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Abstract — Atmospheric chemistry plays an important role in the global climate system as greenhouse gases (GHGs) are involved 

in the Earth's climate system, radiation, and atmosphere. GHGs such as carbon dioxide (CO₂), methane (CH₄), nitrous oxide 

(N₂O), and halogenated compounds absorb infrared light and emit it in the atmosphere of Earth as greenhouse gases, and this is 

associated with the greenhouse effect. The heat in the lower atmosphere is retained, and global warming and the surface 

temperature of the Earth are increasing. As such, the chemistry of greenhouse gases depends on the concentration of atmospheric 

gases as well as their chemical composition, reactivity, lifetime, and interaction with solar and terrestrial radiation (e.g., 

photochemical reactions, oxidation processes, gas-aerosol interaction). For example, methane oxidation and nitrogen oxide cycles 

play an important role in ozone production and secondary radiative forcing, so that the chemistry of atmospheric chemistry and 

climate are interrelated. Since the 20th century, anthropogenic activities such as combustion of fossil fuels, industrial pollution, 

deforestation, and agricultural processes have increased the GHG levels in our atmosphere, thus adding to the natural 

greenhouse effect. However, CO₂ is the most important greenhouse gas present now, but it is not the only one that is responsible 

for warming, and other gases such as CH₄ and N₂O are essential in the global warming process as well. Atmospheric chemistry 

reveals that the greenhouse effect is not only dependent on CO₂, but many interacting gases are involved in the climate processes. 

Recent studies have also shown that changes in the composition of the atmosphere can lead to severe weather events, radiative 

forcing, and climate feedback loops, and the consequences can be dramatic for global warming. In any system for climate change, 

the interplay of greenhouse gases, aerosols, and chemical reactions in the atmosphere should be taken into account. From a global 

perspective, understanding the chemistry and nature of greenhouse gases is necessary to understand what is driving us toward 

global warming. The chemical properties and interactions of these gases are also useful in understanding how climate change 

must be countered in the long run and how to identify solutions to this problem for climate policy. 
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INTRODUCTION 

 
The atmosphere plays a key role in the Earth's ecosystem by 

controlling the composition, transformation and radiative 

behaviour of gases residing in the atmosphere. Among these 

gases, greenhouse gases (GHGs) can absorb infrared and emit 

radiational energy which is directly related to the power 

balance in our planet. The greenhouse effect is a natural and 

important phenomenon. When a solar beam of shortwave light 

comes into a vacuum of Earth (in the atmosphere) then photons 

of this short wave radiation are attracted from the outer surface 

of Earth and then absorbed and emitted in the atmosphere, these 

photons are transferred back into the atmosphere on a long 

wave basis (and not yet absorbed). Greenhouse gases can 

absorb these photons so that they are in all directions and 

transmit them back to a warm climate. From a chemical 

perspective, greenhouse gases in their molecular structure (in 

terms of vibrational properties) control their response to 

infrared radiation. Unlike N₂ and O₂ which are very opaque to 

infrared radiation, we often hear about carbon dioxide (CO₂), 

methane (CH₄), nitrous oxide (N₂O) and chlorofluorocarbons 

(CFCs). These substances are very transparent and tend to have 

two different atomic structures to filter out temperature and, as 

the main component of radiative forcing (and hence, global 

warming). The chemistry of gases is further affected by 

photochemical and oxidation reactions as well as in the 

troposphere and stratosphere. Methane undergoes oxidation 

reactions to raise ozone and water vapor, both of which are 

greenhouse gases, for instance. Nitrogen oxides and volatile 

organic compounds (VOCs) also occur in photochemical cycles 

that also contribute to ozone and chemistry elsewhere as well 

as different atmospheric processes. Thus global warming is 

thus driven by the complex chemical interactions of the gases 

on the atmosphere but is a multi-component process. 

