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Abstract: We present a thoughtfully curated collection of laboratory demonstrations, simula-
tions, and straightforward experiments that explore the fundamental processes underlying
greenhouse effect (GHE), climate, atmospheric physics, and Earth’s energy balance. The ob-
jective is to connect theory and practice in climate science education and address common
student misconceptions. The activities are structured to guide students in constructing
simple models of Earth’s radiative equilibrium. Experimental activities cover essential con-
cepts such as the electromagnetic spectrum, radiation-matter interaction, thermal radiation,
and energy balance. Physical experiments include visualizing the spectrum with a home-
made spectroscope and an infrared (IR) thermal camera, studying absorption and selective
transparency when light interacts with different materials, measuring the power emitted
by a heated filament, and using simple models, such as black and white discs or a leaking
bucket, to understand radiative equilibrium and steady states. This sequence was piloted
in a physics education laboratory class with 85 university students enrolled in mathematics
and physics courses for future teachers. To assess comprehension improvement, pre- and
post-tests involving the production of drawings and explanations related to the GHE were
administered to all students. These activities also aim to promote critical thinking and
counter climate misinformation and denial. The results showed a significant improvement
in understanding fundamental GHE concepts. Additionally, a small subset of students was
interviewed to explore the psychological and social dimensions related to the climate crisis.

Keywords: climate education; greenhouse effect; global warming

1. Introduction

Sustainability education has emerged as a crucial component of modern learning,
aiming at equipping individuals with the knowledge and skills necessary to address press-
ing environmental challenges. The importance of sustainability education [1-3] lies in its
potential to foster a generation of informed and proactive citizens who can drive the transi-
tion toward a more sustainable future. However, this endeavor is fraught with challenges,
including the need for interdisciplinary approaches, the integration of sustainability into
existing curricula [4,5], and the cultivation of a global perspective.

Central to sustainability education is the focus on global warming, a defining issue
of our time that underscores the interconnectedness of ecological, social, and economic
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systems. By emphasizing climate issues [6], sustainability education not only highlights the
urgency of action but also inspires innovative solutions that are essential for the well-being
of our planet and future generations [7].

Thus, within the broader framework of sustainability education, climate change
education—focusing specifically on understanding the causes and addressing the impacts
of the climate crisis—emerges as a key component in education for sustainable develop-
ment [8]. This form of education encompasses all frameworks aimed at raising student
awareness of the climate issue, promoting societal efforts toward mitigation and adapta-
tion, and equipping students with the scientific knowledge, skills, values, and reflective
attitudes needed to act as agents of change [9]. In CE, a central role is played by build-
ing critical thinking skills for a critical and conscious approach to information (including
misinformation) [10] and by developing the ability to form conscious, critically reflected,
and argumentatively sound opinions and judgments, e.g., on climate protection measures.
By integrating climate-specific knowledge and skills, sustainability education empowers
individuals to become informed and engaged citizens capable of contributing to a climate-
resilient and sustainable future. It encompasses scientific literacy about the climate system,
the impact of human activities, and the social, economic, ethical, and political dimensions
of the issue, thus empowering learners to become agents of change.

Global warming and, more generally, climate change are topics of increasingly ani-
mated and widespread debate at various levels of competence and semantics [11]. This
problem is obviously of universal interest and, as such, has no political or geographical
boundaries: all of humanity is involved and should potentially participate in activities
aimed at monitoring and containing the evolution of these changes of physical and chemi-
cal origins [12]. The discussion is everywhere—in families, on talk shows, internet sites,
groups, blogs, in governments, laboratories, and schools of all kinds. It is appropriate and
important that this happens: the first cure for the problem is through consciousness and
social awareness of the enormous impact that the atmospheric dynamics of our (unique)
planet will have and, to an ever-greater extent, is already having on our lives, our economy,
trade, nutrition, health, and everything we know [7,13].

In addition to these considerations, which are, all in all, obvious, it is essential to draw
attention to the necessity of conveying appropriate and reliable information in this field
by strictly adhering to the communication languages and methodologies of the scientific
method. Issues concerning global warming must clearly be associated with relevant
chapters of scientific research relating to the sciences of the atmosphere. As such, they
must be addressed using formal tools and both theoretical and experimental investigation
techniques that follow precise operational protocols [14]. If it is true that initiation to
laboratory practice takes place at the level of secondary schools, it is only at the level
of university studies that the approach to scientific investigation finds its experimental
foundation and fulfillment [15]. The exploration of issues related to the physics of the
atmosphere is no exception from this point of view: it is based exclusively on the usage
of laboratory instrumentation and the timely analysis of observed and measured data.
It could be said that—in general but even more specifically in this field of research—a
virtuous circle must be established between purpose and methodology. Speaking of an
“ethical commitment” of the scientific mission, there are excellent reasons to study the
physics of the atmosphere (with all the indispensable disciplinary connections ranging
from thermodynamics to statistics, from electromagnetism to quantum physics) as seen
above, and this can only be carried out with ideas and practice in continuous reciprocal
reinforcement [16,17]. While Earth’s atmosphere is studied in the laboratory, one acquires,
at the same time, a wealth of transversal procedural skills widely usable in countless
contexts and case studies different from the starting one. For these reasons, we think that
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this particular subject of study is well suited as a prototypical topic to be addressed in lab
courses for undergraduates and teachers in training.

Motivated by the above considerations, in the last 15 years, we have been developing
and using teaching—learning sequences (TLS) based on experiments designed for under-
graduate students, which primarily focused on the physical principles underlying the GHE
(whose human-induced increase in the last decades is, of course, the main reason for climate
change). The final aim is to use it to reconstruct a basic (but operative) depiction of Earth’s
climate [18,19], namely a simplification of the Manabe model (as presented in [20], which is
within reach of students but at the same time allows good qualitative predictions of the
equilibrium temperature dynamics of the Earth-Sun-atmosphere system and a comprehen-
sive grasp of how rising levels of greenhouse gases impact the atmosphere). Additionally,
the influence of feedback mechanisms can be considered. The aim of the present work is to
describe in detail this TLS so that it can be reproduced elsewhere. The choice of the topic
was driven not only by its underlying physics background but also by the realization that
a poor understanding of it is still quite widespread. Research carried out over the years
has indeed evidenced how a large number of people, including students at all levels of
instruction, have several misconceptions about the workings of the GHE [21-24]. To name
just one, the very analogy with an actual greenhouse, which most people have in mind
as a consequence of the use of the historically established terminology, is plainly wrong
(since the effect of the glass walls on the radiative equilibrium is less important than the
fact that they keep the warm air inside the greenhouse). The necessity for a specialized TLS
arises because the GHE is challenging to integrate into conventional physics and science
curricula. This difficulty is due to its inherent cross-disciplinary nature, spanning multiple
traditionally separate areas of physics, and its heavy reliance on concepts taken from other
sciences (mainly chemistry and Earth science).

The aims of the sequence are three: besides making students confident in the physics
grounds of the radiative equilibrium of the atmosphere and all the relevant physical phe-
nomena that are involved, its heavily experimental character makes it particularly suitable
to help them reach the typical goals of laboratory courses. The proposed experiments, in
fact, involve relevant phenomena in the physics curriculum, including optics, thermal phe-
nomena, and radiative transfer, in a blended way. Up to now, the sequence presented in this
paper has been experimented with 85 undergraduate mathematics and physics students
at the University of Trento. A significant additional objective concerns the countering of
misinformation and psychological barriers to climate action, which have been integrated
into the learning sequence in recent years through an explicit and reflective approach.

The main part of this article, devoted to the description of the physico-chemical
grounds of the climate system, is divided into four distinct sections: in the first part
(Section 2), we discuss both the theoretical framework that guided the design of the
activities and the principles on which the design of the individual activities is based. Then,
in Section 3, we present a brief overview of the history of climate models, leading to a brief
description of the model we intend to reconstruct in the course of our teaching activity.
After isolating the main features of the model and listing all the physical mechanisms and
concepts involved, in the third part (Section 4), we will detail the various experimental
activities we have developed to enhance students’ understanding of these mechanisms.
Since a central role in the GHE is played by the different behaviors of Earth’s atmosphere
with respect to visible light and infrared radiation, each physical effect is studied using
both types of radiation. The presentation of each activity is accompanied by a discussion
of the student’s initial difficulties and the improvements we noted in their understanding
of each conceptual area. Finally, in Section 5, we detail the outcomes of the assessments
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carried out on the students who engaged in the sequence, specifically concerning the whole
phenomenon of GHE.

