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Introduction 

The capacity of carbon dioxide (CO₂) to influence Earth’s climate arises from well-established 

principles of molecular physics and radiative transfer. Since the mid-19th century, experiments 

and theoretical developments have demonstrated that certain atmospheric gases absorb and re-

emit infrared radiation. This process modifies the energy balance of the Earth–atmosphere 

system and leads to warming of the lower atmosphere and surface. 

 

The phenomenon is commonly referred to as the greenhouse effect, although the physical 

processes differ from those occurring in an actual greenhouse. In atmospheric science, the 

greenhouse effect describes the radiative properties of gases that absorb thermal radiation 

emitted by the Earth's surface and re-emit part of that energy back toward the surface. 

Carbon dioxide is one of the most important of these gases because of its radiative properties, 

atmospheric lifetime and increasing concentration due to human activities. 

 

Earth’s Energy Balance 

To understand how CO₂ traps heat, one must begin with the concept of planetary energy 

balance. 

Earth continuously receives energy from the Sun in the form of shortwave radiation, primarily in 

visible and near-infrared wavelengths. Approximately: 

• 30% of incoming solar radiation is reflected back into space by clouds, aerosols, and surface 

reflection (albedo). 

• The remaining 70% is absorbed by the Earth's surface and atmosphere. 

 

After absorbing solar energy, the Earth must radiate energy back into space to maintain thermal 

equilibrium. Because the Earth is much cooler than the Sun, it emits energy at longer 

wavelengths, primarily in the thermal infrared region (roughly 4–100 µm). 

 

If the atmosphere were completely transparent to this infrared radiation, most of the emitted 

energy would escape directly to space and the Earth's average surface temperature would be 

approximately –18°C. In reality, the observed global mean surface temperature is about +15°C. The 

difference of roughly 33°C results from the natural greenhouse effect. 

 

 



Molecular Structure and Infrared Absorption 

The key reason CO₂ traps heat lies in its molecular structure and the way molecules interact with 

electromagnetic radiation. Carbon dioxide consists of: 

O = C = O 

a linear triatomic molecule. Molecules can vibrate in different modes, including: 

 

• symmetric stretching (but IR inactive) 

The oxygen atoms move away from or toward the carbon atom simultaneously. Because 

this motion is perfectly balanced, it does not change the molecule's electrical symmetry 

(dipole moment). Consequently, this mode is IR-inactive and does not absorb infrared 

radiation. 

 

• asymmetric stretching (responsible for trapping heat) 

One oxygen atom moves toward the carbon while the other moves away. This creates an 

electrical imbalance, making the mode IR-active. It absorbs radiation at a wavelength of 

approximately $4.3 µm. 

 

• bending vibrations (responsible for trapping heat) 

The molecule "flexes" or wiggles out of its straight line. This is the most critical mode for 

climate science. It is IR-active and absorbs strongly at $15 µm. 

 

When infrared radiation passes through the atmosphere, photons at specific wavelengths can be 

absorbed if their energy matches the quantised vibrational modes of the molecule. 

CO₂ strongly absorbs infrared radiation around: 

• 15 µm — its most important absorption band 

• weaker bands near 4.3 µm 

 

The 15 µm band lies very close to the peak wavelength of Earth's thermal emission, making CO₂ 

particularly effective at interacting with outgoing infrared radiation. 

 

When CO₂ molecules absorb this radiation, the energy excites molecular vibrations. The molecule 

then redistributes this energy through collisions with surrounding air molecules or re-emits 

infrared radiation in random directions. 



 

 

Absorption and Re-Emission of Infrared Radiation 

The greenhouse effect arises from the absorption and isotropic re-emission of thermal radiation. 

The process can be summarized as follows: 

1. The Earth's surface absorbs solar radiation and warms. 

2. The surface emits infrared radiation upward. 

3. CO₂ molecules absorb part of this outgoing radiation. 

4. The excited molecules then re-emit infrared photons in random directions. 

5. Roughly half of this radiation is directed downward toward the surface. 

 

This downward infrared radiation is often called back radiation. It reduces the net loss of energy 

from the surface, causing the surface and lower atmosphere to warm until a new radiative 

equilibrium is reached. 