 

The anthropogenic combustion of fossil fuels, industrialisation, 

deforestation and intensive agriculture in the past decades has 

altered the natural equilibrium between atmospheric gases, and 
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the concentration of such gases in the atmosphere has increased 

significantly since the pre-industrial era, and this in turn has 

enhanced the greenhouse effect to a level that is able to lead to 

real global temperatures. In fact, the current research results 

suggest that the mean surface temperature has actually risen by 

about 1.1 °C above pre-industrial times and this is not expected 

to stop if greenhouse gases are not inhibited. In addition, 

atmospheric chemistry shows that the impact of greenhouse 

gases goes beyond carbon dioxide only. CO₂ is the most 

abundant anthropogenic greenhouse gas and so other gases 

(methane and nitrous oxide) are also significant warming 

agents on a per molecule basis. Halogenated gases, despite their 

present concentration, also play their part, as there is too much 

(especially radiative) long life of this gas in the atmosphere. 

What we are trying to see with global warming from a multi-

gas perspective. In addition, the interaction of greenhouse gases 

with aerosols, clouds and atmospheric circulation introduces 

new layers of complexity of climate dynamics.  

 

Depending on the composition and distribution of the air 

component (of the atmosphere) the warming will be enhanced 

or decreased because feedback mechanisms such as water 

vapor amplification and ice-albedo changes can be very 

efficient at accelerating climate change. This all shows us that 

atmospheric chemistry is present in physical and climatic 

systems and that accurate climate modeling or prediction is 

required. The atmospheric chemistry of greenhouse gases 

should be understood so that our understanding in the process 

can be useful in estimating its effects with regard to global 

warming. Not only does it provide the most fundamental 

knowledge of radiative forcing and climate feedbacks but also 

is the basis for mitigation approaches such as emission control, 

carbon capture and sustainable environmental management 

strategies. 

 

II. MOLECULAR MECHANISMS OF HEAT 

TRAPPING 
 

The ability of greenhouse gases (GHG) to trap heat in the 

atmosphere is very much determined by their molecular 

structure and interaction with the IR radiation. For a gas to be 

“greenhouse active,” it either needs to have a permanent dipole 

moment or to have a temporary dipole in vibrational motion. If 

it does exist, a molecule would have its moment with the 

longwave light scattered by the Earth’s surface. This is the only 

thing which is the greenhouse effect. The symmetry and 

vibration of the molecular system of homonuclear diatomic 

molecules such as nitrogen (N₂) and oxygen (O₂), which make 

up about 99% of Earth’s atmosphere, are symmetrical and non-

polar. There’s no dipole movement and therefore no contact 

with IR radiation. And thus, although they are very high in 

quantity, they do not contribute to heat trapping or even global 

warming. However, carbon dioxide (CO₂), methane (CH₄), 

nitrous oxide (N₂O), and water vapor (H₂O) have asymmetric 

structures that change the dipole moment and are very good 

agents for IR absorption.  

 

And of particular interest is the spectrum of absorption bands 

that are related to infrared radiation absorbed by greenhouse 

gases. As it turns out, all gases have their own vibrational 

frequency that shows which part of the electromagnetic 

spectrum they can absorb. For example, CO₂ absorbs the 

strongest IR radiation at ∼15 µm, and water vapor has a much 

wider spectrum (at many wavelengths). Their absorption bands 

together determine the radiative forcing potential of each gas. 

Of particular interest is the atmospheric window (8-12 µm) 

where the emitted infrared radiation from the Earth can easily 

escape with minimal absorption.  

 

Gases that absorb infrared radiation in that region are important 

because they are able to block one of the main paths for heat 

loss into space from the Earth. Methane (CH₄) and ozone (O₃) 

absorb radiation in the window region with very high warming 

potential even in the lower atmosphere. Apart from absorption, 

greenhouse gases also re-emit their absorbed energy into the 

lower atmosphere in numerous ways from the atmosphere even 

as they approach the surface of the Earth. The constant loop of 

absorption and re-radiation, thus, gives greenhouse gases an 

overall warming effect as the temperature remains in the lower 

atmosphere and thus a net warming effect.  