Although the primary objectives of this work are so internal to the disciplines (physics,
chemistry, climate science), it is nevertheless impossible to discuss the greenhouse effect
and global warming without addressing the other aspects that characterize the multidi-
mensionality of the climate emergency as a socio-scientific issue [25,26]. For this reason,
the countering of misinformation, distrust in science, and psychological barriers to climate
action have been integrated into the teaching—learning sequence in recent years through
an explicit and reflective approach, prompting students to reflect on the complexity of the
problem and its psychological, social, and political implications. Alongside climate models,
students were also presented with climate scenarios, perspectives related to energy produc-
tion and consumption, the main arguments of denialism, and an explicit description of the
psychological barriers analyzed in the literature [27]. A brief discussion regarding aspects
related to countering misinformation, denialism, and psychological factors is included in
the Discussion section, which also presents some considerations made by students at the
end of the learning pathway, particularly in relation to the social, environmental, economic,
and cultural aspects of these issues, which are specific to sustainability education. Readers
who are not interested in the results most directly related to Physics Education Research
may skip the discussion of these aspects and proceed directly to Section 6.

2. Theoretical Framework
2.1. The Fundamental Principles Guiding the Design of a TLS

The educational reconstruction of a multifaceted topic such as the GHE and the
consequences of its increase for global warming [28] poses serious issues of integration
of knowledge since the physical concepts required for a true understanding are multiple
and diverse and pertain to different areas of physics [29]. The project of designing a stand-
alone university module on this topic must also take into account that the background of
participating students will also most likely be diverse, as it can be attractive and useful
for students who could also be, tomorrow, teachers of several different subjects [18,19,29].
Lastly, a basic aim of the course is to show and discuss a step-by-step building that passes
through several different levels of complexity: in fact, while it is certainly desirable for a
student, in particular a physics student, to master a complex model of the greenhouse effect
complete with most of its subtleties and higher-order corrections, it is also important that
he/she can provide a simplified, but not misleading, account of the core processes which,
as a first approximation, contribute to a coherent explanation, for the purposes of teaching
and/or public argumentation.

The choice of a teaching-learning sequence of an experimental nature [30-32] is, given
these premises, almost obliged in our view [18,19,29]. Indeed, developing concepts through
hands-on experimental activities helps maintain the interest of all students, including
those who might already possess a solid understanding of the subject. Engaging in lab
activities that are new to them can further reinforce their knowledge [33,34]. Conversely,
for students who are beginners in a particular area or phenomenon in physics, experiments
provide a valuable context for establishing the foundational concepts progressively [35]. It is
necessary to alternate and integrate synergistically qualitative and quantitative experiments
with theoretical generalizations [36,37].

Preliminary to our design, we performed an in-depth analysis of the scientific content
of the greenhouse effect, identifying and classifying into conceptual areas the elementary
physical ideas that are necessary to construct the different explanatory models of the
GHE at different levels of sophistication present in the literature. These elementary ideas
often include topics that may have already been touched by students in their curricula
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but possibly not at the required level of detail: for example, it is likely that all students
participating in our module have been introduced to radiative energy exchanges, but it
is also likely that they were not led to reflect in depth on the characteristics of the state
of radiative equilibrium and its dependence on the emissivity of the physical objects
involved. After this step, we proceeded through a long process made of several subsequent
revisions to identify and test significant experiments that could be fruitful in introducing
and consolidating the elementary ideas.

2.2. The Guiding Principles for the Design of the Experimental Activities

As highlighted by Kranz et al. [38], in today’s world shaped by the centrality of
technology and the natural sciences, knowledge and skills related to experimentation have
become crucial. This importance is further emphasized by the increasing public debates on
scientific topics. However, despite the emphasis given to learning through experiments
in science curricula worldwide, students continue to demonstrate difficulties in this area.
These difficulties manifest in all stages of scientific inquiry, from the formulation of research
questions to the analysis of data and the formulation of conclusions [39]. When designing a
practical and laboratory-based educational path, it is appropriate to take into account the
major difficulties encountered by students and to hypothesize techniques that will optimize
the activity from the point of view of didactic effectiveness.

The experimental activities that we will present in the following chapters, in addition
to being aimed at illustrating the elementary physical phenomena necessary for understand-
ing the greenhouse effect, will be geared toward achieving some general learning goals
concerning the Physics laboratory, as reported in ref. [15]. In particular, in our sequence,
aimed at an introductory physics course, students going through the proposed experiments
work mainly on knowledge construction and modeling, while also engaging, at some point,
in data analysis and visualization.

In recent decades, the importance of models has been recognized in physics education,
and it represents the focus of the Modelling Instruction theoretical framework, which is
based on qualitative and quantitative model construction and testing ([40,41]). Modeling
is also an important part of the Investigative Science Learning Environment (ISLE) frame-
work [42]. An effective framework for describing experimental and lab activities is the
Modelling Framework for Experimental Physics [43], where the cyclic interaction between
models and measurement apparatus and the modeling of the measurement system is made
explicit. Given the objectives of our educational intervention, our activities are aimed
at helping students develop physical models that allow them to make predictions about
phenomena and compare these predictions with experimental data. While instrument
knowledge of the operation of the experimental apparatus is important, we will not bring
attention to modeling the experimental measurement apparatus. From a more pedagogical
perspective on how to organize lab activities to foster student learning, research in recent
years clearly indicates that traditional confirmation-type labs with tightly structured ex-
perimental procedures, in which the result to be obtained is known in advance, are not
effective [44]. The proposed activities can be classified as structured inquiry activities;
however, the students have a certain autonomy in investigating the phenomena since
the results of the experiment are not predetermined. When implementing the proposed
activities, we favored the use of devices such as smartphone sensors [45] whenever possible,
based on indications from previous research that this could improve interest, portability,
and motivation. Simulation environments such as PhET [46,47] were also used. Some
demonstration experiments were also proposed, limited to cases where it was deemed
essential to illustrate certain phenomena, but there was not enough equipment to allow
students to conduct the experiment in small groups independently.
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3. Climate Models and Key Physics Concepts

The presented activity centers on creating two separate and uncomplicated models of
Earth’s climate. Each model fundamentally integrates the principle of radiative equilibrium.
These models are designed to provide a clear and accessible understanding of how radiative
equilibrium influences Earth’s climate system, offering students a practical and theoretical
framework to explore these essential concepts in climate science.

The initial model, which is simpler and only considers the Earth and the Sun as the
main factors [48], predicts an equilibrium temperature of —18 °C, which is significantly
below the actual temperature. Despite the relatively low relative error of 10%, this tempera-
ture estimate is not compatible with the known existence of life on our planet. However,
this model fails to accurately account for Earth’s atmosphere, prompting the development
of a second model. The second model, which incorporates Earth’s atmosphere, provides a
much better estimation of temperature. While there are numerous additional refinements
that can be made to create more comprehensive and accurate models, such as accounting for
local variations, altitude dependence, convective heat transfer, and positive and negative
feedback, our focus in this section is on the simple Earth-atmosphere model, which allows
students to gain an adequate, if general, understanding of the subject. Therefore, we will
only present these two simple models in detail and focus our teaching intervention on facil-
itating the acquisition of the key concepts students need to learn to fully understand them.

3.1. A Brief History of the Climate Models

First, let us briefly sketch the history of climate modeling, focusing on the concepts and
models which are most important to us (see, e.g., [49,50], and references therein). The first
to describe the principle of radiative equilibrium and to recognize the warming effect of
the atmosphere due to IR absorption (and to introduce the misleading analogy with actual
greenhouses) was, in the 1820s, the French scientist Jean Baptiste Joseph Fourier—whose
fame is justly bound to the study of heat flows [51]. Starting from 1859, the Irishman John
Tyndall began to quantitatively study the absorption of IR radiation by different gases,
identifying the most effective ones, such as carbon dioxide, water vapor, and methane [52],
and crucially demonstrating that gases which can absorb IRs are also emitters. These
results prompted scientists to investigate the effect of the increase in the concentration of
greenhouse gases (GHGs) in the atmosphere. In particular, the Swedish chemist and Nobel
prize winner Svante Arrhenius, in a paper published in 1896 focusing right on (natural,
as opposed to human-induced) climate change, estimated how much the equilibrium
temperature of Earth would change as a consequence of the variation of the concentration
of carbon dioxide [53]. An important development took place in 1967, with the model
developed by the 2021 Nobel prize winner Shukurd Manabe, which was the first to explore
the relationship between radiation and the vertical transport of air masses due to convection
while also incorporating the latent heat of water vapor [54].

