?
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Chapter 3—Appendix B
Modeling Observation Protocol: Adapted from MoHSES for CliMES
Original protocol published:
Baumfalk, B., Bhattacharya, D., Vo, T., Forbes, C. T., Zangori, L., & Schwarz, C.
(2019). Impact of model-based curriculum and instruction on 3rd-grade students’
scientific explanations for the hydrosphere. Journal of Research in Science
Teaching, 56(5), 570–597.
This protocol has been adapted for use from the MoHSES project for the CliMES project.
Adaptations have been noted in red.
NOTE: The students interact with EzGCM through visualizations and model output.
Therefore, for this protocol, we consider revision and evaluation of visualizations and
output, obtaining different sets of data to explain/predict as “revision of the model.”
Construct/construction of the model for the EzGCM project is the development of a
students’ conceptual or mental model of a computational climate model. The EzGCM
tool is not available for students to construct in the sense that they themselves build
(construct) the computational model; however, they are capable of building
(constructing) a conceptual representation of EzGCM.
Revised and used with permission.
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Item Description _____________ Date of Rating _____________ Rater _________________
Teacher _________________________ Investigation Part Duration ____________________
Students are afforded the opportunity to…
A1. CONSTRUCT: consider a central question or anchoring phenomenon
(the central idea does not have to carry through the entire class period)
A1.1 Teacher explains the central question or anchoring phenomenon
A1.2 Teacher elicits students’ ideas about the central question or anchoring phenomenon
A1.3 Students provide connections between prior knowledge and central question or anchoring phenomenon
A1.4 Students discuss the central question or anchoring phenomenon with peers
A2. CONSTRUCT: share/discuss their initial ideas about scientific modeling
A2.1 Teacher describes the general process of scientific modeling (general idea of modeling)
A2.2 Teacher elicits students’ ideas about scientific modeling (general idea of modeling)
A2.3 Students provide connections between the central phenomenon and scientific modeling (modeling specific
to climate phenomena)
A2.4 Students discuss their ideas about scientific modeling with peers (modeling specific to climate phenomena)
A3. CONSTRUCT: observe/ discuss a scientific model (general climate model)
A3.1 Teacher demonstrates/discusses the construction/conception of a model
A3.2 Teacher explains the components, process, or mechanism involved during the conception of the model
A3.3 Teacher elicits students’ ideas about the construction/conception of the model
A3.4 Students discuss the conception a model with peers
B1. USE: discussing the use of EzGCM in to predict, investigate, or explain a phenomenon
B1.1 Teacher explains how models are used to predict, investigate, or explain a phenomenon
B1.2 Teacher demonstrates using a model – EzGCM to predict, investigate, or explain a phenomenon
B1.3 Teacher elicits students’ ideas about using – EzGCM a model to predict, investigate or explain a
phenomenon
B2. USE: document observations as they use scientific models to predict, investigate, or explain a new
phenomenon
B2.1 Teacher describes the process of obtaining data as models are run
B2.2 Teacher elicits students’ ideas about investigating the phenomenon and/or documenting observations/ data
B2.3 Students investigate the phenomenon and obtain data
B3. USE: communicate/justify an explanation of the phenomenon
B3.1 Teacher elicits students’ thoughts about their explanations or justifications
B3.2 Students communicate/justify their explanations of the phenomenon
B3.3 Students discuss their explanations with peers
C1. EVALUATE: observe how to evaluate scientific models (general climate model/output of the model)
based on specific criteria
C1.1 Teacher explains the process of evaluating a model/ output of the model based on specific criteria
C1.2 Teacher demonstrates the evaluation of a model/ output of the model based on specific criteria
C1.3 Teacher elicits students’ ideas about process of evaluating a model/ output of the model or the criteria for
judging quality
C2. EVALUATE: evaluate their scientific models/ students’ output of EZGCM based on specific criteria
C2.1 Teacher asks guiding questions as students evaluate their models
C2.2 Students evaluate their models individually or with peers
C2.3 Student communicate the results of their model evaluations
D1. REVISE: make modifications to scientific models/ EzGCM based on evaluations
D1.1 Teacher explains the process of making modifications to models based on evaluations
D1.2 Teacher elicits students’ thoughts about making modification to models based on evaluations
D1.3 Students make modifications to their models based on evaluations
D2. REVISE: construct a class consensus about EzGCM
D2.1 Teacher constructs a consensus model
D2.2 Teacher and students negotiate ideas to be included in the consensus model
D2.3 Teacher incorporates student ideas into the consensus model
D2.4 Students compare and revise their individual model to the consensus model

Rating
3
3
3
3

2
2
2
2

1
1
1
1

3
3
3
3

2
2
2
2

1
1
1
1

3
3
3
3

2
2
2
2

1
1
1
1

3 2 1
3 2 1
3 2 1

3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3 2 1

3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3 2 1
3
3
3
3

2
2
2
2

1
1
1
1

Chapter 3—Appendix C
Pairwise Comparisons between Teachers and Provided Curriculum Across the Three-Year Study Period

Curriculum Monica
Curriculum Julie
Curriculum Monica
All Modeling
Y2
Practices
Curriculum Julie
Curriculum Monica
Y3
Curriculum Julie
Curriculum Monica
Y1
Curriculum Julie
Modeling
Curriculum Monica
Y2
Practice of
Curriculum Julie
Construction
Curriculum Monica
Y3
Curriculum Julie
Curriculum Monica
Y1
Curriculum Julie
Curriculum Monica
Modeling
Y2
Curriculum Julie
Practice of Use
Curriculum Monica
Y3
Curriculum Julie
*Significant at Bonferroni Correction α=0.0055
Y1

Estimate
5.33
6.11
0.1
3.28
29.42
31.78
-2.02
-0.83
-3.8
-1.62
10.53
14.72
6.05
5.13
3.48
4.33
13.35
11.89

Standard Error
2.22
2.21
2.18
2.15
2.27
2.39
1.51
1.5
1.48
1.46
1.54
1.63
0.98
0.97
0.96
0.95
0.1
1.05

t Value
2.77
2.4
0.05
1.52
12.99
13.29
-1.34
-0.55
-2.57
-1.11
6.83
9.06
6.17
5.46
3.63
4.56
13.36
11.27

