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Abstract. 

The physics of climate change revolves around the complex 

interactions between the Earth's energy balance, atmospheric 

processes, and human activities. Earth’s energy balance is 

primarily determined by the absorption of solar radiation and 

the emission of infrared radiation back into space. This article 

provides an overview of the physical principles governing the 

Earth's energy balance and its role in climate change. It 

focuses on how changes in greenhouse gas concentrations, 

aerosol levels, and land-use practices influence the planet's 

energy budget. Various climate models are discussed to 

demonstrate how these factors affect the global climate system. 

Through these models, we examine predictions of future 

climate scenarios and the implications for policy and global 

sustainability.
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INTRODUCTION 

Overview of Earth's Energy Balance 

Earth’s energy balance refers to the equilibrium between the incoming energy from the Sun and 

the outgoing energy emitted by the Earth. This balance is essential in determining the planet's 

climate and maintaining temperatures conducive to life. The Sun’s energy primarily reaches the 

Earth as solar radiation, which is absorbed, reflected, and emitted by the Earth’s surface, 

atmosphere, and clouds. The Earth’s energy budget consists of several key processes: 

• Solar Radiation: The Sun radiates energy in the form of visible light, ultraviolet (UV) 

light, and infrared (IR) radiation. Approximately 30% of this solar radiation is reflected 

back into space by clouds, atmospheric particles, and Earth's surface (particularly snow 

and ice), while the remaining 70% is absorbed by the Earth’s surface and atmosphere. 

• Absorption: The Earth’s surface and atmosphere absorb solar radiation, which warms the 

planet. This absorbed energy is primarily re-radiated as infrared radiation (heat), warming 

the atmosphere and the land. 

http://fsrma.org.hostajournal.com/index.php/FSRMA/index
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• Infrared Radiation: The Earth then radiates energy back into space as infrared radiation. 

Some of this outgoing infrared radiation is absorbed and re-emitted by greenhouse gases 

(GHGs) in the atmosphere, trapping heat in a natural process known as the greenhouse 

effect. This effect is critical for sustaining life on Earth by maintaining a temperature 

range within which ecosystems thrive. 

The balance between these processes—absorption, reflection, and emission—determines the 

Earth’s climate and is constantly in flux due to both natural and anthropogenic factors. 

Importance in Understanding Climate Change 

The Earth's energy balance plays a crucial role in understanding climate change, as it directly 

governs temperature fluctuations and the overall climate system. Any disturbance to this delicate 

balance can lead to significant shifts in global temperature patterns, weather systems, and climate 

conditions. Understanding how Earth's energy budget works is essential for: 

• Predicting Future Climate Trends: The basic physics of Earth's energy balance 

underpins climate models, which are used to predict future climate scenarios. For 

example, increasing concentrations of greenhouse gases, like carbon dioxide (CO₂) and 

methane (CH₄), result in enhanced greenhouse effects, leading to more heat being trapped 

in the atmosphere. This results in an increase in global temperatures, a phenomenon 

known as global warming. 

• Assessing the Impact of Human Activities: Human actions, such as burning fossil fuels, 

deforestation, and industrial activities, have increased the concentration of greenhouse 

gases in the atmosphere. This alteration of the energy balance is a primary driver of 

modern climate change. By understanding how human activities impact the energy 

budget, scientists can evaluate the effectiveness of mitigation strategies, such as reducing 

emissions or transitioning to renewable energy sources. 

• Guiding Mitigation and Adaptation Strategies: By comprehending the drivers behind 

energy imbalances, policymakers and environmentalists can design interventions to either 

mitigate the impacts of climate change or adapt to the changes that are already occurring. 

Reducing emissions, promoting sustainable energy practices, and enhancing carbon 

sequestration are some of the critical strategies. 

Understanding Earth's energy balance is fundamental not only for predicting and explaining 

climate change but also for developing effective strategies to combat and adapt to the challenges 

posed by a changing climate. 