Manabe’s model confirmed the crucial role that carbon dioxide has in warming the
planet. It has been the basis of the more refined modern climatological models, which are
those currently used for the creation of future forecast scenarios.

3.2. The 0-Dimensional Radiative Energy Budget Model

The initial model focuses exclusively on the energy balance of the two bodies, the
Sun and Earth, considered as two ideal black bodies. In this case, the radiation emitted
by the Sun reaches Earth, which is assumed to be at a fixed distance equal to the average
annual Sun-Earth distance. For the conservation of energy, the power emitted by the Sun’s
surface must be equal to that which passes through a spherical surface of radius equal
to the average Sun—Earth distance. This condition makes it possible to calculate the solar
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constant, i.e., the average power of the Sun’s emitted energy per unit area that reaches
Earth (Figure 1).

B A58

Figure 1. The distribution of energy from the Sun to the Earth. This scheme can be used to calculate
the solar constant.

Using this calculated value and knowing Earth’s albedo, we can calculate Earth’s
average temperature for which radiative equilibrium is achieved, i.e., the temperature
that ensures that the solar radiation absorbed by Earth (which is largely visible due to the
Sun’s high surface temperature) is equal to that emitted by Earth (which instead emits in
the far IR, due to the much lower surface temperature). Therefore, assuming that Earth
behaves like an ideal black body, we estimate the surface temperature of Earth by using the
Stefan—Boltzmann law.

The Key Physics Concepts

The fundamental physical principles that underpin the model mentioned above and
that students must grasp to comprehend it are as follows. For each stage of the TLS, we
provide a summary of the relevant conceptual areas:

1. Electromagnetic (EM) spectrum: Knowing the range of the electromagnetic radiation
spectrum beyond visible light and being able to sort different types of radiation by
frequency and wavelength.

2. Radiation—-Matter interaction: Examining how electromagnetic radiation interacts
with matter, including phenomena like reflection, refraction, absorption, scattering,
and selective absorption.

3. Thermal radiation: studying the emission of electromagnetic radiation from hot
objects, such as the radiation from a filament bulb.

4. Energy balance: understanding the balance between the radiation incident on a body
and the radiation emitted, and then applying the concept to the Earth system.

5. Earth’s energy balance and GHE: exploring the role of greenhouse gases in trapping
heat and influencing Earth’s temperature.

Additionally, we specify the types of experiments to be conducted, whether they
involve meticulous measurements and data analysis (quantitative), qualitative observations,
or theoretical computations and modeling.

1. Visualization of continuous and discrete spectra using a low-cost diffraction grating
and smartphone camera to guide students to an understanding of the different spectral
bands and reflections regarding different radiation emission mechanisms.

2. Radiation-Matter interaction experiments (employing collimated beams and color fil-
ters): Both qualitative and quantitative experiments (Snell’s law) investigate Radiation—
Matter interaction phenomena like reflection, refraction, absorption, scattering, and
selective absorption.

3. The Stefan-Boltzmann law in thermal radiation: a quantitative experiment measur-
ing the temperature of a bulb to study thermal radiation.
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4. Observation of the emission spectrum of a filament lamp using the diffraction
grating and activity on the “Blackbody Spectrum”[46]. This activity is useful both for
visualizing Wien’s law and for investigating blackbody radiation as a whole.

5. Experiment with black and white discs: a quantitative experiment used to explain
radiative equilibria, stationary states, introduce the concept of albedo, and discuss the
mechanism of heat propagation.

6. Measurement of the power emitted by a light bulb through a quantitative experiment
introducing the concept of radiative equilibrium.

7.  Leaking bucket with one hole: a known demonstration to introduce the concept of
radiative equilibrium and stationary states.

8. Qualitative demonstration of Leslie cube with thermocouple and IR thermal camera:
needed to explain the concept of emissivity characterizing the Stefan-Boltzmann law
for gray bodies.

After conducting these experiments, students engage in a theoretical activity aimed at
constructing the first model for climate evaluation to assess the average surface temperature.

3.3. The 0-Dimensional Radiative Enerqy Budget Model Including Atmosphere

The simple model without an atmosphere, presented above, proves inadequate to
correctly estimate Earth’s temperature. In fact, it predicts an estimate of Earth’s average
temperature that is much lower than the measured one (255 K, compared with 288 K,
which is the current average value [55]). Hence, students are supported to reflect on the
importance of the role of the atmosphere, which had been neglected in the previous model
but which, in fact, plays an essential role because of the presence of the GHGs.

We, therefore, started from a simplified adaptation of the Manabe model (Figure 2,
adjusted from [20]) to construct the framework presented in reference [29,56]. This model
quantifies the interaction between the atmosphere and radiation from both the Sun and
Earth’s surface using two parameters, ay and ajr. In this context, the atmosphere is
treated as an ideal black body with a certain temperature, which emits radiation (mainly
in the far-IR) isotropically, both toward Earth and toward space. This model is one of the
so-called zero-dimensional models, as no local variations are considered for both Earth
and the atmosphere. Therefore, although this model remains greatly simplified, it does
indeed highlight the essential role of the atmosphere in Earth’s radiative budget and allows
students to make an adequate estimate of Earth’s mean surface temperature.

{}\r
by

Figure 2. The two-layer (Earth-atmosphere) model incorporates both the atmosphere and its interac-
tion with radiation. The radiation—-atmosphere interaction includes: a portion of radiation from the
Sun (considered visible), a portion of IR radiation emitted by the Earth’s surface and absorbed by the
atmosphere, radiation emitted in all directions by the atmosphere [29].



Sustainability 2025, 17, 5120

9 of 31

Key Physics Concepts

To grasp the function of the atmosphere within this new model, it is necessary to
understand some relevant phenomena that characterize the interaction between radiation
and matter in general and between radiation and the atmosphere in particular: selective
absorption and selective transparency. In particular, it is necessary to highlight phenomena
involving the interaction of infrared (IR) radiation with certain substances, a phenomenon
that may be unfamiliar to some students.

Furthermore, for this second model, specific types of experiments are outlined:

1. Demonstration using an IR camera to distinguish between visible and IR radiation.
Quantitative experiments and simulations concerning Beer’s law:

(a) Conduct an experiment to measure the transmittance as a function of thickness
by using many sheets of paper.

(b) Perform an experiment to determine the transmittance as a function of the
concentration of the absorber with a tray filled with dye.

(c) Analyse the transmittance for the various spectral components of radiation incident
through a liquid of different colours using light sources at certain wavelengths.

(d)  UseaPhET simulation [46] to explore Beer’s law by determining the transmit-
tance as the substance and solute concentration change.

3.  Exploring selective transparency with an infrared digital camera for glass, plastic,
and silicon wafers.

4. Using PhET simulations [46] to study the photon-molecule interaction, particularly
for certain gases relevant to the behavior of the atmosphere (GHG) at varying photon
energy, thus exploring the microscopic aspects of selective transparency.

5. Implementing a “leaking bucket with two holes” experiment to discuss changes in
the radiative equilibrium state.

After conducting these experiments, students participate in a theoretical activity aimed
at constructing a second model for climate evaluation that includes the atmosphere. The
goal of this activity is to assess the average surface temperature based on the knowledge
gained from the experiments and simulations.

4. The Experiments

Based on general didactic design principles and taking into account physical concepts
considered essential for understanding the greenhouse effect, the experimental activities
that characterize the learning pathway were designed. For each conceptual area, we
also present an overview of the challenges and misconceptions that are most commonly
detected among the students, a brief discussion of the background theory, the outcomes of
the measurements and the subsequent data analysis, and we discuss the enhancements in
the students” understanding of the relevant phenomenon, in relation to the learning goals.

4.1. Electromagnetic Spectrum and Infrared Radiation

The first experiments proposed to the students are aimed at helping them visualize
distinct segments of the EM spectrum and compare various sources of EM radiation. This
approach aims to enable the students to differentiate between the concepts of heat and
radiation and to grasp the concept that all objects emit thermal radiation. Through these
experiments, students will acquire a better insight into the fundamental principles of
thermal radiation and its relation to different objects and heat sources.
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4.1.1. Student Difficulties

A significant portion of the challenges students face when grappling with complex
phenomena like the GHE arises from their insufficient knowledge of the EM spectrum,
particularly in regard to radiation that is not visible, such as IR radiation. The lack of
understanding regarding this type of radiation can hinder their comprehension of the GHE
and its underlying mechanisms.