Pr > |t|
0.006
0.017
0.964
0.129
<0.0001 *
<0.0001 *
0.182
0.581
0.011
0.269
<0.0001 *
<0.0001 *
<0.0001 *
<0.0001 *
0.0003 *
<0.0001 *
<0.0001 *
<0.0001 *
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Chapter 4
Student Outcomes of Teaching about Socio-scientific Issues in Secondary Science
Classrooms: Applications of EzGCM
Abstract
Science education literature has highlighted socio-scientific issues (SSI) as an
effective pedagogy for teaching science in a social and political context. SSI links science
education and real-world problems to engage students in real-world issues, making it
ideal for teaching global climate change (GCC). Additionally, technological advances
have created a unique opportunity for teaching climate by making previous inaccessible
computer-based computational models and data visualizations accessible to the typical K12 learning environment. We report our findings from three teachers and their students’
pre-/post-implementation of a 3-week, model-based climate education curriculum module
(EzGCM). This curriculum module has been developed, studied, and refined over four
years to support students using a data-driven, computer-based modeling tool to
investigate Earth’s climate and GCC. We identified multiple strategies enacted by
teachers which provided students positive technology-enhanced learning opportunities.
This study provides insight into climate literacy and climate education, as well as
teaching SSI-based topics with the assistance of technological tools, EzGCM, by
allowing teachers to provide their students with authentic science learning experiences.
Our findings indicate that these opportunities for authentic science learning also benefit
the teachers by enabling them to further their understanding of GCC.
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Introduction
The scientific community has communicated increasing consensus about
anthropogenic changes to Earth’s climate over the last few decades. However, this
consensus is not fully reflected in current public opinion, suggesting a great deal of work
to be done in fostering climate literacy. This challenge requires increasing emphasis on
promoting climate literacy through formal education, mainly in secondary science
classrooms. Teachers often state a strong sense of responsibility for teaching about
Earth’s climate but often feel challenged in accomplishing this objective. Many teachers
often feel underprepared in their science content knowledge, struggle in finding
alignments to science standards, and are challenged to integrate climate topics into their
instruction (Bhattacharya et al., 2021-b; 2020; Carroll Steward et al., 2021). These
challenges are compounded by teachers discovering that many of their students struggle
to articulate an understanding of Earth’s climate, holding many misconceptions regarding
this complex system (Bhattacharya et al., 2021-b).
Currently, Next Generation Science Standards (NGSS) identify scientific
modeling as a critical performance expectation in secondary science. This provides a
unique opportunity to teach climate science as climate scientists rely heavily on
computer-based computational models and data visualizations in global climate models
(GCMs) to explain and make projections about the Earth’s future climate. Historically,
the systems required for these GCMs were inaccessible in typical learning environments
due to their complexity and vast data requirements. However, as technology has
improved, opportunities to engage students in hands-on climate science have increased.
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Teaching and learning about Earth’s climate and GCC is more accessible and feasible
than ever. With these advancements, students can engage in the practices of climate
science using authentic modeling tools to investigate Earth’s climate system and GCC.
However, to use these tools effectively, students and teachers require access to welldeveloped, coherent curriculum resources. Hence, it becomes critical to develop and
investigate how model-based curriculums afford knowledge gains in both conceptual and
epistemic understandings of Earth’s climate system.
Literature exploring how teachers implement climate-based curricula into their
classrooms is limited. Furthermore, the existing literature lacks in-depth detail on
teachers’ day-to-day classroom activities. However, it does appear that the area of climate
education in traditional classrooms is dominated by teacher-centered practices where
lectures and teacher-led discussions are conducted after a data-based inquiry, a hands-on
experience, a video sequence, or lab work (Clausen, 2018). The purpose of this study is
to evaluate secondary science teachers’ enactment of an SSI focused model-based climate
curriculum to address the questions:
1. How did teachers implement an SSI focused model-based climate curriculum
utilizing EzGCM?
2. How does the integration of a cloud-based global climate model, EzGCM,
impact student learning outcomes within a secondary science classroom?
Teaching Climate Science in Secondary Science
There is widespread agreement among scientists regarding the occurrence,
reasons, and changes in the climate. Many people do not believe that the scientific
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foundation is well-established for climate change (NSTA, 2022). Hence the need to
support the teaching curricula on climate change to avoid confusion or misinformation.
Nation and Feldman (2021) assert that teachers’ beliefs on climate change are crucial
within a science classroom in secondary science. What the teacher believes influences
their teaching practices and decision-making around which topics to teach, leading to
sometimes confusing and contradictory climate science taught in the classroom.
Teachers’ beliefs surrounding the human influence and implications on climate are a
major source of concern because of the influences they have on the extent to which future
generations value climate science (Nation & Feldman, 2021).
The pressure is on the teacher to ensure the principles they teach are scientifically
sound and accurate to be classified as climate science teaching. While teaching climate
science in secondary schools, teachers should understand that scientific argumentation
differs from arguing opinions and beliefs and instead deliver evidence-based science as
included in the curriculum framework (NSTA, 2022). Teachers require opportunities for
continuous professional learning to progressively advance their knowledge and enhance
their scientific practices on climate science (Branch et al., 2016).
The NGSS currently emphasize global climate change learning for secondary
school students. However, earth science learning is being deemphasized throughout the
curriculum, decreasing the opportunities for teaching global climate science (Penuel et
al., 2015). In addition, teachers face other obstacles to teaching global climate science
and about the complexities of the Earth’s climate system (Penuel et al., 2015). High
school students lack experience with computer-based teaching models used by many
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climate scientists and the model-based teaching used by teachers in the curriculum
resources. Thus, without much emphasis on global climate science in secondary science
classrooms, students lack opportunities to fully engage and learn epistemology from
where scientific ideas on the Earth’s climate science are generated (Penuel et al. 2015).
Therefore, it is necessary to encourage students to employ authentic models in learning
about climate science and teach them the epistemic considerations of climate science to
develop their phenomenon based on their understanding.
Sullivan et al. (2014) studied teachers’ preparedness in practices and teaching
climate science in science classrooms. The study identified controversy, lack of
resources, and the need for professional skills and standards as the leading climate
education concerns (Sullivan et al., 2014). A survey of high school science teachers
found that most teachers incorporated self-initiated learning; some used a short duration
for preparation for climate science class, while others had professional knowledge of
climate science. Some teachers believed that human activities had been attributed to the
current drastic climate changes and hence desire to teach this to students in climate
science classrooms in addition to scientific theories. However, most teachers employed
evidence and scientific data as the strategy to address controversies (Sullivan et al.,
2014). Similar to many researchers, Sullivan et al. (2014), also emphasizes the need for
teachers to receive support in further studies on climate science.
Model-based Teaching
Computer-based models and scientific visualizations are essential for scientists
tracking GCC and Earth’s climate (Jacobson et al., 2015). The availability of powerful
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computers in secondary science classes has enabled learners and teachers to use similar
computer-based models and visualization tools as used by scientists. Previous research
has shown how effective computational model-based learning can be in developing
student explanations of scientific theories (Bhattacharya et al., 2021). Learning and
understanding complex scientific topics require students build a complex system view of
the topic under study (Jacobson et al., 2015). For example, while studying the scientific
phenomena of the greenhouse effect, concepts such as feedback cycles and non-linearity
are essential. Thus, students can better learn about climate change’s complexity through
computer-based models. Model-based learning can be based on raw data enabling
students to feel part of the learning process as they engage with GCM. Using models
allows students to come up with results and interpretations by creating their knowledge
and serves as a valuable measure of their capacity to understand climate using modelbased methods.
Theoretical Framework
The presented study is grounded within a three-part theoretical framework which
takes into consideration the topic (Earth’s Climate, a SSI), the teaching pedagogy
(computational model-based), and the resulting outcomes (epistemic and conceptual
knowledge).
Utilizing Socio-scientific Issues in Teaching Earth’s Climate
Socio-scientific issues (SSI) are complicated and multidimensional and are
grounded in both the topics of science and society (Fleming, 1986; Peel et al., 2017;
Zeidler, 2014). Using SSI in science teaching and learning has become an
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increasingly prevalent approach for promoting citizenship through science literacy
while maintaining science content at the forefront of education. The topic of Earth’s
climate, more specifically GCC, has been largely politicized and has many
“controversial” foundations making it a complex issue intersecting with the larger
society (Jasanoff, 2010; Sadler, 2004, 2009; Zeidler, 2014).
SSI-based science instruction has emerged as an effective pedagogy for
teaching scientific topics within a complex social and political framework (Hancock
et al., 2019). SSI and climate education are complementary as both aim to facilitate
education methods in which students engage with current real-world issues (Sadler,
2009). Previous literature has identified the positive impacts on students learning
with SSI-based instruction (Herman, 2015; Klosterman & Sadler, 2010; Sadler et al.,
2004), including the epistemic understanding of science (Eastwood et al., 2012; Khishfe
& Lederman, 2006; Marks & Eilks, 2009; Sadler et al., 2007; Zeidler et al., 2005; 2013;
Zeidler & Kahn, 2014). This instructional approach has become an effective method for
students to contextualize their learning within a larger social and political context (YliPanula et al., 2021). This is due primarily to the entanglement of science and society,
especially in a topic such as GCC, which involves multiple competing sources of
information (Sadler et al., 2004).
SSI provides an opportunity to build students’ general literacy and inquiry skills
such as critical thinking, creative thinking, multi-perspective thinking, and decisionmaking. Additionally, the student can strengthen their conceptual understanding and
show increased motivation in their willingness to learn and engage in science (Sadler et
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al., 2016). This is especially true for topics like Earth’s climate due to the current and
real-world nature of the content (Sadler, 2009).
Technology and Modeling in Science Education
While there are many diverse perspectives on models and modeling in science
education, most emphasize three elements of modeling: (a) disciplinary concepts,
(b) epistemic features, and (c) modeling procedures (Gilbert & Justi, 2016). These three
core features provide an overarching perspective on models and modeling, serving as a
basis for our approach to model-based teaching and learning about complex Earth
systems in K-12 classrooms (Baumfalk et al., 2019; Bhattacharya et al., 2020; Carroll
Steward et al., 2021; Forbes et al., 2020; 2015; Vo et al., 2015; 2019; Zangori et al.,
2017) In the present study, we use this approach to operationalize how teachers allow
their students to design and apply a model to investigate and reason about rising average
global surface temperatures through the study-developed curriculum. Additionally, many
perspectives on modeling in science education may emphasize learning about models
versus engaging in modeling practices (e.g., Halloun, 2007; Krell et al., 2015). However,
we focus on engagement in modeling practices through teaching and learning.
Furthermore, the modeling practice of “use” operationalizes the ways teachers give
students opportunities to build and engage with a GCM to investigate and reason about
rising global surface temperatures through the project-developed curriculum.
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Epistemic Consideration and Topic-Specific Epistemology in Teaching Earth’s
Climate
Earth’s changing climate is one of the topic threats to human populations and
represents a global challenge. Since the education system serves as a critical resource in
mitigating and reducing the effects of GCC, it is vitally important to consider epistemic
beliefs concerning climate change within the domain of the natural sciences. The term
epistemology refers to the nature and understanding of the origin of knowledge and
knowing (Audi, 2010). Furthermore, conceptually personal epistemology refers to an
individual’s belief and perception about the origin of knowledge and the conceptual
factors that influence this knowledge and the learning that occurs (Bråten et al., 2009;
Hofer, 2004). Students’ epistemic beliefs influence their learning and therefore is an
essential consideration in teaching and learning (Yli-Panula et al., 2021). Additionally, an
individual’s personal epistemology is highly influenced by the context but is not confined
by it (Hofer, 2006). This is to say that an individual can hold beliefs about the knowledge
that is consistent, rational, and influenced by and enacted within a specific context, in this
study Earth’s climate.
Methods
A Design-Based Research (DBR) approach was utilized as an underlying
framework for the present research. This approach focuses on understanding teaching
within a real-world environment (Bell, 2004) and allows for the consideration of the
complex, multivariable learning system in which the teaching occurred (Collins et al.,
2004; Edelson, 2002). The DBR approach allows for iterations of design, enactment,
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analysis, and redesign making it an ideal choice for educational research. Additionally,
this methodological approach utilizes multiple data sources and allows flexibility to
refine data collection as the study occurs. A multiple-case study approach was employed
using DBR as a research framework and applied mixed methods. The marriage of DBR
and mixed methods, multiple-case study permits extensive exploration of the case in a
research setting that does not allow for manipulating participant behavior (classroom) and
highly integrated contextual features.
Research Context
Study. The study is part of a four-year, NSF-funded collaborative project that
involves two research universities, a Midwestern public school district, and NASA
(Bhattacharya et al., 2020, 2021; Carroll Steward et al., 2021; Forbes et al., 2020). The
goal is on improving high-school students’ climate literacy along with their model-based
reasoning. This study occurred within a mid-sized school district that consists of 21
different schools and specialty programs, enrolls 9,920 students, and employs 717
teachers at the time of this study. This district includes a single high school (9th-12th
grade) where all participating teachers and their students were located. Pseudonyms were
used to protect the school district’s identity, the individual schools, teachers, and
students.
The study took place during the 2020-2021 school year. During this year, the
district had implemented an integrated science course, formally named “Course 3:
Integrated Chemistry of Earth’s Science,” in which the data collection was embedded.
The 20/21 school year was the first year of implementation for this course as the district
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has been restructuring its science program to consist of three integrated science courses,
implementing one integrated science course per year starting in the 18/19 school year.
The Course 3: Integrated Chemistry of Earth’s Science sought to engage students
in real-world issues which involve topics of chemistry. This course aims to have students
model chemical reactions within Earth Systems to gather evidence of the importance of
chemistry in solving problems. Centrally, students were to engage and learn how
chemistry is incorporated in the coevolution of “Earth systems and organisms and our
future survival on the planet.” The course consists of six units, with the project
curriculum serving as the sixth and final unit in the year-long course (Figure 4.1).
Students remained in this course for the entire school year and met every other day for 90
minute class periods.