2. The Earth’s Energy Budget 

The Earth's energy budget is fundamentally driven by the interactions between solar radiation 

and the Earth's surface and atmosphere. These interactions govern the distribution of energy 

across the planet and are key to understanding the dynamics of Earth's climate system. 
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Solar Radiation and Its Interaction with Earth's Surface 

Solar radiation is the primary source of energy that drives the Earth's climate system. It is 

emitted by the Sun in the form of electromagnetic radiation across a broad spectrum, including 

visible light, ultraviolet (UV) light, and infrared (IR) radiation. When this energy reaches Earth, 

several processes influence how it is absorbed, reflected, or transmitted. The solar radiation 

interacts with the Earth’s surface and atmosphere in the following ways: 

• Direct Absorption by Earth's Surface: About 47% of the solar radiation that reaches 

Earth is absorbed by the planet's surface, including land, water, and ice. Different 

surfaces absorb solar energy at varying rates. For instance, dark-colored surfaces (like 

forests or oceans) absorb more energy than light-colored surfaces (like snow or ice). This 

absorbed energy raises the temperature of the surface, which then heats the surrounding 

air and water bodies. 

• Absorption by the Atmosphere: The remaining solar radiation is absorbed by the 

atmosphere, particularly by gases like ozone, water vapor, and carbon dioxide. Some of 

this energy is also absorbed by clouds and aerosols present in the atmosphere. The 

atmosphere re-emits some of this absorbed radiation, contributing to warming near the 

Earth’s surface. 

• Transmission to the Surface: In some instances, solar radiation can pass through the 

atmosphere without being absorbed. For example, sunlight can penetrate clear air and 

reach the surface. However, a portion of the radiation is scattered by air molecules and 

particles. 

Reflection and Absorption Processes 

Once solar radiation reaches the Earth's surface and atmosphere, part of it is reflected back into 

space, while the rest is absorbed by the Earth. These processes play a crucial role in the planet’s 

overall energy balance: 

• Reflection of Solar Radiation: Approximately 30% of the incoming solar radiation is 

reflected back into space. This is mainly due to: 

o Clouds: Clouds reflect a significant portion of solar radiation. The higher the 

cloud cover, the more sunlight is reflected. 

o Surface Albedo: Albedo refers to the reflectivity of a surface. Surfaces like ice 

and snow, which are highly reflective, return a substantial portion of solar 

radiation back into space. In contrast, darker surfaces, such as oceans and forests, 

have lower albedo and absorb more radiation. 

o Aerosols: Particles suspended in the atmosphere, such as dust and pollution, can 

scatter solar radiation back into space, further contributing to the reflective 

process. 

• Absorption by Earth's Surface: The remaining solar radiation (roughly 70%) is 

absorbed by Earth’s surface. This energy is crucial for heating the planet, warming both 

the atmosphere and oceans. The absorption process varies based on geographical location 

(latitude), time of year, and local surface characteristics: 

o Land Absorption: Land surfaces, such as deserts or forests, absorb more solar 

energy and heat up more quickly than oceans or ice-covered regions. 
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o Ocean Absorption: Oceans absorb large amounts of solar energy, and their heat 

capacity is much higher than that of land. Water has the ability to store heat over 

time, contributing to global temperature regulation. 

• Surface Interaction with Atmospheric Energy: The Earth’s surface also influences the 

absorption of energy by the atmosphere. For instance, when the surface is heated, it emits 

infrared radiation, which is partially absorbed by greenhouse gases in the atmosphere. 

This creates the greenhouse effect, where heat is trapped within the system, raising global 

temperatures. 

The Earth's energy budget is the result of intricate interactions between solar radiation, the 

surface, and the atmosphere. The combination of absorption, reflection, and the role of different 

surface types and atmospheric conditions dictates how energy is distributed across the planet, 

affecting weather patterns, climate, and long-term changes in global temperatures. 

 

Graph 1: Earth's Energy Budget 

A chart illustrating the percentage of solar energy that is absorbed, reflected, and emitted by the 

Earth’s surface and atmosphere. 

