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	What is climate change?

The scientific evidence is growing that man-made greenhouse gas emissions are having a noticeable effect on the earth's climate. Globally, seven of the ten warmest years on record were in the 1990's. Current climate models predict that global temperatures could warm from between 1.4 to 5.8oC over the next 100 years, depending on the amounts of greenhouse gases emitted and the sensitivity of the climate system. The social, environmental and economic costs associated with this could be huge.

The Greenhouse Effect

A balance between energy coming in from the sun in the form of visible radiation (sunlight) and energy constantly being emitted from the surface of the earth to space determines the temperature of the earth. The energy coming in from the sun can pass through the atmosphere almost unchanged and warm the earth, but the infrared radiation emanating from the earth's surface is partly absorbed by some gases in the atmosphere and some of it is re-emitted downwards. This further warms the surface of the earth and the lower atmosphere. The gases that do this naturally are mainly water vapour and carbon dioxide. An analogy is made with the effect of a greenhouse, which allows sunshine to penetrate the glass that in turn keeps the heat in, hence the greenhouse effect.

Without this natural greenhouse effect, the earth would be over 30°C cooler and would be too cold to be habitable. But as greenhouse gas concentrations rise well above their natural levels, the additional warming that will take place could threaten the future sustainability of the planet.
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The extent to which changes in temperature over the last 100 years are due to human activities has been studied by looking at patterns of change across the surface of the earth, and vertically through the depth of the atmosphere and the ocean. Climate models predict a characteristic 'fingerprint' pattern of change in response to increasing greenhouse gas concentrations. Statistical analysis shows that this fingerprint can be detected in observed temperature changes, indicating that most of the change which has occurred can be attributed to human activities. The individual contributions of natural effects, for example, variations in the sun's output and volcanoes, have also been studied. They were found to be unable to account for all of the observed warming. Only when greenhouse gases emitted by human activities are invoked can the observed warming be explained. Borehole measurements worldwide imply a global surface warming of around 1°C during the last 500 years, with about half of this warming occurring in the 20th Century.

Details of Greenhouse gases

The most important greenhouse gases are carbon dioxide, methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons and sulphur hexafluoride. These are the gases that are covered by the Kyoto Protocol. Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), which are also powerful greenhouse gases but they are being progressively phased out under the Montreal Protocol as they also damage the stratospheric ozone layer. A full list of greenhouse gases covered by the Kyoto Protocol can be found here. 

Each greenhouse gas has a different capacity to cause global warming, depending on its radiative properties, its molecular weight and its lifetime in the atmosphere. Its so-called global warming potential (GWP) encapsulates these. The GWP is defined as the warming influence over a set time period of a gas relative to that of carbon dioxide. A 100-year time horizon is used in the Kyoto Protocol. When the warming effect of current greenhouse gas emissions over the next 100 years is calculated, the graph shows that carbon dioxide will be responsible for about two thirds of the expected future warming.
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Aerosols

Very small particles, known as aerosols, also affect our climate. They are formed by emissions from sources such as power stations and transport. They scatter sunlight, which would otherwise reach the surface of the earth, back out to space and therefore have a cooling influence on the climate. Their influence can also be important in heavily polluted regions. But unlike greenhouse gases, the lifetimes of aerosols are short and they do not accumulate in the atmosphere. Measures are being taken in Western Europe and North America to reduce sulphur emissions, mainly to tackle acid rain, and this will cut the level of aerosols.

Greenhouse gas emissions inventory

The UKs National Atmospheric Emissions Inventory (NAEI) - funded by Defra, The National Assembly for Wales, The Scottish Executive and The Department of Environment, Northern Ireland - compiles the UK's annual Greenhouse Gas inventory for submission to the UN Framework Convention on Climate Change. The emissions inventory contains information on greenhouse gas, emissions from fuel consumption industrial production, agriculture and land use change and forestry. It also provides a disaggregated inventory for England, Scotland, Wales and 

Information about the ozone layer can be found at: and information on the Montreal Protocol can be found at: www.unep.ch/ozone/montreal.htm.