 

The efficiency of this process depends on a number of variables 

such as molecular complexity, atmospheric concentration, and 

lifetime of the gas. In the end, molecular mechanisms of heat 

trapping show the importance of chemical structure and 

vibrational dynamics in global warming of different gases. This 

will be useful in the assessment of the impact of different 

greenhouse gases on global warming and in the design of 

solutions to their impact. Greenhouse gases vary in source, 

chemical properties, lifetime in atmosphere, and impact on 

global warming. We need to identify them and understand their 

individual impacts and plan for their mitigation to address 

climate change. 

 

Carbon Dioxide (CO₂) 

Although CO₂ is the most abundant anthropogenic greenhouse 

gas, mainly due to its high concentration and long atmospheric 

lifetime it is the main agent of global warming because it is the 

primary driver of the global warming process due to its high 

concentration and long residence. Most of the carbon dioxide 

is produced by burning fossil fuels (coal, oil, gas), 
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deforestation, cement production, and natural processes such as 

volcanic activity and respiration, due to which it is easy to 

release carbon dioxide to the atmosphere. CO₂ is relatively inert 

and stable in the troposphere from a chemistry perspective 

because of its long residence time and does not undergo 

chemical change in an environment of normal atmospheric 

conditions because most of the time it is in a long residence 

period. The concentration of CO₂ is thus controlled by the 

global carbon cycle, in which photosynthesis removes CO₂ 

from the atmosphere (the photosynthesis and respiration of CO₂ 

and ocean absorption and respiration is the process for 

respiration in the troposphere. The oceans are the primary sink 

that pulls CO₂ out of the atmosphere and dissolves it into 

bicarbonate and carbonate ions. While CO₂ is less efficient in 

radiative production than other gases, its abundance and 

persistence over decades (from centuries to millennia) 

ultimately render it the primary source of climate change. Its 

duration and cumulative impact is one of the factors of long-

term global warming. 

 

Methane (CH₄) 

Methane (CH₄) is a rather powerful greenhouse gas and has a 

much higher heat-trapping capacity than CO₂. Agricultural 

processes such as enteric fermentation in ruminants and rice 

paddies, landfills, wetlands, and leaks from natural gas 

extraction and distribution systems are the main sources of 

methane. Methane is chemically reactive and is most oxidized 

by the hydroxyl radical (·OH) (called the "atmospheric 

detergent"). The first reaction is:  

 

𝐶𝐻 4 + ⋅ 𝑂𝐻 → ⋅ 𝐶𝐻3 + 𝐻2𝑂 

This reaction is followed by oxidation (decrease) of methane, 

resulting in CO₂ and water vapor (H₂O). This also occurs in the 

stratosphere, which can lead to stratospheric water vapor 

formation as a greenhouse gas. Methane has a much shorter 

atmospheric lifetime (about 10 to 12 years) than CO₂, and the 

Global Warming Potential over 100 years (GWP-100) is about 

28 times higher. Indeed, CH₄ is a key part of short-term climate 

mitigation efforts as the reduction of methane emissions can 

bring about immediate climate changes. 

 

Nitrous Oxide (N₂O) 

Nitrous oxide (N₂O) is another prominent greenhouse gas 

which is mainly produced by agricultural processes (especially 

nitrogen-based synthetic fertilizers) and by industrial processes 

and burning of biomass. In terms of chemistry, N₂O is very 

stable in the troposphere, and has low reactions at lower levels 

of atmosphere. Due to its high stability, it is known to last for 

over 100–120 years in the atmosphere. It finally reaches the 

stratosphere, where it either decomposes photochemically or 

reacts with excited oxygen atoms: 

𝑁2𝑂 + ℎ𝜈 → 𝑁2 + 𝑂N2 

O+hν→N2+O 

Moreover, it plays a key role in stratospheric ozone depletion. 

It is currently the most ozone-depleting substance of the 21st 

century, and is linked to climate change and ozone chemistry. 

At a GWP-100 of about 273, nitrous oxide is far more efficient 

at trapping heat than CO₂ on a per molecule basis. Its role in 

both global warming and ozone depletion makes it of particular 

importance in atmospheric chemistry studies. 

