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Summary

Scientific conclusions have become more compelling regarding the influence of human activities on the Earth's climate. In 2007, the Intergovernmental Panel on Climate Change (IPCC) declared that evidence of global warming was "unequivocal." It concluded that "[m]ost of the observed increase in globally averaged temperatures since the mid-20th century is very likely due to the observed increase in anthropogenic [human-related] greenhouse gas [GHG] concentrations."

The IPCC concluded that human activities have markedly increased atmospheric concentrations of "greenhouse gases" (GHG), including carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and gases (such as chlorofluorocarbons, CFC) that are controlled under the Montreal Protocol to protect the stratospheric ozone layer. From the beginning of the Industrial Revolution, CO2 has risen from about 280 parts per million (ppm) to about 386 ppm today (up 38%). The concentration of CO2 is higher now than in at least 800,000 years before present.

Additional human influences on the climate that are not easily compared to GHG emissions could, nonetheless, be managed to moderate regional and global climate change. These include tropospheric ozone pollution (i.e., smog), particulate and aerosol emissions, and land cover change. New chemicals, such as nitrogen trifluoride (NF3), also may play a small role.

Without radical changes globally from current policies and economic trajectories, experts uniformly expect that GHG emissions will continue to grow and lead to continued warming of the Earth's climate. Experts disagree, however, on the timing, magnitude and patterns of future climate changes. In the absence of concerted climate change mitigation policies, for a wide range of plausible GHG scenarios to 2100, the IPCC projected "best guess" increases in global average temperatures from 1.8oC to 4.0oC (3.2oF to 7.2oF). Although these temperature changes may seem small, they compare to the current global, annual average temperature of around 14oC (57oF). While precipitation overall is expected to increase, its distribution may become more uneven: regions that now are dry are likely to get drier, while regions that now are wet, are likely to get wetter. Extreme precipitation and droughts are expected to become more frequent. Experts project that warming ocean waters will expand, and melting glaciers and ice sheets will further add to sea level rise. The Arctic Ocean could become ice free in summers within a few decades. Ocean salinity is expected to fall, and the Meridional Overturning Circulation in the Atlantic Ocean could slow, reducing ocean productivity and altering regional climates in both North America and Europe. The climate would continue changing for hundreds of years after GHG concentrations were stabilized, according to most models. There are also possibilities of abrupt changes in the state of the climate system, with unpredictable and potentially catastrophic consequences. Much concern is focused now, among scientists and economists, about the likelihoods and implications of exceeding such thresholds of abrupt change, sometimes called "tipping points."

This report summarizes highlights of scientific research and assessments related to human-induced climate change. For more extensive explanation of climate change science and analytical methods, see CRS Report RL33849, Climate Change: Science and Policy Implications.









Climate Change: Science Highlights




Introduction

The focus of policy-makers on climate change science has shifted from debate over whether the Earth's climate has changed and whether human-related greenhouse gases are responsible for a major portion of it. Focus has turned to debate over the magnitude and patterns of future climate change, how adverse such changes may be, and how projections may inform mitigation and adaptation policy choices. There is also growing recognition of a wider variety of human-related "forcings" of climate change than the six "Kyoto gases" to include other kinds of pollution, newly developed chemicals, and land use patterns.

Understanding of potential impacts of climate change has deepened as well, but remains hindered by poor time and spatial resolution of predictions and, especially, by the wide divergence of projections across different climate models. This divergence reflects continuing uncertainties concerning clouds, oceans, and vegetation feedbacks to climate change, among other questions. It also reflects re-emerging recognition of the importance of socio-economic factors in technological change, climate change projections, potential damages (or opportunities) of those changes, and appropriate policy responses. Confidence has grown in some aspects of climate change science, allowing policy-makers to deliberate over appropriate risk management strategies, but needs for further research continue.

This report highlights major scientific observations, conclusions, and issues. The principal scientific findings from the 2007 Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC)1 continue to stand, and will be summarized in this report.2 A fuller explanation of climate change processes, analytical methods, uncertainties, and controversies is provided in CRS Report RL33849, Climate Change: Science and Policy Implications, by [author name scrubbed].


Observed Warming and Additional Metrics of Climate Change

The IPCC in 2007 declared that "[w]arming of the climate system is unequivocal.... Observational evidence from all continents and most oceans shows that many natural systems are being affected by regional climate changes." The Earth's climate has warmed by 0.6o to 0.9o Celsius (1.1 to 1.6o Fahrenheit) since the Industrial Revolution and approximately 0.5oC compared to the 20th century average (see Figure 1). Precipitation has increased over the past century, although some regions have become wetter and some have become drier, consistent with scientists' understanding of how heightened greenhouse gas concentrations affect climate regionally. Observed increases in ocean temperatures, altered wind patterns, extreme weather events, melting glaciers and sea ice, and timing of seasons are also attributed in part to greenhouse gas forcing. Although there is substantial natural variability in the climate system, a warming trend continued through 2008, with the year tied with 2001 as the eighth warmest globally since reliable measurements began in 1880.3










	Figure 1. Global Annual Temperature Anomalies Compared to the

20th Century Average

1880 - 2008




	



	
Source: National Climate Data Center, Climate of 2008, National Oceanic and Atmospheric Administration, December 16, 2008.