How to compare the relative climate effects of greenhouse gases

1. To compare the relative climate effects of greenhouse gases, it is necessary to assess their contribution to changes in the net downward infra-red radiation flux at the tropopause (the top of the lower atmosphere) over a period of time. Ultimately the best way to do this is by comparing different emission scenarios in climate models, but a simple working method has been derived for use by Parties to the UNFCCC. This provides the relative contribution of a unit emission of each gas, relative to the effect of a unit emission of carbon dioxide integrated over a fixed time period. A 100-year time horizon has been chosen by the Convention in view of the relatively long time scale for addressing climate change.

2. The factor is known as a global warming potential (GWP). It means for example, that 1 tonne of HFC-134 emitted to the atmosphere has 1,000 times the warming potential over 100 years of 1 tonne of carbon dioxide.

3. To compute the carbon dioxide equivalent of the emission of any gas, we multiply its emission by the GWP. This is often expressed as the carbon equivalent so we then multiply by 12/44, the ratio of the atomic weights of carbon and carbon dioxide. Thus, for example, an emission of 1 tonne of HFC-134 is equivalent to 1 x 1000 x 12/44 = 273 tonnes of carbon.

How the world's climate may change in the future

Climate change is one of the most serious environmental threats facing the world today. Its impacts will be felt across the world, as sea level rise threatens the existence of some small island states and puts millions of people at risk. Temperature increases, drought and flooding will affect people's health and way of life, and cause the irreversible loss of many species of plants and animals.

Average global surface temperatures have increased by 0.6°C over the 20th century (see figure, below). Nine out of the ten hottest years on record have been during the period 1990-2002. According to the Intergovernmental Panel on Climate Change (IPCC) the strong warming of the last 50 years cannot be explained by natural climate variations alone, but requires the inclusion of the effects of human emissions. Much of the observed rise in sea-level (10 - 20 cm) during the 20th century may be related to this increase in global mean temperatures. Current climate models predict that global temperatures will rise by a further 1.4 to 5.8° C by the end of the 21st century. Global mean sea levels are also predicted to rise by 9 to 88 cm by 2100.
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Key Impacts

However effective policies are to reduce emissions of greenhouse gases, the world will now experience a significant degree of climate change. This is likely to have far-reaching effects on all aspects of the world's environment, economy and society including:

· Sea level is expected to rise by over 40 centimetres by the 2080s because of thermal expansion of the oceans as temperatures rise and because of melting of land ice. This will threaten the existence of some small island states and put millions of people at risk; 

· The poorest countries are likely to be the most vulnerable to the effects of climate change. 60% of the additional 80 million people projected to be at risk of flooding are expected to be in Southern Asia (Pakistan, India, Sri Lanka, Bangladesh and Myanmar) and 20% in South East Asia (from Thailand to Vietnam, including Indonesia and the Philippines); 

· Africa is expected to experience significant reductions in cereal yields, as are the Middle East and India. And an additional 290 million people could be exposed to malaria by the 2080s, with China and Central Asia likely to see the largest increase in risk; 

· In some areas, water resources for drinking and irrigation will be affected by reduced rainfall or as ground water in coastal zones suffers from salination as sea levels rise. People's lives may be put at risk from an increased frequency of droughts and flooding. An additional three billion people could suffer increased water stress by 2080. Northern Africa, the Middle East and the Indian subcontinent will be the worst affected; 

· By the 2070s, large parts of northern Brazil and central southern Africa could lose their tropical forests because of reduced rainfall and increased temperatures. If this happens, global vegetation which currently absorbs carbon dioxide at the rate of some 2-3 gigatonnes of carbon (GtC) per year will become a carbon source generating about 2 GtC per year by the 2070s and further adding to carbon dioxide build up in the atmosphere. (Current global man-made emissions are about 6-7 GtC per year). 