In this respect, we indeed found that, before the TLS, less than half of the students
(44%) were able to order the different electromagnetic spectrum according to increasing
frequency and mentioning all the different kinds of radiation, while one-third of them
(37%), while putting the sequence in the correct order, omitted some kinds of radiation
(10% omitted visible light, which on the other hand was the only radiation cited by 12% of
the students). Among the rest of the students, we found that 10% inverted the order of the
spectral bands, 6% did not follow a particular order, and 3% included non-electromagnetic
radiation like rays and cosmic rays in the list. Summing up, the answers we collected
denote an extensive challenge of linking each wavelength to its corresponding position
in the electromagnetic spectrum, while more than 19% of the students had difficulty in
identifying the portions of the spectrum themselves.

Regarding the students” understanding of IR radiation, it is evident that they often fail
to recognize that IR radiation is a mechanism for the emission of energy. Additionally, a
significant proportion of students (39%) do not believe that energy transfer from a hot body
through a vacuum is feasible. These misconceptions indicate a need for further clarification
and education on the concept of IR radiation and its role in energy transfer processes.

4.1.2. Background Theory

Radiation spectra emitted by different sources can be very different, and in fact, each
spectrum is a characteristic signature of the emitting source. Roughly speaking, spectra can
be classified into two broad categories, continuous (band) and line spectra, with the latter
mainly pertaining to dilute atomic gases, while the former are associated with molecules
and condensed matter systems. It is, of course, necessary to specify the frequencies of the
spectral bands or lines. For example, an LED, a light bulb with a “cold” filament, and a
light bulb with a “hot” filament all generate continuous spectra, which are, however, very
different from each other.

4.1.3. Experimental Setup

In all the experimental activities involved in the sequence, the students used a home-
made spectroscope for the visible spectrum and a thermal camera for the IR part, Figure 3.

The homemade spectroscope, which is described in refs. [57,58], is made of inexpen-
sive materials, i.e., black cardboard and an easily retrievable diffraction grating, and uses a
smartphone camera to take pictures. This allows the wavelengths and intensities of light to
be measured with high precision.

In analogy with the homemade spectroscope, an IR thermal camera can be attached to
a smartphone, allowing the device’s screen to display thermal images. With these simple
instruments, students were able to observe and confront the different sources [59,60].
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Figure 3. Pictures of several radiation sources, taken by the students using a homemade spectroscope
and IR thermal camera, are shown.

4.1.4. Students’ Understanding and Learning Goals

Regarding the EM spectrum, we found that, after the TLS, the fraction of students
capable of ordering spectral bands by increasing frequency, encompassing all types of
radiation, increased from 44% to 85%. The activity was, therefore, effective in improving
students” knowledge of the EM spectrum and in correctly placing the various wavelengths
within it.

In terms of their understanding of IR radiation, we observed that, after the activity,
most students consider the role of radiation in transferring energy from a hot body to a
vacuum, and only 7% of students fail to acknowledge radiation emission as a method of
energy transfer (compared to 39% in the pretest).

In this experiment, students were not required to perform quantitative data analysis.
Instead, the focus was on developing manual skills in constructing a simple instrument,
technical skills in using laboratory equipment, and technical knowledge in utilizing an IR
thermal camera.

4.2. The Stefan—Boltzmann Law

Following the discussion on how bodies emit EM radiation and that thermal radiation
is not always visible, attention was directed toward the concepts and laws governing
the temperature-dependent emission of radiation from a body, specifically the Stefan—
Boltzmann law, with a more quantitative analysis.

4.2.1. Student Difficulties

Previous studies on climate change, as highlighted by L. Jarrett [22], revealed that
students frequently do not fully grasp the concept of black-body radiation and, more often,
overlook that all objects emit thermal radiation, which varies with their temperature [18].
This observation was confirmed during interviews with students conducted before the
teaching intervention, as described earlier.
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4.2.2. Background Theory

Let us recall that, by definition, “a black body is an idealized system which is capable
of completely absorbing the incoming radiation, of any wavelength” [61]. The emission of
radiation by a black body at temperature T is described by the Planck distribution, accord-
ing to which the power emitted per unit surface per unit wavelength at the wavelength,
which is denoted by W(A, T), is given by the following;:

Wi,y = e 1
A erix — 1
where &1 is Planck constant (1 = 6.6 x 1073#]s), k is Boltzmann constant (k = 1.38 x 1072 JK™1),
and c is the speed of light in vacuum (c = 3 x 108 ms™1).
From Planck’s distribution, it is possible to derive two important consequences. The
first is the Stefan-Boltzmann law: the total power irradiated per unit area by a black body
at temperature T is proportional to the fourth power of the temperature:

W =oT*

where ¢ is the Stefan-Boltzmann constant (o = 5.67 x 1078 Wm ™2 K~#). The second is the
Wien displacement law: the wavelength corresponding to the maximal radiated power (i.e.,
the maximum value of W(A, T) at fixed T) is inversely proportional to the temperature:

AmaxT = 2.88 x 107°m K

This law, in particular, is the reason why objects, as the temperature grows, first emit mostly
in long wavelength bands, in particular in the IR, and only at higher temperatures do they
start emitting visible light (i.e., they become incandescent).

While the above-stated laws give a good qualitative account of the emissivity prop-
erties of real bodies, it is important to emphasize that the latter are not ideal black bodies
(sometimes one speaks of grey bodies), and they may be closer to or farther from the ideal
case in different regions of the spectrum. In general, a non-ideal body absorbs and emits
less radiation than an ideal black body at the same temperature. For what concerns us, this
is considered by introducing an emissivity coefficient € (whose value is less than 1) in the
Stefan-Boltzmann law:

W =eoT*

In general, thus, if the Stefan-Boltzmann law for the black body is employed to infer the
temperature of a body (as is done by IR thermometers and IR cameras), the result will be
lower than the actual one.

4.2.3. Experimental Setup
The experimental apparatus is reported in Figure 4.

1.  Measurements are performed employing a lamp constructed to work at a voltage of
12V, absorbing a power of 3 W. Included in the setup are a power supplier with ad-
justable output voltage and a voltage and current sensor manufactured by PASCO [62].

2. Bysimply putting a diffraction grating in front of the smartphone camera, it is possible
to capture the main features of the visible spectrum of the light bulb.

3. Since the glass of the bulb is not transparent to IR radiation, to explicitly see what
happens before a body becomes incandescent with the IR camera, we substituted the
bulb with a graphite pencil lead (this is the same setup used above to demonstrate
how thermal radiation is often invisible).
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4.  Emissivity and the emissivity coefficient are discussed using the Leslie cube (Figure 5),
which is an aluminum cube heated up by a light bulb put inside it, whose four lateral
faces are finished differently to have different emissivities [62].

Figure 4. The setup for the experiment includes an incandescent light bulb, a PASCO voltage-current
sensor [62], and a DC power supply.

Figure 5. Leslie cube makes it possible to measure the emissivity of different surfaces placed at the same
temperature. In fact, the different faces of the cube have significantly different emissivity characteristics.

4.2.4. Results of the Measurements and Data Analysis

You can determine the temperature of a tungsten filament based on electric current
measurements [63—-66]. By knowing the experimental ratio of resistances (%) for each
current value, students can estimate the filament’s temperature with about 10% accuracy.
The filament acts as a resistor heated by the Joule effect [67,68], allowing students to analyze
how absorbed power (calculated from voltage and current measurements) relates to the
estimated resistance. Data collected by students, shown in Figure 6, align well with the
Stefan-Boltzmann law. They fitted the data using a power law function (J(T) = T"), with
an estimated exponent (n = 4.2 £0.1).
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Figure 6. The relationship between electric power from the Joule effect and the extrapolated tempera-
ture from resistivity demonstrates a strong alignment with the Stefan-Boltzmann law.
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4.2.5. Students’ Understanding and Learning Goals

After this step of the sequence, we observed that the percentage of students who refer
implicitly or explicitly to radiative phenomena related to temperature increased from 35%
to 72%.

In this activity, the student skills involved are the ability to take measurements with the
experimental apparatus and analyze the data to determine the mathematical relationship
between quantities. This same activity also allows students to observe that the resistance
of the bulb in series with the variable DC power supply is not constant but increases
as the potential difference and temperature increase. In the part involving the use of
the infrared camera (graphite lead, Leslie cube), students worked on the design phase
of the experimental apparatus to optimize measurements and further develop technical
laboratory skills.

4.3. Radiation—Matter Interaction

The role of the atmosphere within simplified climate models is to absorb radiation
at some wavelengths and transmit it at others. To present this mechanism, we propose
some experiments showing the behavior of different materials when interacting with
electromagnetic radiation belonging to different parts of the spectrum.