 

Tropospheric Ozone (O₃) 

Tropospheric ozone (O₃) is a secondary greenhouse gas and is 

not emitted directly into the atmosphere but rather produced by 

complex photochemical reactions of nitrogen oxides (NOₓ) and 

volatile organic compounds (VOCs) in sunlight. The ozone is 

formed along a series of reactions due to solar radiation that 

breaks down nitrogen dioxide (NO₂) and gives rise to ozone. 

Tropospheric ozone is a pollutant and greenhouse gas. Ozone 

is highly reactive and has a very short atmospheric lifetime 

(hours to weeks) but also has radiative forcing as it can absorb 

infrared light very well. It is also related to photochemical smog 

and can have negative effects on human health, vegetation, and 

ecosystems. 

 

IV. COMPARATIVE ANALYSIS: GWP AND 

RADIATIVE FORCING 
 

The climatic impact of greenhouse gases (GHGs) is measured 

based on two main factors: Radiative forcing (RF) and Global 

Warming Potential (GWP). Radiative forcing is the change in 

Earth’s energy balance in watts per square meter (W/m²) due to 

the change in the atmospheric composition since the pre-

industrial era. Positive radiative forcing is a net gain of energy 

in the earth-atmosphere system, leading to warming and 

negative forcing is cooling. GWP is the relative effect of a 

greenhouse gas in terms of heat-trapping capacity of CO₂ over 

a given period of time (usually 100 years). From the 

atmospheric chemistry perspective, RF and GWP are 

influenced by many interrelated factors including the infrared 

absorption efficiency, the atmospheric lifetime, chemical 

reactivity and interaction with other atmospheric constituents. 

These factors all contribute to how long a gas remains in the 

atmosphere and how effectively it contributes to global 

warming. 

 

Carbon dioxide (CO₂) is the reference gas with a GWP value of 

1. Its radiative efficiency per molecule is relatively low, but its 

long atmospheric lifetime -- from centuries to millennia -- and 

high concentration mean that it is the dominant factor of 

radiative forcing. Its removal is limited by slow processes like 
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oceanic dissolution and uptake by the terrestrial biosphere and 

its elimination from the atmosphere is slow (Table 1).  

 

Methane (CH₄), by contrast, has a much shorter atmospheric 

lifetime of about 12 years and has a much higher GWP, 

typically in the range of 27 -30 over a 100 year period. Methane 

is also highly effective in absorbing infrared light in the 

troposphere due to its oxidation by hydroxyl radicals (·OH). 

Methane chemistry is also related to wider atmospheric 

oxidation. Despite its shorter lifetime, methane is very strong 

in radiative forcing near-term due to its high potency (Table 1). 

Nitrous oxide (N₂O) is another important greenhouse gas and 

has a long atmospheric lifetime of 121 years with a very high 

GWP of ∼273. Its stability in the troposphere allows it to persist 

for many years before reaching the stratosphere where it is 

photolyzed or reacts with excited oxygen atoms. Besides its 

strong radiative contribution, N₂O is also an ozone-depleting 

substance and is in fact also crucial for atmospheric chemistry 

and climate change (Table 1). 

 

Chlorofluorocarbons (CFCs), such as CFC-11, are among the 

most potent greenhouse gases, with extremely high GWP 

values (around 4,660) despite the relatively lower atmospheric 

concentrations. Their long life (~45 years) allows them to 

accumulate and have a strong warming effect. CFCs are mainly 

removed by photodissociation in the stratosphere, which also 

releases chlorine radicals responsible for ozone layer depletion. 

Their high radiative efficiency is because of their absorption in 

the atmospheric window region, which makes their warming 

potential much greater (Table 1). 

 

Table 1: Comparative analysis of major greenhouse gases 

based on atmospheric lifetime, global warming potential 

(GWP-100), and dominant chemical removal pathways 

influencing their radiative forcing and climate impact. 