How the UK could be affected
New climate change scenarios were launched by Defra in April 2002 (see www.ukcip.org.uk/scenarios). They show that average annual temperatures across the UK may rise by between 2° and 3.5°C by the 2080s, with the degree of warming dependent on future levels of greenhouse gas emissions. In general there will be greater warming in the south and east than in the north and west of the UK (see figure, below). High summer temperatures will become more frequent and very cold winters will become increasingly rare. For example, a very hot August, such as that experienced in 1995 may occur as often as two years in three by the 2080s under the higher emissions scenarios.
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It is not just temperatures that will change in the UK, but also rainfall amounts and frequency. Winters will become wetter and summers may become drier across all of the UK (see figure, below). The largest relative changes will be in the south and east where summer precipitation may decline by up to 50 % by the 2080s. Heavy winter precipitation will become more frequent, but the amount of snow could decline by 60% - 90% by the 2080s. In addition, sea levels will continue to rise and could be between 26 and 86 cm above the current level in southeast England by the 2080s. Extreme high water levels, which currently have a 2 % annual probability of occurring, could become 10 to 20 times more frequent at some east coast locations by the 2080s.
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UKCIP Climate Change Scenarios
New climate change scenarios for the UK were recently launched and provide a useful starting point for this process. The scenarios describe how aspects of the UK's climate may change in the future, as a result of emissions of greenhouse gases.

Intergovernmental Panel on Climate Change
Recognizing the problem of potential global climate change, the World Meteorological Organization (WMO) and the United Nations Environment Programme (UNEP) established the Intergovernmental Panel on Climate Change (IPCC) in 1988. It is open to all members of the UNEP and WMO. The role of the IPCC is to assess the scientific, technical and socio-economic information relevant for the understanding of the risk of human-induced climate change. It does not carry out research nor does it monitor climate related data or other relevant parameters. It bases its assessment mainly on peer reviewed and published scientific/technical literature.

The United Nations Framework Convention on Climate Change
On 9 May 1992, the world's governments adopted the UN Framework Convention on Climate Change. In doing so, they took the first step in addressing one of the most urgent environmental problems facing humankind. Five years later, on 11 December 1997, governments took a further step forwards and adopted the landmark Kyoto Protocol. Building on the framework of the Convention, the Kyoto Protocol broke new ground with its legally-binding constraints on greenhouse gas emissions and innovative "mechanisms" aimed at cutting the cost of curbing emissions. Today, 186 countries (including the European Community) are Parties to the Convention, more than most any other environmental treaty, and the entry into force of the Kyoto Protocol is expected soon.

Further information on how the UK plans to reduce its emissions of greenhouse gases can be found in the UK climate change programme.
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Increasing concentrations of greenhouse gases are likely to accelerate the rate of climate change. Scientists expect that the average global surface temperature could rise 1-4.5°F (0.6-2.5°C) in the next fifty years, and 2.2-10°F (1.4-5.8°C) in the next century, with significant regional variation. Evaporation will increase as the climate warms, which will increase average global precipitation. Soil moisture is likely to decline in many regions, and intense rainstorms are likely to become more frequent.

Calculations of climate change for specific areas are much less reliable than global ones, and it is unclear whether regional climate will become more variable.
CFCs and other halocarbons
CFCs and Halocarbons are strong greenhouse gases, but are present only in low concentrations. Those that contain chlorine and bromine are also implicated in depletion of the ozone layer, so emissions are controlled by the Montreal Protocol and its amendments. As a result, the growth rate of CFCs and some other gases in the troposphere has slowed considerably. Hydrofluorocarbons (HFCs) which are being used as substitutes for CFCs, make only a small contribution to the total enhancement due to human activity. Perfluorocarbons, such as CF4, have only made a small contribution since pre-industrial times but their lifetime in the atmosphere is over 1,000 years, much longer than that of other greenhouse gases.

Ozone
Ozone acts as a greenhouse gas in the troposphere and the stratosphere by influencing both solar and infrared radiation. Its concentration in the troposphere may have doubled in the Northern Hemisphere since pre-industrial times, an increase of around 25ppbv. Ozone forms in the troposphere from the reactions of CO, NOx and non-methane hydrocarbons, and from chemical feedbacks involving methane. Ozone may also move down from the stratosphere. Its contribution to the greenhouse effect is hard to assess as it varies regionally and vertically and has a short lifetime in the atmosphere. Stratospheric ozone depletion will have made a small reduction in the greenhouse effect.

