Page | 122

Climate Update: The Science of Global Warming
Foreword
In Earth in Mind,[footnoteRef:2] David Orr writes that if today were a typical day we would lose about 116 square miles of rainforest to logging (an acre per second), 72 square miles of land to encroaching deserts, and between 40 and 250 species to extinction. The world’s human population would increase by 250,000, we would add 2,700 tons of chlorofluorocarbons and 15 million tons of carbon dioxide to the atmosphere, and we would burn an average of 84.4 million barrels of oil (1000 barrels per second[footnoteRef:3]).  By the end of the day, Earth will be a little hotter, its waters more acidic, and the state of natural resources more depleted.  [2:  David W. Orr, 2004 Earth in Mind, Island Press, Washington, ISBN1-55963-495-2.]  [3:  Peter Tertzakian, 2006 A Thousand Barrels a Second: The Coming Oil Break Point, McGraw-Hill Companies, New York, ISBN0-07-146874-9.   ] 

There are many ways that humans impact Earth’s environment and natural resources. Among these, and of great concern to scientists, politicians, and citizens of every nation, is the problem of global warming. Global warming is a fact. It is a consequence of deforestation, industrial agriculture, and burning coal and oil.[footnoteRef:4] These activities release carbon dioxide and other types of heat-trapping gases to the atmosphere in quantities that have increased with the rise of the industrial age (and, as one respected paleoclimatologist proposes, since humans first domesticated animals and cleared land for farms[footnoteRef:5]). There is abundant, convincing, and reproducible scientific evidence that the resulting increase in Earth’s surface temperature is having measurable impacts on human communities and natural ecosystems. In fact, within the scientific community there is no debate about whether climate change is happening, the debate today is about whether climate is changing faster than anticipated.[footnoteRef:6] [4:  Called “fossil fuels” because coal is made from fossil plants, and oil is made of fossil marine algae.]  [5:  The “anthropogenic hypothesis” has been proposed by William Ruddiman. It is supported by ice core data and calculations of the Earth-Sun orbital geometry suggesting that the warm climate of the past several thousand years is anomalous. Ruddiman proposes that humans took control of Earth’s climate as early as 8 to 5 thousand years ago. See: Ruddiman, W.F., 2003, The anthropogenic greenhouse era began thousands of years ago. Climatic Change, v. 61, p. 261-293; and, Ruddiman, W.F., 2005, Cold climate during the closest stage 11 analog to recent millennia. Quaternary Science Reviews, v. 24, p. 1111-1121. For Ruddiman’s book “Plows, Plagues, and Petroleum: How humans took control of climate” see: http://press.princeton.edu/titles/8014.html; last viewed 11/10/09.]  [6:  Kerr, R.A., 2009, Amid Worrisome Signs of Warming, Climate Fatigue Sets In, Science, Newsfocus, v. 326 (Nov. 13), p.926-928.] 

In 2010, the atmospheric carbon dioxide concentration will reach 390 parts per million (ppm[footnoteRef:7]), growing at an average annual rate of about 2.1 ppm; almost three times the growth rate of the 1990’s.[footnoteRef:8] This is the highest concentration in Earth’s history measured over the past 15 million years[footnoteRef:9]; at that time sea level was 23 to 36 meters (75 to 118 feet) higher and global temperature was 2.8 to 5.5oC (5 to 10oF) warmer.  [7:  ppm means “parts per million” It is a measurement of concentration like “per cent” means parts per hundred. In this case ppm means molecules of CO2 per million molecules of air.]  [8:  Kerr, 2009.]  [9:  Tripati, A.K., Roberts, D.R., Eagle, R.A., 2009, Coupling of CO2 and ice sheet stability over major climate transitions of the last 20 million years. Science, Oct. 8. See: http://www.sciencemag.org/cgi/content/abstract/1178296; last viewed 11/08/09.] 

The average temperature on Earth’s surface was 14.7oC (58.5oF) in 2007, making that year the second warmest since instrumental temperature records began in 1880.  The ten warmest years on record all occur within the 12-year period 1997-2008.[footnoteRef:10] [10:  See the NASA Goddard Institute for Space Studies website for discussion and updates of global temperature patterns: http://data.giss.nasa.gov/gistemp/2008/; last viewed 11/17/09.] 

Despite decades of discussion and scientific recognition of the problem of global warming, human communities have failed to reduce the production of greenhouse gases – the known cause of warming – and instead have accelerated it. The respected journal Science reported: “Almost all climate scientists are of one mind about the threat of global warming: It’s real, it’s dangerous, and the world needs to take action immediately.”[footnoteRef:11] The failure to act in response to the threat of global warming moved former Vice President Al Gore to speculate[footnoteRef:12] that future communities dealing with the worst consequences of global warming will be justified in looking back on us as a “criminal generation…the architects of humanities destruction.” [11:  Kerr, 2009.]  [12:  Gore, A. (2009) Our Choice: A Plan to Solve the Climate Crisis, Rodale Press, Emmaus PA, 414p.] 

1998 was a record setting year for warmth; 2005 was another. However, in 2008 global mean temperature dropped, returning to temperatures not seen since the mid-1990’s (2008 was, nonetheless, the 9th warmest year on record). To the naked eye, a graph of annual temperatures from 1998-2008 looked as if global warming had stopped (when in fact average annual global temperature over the period still had a positive trend). This energized the political “climate denier” community; they seized the moment to influence national attitudes through a media eager to sell controversy. Suddenly “global cooling” was the sound-bite of the day. 
However, no scientist expects global warming to be a smooth and consistent process from one year to the next. Like the rise in stock market value since the 1970’s, climate is taking a bumpy ride of ups and downs as it undergoes a long-term increase in global temperature. Among scientists, global warming is known as a “noisy” process and researchers study the forest (long term trends) as well as the trees (short term events). By 2009 studies emerged pointing this out: in a blind test, the Associated Press gave prominent statisticians global climate data - they rejected global cooling[footnoteRef:13]; and the U.S. National Climate Data Center published peer-reviewed research[footnoteRef:14] reporting that climate history since the 1970’s held many episodes when temperature stopped and even reversed its upward climb, but that strong net warming over the entire period is indisputable. [13:  Borenstein, S., 2009, Statisticians Reject Global Cooling, Associated Press, Oct. 26.]  [14:  Easterling, D., Wehner, M., 2009, Is the climate warming or cooling? Geophysical Research Letters, v 36, L08706. See the NASA website on this study: http://climate.nasa.gov/news/index.cfm?FuseAction=ShowNews&NewsID=175; last viewed 11/10/09.] 

Even so, the climate denier message took root and by late 2009 a national poll[footnoteRef:15] revealed that fewer Americans think global warming is real. A decline like this speaks to one thing; the scientific community is not doing an adequate job in extending its knowledge on this important subject to the average “person in the street.” In addition to publishing in the peer-reviewed scientific literature, and accepting invitations to speak to audiences, researchers must actively create opportunities to pass on their knowledge.  [15:  See: http://people-press.org/report/556/global-warming; last viewed 11/07/09.] 

This book is one such step.  Climate Update presents a readable and easy to understand discussion of climate change and its impacts both globally and in Hawaii. The information is referenced in the scholarly manner so that readers may trace statements made here back to their sources. Graphics are designed to illustrate data and the impacts of global warming. The book is organized to promote learning a few key objectives. These are stated at the start of each chapter. A learning objective is an insight that hopefully you will retain. If you apply this knowledge in your decision making, such as voting, then the book has achieved its purpose.
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Chapter 1 - What is global warming? –What is the evidence? How does it work? Why is it happening? 
Learning Objective – Global warming is a genuine phenomenon about which there is no real debate among mainstream scientists. Over the past century, and particularly since the 1970’s, the average global surface temperature has risen sharply. There is evidence this is the result of heat trapped in the atmosphere by excess greenhouse gases produced by industrial activities. 

Introduction
The circulation of Earth’s atmosphere and oceans links together the planet’s living organisms and environments, from soil at the equator to ice at the poles. Even though Earth is 40,075 kilometers (24,901 miles) in circumference and has a surface area of 509,600,000 km2 (196,757,000 miles2) the poles and tropics, deserts and forests, continents and oceans are all connected by global processes such as atmosphere and ocean circulation, weather, storms, heating and cooling, and others. Global warming causes changes to these processes on the scale of the whole Earth. 
Earth is dynamic and constantly changing, as it has throughout its 4.6 billion-year history. For most of Earth’s history, those changes have been natural, and many of them have been enormous (such as the movement of continents and the evolution of life). The natural processes that cause global climate change include plate tectonics, volcanic eruptions, cycles of solar output, extraterrestrial impacts, and variations in Earth’s orbit; global climate change is also caused by human activities.
On modern Earth, human activities have indeed caused significant global changes in land use, air and water quality, and the abundance of natural resources, particularly in the last two centuries. There is scientific consensus that human activities are also altering Earth’s  climate, largely due to increasing levels of CO2 and other greenhouse gases (atmospheric gas that traps heat and therefore warms the atmosphere) released by  the burning of fossil fuels (sources of energy provided by burning fossil carbon, such as petroleum and coal). Studies indicate that the climate change observed during the twentieth and early twenty-first centuries is due to a combination of changes in solar radiation, volcanic activity, land use, and increases in atmospheric greenhouse gases. Of these, greenhouse gases are the dominant long-term influence and they are causing the climate to warm.

Global Warming
“Global warming” refers to an increase in the average temperature of Earth's surface, including the atmosphere, the land, and the oceans. Global warming is not a political position. It is a scientific certainty that has been verified by independent studies of literally thousands of scientists. A 2009 study[footnoteRef:16] of scientific consensus on global warming published by the American Geophysical Union[footnoteRef:17] concludes “…the debate on the authenticity of global warming and the role played by human activity is largely nonexistent among those who understand the nuances and scientific basis of long-term climate processes. The challenge, rather, appears to be how to effectively communicate this fact to policy makers and to a public that continues to mistakenly perceive debate among scientists.” The Intergovernmental Panel on Climate Change (IPCC)[footnoteRef:18] has compiled global temperature data showing that global warming is occurring, it has accelerated over the past century, and is a worldwide phenomenon. [16:  Doran, P.T., and Zimmerman, M.K., 2009, Examining the scientific consensus on climate change, EOS, v.90, no.3. See: http://tigger.uic.edu/~pdoran/012009_Doran_final.pdf; last viewed 11/07/09.]  [17:  The AGU is a prominent international scientific organization of 50,000 researchers, teachers, and students in 137 countries. You can read their position statement about human impacts on climate change here:  http://www.agu.org/outreach/science_policy/positions/climate_change2008.shtml; last viewed 11/07/09.]  [18:  IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 996 pp. See: http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter3.pdf; last viewed 11/07/09.] 