3. Greenhouse Effect and Radiative Forcing 

The greenhouse effect and radiative forcing are fundamental concepts in understanding climate 

change. They describe the processes by which certain gases in Earth's atmosphere trap heat and 

influence global temperatures. 

Role of Greenhouse Gases (GHGs) 

Greenhouse gases (GHGs) play a central role in the Earth's energy balance by trapping heat 

within the atmosphere. These gases allow incoming solar radiation (short-wave radiation) to pass 

through, but they absorb and re-emit outgoing infrared radiation (long-wave radiation) from 
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Earth's surface. This process prevents some of the heat from escaping into space, effectively 

warming the planet. The major greenhouse gases responsible for this effect include: 

• Carbon Dioxide (CO₂): The most significant greenhouse gas, contributing 

approximately 76% to global warming. It is produced primarily from the burning of fossil 

fuels, deforestation, and land-use changes. CO₂ has a long atmospheric lifetime, which 

means it can remain in the atmosphere for decades or even centuries, making it a key 

driver of long-term climate change. 

• Methane (CH₄): Methane is a potent greenhouse gas, contributing around 16% to global 

warming. Although it is less abundant than CO₂, it is much more effective at trapping 

heat (its global warming potential is about 25 times greater than CO₂ over a 100-year 

period). Methane emissions primarily result from agricultural activities (especially 

livestock), the decay of organic waste in landfills, and the extraction of fossil fuels (oil 

and natural gas). 

• Nitrous Oxide (N₂O): Contributing about 6% to global warming, N₂O is produced from 

agricultural practices, industrial activities, and the burning of fossil fuels. It has a global 

warming potential about 298 times that of CO₂ over a 100-year period, though it is less 

abundant. 

• Chlorofluorocarbons (CFCs): These are synthetic compounds used in refrigeration, air 

conditioning, and aerosol propellants. While their concentration in the atmosphere is 

lower compared to CO₂, methane, or N₂O, they are extremely potent greenhouse gases. 

CFCs have a global warming potential thousands of times greater than CO₂, but they are 

being phased out due to their role in ozone depletion. 

• Water Vapor (H₂O): Although water vapor is the most abundant greenhouse gas, it is 

not directly influenced by human activities. Instead, water vapor concentrations respond 

to changes in temperature. As the atmosphere warms, more water evaporates, which in 

turn increases the amount of water vapor, further amplifying the greenhouse effect 

through a positive feedback loop. 

Radiative Forcing Mechanisms 

Radiative forcing refers to the change in the balance between incoming solar radiation and 

outgoing infrared radiation caused by factors such as changes in greenhouse gas concentrations, 

aerosols, and solar activity. Radiative forcing quantifies the degree to which a factor influences 

the energy balance of the Earth's atmosphere. Positive radiative forcing leads to warming, while 

negative radiative forcing leads to cooling. 

Key radiative forcing mechanisms include: 

• Positive Radiative Forcing: When the concentration of greenhouse gases increases, 

more infrared radiation is absorbed and re-emitted by the atmosphere, trapping more heat 

and increasing global temperatures. This is known as positive radiative forcing, which is 

the primary mechanism driving global warming. 

o CO₂ and Methane: Increased levels of CO₂ and methane enhance the greenhouse 

effect by absorbing and re-emitting long-wave radiation more efficiently. 
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o Water Vapor Feedback: As the Earth's surface warms due to increased 

greenhouse gas concentrations, more water evaporates, leading to higher levels of 

water vapor in the atmosphere, which further intensifies warming. 

• Negative Radiative Forcing: Some factors contribute to a cooling effect by reflecting 

sunlight back into space, thus reducing the amount of solar radiation absorbed by the 

Earth. 

o Aerosols: Fine particles suspended in the atmosphere, such as sulfates from 

volcanic eruptions or pollution, can scatter sunlight and reflect it away from 

Earth, leading to a cooling effect. These aerosols have a negative radiative 

forcing, offsetting some of the warming caused by greenhouse gases. 

o Clouds: Depending on their type, cloud cover can either have a warming or 

cooling effect. Low, thick clouds tend to reflect more sunlight, resulting in 

negative radiative forcing (cooling), while high, thin clouds trap more heat, 

contributing to positive radiative forcing (warming). 