4.3.1. Student Difficulties

Before conducting the experiments, students were asked to make predictions about
the behavior of a beam of light traveling through a container filled with liquid. While
students demonstrated a good understanding of reflection and refraction phenomena, they
tended to overlook the concepts of light absorption and scattering. Specifically, 82% of
the students mentioned refraction, and 52% mentioned reflection, with some accurately
referencing quantitative laws such as the Snell law. However, only a small percentage of
students, 5% and 4% respectively, mentioned absorption and scattering, and no student
listed all four phenomena.

Another question asked the students to explain what transparency means for a ma-
terial. Only 13% of the students indicated that transparency is a property dependent on
wavelength, demonstrating an understanding that transparency can be selective. Approxi-
mately 58% of the students perceived transparency as an absolute phenomenon, assuming
that if a material is transparent, it remains so for any kind of electromagnetic radiation.
Moreover, 20% of the students specifically associated transparency with “seeing through a
body”, which indicated that they were considering only visible radiation.

4.3.2. Background Theory

When a beam of monochromatic electromagnetic radiation with an initial intensity Iy
passes through a material over a distance x, its intensity diminishes exponentially. This
phenomenon is described by Beer—Lambert law, expressed as follows:

X

I(x) = Ipe™ " = Jpe ™

Here, I(x) represents the intensity of the light beam after traveling a distance x within
the material. The term a, is a wavelength-dependent absorption coefficient, which also
depends on the material and the concentration c of the absorbing substance. The parameter
I is known as the mean free path, while T(x,A) = %}‘) is called transmittance of the material.
The dependence of the absorptivity on the wavelength of the incident radiation, which
is, in fact, quite strong, is usually called “selective transmission”. It is the consequence of
the fact that the way radiation interacts with an object is dependent on the frequency and

nature of the microscopic component of the object.
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A similar pattern is observed when light passes through multiple layers of a material
with equal thickness. In this scenario, the light’s intensity is reduced by an amount that
depends on the thickness of the material traversed. Assuming that the effects of multiple
reflections within the layers can be ignored [69], the transmission for a specific wavelength
of light as a function of the number of layers n follows a law similar to the one above:

Ty = Toe ™" =T}

where we assume Tp = 1 and T; = e™* represents the transmission of a single layer.

This law holds for all kinds of electromagnetic radiation and hence for IR and visible
light in particular. Of course, the sources and the absorbers are different in the two cases (a
light bulb and paper sheets for the latter, a heated foil and plastic sheets for the former).

4.3.3. Qualitative Experiments

The first activity we propose to the students demonstrates the main phenomena of
geometric optics: a brush of white light passes through a container filled with water
(Figure 7, left), enabling students to witness various essential phenomena of light-matter
interaction, including scattering, refraction, reflection, and absorption.

The second activity employs an infrared camera, which demonstrates the distinct be-
havior of certain bodies when interacting with visible light or infrared radiation. For

example, the transparency properties of a silicon wafer and a glass plate are shown
(Figure 7, right).

Figure 7. On the left: reflection, refraction, and transmission of a light beam were observed using a
rectangular plastic container filled with water. On the right: an infrared image of a student holding a
silicon wafer in their hands.

4.3.4. Quantitative Experiments
This activity comprises three planned experiments:

1. The first experiment uses a visible light source and a light sensor to measure how
the intensity of transmitted light depends on the thickness of the material passed
through. We used a table lamp as the source, a smartphone as the sensor, and several
overlapping sheets of paper as the material. To control the ambient light sensor of the
smartphone, we used the Physics Toolbox app [70] (Figure 8, left).

2. The second activity reproduces the previous one but with an IR radiation source. In
this case, the black face of a Leslie cube constitutes our source, a smartphone equipped
with an IR camera, our intensity sensor, and some plastic sheets replace the sheets of
paper. IR images are obtained by adding one plastic sheet at a time in front of the face
of the cube and capturing images using the IR thermal camera.
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3. The third experiment aims to measure how the intensity of transmitted light depends
on the nature of the material passed through, the color of the incident radiation, and
the concentration of an absorber in solution. The source consists of an LED torch, and
three colored filters are used to produce monochromatic light. A smartphone is used as
a sensor. A plastic cube containing water is gradually infused with food coloring, drop
by drop, as shown in Figure 8 (right). Initially, the light intensity is measured using
the smartphone’s ambient light sensor without any filters. Subsequently, three colored
filters are placed in front of the light source, one at a time. The dye concentration is
then incrementally increased by adding one drop at a time, with measurements taken
at each step. This entire procedure is repeated ten times.

Figure 8. On the left: the desk lamp and the smartphone are positioned less than 10 cm apart, with
sheets of paper added one by one above the sensor. On the right: the setup for studying Beer’s law of
transmittance versus concentration includes a torch with a color filter, a plastic container filled with
water, and a smartphone’s ambient light sensor to measure light intensity. Drops of color dye are
gradually added to the water.

4.3.5. Students” Understanding and Learning Goals

Following these lab activities and repeating the test, the percentages of students
mentioning the various phenomena increased as follows:

*  Students mentioning reflection: from 52% to 97%;

*  Students mentioning refraction: from 82% to 89%;

*  Students mentioning absorption: from 5% to 90%;

*  Students mentioning scattering: from 4% to 68%;

e  Students mentioning all four phenomena: from 0% to 61%.

Regarding the concept of transparency, there was a notable shift in student responses.
The number of students who remarked on selectivity raised significantly (from 13% to
85%), indicating a better understanding that transparency is a wavelength-dependent
property. Conversely, the number of students who perceived transparency as an absolute
phenomenon diminished (from 58% to 15%), indicating a reduced belief that transparency
applies uniformly to all kinds of electromagnetic radiation. No students associated trans-
parency with the idea of "seeing through a body" (they constituted the 20% before).

It is worth dwelling on the improvements shown by the students after this activity to
emphasize how effective the use of the IR thermal camera is. The surprised reactions of
the students when they were able to literally “see objects with different eyes”, while not
quantifiable, were evident (Figure 7).

During these lab activities, the student skills involved are the ability to take measure-
ments with the various experimental apparatus and analyze the data appropriately to
determine the mathematical relationship between quantities. They also have to learn to
minimize experimental uncertainties and identify the assumptions made in the mathemati-
cal model.
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4.4. Radiative Equilibrium

The final phase of the investigation involves examining the concepts of energy balance
and radiative equilibrium. The fundamental concept is that, for a body exposed to EM
radiation, the final steady-state in which the temperature remains constant does not corre-
spond to a state of thermal equilibrium between the body and the source but to a condition
of dynamic equilibrium where the amount of energy entering a system is balanced by the
amount of energy leaving it.

4.4.1. Student Difficulties

Previous research has revealed that a significant portion of students attribute the
temperature reached by an object exposed to radiation solely to its heat capacity, while only
about a third of the students consider the color of the object as a fundamental factor.

When we requested students to forecast the outcome for two identical objects, differing
solely in color (one white and one black), when exposed to sunlight, over 80% accurately
predicted that both objects would reach a constant equilibrium temperature, with the black
object having a higher temperature. However, some students also mentioned ideas such as
the existence of a limiting temperature or the possibility of reaching the fusion temperature
(especially if the objects were metallic) in their explanations. Regarding the difference
between the two objects, students correctly identified that it lies in their distinct abilities to
reflect and absorb radiation.

Despite this understanding in specific contexts, the idea of radiative balance is not
consistently evident in students” answers. In particular, the drawings produced by the
students before starting the course, stimulated by the request to represent the Greenhouse
effect based on their prior knowledge, were analyzed.

4.4.2. Background Theory

In Figure 9, the approach to radiative equilibrium by an object exposed to radiation
of constant intensity is represented. If the object is modeled as a gray body, the stationary
temperature can be computed using the Stefan-Boltzmann law, taking into account the
albedo a (i.e., the fraction of radiation that is reflected back by the body) and the emissivity &:

4/S(1—a)

S(1—a)=¢esT* — T=
&0

where S is the power per surface unit that reaches the body.
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Figure 9. On the left: radiative balance. Yellow arrows denote the intensity of the radiation coming

Time

from the lamp (which is kept constant), and red arrows denote the intensity of the radiation emitted
from the plate (which depends on the temperature). T; indicates the temperatures of the plate, with
Ty > T, > T3, in particular T3 is the stationary temperature reached by the plate. On the right:
radiative balance that includes the albedo and the emissivity to explain the different behavior of the
black and white plates.
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4.4.3. Experimental Setup

We use an incandescent lamp and two aluminum discs colored white and black,
respectively. The aluminum discs are in contact with two digital thermometers (or two tem-
perature sensors) and are placed symmetrically under the lamp as shown in Figure 10. The
students take the temperatures measured by the two thermometers as a function of time
with the lamp switched on until the temperature appears approximately constant. Then,
the lamp is switched off, and the students measure the cooling curve of the aluminum discs
in the environment.