The distribution of heat on our planet is important in every region and every environment on Earth (Figure 1). The total amount of heat and its variation across the planet surface drives global winds that circulate the atmosphere and control regional weather patterns, growing seasons, and living conditions. Earth is at the right distance from the Sun (about 148 million km; 92 million mi), with the right combination of gases in its atmosphere, and with water covering more than 70% of the planet’s surface, to allow for the origin and evolution of life and the resources necessary to sustain life. So far as we know, no other planet in our solar system has the thermal, physical, and chemical conditions that allow life to exist. This is what makes our blue planet so unique and habitable. By studying global change, we gain the knowledge to sustain and enhance this natural condition rather than counteract it.

Figure 1 (Top) Annual global mean observed temperatures (black dots) along with simple fits to the data. The left hand axis shows anomalies relative to the 1961 to 1990 average and the right hand axis shows the estimated actual temperature (°C). Linear trend fits to the last 25 (yellow), 50 (orange), 100 (purple) and 150 years (red) are shown, and correspond to 1981 to 2005, 1956 to 2005, 1906 to 2005, and 1856 to 2005, respectively. Note that for shorter recent periods, the slope is greater, indicating accelerated warming. The blue curve is a smoothed depiction to capture the decadal variations. To give an idea of whether the fluctuations are meaningful, decadal 5 percent to 95 percent (light grey) error ranges about that line are given (accordingly, annual values do exceed those limits). Results from climate models driven by estimated radiative forcings for the 20th century suggest that there was little change prior to about 1915, and that a substantial fraction of the early 20th-century change was contributed by naturally occurring influences including solar radiation changes, volcanism and natural variability. From about 1940 to 1970 the increasing industrialization following World War II increased pollution in the Northern Hemisphere, contributing to cooling, and increases in carbon dioxide and other greenhouse gases dominate the observed warming after the mid-1970s. (Bottom) Patterns of linear global temperature trends from 1979 to 2005 estimated at the surface (left), and for the troposphere (right) from the surface to about 10 km altitude, from satellite records. Grey areas indicate incomplete data. Note the more spatially uniform warming in the satellite troposphere record while the surface temperature changes more clearly relate to land and ocean.[footnoteRef:19] [19:  Figure from AR4.] 


What is the evidence?
In 2006, the U.S. Congress asked the National Research Council (NRC) to study Earth’s climate and report on the levels of warming in recent history. The NRC concluded[footnoteRef:20] that Earth’s average surface temperature today is the highest of the past 1300 years. They state that Earth’s surface warmed 0.6°C (1°F) during the 20th century and is projected to warm by an additional (approximately) 2–6°C (3.6-10.8°F) during the 21st century. Global average temperature measurements by instruments indicate a near-level trend from 1856 to about 1910, a rise to 1945, a slight decline to about 1975, and a rise to the present.  [20:  National Research Council, 2006, Surface Temperature Reconstructions for the Last 2,000 Years, p. 29, Chapter 2; See: http://www.nap.edu/catalog.php?record_id=11676; last viewed 11/07/09.] 

Global warming is also verified by several independent sources including, the U.S. National Climatic Data Center[footnoteRef:21] (NCDC), the U.S. National Aeronautic and Space Administration[footnoteRef:22] (NASA), the United Kingdom Meteorological Office[footnoteRef:23] (UKMET), the International Panel on Climate Change (IPCC), and others. Warming is documented by several types of sensors: weather balloon measurements have found the global mean near-surface air temperature is warming by approximately 0.18°C (0.32°F)/decade[footnoteRef:24]; satellite measurements of the lower atmosphere show warming of 0.16°C (0.29°F) to 0.24°C (0.43°F)/decade since 1982[footnoteRef:25]; continental weather stations document warming of approximately 0.2°C (0.36°F)/decade[footnoteRef:26]; and ocean measurements using various types of sensors show persistent heating since 1970.[footnoteRef:27] NASA collects global climate data including land and ocean measurements and provides an annual report and periodic updates (Figure 2). They report[footnoteRef:28] that the 12 year period 1997 to 2008 was the warmest recorded since 1880. The year 2005 was the hottest ever measured, breaking the record set in 1998.  [21:  See: http://www.ncdc.noaa.gov/oa/climate/globalwarming.html; last viewed 11/07/09.]  [22:  See: http://data.giss.nasa.gov/gistemp/; last viewed 11/07/09.]  [23:  See: http://www.cru.uea.ac.uk/cru/info/warming/; last viewed 11/07/09.]  [24:  Angell, J.K. 2009. Global, hemispheric, and zonal temperature deviations derived from radiosonde records. In Trends Online: A Compendium of Data on Global Change. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, Tennessee, U.S.A. doi: 10.3334/CDIAC/cli.005; See: http://cdiac.esd.ornl.gov/trends/temp/angell/angell.html; last viewed 11/07/09.]  [25:  See: http://www.globalwarmingart.com/wiki/Image:Satellite_Temperatures.png; last viewed 11/07/09.]  [26:  Hansen, J., Mki. Sato, R. Ruedy, K. Lo, D.W. Lea, and M. Medina-Elizade (2006), Global temperature change, Proc. Natl. Acad. Sci., 103, 14288-14293, doi:10.1073/pnas.0606291103. See: http://pubs.giss.nasa.gov/abstracts/2006/Hansen_etal_1.html; last viewed 11/16/09.]  [27:  Levitus, S., J. I. Antonov, T. P. Boyer, R. A. Locarnini, H. E. Garcia, and A. V. Mishonov (2009), Global ocean heat content 1955–2008 in light of recently revealed instrumentation problems, Geophys. Res. Lett., 36, L07608, doi:10.1029/2008GL037155. See: http://www.agu.org/pubs/crossref/2009/2008GL037155.shtml; last viewed 11/07/09.]  [28:  See the NASA Goddard Institute for Space Studies website for description of their methods of data collection and analysis: http://data.giss.nasa.gov/gistemp/. They publish annual global temperature summaries in December and January of each year. Their summary of 2009 temperature trends is at http://data.giss.nasa.gov/gistemp/2009/; last viewed 11/07/09.] 

 B.   
Figure 2 Global temperature: A. land and ocean trends; B. combined land and ocean. Temperature is graphed (on the vertical axis) as an “anomaly”. This means it is the difference between the measured temperature of a year and a reference temperature. The reference is the global temperature averaged over the period 1951-1980. Individual annual means are plotted as single points, joined by straight line segments; a bold line smoothes these annual measurements by plotting the five year average (green-land, purple-ocean, red-combined). Green bars represent uncertainty in the measurements. 0.56oCelsius is equal to 1oFahrenheit. The dashed line and open box represent the first 6 months of 2009.[footnoteRef:29]  [29:  Figure from the National Aeronautical and Space Administration, Goddard Institute for Space Studies. See: http://data.giss.nasa.gov/gistemp/graphs/; last viewed 11/07/09.] 


What are some of the consequences of global warming? Over the past century the following[footnoteRef:30] has been measured: [30:  From NASA’s Global Climate Change website. See the article “The ups and downs of global warming”: http://climate.nasa.gov/news/index.cfm?FuseAction=ShowNews&NewsID=175; last viewed 11/16/09.] 

Sea level has risen by 15 cm (6 inches), but it is going up now twice as fast. 
Global temperature has gone up by 1.2° C (2.2° F). 
Average land temperature has increased by 1.1° C (2.0° F). 
Average ocean temperature has increased by 0.6° C (1.1° F). 
The 10 warmest years on record have occurred between 1997 and 2008. 

What is the global warming process?
The so-called “greenhouse effect” is the atmosphere’s natural ability to store heat radiated from Earth. The heat absorbed by certain gases (such as water vapor, carbon dioxide, and methane) maintains Earth’s surface temperature at an average (and comfortable) 14°C (57.2oF). In contrast, a runaway greenhouse effect on Venus is responsible for raising the temperature on its surface to a scalding 477°C (858oF); one reason life is unlikely to exist on that planet. Earth’s greenhouse effect is more moderate and, hence, conducive to life, which depends on the presence of liquid water. Without the greenhouse effect, the average temperature of Earth’s atmosphere would be -18°C (-32oF), below the freezing point of water. 
Among all the known planets, these conditions exist only on Earth. They exist because of Earth’s heat budget, a complex balance of heat distribution and exchange between the atmosphere, hydrosphere, lithosphere, and biosphere. The Sun’s radiation is balanced at the top of the atmosphere so that the amount entering the atmosphere equals the amount leaving it. The total incoming solar energy is about 340 W/m-2 (watts of energy per square meter at the top of the atmosphere). Part of this is absorbed by clouds and atmospheric gases and part is reflected by clouds, atmospheric gases, and the ground (that is, Earth’s land and water surfaces). Approximately half (170 W/m-2) is absorbed by the ground. Some of the energy absorbed by the ground is re-radiated upward; some is transferred to the atmosphere as sensible heat (heat that can be measured by a thermometer); and some is transferred to the atmosphere as latent heat (heat that is released by processes such as evaporation, freezing, melting, condensation, or sublimation). The atmosphere radiates energy in all directions. When balance is achieved in the atmosphere, the total radiation leaving the top of the atmosphere equals the 340 W/m-2 received from the Sun (Figure 3).


Figure 3 Earths heat budget governs the climate.[footnoteRef:31] [31:  Graphic from Australian Government, Bureau of Meteorology, see: http://www.bom.gov.au/info/climate/change/gallery/7.shtml; last viewed 11/29/09.] 

