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1. Introduction

Climate change is an increasingly pressing global challenge in the 21st century.
The rise in greenhouse gas concentrations, increasing global temperatures, melting
polar ice, and the more frequent occurrence of extreme climate disasters are tangible
evidence of the environmental crisis facing humanity. The impacts of climate change
extend across various sectors of life, from environmental degradation of ecosystems
and the threat of crop failure in agriculture to the worsening public health due to the
spread of tropical diseases, and disruptions in the economy and socio-culture. This
situation affirms that climate change cannot be viewed as a mere environmental issue
but as a multidimensional problem requiring a comprehensive approach (Bandh et
al., 2021). In the context of mitigation and adaptation, the availability of accurate
predictive data is a primary necessity. Without scientifically-based predictions, public
policies formulated risk being off-target, thereby reducing the effectiveness of
efforts to reduce the impact of climate change.

Predictive data not only guides the formulation of mitigation strategies but
also serves as the basis for developing adaptation scenarios for communities,
industries, and governments (Zhou et al., 2019). Therefore, the development of
quantitative approaches to understand the complex climate system is a crucial
foundation for decision-making. Mathematical modeling serves as a key instrument
in the effort to understand the dynamics of the global climate. These models are
used to quantify phenomena, simulate the interaction of climate variables, and
predict future climate change patterns. One of the most widely used models is the

Global Climate Models (GCMs), which are three-dimensional computer models that
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simulate the interaction of the atmosphere, oceans, land, and ice. GCMs are an
important instrument in climate studies because they can produce long-term
projections related to changes in temperature, precipitation, and other extreme
conditions.

On the other hand, there are also simpler Energy Balance Models (EBMs),
which focus on the balance between incoming solar energy and outgoing energy
from the earth. Although simple, EBMs still play an important role in understanding
the thermal balance of the climate system (Bayona et al., 2018). However, the role
of mathematical modeling is not limited to scientific research. In the realm of
education, mathematical modeling can be used as an effective learning strategy. By
exposing students to complex real-world problems, such as climate change, teachers
can develop students' critical thinking, problem-solving skills, and scientific literacy.
This aligns with the demands of 21st-century education, which emphasizes higher-
order thinking competencies and the connection between knowledge and real-life
phenomena. Thus, mathematical modeling has a dual role: first, as a scientific tool
for predicting climate phenomena, and second, as a pedagogical method for shaping
students' character and competence.

Nevertheless, the challenges of implementing mathematical modeling in
education cannot be ignored. The reality on the ground shows that there are still
obstacles, including limited laboratory facilities, the readiness of teachers to integrate
innovative models, and curriculum limitations that do not yet fully support a real-
world problem-based approach. This situation calls for more systematic educational

innovation, including the development of learning tools, teacher training, and
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consistent educational policy support. Against this backdrop, this study aims to
analyze the role of mathematical modeling in climate change prediction and its
implications for the field of education. This article emphasizes the importance of
integrating scientific and pedagogical approaches so that mathematical modeling can
be optimally utilized both in scientific research and in increasing the scientific literacy

of the younger generation.

2. Literature Review

2.1. Mathematical Modeling in Climate Studies

Mathematical modeling has become a primary instrument for understanding
the highly complex dynamics of the global climate (Eikenberry & Gumel, 2018).
With the help of modeling, scientists can translate complex physical phenomena into
mathematical representations that are easier to analyze. One of the most prominent
models is the Global Climate Models (GCMs) (Raju & Kumar, 2020). These models
are developed with a very high level of complexity because they must be able to
describe the interaction between the atmosphere, oceans, land, and ice layers
simultaneously. GCMs function to simulate past climate conditions, project the
present state, and at the same time, estimate various possible future scenarios.
Various variables, including human activities such as increased carbon emissions,
land-use change, and deforestation, can be incorporated into GCMs to see their
impact on the global climate system.

On the other hand, there are Energy Balance Models (EBMs) that offer a
simpler yet still fundamental approach (Hall, 2017). EBMs focus on the principle of
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energy balance, namely how the solar energy entering the earth must be balanced
with the energy radiated back into space. Through this framework, EBMs help
explain the basic concepts of the earth's temperature stability, global warming, and
energy changes in the climate system. Although simpler, EBMs have an important
role as a conceptual basis that can support the understanding of more complex
models. The presence of GCMs and EBMs shows that mathematical modeling has
a broad spectrum: from simple models to explain general principles, to
comprehensive models used in international research and the formulation of global

policies related to climate mitigation and adaptation.

2.2. Character Mathematical Modeling in Education

In the modern education world, mathematical modeling serves not only as an
analytical tool but also as an important means to bridge the gap between abstract
theory and concrete reality. Through this approach, mathematical concepts that
initially feel rigid and difficult to understand can be presented more tangibly through
everyday phenomena, including global issues like climate change (Cai & Leikin,
2020). Various educational studies show that learning based on mathematical
modeling has a significant impact on increasing scientific literacy, honing problem-
solving skills, and fostering students' critical thinking skills. In other words, modeling
activities help students develop cognitive competencies while also raising awareness
of the increasingly urgent environmental problems.