Depletion of the ozone layer
Between 15 and 39 km above the earth's surface, the action of ultraviolet (UV) light on oxygen
(O2) creates and destroys ozone (O3). There are only a very few molecules of ozone per million molecules of air in the ozone layer but this is an adequate barrier to UV, which would otherwise induce skin cancers, cataracts and damage to plant and animal life (Kaye and Jackman, 1993). About 75% of ozone is broken down naturally by nitric oxide. Each molecule of nitric oxide can destroy many molecules of ozone (Porteus, 1996). Nevertheless, sufficient ozone remains to restrict UV penetration. However, man-made chemicals such as chlorofluorocarbons (CFCs) and other halocarbons are destroying some of the remaining ozone molecules.

CFCs and halocarbons are widely used as solvents, aerosol propellants, refrigerants and in foam production. They are long-lived compounds which, when released, rise to the stratosphere where they are ruptured by UV light. The chlorine and other halogens released react with ozone. Chlorine atoms in the stratosphere are very reactive and each one may destroy 105 molecules of ozone before being removed by reaction with methane to form hydrochloric acid (to be precipitated in rain).

CFCs in the stratosphere have reduced ozone over Antarctica by 50-70% from the levels observed in the 1960s, giving rise to a so-called "ozone hole". This has tripled in size between 1984 and 1994. Ozone depletion is especially severe over Antarctica due to the particular meteorological conditions there, but losses in ozone have also occurred in the mid-latitudes of both hemispheres (DOE, 1994).

The long lifetime of CFCs in the atmosphere means that changes will continue until at least the middle of the next century (Porteus, 1996). Although CFCs are the dominant cause of ozone depletion in the lower stratosphere (Russell et al, 1996), a pesticide, methyl bromide, may be responsible for 15% of the loss (Mackenzie, 1995).

International action has been taken to phase out CFCs. The Vienna Convention for the protection of the ozone layer was signed in 1985, and was followed by the Montreal Protocol in 1987. Signatories to these agreements agreed to halve their current production of CFCs by 1999 (Alloway and Ayres, 1993). The provisions were strengthened by the London amendment (1990) and the Copenhagen amendment (l992) where signatories agreed to phase out CFCs altogether by 1995 (DOE, 1994). The global annual production of CFCs has fallen from 1 Mt in 1985 to 0.36 Mt in 1995 (Mackenzie, 1995). Full compliance with the Copenhagen amendment is expected to reduce chlorine levels in the stratosphere to 2 ppb. This is expected to be achieved sometime in the middle of the next century.

The greenhouse effect
The natural greenhouse effect (see figure below) raises the temperature of the planet by 33°C, thus making it habitable. On average, 343W/m2 of sunlight fall on the earth, roughly 1/3 of which is reflected back into space. The other 2/3 reaches the ground, which re-radiates it as longer wavelength, infrared radiation. Some of this is blocked by greenhouse gases, thereby warming the atmosphere. Naturally occurring greenhouse gases include water vapour, carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O).

Any factor which alters the amount of radiation received from the sun or lost to space, may influence the climate. Thus any significant enhancement of the greenhouse effect is a cause for concern. Human activity is emitting extra amounts of greenhouse gases, especially CO2, N2O, CH4 and CFCs, which will alter the amounts of radiation trapped by the atmosphere and so may have an effect on climate. The changing concentrations of some greenhouse gases are shown in the table below; the individual gases are discussed later in this report.

Some gases can also have indirect effects which may add to, or detract from, their direct contribution to the greenhouse effect. A simple example is methane, which breaks down in the atmosphere into CO2. Gases such as NOx and CO can influence the concentration of others, especially O3, by their atmospheric chemistry. Sulphur dioxide is a short-lived greenhouse gas which forms sulphate aerosols; these reflect incoming sunlight and may influence the formation and properties of clouds. As a result sulphur dioxide has a net cooling effect. Thus prediction of the likely enhancement of the greenhouse effect is a complex matter. Large mathematical models of the global climate have been developed to help improve understanding of climate change.

Methane (natural gas) is the second most important of the greenhouse gases resulting from human activities. It is produced by rice cultivation, cattle and sheep ranching, and by decaying material in landfills. Methane is also emitted during coal mining and oil drilling, and by leaky gas pipelines. Human activities have increased the concentration of methane in the atmosphere by about 145% above what would be present naturally. 

Nitrous oxide is produced by various agricultural and industrial practices. Human activities have increased the concentration of nitrous oxide in the atmosphere by about 15% above what would be present naturally. 