Figure 4.1
Partner District’s Course 3: Integrated Chemistry of Earth’s Systems Course Outline, Topics Taught, and Standards
Alignment
Unit 1:
The Chemistry of
Nuclear Accidents
(August-Oct)

Unit 2:
Chemistry Of Flint’s
Water System
(Oct-Dec)

Unit 3:
The Chemistry of
Deadly Waters
(Jan -Feb)

Unit 4:
The Chemistry of the
Formation of Earth’s
Systems
(Feb -March)

Unit 5:
The Chemistry of
Earth’s Changing
Climate
(March-April)

Unit 6: EzGCM Climate
Simulation
(April-May)

SC.HS.3.3 Gather,
analyze, and
communicate evidence
of the structure,
properties, and
interactions of matter.

SC.HS.3.3. B Plan and
conduct an investigation to
gather evidence to compare
the structure of substances
at the macro scale to infer
the strength of electrical
forces between particles.

SC.HS.5.5 Gather,
analyze, and
communicate evidence
of chemical reactions

SC.HS.14.4 Gather,
analyze, and communicate
evidence to interpret
Earth’s history

SC.HS.12.2 Gather,
analyze, and
communicate evidence
to support that Earth’s
climate and weather are
influenced by energy
flow through Earth
systems

SC.HS.15.5. F Use a
computational representation to
illustrate the relationships
among Earth systems and the
degree to which those
relationships are being modified
due to human activity

HS-PS1-8/HS.3.3.C
Fission, fusion,
radioactive decay
HS-PS1-2/HS.5.5.A
Predicting Properties
HS-PS3-4/HS.4.4.E
Thermodynamics,
equilibrium

HS-PS1-1/HS3.3.A
Periodic Table Patterns
HS-ESS2-5/HS.13.3.D
Properties of water on
Earth
HS-PS1-3/HS.3.3.B
Intermolecular Forces
(water)

HS-ESS2-7/HS.14.4.D
Coevolution of life
and Earth
HS-ESS2-5/HS.13.3.D
Properties of water on
Earth (Acid/Base)
HS-PS1-5/HS.5.5.C
Reaction rate
HS-PS1-6/HS.5.5.D
Product formation
equilibrium

HS-PS1-7/HS.5.5.F
Conservation of mass in
reaction
HS-ESS2-4/HS.12.2.B
Climate change
HS-LS2-3/HS.8.3.D
Aerobic/Anaerobic
respiration
HS-ESS2-2/HS.13.3.A
Feedback in Earth’s
systems
HS-LS1-6/HS.8.3.B
Formation of carbonbased molecules

HS-ESS3-5/HS.12.2.C
Global climate change
effect on Earth’s
systems
HS/PS1-4/HS.5.5.B
Endo/exothermic
reaction
light energy to chemical
energy
HS.12.2.D
Predicting future climate
HS-ESS2-4/HS.12.2.B
Climate change
HS-PS1-3/HS.3.3.B
Intermolecular Forces
(water)
HS-PS1-2/HS.5.5.A
Predicting Properties

HS.7.2.F
Use computer SIM to model
solution to problem
HS-ETS1-3/HS.15.5.E
Evaluate solution to problem
HS-ESS3-1/HS.15.5.A
Natural occurrences affect
human activity
HS-ESS3-4/HS.15.5.D
Human impact

Provided Standard codes (NGSS/NCCRS-S) from partnering district: HS = High School, ESS = Earth Space Science, PS = Physical Science, LS = Life Science, ETS =
Engineering
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Teacher and Student Participants. The district identified the three participating
teachers. These teachers—Alex, Francine, and Wayne—self-identified as white, nonHispanic, or Latinx. All three teachers held advanced graduate degrees at the time of data
collection, Francine and Wayne Master’s in Education and Alex held a Doctorate in
Ecology. All three had taught for a minimum of 15 years, however the majority of Alex’s
teaching experience was at the post-secondary level. Two teachers stated that this was
their first-year teaching at the partner high school. Teachers taught mixed grade levels,
including 10th, 11th, and 12th-grade students. All teachers had limited experience in
teaching climate as standalone topic area. Francine and Wayne both stated that they had
never taught climate and noted they were uncomfortable and only slightly prepared to
teach climate concepts to their students. Alex discussed how the topic of climate had
previous been part of his college level course when teaching about ecosystems, but it was
never an intentionally planned unit or topic area.
Students represented a diverse population speaking multiple languages and
identified with several different ethnic backgrounds (Table 4.1). Students in Alex’s
classroom, self-selected as student who were not “college bound.” These students spend
half of their school day in their required course work and the other half learning their
trade (i.e., welding, plumbing, carpentry, etc.) of their choice. Currently, this population
of student was the first to complete the series of Integrated courses that district has
implemented. During this study, students were in this course were in multiple grade
levels however the course is designed to be taught at eleventh grade. The district has
noted that moving forward the Integrated 3 course will be an eleventh grade level course,
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the multiple grade levels here is an artifact of this being the first year this course was
offered.
The Climate Model and Curriculum Module. A climate scientist designed
EzGCM (ezgcm.org) to engage laypersons in authentic climate modeling, allowing for
firsthand experiences in creating climate simulations and projections. A principal
component of this work was the student-friendly global climate model (GCM), EzGCM
(Figure 4.2) and curriculum designed and refined through previous empirical research by
the authors (see Bhattacharya et al., 2020, 2021; Carroll Steward et al., 2021). The
EzGCM tool is data-driven and cloud-based, allowing for accessibility on various
devices, and providing the user access to multiple real-world climate simulations and
variables. The project curriculum focuses on three significant simulations representing a
vast range of climate scenarios. These simulations included a control experiment (mid20th century climate simulation), a global warming simulation (double CO2), and a more
realistic future climate change (gradually increasing greenhouse gases) (see Bhattacharya
et al., 2020, 2021; Carroll Steward et al., 2021).
In using the project curriculum (Bhattacharya et al., 2020; Carroll Steward et al.,
2021), students focus on two climate variables—carbon dioxide and surface air
temperature. The curriculum is designed to engage students in authentic climate modeling
experiences that result in the creation of time-series plots and climate visualizations. The
students are directed to interpret these outputs to create and evaluate predictions, assess
the impact of carbon on Earth’s climate, and observe interactions within the climate
system. In addition to the curriculum, teachers were provided with a short professional
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development workshop, lasting four hours, where they were trained on how to use
EzGCM and introduced to the curriculum. They were also provided materials such as
datasets, maps, figures, and critical definitions, which could enhance teaching and
learning. Teachers were not provided with any specific instruction on how or when to
implement the curriculum unit by the project team and were encouraged to adapt and
modify it according to their students’ needs and any additional constraints.
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Table 4.1
Student Demographic Information Provided by District