• Solar Radiation: Changes in solar radiation can also affect Earth’s energy balance. A 

decrease in solar output, known as solar dimming, can cause negative radiative forcing 

(cooling), while an increase in solar radiation can contribute to positive radiative forcing 

and warming. 

Greenhouse gases are essential for maintaining Earth's temperature by trapping heat through the 

greenhouse effect, and their increasing concentrations lead to positive radiative forcing, which 

drives global warming. Meanwhile, other factors like aerosols and clouds can influence the 

Earth's radiative balance, either amplifying or mitigating the effects of greenhouse gases. 

 

Chart 1: Greenhouse Gas Contributions to Climate Change 

A bar chart depicting the relative contributions of different greenhouse gases (CO₂, CH₄, N₂O, 

etc.) to global warming. 
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4. Modeling Climate Change 

Modeling climate change involves using mathematical and computational tools to simulate the 

interactions within the Earth’s climate system. These models help scientists understand the 

potential impacts of various factors, such as greenhouse gas emissions, land use changes, and 

natural processes, on global climate patterns. Two key types of climate models are Energy 

Balance Models (EBMs) and General Circulation Models (GCMs). 

Energy Balance Models (EBMs) 

Energy Balance Models (EBMs) are relatively simple models used to understand the Earth's 

climate system by focusing on the global energy budget. They represent the basic physical 

principles of energy input (solar radiation) and output (long-wave radiation) from the Earth’s 

surface and atmosphere. EBMs are useful for long-term climate projections, particularly in terms 

of temperature changes due to variations in solar radiation, greenhouse gas concentrations, and 

other factors that affect the energy balance. 

• Basic Principles of EBMs: EBMs calculate the global average temperature of the Earth 

by balancing incoming solar radiation with outgoing infrared radiation. These models 

assume that the Earth behaves as a thermodynamic system that absorbs, reflects, and 

emits energy in a straightforward manner. They consider both the radiative forcing of 

greenhouse gases and the feedback mechanisms that influence the Earth's temperature, 

such as the water vapor feedback. 

• Strengths: 

o Simplicity: EBMs are computationally less demanding than more complex 

models, making them useful for long-term projections and sensitivity analyses. 

o Global Focus: These models provide a good approximation of global temperature 

changes and can simulate scenarios such as doubling CO₂ concentrations or 

changes in solar radiation. 

• Limitations: 

o Lack of Detail: EBMs are unable to capture the complexities of the climate 

system, such as regional variations in climate, weather patterns, or ocean 

circulation. They assume that the Earth behaves as a single uniform surface, 

which limits their ability to provide high-resolution climate projections. 

o Simplified Assumptions: EBMs typically neglect or oversimplify dynamic 

processes such as cloud formation, atmospheric circulation, and ocean currents. 

• Applications: EBMs are commonly used for: 

o Estimating long-term temperature changes under different greenhouse gas 

emission scenarios. 

o Evaluating radiative forcing and the effectiveness of various climate 

interventions (e.g., carbon sequestration, renewable energy). 

General Circulation Models (GCMs) 

General Circulation Models (GCMs) are much more complex and sophisticated tools used to 

simulate the Earth’s climate system, including atmospheric, oceanic, and land processes. GCMs 

divide the Earth's atmosphere and oceans into a three-dimensional grid, with each grid cell 
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representing a region of the atmosphere or ocean. These models simulate the physical and 

chemical processes that govern climate dynamics and interactions between different components 

of the Earth system. 

• Basic Principles of GCMs: GCMs are based on the fundamental equations of fluid 

dynamics and thermodynamics. These models simulate the movement of air and water in 

the atmosphere and oceans, energy exchange between different layers of the atmosphere, 

and interactions between land, oceans, and ice. They include detailed representations of: 

o Atmospheric Circulation: GCMs simulate the global wind patterns, including 

the trade winds, westerlies, and polar easterlies. 

o Ocean Currents: The models also simulate ocean circulation, including major 

currents like the Gulf Stream, which plays a significant role in climate regulation. 

o Radiative Transfer: The interaction of solar radiation with the Earth’s 

atmosphere and the impact of greenhouse gases on radiation balance are modeled 

in high detail. 

o Cloud and Precipitation Dynamics: GCMs simulate cloud formation, rainfall, 

and other weather patterns that are essential for understanding regional climate 

behavior. 