Chlorofluorocarbons (CFCs) have been used in refrigeration, air conditioning, and as solvents. However, the production of these gases is being eliminated under existing international agreements because they deplete the stratospheric ozone layer. Other fluorocarbons that are also greenhouse gases are being used as substitutes for CFCs in some applications, for example in refrigeration and air conditioning. Although currently very small, their contributions to climate change are expected to rise. 

Ozone in the troposphere, that is, in the lower part of the atmosphere, is another important greenhouse gas resulting from industrial activities. It is created naturally and also by reactions in the atmosphere involving gases resulting from human activities, including nitrogen oxides from motor vehicles and power plants. Based on current data, tropospheric ozone is an important contributor to the enhanced greenhouse effect. However, in part because ozone is also produced naturally, and because of its relatively short atmospheric lifetime, the magnitude of this contribution is uncertain. 

Contrary to popular perception, the Antarctic ozone hole does not cause global warming. Instead, the global depletion of stratospheric ozone caused by CFCs and other gases has resulted in a small cooling effect as shown in Figure 4.1. 

Human activities, such as the burning of fossil fuels and changes in land use, have increased the abundance of small particles in the atmosphere. These particles can change the amount of energy that is absorbed and reflected by the atmosphere. They are also believed to modify the properties of clouds, changing the amount of energy that they absorb and reflect. Intensive studies of the climatic effects of these particles began only recently and the overall effect is uncertain. It is likely that the net effect of these small particles is to cool the climate and to partially offset the warming of increasing concentrations of greenhouse gases. 
The average rate of warming of the Earth's surface over the next hundred years will probably be greater than any that has occurred in the last 10,000 years, the period over which civilization developed. However, specific temperature changes will vary considerably from region to region. 

As a result of the warming, global sea level is expected to rise by a further 15 to 95 cm (about 6 to 37 inches) by the year 2100, because sea water expands when headed and some glacial ice will melt. 

Although globally averaged surface temperature increases and sea level rise are the most certain of the IPCC projections, other effects can be projected with some confidence. Greater warming is expected to occur over land than over the oceans. The maximum warming is expected to occur in the Arctic in winter. Nighttime temperatures are expected to increase more than daytime temperatures. In general, there will probably be an increase in the number of very hot days at mid-latitude locations in summer, such as in most of North America, Europe, and parts of South America, with a decrease of very cold days in the same locations in winter. 

Extreme events such as heavy rains and droughts are the most destructive forms of weather, and the frequency and duration of these events are likely to increase as the climate continues to change. Increases in the global averages of both evaporation and precipitation are expected. In winter at mid-latitudes, higher surface temperatures are expected to cause an increased portion of the precipitation to fall in the form of rain rather than snow. This is likely to increase both wintertime soil moisture and runoff, leaving less runoff for summer. In spring, faster snow melt is likely to aggravate flooding. In the summer, increased heating will lead to increased evaporation, which could decrease the availability of soil moisture needed both for natural vegetation and agriculture in many places, and increase the probability of severe drought. Droughts and floods occur naturally around the world, for example in association with El Niño events, but are likely to become more severe, causing water management to become an even more critical problem in the future. 

The most uncertain projections of future climate relate to changes in particular locales, as well as how weather events such as tropical storms, including hurricanes, typhoons, and cyclones, will be affected. This uncertainty results from the existence of large natural regional variations, as well as limitations in computer models and the understanding of the relationship between local and global climate at the present time. 

The range of estimated warming of 1 to 3.5°C (about 2 to 6°F) by the year 2100 arises from uncertainties about the response of climate to the buildup of greenhouse gases and particles, as well as the total amount of future emissions of these gases. Factors such as estimates of human population growth, land use changes, life styles, and energy choices yield a range of plausible greenhouse gas emissions. For example, concerted efforts to reduce emissions of greenhouse gases would lead to a significantly lower projected temperature rise. 