Grade

Gender

Tenth
Eleventh
Twelfth
Female
Male

Asian
Black
Ethnicity Hispanic
Two or More
White

Home
language

Arabic
English
Lao
Multiple
Nuer
Oromo
Somali
Spanish
Sundanese
Vietnamese
Other

Alex

Francine Wayne

0
28
3

1
115
18

3
67
5

134

75

76
58

15
60

134

75

2
10
67
3
52

0
2
49
4
20

134

75

3
69
1
1
0
1
2
53
1
1
2

1
37
0
2
0
0
0
35
0
0
0

134

75

Total
31
Students
6
25
Total
31
Students
0
4
18
1
8
Total
31
Students
0
15
0
0
1
0
2
13
0
0
0
Total
31
Students

Total
Students
4
210
26
97
143
2
16
134
8
80
4
121
1
3
1
1
4
101
1
1
2

Total
240
Students
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Figure 4.2
Three Major Steps—-Running Simulations, Processing GCM Data, and Creating
Visualizations—- of the EzGCM Interface as Seen by the Student
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Data Collection
The present study utilized multiple data sources, including classroom
observations, teacher pre-/post-interviews, teacher implementation log, and a pre-/postassessment given to teachers and students (Table 4.2).
Table 4.2
Data Collected and Analyzed by Individual Teacher
Implementation
Logs

Classroom
Observations

Pre-/PostInterview

Pre-/Post- Teacher
Assessment

Pre-/Post- Student
Assessment

Alex

7

5

1/1

1/1

27/25

Francine

8

15

1/1

1/1

93/100

Wayne

6

6

1/1

1/1

49/57

Classroom Observations. Implementation of the curriculum was documented
through classroom observations (n=26), with observation lasting approximately 90
minutes. Teachers were provided with recording equipment and were asked to record
their teaching each day that they used the curriculum.
Teacher Interviews. Teachers participated in two (one before and one after
implementation) 30–45-minute open-ended, semi-structured interviews (n=6) (Merriam
& Tisdell, 2016; Ch 4 Appendix A). These teacher interviews were digitally recorded and
transcribed for analysis. Pre-implementation, the interview accessed teachers’
understanding of the curriculum, readiness to teach climate, experience with using
model-based pedagogies, and understanding of Earth’s climate conceptually and
epistemically. The post-implementation interview elicited the same concepts and a
reflection on the curriculum.
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Implementation Log. During the implementation, teachers were asked to
complete a 15-question digital survey (n=21) after each teaching day (Ch 4 Appendix B).
This survey served as a daily reflection on their teaching, curriculum, and what the
teachers viewed as beneficial to their students. This log also included areas for
improvement within the curriculum.
Assessment. Students (n=351) and their teachers (n=6) completed an assessment
before and after curriculum implementation, including epistemic and conceptual
knowledge items. The conceptual items consisted of 27 questions derived from two
validated instruments that assessed students’ conceptual understanding of the Earth’s
climate and GCC (Aksit et al., 2017; Breslyn et al., 2017) (Ch 4 Appendix C).
Additionally, the assessment included 12 questions derived from the epistemic
framework, which the curriculum was developed around (Ch 4 Appendix D). The
assessment was administered to teachers and students digitally and in a multiple-choice
format.
Results
Research Question #1 How did teachers implement an SSI focused model-based
climate curriculum utilizing EzGCM
All three implementation teachers—Alex, Francine, and Wayne—employed
multiple strategies. First, these teachers used various techniques to maintain a studentcentered teaching environment throughout the duration of the curriculum implementation.
During all recorded observations, teachers kept the time they engaged in a “traditional”
lecture to a minimum and elected to spend most of the class time, allowing students to
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complete the active pieces of the curriculum. This “less time listening and more time
doing” approach allowed students to engage with the material through multiple
modalities.
Additionally, teachers tended to provide instruction to their students only when
additional information was requested. Most often, this was provided directly to the
student or student groups that requested clarification or further information from the
teacher. All three teachers continually engaged in this tailored form of instruction.
Furthermore, when lecturing was enacted, it was kept in a very informal and
conversational style. For example, Francine would ask her students what questions they
had before beginning to address the material. Student responses to these initial questions
then changed the focus of the material covered in the class that day. Francine aimed to
“talk to the students, rather than talk at them.”
Teachers created a learning environment that promoted learning through trying
and failing by providing students a safe place to experiment and expand their
understanding. Additionally, teachers ensured that the classroom remained a positive
space by encouraging students to ask and answer questions, encouraging “wrong”
answers and “failure,” and correcting limited negative self-talk students engaged in.
During an early lesson in the curriculum, when students first began to use the model, one
of Wayne’s students could be heard saying that they were “too dumb” to use EzGCM.
Wayne quickly corrected this student’s self-talk by acknowledging that they had some
issues engaging with EzGCM. However, they were not “dumb” for not knowing how to
use something brand-new to them.
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Teachers used scientifically correct terms and set the expectations that their
students would do the same. All three teachers consistently used scientific terminology
during teaching and small group instruction. For example, Alex referred to the model
only by EzGCM, using the term model when referring to a generic climate model or other
scientific models. When asking his students to begin using the provided model, he would
ask that they log in to “their EzGCM accounts.” Additionally, Alex referred to the
simulations and the available climate variables by their complete identification. In
conversations, the students used scientifically correct terminology when describing their
interactions with and outputs of EzGCM.
All three teachers provided structures and support that allowed their students to be
successful in their learning and minimize student frustrations. Teachers provided clear
and concise goals and objectives for their students at the beginning of the class period,
along with how the day’s plans fit into the following days of instruction. Once these goals
were set, the teachers used the remainder of the class time to assist the students in
achieving the objectives. One way of aiding their students was to remind them to stay on
task; however, teachers never forced engagement in the materials. Additionally, before
each lesson, the three teachers would meet and discuss the upcoming material, identifying
areas within the lesson that students may struggle to navigate. These identified concepts
would then be addressed as a group, providing ideas and diverse ways to teach the
concept. The teachers would then spend additional time on the areas when providing
students with instruction or background content.
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Research Question #2 How did the integration of a cloud-based global climate model,
EzGCM, impact student learning outcomes within a secondary science classroom?
Analysis of student pre-and post-assessment data was examined in three ways.
First, students’ scores were assessed as a composite or overall assessment score. The
maximum composite score was 39 and included all thirty-nine items on the assessment.
The composite score provides a “big picture” of the students’ perceived knowledge gains
pre/ post-implementation of the EzGCM enhanced curriculum.
Figure 4.3
Students' Average Composite Pre- and Post- Assessment Scores by Teacher

Analysis of composite data shows statistically significant gains in students from
classrooms of all three participate teachers (Figure 4.3), Alex, M = 6.52, t(135) = 5.89, p
= <0.0001, d = 1.01; Francine, M = 4.19, t(135) = 7.30, p = <0.0001, d = 1.25; Wayne, M
= 6.95, t(135) = 8.55, p = <0.0001, d = 1.47. This evidence suggests an overall positive
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impact of teachers’ curriculum implementation. Francine’s students exhibited the lowest
mean score increase (M = 4.19), however her students started significantly higher than
the students of both Alex (t(135) = -2.52, p = 0.0130) and Wayne (t(135) = -3.58, p =
0.0005). Additionally, there were no statical differences in students’ post-assessment
scores dependent on teacher.
The following two student scores consisted of the conceptual and epistemic
dimensions. The 27 conceptual items on the assessment provide insight into the students’
gains in the dimension of climate literacy and content knowledge. The 12 epistemic items
offer a measure of student growth in modeling practices and, in the context of this
research, using technology to enhance their reasoning around Earth’s climate.
Data from the conceptual items (Figure 4.4) indicate that all students of all
teachers had statistically significant increases in their pre- to post-assessment scores,
Alex, M = 4.71, t(135) = 5.12, p = <0.0001, d = 0.88; Francine, M = 3.08, t(135) = 6.43,
p = <0.0001, d = 1.11 ; Wayne, M = 4.79, t(135) = 7.09, p = <0.0001, d = 1.22.
Francine’s students scored significantly higher in their pre-assessment scores than
Wayne’s students (t(135) = 2.81, p = <0.0057), but there was not a statistical difference
in student scores in the post-assessment data.
Finally, data from the epistemic items (Figure 4.5) had statistically significant
increases from pre- to post- scores regardless of teacher, Alex, M = 1.81, t(135) = 3.27, p
= 0.0014, d = 0.56; Francine, M = 1.12, t(135) = 3.88, p = 0.0002, d = 0.68; Wayne, M =
2.15, t(135) = 5.30, p = <0.0001, d = 0.91. Francine’s students showed the smallest mean
score increase (M = 1.12).
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Figure 4.4
Students’ Average Conceptual Pre- and Post- Assessment Scores by Teacher