Notes: An anomaly is the difference between the value in a given year (or other time period) and the long-term average for a specified period, which in this case is one century. It describes how the annual value differs from a defined "normal."


The blue smoothed line in that graph is obtained by applying a "21-point binomial filter" to the time series plotted as red bars. The "whisker" (thin black vertical) lines represent confidence or possible error levels. Levels of confidence have improved sizably over the past century.








Figure 1 also shows that the global climate varies from year-to-year and over longer cycles, as well as showing a century-long trend to warming. Some influences are natural and some are very likely human-related. At regional and local scales, climate is generally even more variable. This illustrates the caution that should be exercised in trying to detect changes in trends in the context of variability. One or a series of hot or cool years, or a few extreme weather events, do not necessarily represent more than normal climate variability. For example, better scientific understanding of natural phenomena like La Nina, and solar variability have helped scientists to understand their cooling influence on global average temperatures since the year 2000, or the impact of El Nino on the extreme high temperature of 1998.4 Detecting changes in the climate system requires measurements and assessment over decades or longer.

The U.S. Climate Change Science Program (CCSP) produced a new synthesis report in 2008, "reanalyzing" the U.S. climate from 1950 to the present,5 evaluating observed and modeled changes, and attributing changes to different factors. The researchers estimated average warming over North America to have been 0.9oC (1.6oF) from 1951 to 2006, with almost all of the warming later than 1970. The reanalysis concluded, among other findings, that:

•    The largest yearly average regional temperature increases have occurred over northern and western North America, with up to 2.0°C (3.6°F) warming in 56 years over Alaska, the Yukon Territories, Alberta, and Saskatchewan. On the other hand, there have been no significant yearly average temperature changes in the southern United Sates and eastern Canada.

•    There has not been a significant trend in North American precipitation since 1951, although there have been substantial changes from year to year and even decade to decade.

The report did not find a significant trend in continental precipitation. Nor did it find systematic changes in how often or where severe droughts have occurred in the contiguous United States over the past decades. However, the demands and competition for water resources have increased in some regions, so that the vulnerability to drought is more severe.


Attribution of Observed Changes Mostly to Greenhouse Gases

In 2007, the IPCC fourth assessment report concluded that "[m]ost of the observed increase in globally-averaged temperatures since the mid-20th century is very likely due to the observed increase in anthropogenic GHG concentrations."6 According to the report, natural phenomena, such as volcanoes, solar variability and land cover change, have undoubtedly influenced the observed climate change, but the dominant driver of change since the 1970s is estimated to be the increase of greenhouse gases (GHG) in the Earth's atmosphere due to emissions from human-related activities.

The CCSP reanalysis of North American climate data7 concluded that there is more than a 66% likelihood that more than half the average continental warming since 1951 has been due to human activities, but also that the regional differences in summer surface temperatures are unlikely to have been driven by human influences alone. The reanalysis found that sea surface temperatures likely have affected temperature trends, regional differences in temperature and regional and seasonal differences in precipitation. It also concluded that sea surface temperatures have likely contributed to multi-year droughts.8


Human-Related Influences on Climate Change

Although the most potent greenhouse gas in the Earth's atmosphere is water vapor, it is thought not to be directly influenced at a large scale by human activities.9 Most policy attention has been given to the "basket" of six gases covered by the Kyoto Protocol: Carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), sulfur hexafluoride (SF6), hydrofluorocarbons (HFC), and perfluorocarbons (PFC). CO2 is the most important human-influenced GHG globally.

Less policy attention has been give to other GHG and other human-related "forcings" of climate change, which might also offer climate change abatement opportunities:


	certain synthetic chlorinated and fluorinated chemicals (e.g., chlorofluorocarbons (CFC), hydrochlorofluorocarbons (HCFC), the production of which is controlled to reverse destruction of the ozone layer in the stratosphere (but which continue to be emitted from certain sources);

	tropospheric ozone (or "smog"), which is controlled in many countries as an air pollutant with adverse health and environmental effects, and is not emitted but is formed in the atmosphere due to emissions of nitrogen oxides (NOx), volatile organic compounds (VOC), and carbon monoxide (CO);

	regional scale air pollutants, such as sulfates, and tiny carbon-containing particles called black carbon aerosols.10



In some regions and over some periods, these air pollutants may dominate local climate changes, including how much precipitation falls and where. Aerosols also darken reflective surfaces, such as snow, and absorb more of the Sun's radiation. On snow, scientists have shown particles to increase melt, and hence create feedbacks that may accelerate climate changes. Some researchers argue that abatement of black carbon aerosols could help to slow atmospheric warming and melting in the Arctic and mountainous regions.11

New types of emissions are emerging that also have small, but potentially growing, effects on climate change. For example, nitrogen trifluoride (NF3) is a gas used in certain manufacturing processes, introduced as a more benign alternative to CFC, but with a strong Global Warming Potential.12 While the current influence of this new, substitute gas is very small (well less than half a percent of CO2 forcing), its appearance points to the need for attention to Global Warming Potentials as new chemicals are developed, and for flexibility in incorporating new climate change influences into policy approaches over time.