All of these predictions are based on the assumption that the global climate will change gradually. However, there is evidence to suggest that the Earth's climate has occasionally changed rather rapidly in the distant past. There may be similarly abrupt transitions due to human-induced climate change. These abrupt transitions raise the possibility of significant surprises as the world warms over the next century, perhaps with rapid and unexpected changes in ocean currents and regional climate. The likelihood that such rapid changes could occur increases with increasing emissions of greenhouse gases

As the world warms, some extreme climate events, like the frequency of heat waves and very heavy precipitation, are expected to increase, but it remains uncertain whether or not to expect changes in the frequency of some other extremes. Moreover, it is important to note that it is not possible to link any particular weather or climate event definitively to global warming. The causal linkage, if any, between the frequency of extreme events and global warming only can be determined through statistical analyses of long- term data, because the natural climate system can produce weather and climate events that often appear to be uncharacteristic of the recent climate. 

Data on climate extremes in many regions of the world are inadequate to draw definitive conclusions about possible changes that may have occurred on a global scale. However, in some regions where good data are available, there have been some significant increases and decreases in extreme events over time. For example, there has been a clear trend to fewer extremely low minimum temperatures in several widely separated areas in recent decades (e.g., Australia, the United States, Russia, and China). The impact of such changes can manifest itself in fewer freezing days and late season frosts, such as have been documented in Australia and the United States. Indeed, we expect that the number of days with extremely low temperatures should continue to decrease as global temperatures rise. 

Widespread, extended periods of extremely high temperatures are also expected to become more frequent with continued global warming, such as the unprecedented high nighttime temperatures during the 1995 heat wave in Chicago, Illinois, and the midwestern United States that caused an estimated 830 deaths. However, the global frequency of such heat waves has not been analyzed at this time. 

Higher temperatures lead to higher rates of evaporation and precipitation. As the Earth warms, we expect more precipitation and it is likely to fall over shorter intervals of time, thereby increasing the frequency of very heavy and extreme precipitation events. Analyses of observed changes in precipitation intensity have been conducted only for a few countries. Perhaps the best evidence of increases in extreme and very heavy precipitation events comes from data in North America as depicted for the United States in Figure 8.1. In Australia, which is historically prone to heavy precipitation, an increase in rainfall amount from major storms has also been observed. Analyses for South Africa also show increases in extreme precipitation rates. In another area, China, where data have been analyzed for the last several decades, no obvious trends are apparent, but high concentrations of air pollution (such as sulfate particles that can cool the climate) may be counteracting such changes in this region. 

There is as yet no evidence for a worldwide rise in the frequency of droughts. In the future, however, it is expected that many regions will experience more frequent, prolonged, or more severe droughts, primarily due to the more rapid evaporation of moisture from plants, soils, lakes, and reservoirs. This is expected to occur even as precipitation increases and heavy precipitation events become more common. 

Blizzards and snow storms may actually increase in intensity and frequency in some colder locations as atmospheric moisture increases. In more temperate latitudes, snowstorms are likely to decrease in frequency, but their intensity may actually increase, as the world warms. Observations show that snowfall has increased in the high latitudes of North America, but snow accumulations have melted faster because of more frequent and earlier thaws. 

There is evidence of an increase in the frequency of intense extra- tropical storms in the northern North Atlantic and adjacent areas of Europe, such as the British Isles, but there has been a decrease in such events in the southern North Atlantic (south of 30°N) over the past few decades. It remains uncertain as to whether these changes are natural fluctuations or relate to global warming, because there is little consensus about how global warming will affect these non-tropical, yet powerful storms. 

There is little evidence to support any significant long-term trends in the frequency or intensity of tropical storms, or of hurricanes in the North Atlantic during the past several decades. Although the hurricane frequency was high during 1995 and 1996, an anomalously low number of hurricanes occurred during the 1960s through the 1980s, including those hitting the United States during that period (Figure 8.2). Reliable data from the North Atlantic since the 1940s indicate that the peak strength of the strongest hurricanes has not changed, and the mean maximum intensity of all hurricanes has decreased. There is also some evidence for a decrease in the frequency of cyclones in the Indian Ocean during the past two decades relative to earlier records and an increase in the frequency of typhoons in the western Pacific. Wide variations in the total number of tropical storms including hurricanes, typhoons, and cyclones occurring per decade have been observed, with no apparent long-term trends in most ocean basins. There is little consensus about how global warming will affect the intensity and frequency of these storms in the future. 
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