Figure 4.5
Students’ Average Epistemic Pre- and Post- Assessment Scores by Teacher
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Discussion
Despite the widespread agreement of scientists, many individuals do not trust that
the scientific foundation is a well-established and grounded reason for climate change
(NSTA, 2022). Teachers’ beliefs and reasoning influence how they enact climate
curricula in their classrooms and can influence their students’ understandings and beliefs
about the topic (Nation & Feldman, 2021). It is critical that teachers of climate science
make the fundamental distinction between scientific argumentation and arguing one’s
opinions and beliefs. Previous research has highlighted the benefit of teachers’
continuous advancement of knowledge and enhancement of scientific practices when
teaching climate science (Branch et al., 2016). Furthermore, constant advances in
technologies provide opportunities for professional learning. Teaching SSI topics with
the assistance of technology, EzGCM, allows for teaching evidence-based science as
supported within the NGSS curriculum framework (NSTA, 2022).
This study provided a unique opportunity to explore three teachers’ “day-to-day”
teaching about GCC and Earth’s climate. Research has shown that this topic has
primarily been deemphasized, and teachers and students face many obstacles when
attempting to build understanding (Penuel et al., 2015). Additionally, secondary students
often lack experience with computer-based teaching models, especially those which
simulate authentic models used by many climate scientists (Bhattacharya et al., 2020,
2021; Carroll Steward et al., 2021; Forbes et al., 2020). Alex, Francine, and Wayne all
agreed that climate was not a topic that they had taught in the secondary science
classroom. This was the first year that this district was adding a science standard that
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specifically addressed climate. Our participant teachers felt many of the obstacles when
attempting to build their students understanding of climate, such as student frustration
with using the computational climate model.
However, our results showed that all student participants, irrespective of their
teacher, showed positive increases in their pre-/post-assessment scores. We found that
our participant teachers engaged in several approaches to teaching that accounted for
these positive increases in student scores. First, teachers took a “less time listening and
more time doing” approach to teaching with EzGCM. This approach encouraged their
students to use an authentic model to explore real-world climate issues and current
climate questions. This is consistent with Penuel and colleagues (2015), noted that
authentic exploration of climate science with models allows students to develop their
conceptual phenomenon based on their understanding of the topic. Rather than have the
teacher demonstrate the steps the students should take to “find the solution” students in
these classrooms engaged in using EzGCM from the first day the curriculum was
introduced.
Study teachers aimed to create a learning environment that celebrated trying and
failing. Throughout the study, teachers constantly encouraged their students and
reassured them, reducing the students’ frustration. Teachers challenged students to
change their negative self-talk to something more positive and compassionate. Both
students and their teachers often lack access to adequate resources, such as sufficient
background knowledge and materials, to feel prepared to teach and learn about Earth’s
climate (Sullivan et al., 2014). When provided instructions to their students, teachers
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shared their challenges with understanding GCC and using EzGCM for the first time.
This helped establish a safe learning environment that is critical when engaging students
in authentic scientific modeling. The sense of “safety” created by the teachers allows the
students to explore the model and build an understanding of climate through the provided
climate model more freely. This environment was likely developed previous to our data
collect as this class met every other day for the school year.
Limitations
The study has several limitations that should be noted. First, the study occurred in
a unique context within a single partnering school, within an integrated Chemistry course.
Second, this study included only a small number of teachers and their students. In
addition, this was the first time these teachers taught with this curriculum and the
EzGCM tool. It was also the first year the integrated Chemistry Course was used within
the district. Third, this study did not collect data from a “control” group. Therefore, we
cannot say that it was the curriculum and the EzGCM model alone that accounted for the
positive gains in the students’ scores. There are several other contextual factors that our
data collection methods did not capture that may provide greater insight into the
numerous possibilities that we saw increases in students’ scores in the pre to postassessment. Finally, it was not within the scope of this study to identify the “best
practices” with teaching with technology; instead, we determined that all teachers in our
study had students show improvement in pre-/post-knowledge assessments using a
model. Future research, including measures of student outcomes linked to teacher
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pedagogical choices, could provide a valuable contribution to the climate education
literature.
Conclusion
Teachers frequently feel responsible for educating about Earth’s climate yet
struggle with their limited scientific knowledge and abilities to integrate science
standards and climate concerns into their curriculum. Developing and studying how
model-based curriculums improve conceptual and epistemic understandings of Earth’s
climate system is crucial. Technology has improved, and students can engage in more
“direct” and authentic climate science. Although growing, currently, few studies have
explored how instructors integrate the use of technology into their teaching with climatebased curricula. Furthermore, literature on educators’ daily classroom activities is
inadequate. We hope that these findings, along with future research, provide a compelling
case for innovative technologies’ use within the secondary science classroom.
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Chapter 4—Appendix A
Pre/Post Teacher Interview
Today is _____ and I am here with _________for their (pre/post) CliMES interview.
Thanks for talking with me today. We want to learn about your knowledge of Earth’s
climate and the use of global climate models to understand it. Please refer to your
experience of teaching with EzGCM in the last few weeks for answering these questions.
Do I have permission to record?
These questions are focused on eliciting the understanding of models and model-based
instruction
1. What are models?
2. How are models used in science?
-Have you’re your view changed about models?
3. How do you think models should be used in the classroom for science? Why?
• How you think you could use models in your own classroom?
• How did you use the EzGCM model in your classroom? How was this different?
4. How do you think students should use models?
(these are probes)
e. Represent natural phenomena
f. Communicate
g. Account for evidence/observations
h. Explain natural phenomena
These questions are focused on eliciting the understanding of content (Changing climate,
increasing global surface temperatures) using EzGCM
5. What do you know about global climate models?
• How can we use GCMs to predict change in temperature?
• Looking back before the starting of this unit how has your understanding of GCM
changed?
6. Have you had a change to explore the EzGCM interface?
What are your first impressions?
These questions are focused on eliciting teachers’ own understanding of content
(Changing climate, increasing global surface temperatures)
7. As a learner, could you describe the phenomenon of increase in average surface
temperatures?
• What evidence supports your understanding of this phenomenon?
• How has this changed through this unit if it has?
8. Discuss other physical characteristics of the climate system that you would expect to
change in
addition to surface air temperature?
9. Does increasing average global temperature give us the best measure of global climate
change?
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These questions are focused on reflection of the curriculum and how they plan to use it in
their classroom.
10. Have you had an opportunity to explore the new curriculum?
• What do you think of the new unit?
• Most excited? Least excited?
• From teaching with the curriculum, how effectively do you think this unit will
help students to learn about climate?
• What do you think you would change if using this curriculum again?
11. As a teacher can you support students’ learning? About climate? Using this
curriculum?
12. What are important instructional strategies for you?
• How would you describe your teaching style?
13. Tell me about you experience about the integrated classroom? (Chemistry focused)
These questions are focused on teacher’ views and experience about the CliMES
curriculum
14. What are you most excited about/looking forward to with teaching this new
curriculum module?
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Chapter 4—Appendix B
Teacher Implementation Log
1. Name (First and Last)
2. Which lesson did you teach?
a. Lesson 1
b. Lesson 2
c. Lesson 3
d. Lesson 4
e. Lesson 5
f. Lesson 6
g. Lesson 7
h. Lesson 8
i. Lesson 9
3. Name of the Course in which the lesson was taught
a. Integrated 3
4. How many students participated in the lesson?
5. What grade level are the students who participated in the lesson? (select all that
apply)
a. Ninth
b. Tenth
c. Eleventh
d. Twelfth
6. Was this lesson preceded by another lesson in the CliMES curriculum module?
a. Yes
b. No
•
•

If yes, which lesson was used
If no, describe the lesson you taught before this lesson

7. What was the key concept you used thus lesson to teach?
8. On a scale of 1-10, one being no understanding and ten being full understanding,
how well do you feel your students grasp the key concept?
9. Briefly describe how you measured student understanding, noted misconceptions
students had, any trends you may have seen in students understand of the material.
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10. Were you able to complete the entire lesson in one class period?
•

If no, how many class periods did this lesson take to finish? Or do you expect this
lesson to take?

11. Did you make any adaptation to this lesson?
•

If yes, describe what adaptation or changes you made and why these changes were
made.

12. If you taught this lesson again, what would you change? Why?
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Chapter 4—Appendix C
Pre/Post Content Assessment
Student ID
Name of the teacher
School
1.

Which of the following is the best definition of a greenhouse gas?
a. An atmospheric gas that is produced as plants grow.
b. An atmospheric gas that absorbs radiation.
c. An atmospheric gas that produces acid rain.
d. An atmospheric gas that reduces ozone in Earth’s atmosphere.

2.

How has the amount of carbon dioxide in the atmosphere changed since the
start of the Industrial Revolution 150 years ago?
a. The amount of carbon dioxide has remained the same.
b. The amount of carbon dioxide has decreased.
c. The amount of carbon dioxide has increased.
d. I do not know

3.

Which of the following contributes to the transfer of thermal energy from
place to place around the Earth?
a. The movement of ocean water but not the movement of air.
b. The movement of air but not the movement of ocean water.
c. Both the movement of ocean water and the movement of air.
d. Neither the movement of ocean water nor the movement of air.

4.

How does sunlight affect temperature on Earth?
a. Sunlight warms the air directly, but the air does not warm the land.
b. Sunlight warms the land directly, but the land does not warm the air.
c. Sunlight warms the air directly, and the air warms the land.
d. Sunlight warms the land directly, and the land warms the air.

5.

Which is the best definition of a positive feedback loop in the climate system?
a. A change in the climate system leads to a response that benefits climate
change.
b. A change in the climate system leads to a response that slows down climate
change.
c. A change in the climate system leads to a response that speeds up climate
change.
d. A change in the climate system leads to a response that harms climate change.
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6.