 

Gas Lifetime 

(Years) 

GWP 

(100-

year) 

Major Chemical 

Sink 

$CO_2$ Variable 

(100–

1000+) 

1 Ocean/Terrestrial 

Biosphere 

$CH_4$ ~12 27–30 Tropospheric $\cdot 

OH$ 

$N_2O$ ~121 273 Stratospheric 

Photolysis 

$CFC-

11$ 

~45 4,660 Photodissociation 

 

A comparison of these gases demonstrates that the impact of 

these gases is not a single parameter but rather a combination 

of concentration, lifetime, and radiative efficiency. CO₂ is the 

main cause of climate change for the long-term, but CH₄ and 

N₂O are also the major contributors to warming in short- and 

medium-term due to their higher GWP. Synthetic gases such as 

CFCs, which are present in trace quantities, have a significant 

impact as they are very radiative gases. 

 

V. FEEDBACK LOOPS AND FUTURE 

TRENDS 
 

A crucial aspect of atmospheric chemistry in the context of 

global warming is climate feedback loops which may help to 

amplify or, in some cases, moderate the effects of greenhouse 

gases (GHGs). In particular, the water vapor feedback effect is 

the most important positive feedback on the climate system of 

Earth. As carbon dioxide (CO₂) concentrations increase, the 

radiative forcing increases and the global temperature 

increases. The warmer air is more able to hold water (so much 

more water evaporates from oceans, soils and plants). Because 

water vapor is a very effective greenhouse gas that has a very 

high infrared absorption at all wavelengths, this will only 

increase the heat trapping. In other words, it will only be the 

initial warming from CO₂ that will be amplified by further 

warming from the increased water vapor. Atmospheric studies 

have shown that this feedback mechanism may double the 

warming from CO₂ and is therefore one of the key contributors 

to climate change sensitivity. Besides the water vapor feedback 

mechanisms, biogeochemical feedback mechanisms are 

increasingly being identified as a crucial driver of climate 

change in the future.  

 

Recent observational and model studies (2024-2026) indicate 

that CH₄ emissions are being affected more by natural 

processes in nature such as wetlands. As global temperatures 

rise, microbial activity in waterlogged soils increases and 

organic matter is slowly anaerobically decomposing, 

accelerating the production of methane. This is a classic 

positive climate feedback in which warming increases the 

release of additional greenhouse gases that will lead to greater 

warming. Permafrost regions are another positive feedback 

system. As the temperature increases, frozen soils begin to thaw 

and organic carbon that is buried beneath them is released in 

the form of CO₂ and CH₄. This not only increases atmospheric 

greenhouse gas concentrations but makes regional hydrology 

and ecosystem dynamics change. Similarly, warming oceans 

can reduce their capacity to absorb CO₂ and thus weaken one 

of the planet’s major carbon sinks and accelerate atmospheric 

accumulation.  
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Atmospheric chemistry also sheds light on chemical feedbacks 

between reactive species such as hydroxyl radicals (·OH) and 

methane which influence the lifetime of methane. However, the 

amount of these molecules in the atmosphere will also be 

affected by changes in atmospheric composition, temperature 

and humidity and thus may affect the rate at which methane is 

removed from the atmosphere. If the amount of ·OH is reduced, 

the methane lifetime will be longer, hence its warming will be 

higher. Anthropogenic and non-anthropogenic sources of 

greenhouse gases and climate change will likely be a key 

component of global warming in the future. Climate models are 

now incorporating these feedback mechanisms in the context 

of climate change to enhance their predictions and emphasize 

that the Earth system responds in a nonlinear and 

interconnected manner. The increasing importance of natural 

emissions (driven by warming itself) suggests that the 

mitigation strategy should not only focus on human-induced 

emissions, but also on feedback-driven increases in greenhouse 

gases as well. 

 

VI. CONCLUSION 
 

The atmospheric chemistry of greenhouse gases clearly 

demonstrates that global warming is far more complex than a 

simple increase in CO₂ concentration. Rather it is the result of 

a complex interplay of molecular properties, chemical 

reactivity, atmospheric lifetimes, and feedback mechanisms. 

The ability of different gases to trap heat is also dependent upon 

their molecular structure and vibrational properties that 

determine their interaction with infrared radiation. At the same 

time, their persistence in the atmosphere (years to millennia) is 

a factor in how long they affect the Earth's radiative balance. 