Land use and land use changes have long been recognized for their influence on local climates, and increasingly on global climate. For example, the built environment is often constructed with dark materials, such as asphalt roads or roof shingling, that absorbs the Sun's radiation and heats the environment. These urban heat islands have a very small global effect. However, other changes, such as the warming influences of loss of snow cover, and the influences of changing vegetation (e.g. forest losses in the tropics) , and possibly of agricultural irrigation, have been raised as meriting attention for their regional effects and potential global influence. While these influences do not reduce the importance of CO2 emissions and other GHG forcing, they raise opportunities for enhancing mitigation and management of climate changes locally and globally.


Trends in Atmospheric Concentrations of Greenhouse Gases

Carbon dioxide (CO2) concentrations have grown from a pre-industrial concentration of about 280 parts per million volume (ppm) to 386 ppm in 2008 (see Figure 2).13 The IPCC had concluded in 2007 that "[a]tmospheric concentrations of CO2 (379ppm) and methane (1774 parts per billion - ppb) in 2005 exceed[ed] by far the natural range over the last 650,000 years." The IPCC found that the increases in CO2 concentrations since the Industrial Revolution were due primarily to human use of fossil fuels, with land-use changes (primarily deforestation) making a significant but smaller contribution. While over the past few decades, countries have trended towards using cleaner, lower carbon fuels (such as natural gas instead of coal), the IPCC noted that "the long-term trend of declining CO2 emissions per unit of energy supplied reversed after 2000.14

Methane concentrations also grew from a pre-industrial value of about 715 ppb to about1786 ppb in 200815 (see Figure 2). The rate of methane growth slowed and had been negative in several years since about 1992 for a variety of reasons, including economic restructuring, methane recovery for energy value (e.g., from landfills, animal wastes), etc. Methane concentrations grew only slightly since around 1999 but turned upwards again in 2007. Nitrous oxide emissions continue to grow at a roughly constant rate. In contrast, CFC and HCFC have level or declining concentrations since the early- to mid-1990s.










	Figure 2. Global Average Atmospheric Concentrations

of Five Major Greenhouse Gases

1978 to 2008




	



	
Source: National Oceanic and Atmospheric Administration, http://www.esrl.noaa.gov/gmd/aggi/.


Notes: Global averages of the concentrations of the major, well-mixed, long-lived greenhouse gases - carbon dioxide, methane, nitrous oxide, CFC-12 and CFC-11 from the NOAA global flask sampling network since 1978. These gases account for about 97% of the direct radiative forcing by long-lived greenhouse gases since 1750. The remaining 3% is contributed by an assortment of 10 minor halogen gases (see text). Methane data prior to 1983 are annual averages from Etheridge et al. (1998), adjusted to the NOAA calibration scale [Dlugokencky et al., 2005].









Greenhouse Gas Emissions and Growth Globally

The United States contributes almost one-fifth of net global greenhouse gas emissions and China contributes slightly more. China's CO2 emissions exceeded those of the United States sometime around 2005, though changes in 2008 in economic growth rates, energy use and uncertainty preclude precise estimates for China. With its robust economic growth—dependent on industrialization fueled largely by coal—China is likely to remain the largest global emitter of CO2 for the foreseeable future, although the government has established ambitious policies to improve energy efficiency, promote renewable energy and reduce polluting emissions.16 Future greenhouse gas emissions will likely grow most rapidly in developing economies, as they strive to eliminate poverty and raise income levels towards those of the wealthier "Annex 1" countries. Future GHG trajectories are widely uncertain, depending largely on the rate and composition of economic growth, as well as technology and policy choices.


Observed Impacts of Climate Changes

The IPCC concluded in 200717 that: "... discernible human influences extend beyond average temperature to other aspects of climate." Human influences have:


	very likely contributed to sea level rise during the latter half of the 20th century

	likely contributed to changes in wind patterns, affecting extra-tropical storm tracks and temperature patterns

	likely increased temperatures of extreme hot nights, cold nights and cold days

	more likely than not increased risk of heat waves, area affected by drought since the 1970s and frequency of heavy precipitation events.



Anthropogenic warming over the last three decades has likely had a discernible influence at the global scale on observed changes in many physical and biological systems.


Extent of Arctic Sea Ice Near Lowest Recorded Levels

Sea ice at the poles is a vital component of the Earth's current climate system. Sea ice controls key aspects of Arctic atmospheric circulation, polar warming and other critical components of the Earth's climate system. Polar sea ice is of cultural and iconic value to some people. It also affects a number of human activities, such as shipping, fishing, resource accessibility, and tourism. Sea ice is important to current Arctic ecology, such as habitat for polar bear, seals, whales and others.

Arctic sea ice shrunk to its smallest extent in 2007, and nearly to the same extent in 2008, since satellite measurements began in 1979. Sea ice cover has reached perhaps 50% below the sea ice extent of the 1950s. Average sea ice extent in September 2008 was about 4.67 million square kilometers, compared to the record low of September 2007 of 4.28 million square kilometers (1.65 million square miles). Compared to the average extent of sea ice between 1979 and 2000, 2008 was 34% below and 2007 was 39% below. The rate of sea ice decline since 1979 has reached approximately 11% per decade, or 78,000 square kilometers (28,000 square miles) per year.18 While rapid Arctic ice loss appears in climate model runs, the loss of Arctic sea ice extent has been more rapid than produced by climate models.19

While the record melting of Arctic sea ice is associated with GHG-induced warming, the winds in 2007 pushed sea ice from the Arctic toward the Atlantic Ocean. Simultaneously, Arctic currents seemed to be reversing, returning to the pre-1990s direction. In addition, low cloudiness led to more solar warming than usual. According to NASA, "The results suggest not all the large changes seen in Arctic climate in recent years are a result of long-term trends associated with global warming." In 2008, there were near-record lows despite return of more "normal" wind and atmospheric conditions.