[change geosphere to “lithosphere”, change global energy balance to “global heat budget” change W m-2 to “watts per square meter” change reflected by molecules to “reflected by gases” add “absorbed by ground” under long orange arrow where it enters lake]

Most of the light energy that penetrates Earth’s atmosphere is short-wave ultraviolet (UV) radiation, which is mostly absorbed by the protective ozone (O3) layer in the stratosphere. Of the radiation that reaches the troposphere, more than half is reflected back into space. About 45 percent reaches Earth’s surface and is absorbed by the oceans and land, then re-radiated back into the atmosphere in the form of long-wave infrared (IR) radiation. This long-wave radiation is absorbed by the greenhouse gases in the atmosphere. The heat absorbed by these gases warms the surface and the lower atmosphere, maintaining a surface temperature that sustains life.
Earth’s atmosphere is composed mostly of oxygen and nitrogen, but neither of these gases absorbs infrared energy, so they do not play a role in warming Earth. There are six principal greenhouse gases in Earth’s atmosphere that absorb long-wave radiation and keep Earth warm: water vapor (H2O), carbon dioxide (CO2), ozone (O3), methane (CH4), chlorofluorocarbons (CFC’s), and nitrous oxide (N2O). Combined, these gases make up about 1 percent of the atmosphere. Because greenhouse gases are efficient at trapping long-wave radiation from Earth’s surface, even their small percentage is enough to keep temperatures in the ideal range for liquid water (and life) to exist on Earth.
The greenhouse effect (Figure 4) controls the temperature of the atmosphere. Like the glass panels of a greenhouse that let sunlight in but keeps heat from escaping, greenhouse gases let sunlight in but keep heat from escaping. If the abundance of these gases increases, more heat is trapped. If their abundance decreases, less heat is trapped. 
 
Figure 4 Energy from the Sun powers the climate system. Some solar radiation is reflected off the atmosphere and Earth’s surface, and about half is absorbed by Earth’s surface and warms it. Heat that is emitted from Earth’s surface can be absorbed and re-emitted in all directions by greenhouse gases. As more greenhouse gases build up in the atmosphere, more heat accumulates as well.[footnoteRef:32]  [32:  Figure from AR4.] 


Each greenhouse gas contributes differently to trapping heat. Its role is affected by both the characteristics of the gas and its abundance. For example, methane is about eight times stronger at trapping heat than carbon dioxide, but it is not as abundant so its total contribution is smaller. Also, different gases have different residence times in the atmosphere: water recycles on average every 10 days, methane resides about 10-15 years, and carbon dioxide a century or more. These gases can be ranked by their contribution to the greenhouse effect: water vapor contributes 36–85 percent; carbon dioxide contributes 9–26 percent; methane contributes 4–9 percent; ozone contributes 3–7 percent.[footnoteRef:33]  [33:  Wikipedia offers a thorough discussion of greenhouse gases. See: http://en.wikipedia.org/wiki/Greenhouse_gas; last viewed 11/07/09.] 


What are the greenhouse gases?
Carbon dioxide and the other greenhouse gases have increased in abundance because of human activity, but the reasons differ for each gas. The amount of CO2 in the atmosphere has varied significantly during Earth’s history, and began doing so long before modern humans inhabited the planet. Natural sources of carbon dioxide include volcanic outgassing, animal respiration, and decay of organic matter. Scientists can measure atmospheric CO2 concentrations far back in time by analyzing air bubbles trapped in ice cores (Figure 5) and seafloor sediments[footnoteRef:34] and employing other techniques using fossils. These methods have helped scientists understand long-term trends in CO2 variability and global climate change. [34:  Tripati, A.K., Roberts, D.R., Eagle, R.A., 2009, Coupling of CO2 and ice sheet stability over major climate transitions of the last 20 million years. Science, Oct. 8. See: http://www.sciencemag.org/cgi/content/abstract/1178296; last viewed 11/08/09.] 

A. B. 
Figure 5 A. Global carbon dioxide content (CO2 in parts per million [ppm]), methane content (CH4 in parts per billion [ppb]), and temperature (in oC) over the past 400,000 years have been measured using air bubbles trapped in ice in Antarctica. B. Scientists drill ice cores on mountain glaciers, as well as in Greenland and Antarctica, to obtain evidence of past atmospheric composition. 
[Change (kyr BP) to “Thousands of years before present”]

Additional CO2 is added to the atmosphere by human activities—in particular, the burning of  fossil fuels (oil, natural gas, and coal), solid waste, wood  (such as during deforestation), cement production (cement plants account for 5 percent of global emissions of carbon dioxide[footnoteRef:35]). These anthropogenic emissions are at the center of research on global warming. While the sources and heat-trapping properties of greenhouse gases are undisputed, there is uncertainty about how Earth’s climate responds to increasing concentrations of the various gases. There is wide consensus among scientists around the world (including leading climate researchers in the United States like those at NOAA’s National Climatic Data Center in Asheville, North Carolina, and at the National Center for Atmospheric Research in Boulder, Colorado) that if anthropogenic emissions of CO2 continue to rise, average global temperatures will increase, perhaps by as much as 6°C (10.8oF) by the end of this century. Most scientists also agree that industrial emissions have been the dominant influence on climate change for the past 50 years, overwhelming natural causes. [35:  New York Times, 2007, see: http://www.nytimes.com/2007/10/26/business/worldbusiness/26cement.html; last viewed 11/08/09.] 

In the geologic past, climate changes occurred naturally. In the past half-million years, CO2 concentration remained between about 180 ppm (parts per million) during glacial periods and 280 ppm during interglacial periods like today (more on these later). But carbon dioxide content has been much greater in other periods of Earth’s history. Estimates of CO2 content during geologic history are based on the chemistry of fossilized soils, fossil plants, and fossil shells of plankton. These indicate that concentrations as high as 1000-4000 ppm may have occurred for sustained periods, and even reached twice this level.[footnoteRef:36] The cause of such high levels is controversial: Episodes of extreme global volcanism, changes in land surface area due to plate tectonics, absence of polar ice, mountain building, and other mechanisms have all been suggested. However, it is clear that the level of only 180 ppm during glaciations is not far from the lowest that has ever occurred since the rise of macroscopic life in the last half-billion years. [36:  See the entry on “Carbon dioxide in Earth’s atmosphere” in Wikipedia: http://en.wikipedia.org/wiki/Carbon_dioxide_in_Earth's_atmosphere; last viewed 11/29/09.] 

In the 150 years since the Industrial Revolution in the mid-1800s, humans have altered Earth’s environment through agricultural and industrial practices. The growth of the human population and activities such as deforestation and burning of fossil fuels have affected the mixture of gases in the atmosphere. The amount of CO2 in the atmosphere prior to the Industrial Revolution was about 280 ppm (we know this from ice cores). Today the concentration of CO2 is 390 ppm, higher than at any other time in the past 15 million years.[footnoteRef:37] [37:  Tripati, 2009] 

Although CO2 is not the most effective absorber of heat compared to other greenhouse gases, it is one of the most abundant and once it is in the atmosphere is stays for a long time. Monthly records of atmospheric CO2 concentration collected at the Mauna Loa Observatory in Hawaii[footnoteRef:38] show seasonal oscillations superimposed on a long-term increase in CO2 in the atmosphere (Figure 6). This increase is attributed to the activities of humans since the rise of modern industry, primarily the burning of fossil fuels and deforestation. Of all the greenhouse gases released by human activities, carbon dioxide is the largest individual contributor to the enhanced greenhouse effect, accounting for about 60 percent compared to the other human sources. Unfortunately, the increase in global emissions of carbon dioxide from fossil fuels over the past five years was four times greater than the increase over the preceding 10 years. Rather than recognizing that the enhanced greenhouse effect is a potentially dangerous trend that can be curtailed by decreasing our emissions of heat-trapping gases, humans are accelerating our carbon-burning activities and their impact is increasing.  [38:  The National Atmosphere and Oceanographic Administration,  earth system research Laboratory on Mauna Loa, Hawaii measures carbon dioxide daily: http://www.esrl.noaa.gov/gmd/ccgg/trends/; last viewed 11/30/09.] 


Figure 6 Concentration of the most important greenhouse gases in Earth’s atmosphere. Clockwise from upper left - Levels of carbon dioxide and nitrous oxide continue to climb. Levels of CFCs have declined since the Montreal Protocol was implemented in 1987. The concentration of methane stabilized early in this century due to droughts and a temporary decline in industrial emissions, but has since returned to its previous pattern of steady increases.[footnoteRef:39]  [39:  Figure from the National Oceanic and Atmospheric Administration Global Monitoring Division website at: http://www.esrl.noaa.gov/gmd/aggi/; last viewed 11/07/09.] 


Natural sources of methane include microbial and insect activity in wetlands and soils, wildfires, and the release of gases stored in ocean sediments. The present global atmospheric concentration of methane is 1.78 ppm, more than double what it was prior to the Industrial Revolution. Methane levels increased steadily in the 1980s, but the rate of increase slowed in the 1990s and was close to zero from 2000 to 2007. Researchers attribute this lull to a temporary decrease in emissions during the 1990s related to the decline of industry and farming when the former Soviet Union collapsed, along with a slowdown in wetland emissions during prolonged droughts. Scientists warn that with methane levels on the rise again, a more typical rate of increase will have significant impact on climate.
Methane is responsible for about 20 percent of global warming, second only to carbon dioxide. About 60 percent of annual methane emissions come from anthropogenic sources. Human activities that release methane into the atmosphere include deforestation (burning logged tracts of forest), mining and burning fossil fuels, processing human wastes, rising livestock, and cultivating rice in paddies (industrial wetlands). Methane has increased due to manure production on farms and ranches, landfill emissions, and industrial activities. 
Methane is also trapped in ice, glaciers, seafloor sediment, and tundra; as melting occurs, the gas is released from these frozen sources to the atmosphere. There is fear that as regions of permafrost are heated, methane released from the ice will add to atmospheric concentrations and constitute a “positive feedback”.[footnoteRef:40]  Climate feedbacks can amplify (‘positive feedback’) or suppress (‘negative feedback’) the effects of a temperature change. For example, as climate warms snow and ice melt and the formerly white surface is replaced by dark land and water. The darker surfaces absorb more of the Sun’s heat, causing more warming, which causes more melting, and so on, in a self reinforcing cycle.  In the case of methane, warming melts permafrost, releasing methane, causing more warming, melting more permafrost, releasing more methane, and so on. Unlike CO2, methane is destroyed by reactions with other chemicals in the atmosphere and soil, so its atmospheric lifetime is about 10–12 years.  [40:  McGuire, A.D., Anderson, L.G., Christensen, T.R., Dallimore, S., Guo, L., Hayes, D.J., Heimann, M., Lorenson, T.D., Macdonald, R.W., Roulet, N., 2009 Sensitivity of the carbon cycle in the Arctic to climate change. Ecological Monographs: Vol. 79, No. 4, pp. 523-555: doi: 10.1890/08-2025.1. See: http://www.esajournals.org/doi/abs/10.1890/08-2025.1; last viewed 11/17/09.] 