The same experiment can be performed outdoors, measuring the temperature of the
discs exposed to the Sun as a function of time: in this way, students can measure the

solar constant.

Figure 10. The experimental setup includes thermometers in contact with both the blackened and
whitened discs resting on an insulating material.
4.4.4. Experimental Results and Data Analysis

Typical experiment results obtained by the students are shown in Figure 11. The
estimate of the bulb power is usually in reasonably good agreement with the nominal
power (so is the estimate of the solar constant).
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Figure 11. Students’ recorded data using a stopwatch and a thermometer, and processed using
spreadsheet software (Microsoft Excel).
4.4.5. Students” Understanding and Learning Goals

The concept of radiative balance was not used by students before following the TLS
activities either to explain the greenhouse effect or to justify reaching a limiting temperature
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for a body exposed to radiation. However, by the end of the TLS, most students had
appropriated this concept and used it both to justify the behavior of bodies exposed to
radiation (around 70% of students) and as a mechanism for Earth’s greenhouse effect to
work (around 90% of students). Furthermore, unlike before the teaching intervention, the
majority of students (around 80%) appropriated the Earth-atmosphere model proposed in
Figure 2 and used it to represent the mechanisms underlying the greenhouse effect.

Also, in these lab activities, the student skills involved are the ability to take mea-
surements with the various experimental apparatus and analyze the data appropriately to
evaluate their own hypotheses.

5. Results of the Tests

After studying the physical basis of the greenhouse effect in depth, models describing
the Earth-atmosphere system and the representations in which energy flows in a steady
state, as characterized by climatological measurements, are usually depicted (see Figure 12).

‘/\ _-)-.’% ALﬁEO;A.THoS'?c'DA

N
I

Figure 12. Sketch of the energy fluxes constructed collectively as a result of the discussion during the
experimentation of the activity.

Observe that this model may be considered as a “two-component model” since it
involves Earth and the atmosphere, each of which reflects and emits (and in the case of the
atmosphere, also transmits and absorbs) radiation, as in the models discussed in Section 3.

Students” Drawings and Conceptual Understanding

At the beginning and end of the TLS, students were asked to illustrate and explain
Earth’s greenhouse effect. Figure 13 shows some examples of drawings made at the
beginning of the TLS. In these representations, the pre-didactic concepts commonly found
in the literature are manifested. These concepts form the basis for the most common
explanations of the GHE, as reported in the literature [71]:

e Trapping;

¢ Multiple reflections;

*  The presence of a defined layer of greenhouse gases (or occasionally dust) acting as a
physical barrier;

*  Analogy with an agricultural greenhouse.

From the explanations of the GHE that accompanied the drawings, we could infer
that more than half of the students (56%) think that the GHE is due to repeated reflections
between Earth’s surface and the atmosphere of the solar radiation, which is therefore
trapped. Moreover, 26% of the students only refer to reflection without explicitly referring
to trapping. Only a small fraction of students (about 10%) identify a correspondence
between the energy of radiation and its color (typically representing solar radiation in
yellow and terrestrial radiation in red) or its wavelength (representing waves with different
wavelengths for solar radiation and terrestrial radiation). We also noticed that 11% of the



Sustainability 2025, 17, 5120

20 of 31

students do not link the GHE with any physical phenomena but use ideas such as the
carbon cycle and the depletion of the ozone layer.
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Figure 13. A selection of the students” drawings before the TLS: (a) Reflection and refraction; (b) The
student wrote: “GHGs retain some of the heat from the sun’s rays that are reflected back from Earth causing
global warming”; (c) Inadequate analogy of using an actual greenhouse for picturing the natural GHE;
(d) The student wrote: “GHGs prevent solar radiation from leaving the Earth. This results in more
energy being absorbed, increasing the Earth’s temperature”.

The analysis of the students” drawings at the end of the TLS (reported in Figure 14)
allows one to understand how much the students understood the models of the GHE
and how effective the activity was, also considering the complexity of the model and
the presence of formal elements. The students described the GHE in an original way,
reproducing the phenomenological model of the energy fluxes and of the balance, i.e., the
two-component model (see Figure 2). Students demonstrate confidence in providing quali-
tative explanations, and a substantial number of them also incorporate quantitative models
and formulas, with the Stefan-Boltzmann law being predominantly utilized. Furthermore,
approximately 25% of the students refer to some of the conducted experiments.
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Figure 14. A selection of the students’ drawings after the TLS: (a) Qualitative drawing including
absorption and emission by the atmosphere, there is distinction between light and infrared; (b) Quali-
tative drawing that includes reflection in addition to absorption and emission by the atmosphere,
there is distinction between light and infrared; (c¢) Quantitative scheme including formulas and
references to models shown during the TLS, there is distinction between light and infrared.
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A positive result of the TLS is that the ideas that emerged during the pretest relating
to capture and the analogy with an agricultural greenhouse disappeared from the students’
representations at the end of the course.

6. Discussion

This study centers on climate education (CE), defined as a comprehensive educa-
tional framework aimed at enhancing students’ understanding of the climate issue and
fostering societal efforts toward both mitigation and adaptation. CE endeavors to equip
students with the scientific knowledge, skills, values, and reflective attitudes necessary
to comprehend and effectively address the multifaceted climate crisis. This encompasses
not only scientific awareness, including risk perception and mechanistic understanding,
but also crucial psychological and behavioral factors such as anxiety, engagement, and
pro-environmental action.

Drawing upon the existing literature, key objectives of CE include empowering learn-
ers to take informed action on climate change at individual and collective levels, both
locally and globally [9]. Furthermore, CE aims to cultivate critical thinking skills, enabling
students to approach information, including misinformation, with discernment and con-
scious evaluation [10]. It also emphasizes the development of students’ capacity to form
conscious, critically reflected, and well-reasoned opinions and judgments.

The design of an educative curriculum for climate change education in this study
incorporates five relevant steps: engaging students with specific scientific phenomena and
instructional representations; anticipating and addressing students’ preconceptions; foster-
ing questioning and data analysis; promoting evidence-based explanations and scientific
communication; and ultimately developing their subject matter knowledge about climate
change. While these steps initially prioritize scientific understanding, the pedagogical
approach explicitly integrates reflections on psychological and social dimensions. This
is achieved through activities such as utilizing the Cranky Uncle game [72] to counter
misinformation, prompting students to analyze climate change denial mechanisms [73],
encouraging reflection on psychological barriers to action [27], examining energy pro-
duction and consumption through ecological footprint calculation, investigating future
climate scenarios, for instance, using the En-ROADS simulator [74], and engaging with
the ClimarisQ [75] game to understand climate system complexity and the urgency of
collective action.

Consequently, the analysis of the intervention’s effectiveness is structured along
two distinct pathways: one focusing on the comprehension of disciplinary (scientific)
aspects and the other examining the impact on psychological and social dimensions.

6.1. Disciplinary Aspects

From a discipline-specific education perspective, the findings of this study provide
a detailed account of the experimental teaching sequence’s effectiveness in enhancing
students” understanding of the fundamental physical processes governing the GHE and the
underlying scientific principles of climate change. The science education community widely
acknowledges the inherent difficulty students face with certain scientific concepts due to
the counter-intuitive nature of the associated scientific reasoning [76-78]. Prior research
highlights that processes involving the interaction of matter and radiation particularly fall
into this challenging category [79,80]. Consequently, effective teaching and learning of
scientific explanations for climate necessitate a focus on developing reasoning skills related
to these core scientific concepts and principles.

The quantitative analysis of pre- and post-test data discussed above revealed sig-
nificant improvements across several conceptual domains. Notably, a marked increase
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was observed in students” comprehension of the electromagnetic spectrum, indicating
the experimental activities effectively addressed prior gaps in their understanding of the
nature and classification of various forms of electromagnetic radiation. Furthermore, the
study documented a significant positive shift in students’” conceptualization of infrared
radiation. This outcome strongly suggests that direct engagement with tools such as an IR
thermal camera played a crucial role in enabling students to grasp the radiative nature of
heat and its involvement in energy exchange processes. These findings are consistent with
conceptual difficulties reported in the existing literature concerning the understanding of
the GHE and related radiative phenomena [21-24].