Earlier seasonal melting of sea ice triggers a positive feedback that increases ocean warming, further increasing sea ice melting, and so on.20 Updated estimates now project that the Arctic Ocean could be ice-free in summer as early as 2040,21 203022 (or sooner) if recent accelerations in sea ice loss continue. Some scientists have expressed concern that recently observed sea ice loss may have passed a "threshold" or a spiral of warming feedbacks.23 Melting ice in the Arctic would contribute very little to global sea level rise because it already floats, with its volume already displacing sea water; however, it contributes to concern because of the impact loss of Arctic sea ice would have in warming Arctic waters and atmosphere, and consequent effects on warming and melting of the Greenland Ice Sheet.


Melting of the Greenland Ice Sheet

Between 1979 and 2005, the area of Greenland that melted on at least one day per year grew by 42%, while the mean temperature rose by 2.4oC.24 However, recent changes in rates of melting of the Greenland Ice Sheet point to variability in the climate system and the difficulties in discerning trends among the changes. Beginning in the late 1990s, ice flows from two of Greenland's biggest glaciers that flow into the ocean accelerated rapidly, surprising scientists at the speed of change. The lack of prediction of the phenomenon contributed to the IPCC's decision not to include the contribution of ice sheet melting in its projections of sea level rise due to global warming in the 21st Century. The high melting rates in 2005 startled many scientists and raised major concerns about the potential impacts on sea level rise. Some scientists have argued that policy goals to address climate change should avoid passing certain "tipping points" of the climate system that could have potentially catastrophic impacts, naming melting of the Greenland Ice Sheet on one of these thresholds. (See section "Projections of Future Climate" for further discussion of possible tipping points.) However, as melting rates in 2006 returned closer to the average, they have exposed greater variability and complexity in ice dynamics than previously understood.25 Now some scientists believe that warming waters near the glacier outlets accelerate ice flows and results in retreat of their floating leading margins. However, after a point, the glacier regains stability on its grounding rock and the retreat slows, though it will continue to melt with warm air temperatures.


Melting and Thickening of Ice in Antarctica

Over the past few decades, the atmosphere over Antarctica has warmed. Satellite observations analyzed in 2007 indicate that the Antarctic ice sheet is losing mass overall; the losses are mainly from the western Antarctic ice sheet. NASA satellites revealed that snow is melting farther inland, at higher altitudes than before and, increasingly, on the Ross Ice Shelf, which buffers land-based glaciers from the warmer ocean air.26 Some high elevation regions of the Antarctic ice sheet do not show a significant rate of change or show less melting. Researchers identified a link between changes in temperatures and the duration and area of melting in Antarctica, suggesting a connection to global climate change. In another 2007 study, the British Antarctic survey found that 300 glaciers studied increased their average flow rate by 12% from 1993 to 2003. This was attributed to thinning of the lower glaciers at the edge of the sea, allowing the glaciers above them to flow faster, similar to phenomena observed in Greenland. Unlike Greenland, the Western Antarctic Ice Sheet is not well grounded like the outlet glaciers of Greenland, so that disintegration of the lead glacial margins could lead to persistently accelerated flows of ice to the sea. The researchers tied local warming on the Antarctic Peninsula—some of the fastest recent warming on Earth (nearly 3oC, or 4.4oF, over 50 years)—to retreat of 87% of its glaciers and the observed increase in their flow rates.27

In 2008, parts of the Antarctic Pennisula's Wilkins Ice Sheet disintegrated in three stages, which is especially significant because two of the stages occurred during the cold season. The pattern of breakup was smaller but similar to that of the Larsen A and B ice shelves, in1995 and 2002 respectively. According to the NSIDC, preliminary studies of the sea floor below the Larsen B ice shelf suggest that the 2002 disintegration was the first such in 12,000 years.28 While the general warming of ocean waters in both the Arctic and Antarctica contributes to loss of ice sheets, two studies in 2008 indicate that other factors (winds and current changes) may circulate warm water in the vicinity of ice shelves.29


No Melting of Some Permanent Ice Fields

Not all glaciers and ice fields are experiencing increased melting. One study published in 2008 indicated that snow accumulation has doubled in the south-western Antarctica Peninsula since 1850, with rates accelerating in the past few decades. 30In Europe, while glaciers between 2,000 and 4,000 meters in altitude have lost an average of 1-1.5 kilometers of length through the 20th Century, others at high altitude—above 4,200 meters—have changed very little in the same period. Some melting did occur, however, during the 2003 extreme heat wave.