The main natural source of nitrous oxide is microbial activity in swamps, soil, the ocean surface, and rainforests. Human sources of this greenhouse gas include fertilizers, industrial production of nylon and nitric acid, and burning fossil fuels and solid waste. The present concentration of N2O is 323 ppb (parts per billion). It has increased by 16 percent since the beginning of the Industrial Revolution and is responsible for 4 percent to 6 percent of global warming.
The role of ozone[footnoteRef:41] is complicated. There is “good ozone” in the upper atmosphere blocking harmful uv radiation from the Sun. There is “bad ozone” at ground level that damages people’s lungs and contributes to smog. There is also mid-altitude ozone that acts as a greenhouse gas. Greenhouse ozone is on the rise because cars and coal-fired power plants release air pollutants that later react to produce more greenhouse ozone. Natural sources of ozone include chemical reactions that occur between carbon monoxide, hydrocarbons, and nitrous oxides, as well as lightning and wildfires. Human activities increase ozone concentrations indirectly by emitting pollutants that are “precursors” of ozone, including CO, NO, SO2, and hydrocarbons that result from the burning of biomass and fossil fuels. Ozone is a strong absorber of heat but it does not stay in the atmosphere for long, only a few weeks to a month or two. Nonetheless, its concentration is increasing at a rapid rate.  [41:  See the NASA page on ozone: http://www.nasa.gov/missions/earth/f-ozone.html; the U.S. Environmental Protection Agency also has an ozone report that explains the role of ozone in climate; see: http://www.epa.gov/oar/oaqps/gooduphigh/; last viewed 11/17/09.] 

A number of very powerful heat-absorbing greenhouse gases in the atmosphere do not occur naturally. They include chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride (SF6), all of which are generated by industrial processes. CFCs are used as coolants in air conditioning (the chemical known as “freon” is a CFC), aerosol sprays, and the manufacture of plastics and styrofoam. CFCs did not exist on Earth before humans created them in the 1920s. They are very stable compounds, have long atmospheric lifetimes, and are now abundant enough to cause global changes in atmospheric chemistry, the biosphere, and climate.
Fluorocarbons contribute to warming by enhancing the greenhouse effect in the troposphere. CFCs also chemically react with and destroy ozone in the stratosphere, creating the “ozone hole” over the Southern Hemisphere. The good news is that many of CFCs’ effects are reversible. Thanks to the Montreal Protocol, signed by 27 nations in 1987[footnoteRef:42], CFCs were recognized as dangerous pollutants and their production and use was significantly reduced. The United States, one of the signers of the Protocol, banned the use of CFCs in aerosols and ceased their production by 1995. CFCs already in the atmosphere have lifetimes of 75–150 years, so ozone depletion may continue for decades.  [42:  See the Wiki entry on Montreal Protocol. The same treaty is being considered by governments today as a way to reach agreement on reducing greenhouse gas production. See: http://en.wikipedia.org/wiki/Montreal_Protocol; last viewed 11/29/09.] 

Earth’s climate is able to support life because of the greenhouse effect and the availability of water. Water vapor (a gas, H2O) is a key component of both of these processes. It is the most abundant greenhouse gas and is an important link between Earth’s surface and its atmosphere. The concentration of water in the atmosphere is constantly changing, controlled by the balance between evaporation and rainfall. In fact, the average water molecule spends only about nine days in the air before precipitating back to Earth’s surface.
Water vapor engulfs as much as 2 percent of the atmosphere and accounts for the largest percentage of the greenhouse effect. The abundance of water vapor varies from one spot to another based on natural evaporation and precipitation. Human activity does not significantly affect water vapor concentrations except in local circumstances (such as field irrigation, or building reservoirs in arid areas). However, as air heats its ability to hold more water vapor increases.[footnoteRef:43] Hence, increases in other heat-trapping gases, such as carbon dioxide, lead to more water vapor (increased water vapor in the atmosphere has already been observed[footnoteRef:44]). This in turn produces increased heating, more water vapor, and so-on. Like methane being released from melting permafrost, water vapor may drive a positive feedback in the global warming system. Basic theory, observations, and climate models all show the increase in water vapor is around 6 to 7.5 percent per degree Celsius (or per 1.8oF) warming of the lower atmosphere. [43:  See: http://en.wikipedia.org/wiki/Water_vapor; last viewed 11/07/09.]  [44:  Santer, B.D., and co-authors, 2007, Identification of human-induced changes in atmospheric moisture content, Proceedings of the National Academy of Sciences, v. 104, no.39, p. 15248-15253: see http://www.pnas.org/content/104/39/15248.full.pdf; last viewed 11/07/09.] 

Burning fossil fuels not only produces heat-trapping gases, it produces cooling aerosols. Aerosols are fine solid particles or liquid droplets suspended in the atmosphere that “scatter” (reflect) light. This behavior increases Earths albedo, the tendency to reflect sunlight and thus have a cooling effect. Most anthropogenic aerosols are sulfates (SO4) that are released with the pollution of coal and petroleum burning. So much aerosol production accompanied industrial growth in the middle of the 20th Century that global cooling occurred in the decades of the 1950’s - 1970’s.
Volcanic eruptions can have the same effect. They blast huge clouds of particles and gases (including sulfur dioxide, SO2) into the atmosphere. In the stratosphere, sulfur dioxide converts to tiny persistent sulfuric acid (sulfate) particles that reflect sunlight. Particularly large eruptions can produce widespread cooling. For example, Mount Pinatubo in the Philippines erupted in June 1991 and cooled the planet nearly and entire degree, temporarily offsetting the greenhouse effect. 
One estimate of the relative distribution of

Global Warming Potential
Molecule for molecule, some greenhouse gases are stronger than others. Each differs in its ability to absorb heat and in the length of time it resides in the atmosphere. The ability to absorb heat and warm the atmosphere is expressed by its global warming potential (GWP), usually compared to CO2 over some given time horizon. Methane traps 21 times more heat per molecule than carbon dioxide. Nitrous oxide absorbs 270 times more heat per molecule than CO2. Fluorocarbons are the most heat-absorbent, with GWPs that are up to 30,000 times stronger than those of CO2. The GWPs of various gases are very useful in understanding the impact of human emissions and determining what changes in emissions can accomplish the most positive impact.
As greenhouse gases accumulate in the atmosphere, the amount of heat they trap also increases. But there are offsetting processes such as changes in cloud cover, and the increase of aerosols due to smog and industrial pollution. The overall impact of compounds that alter the balance between radiation entering the atmosphere and radiation exiting the atmosphere (because of heat trapped) can be assessed (Figure 7). Radiative forcing is the change in the balance between radiation coming into the atmosphere and radiation going out. A positive radiative forcing tends on average to warm Earth’s surface, and negative forcing tends on average to cool the surface. All measurements and theory indicate that because of increasing greenhouse gas, Earth is experiencing a positive radiative forcing.

Figure 7 Radiative forcing (RF) is the net effect of various factors that cool (blue bars) or warm (red bars) the atmosphere.  RF is measured in watts/m2 (bottom axis).  The top three-quarters of the box reports on human-induced RF and the lower portion reports on the Sun, the only persistent natural factor (volcanic and ENSO effects are short-lived). The total net effect of human activities is strong warming, and CO2 is the most important human factor.[footnoteRef:45] [45:  Figure from AR4.] 

 
Carbon moves through Earth environments. 
Natural movement of nutrients, various dissolved compounds, and certain elements through living and nonliving systems are essential for life on Earth. Most of the chemical compounds that occur on our planet move between the atmosphere, hydrosphere (the water cycle), lithosphere (Earth’s crust), and biosphere (all living organisms), and through ecosystems (communities of animals and plants and the environment they inhabit), which combine aspects of all these “spheres.” Because of the many biologic, geologic, and chemical exchanges and reactions involved, this movement is known as global biogeochemical cycling. The key elements required for life move through biogeochemical cycles; they include oxygen, carbon, phosphorus, sulfur, and nitrogen. The rates at which elements and compounds move between places where they are temporarily stored (reservoirs) and where they are exchanged (processes) can be measured directly and modeled using computer programs. 
One of the most important cycles that affects global climate is that of the element carbon (Figure 8). The global carbon cycle describes the many forms that carbon takes in the reservoirs and processes for carbon found on Earth. These include the following:
Rocks in the lithosphere, such as limestone (CaCO3) and carbon-rich shale
Gases in the atmosphere, such as carbon dioxide (CO2) and methane (CH4)
Carbon dioxide (CO2) dissolved in  water (oceans and fresh water)
Organic matter in the biosphere, such as the simple carbohydrate glucose (C6H12O6), found in plants and animals.

Figure 8 Carbon is cycled through Earth’s atmosphere, oceans, lithosphere, and biosphere. The values given here are global carbon reservoirs in gigatons (1 Gt C = 1012 kg or 2231 lbs). Annual exchange and accumulation rates are in gigatons of carbon per year (Gt C/year), calculated for the period 1990-1999.[footnoteRef:46] [46: Graphic from Australian Government, Bureau of Meteorology, see: http://www.bom.gov.au/info/climate/change/gallery/7.shtml; last viewed 11/29/09.] 