Which of the following will occur if the amount of ice floating in the ocean
decreases?
a. More sunlight will be reflected back into space and Earth’s temperature will
decrease.
b. Less sunlight will be reflected back into space and Earth’s temperature will
increase.
c. More sunlight will be reflected back into space and Earth’s temperature will
increase.
d. Less sunlight will be reflected back into space and Earth’s temperature will
decrease.

7.

Which of the following best describes how plants take in carbon dioxide?
a. Plants take in carbon dioxide from rain.
b. Plants take in carbon dioxide from sunlight.
c. Plants take in carbon dioxide from air.
d. Plants take in carbon dioxide from soil.

8.

Which of the following would most likely occur if the oceans stopped
absorbing carbon dioxide?
a. Carbon dioxide in the atmosphere would remain the same.
b. Carbon dioxide in the atmosphere would increase.
c. Carbon dioxide in the atmosphere would decrease.
d. I do not know.

9.

Which is the best description of the differences between climate and
weather?
a. Climate does not change over time, and weather does change over time.
b. Climate changes over time, and weather does not change over time.
c. Climate changes over long periods of time, and weather changes over short
periods of time.
d. Climate changes over short periods of time, and weather changes over long
periods of time.

10.

Which of the following statements about global warming over the past 50
years is most accurate?
a. Global warming over the past 50 years is slightly due to natural processes and
mostly due to human activities.
b. Global warming over the past 50 years is mostly due to natural processes and
slightly due to human activities.
c. Global warming over the past 50 years is about equally due to natural
processes and human activities.
d. Global warming over the past 50 years has not occurred whether due to
natural processes or human activities.
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11.

Which of the following statements about air temperature change over the
past million years is most accurate?
a. Air temperature change over the past million years is slightly due to natural
processes and mostly due to human activities.
b. Air temperature change over the past million years is mostly due to natural
processes and slightly due to human activities.
c. Air temperature change over the past million years is about equally due to
natural processes and human activities.
d. Air temperature change over the past million years has not occurred whether
due to natural processes or human activities.

12.

How much incoming sunlight do greenhouse gases absorb?
a. Greenhouses gases absorb almost no incoming sunlight.
b. Greenhouses gases absorb about half of the incoming sunlight.
c. Greenhouses gases absorb most incoming sunlight.
d. I do not know.

13.

What do greenhouse gases do?
a. Greenhouse gases absorb energy emitted by Earth.
b. Greenhouse gases reflect energy emitted by Earth.
c. Greenhouse gases reflect energy reflected by Earth.
d. Greenhouse gases absorb energy reflected by Earth.

14.

Which of the following could cause the Earth’s surface temperature to
change? CHOOSE ALL THAT APPLY.
a. Changes in the tilt of the Earth’s axis.
b. Changes in the reflectivity of the Earth’s surface.
c. Changes in methane concentrations in the atmosphere.
d. Changes in carbon dioxide concentrations in the atmosphere.

15.

What information do ice cores from glaciers contain about Earth? CHOOSE
ALL THAT APPLY.
a. Ice cores contain information about Earth’s air temperature.
b. Ice cores contain information about Earth’s seasonal precipitation.
c. Ice cores contain information about Earth’s carbon dioxide concentration.
d. Ice cores contain information about Earth’s daily weather events.

16.

Which statements about non-greenhouse gases are accurate? CHOOSE ALL
THAT APPLY.
a. Non-greenhouse gases do not absorb a lot of energy given off by the Sun.
b. Non-greenhouse gases do not absorb a lot of energy given off by the Earth.
c. Non-greenhouse gases absorb a lot of energy given off by the Earth.
d. Non-greenhouse gases absorb a lot of energy given off by the Sun.
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17.

Which of the following would cause Earth’s average global temperature to
rise?
a. Changes in the length of seasons
b. Changes in the thickness of Earth’s atmosphere
c. Changes in the amounts of gases in the atmosphere
d. Changes in the amount of heat from Earth’s molten core

18.

Over the past several decades, the Earth has warmed faster than any other
time period. What best explains this increase?
a. The sun is releasing more heat energy.
b. There’s an increase in volcanic activity.
c. Humans are generating more air pollution.
d. The Earth’s orbit around the Sun is changing.

19.

There is strong evidence that there is more carbon dioxide (CO2) in the
atmosphere now than in the past several hundred years. What is most likely
cause of the current increase in carbon dioxide?
a. There’s more toxic chemicals in the oceans and rivers.
b. Plants are releasing more CO2 (carbon dioxide).
c. Volcanoes are producing more ash and gases.
d. Humans are using more fossil fuels

20.

Scientists believe that global temperatures are rising primarily because of:
a. an increase in the use of toxic chemicals such as pesticides and aerosol sprays.
b. increases in the amount of carbon dioxide (CO2) from burning fossil fuels.
c. a hole in the ozone layer allowing heat to enter the earth’s atmosphere.
d. excess heat is given off from energy generation in nuclear power plants.

21.

Climate change projections for the future are:
a. Based on available data and predict future temperature with complete
accuracy.
b. Based on available data and may actually be lower or higher than estimated.
c. Relatively uncertain because they are based on scientists’ opinions, which can
be wrong.
d. Not useful because it is impossible to predict what will happen in the future.

22.

How does the rate that humans produce greenhouse gases relate to how
quickly they are being removed by plants?
a. Humans are producing an equal amount to what is being removed by natural
sinks, like vegetation and oceans.
b. Humans are producing more than can be removed by natural sinks, like
vegetation and oceans.
c. Humans are producing less than is being removed by natural sinks, like
vegetation and oceans.
d. Scientists do not have enough evidence to compare the rates.
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23.

What is the relationship between temperature and the Earth’s atmosphere?
The earth’s atmosphere:
a. Blocks light from the Sun make the Earth cooler.
b. Holds heat energy from the Sun to warm the Earth.
c. Has no influence so Earth’s temperature doesn’t change.
d. Strengthens heat energy to increase Earth’s temperature.

24.

Data collected by scientists indicate that the average global temperature is
rising and will continue to rise in the foreseeable future. What actions could
people in your community take to reduce the negative impacts of climate
change?
a. Buy organic produce like fruits and vegetables.
b. Prevent litter and pollution from entering rivers and oceans.
c. Plant more trees or reduce the number of trees being cut down.
d. Banning chemicals that break down ozone in the earth’s ozone layer.

25.

How is CO2 (carbon dioxide) removed from the atmosphere?
a. Factories need carbon dioxide to run.
b. Carbon dioxide breaks down naturally.
c. Carbon dioxide escapes into space.
d. Plants absorb carbon dioxide for food.

26.

Where can scientists see evidence of climate change?
a. Evidence can be seen only in areas that experience droughts.
b. Evidence can be seen only in the polar areas like Antarctica.
c. Evidence can be seen only in coastal areas by the beach.
d. Evidence can be seen in all of these areas.

27.

Not every action taken by humans contributes to climate change. Which of
the following human activities does NOT contribute to climate change?
a. Greater use of chemicals that destroy the ozone layer
b. Rises in the number of people driving cars
c. Greater rates of deforestation
d. Larger demand for electricity
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Chapter 4—Appendix D
Pre/Post Epistemic Assessment
1.

Which parameters are critical and need to be considered while developing
simulations for GCMs?
a. Fundamental laws of physics and mathematics.
b. The position of the Earth in the solar system
c. The changing seasons
d.
The solar output

2.

What scales do GCMs need to represent to accurately describe the
geographical features on the Earth?
a. Both spatial and temporal
b. Temporal only
c. Spatial only
d. Spatial and radial

3.

The simulations in EzGCM help scientists understand
a. The presence of seasons on the Earth
b. How the planetary system operates
c. Processes of the Earth’s system and their response to change
d. The presence of life on this planet

4.

Control Simulation in EzGCM represents
a. What the Earth’s climate would be like if forcing changes were not changing.
b. What the Earth’s climate would be in the future
c. What the Earth’s climate would be if the Earth would be closer to the sun.
d. What was the Earth’s climate when it was formed.

5.

What are the various ways in which evidence for changing climate can be
demonstrated using EzGCM?
a. Frequency counts of temperature values
b. Time series plots and visualizations
c. Animated graphs with explanations
d. A video documentary about changing climate
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6.

What information do these graphs provide?
a. Time series graphs demonstrating the concentration of Atmospheric carbon
dioxide in parts per million (ppm) and temperature in Celsius.
b. Time series graphs demonstrating the concentration of carbon monoxide in
parts per million (ppm) and temperature in Celsius.
c. Time series graphs demonstrating the concentration of Atmospheric carbon
dioxide in parts per million (ppm) and precipitation in Celsius.
d. Time series graphs demonstrating the concentrations of Nitrous oxide in parts
per million (ppm) and temperature in Celsius.
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7.

How do GCMs create data at scales that would be manually impossible to
create?
a. Complex models like GCMs estimate climate parameters every hour.
b. Complex models like GCMs estimate climate parameters for every grid cell
every 15 minutes, about 96 times for each simulated day.
c. Complex models like GCM estimate all climate parameters all over the Earth
d. Complex models like GCM only estimate certain climate parameters for
certain locations all over the planet.

8.