Contributions of Melting Ice and Warming Oceans to Sea Level Rise

A 2008 assessment of satellite-based data suggests that most of the sea level rise observed in recent years can be explained by an increased mass of the oceans (i.e., more water). Of the global melting of ice contributing to observed sea level rise, about half has come from relatively small land-based glaciers, with the other half contributed by melting of the Greenland and Antarctic ice sheets.31 One report published in 2007 concluded that the net amount of melting ice from glaciers and ice caps flowing to the oceans each year is about 100 cubic kilometers—or about the volume of Lake Erie.

With further warming, the acceleration of dynamic ice melt could raise the estimates of sea-level rise by an additional 4 to 10 inches by 2100. Recent articles have proposed a range of new estimates for sea level rise in the 21st Century that would include contributions of sea ice melt, particularly from Greenland. Pfeffer et al. conclude that physical constraints would preclude more than 2 meters (6.6 feet) of sea level rise over the coming century (with a range of 2.6 to 6.6 feet), and put forward a best guess, with low confidence, of about 0.8 meters rise by 2100.32 Grinsted et al. suggest a range of 0.9 to 1.3 meters (3 to 4.3 feet) of sea level rise in 2090 to 2100, using a moderate climate change scenario.33


Hydrological Changes in the Western United States

A modeling study published in 2008 concluded that human factors may have induced as much as 60% of the changes observed between 1950 and 1999 in the hydrological cycle in the western United States. Climate changes were found to have influenced river flows, winter air temperatures and snow pack. The authors concluded that these changes, and their human influences, suggest an impending water supply crisis in the West.34


Observed Ecological Impacts of Climate Change

A growing number of studies are published each year investigating possible linkages between climate change and ecological changes. Results from a few released in 2008 are highlighted here.

One study concluded that warming of the Southern Ocean around Antarctica is threatening King penguin populations on the continent.35

A number of new studies continue to underscore threats to coral reefs globally by a variety of stressors that include heat stress from warm ocean events, and "ocean acidification" caused by absorption of CO2 from the atmosphere by the oceans. One of these studies concluded that almost one-third of 704 reef-building coral species that could be assessed with data show enhanced risk of species extinction. It further concluded that the share of coral species at risk has risen in recent decades. The Caribbean was the region with the highest share of corals at high risk of extinction, while the Coral Triangle in the western Pacific had the greatest share of coral species in all categories at risk.36 Another 2008 study concluded that throughout Australia's Great Barrier Reef, coral calcification (a measure of growth) has decreased by 14% since 1990. The authors further concluded that the severity and abruptness of the observed decline was unprecedented in at least the past 400 years.37

While risks to coral reefs from global warming and ocean acidification are increasingly studied, the associated risks to reef fish communities have been acknowledged but not documented. A 2008 study assessed the impacts of the major 2008 coral bleaching events across seven countries, 66 sites and 26 degrees of latitude in the Indian Ocean. The study concluded that, while impacts across sites were variable, ocean scale integrity of fish communities was lost, reflected in size structure, diversity, and food-chain composition of the reef fish. The authors also found that management regimes did not appear to affect the ecosystem responses to the bleaching event, suggesting a need to develop strategies for system-wide resilience to climate variability and change.38 At least one study found evidence that some corals may be able to adjust to bleaching events by shifting the types of algae (zooxanthellae) with which they co-depend.39

In many ecological systems, climate is a primary—but not the sole—factor influencing the survival and behaviors of species. With the climate change experienced in recent decades, land-use, climate change and other factors have been associated with substantial range contractions, extinction of at least one species, and numerous changes in the timing of animal and plant behavior.

Polar bears are among the species that depend on sea ice for hunting and must fast during ice-free periods. The Western Hudson Bay of Canada has had ice-free summer periods for many years and, although the local polar bear population had previously appeared healthy, more recent observations have revealed lower survival rates among cubs and young bears.40 Similar patterns have now emerged in Southern Hudson Bay and the Southern Beaufort Sea.41

Observations of several forest systems suggest that they are adapting to changes in climate more effectively than some scientists had expected. More specifically, NASA satellite imaging indicates that U.S. forests are adapting to the climate change experienced to date, and that the overall productivity response to weather and seasonal conditions has been closely linked to the number of different tree species in a forest area.42 In Brazil, the productivity of Amazon forests has been resilient in spite of short but severe drought conditions in 2005, contrary to predictions of some ecosystem models, although whether the resistance will be sustained under longer drought—expected with climate change—is unknown.43 Studies have shown increases in primary productivity in the Amazon as well as in above-ground biomass. They also show, however, changes in the composition of plant species, with fast-growing species faring better than slow-growing ones. The authors attributed these changes to global environmental changes, including elevated levels of CO2 in the atmosphere.44 Another study examined the influences of high temperatures on tropical forest uptake of CO2 from the atmosphere. It found that elevated temperatures initially raised CO2 uptake, then CO2 uptake declined. The authors concluded that, in the particular tract of forest studied, temperatures were approaching a threshold above which CO2 uptake would drop sharply.45