Moreover, the learning pathway proved effective in fostering a more robust under-
standing of the overall mechanism underpinning the GHE. Consistent with Besson’s
findings [18], the results suggest that upon completion of the sequence, students were
more likely to consider the infrared emission of bodies within the energy budget, recognize
that transparency to electromagnetic radiation is contingent on both the material and the
radiation’s frequency, avoid the misconception of “trapping solar radiation” in their expla-
nations of the greenhouse effect, and acknowledge the active role of the Earth in exchanging
infrared radiation. The results also demonstrate an improvement compared to Moggio’s
findings [19], which highlighted students’ difficulties in discussing selective transparency
due to a lack of understanding of electromagnetic spectrum properties and their struggles
with the concept of heat, often failing to differentiate between heat and radiation. Further-
more, the study shows progress compared to Besson regarding the prevalence of analogies
with agricultural greenhouses in students’ explanations [18].

6.1.1. Inquiry-Based Learning, Critical Thinking, and Metacognition

Our TLS is distinguished by its adoption of active teaching methodologies, aligning
with the principles of active learning and Inquiry-Based Learning (IBL). The engagement
in hands-on experimental activities and the utilization of tools such as the self-constructed
spectrometer and PhET simulations were instrumental in enabling students to construct
mental models of physical phenomena, formulate testable hypotheses, and experimentally
verify them. This approach fostered a more meaningful and enduring learning experience,
simultaneously stimulating critical thinking skills and enhancing scientific literacy [81].

Furthermore, the experimental activity provided a valuable and explicit opportunity
for students to develop awareness regarding their own learning processes. The inherent
necessity to interpret experimental data, rigorously compare it with theoretical predic-
tions derived from scientific principles and engage in critical discussions of the resulting
outcomes actively encouraged reflection on the cognitive strategies they employed. This
process facilitated the identification of existing misconceptions and promoted the self-
regulation of their learning. This metacognitive dimension holds particular salience within
the context of sustainability education, where the cultivation of critical thinking and au-
tonomous learning skills is paramount for effectively addressing the inherently complex
challenges posed by climate change and for promoting active and informed engagement
toward a sustainable future [38].

Metacognition, defined as the capacity to reflect upon the reliability and potential
fallibility of one’s own knowledge and deeply held beliefs, plays a crucial role in navigating
intricate global issues. In such domains, deeply ingrained and often polarized beliefs can
significantly impede the establishment of common ground, thereby hindering the effective
resolution of global problems. Indeed, metacognition emerges as a crucial instrument
for effectively confronting these overarching global challenges. Enhancing awareness
of the inherent limitations of one’s own knowledge base has the potential to mitigate
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polarization, foster more constructive and evidence-based debates, and ultimately promote
more informed and rational decision-making processes [82].

A central aspect connecting metacognition to the learning process is the explicit consid-
eration of experimental uncertainty, a concept of paramount relevance within the domain
of climate science. A heightened awareness of this critical aspect is actively fostered by
the experimental activities strategically integrated within the proposed learning sequence
and further stimulated through explicit reflection on the fundamental aspects of scientific
knowledge construction. Through this deliberate reflection on the inherent uncertainty
within scientific inquiry, students developed a robust awareness of the terms underpinning
trust in science, grounded in its methodological approach: “an aspect fundamental to the
scientific process: it is not based on faith or dogma, but on continuous self-correction. The reason
why we can trust science lies in the fact that nothing is ever accepted as absolute, but every theory
is subjected to rigorous verification. Science evolves precisely because it is willing to question
itself, abandoning theories that do not stand the test of facts”. Students further emphasized
the importance of understanding the underlying mechanisms of scientific research: “it
is necessary that every student, as a future citizen and active member of society, is aware of how
research and the scientific process work, especially considering a widespread thought today according
to which science is democratic, based on opinions and ‘hearsay’, without feeling the need to report
data, studies, and reliable sources. It is therefore important that the student, in addition to what
science teaches, knows how science works, so that they can become a conscious and responsible
citizen”. From this perspective, both the inquiry-based learning activities and the explicit
reflection on the nature of science proved to be fundamentally important.

Developing metacognitive self-awareness directly helps in drawing evidence-based
and, therefore, justified conclusions. In this way, metacognition also influences how one acts.
For example, an individual’s confidence level significantly guides information organization
strategies: individuals tend to seek information that aligns with their previous choices as
their confidence in those decisions increases. This cognitive bias can potentially undermine
confidence in accurate knowledge and/or reinforce confidence in inaccurate knowledge.
Recent studies show how this issue is very relevant in the context of understanding climate
change: citizens often lack confidence in accurate knowledge about climate change and,
conversely, show a certain inclination to trust inaccurate knowledge [82].

6.1.2. Difficulties for Students in Experimental Activities

Inquiry-Based Learning is a fundamental pedagogical strategy for engaging students
in scientific learning [81] as it allows for the development of an in-depth understanding
of scientific concepts, inquiry methods, and the nature of scientific knowledge [83]. IBL is
defined through three key dimensions [84]: the conceptual domain, including declarative
knowledge of facts, theories, and scientific principles; the epistemic domain, which concerns
the understanding of how scientific knowledge is generated; and the procedural domain,
which refers to the knowledge of practices and methods used in scientific inquiry [85].
Spanning these three domains, the experimental process is a problem-solving process
that follows the hypothetico-deductive method and is structured in several phases [86],
each of which involves some difficulties for students: formulation of research questions
(e.g., difficulty in formulating causal research questions); generation of hypotheses (e.g.,
difficulty in distinguishing between hypotheses and predictions); planning and conducting
the experiment (e.g., difficulty in conducting experiments independently or coordinating
theory and evidence); data analysis and formulation of conclusions (e.g., difficulty in
generalizing, or in identifying errors).

In this TLS, an attempt was made to address the main difficulties perceived by stu-
dents in the experimental activity through a structured inquiry approach by guiding the
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proposed activities in the different phases while trying to maintain the level of student
engagement and participation as high as possible. In particular, each activity is introduced
by guiding students to reflect on the hypotheses, objectives, and methods of carrying out
the experiment; at the conclusion of each activity, students are supported to extrapolate and
generalize the results deducible from the observations, aiding in the process of abstraction
and connection with the theory.

6.2. Individual Internalization of Sustainability

From a broader sustainability education perspective, Lozano [87] highlights the ne-
cessity of congruence between informational, emotional, and behavioral attitudes for
individual internalization of sustainability. While education is crucial for fostering a sus-
tainable mindset [88], it does not always directly impact attitudes [89]. This underscores the
need for integrated educational models like CARE-KNOW-DO [90], combining knowledge,
empathy, and action to prepare students for a sustainable future, as knowledge underpins
acceptance of political measures and evidence-based decisions.

The psychology of learning about climate change plays a central role, and it explores
psychological factors influencing engagement in climate activism and how learning and mo-
tivation can promote pro-environmental behaviors. This interdisciplinary field integrates
psychology, environmental education, and social sciences to develop effective approaches
for climate awareness and action, examining how emotions, beliefs, and cognitive processes
shape our understanding and response to climate change.