Most of the carbon on Earth is contained in the rocks of the lithosphere; it has been deposited slowly over tens of millions of years in the form of dead organisms. Carbon is stored in the lithosphere in two forms:  (1) Oxidized carbon is buried as carbonate (such as limestone, which is composed of calcium carbonate or CaCO3); (2) reduced carbon is buried as organic matter (such as dead plant and animal tissue). 
Most of Earth’s carbon is contained in limestone, which provides effective long-term storage for carbon that has been taken from the atmosphere and transferred to the lithosphere. The process of “storing” carbon in this way occurs in several steps. Gaseous carbon dioxide (CO2) in the atmosphere is constantly entering the surface waters of the hydrosphere, where it dissolves into the bicarbonate ion (HCO3-) in this (simplified) chemical reaction:
2CO2 + 2H2O  2HCO3- + 2H+
The bicarbonate ion combines with dissolved calcium (Ca2+) in seawater to form calcium carbonate (CaCO3, calcite) in a reaction called calcification:
2HCO3- + Ca2+  CaCO3 + CO2 + H2O
In the first reaction, two molecules of CO2 are taken from the atmosphere; in the second, only one molecule of CO2 is released. This means that as limestone is formed, some atmospheric CO2 is trapped and buried in the most stable of forms - rock. Coral and other marine organisms, such as mollusks, some types of algae, and the plankton animal foraminifera, are excellent calcifiers. Most calcification occurs in the ocean, but some also occurs in fresh water. Have you ever seen stalagmites and stalactites in caves? These are made of limestone that was formed by the same chemical calcification reaction, but without the help of plants and animals.
The movement of carbon doesn’t end there. Limestone may eventually be broken down by weathering (natural reactions between the crust and natural compounds). This process consumes atmospheric CO2 in a chemical reaction that is essentially the reverse of calcification:
CaCO3 + CO2 + H2O  Ca2+ + 2HCO3-
The weathering of silica-rich rocks (which account for most of the rocks in the lithosphere) also uses CO2:
CaSiO3 + 2CO2 + H2O  Ca2+ + 2HCO3-+ SiO2
Cycling of carbon also occurs in the biosphere. Plants and some forms of bacteria can “use” inorganic CO2 and convert it into organic carbon (such as carbohydrates and proteins), which is then consumed by all other forms of life, from zooplankton to humans, through the food chain. During photosynthesis, plants remove carbon dioxide from the atmosphere and convert it into organic carbon in plant tissues. Photosynthesis occurs on land in trees, grasses, and aquatic (freshwater) plants, and  in phytoplankton, algae, and kelp in ocean surface waters that are penetrated by sunlight. The reaction requires sunlight and chlorophyll, and in its simplest form it can be represented as follows:
6CO2 + 6H2O  C6H12O6 + O2
(carbon dioxide + water  organic matter + oxygen)
Because CO2 is a greenhouse gas, vegetation plays an important role in global climate. Through the process of photosynthesis, plants remove 200 billion tons of CO2 from Earth’s atmosphere each year! This is about 26% of the total amount of carbon in the atmosphere.
Some of the organic carbon created by plants during photosynthesis is consumed by animals and transferred through the food chain to higher forms of life. Eventually, the organic matter decays or is used in respiration, and the carbon is returned to the atmosphere as gaseous CO2. Respiration is the reverse of photosynthesis, and it occurs when animals consume organic material to produce the energy they need to live. These organisms (from bacteria to humans) breathe, die, and decay, all processes that convert organic carbon into carbon dioxide, which is released back in the atmosphere. The basic chemical reaction for respiration is:
C6H12O6 + O2  6CO2 + 6H2O
(organic matter + oxygen  carbon dioxide + water)
The cycling of carbon through photosynthesis and respiration is so rapid and efficient that all of the CO2 in the atmosphere passes through the biosphere every 4 to 5 years!

The Case of Black Soot
When we burn coal, diesel fuel, wood, vegetable oil, and other fuels made of biomass, part of the exhaust is black soot. Soot consists of microscopic particles of carbon that are carried into the atmosphere and that contribute to global warming. Soot has been found to cause climate changes in areas of higher latitude where ice and snow are more common.[footnoteRef:47] Typically, ice and snow reflect sunlight rather than absorb it due to having a white background. When black soot collects on the snow it absorbs heat, accelerating the melting of snow and ice, and replacing the reflective white surface with heat absorbing black surface. As the snow and ice disappear, the water and barren earth that are revealed also absorb heat; hence the formerly reflective surface is replaced by heat-absorbing water and rock. According to computer simulations, soot may be responsible for 25 percent of observed global warming over the past century. One study found that soot may be contributing to the trend of early spring in the Northern Hemisphere. Earlier springs are a contributing factor to the thinning of Arctic sea ice, and the melting of glaciers and permafrost.  

The Scientific Community [47:  Xu, B., Cao, J., Hansen, J., Yao, T., Joswia, D., Wang, N., Wu, G., Wang, M., Zhao, H., Yang, W., Liu, X., and He, J. (2009, December 8). Black soot and the survival of Tibetan glaciers, Proceedings of the National Academies of Sciences. Open Access article, published online; http://www.pnas.org/content/early/2009/12/07/0910444106; last viewed 12/15/09. See also, Hansen, J. (2009, December). Science Briefs: Survival of Tibetan Glaciers. http://www.giss.nasa.gov/research/briefs/hansen_14/; Last viewed 12/15/09.] 

Although important details about the climate system and the human role in perturbing it continue to be studied, there is widespread agreement among scientists that global warming is attributable to human greenhouse gas production. In a letter to the U.S. Congress in 2009, eighteen scientific organizations in the United States stated that “Observations throughout the world make it clear that climate change is occurring, and rigorous scientific research demonstrates that the greenhouse gases emitted by human activities are the primary driver.”[footnoteRef:48] The letter goes on to describe that there is a vast body of scientific literature presenting multiple lines of evidence documenting this fact. Congress, tasked with building the legal framework in which the U.S. operates, may choose to manage climate change, or ignore it. Regardless, impacts that are already upon us and likely to increase in the near-term include sea level rise, increasing extreme weather events, regional water scarcity, urban heat waves, western wildfires, and the disturbance of biological systems throughout the country.  [48:  News Release; letter to U.S. Congress from American Association for the Advancement of Science and 17 other professional scientific organizations: http://www.aaas.org/news/releases/2009/media/1021climate_letter.pdf; last viewed 12/15/09.] 

The purpose of the letter was to reaffirm to the federal body that climate change is a major international problem needing management: emissions of greenhouse gases must be dramatically reduced and adaptation will be necessary to address impacts that are unavoidable. Adaptation is the process whereby humans respond to global warming impacts by modifying our behavior, including improving infrastructure design, developing sustainable management of water and other natural resources, modifying agricultural practices, and improving emergency responses to storms, floods, fires and heat waves.


Chapter 2 - How do we know humans are causing global warming?
Learning Objective - There is no “proof” that humans are the cause of global warming, but there is powerful evidence. Strong evidence, tested by skeptical argument, is how science discovers truths. Vigorous testing has established that the most likely cause of global warming is human production of greenhouse gas.

Introduction
The purpose of science is to find laws or theories that explain the nature of the world we observe. This is achieved using critical thinking. Critical thinking is a formula for discovering truth by testing hypotheses and refining or discarding them on the outcome of the tests. The hypothesis that global warming is caused by humans has withstood many tests. But it could be overthrown at any time by failing a test.
The basic hypothesis goes like this (Figure 9): human activities such as fossil fuel burning, making cement, industrialized agriculture, deforestation, and others produce greenhouse gas (carbon dioxide, methane, nitrous oxide, and others); instruments have measured a sharp rise in atmospheric greenhouse gas; greenhouse gas traps heat; the oceans, the land, and the lower atmosphere are getting hotter. Let’s examine each argument.

Figure 9 The hypothesis that humans are causing global warming.

It is a common misconception to think that humans and their activities cannot have a serious impact on our planet. You might wonder how everyday activities like driving cars, heating and cooling homes, and harvesting natural resources can affect our environment on a global scale. It is important to recognize that human population growth and use of resources have an impact on our planet and on the processes that allow it to function as a healthy system.

Fossil Fuels
Remember all the carbon that exists in the form of organic matter in the biosphere? Much of that carbon was buried in sediments or sedimentary rocks and became part of the lithosphere for millions of years. Four trillion tons of carbon was stored in Earth’s crust in this way. Over time, these organic carbon deposits were transformed into coal, oil, and natural gas which humans extract and burn to produce energy (Figure 10). Burning fossil fuels and organic biomass (as occurs during deforestation) are among the activities that humans perform to create usable forms of energy for electricity, industry, and motorized vehicles.

Figure 10 Global annual fossil carbon emissions, in million metric tons of carbon. The carbon dioxide releases from cement production result from the thermal decomposition of limestone into lime.[footnoteRef:49] [49:  Figure from Wikipedia entry “Greenhouse Gas”, see: http://en.wikipedia.org/wiki/Greenhouse_gas; last viewed 11/30/09.] 


Coal is formed from plant material that has been buried for millions of years. It is the most abundant of fossil fuels and supplies 30 percent of global energy. At current levels of consumption, coal supplies could last for another 200 to 500 years. However, burning coal releases large amounts of CO2, soot, sulfur, and other pollutants into the atmosphere, and it is considered one of the dirtiest forms of energy because of its detrimental effects on the environment and human health (coal power plants are the single largest source of mercury pollution in the U.S.). In the future, our ability to use coal without contributing to global warming hinges on our ability to develop methods for preventing or trapping dirty emissions at coal-fired power plants.
Most oil and gas began in the ocean as the remains of phytoplankton (microscopic floating algae) that was deposited on the seafloor and deeply buried. At the elevated temperatures and pressures that prevail during long-term burial, the organic material is converted into oil and methane. These fossil fuels are a natural resource that humans extract from the crust by means of drilling and mining. Burning fossil fuel is similar to respiration but requires the addition of heat (denoted by the symbol Δ):
C6H12O6 + O2 + Δ  6CO2 + 6H2O
(organic matter + oxygen + heat  carbon dioxide + water)
Burning of fossil fuels speeds up the natural cycling of carbon between the lithosphere and the atmosphere and adds CO2, fine particles, and pollutants to the atmosphere at a much faster rate than would occur through natural geologic cycles. These energy resources are also nonrenewable because it takes millions of years to form fossil fuels, and they exist in limited amounts within the crust. 
Respiration and the burning of fossil fuels are not the only sources of CO2. Volcanic eruptions and metamorphism of rocks in the crust introduce CO2 into the atmosphere, as they have throughout Earth’s history. Carbon dioxide is a natural component of Earth’s atmosphere, so why does it matter that human activities add more? How do we know what CO2 levels in the atmosphere were in the past? And why do we care?
Activities such as burning fossil fuel, deforestation, and various land-use practices account for about 12 percent of the total amount of CO2 emitted to the atmosphere annually. About 83 percent of global human greenhouse gas emissions are produced by 25 countries (Table 1).

