Greenhouse gas

Methane clathrate deep ocean deposit. Source: Wikimedia Commons

A greenhouse gas is one of several gases that can absorb and emit longwave (infrared) radiation in a planetary atmosphere. This
phenomenon is often termed thegreenhouse effect. Of the sunlight that falls on the Earth's surface, approximately 40% of that energy is
reradiated upward into the atmosphere in the form of longwave radiation. Approximately 75% of that upward radiated longwave energy
is absorbed by water vapor, carbon dioxide, methane and other greenhouse gases. Since this absorption process is molecular in nature,
the subsequent reradiation of energy by these gases is multidirectional. As a result, about 50% of the longwave emission is reradiated
back toward the Earth where it is once again turned into heat energy. Through this process, greenhouse gases contribute to the amount of
heat energy released at the Earth's surface and in the lower atmosphere.
Since the beginning of Industrial Revolution, concentrations of carbon dioxide, methane, and nitrous oxide have all risen dramatically
because of human activities. Fossil fuel combustion, land-use change, increasingly intensive agriculture, and an expanding global human
population are the primary causes for these increases. Other greenhouse gases found in our planet's atmosphere include water vapor,
ozone, sulfur hexafluoride and chlorofluorocarbons.

Carbon Dioxide
Before 1700, levels of carbon dioxide were about 280 ppm (parts per million). Concentrations of carbon dioxide in the atmosphere are
now about 390 ppm (Figure 1). This increase in carbon dioxide in the atmosphere is mainly due to activities associated with the
Industrial Revolution. Emissions from the combustion of fossil fuels account for about 65% of the carbon dioxide added to the
atmosphere. The remaining 35% is derived from deforestation and the conversion of prairie, woodland, and forested ecosystems
primarily into less productive agricultural systems. Natural ecosystems can store 20 to 100 times more carbon dioxide per unit area than
agricultural systems. Both deforestation and natural land-use change reduce the amount of standing plant mass or biomass found on the
Earth’s surface. This reduction causes a net export of carbon stored in biomass into the atmosphere through decomposition and burning.

Figure 1. The following graph illustrates the rise in atmospheric carbon dioxide from 1744 to 2006. Note that the increase in carbon
dioxide's concentration in the atmosphere is exponential in nature. An extrapolation into the immediate future would suggest continued
annual increases. (Image Copyright: Michael Pidwirny, Data Source: Neftel, A., H. Friedli, E. Moore, H. Lotscher, H. Oeschger, U.
Siegenthaler, and B. Stauffer. 1994. Historical carbon dioxide record from the Siple Station ice core. pp. 11-14. In T.A. Boden, D.P.
Kaiser, R.J. Sepanski, and F.W. Stoss (eds.) Trends'93: A Compendium of Data on Global Change. ORNL/CDIAC-65. Carbon Dioxide
Information Analysis Center, Oak Ridge National Laboratory, Oak Ridge, Tenn. USA and C.D. Keeling and T.P. Whorf. 2001. Carbon
Dioxide Research Group, Scripps Institution of Oceanography, University of California, La Jolla, California 92093-0444, USA.).

Fossil Fuel Combustion
Fossil fuel combustion currently contributes about 8.7 gigatonnes of carbon as carbon dioxide to the atmosphere each year. Coal
combustion for electricity generation represents the primary source (Fugure 2), with oil and gas combustion also being significant
contributors.

Figure 2. The Lakeview coal-fired power plant in Mississauga, Ontario, Canada. (Source: Wikimedia Commons, Photographer Hmvh1. This image is licensed
under the Creative Commons Attribution-Share Alike 3.0 Unported license).

Deforestation Emissions
Deforestation includes tree removal, charcoal production, slash-and-burn practises and forest degradation. In total, these activities
contribute approximately 25% of the carbon added to the atmosphere due to human activities, largely as carbon dioxide (Figure 3).
Deforestation and land-use change can have a double impact on greenhouse gas fluxes: carbon is released when forests are burned or
logged, and the land-based 'sink' of carbon dioxide (the long term uptake and storage of carbon by plants and soils) is reduced when
forest is replaced by cropland or rangeland. The majority of carbon dioxide emissions due to deforestation arise from activities in Africa,
Asia and South America according to UN FAO sources. It is worth noting that the terrestrial carbon sink - primarily the forests and soils
- currently absorbs around 1 billion tonnes of carbon each year from the atmosphere.