When teachers use the phenomenon of climate change as a learning context,
mathematics is no longer a separate discipline, but is present in a relevant,

applicative, and meaningful way in students' real lives. For example, calculations
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regarding carbon emissions, projections of temperature increases, and analysis of
weather data can be used as teaching materials that combine aspects of science and
mathematics. However, the implementation of this strategy still faces various
obstacles. These challenges include the limited infrastructure in schools, the low
readiness of some teachers to master innovative approaches, and a curriculum that
is not yet fully flexible to accommodate cross-disciplinary integration (Downie et al.
2021). This situation emphasizes that pedagogical innovation is very much needed.
Mathematical modeling must be placed as an integral part of the learning strategy to
support the development of 2lst-century skills while preparing the younger

generation to face global challenges.

3. Methods

This study uses a Systematic Literature Review (SLR) approach as the main
method to collect, analyze, and synthesize various relevant literature on
mathematical modeling in the context of climate change and its application in
education. SLR was chosen because it has the advantage of presenting a
comprehensive and holistic overview of the researched issue while avoiding bias that
might arise from relying on limited sources. This approach allows researchers to
identify patterns, gaps, and trends in previous research, thereby enabling a more
systematic and in-depth analysis. The SLR implementation stages begin with the
formulation of research questions that are the main focus of the study: how does
mathematical modeling play a role in understanding climate dynamics and how can

this modeling be integrated into learning strategies? After that, a structured literature
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search process is carried out through various credible academic databases, including
reputable international journals, conference proceedings, research reports, and
relevant academic books. The selection of literature is carried out by paying attention
to the established inclusion and exclusion criteria, for example, a direct connection
to the topic of climate, mathematical modeling, science education, or pedagogical
integration.

After the literature is collected, the next process is to perform content analysis
and filtering to ensure that the sources used are truly relevant and have scientific
validity. Data from each piece of literature is then extracted, recorded, and compared
to find similarities, differences, and important findings that support this research.
Synthesis is carried out narratively by grouping the findings based on major themes,
such as the role of climate models in predicting environmental change, the use of
models in education, and the challenges of implementing modeling-based learning.
Through the application of SLR, this research not only describes previous findings
but also seeks to present a broader understanding of the contribution of
mathematical modeling in bridging scientific and educational issues. Thus, this
method can provide a strong conceptual foundation while also offering new

directions for future research and learning practices.

4. Results and Discussion

Mathematical modeling has developed into a primary instrument for
understanding and predicting the dynamics of global climate change. This

development has not only made a significant contribution in the scientific realm but
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also presents a great opportunity in the world of education (Meadows, 2020). By
integrating mathematical modeling into learning, students not only learn abstract
concepts but also are able to see the direct connection between mathematics and the
real phenomena that occur around them. Therefore, the results of this discussion
emphasize two important aspects the role of mathematical modeling in climate
studies, and its contribution to education.

A scientific perspective, mathematical modeling is the foundation for various
climate-related studies. One of the most influential models is the Global Climate
Models (GCMs). This model has the ability to project long-term climate change by
considering various interacting physical, chemical, and biological variables. GCMs
operate by using complex partial differential equations to represent energy flow,
greenhouse gas exchange, atmospheric circulation, and ocean dynamics. By using
this model, scientists can project global temperature increases, changes in
precipitation, and increasingly intense tropical storm patterns. The findings from
GCMs have a significant influence on global policy, including the reports of the
Intergovernmental Panel on Climate Change (IPCC) which are a reference for
countries in formulating mitigation strategies (Ahmadi & Azizzadeh, 2020).

However, the complexity of GCMs also presents challenges. The high level
of detail often makes this model difficult for the general public or even for most
teachers at the school level to understand. Therefore, simpler models like Energy
Balance Models (EBMs) become an alternative for understanding the basic
principles of climate. EBMs only focus on the balance between incoming energy

from solar radiation and outgoing energy from the earth. Although simple, this
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model can explain how a small change in greenhouse gas concentration can cause a
significant shift in the global average temperature. In the context of education,
EBMs can be used to introduce students to the basic concepts of climate change
with a more digestible quantitative approach.

In addition to GCMs and EBMs, the development of computing technology
has also led to the emergence of various data-based models that utilize artificial
intelligence algorithms (Tripathi et al., 2021). For example, machine learning is used
to analyze satellite data, predict extreme weather patterns, or detect changes in land
cover due to deforestation. This Al-based modeling further expands the horizons of
climate research, providing faster predictions with a wide data scope. Nevertheless,
the challenges of transparency and accuracy remain a major issue, because Al-based
models often function as a "black box" that is difficult to explain mathematically.
Second, from an educational perspective, mathematical modeling can be used as a
pedagogical tool that strengthens students' scientific literacy and critical thinking
skills. The use of real phenomena such as climate change in mathematics learning is
able to bridge the gap between abstract theory and daily life. For example, when
students are asked to calculate projected temperature increases based on carbon
emission data, they not only learn linear or exponential equations but also
understand the real implications of these calculations for the environment and
people's lives. Thus, mathematics is no longer seen as a dry discipline but as a tool
to understand and respond to global challenges.