	Table 1 Top Ten Greenhouse Emitters 

	[bookmark: RANGE!B2:F15]Country
	% of global emissions
	tons per person per year
	% of world GDP
	% of world population

	China
	21.5
	1.1
	10.7
	20.9

	United States
	20.2
	6.6
	21.9
	4.7

	European Union
	13.8
	2.8
	21.9
	7.5

	Russia
	5.5
	3.6
	2.2
	2.4

	India
	5.3
	0.5
	6.3
	16.8

	Japan
	4.6
	2.9
	7.2
	2.1

	Germany
	2.8
	3.2
	4.7
	1.4

	United Kingdom
	2.0
	6.3
	1.9
	<0.8

	Canada
	1.9
	1.3
	2.8
	2.8

	South Korea
	1.7
	3.1
	3.1
	1.0



Over the past 200 years, CO2 levels in the atmosphere have risen by over 40 percent (from 280 ppm to 390 ppm), and they continue to rise by approximately 2.1 percent each year. Most scientists now believe that human activities are responsible for these observed increases in atmospheric CO2. Current CO2 levels in the atmosphere have not been exceeded in the past 15 million years. Scientists using computer models predict that by the end of the 21st century we could see carbon dioxide concentrations between 490 and 1260 ppm (75–350 percent higher than natural concentrations). The global warming associated with this increase in CO2 levels will be greater and faster than the natural fluctuations seen in recent geologic history.
The global carbon cycle keeps CO2 levels in the atmosphere and ocean fairly stable over the long term, but rapid, short-term additions of CO2 to the atmosphere do affect global climate. Even seemingly small effects, such as an increase in global average temperatures by just a few degrees, can have a significant impact on climate, winds, ocean circulation, and regional weather patterns. In addition, because biogeochemical cycles are strongly interconnected, interacting with and affecting one another over very short periods (the time it take to breathe) to very long time scales (millions of years), changes in the carbon cycle  affect the cycles of other elements and compounds. Most of the threat to climate comes from the CO2 released by the burning of fossil fuels, but human activities affect the global carbon cycle, and thus global climate, in other ways too.

Population Growth 
Between 1930 and 2000, the number of humans on Earth tripled, from 2 billion to 6.1 billion (Figure 11). As a result of population growth and industrial development, the use of natural resources has increased by 1000 percent in the past 70 years. Global population growth is slowing and starting to stabilize. However, the number of people a few decades from now will be five and a half times more than the human population at the beginning of the 20th century.[footnoteRef:50] This will put tremendous pressure on Earth’s natural resources. Among the most important resources that humans depend on, and that result in the most environmental pollution and depletion of resources, is energy. [50:  Gore, A. (2009) Our Choice: A Plan to Solve the Climate Crisis, Rodale Press, Emmaus PA, 414p, (p.18).] 

A.   B.
Figure 11 Human population growth. A. The rate of human population growth has increased rapidly in the past century due to medical advances and increased agricultural productivity. B. Percentage annual population growth rates.[footnoteRef:51] [51:  Figures from http://en.wikipedia.org/wiki/Population_growth#Human_population_growth_rate; last viewed 11/30/09.] 


The developed nations account for 25 percent of the world’s population but use more than 70 percent of the total energy produced. The United States consumes 20 percent of the total to sustain its population of 300 million, which amounts to less than 5 percent of the world’s population. In contrast, India’s population of more than 1 billion (17 percent of world population), uses only 2 percent of global energy.
Commercial energy is traded in the global marketplace in the form of oil, coal, gas, hydropower, and nuclear power. Oil supplies about 40 percent of the world’s energy requirements, including 96 percent of the energy needed for transportation. There are approximately 700 million cars in the world today, and that number is expected to jump to more than 1.2 billion by 2025. The global demand for and consumption of oil and gasoline will likely double in the same period. However, gasoline has become less affordable in recent years. In fact, in 2008 the chief executive of Royal Dutch Shell Oil Company announced that by 2015 the rate of oil consumption will exceed the rate of oil production, essentially spelling the end of the era of affordable, easily available gasoline.
Coal supplies 30 percent of world energy needs and natural gas 20 percent, meaning that fossil-fuel burning accounts for 90 percent of the global commercial energy trade. Fossil fuels are nonrenewable sources of energy. There is a finite (limited) amount of these materials on Earth, and significant cost and effort are involved in finding, extracting, and processing these materials. To date, the world’s population has consumed over 875 billion barrels of oil. Experts estimate the global volume of recoverable oil at about 1000 billion barrels. At the current rate of consumption, therefore, all the oil on Earth, which was formed over a period of millions of years, could be depleted in less than 40 years.
Natural environments, ecosystems, and habitats are also considered among Earth resources because they sustain the complex web of life that supports humanity. Global changes are occurring in these natural resources as well. The World Resources Institute estimates that 50 percent of the world’s coastal ecosystems are severely at risk. Average global temperature has increased by 1.2° C (2.2° F) since the late 19th century and by about 0.5°C (0.9oF) over the past 40 years, and scientists expect it to increase by an additional 1°–6°C (1.8-10.8oF) during the next 100 years. This may not sound like much, but consider this: At the peak of the Ice Age about 21,000 years ago, global average temperature was 5-6°C (9-10.8oF) colder than it is today. Under those conditions, glaciers covered most of North America and Europe, and wooly mammoths flourished. The warming of 5-6°C (9-10.8oF) from the last ice age to the present interglacial took approximately 5 to 8 thousand years. Humans are poised to achieve the same thing in only a century.

Changes in Land Use
Land use refers to how humans use Earth’s surface, which results in urban, rural, agricultural, forest, and wilderness areas. On a global scale, CO2 released by changes in land use (deforestation to harvest timber and to clear land for crops and pastures) represents about 18 percent of total annual emissions. This source constitutes one-third of total emissions from developing countries and more than 60 percent of emissions from the least developed countries. 
Deforestation is one of the most significant ways in which humans have caused global warming.  It contributes to the enhanced greenhouse effect in two ways: (1) Burning trees releases carbon dioxide, and 2) dead trees no longer photosynthesize (store) carbon dioxide from the atmosphere. One-fifth of our planet’s forests have been cleared, including 35 percent of all temperate forests and 25 percent of all subtropical and deciduous forests. It is important to realize that these are averages. In some parts of the world, 50 percent to 100 percent of the natural forest has been cleared (Figure 12). For example, between the Atlantic coast and the Mississippi River, wooded forests occupied 170 million hectares (420 million acres) in the 1700s. Today, only 10 million hectares (24 million acres) remain (but in the U.S. northeast, forests are returning). Removing forests causes erosion of sediment, increases runoff during rainy seasons, and depletes the natural nutrients in soil.

Figure 12 These hills in Madagascar have been completely stripped of their forests. Deforestation leads to soil erosion, higher carbon dioxide production, and ecosystem destruction. 

The impacts of poor land use aren’t limited to forest environments. Polluted runoff and eroded sediment affect marine and freshwater ecosystems as well. Coral reefs below deforested watersheds around the world are stressed by sediment-laden water running off mountains that have been cleared of trees and vegetation. Salmon, trout, and other river fish depend on clean, clear streams in which to lay their eggs, and fish stocks have been in serious decline around the United States because of deteriorating stream habitats. Increasing global awareness of the impacts of changes in land use has brought forestry issues to the global political agendas of both the United Nations and the world’s major developed nations. Awareness and education are the first steps toward global changes that will have positive effects both on humans and on the natural environment.

Human activities produce greenhouse gas.
According to a study by the U.S. Department of Energy[footnoteRef:52], since 1751 approximately 329 billion tons of carbon have been released to the atmosphere from human consumption of fossil fuels and cement production. Half of these emissions have occurred since the mid 1970s. In 2006, global fossil-fuel emissions, 8230 million metric tons of carbon, represented an all-time high and a 3.5 percent increase from 2005. Emissions in 2007 increased another 3.1 percent[footnoteRef:53] but dropped in 2008 due to high fuel prices and global economic declines. During the 1990’s the increase averaged only 1.1 percent per year. Methane and nitrous oxide have also increased over this period: methane has increased 150 percent since 1750, and nitrous oxide has increased by 16 percent (Figure 13).  [52:  Boden, T.A., G. Marland, and R.J. Andres. 2009. Global, Regional, and National Fossil-Fuel CO2 Emissions. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, Tenn., U.S.A. doi 10.3334/CDIAC/00001. See http://cdiac.ornl.gov/trends/emis/overview_2006.html; last viewed 11/08/09.]  [53:  See: http://www.pbl.nl/en/publications/2008/GlobalCO2emissionsthrough2007.html; last viewed 11/08/09.] 


Figure 13 Global cumulative fossil-fuel emissions over the past 2000 years. Since approximately 1750 the rate of greenhouse production has rapidly accelerated. [footnoteRef:54] [54:  Figure from AR4; see also Blasing, T.J., 2008: Recent Greenhouse Gas Concentrations. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory. http://cdiac.ornl.gov/pns/current_ghg.html; last viewed 11/28/09.] 


Carbon, like most elements, occurs naturally in the form different types of isotopes (atoms of an element with differing numbers of neutrons). Plants, the source of carbon for coal, petroleum, tar sands, and other fossil fuels, have a lower ratio of the isotopes C13/C12 than the atmosphere. Hence, if fossil fuels burned by humans are the primary source of growing carbon dioxide in the atmosphere, we would expect the ratio of C13/C12 in the atmosphere to fall over time. Indeed, this is the case, and the rate of decrease correlates with the rate of global emissions.[footnoteRef:55] These and other observations clearly document that human activities are the source of growing greenhouse gas. [55:  Ghosh, P. and Brand, W.A., 2003, Stable isotope ratio mass spectrometry in global climate change research. International journal of Mass Spectrometry, v. 228, 1-33. See:  http://www.bgc.mpg.de/service/iso_gas_lab/publications/PG_WB_IJMS.pdf; last viewed 11/08/09.] 