Figure 3. Deforestation in Brazil for the purpose of expanding rangeland for livestock..
Source: Antonio Cruz, da Abr. licensed under the Creative Commons Attribution 2.5 Brazil

Carbon Dioxide Sinks
Terrestrial ecosystems emit approximately 119 billion tonnes of carbon each year via the process of respiration and absorb approximately
120 billion tonnes of carbon each year via photosynthesis - a net sink of 1 billion tonnes of carbon. The oceans emit approximately 88
billion tonnes of carbon each year and absorb about 90 billion tonnes of carbon each year - a net sink of about 2 billion tonnes of carbon.
Our planet's oceans and terrestrial ecosystems represent net sinks for carbon dioxide, together absorbing approximately 3 billion tonnes
of carbon more from the atmosphere each year than they emit. Since the Industrial Revolution these sinks have absorbed about 40% of
the carbon dioxide emissions released by human activities.
The response of these land and ocean carbon sinks to climate change in the 21st century remains a key area of uncertainty. Elevated
temperatures, changes in rainfall patterns, and acidification of the oceans may serve to reduce the size of the land and ocean sinks further increasing the concentration of carbon dioxide in the atmosphere.

Methane
Since 1750, atmospheric concentrations of the greenhouse gas methane have increased more than 150% (Figure 4). The primary
sources of the man-made methane added to the atmosphere are rice cultivation, ruminant livestock, landfill out-gassing, oil and gas
extraction, and coal mining. Key natural sources include wetlands, termites and geological sources such as the thawing of methane
clathrates.

Figure 4. The following graph illustrates the rise in atmospheric methane from 1008 to 2001. Note that the increase in methane's concentration in the atmosphere
is exponential in nature. An extrapolation into the immediate future would suggest continued annual increases. (Image Copyright: Michael Pidwirny, Data Source:
D.M. Etheridge, L.P. Steele, R.J. Francey, and R.L. Langenfelds. 2002. Historical CH4 Records Since About 1000 A.D. From Ice Core Data. In Trends: A
Compendium of Data on Global Change. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak Ridge,
Tenn., USA and Steele, L. P., P. B. Krummel and R. L. Langenfelds. 2002. Atmospheric CH4 concentrations from sites in the CSIRO Atmospheric Research

GASLAB air sampling network (October 2002 version). In Trends: A Compendium of Data on Global Change, Carbon Dioxide Information Analysis Center, Oak
Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, TN, USA.).

Worldwide the countries responsible for generating significant amounts of methane include China, India, Brazil, Mexico and Russia.
These same nations are also projected to still be the greatest generators of methane in the year 2050. The USA and combined European
Union countries provide lesser emissions, and the trends in those two advanced regions are flat to down.

Rice Cultivation
Rice cultivation presently accounts for about 20% of worldwide methane emissions, including both natural and human-made sources.
Anaerobic conditions associated with rice paddy flooding results in the formation of methane gas. An accurate estimate of how much
methane is being produced from rice paddies has been difficult to determine. More than 60% of all rice paddies are found in India and
China where scientific data concerning emission rates are hard to obtain. Nevertheless, scientists believe that the contribution of rice
paddies is large because this type of crop production has more than doubled since 1950. Much of the recent expansion of rice paddy
methane emissions is attributed to the need to feed an expanding human population by increasing crop yields through the cultivation of
more land (Figure 5).

Figure 5. Rice paddy terraces in Sapa, Vietnam. Source: A.J. Oswald/Wikimedia Commons

Ruminant Livestock Emissions
Ruminant grazing is another important source of methane emissions (Figure 6). Grazing animals release methane to the environment as a
result of herbaceous digestion. For example, one cow typically produces approximately 150 grams of methane per day. In the USA, the
2010 standing herd of bovines amounted to 106 million animals. These methane emissions are further magnified by the millions of sheep
and goats kept worldwide for human use. Some researchers believe the addition of methane from livestock has more than quadrupled
over the last century.

Figure 6. Intensive cattle production is a source of significant methane. Image Source: Agricultural Research Service, United States
Department of Agriculture

Landfills
Landfills are the second biggest source of methane in the United States. Methane is created in landfills when organic waste decomposes
anaerobically (without oxygen). The amount of methane produced depends on factors like the type of waste, moisture content of the
waste, and the design and management practices at the landfill. Some landfills reduce methane emissions by burning this gas to produce
electrical energy which is sold to utility companies.

Fossil Fuel Extraction
The process of extracting of natural gas, petroluem, and coal from the lithosphere is a significant source of methane emissions (called
fugitive emissions) into the atmosphere (Figure 7). Methane emissions also occur during the processing, storage, and distribution of these
fossil fuels. Fossil fuel use because of human activities is the fourth largest source of methane emssions in the United States.

Figure 8. Strip coal mining operation in the United States. The mining of coal releases significant quantities of methane to the atmosphere. (Image Source:
Wikimedia Commons, Photographer Stephen Codrington. This image is licensed under the Creative Commons Attribution 2.5 Generic license).

Methane Clathrates
Frozen methane clathrate deposits found at the bottom of seabeds and in deep permafrost is a natural source of potential greenhouse
gases that may have a significant effect on our planet's climate. Recent scientific studies have found that significant amounts of methane
may have been recently released into the atmosphere from methane clathrate deposits found in the Arctic. Research has identified that
the release of this methane into the atmosphere may be occurring because of global warming. Further, NASA scientist James Hansen has
suggested that methane clathrate emissions may continue to grow because a warmer planet leads to a positive feedback situation (Figure
8).