Without Further GHG Mitigation Policies, GHG Emissions Will Grow

The U.S. Climate Change Science Program (US CCSP) released its second report in 2007, entitled "Scenarios of Greenhouse Gas Emissions and Atmospheric Concentrations and Review of Integrated Scenario Development and Application."46 This research produced new scenarios of future GHG emissions and concluded that "In the reference scenarios,47 economic and energy growth, combined with continued fossil fuel use, lead to changes in the Earth's radiation balance that are three to four times that already experienced since the beginning of the industrial age."48 This research also explored scenarios aimed at stabilizing the growth of GHG concentrations in the atmosphere at four increasingly stringent levels: roughly 750 parts per million (ppm), 650 ppm, 550 ppm, and 450 ppm (including multiple GHGs as CO2-equivalents49). The analysis concluded, "The timing of GHG emissions reductions varies substantially across the four radiative forcing stabilization levels. Under the most stringent stabilization levels [450-550 ppm] emissions begin to decline immediately or within a matter of decades. Under the less stringent stabilization levels [750 ppm], CO2 emissions do not peak until late in the century or beyond, and they are 1½ to over 2½ times today's levels in 2100."50

The results of the CCSP reference scenarios are similar to those of the 2000 Special Report on Emission Scenarios (SRES) of the IPCC, though the latter explored a wider range of uncertainty in its reference projections. The SRES projected global GHG emissions, without further climate change mitigation policies, to increase by 25-90% (CO2-equivalent) from 2000 to 2030, with CO2-equivalent concentrations growing in the atmosphere to 600-1550 ppm.


Projections of Future Climate

Scientists have found it very likely that rising greenhouse gas concentrations, if they continue unabated, will increase global average temperature above natural variability by at least 1.5o Celsius (2.7o Fahrenheit) during the 21st Century (above 1990 temperatures), with a small likelihood that the temperature rise may exceed 5 o C (9 o F). The projections thought most likely by many climate modelers are for greenhouse gas-induced temperature rise of approximately 2.5o to 3.5 o C (4.5 to 6.3 o F) by 2100.51 Future climate change may advance smoothly or sporadically, with some regions experiencing more fluctuations in temperature, precipitation, and frequency or intensity of extreme events than others. Wet regions are expected to get more precipitation and dry regions are expected to become drier. Floods, droughts, storms and other extreme weather events are projected to increase, with impacts for ecological and human systems.

A report by the CCSP found that short-lived air pollutants, such as tropospheric ozone and black carbon aerosols could contribute as much as 20% of global warming by 2050. It found that one "climate model using projected changes in emissions and pollutant levels that occur primarily over Asia predicts significant increases in surface temperature and decreases in rainfall over the continental United States during the summertime throughout the second half of this century."52 While most policy attention has been on the long-lived GHG, such as carbon dioxide and methane, including other climate forcings, such as short-lived air pollution, offers additional opportunities to abate near-term climate change, with the co-benefits of reducing health and environmental impacts.

With projected global warming, sea levels could rise by between 18 and 59 centimeters (between 7 and 23 inches) by 2100 due to expansion of oceans' waters as they warm and additions of meltwater (at current rates of melting) from land-based glaciers and ice caps. The IPCC scientists were unable to include a quantitative estimate of the risks of accelerated melting or possible collapse of the Greenland or Antarctic ice sheets due to inadequacies of existing understanding of their dynamics.


Concern About Abrupt "Tipping Points" in the Climate System

Some people are concerned less about chronic damages due to slow and continuing climate change than they are about the potential for abrupt "tipping points" in the current climate system. Once the climate system reaches certain thresholds of change or tipping points, major aspects of the Earth's climate could change abruptly and in uncertain ways.53 Figure 3 shows one recent set of estimates of where dangerous "tipping points" may exist in the climate system relative to potential future global temperature increases. It also shows an estimate of the likelihoods, or probability density function (the black curve), that human-related GHG emissions since 1750 have already committed the planet to degrees of warming. In other words, according to the estimates represented in this figure, it is most likely that greenhouse gas emissions from 1750 to 2005 will lead to global average warming of 1o-3oC, and potentially result in ice-free Arctic summers, major reduction of area and volume of the Hindu-Kush-Himalaya-Tibetan (HKHT) glaciers, major melting of the Greenland Ice Sheet, and so non. According to the estimates in the cited study, it is less likely that the committed warming is already greater than the "tipping points" for collapse of the Amazon rain forest and other identified components.










	Figure 3. Possible "Climate-Tipping" Elements and their Possible Likelihoods for Committed Global Temperature Change that May Precipitate the Tipping




	



	
Source: 1. V. Ramanathan and Y. Feng, "On Avoiding Dangerous Anthropogenic Interference with the Climate System: Formidable Challenges Ahead," Proceedings of the National  Academy of Sciences 105, no. 38 (September 23, 2008


Notes: Seven climate system components are identified that could undergo major, potentially abrupt and catastrophic, changes, as global temperatures increase. (ENSO includes El Nino/La Nina oscillations, and thermohaline circulation is the large-scale ocean overturning and circulation driven by temperature differences between the tropics and the poles and ocean salinity/freshwater). Each "climate-tipping" component is graphed above an estimated Increase in global average temperature (compared to pre-industrial levels) that could initiate the tipping, according to T.M. Lenton et al., Tipping Elements in the Earth's Climate System, Proceedings of the National Academy of Sciences, Vol.105:1786-1793 (2007). The estimated likelihoods (probability density function) that GHG emissions had already committed the climate system to different degrees of warming are represented by the black curve. See Ramanathan and Feng for further detail.