Which of the following is NOT TRUE about GCMs?
a. Climate models separate Earth’s surface into a three-dimensional grid of cells
b. Climate conditions of each of grid cell are represented by mathematical
equations
c. Grid cell size defines the resolution of the model: the larger the size of the
grid cells, the higher the level of detail in the model.
d. The results of processes modeled in each cell are passed to neighboring cells
to illustrate broader climate conditions over time.

9.

How do GCMs help users make predictions about the Earth’s climate in the
future?
a. Simulation can be statistically manipulated to make predictions
b. Data entered into visualizations makes predictions
c. Values for parameters can be added or subtracted
d. Experiments can be set up and run, simulations and variables can be
manipulated to make predictions

10.

How do GCMs help you extract and analyze one climate-based variable?
a. The simulations are based on one variable
b. The simulations help us focus on one variable
c. Any one variable can be selected, and data associated with that variable can be
extracted
d. The visualization is always focused on one variable

11.

What steps might a climate scientist follow to simulate future climate using
GCMs?
a. Run simulations, Post-Process the simulation results, Analyze the resulting
b. Run simulations, make maps of the results
c. Compare maps of GCM results to maps of satellite observations of future
climate
d. Creates a computer model, analyzes results of several experiments of future
climate
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12.

Which of the following is NOT TRUE about global climate models?
a. GCMs are based on well-documented physical Earth processes
b. GCMs directly analyze raw data
c. GCMs use mathematical equations to characterize physical Earth processes
d. GCMs repeatedly solve equations using powerful supercomputers
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Chapter 5
Conclusion
Synthesis of Findings
The overarching purpose of this dissertation is to investigate secondary science
teachers’ enactment of a curricular intervention using a cloud-based GCM in different
contexts and across time. Each manuscript based chapter aids in building an
understanding of another aspect of this larger purpose.
In Chapter 2, I began by building an understanding of secondary science
teachers’ enactment of a curricular intervention grounded in students’ use of a particular
global climate model (GCM): Easy Global Climate Model (EzGCM). My findings show
that teachers may not always have a complete understanding of students’ background
knowledge and often may question students’ understanding of climate content and
modeling practices. Furthermore, findings highlight the need for effective teacher
professional development related teaching climate concepts and modeling practices. I
found that teachers prioritize some modeling practices over others when utilizing modelbased teaching in their classrooms. Teachers, like students, need to be presented with
authentic modeling experiences. Additionally, professional development needs to
embrace the three core elements of scientific modeling—(a) disciplinary concepts,
(b) epistemic features, and (c) modeling practices.
In Chapter 3, I continue to grow my understanding of secondary science teachers’
enactment of model-based climate curriculum; additionally, I examine the adaptation of
enactment over three consecutive years. This chapter informs how the implementation of
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the project-developed curriculum evolves. As with the previous chapter I found that
teachers enacted the curriculum in a less model use focused way across all
implementation years. Highlighting that while both teachers were experienced in using
models, they may hold a different notion of what a model is and how it should be used in
their classroom, focusing on the student building a conceptual model (construct) rather
than using the EzGCM model. These teachers gradually developed their knowledge and
instructional skills throughout the study. Finally, both teachers approached teaching the
curriculum differently, considering multiple factors, such as their personal experiences
with teaching and learning about climate, their experiences with climate models, their
unique set of objectives, and student factors student outcomes. These instructional
choices resulted in a focus on science content knowledge (conceptual).
In Chapter 4, I view the project through the lens of socio-scientific issues teaching
and highlight the use of the EzGCM. My findings show that all student participants,
irrespective of their teacher, showed positive increases in their pre-/post-assessment
scores. Additionally, all three teachers engaged in several approaches to teaching that
likely accounted for these positive increases in student scores, such as the “less time
listening and more time doing” approach using EzGCM, encouraging their students to
employ authentic scientific models to explore underlying conceptual and epistemic
concepts of Earth’s climate.
Across all three manuscript-focused chapters, evidence suggests that many, if not
all, curriculum-related teaching and learning within the study were affected by contextual
factors of the schools, students, and classroom contexts, including factors such as
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teachers’ and students’ socioeconomic status, race, ethnicity, systemically racist
classroom practices, ableism, sexual orientation, and gender identity. These factors have
shaped how and why the curriculum was implemented and how students learned. Both
teachers and students, especially those with intersectional and marginalized identities,
likely experience additional challenges outside of the data this study collected.
Future Work
In a recent review of climate education literature (Bhattacharya et al., 2021), only
a small number of the included studies accounted for contextual factors and their
influence on student outcome or teacher enactment (Dawson, 2012; Plutzer et al., 2016).
Future climate education research needs to examine the intersectionality of contextual
factors to ensure that climate-focused curriculum and instruction provide equitable
learning opportunities.
Earth science teaching and learning must be supported through intentionally designed,
empirically based, innovative curricular resources. Teachers play a critical role in
cultivating authentic modeling experiences for students, and meaningful modeling
opportunities require teachers to integrate models fully within classroom activities. This
study illustrates how secondary science teachers implemented a GCM-based curriculum
and how and why they enacted the curriculum the way they did. It thus advances the
literature on model-based teaching (Carpenter et al., 2019; Khan, 2011; Vo et al., 2015,
2019; Windschitl et al., 2008) and climate education (Herman et al., 2017; Plutzer et al.,
2016; Slater et al., 2009).
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Epistemic Dimensions Observed Within the EzGCM Modeling Tool
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Modeling Practice- Use
Epistemic
Considerations

NATURE OF MODELS (A model has…)
Representational The learner uses a model that has unique
affordances
representational affordances
The model affords
1.EzGCM reflects how model elements map
a limited set of
onto real-world phenomena. It reflects
things, a
scientists’ current understanding of Earth’s
compendium for
climate and feedbacks.
what climate
scientists know.
2.Scientific uncertainty - model inputs
Scientists don’t
reflect current understanding of variables
know everything,
and available data, as well as behaviors,
so the model can’t
but not everything. Model inputs reflect
do
what is known
EVERYTHING,
but it can do a lot
3.EzGCM integrates epistemic uncertainty.
based on what we
Uncertainty in climate model projections
do know. Model
arises from variability in the climate
inputs are based
system. As our knowledge of various Earth
on the current
systems and the interaction between them
understanding of
improves, we can incorporate this
Earth’s climate
knowledge into EzGCM.
system. Model
output shows
4.EzGCM makes climate-based phenomena
things in particular
explicit through big data sets.
ways. The ways
Manipulation of data sets allows for
inputs and outputs
observing patterns in the behavior of
would represent
variables
things would
differ from one
5.EzGCM makes climate-based phenomena
model to another
explicit through settings that represent
forcing levels (greenhouse gases, solar
flux, orbital configuration)
6.EzGCM demonstrating relationships
among variables, represents complexity in
Earth systems
7.EzGCM creates various kinds of products,
thus multiple types of evidence-graphs,
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visualizations, time series. The EzGCM
products correspond to the lessons
8.EzGCM visualizations cover both space
and time. Analyses are both temporal and
spatial
■ Average across years
■ Extract time periods and climate
variables
■ Visualization shows locations
(spatial)
Computational
affordances
EzGCM does
certain things to
go from
hypotheses to
predictions. Based
on physics and
variables, affords
ability to perform
mathematical
functions that
increase its
predictability and
ability to capture
correlations

Learner uses a model that has unique
computational affordances
1. EzGCM provides the ability to set up
three climate model simulations: 1) a
mid-20thcentury climate simulation,
which serves as a control experiment,
2) a simple global warming simulation,
and 3) a more realistic future climate
change experiment with gradually
increasing greenhouse gases (scenario
that was used for the third and fourth
assessment reports of the International
Panel for Climate Change (IPCC) in
2001 and 2007).
(Control Run, Climate Change Runs,
and Sensitivity Experiments)
2. EzGCM provides the opportunity to
analyze data systematically about
many interrelated elements of the
Earth’s climate
3. EzGCM provides the opportunity to
create data at scales that would
otherwise be impossible
4. EzGCM provides the opportunity to
manipulate large and complex data set
through sorting, filtering, cleaning
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5. EzGCM provides the ability to perform
mathematical operations such as
Averaging (Post-Processing step),
Differencing (Visualization step to
create anomalies), and actions related
to color scales, contours, and range
(minimum and maximum). These
features allow users to explore
correlations between various variables
6. Affords the opportunity to understand
the Earth climate system by focusing
on one variable at a time
7. EzGCM allows us to make choices
about how to present data is based
hypotheses or claims
8. EzGCM allows for a detailed analysis
of the evidence- Create anomalies,
adjust color bars and scale, interpret
results
9. Because GCMs require a certain level
of complexity, EzGCM doesn’t reduce
the functional complexity. Because of
this functional complexity, EzGCM
does not present results in a reduced
form, and the evidence produced by
EzGCM is scientifically robust
10. The run simulation component specific
to EzGCM allows students to visually
see a simulation as it proceeds. Other
models usually offer the product. (For
teachers this step facilitates the
discussion about “how do scientists
determine when the simulation is
complete and therefore the climate data
are ready to be processed”)
11. EzGCM analyses cover both space and
time. Analyses are both temporal and
spatial
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○ Average across years
○ Extract time periods and
climate variables
○ Visualization shows locations
(spatial)
12. EzGCM allows for isolating different
elements of the Earth’s climate system
(processing and post-processing steps).
We can then articulate their behaviors
and the nature of their interactions
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Appendix F

EzGCM Tool Screenshots: Three Major Interfaces
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EzGCM: Scien�ﬁc Visualiza�on
Select simula�ons,
climate Variables,
and �me periods to
visualize.