It is the conclusion of the U.S Government that human activities produce greenhouse gas. For instance, as stated by the U.S. Environmental Protection Agency: “Many, but not all, human sources of greenhouse gas emissions are expected to rise in the future. This growth may be reduced by ongoing efforts to increase the use of newer, cleaner technologies and other measures. Additionally, our everyday choices about such things as commuting, housing, electricity use and recycling can influence the amount of greenhouse gases being emitted.”[footnoteRef:56] [56:  U.S. EPA Greenhouse Gas Emissions website: http://www.epa.gov/climatechange/emissions/index.html; last viewed 11/08/09.] 


Instruments measure a sharp rise in greenhouse gas.
Carbon dioxide rises and falls for natural reasons. But today it is at its highest level in 15 million years.[footnoteRef:57] Measurements of past carbon dioxide trapped in ice cores indicate that it has been relatively stable for the past 10,000 years or so at a level of about 280-300 ppm[footnoteRef:58] and that global CO2 has ranged between about 300 to 170 ppm over the past several hundred thousand years. Today, measurements of carbon dioxide at hundreds of monitoring stations around the world[footnoteRef:59] document that CO2 has reached 390 ppm and is rising at about 2.1 ppm per year. The sharp rise in CO2 correlates with human industrial activities since about 1750. Human sources of carbon dioxide are relatively minor compared to natural sources, which are about 20 times greater. However, over periods longer than a few years natural sources of CO2 tend to be balanced by natural processes that absorb CO2 (reservoirs) such as weathering of rocks, photosynthesis by plants, and reactions with water. This balance is what kept levels so stable (Figure 14) over the past until the start of the industrial age. [57:  Tripati, A.K., Roberts, D.R., Eagle, R.A., 2009, Coupling of CO2 and ice sheet stability over major climate transitions of the last 20 million years. Science, Oct. 8. See: http://www.sciencemag.org/cgi/content/abstract/1178296; last viewed 11/08/09]  [58:  ppm means “parts per million” It is a measurement of concentration like “per cent” only ppm means molecules of CO2 per million molecules of air.]  [59:  For a map of monitoring stations, see the World Data Center for Greenhouse Gases website at: http://gaw.kishou.go.jp/wdcgg/wdcgg.html; last viewed 11/08/09.] 


Figure 14 Carbon dioxide levels over the past 800,000 years from an Antarctic ice core.[footnoteRef:60] Researchers estimate that continued fossil fuel use will drive CO2 upward to unprecedented levels (between 550 and 900 ppm) by the end of the century.[footnoteRef:61] [60:  Historical data: Lüthi, D., M. Le Floch, B. Bereiter, T. Blunier, J.-M. Barnola, U. Siegenthaler, D. Raynaud, J. Jouzel, H. Fischer, K. Kawamura, and T.F. Stocker, 2008: High-resolution carbon dioxide concentration record 650,000-800,000 years before present. Nature, 453(7193), 379-382. 1959-2008 data: Tans, P., 2008: Trends in Atmospheric Carbon Dioxide: Mauna Loa. NOAA Earth System Research Laboratory (ESRL). http://www.esrl.noaa.gov/gmd/ccgg/trends/.]  [61:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/resources/gallery; last viewed 11/17/09.] 


Greenhouse gas traps heat.
Satellite measurements document that carbon dioxide, methane, and other greenhouse gases trap heat in the atmosphere. One study[footnoteRef:62] measured the difference in heat escaping Earth’s atmosphere between 1970 and 1997. Researchers found that radiation of the type (in the appropriate wavelengths) that is trapped by methane, CO2, ozone, and CFC’s decreased over the period by an amount that is theoretically predicted by the level of gas build-up. Essentially, when measured from space, Earth appears to be cooling because the amount of heat escaping has decreased. The study concludes with “Our results provide direct experimental evidence for a significant increase in the Earth's greenhouse effect that is consistent with concerns over radiative forcing of climate.”   [62:  Harries, J.E., Brindley, H.E., Sagoo, P.J., Bantges, R.J., 2001, Increases in greenhouse forcing inferred from the outgoing longwave radiation spectra of the Earth in 1970 and 1997, Nature 410, 355-357 (15 March). See: http://www.nature.com/nature/journal/v410/n6826/abs/410355a0.html; last viewed 11/08-09.] 

Recent workers confirm these results and extend the findings to modern day.[footnoteRef:63] These studies (and others) document with empirical evidence that increased carbon dioxide is preventing heat from escaping out to space. A corollary to this is that as heat is trapped at lower levels (in the troposphere) there will be cooling in atmospheric levels above this (the stratosphere). This has been documented by meteorological balloons and satellites (Figure 15). [63:  Philipona, R., Du¨rr, B., Marty, C.,  Ohmura, A., and Wild, M., 2004, Radiative forcing - measured at Earth’s surface - corroborate the increasing greenhouse effect, Geophysical Research Letters, v. 31, L03202, doi:10.1029/2003GL018765] 


Figure 15 As increasing greenhouse gas in the lower atmosphere traps heat, the upper atmosphere (stratosphere) cools. Data document that the troposphere is warming (0.04°C to 0.20°C per decade), while the stratosphere (T4) is cooling (-0.32°C to -0.47 °C per decade). These graphs show global and tropical temperature trends on the surface and in the atmosphere (°C per decade) for 1979 to 2004. Data are collected by satellite (orange, dark red, magenta) and weather balloons (radiosondes; brown, light green). Red (NRA) and cyan (ERA-40) are reanalyzed trends from existing data. The error bars depict 5 to 95 percent confidence limits.  Initials to the right side indicate research entities providing data.[footnoteRef:64]  [64:  Figure from AR4.] 


Radiation that is absorbed by greenhouse gases is re-radiated by the heated atmosphere in all directions. Some heads for the surface and thus we would expect to measure increasing downward radiation as gasses accumulate. It is even possible to measure the amount of downward radiation attributable to each greenhouse gas. This has in fact been documented by researchers[footnoteRef:65] who conclude with the hopeful statement that “This experimental data should effectively end the argument by skeptics that no experimental evidence exists for the connection between greenhouse gas increases in the atmosphere and global warming.” [65:  Evans, W.F.J., and Puckrin, E., 2006, Measurements of the radiative surface forcing of climate, 18th conference on Climate Variability and Change, 86th American Meteorological society Annual Meeting, Atlanta, GA. See: http://ams.confex.com/ams/Annual2006/techprogram/paper_100737.htm; last viewed 11/08/09.] 


The oceans, the land, and the lower atmosphere are getting hotter.
In terms of heat content, it is the world ocean that dominates atmospheric climate (Figure 16). The oceans store more than 90 percent of the heat in Earth’s climate system and act as a temporary buffer against the effects of climate change. For instance, an average temperature increase of the entire world ocean by 0.01oC (0.02oF) may seem small, but in fact it represents a very large increase in heat content. If all the heat associated with this small increase were instantaneously transferred to the entire global atmosphere it would increase the average temperature by approximately 10oC (18oF).[footnoteRef:66] Thus a small change in the mean temperature of the ocean represents a very large change in the total heat content of the climate system. Of course, when the ocean gains heat, the water expands and this represents a component of global sea-level rise. [66:  Levitus, S., T. Boyer, J. Antonov, H. Garcia, and R. Locarnini, 2005, Ocean warming 1955-2003. Poster presented at the U.S. Climate Change Science Program Workshop, 14-16 November 2005, Arlington VA, Climate Science in Support of Decision-Making; See: http://www.climatescience.gov/workshop2005/default.htm; last viewed 11/08/09.] 


Figure 16 Total Earth heat content from Murphy[footnoteRef:67] et al. (2009) and Domingues[footnoteRef:68] et al (2008).[footnoteRef:69]  [67:  Murphy, D. M., S. Solomon, R. W. Portmann, K. H. Rosenlof, P. M. Forster, and T. Wong (2009), An observationally based energy balance for the Earth since 1950, J. Geophys. Res., 114, D17107, doi:10.1029/2009JD012105]  [68:  Domingues, C.M., Church, J.A., White, N.J., Gleckler, P.J., Wijffels, S.E., Barkerr, P.M., Dunn, J.R., 2008, Improved estimates of upper-ocean warming and multi-decadal sea-level rise, Nature 453, 1090-1093 (19 June) doi:10.1038/nature07080;]  [69:  Figure adapted from: http://www.skepticalscience.com/; last viewed 11/08/09.] 


The transfer of heat between the ocean and the atmosphere is one reason that climate is such a highly variable system from one year to the next. For instance, in 1998 a strong El Niño transferred heat out of the ocean and into the atmosphere resulting in a year of record setting atmospheric warmth. But over the decade of the 2000’s, dominant La Niña conditions have prevented significant heat transfer to the atmosphere and global temperatures have been suppressed. Additional observational evidence of warming, and its impacts, will be presented in subsequent chapters.
We have established the strength of our hypothesis. Human activities produce greenhouse gas which is accumulating in the atmosphere. Satellites and other instruments document that these gases are trapping heat and this heat is steadily accumulating in the ocean, the land, and the atmosphere (Figure 17). Now that the hypothesis is well established, let’s test it in Chapter 3.

Figure 17 Trends in troposphere (the portion of atmosphere at Earth’s surface) heating (oC per decade) 1979-2005.[footnoteRef:70] [70:  Figure from AR4.] 





Chapter 3 - Does the global warming hypothesis stand up to testing?
Learning Objective – Despite vigorous testing, the best explanation for global warming is that humans are the cause.

Introduction
Because global warming poses serious threats to ecosystems and human communities, there has been discussion of managing the impacts of warming by limiting the production of greenhouse gases, and adapting to the inevitable consequences. Limiting gas production and adaptation will be costly and require significant changes to human behavior. Hence, the public discourse includes personal views of the world and political ideologies. Consequently, the hypothesis that humans are responsible for global warming is vigorously tested by political opponents. This chapter discusses some of the more widely cited tests.  