Projections of Future Impacts

Some impacts of climate change are expected to be beneficial in some locations with a few degrees of warming (e.g., increased agricultural productivity in some regions, less need for space heating, opening of the Northwest Passage for shipping and resource exploitation). Most impacts are expected to be adverse (e.g., lower agricultural productivity in many regions, drought, rising sea levels,54 spread of disease vectors, greater needs for cooling). Risks of abrupt, perhaps unidentified climate changes in aspects of the environment, with accompanying dislocations, are expected to increase as global average temperature increases, and could push natural and socio-economic systems past key thresholds.55 An example that recently occurred is the rapid and widespread infestation of beetles in western North America.56 Such changes could precipitate major reorganization of ecosystems, and under some circumstances, stresses on nearby or dependent human systems.

Impacts on water resources are expected to be among the most serious due to climate change, combined with rising demand and management issues in many regions. Earlier melting of snowpack and ice in some regions (e.g., the Andes, the U.S. West) and loss of ice and snow would reduce water supply to settlements that now depend on the snowmelt, and change the seasonality of water supply. Snowfall in some regions is expected to increase, however, with greater atmospheric moisture.

One CCSP assessment examined the implications of projected sea level rise, with emphasis on the U.S. mid-Atlantic region. It concluded:

Today, rising sea levels are submerging low-lying lands, eroding beaches, converting wetlands to open water, exacerbating coastal flooding, and increasing the salinity of estuaries and freshwater aquifers. Other impacts of climate change, coastal development, and natural coastal processes also contribute to these impacts. In undeveloped or less developed coastal areas where human influence is minimal, ecosystems and geological systems can sometimes shift upward and landward with the rising water levels. Coastal development, including buildings, roads, and other infrastructure, are less mobile and more vulnerable. Vulnerability to an accelerating rate of sea-level rise is compounded by the high population density along the coast, the possibility of other effects of climate change, and the susceptibility of coastal regions to storms and environmental stressors, such as drought or invasive species.57

Agriculture in many regions, especially in the tropics, may experience losses of productivity, especially where higher temperatures coincide with increased dryness and limits on irrigation. The general shift upward in growing season temperatures could raise typical temperatures to or above those considered extreme today.58 Agriculture may also confront challenges from invasive species, including pests. One 2008 study examined four key pests of maize in the United States with climate change. It projected increased winter survival and expanded ranges of all four pests, especially of the corn earworm, which may be resistant to insecticides. The authors concluded that even with pest management adaptations, the effects of climate change could increase seed and insecticide costs, decrease yields and alter crop yield variability.59

In 2008, a number of studies highlighted risks to human health with climate change, and at least one study found potential benefits of reduced cold weather mortality.60 Raised risks and adaptation costs could be associated with increased diarrhoeal disease, renal disease, heat stress, malaria, cholera, malnutrition, and respiratory and other health effects associated with elevated ozone and particulate air pollution due to higher temperatures, among other concerns.61

Effects on, and concerns about, mental health have been raised by several studies, especially associated with projected increases in extreme weather events.62

One 2008 study found potential for higher temperatures to result in lower ratios of male to female births and reduced male longevity in humans, at least in Nordic countries.63

As the degree and distribution of climate changes continue, ranges of species are likely to change. Climate change is highly likely to create substantial changes in ecological systems and services in some locations, and may lead to ecological surprises. The disappearance of some types of climate also raises risks of extinctions of species, especially those with narrow geographic or climatic distributions, and where existing communities disintegrate. One study projected that, under the highest IPCC emissions scenario, 12% to 39% of the Earth's land areas may experience novel climates (i.e., climate conditions not existing now) while 10% to 48% of land areas' climates may disappear by 2100 AD. In the lowest IPCC climate change scenarios, 4% to 20% of land areas gain novel climates and 4% to 20% see existing climates disappear.64

Because climate change will occur with different magnitudes and characteristics in different regions, resulting dislocations and disparities across locations are expected to increase pressure on international aid and migration, with possible implications for political stability and security. Impacts may be alleviated with investments in adaptation. Adaptation as a strategy, however, is thought to be more challenging and potentially less effective the more widespread, uncertain and severe the climate changes.


Appendix. Summary for Policymakers of the Synthesis Report of the Fourth Assessment Report of the Intergovernmental Panel on Climate Change

On November 16, 2007, government officials from most countries—including the United States—agreed on a Summary for Policymakers of the Synthesis Report of the IPCC Fourth Assessment Report. The Synthesis Report is derived from three technical reports: "The Physical Science Basis" (February 2007); "Impacts, Adaptation and Vulnerability" (April 2007); and "Mitigation of Climate Change" (May 2007). It represents a consensus among government officials and researchers, and will "constitute the core source of factual information about climate change [upon which policymakers will] base their political action... in the coming years" (IPCC Media Advisory, November 17, 2007). Key conclusions are excerpted (and slightly reordered) below:

"Warming of the climate system is unequivocal.... " (p. 1) "Observational evidence from all continents and most oceans shows that many natural systems are being affected by regional climate changes." (p. 2)

"Global GHG emissions due to human activities have grown since pre-industrial times.... Carbon dioxide (CO2) is the most important anthropogenic [greenhouse gas] GHG. Its annual emissions grew by about 80% between 1970 and 2004. The long-term trend of declining CO2 emissions per unit of energy supplied reversed after 2000." (p. 4)