• Strengths: 

o High Resolution: GCMs offer high-resolution simulations that can capture 

regional variations in temperature, precipitation, and other climate factors. This 

allows them to generate more accurate predictions for specific regions or sectors, 

such as agriculture or water resources. 

o Comprehensive: GCMs simulate a wide range of physical processes, making 

them highly suitable for studying climate feedbacks, extreme weather events, and 

long-term climate projections. 

o Incorporation of Human Factors: Modern GCMs can integrate scenarios of 

human activities, such as changes in greenhouse gas emissions, land use, and 

deforestation. 

• Limitations: 

o Computationally Intensive: GCMs require significant computational resources 

and time to run, especially at high resolution. Simulations can take hours or even 

days to complete on powerful supercomputers. 

o Uncertainty in Predictions: Despite their complexity, GCMs still contain 

uncertainties due to incomplete knowledge about certain climate processes, such 

as cloud dynamics and ice sheet behavior. These uncertainties can affect the 

accuracy of predictions, especially in regions far from the model's training data. 

• Applications: GCMs are essential for: 

o Predicting climate change impacts at local, regional, and global scales, such as 

temperature trends, precipitation patterns, and sea-level rise. 

o Evaluating policy scenarios: GCMs are used to test the impacts of different 

mitigation and adaptation strategies under varying emissions scenarios, helping 

policymakers make informed decisions about climate change. 

o Studying extreme events: GCMs allow scientists to simulate the occurrence and 

intensity of extreme events, such as heatwaves, hurricanes, and droughts, under 

different climate change scenarios. 
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Comparing EBMs and GCMs 

Aspect Energy Balance Models 

(EBMs) 

General Circulation Models (GCMs) 

Complexity Simple and computationally 

efficient 

Complex and computationally intensive 

Resolution Global average temperature Regional climate patterns, high resolution 

Focus Long-term global temperature 

change 

Detailed climate dynamics and regional 

projections 

Use Broad climate trend analysis In-depth climate scenario projections, including 

extreme events 

Limitations Lacks regional detail, simplified 

physics 

High computational cost, uncertainty in some 

processes 

Energy Balance Models (EBMs) provide a straightforward, computationally efficient approach 

to understanding the Earth’s long-term temperature response to changes in greenhouse gases. 

General Circulation Models (GCMs) are much more detailed and versatile, capable of 

simulating the entire climate system with high spatial resolution. Both models are essential tools 

for understanding climate change, each serving a specific purpose depending on the scale and 

detail required for the analysis. 

 

Graph 2: Projected Global Temperature Anomalies 

A line graph showing the historical and projected global temperature changes under different 

emissions scenarios (RCP2.6, RCP4.5, and RCP8.5). 

5. Impact of Climate Change on Earth’s Energy Balance 

As global temperatures rise due to climate change, several key factors alter the Earth’s energy 

balance. These changes affect the distribution of energy across the planet, leading to feedback 

loops that further amplify warming or, in some cases, introduce cooling effects. The primary 
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ways in which climate change impacts Earth's energy balance include reduced ice and snow 

cover, ocean warming, and changes in cloud cover. 

Reduced Ice and Snow Cover 

Ice and snow play a crucial role in Earth's energy balance through their high albedo 

(reflectivity), which reflects a significant portion of incoming solar radiation back into space. 

However, as global temperatures rise, ice and snow begin to melt, leading to a reduction in 

Earth's albedo. This effect creates a positive feedback loop, where: 

• Albedo Decreases: As ice and snow melt, they expose darker surfaces beneath, such as 

water, soil, or rock, which have much lower albedo than ice or snow. Darker surfaces 

absorb more solar radiation rather than reflecting it, leading to further warming. 