These factors, combined with the chemical changes and 

interactions in the atmosphere, are connected to climate 

change. Water vapor amplification and methane release from 

natural sources in the world also have feedback loops in which 

to play out. Such feedbacks can significantly increase the initial 

warming due to greenhouse gases and lead to nonlinear and 

potentially faster climate changes.  

 

The increase in natural emissions, stimulated by rising 

temperatures, shows that the climate system is not static but 

dynamic and self-reinforcing. In this context, climate 

mitigation strategies need to be a dual and integrated approach. 

On the one hand, reducing long-lived greenhouse gases such as 

CO₂ is central to controlling long-term global temperature rise 

as their cumulative impact lasts for centuries. On the other 

hand, targeting short-lived but extremely strong climate forcers 

such as methane (CH₄) can give the climate a rapid benefit by 

reducing the rate of warming in the short run. This dual 

approach is crucial for maintaining the climate system in the 

long term and for preventing tipping points in the short term. 

Additionally, a full understanding of atmospheric chemistry has 

great implications for multi-gas mitigation policies, better 

emission inventories, and better climate models with chemical 

interactions and feedback. It is also an example of an 

interdisciplinary approach to chemistry, environmental science, 

and policy-making. 

 

Future Perspectives 

The future of the atmospheric chemistry of greenhouse gases 

research is on the way to a deeper understanding of chemical 

processes, climate dynamics and human activities in the Earth. 

As global warming continues to grow, future studies will 

increasingly look at high-resolution monitoring, advanced 

modeling, and novel mitigation technologies to better 

understand and address climate change. The most important 

direction is to increase the monitoring of atmospheric 

instruments for global warming, with satellite-based remote 

sensing and ground-based monitoring. The latter will allow for 

a better understanding of greenhouse gas concentration and 

emission and temperature variations at regional and global 

scales. Better observations and data will also improve climate 

models and improve estimates of future warming scenarios.  

 

One of the next important areas is atmospheric chemistry–

climate models that incorporate complex feedback mechanisms 

like water vapor amplification, methane release from wetlands 

and permafrost, and changes in the ability of the air to oxidize. 

Chemical kinetics and climate dynamics can be combined to 

better simulate greenhouse gases in different emissions 

pathways and environmental conditions. In mitigation efforts 

in the future we will have to focus on multi-gas and multi-scale 

reduction. The long-term reduction of CO₂ emissions is crucial 

but shorter-lived climate pollutants like CH₄, tropospheric 

ozone (O₃) and hydrofluorocarbons (HFCs) will be in 

increasing demand. Rapid reductions of these gases may 

generate immediate climate change benefits and help slow the 

speed of warming in the short term.  

 

Technological advances are also expected to help drive down 

emissions. New technologies such as carbon capture, utilization 

and storage (CCUS), direct air capture (DAC) and nature-based 

solutions (e.g., afforestation, soil carbon sequestration) are 

expected to be key to reduce emissions and we are also 

optimistic that green chemistry and sustainable industries will 

help reduce greenhouse gas release at the source and carbon 

dioxide production. And artificial intelligence and machine 

learning techniques are also well-suited to climate science. 

Such tools can examine large data sets and make predictions, 

and find patterns in atmospheric chemistry that are not easily 

captured by traditional methods. This will greatly enhance our 



 

 

 

© 2016 IJSRET 
6 
 

 

 

International Journal of Scientific Research & Engineering Trends                                                                                                         
Volume 2, Issue 4, Jul-Aug-2016, ISSN (Online): 2395-566X 

 

 
ability to predict climate trends and develop effective 

interventions in the future. In future perspectives we must also 

consider the interplay between policy integration and global 

collaboration. Solutions to global warming need a 

comprehensive international approach in line with scientific 

knowledge of atmospheric chemistry. Policies that aim to 

reduce emissions, scale up technology and create sustainable 

development to sustain long-term climate stability need to be 

consistent with scientific understanding. 
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