"Atmospheric concentrations of CO2 (379ppm) and CH4 (1774 ppb) in 2005 exceed by far the natural range over the last 650,000 years. Global increases in CO2 concentrations are due primarily to fossil fuel use, with land-use change providing another significant but smaller contribution." (p. 4)

"Most of the observed increase in globally-averaged temperatures since the mid-20th century is very likely due to the observed increase in anthropogenic GHG concentrations." (p. 5)

"Even if the concentrations of all greenhouse gases and aerosols had been kept constant at year 2000 levels, a further warming of about 0.1oC per decade would be expected. Afterwards, temperature projections increasingly depend on specific emission scenarios." (p. 6)

"Anthropogenic warming could lead to some impacts that are abrupt or irreversible, depending upon the rate and magnitude of the climate change." (p. 13)

"The uptake of anthropogenic carbon since 1750 has led to the ocean becoming more acidic.... Increasing atmospheric CO2 concentrations lead to further acidification.... [P]rogressive acidification of oceans is expected to have negative impacts on marine shell-forming organisms (e.g. corals) and their dependent species." (p. 11)

"Sea level rise under warming is inevitable.... The eventual contributions from Greenland ice sheet loss could be several metres ... should warming in excess of 1.9-4.6oC above pre-industrial be sustained over many centuries." (p. 21)

"Some systems, sectors and regions are likely to be especially affected by climate change.

terrestrial ecosystems: tundra, boreal forest and mountain regions because of sensitivity to warming; mediterranean-type ecosystems because of reduction in rainfall; and tropical rainforests where precipitation declines

coastal ecosystems: mangroves and salt marshes, due to multiple stresses

marine ecosystems: coral reefs due to multiple stresses; the sea ice biome because of sensitivity to warming

water resources in some dry regions at mid-latitudes and in the dry tropics, due to changes in rainfall and evapotranspiration, and in areas dependent on snow and ice melt

agriculture in low-latitudes , due to reduced water availability

low-lying coastal systems, due to threat of sea level rise and increased risk from extreme weather events

human health in populations with low adaptive capacity." (p. 11)

"[M]ore extensive adaptation than is currently occurring is required to reduce vulnerability to climate change. There are barriers, limits and costs, which are not fully understood." (p. 14)

"[International cooperation] will help to reduce global costs for achieving a given level of mitigation, or will improve environmental effectiveness. Efforts can include ... emissions targets; sectoral, local, sub-national and regional actions; RD&D programmes; adopting common policies; implementing development oriented actions; or expanding financing instruments." (p. 19)

"Decisions about macroeconomic and other non-climate policies can significantly affect emissions, adaptive capacity and vulnerability." (p. 19)

"Determining what constitutes 'dangerous anthropogenic interference with the climate system' in relation to Article 2 of the UNFCCC involves value judgements." (p. 19)

"Limited and early analytical results from integrated analyses of the costs and benefits of mitigation indicate that they are broadly comparable in magnitude, but do not as yet permit an unambiguous determination of an emissions pathway or stabilisation level where benefits exceed costs." (p. 23)

"Many impacts can be reduced, delayed or avoided by mitigation." (p. 20)

"There is high agreement and much evidence that all stabilisation levels assessed can be achieved by deployment of a portfolio of technologies that are either currently available or expected to be commercialised in coming decades, assuming appropriate and effective incentives are in place.... " (p. 22)

"An effective carbon-price signal could realise significant mitigation potential in all sectors. Modelling studies show global carbon prices rising to 20-80 US$/tCO2-eq by 2030 are consistent with stabilisation at around 550 ppm CO 2-eq by 2100. For the same stabilisation level, induced technological change may lower these price ranges to 5-65 US$/tCO2-eq in 2030." (p. 18)

"All assessed stabilisation scenarios indicate that 60-80% of the reductions would come from energy supply and use, and industrial processes, with energy efficiency playing a key role in many scenarios. Including non- CO2 and CO2 land-use and forestry mitigation options provides greater flexibility and cost-effectiveness. Low stabilisation levels require early investments and substantially more rapid diffusion and commercialisation of advanced low emissions technologies. Without substantial investment flows and effective technology transfer, it may be difficult to achieve emission reduction at a significant scale. Mobilizing financing of incremental costs of low-carbon technologies is important." (p. 22)

"The macro-economic costs of mitigation generally rise with the stringency of the stabilisation target." (p. 22)

"Impacts of climate change are very likely to impose net annual costs which will increase over time as global temperatures increase. Peer-reviewed estimates of the social cost of carbon in 2005 average US$12 per tonne of CO2, but the range from 100 estimates is large (-$3 to $95/t CO2). This is due in large part to differences in assumptions regarding climate sensitivity, response lags, the treatment of risk and equity, economic and non-economic impacts, the inclusion of potentially catastrophic losses, and discount rates. Aggregate estimates of costs mask significant differences in impacts across sectors, regions and populations and very likely underestimate damage costs because they cannot include many non-quantifiable impacts." (p. 23)

"Choices about the scale and timing of GHG mitigation involve balancing the economic costs of more rapid emission reductions now against the corresponding medium-term and long-term climate risks of delay." (p. 23)
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