Various studies have proven the effectiveness of modeling-based learning.

Students who are taught with this approach show a significant increase in problem-
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solving skills, analytical abilities, and a deeper understanding of mathematical
concepts. In addition, student engagement also increases because they feel the topics
being studied are relevant to the global issues they hear about in the mass media. In
the context of the national curriculum, the integration of mathematical modeling in
climate change issues is in line with the Merdeka Belajar paradigm which emphasizes
learning based on real-world problem-solving (Yuhastina et al., 2020). However, the
implementation of mathematical modeling in education is not free from obstacles.
One of the biggest obstacles is the limited resources, both in terms of facilities and
teacher competency. Not all schools have access to adequate modeling software or
climate data. In fact, some teachers still have difficulty connecting mathematical
material with complex environmental issues. This shows the need for intensive
training for teachers to improve their climate literacy, as well as equip them with the
skills to use modeling in learning. In addition, curriculum support is also important
so that mathematical modeling does not only become an additional discourse but is
truly integrated into the learning structure.

The next discussion highlights the reciprocal relationship between science and
public policy. The predictions produced by mathematical modeling are not only
useful for scientists but also for decision-makers. For example, sea-level rise
projections produced by GCMs are the basis for coastal local governments to
formulate adaptation strategies, such as building seawalls or relocating residents.
Thus, mathematical modeling serves as a bridge between science and policy. On the
other hand, modeling-based education shapes a younger generation that is more

sensitive to environmental issues, so that in the future they can actively participate
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in decision-making based on scientific data. The integration of mathematical
modeling into education also has moral and ethical implications. When students are
invited to understand the impact of human activities on the climate through
mathematical simulations, they not only gain knowledge but also build ecological
awareness (Gurblz & Calik, 2021). This type of education has the potential to
produce a generation that is more responsible for the environment, one that is able
to balance development needs with ecosystem sustainability. In this case,
mathematical modeling is not just a cognitive tool but also an instrument for
character building (Verschaffel et al., 2020).

Furthermore, the use of digital technology in modeling opens up great
opportunities for learning innovation. Interactive platforms, computer-based
simulations, and open-source applications allow students to experiment directly with
climate variables. For example, simple applications allow students to change carbon
emission parameters and immediately see the impact on global temperature
projections. This activity not only increases student engagement but also provides a
more meaningful exploration-based learning experience. Even so, a realistic
implementation strategy is needed so that mathematical modeling is truly useful in
the Indonesian educational context. As a first step, teachers can use simple models
like EBM to introduce basic concepts. Furthermore, technology integration can be
carried out gradually according to the availability of facilities. Collaboration between
schools, universities, and research institutions can also be a solution in providing
access to data and modeling tools. In this way, resource limitations can be overcome

through cross-institutional cooperation.
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Given the results of the discussion above, it is clear that mathematical
modeling has a significant dual contribution. On the one hand, it functions as a
scientific instrument that provides accurate projections of climate change. On the
other hand, it also serves as a pedagogical strategy that can improve the quality of
education. The existing challenges are indeed not small, especially related to limited
facilities, teacher readiness, and policy support. However, with a shared commitment
from the government, educational institutions, and the community, mathematical
modeling can be optimized to address the challenges of climate change while

increasing the scientific literacy of the younger generation.

5. Conclusion

Climate change is a global issue that requires an integrated scientific and
educational approach. Mathematical modeling, both through complex models like
Global Climate Models (GCMs) and simpler models like Energy Balance Models
(EBMs), has been proven to make a great contribution to predicting climate
dynamics. With modeling, scientists can understand the interaction patterns of the
climate system, project long-term impacts, and provide relevant data for
policymakers. This contribution makes modeling a key instrument in climate change
mitigation and adaptation. In the realm of education, mathematical modeling serves
as an effective pedagogical tool to increase students' scientific literacy, critical
thinking, and problem-solving skills. By connecting mathematical concepts with real
issues like climate change, students can more easily understand the relevance of the

knowledge they are learning to their daily lives.
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Furthermore, this approach has the potential to foster ecological awareness
and a sense of responsibility towards the environment. Nevertheless,
implementation challenges remain, ranging from limited facilities and teacher
readiness to curriculum limitations. Therefore, an integrative strategy is needed that
involves policy support, pedagogical innovation, and cross-institutional
collaboration. In this way, mathematical modeling can serve a dual function:
strengthening scientific capacity in facing climate change while building a younger

generation that is more aware and resilient to global environmental challenges.
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