6.2.1. Psychology in Climate Change Education

The psychology behind climate education recognizes that knowledge is fundamen-
tal for the acceptance of policy measures, democratic participation, and evidence-based
decision-making. However, knowledge alone is insufficient, as confidence in one’s answers
is often inversely proportional to their correctness, highlighting the risks of overconfi-
dence [9]. The combination of partial knowledge and misplaced confidence can distort
the perception of reality and compromise decision-making. To mitigate this problem,
physics education in schools must address the causes and consequences of climate change
in order to build a more solid foundation for the decision-making process. Engagement
with climate change is conceptualized through two interconnected perspectives: personal
engagement and civic engagement. Personal engagement implies “a personal state of
connection with the issue of climate change” that “encompasses cognitive, affective, and
behavioral aspects” [91], which from a psychological perspective “involves what people
think, feel and do about climate change: it is typically associated with knowledge, aware-
ness and perceptions of climate change, with related attitudes, emotions and values, and
with behaviors that cause or help to mitigate it” [92]. Civic engagement, on the other
hand, refers to the active participation of citizens in the collective resolution of problems,
policy-making, deliberation, and dialogue [91,93]. In this light, the literature in climate
psychology identifies several psychological factors that dispose people to engage in collec-
tive climate action [27], among which we find affective engagement, which includes risk
perception, emotional responses, self-efficacy (an individual’s confidence in their ability to
effect changes through personal actions) and collective efficacy (the perception of society’s
ability to tackle climate change). Furthermore, research suggests that metacognition, or
the ability to understand the reliability and limitations of one’s own knowledge, plays a
crucial role in how individuals form beliefs, process information, and make decisions in
politically controversial contexts. In particular, the ability to recognize one’s own errors
can reduce the polarization of opinions [82]. Intellectual humility is seen as a cognitive
virtue that promotes the pursuit of truth, compromise, and the reduction of polarization.
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Metacognitive ability, or the capacity for introspection on one’s own performance, is crucial
for intellectual humility. People with greater intellectual humility are more capable of dis-
tinguishing correct interpretations from incorrect ones and of calibrating their confidence
based on the accuracy of their interpretations [82]. Moreover, the role of metacognition is
fundamental in the search for information to evaluate ambiguous news. Subjective confi-
dence in a news item is a determining factor in the decision to seek further information:
the lower the confidence, the greater the desire to investigate further. News characteristics
such as inaccuracy and the tendency to polarize opinions can lead to incorrect evaluations,
highlighting individuals” vulnerability to ambiguity [94].

6.2.2. Activities Devoted to Overcome Psychological Obstacles

To address psychological barriers, an explicit and reflective approach was imple-
mented to stimulate students” metacognition regarding the psychological factors that
impede climate action. Thus, concurrently with the construction of scientific knowledge,
which aligns with informational attitudes, we explicitly and reflectively presented stu-
dents with psychological factors, as identified by Castiglione et al. [27], including affective
engagement (i.e., anxiety, sense of threat, worry, and concern about the environment
and ecological extinction), worldviews (i.e., egalitarian [95], nature-loving [96], and anti-
consumerist beliefs [97]), collective efficacy (i.e., the perception that the actions of one’s
group can have an impact), and social norms (i.e., the perceived approval of one’s en-
gagement in activism from people in one’s social circle [98]). Throughout the learning
sequence, beyond the overview of these psychological aspects, specific activities were also
integrated to strengthen certain factors. These included enhancing affective engagement by
illustrating the dramatic impacts of climate change (e.g., the melting of Alpine glaciers in
the students’ local area), reinforcing collective efficacy by presenting examples of successful
movements, and promoting self-efficacy through reflective exercises.

6.2.3. Some Results from Our Students

Delving deeper into the psychological aspect of climate education, an analysis of the
responses to the interviews conducted with a small group of our students reveals some
interesting trends. Their opinions show a certain awareness of the limits of science and
its evolving nature while still maintaining trust in the scientific method and scientists.
Expectedly, it emerges that understanding scientific theories is associated with greater trust
in science. Regarding climate change, the majority of students recognize the necessity of
reducing consumption, although they express skepticism about the collective willingness to
implement such change. Almost all perceive the broad scientific agreement on the existence
and anthropogenic origin of climate change.

Comparing these initial observations with those that emerged by interviewing students
in lower grades, a greater trust in science is noted among university students. Younger
students, while believing in the scientific method, tend to view scientists as more influenced
by external factors. Furthermore, they show less awareness of human responsibility in
climate change and the scientific consensus on the issue. However, the relationship between
understanding and trust appears similar across different educational levels.

In conclusion, the activities proposed in the TLS promote students’” awareness, but
knowledge of the mechanisms alone does not suffice to stimulate a robust change in
attitudes or behaviors. Indeed, our students demonstrate a high level of awareness, as
one student articulated: “how human behaviors (political decisions, economic choices, individual
changes) influence the climate and are difficult to predict. Climate models, in fact, can provide
future forecasts. . . ; however, what the future scenario will be depends largely on human decisions.
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Therefore, understanding the uncertainty related to human behavior is fundamental to making less
uncertain predictions about the future of the climate”.

6.3. Denialism and Misinformation

The convergence of partial knowledge and misplaced confidence can significantly
distort perceptions of reality and precipitate poor decision-making. To effectively mitigate
this critical issue, physics education must directly address the fundamental causes and
far-reaching consequences of climate change, thereby establishing a more informed and
robust foundation for subsequent decision-making [9]. Accomplishing this necessitates
actively grappling with the pervasive issue of misinformation and directly counteracting
both traditional and contemporary forms of climate change denial, as well as the erosion
of trust in established scientific understanding. In the TLS presented within this work,
the experimental activities meticulously designed to elucidate the fundamental physico-
chemical mechanisms underlying the GHE and the phenomenon of global warming were
strategically complemented by carefully crafted activities specifically aimed at fostering a
deeper understanding of misinformation mechanisms and promoting critical reflection on
the multifaceted nature of denialism. This reflection encompassed both its well-established
historical characteristics (often termed “old denialism”) and its more recent and evolving
manifestations (referred to as “new denialism”), partly spurred by significant advancements
and shifts within the field of communication.

Throughout the proposed learning pathway, students actively engage with the Cranky
Uncle game, which strategically employs cartoons and critical thinking exercises as effective
tools to directly counter misinformation. Furthermore, they are intentionally prompted to
critically confront the underlying mechanisms that drive both traditional and contemporary
manifestations of climate change denial. In particular, students critically reflected upon two
key assertions that frequently characterize the new denial: namely, the claim that solutions
to climate change are either ineffective or detrimental to economic stability and the assertion
that climate science and the broader climate movement are inherently unreliable due to
purportedly uncertain predictions. In direct contrast to these denialist positions, students
at the conclusion of the learning pathway articulated a robust trust in the scientific process,
explicitly grounding this trust in the inherent self-correcting nature of science: “science
makes no claim to infallibility; in fact, its value lies not in being absolute and immutable, but in
its capacity for self-correction”, and “scientific knowledge is provisional; we must not convey the
idea that science is weak, but rather that science is stronger than other forms of knowledge precisely
because it is capable of questioning itself!”

Regarding the uncertainty often highlighted by deniers, one student insightfully stated:
“we know with certainty that the increase in CO; concentration in the atmosphere is causing the
increase in the Earth’s average temperature. Therefore, uncertainty in climate models is not an
excuse for inaction: we know the risk exists, and we must address it. Uncertainty is inherent in
complex phenomena and systems and in scientific research itself; it is a component that scientists
constantly deal with. If we followed the belief: “action cannot be taken until knowledge is complete’,
there would be no scientific research and, consequently, no progress”.

Addressing the economic concerns raised by denialist viewpoints and political stances,
one student astutely wrote: “We have satellite images, past and present temperature records, as
well as direct evidence every day. There is no correlation between the fight against global warming
and the competitiveness of the world economy. On the contrary, the effects of climate change could
have very negative impacts on the global economy. Some are already being seen; just think of the
damage caused by extreme events. Focusing on renewable energy could also lead to economic growth
in various sectors such as wind power, solar energy, and sustainable mobility”. Another student
offered a critical perspective on certain political views: “Science is not based on popular
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consensus; it is not democratic. Scientific theories are based on objective data and evidence, not on
subjective opinions. .. Some politicians seem unaware of how scientific knowledge is constructed and
what the fundamental aspects of scientific research are. Scientific experiments must be reproducible
and falsifiable, so that in light of new data, a theory can be modified or replaced. In this sense, 'science
does not trust itself.” We must trust science precisely because of its continuous evolution and the
fact that it is not imposed by someone but built through collaboration and continuous comparison
with empirical data”.

7. Conclusions

In this paper, we have presented an experiment-based teaching-learning sequence
aimed at familiarizing undergraduate students with a simplified model of Earth’s climate.
The model encompasses the key physical elements and principles of the greenhouse effect,
which guide students to gain a thorough understanding of its mechanisms. This knowledge
is crucial for any STEM student today, particularly considering that many students often
bring pre-instructional misconceptions related to these topics as they begin their under-
graduate studies. While the TLS has currently been proposed for physics and mathematics
students, it also holds potential applicability for other disciplines.

A secondary objective of the sequence is to enhance students’ confidence in conducting
laboratory experiments that involve both quantitative and qualitative approaches along
with data analysis. The gathered results thus far are encouraging, particularly because a
significant number of students commence their undergraduate studies with pre-existing
difficulties related to these topics. The results show that the students” understanding of
the fundamental aspects, the mechanisms involved, and the overall functioning of the
Greenhouse Effect was greatly enhanced by the educational intervention. Following the
TLS, a majority of students appear to have overcome their difficulties and have achieved a
good level of understanding.
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