• Increased Absorption of Solar Radiation: With less ice and snow, more solar radiation 

is absorbed by the Earth's surface, further raising global temperatures and accelerating ice 

melt. This amplifies the overall warming effect and disrupts regional and global climate 

systems. 

• Impact on Polar Regions: The most pronounced effects are seen in the polar regions, 

where ice loss significantly alters the local climate and ecosystem. In the Arctic, for 

instance, the Arctic Amplification effect results in faster warming compared to lower 

latitudes due to the loss of ice and the change in energy absorption. 

Ocean Warming 

Oceans act as a heat sink, absorbing about 90% of the excess heat generated by global warming. 

As the Earth's atmosphere warms, the oceans absorb this heat, leading to a rise in ocean 

temperatures. The warming of oceans has several significant consequences for Earth's energy 

balance: 

• Increased Heat Absorption: Warmer oceans absorb more heat from the atmosphere, 

which could otherwise be radiated back into space. This contributes to the overall 

warming of the planet. The oceans also store this heat for long periods, delaying some of 

the immediate impacts of warming but eventually contributing to long-term temperature 

increases. 

• Altered Ocean Circulation: Ocean circulation patterns are affected by changes in 

temperature, salinity, and sea ice coverage. Warmer surface waters disrupt ocean currents 

like the thermohaline circulation, which plays a key role in regulating global climate. 

For instance, the Gulf Stream could weaken or shift, affecting temperatures and 

precipitation patterns in Europe and North America. 

• Loss of Heat-Transporting Capacity: The altered ocean circulation reduces the 

efficiency with which oceans transport heat from the equator to the poles, potentially 

creating regional climate imbalances. For example, warming in the Arctic could lead to 

more heat being retained in the tropics, altering rainfall and weather patterns worldwide. 

• Impact on Sea Level: The warming of oceans also contributes to the melting of glaciers 

and ice sheets, further raising sea levels. This has widespread implications for coastal 

communities and ecosystems. 
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Changes in Cloud Cover 

Clouds play a significant role in Earth's energy balance, as they both reflect incoming solar 

radiation and trap outgoing infrared radiation, depending on their type, altitude, and composition. 

The impact of clouds on the energy balance is complex and can vary: 

• Low Clouds (Cooling Effect): Low, thick clouds tend to reflect a substantial amount of 

incoming solar radiation back into space, leading to a cooling effect. This type of cloud 

cover can offset warming by reducing the amount of solar radiation that reaches the 

Earth's surface. 

• High Clouds (Warming Effect): High-altitude clouds, especially cirrus clouds, allow 

solar radiation to pass through but trap infrared radiation emitted by the Earth’s surface. 

This leads to a warming effect by preventing heat from escaping back into space. 

• Changes in Cloud Formation: As global temperatures rise, changes in cloud cover are 

expected, with some regions seeing an increase in high-altitude cloud formation, while 

others may experience changes in cloud thickness or frequency. These shifts can amplify 

or moderate the effects of climate change, depending on the type and location of the 

clouds. 

• Feedback Mechanism: The relationship between clouds and climate is not entirely 

understood, and clouds can act as both positive and negative feedback mechanisms in 

the climate system. For example, more warming may lead to changes in cloud properties, 

which could further enhance warming (positive feedback) or potentially cool the Earth 

(negative feedback), depending on the situation. 

 

  



FUNDAMENTAL SCIENTIFIC REPORTS IN MULTIDISCIPLINARY AREAS  

pg. 164 
 

Chart 2: Effects of Global Warming on Ice and Snow Cover 

A pie chart showing the percentage loss of global ice mass in polar regions over recent decades. 

Summary 

Understanding the physics of climate change through energy balance models provides a robust 

framework for predicting future climate trends. The interplay of greenhouse gases, feedback 

mechanisms, and natural processes all contribute to the complexity of the Earth's climate system. 

Addressing climate change requires global cooperation to mitigate the impacts of human 

activities on the energy balance and to implement policies that support sustainable development. 
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