Figure 8. The future warming of methane clathrate deposits may release methane to the atmosphere creating more global warming. This
positive feedback process with feed additional methane release because of the increase in temperature, This cycle could repeat itself
many times. Image Source: Michael Pidwirny.

Nitrous Oxide
The average concentration of nitrous oxide in the atmosphere is now increasing at a rate of 0.2 to 0.3% per year (Figure 9). The role of
nitrous oxide in the enhancement of the greenhouse effect is smaller than the other greenhouse gases already discussed, but still
represents about 6% of climate forcing though human-induced greenhosue gas emissions. Sources for the increase of nitrous oxide in the
atmosphere include land-use conversion, fossil fuel combustion, biomass burning, and soil fertilization. Most of the nitrous oxide added
to the atmosphere each year due to huamn activities comes from agricultural soils, where nitrogen-rich fertiliser and manure is convered
to nitrous oxide by soil bacteria. Nitrous oxide is also released into the atmosphere when fossil fuels and biomass are

burned.

Figure 9. The following graph illustrates the rise in atmospheric nitrous oxide from 1978 to 2010. An extrapolation into the immediate future would suggest
continued annual increases. (Image Copyright: Michael Pidwirny, Data Source: National Oceanic and Atmospheric Administration's (NOAA) Climate Monitoring
and Diagnostics Laboratory, http://www.esrl.noaa.gov/gmd/hats/combined/N2O.html).

Chlorofluorocarbons and 'F-gases'
'F-gases' are man-made gases that included chlorofluoracarbons (CFCs), hydrofluorocarbons (HFCs) and sulphur hexafluoride (SF6).
They are used as refrigerants, propellants and in electronics manufacture, but are highly persistent in the Earth's atmosphere. They are
typically thousands of times more potent as greenhouse gases than carbon dioxide. While reductions in the use of CFCs have been
underway in Western Nations for over twenty years, these chemicals are still used in some developing countries. The Montreal Protocol,
the international agreement that phases out ozone-depleting substances, requires the end of chlorodifluoromethane production by 2020 in
developed countries and 2030 in developing countries. CFCs have been gradually phased out in most nations and replaced by
hydrofluorocarbons (HFCs) which avoid ozone depletion problems, but are still very potent greenhouse gases. The Kyoto Protocol aims
to reduce emissions of these HFCs by tighter controls and the use of new alternatives such as using butane or propane as the coolant in
refrigerators rather than HFCs.

Climate Forcing Effects
In climate science, the relative climate-forcing strength of different greenhouse gases is described relative to that of carbon dioxide.
Methane is much more effective at absorbing infrared radiation (heat) and is thus a more powerful greenhouse gas. Yet its lifetime in the
atmosphere is only about 10 years, compared to between 30 and 1000 years for a molecule of carbon dioxide. As such, the climateforcing strength of a kilogram of methane on a 100 year time-horizon – its Global Warming Potential (GWP) – is 25. That is, every
kilogram of methane in the atmosphere has the equivalent global warming potential of 25 kilograms of carbon dioxide. The GWP
of nitrous oxide is 298.

Our impact on the global climate since the Industrial Revolution has been difficult to interpret. While emissions of greenhouse gases, like
carbon dioxide and methane have had a net warming effect, emissions of sulphate aerosols have had a net cooling effect. The net effect is
warmer global temperatures, but the complex interaction of these positive and negative influences on the Earth's climate system make
predicting future effects difficult.
The problem is exacerbated by our poor level of understanding of exactly how some factors, like land surface albedo (the reflectivity of
the land) and cloud cover, operate and interact with changes in global temperature. Another very important greenhouse gas is water
vapor and, though human activities are not directly responsible for changes in its concentration in the atmosphere, an indirect increase
through elevated surface and lower atmosphere (troposphere) temperatures may lead to an signifcant positive feedback process making global temperatures even warmer.

The Future
While many developed nations have had carbon emission reduction programs underway for several years, often as part of the United
Nations Framework Convention on Climate Change and its 'Kyoto Protocol', their combined emissions have continued to increase. In the
coming decades, growth in carbon emissions is likely to be dominated by emissions from developing and transition economies like China
and India.
From a technological standpoint, the most straightforward methods of greenhouse gas mitigation are through increased energy efficiency,
in production and/or use. Carbon Capture and Storage technologies have been touted as a way to continue fossil fuel based energy
generation while reducing emissions of carbon dioxide to the atmosphere. On methane emissions reduction, there is promising research
in ruminant feeds, which is leading to per capita cutbacks in animal methane output. In the case of rice farming, changes in land
management and crop varieties also hold significant potential.
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