Create visualiza�ons of
the model results for
analysis, including the
ability to diﬀerence
results from mul�ple
experiments to examine
climate anomalies
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Appendix H

Informed Assent Documents Provided During Data Collection
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SCHOOL OF NATURAL RESOURCES

ASSENT DOCUMENT
Project Title:

High School Students’ Climate Literacy through Epistemology of Scientific Modeling

Principal Investigator and Contact:

Cory Forbes

This research project aims to understand how students like you use models to learn about Earth’s climate. By
collecting and analyzing some of your assignments and coursework, we hope to better understand the learning
process and help other students learn about Earth’s climate. You are invited to participate in this study because you
are a student in one of your teacher’s classes, and he/she is involved in a science professional development program.
If you decide that you want to be in this study, I will ask you to talk with me about your coursework during your
science unit. Not all students in your class will have a chance to talk with me. Your teacher is working with me to
develop some new lessons for this science unit. These lessons involve you using EzGCM – an online computer
based climate modeling tool – to explore questions about Earth’s climate I would like to learn more about your
thinking and how you use EzGCM. I will tape record our conversation. While your teacher is teaching this unit, a
researcher will make video recordings of your teacher teaching. We will not include you or any of the other students
in the class in the video recording.
This research involves no additional work on your part. You have to complete coursework for your class, but do not have to agree
to participate in the research. By signing below you are giving permission to analyze your coursework, including course
assessments, surveys, and assignments, to determine whether there are patterns or trends that can provide insights
into how students learn about Earth’s climate. Your participation will last only as long as you are in your teacher’s
class and will occur in your classroom, as well as any offsite locations where you choose to study or complete
assignments. Some students will also be asked to be interviewed.
Your decision whether to participate or not in this study will in no way affect your grade in class, and your teacher will
be unaware of who has and has not agreed to participate. Any information, which could identify you obtained during
this study, will be kept strictly confidential. Prior to data analyses, all student data will be de-identified by replacing
your name with a unique code. The data will be stored in a locked cabinet in the investigator’s office at UNL and will
only be seen by the investigator during the study and for a total of five years or until the project is complete,
whichever comes first. The information obtained in this study may be published in scientific journals or presented at
scientific meetings but the data will always be reported as de-identified or aggregated data.
You may ask any questions concerning this research and have those questions answered before agreeing to
participate in or during the study. Or you may contact the investigator(s) at the phone numbers below. Please contact
the University of Nebraska-Lincoln Institutional Review Board at (402) 472-6965 to voice concerns about the research
or if you have any questions about your rights as a research participant.
Participation in this study is voluntary. You can refuse to participate or withdraw at any time. You are voluntarily
making a decision whether or not to participate in this research study. By agreeing to participate, there is no time
requirement outside of class. Your signature certifies that you have decided to participate having read and
understood the information presented.

Printed Name

Signature of Research Participant

Date

Name and Phone number of investigator(s)
Cory Forbes, Ph.D., Primary Investigator Office (402) 472-7844

523 Hardin Hall / P.O. 830995 / Lincoln, NE 68583-0995 / (402) 472-7844 / FAX (402) 472-2946 / http://snr.unl.edu

305

Appendix I

CliMES Overarching Project Model
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Appendix J
Project Timeline
•

2017
o May 2017
 Grant Funded
o June 2017
 Project team and District Science Coordinator meet recruit the
teachers for piloting the curriculum Spring 2018
o Fall 2017
 September EzGCM servers moved to cloud
 Draft of lesson format to provide to teachers drafted
 PD planned for end of September.
 September 30
• first meeting with teachers (demo of EzGCM—full day of
curriculum development and planning)
o First Teacher Workshop PD (September 2017)
 All geoscience teachers
 Id standards from new state standards and Geoscience standards,
DCI and CCC
 6 teachers participated in this initial workshop
 Key ideas temperature, atmosphere, averages changing
 Core learning –impacts, feedbacks, factors causing temperatures to
change
o Second Teacher Workshop (November 2017)
 Research expectations, IRB, Geoscience curriculum and state
standards, and curricular framework for climes project
 Development of individual lesson plans from key points and ideas
• L1: What do we know? Looking a temp trend
• L2: looking at rate of change
• L3: How do we know? Why do we think this might be?
EzGCM based
• L4: How we get the idea of anomalies? EzGCM Based
• L5: What are GCM? Can go anywhere
• L6: Relationship between CO2 and temp
o December 2017 Teacher Workshop
 Reviewing and finalize lesson procedures
 Feedback regarding context, scope, and sequence
 Research expectations and requirements
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•

2018
o January 2018
 Interview protocols designed; observation protocol designed
o Teacher Workshop (January 2018)
 Only pilot teachers (2)
 Review protocols
 Review expectations and researchers in the classrooms
 Answer any questions re EzGCM and curriculum materials
o Spring 2018 Pilot data collection (Y1)
 Feb 2018 (early)
• Plan was to implement in 2017 but one teacher was in a bad
car accident
 Two Pilot Teachers Implement First version of lesson plans
o Post Implementation Teacher Workshop (FULL DAY)
 April 23, 2018
 Discussion re resolution of the EzGCM model
 Pilot teachers share with non-pilot teachers
• Weather v climate
• How to teach it? Show it all of them backtrack and explain?
Or Frontload?
• Discussion on what needs changed and what should stay
• Lessons Ideas and Revision
o Climate is 30-year average and an average at
multiple locations around the globe (double
average)
o Has the rate of change in average global surface
temperature been the same over time?
o What do we know about the change in average
global surface temperatures?
o How do we explore the Earth’s global average
temperature increase using a global climate model
(GCM)?
o Fingerprinting the causes of global warming. Why
are global average temperatures increasing?
o What are models? What are GCMs? Why do we use
GCMs?
o Using EzGCM to Prepare Global Climate Model
Data for Analysis: Post-Processing
o Using Scientific Visualization to Analyze Global
Climate Model Data
o Using Scientific Visualization to Calculate Climate
Change Anomalies
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•

o Pine Beetle case study
o June 2018 Teacher Workshop (7 hours each)
 Preparing for the 2018 implementation
 Big ideas, any planed changes from the previous meeting
 Intended activities, planning for implementation when in semester,
scheduling (administrative)
 Future workshop and teacher needs
o Fall 2018 Implementation (Y2)
 SEPTEMBER (2)
 October- NOVERMBER (2)
o December Teacher Workshop
 Debrief of Fall 2018 implementation
 Curriculum major concerns and revision ideas
 EzGCM improvements
 Data collection and planning for Spring 2019 Workshops and Fall
Data
2019
o Teacher workshop February 2019
 Student engagement in EzGCM
 Science is not certain
 overwhelmed with the complexity
 Knowing what background knowledge that students came with into
their classrooms
 GCC as a moral responsibility
o Teacher Workshop April 2019
 Curriculum needs better lesson to understand anomaly
 Ambiguity is a killer for the students
 Types of data
 How is data collected
 “Knowledge has an expiration date, but a skill doesn’t”
 Modeling is a skill climate change is the knowledge
 NEW LESSONS
• How are models made? How do you make a computer
model? (Lesson 2) This could bridge the gap between
“Lesson 1: what are models?” and “Lesson 3: what is good
data, where does data come from”
o Teacher Workshop June 2019
 Refining new lessons
o Teacher Workshop July 2019
 Fall 2019 Lesson plans
• L1 what are models
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L2 Guided Practice Exploring Simulation using EzGCM
L3 What is an anomaly
L4 What is climate data
L5 What do we know about the change in average global
surface temperatures?
• L6 How do we explore the Earth’s global average
temperature increase using a global climate model (GCM)?
• L7 Fingerprinting the causes of global warming
• L8 Mapping Data and creating visualization
• L9 Application: Use a model to reason and explain
o Fall 2019 Implementation (Y3)
 October (1)
 November (2)
 December (1)
o December 2019 TEACHER WORKSHOP
 Debrief of Fall 2019 implementation
 Curriculum major concerns and revision ideas –start revision final
lessons to be created by summer
 EzGCM improvements
 Data collection and planning for SUMMER statewide PD
 Project Teacher to server as Master teachers
2020
o Summer 2020 Summer PD
 Canceled COVID
o American Museum of Natural History Study  Not Presented or
Published here
o October 2020 Teacher Workshop
 New District Using the Revised Lesson Plans from December
2019 (only half day)
 ZOOM
 Learning how to use EzGCM is the focus of workshop
 Are provided lesson plan prior and able to ask questions during
 Multiple one-on-one conversations occur between now and
implementation
o Spring 2021 Implementation
 May 2021 Teachers implement curriculum all at same time
•
•
•
•

•