Importantly, CO₂ does not create heat energy. Instead, it slows the rate at which energy 

escapes to space, which results in a higher equilibrium temperature. 

 

Radiative Forcing and Concentration Effects 

The warming influence of CO₂ is quantified through radiative forcing, defined as the change in 

net radiative flux at the top of the atmosphere due to a perturbation in atmospheric composition. 

For carbon dioxide, radiative forcing is approximately proportional to the logarithm of its 

concentration: 

 

ΔF = 5.35 ln(C/C₀) 

where: 

• ΔF = radiative forcing (W/m²) 

• C = new CO₂ concentration 

• C₀ = reference concentration 

 

This logarithmic relationship means that each doubling of atmospheric CO₂ produces roughly 

the same increase in radiative forcing. 

For example: 

• Pre-industrial CO₂: ~280 ppm 



• Present concentration: ~420 ppm 

 

This increase has produced a radiative forcing of roughly 2 W/m². 

 

Spectral Windows and Atmospheric Opacity 

The Earth's atmosphere is not equally transparent across all infrared wavelengths. 

There exists a region between approximately 8 and 13 µm known as the atmospheric window, 

where radiation can escape relatively freely into space. 

 

However, outside this window, gases such as CO₂, water vapour, methane, and nitrous oxide 

absorb radiation strongly. The 15 µm absorption band of CO₂ sits just outside the atmospheric 

window and therefore plays a dominant role in controlling longwave radiation transfer. 

 

As CO₂ concentrations increase, the atmosphere becomes more opaque in these absorption 

bands, effectively raising the altitude from which infrared radiation escapes to space. Because 

temperature generally decreases with altitude in the troposphere, radiation emitted from these 

higher levels is colder and therefore weaker (following the Stefan–Boltzmann law). 

 

To restore energy balance, the surface and lower atmosphere must warm. 

 

Atmospheric Lifetime and Climate Importance 

Another reason CO₂ plays such an important role is its long atmospheric residence time. 

Unlike water vapour, which condenses and precipitates out of the atmosphere on timescales of 

days to weeks, CO₂ participates in slower carbon cycle processes involving: 

• oceans 

• vegetation 

• soils 

• geological reservoirs 

 

A significant fraction of emitted CO₂ can remain in the atmosphere for centuries. 

This persistence means that changes in atmospheric concentration accumulate over time and 

exert long-term influence on Earth's climate system. 

 



Interaction with Other Greenhouse Gases 

CO₂ is not the only greenhouse gas. Others include: 

• water vapour (H₂O) 

• methane (CH₄) 

• nitrous oxide (N₂O) 

• ozone (O₃) 

 

 

Water vapour is the most abundant greenhouse gas, but its concentration is largely controlled by 

temperature through evaporation and condensation processes. CO₂, by contrast, acts as a 

climate forcing agent, meaning its concentration can change independently of temperature and 

therefore initiate warming. 

 

Once warming begins, water vapour increases through evaporation, amplifying the effect. This 

process is known as a positive feedback mechanism. 

The heat-trapping properties of CO₂ have been confirmed through multiple lines of scientific 

evidence: 

• laboratory spectroscopy experiments measuring infrared absorption spectra 

• satellite observations of outgoing longwave radiation 

• surface measurements of downward infrared radiation 

• climate modelling studies 

• paleoclimate reconstructions 

 

These independent methods consistently demonstrate that increasing atmospheric CO₂ alters 

the Earth's radiative balance in a warming direction. 

 

Conclusion 

Carbon dioxide traps heat in the Earth's atmosphere through well-understood physical processes 

rooted in molecular spectroscopy and radiative transfer. Its triatomic molecular structure allows it 

to absorb infrared radiation emitted by the Earth's surface, particularly near wavelengths where 

the planet emits most strongly. After absorbing this energy, CO₂ re-emits radiation in all 

directions, including back toward the surface, reducing the rate at which energy escapes to 

space. 



 

Because CO₂ remains in the atmosphere for long periods and interacts with key regions of the 

infrared spectrum, changes in its concentration have significant implications for the Earth's 

energy balance and climate system. 

The greenhouse effect of CO₂ is therefore not a hypothesis but a consequence of fundamental 

physical laws governing the interaction between radiation and matter. 
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