Climate depends on heat circulation.
[bookmark: OLE_LINK6]Climate change is the product of changes in the accumulation and movement of heat in the ocean and atmosphere. The atmosphere is the envelope of gases that surrounds Earth, extending from the surface to an altitude of about 145 km (90 miles) (Figure 18). Around the world, the composition of the atmosphere is similar, but when looked at vertically, the atmosphere is not a uniform blanket of air. It can best be described as several layers, each with distinct properties such as temperature and chemical composition. The red line in Figure 18 shows how atmospheric temperature changes with altitude. 

Figure 18 Vertical structure of Earth’s atmosphere.

In the layer nearest Earth, the troposphere or “weather zone,” the air becomes colder with increasing altitude; you may have noticed this if you’ve ever hiked in the mountains. This layer extends to an altitude of about 8 km (5 miles) in the polar regions and up to nearly 17 km (10.5 miles) above the equator. Above the troposphere is the stratosphere, where the protective “ozone layer” absorbs much of the Sun’s harmful ultraviolet radiation. This layer extends to an altitude of about 50 km; it becomes hotter with increasing altitude; and it is vital to the survival of plants and animals on Earth because it blocks the intense solar radiation that damages living tissue. Above the stratosphere is the mesosphere, which extends to an altitude of about 80 km (50 miles). Like the troposphere, this layer grows cooler with increasing altitude. Finally, the highest layer is the thermosphere (also called the ionosphere), which gradually merges with space. Temperatures increase with altitude in the thermosphere because it is heated by radiation from space. 
The boundaries between these layers are called “pauses.”  For example, the tropopause is the boundary between the troposphere and the stratosphere. 
There is very little vertical mixing of gases in the atmosphere. This means that one layer can be warming while another is cooling at the same time. For example, global warming in the troposphere, the layer closest to Earth’s surface, causes cooling in the stratosphere because as more heat is trapped in the lower atmosphere, less heat reaches the upper atmosphere. In fact, some parts of the upper atmosphere appear to be cooling at a rate of about 0.05ºC (0.09oF) per decade, even as the troposphere warms.
In the troposphere, global winds circulate the atmosphere, mixing water vapor and heat and interacting with the ocean surface. Atmospheric circulation near Earth’s surface is vigorous, and air can travel around the world in less than a month (Figure 19). The atmosphere thus is an essential component of climate. It is the most rapidly changing and dynamic of Earth’s physical systems, and it constantly interacts with Earth’s other systems – the hydrosphere, biosphere, and lithosphere.

Figure 19 General circulation of the troposphere.

Global circulation is essentially driven by heat from the Sun and by the rotation of Earth. The worldwide system of winds that transport warm air from the equator, where solar heating is greatest, toward the cooler high latitudes is called the “general circulation of the atmosphere”. This pattern gives rise to Earth's climate zones.
The general circulation consists of a number of cells (distinct regions of air flow), such as the Hadley cell (refer to Figure 19 for the following description of the Hadley cell). The impact of sunlight is strongest nearest the equator. Air that has been heated there rises and spreads out to the north and south. After cooling, the air sinks back to Earth's surface within the subtropical climate zone between latitudes 25° and 40°. This cool, dry descending air stabilizes the atmosphere at these sites and tends to prevent the formation of clouds or rainfall. As a result, many of the world's desert climates are found in the subtropical climate zone under these dry descending air masses. Surface air from subtropical regions returns toward the equator to replace the rising air, thus completing the cycle of air circulation within the Hadley cell. This flow of air creates what are known as the “trade winds”. Trade winds were named several centuries ago by ships carrying goods around the world that found these winds reliable for planning their routes. North of the Hadley cell is the Ferrel cell, and north of this is the Polar cell, both operating in a similar fashion. 
The hydrosphere consists of all the liquid water on Earth – in the ocean, rivers, and lakes. Like the atmosphere, the ocean is characterized by a pattern of circulation that transports heat around the globe and affects Earth’s climate (Figure 20). Global ocean thermohaline circulation is like a giant conveyor belt driven by the temperature (“thermo”) and salinity (“haline”) of ocean water. 

Figure 20 Thermohaline circulation carries heat around the globe and affects climate.

Thermohaline circulation starts in the North Atlantic Ocean. When the warm surface water of the Gulf Stream (a current running north along the eastern coast of North America) reaches the cold polar North Atlantic, it cools and sinks. During its journey, Gulf Stream water has been evaporating (making it saltier) and cooling; therefore, it has become denser and readily sinks. When it reaches the deep ocean, it travels southward as a cold, deep, salty current called the North Atlantic Deep Water. In the Southern Hemisphere it is joined by cold, salty water from Antarctica and enters the Indian Ocean. The current flows eastward past Australia into the Pacific Ocean, eventually rising in the North Pacific. There it becomes a warm surface current and flows westward around Africa into the Atlantic. It takes about 1000 years for water to complete the entire global cycle. On its journey the current transports heat, solid particles, and dissolved compounds (such as carbon dioxide) around the globe. The state of ocean circulation thus has a large impact on Earth’s climate.

Is global warming caused by the Sun?
In recent centuries there has been a steady increase in solar radiation (Figure 21) and certainly the Sun is the dominant factor governing Earth’s climate. The most prominent feature of the Suns activity is the ~11 year “sunspot cycle”. This is associated with natural increases and decreases in solar radiation. The record of regular and frequent sunspot observations extends to about 1750; prior to those, less frequent observations were made.[footnoteRef:71]  [71:  See Wikipedia entry on “Solar Variation”: http://en.wikipedia.org/wiki/Solar_variation; last viewed 12/01/09.] 


Figure 21 Since about 1749 there has been continuous measurement of sunspot activity. Prior to that there are occasional observations that have been interpreted to extend the record to about 1600 or so.[footnoteRef:72] [72:  Figure from http://en.wikipedia.org/wiki/Solar_variation; last viewed 12/01/09.] 


These observations document that the Sun shows considerable variability. Between 1650 and 1700 the Maunder Minimum was a period of greatly reduced sunspot activity and climate on Earth was cooler than average. This corresponded to the coldest portion of the “Little Ice Age” during which Europe and North America experienced bitterly cold winters.[footnoteRef:73]  The less severe Dalton Minimum lasted from 1790 to 1830 and also corresponded to a period of lower than average temperatures. The past fifty years is known as the Modern Maximum. This is a period of relatively high solar activity that began ca. 1900. The Modern Maximum reached a double peak, once in the 1950’s and again in the 1990’s. The causes for solar variations are not well understood, but because sunspots affect the brightness of the Sun, solar radiation is lower during periods of low sunspot activity.  [73:  “Was there a “Little Ice Age” and a “Medieval Warm Period”? Climate Change 2001: Working Group I: The Scientific Basis. IPCC, Third Assessment Report, Chapter 2. Observed Climate Variability and Change, see: http://www.grida.no/publications/other/ipcc_tar/?src=/climate/ipcc_tar/wg1/070.htm; last viewed 12/01/09.] 

The Modern Maximum is partly responsible for global warming, especially the temperature increases between 1900 and 1950. One study,[footnoteRef:74] argues that warming due to the relatively high level of solar activity since 1950 is responsible for 16 to 36 percent of recent warming. However, the authors state "most warming over the last 50 yrs is likely to have been caused by increases in greenhouse gases." [74:  Stott, P. A., Jones, G. S., Mitchell, J. F. B. (2003) do models underestimate the solar contribution to recent climate change? Journal of Climate, v. 16, no. 24, p. 4079-4093.] 

Solar radiation has not increased over the period when global warming has been strongest – since the 1970’s (Figure 22). One study concludes that sunspot number[footnoteRef:75] and global temperature data strongly correlate until the last 30 years, but "…during these last 30 years the solar total irradiance, solar UV irradiance and cosmic ray flux has not shown any significant secular trend, so that at least this most recent warming episode must have another source."[footnoteRef:76] In fact several studies come to essentially the same conclusion. For example: “Our analysis shows that the most likely contribution from solar forcing on global warming is 7±1 percent for the 20th century and is negligible for warming since 1980.”[footnoteRef:77] [75:  “Sunspot number” refers to the number of cool areas on the Sun surface that are counted daily by observatories. A high sunspot number means the Sun is active and producing more heat. A cool sunspot number means the Sun is producing less heat. Sunspots tend to come and go on an 11 yr cycle (shown in Figure 11).]  [76:  Usoskin, I.G., Schussler, M., Slanki, S.K., and Mursula, K., 2004, Solar activity over the last 1150 years: does it correlate with climate? Proceedings of the 13th Cool Stars Workshop, Hamburg, 5-9 July. See: http://www.mps.mpg.de/dokumente/publikationen/solanki/c153.pdf, last viewed 11/11/09. ]  [77:  Benestad, R. E., and G. A. Schmidt (2009), Solar trends and global warming, Journal of Geophysical Research, 114, D14101, doi:10.1029/2008JD011639] 


Figure 22 In the past 30 years global temperature and solar radiation show little correlation. The Sun’s energy received at the top of Earth’s atmosphere has been measured by satellites since 1978. It has followed its natural 11-year cycle of small ups and downs, but with no net increase (bottom). Over the same period, global temperature has risen markedly (top).[footnoteRef:78] [78:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/resources/gallery; last viewed 11/17/09] 


Is global warming part of a natural climate cycle?
This is an important question that deserves careful explanation. Over the past 500,000 years or so, Earth’s history has been characterized by great swings in global climate, from extreme states of cold (ice ages) to warm periods (interglacials). Ice ages are characterized by the growth of massive continental ice sheets reaching across North America and Northern Europe. At their maximum, these glaciers were over 4 km (2.5 miles) thick in places. Accompanying the spread of ice sheets was dramatic growth in mountain glaciers, many of which expanded into ice caps that covered large areas of mountainous territory. We currently live in the latest interglacial, known as the Holocene Epoch, which began about 10,000 years ago. The last ice age began approximately 75,000 years ago and peaked between 20,000 and 30,000 years ago. Formed over a period of 50,000 years, the landscape of formerly glaciated areas is widespread and characterized by myriad glacial landforms that document this episode. 
We also know this history of climate because scientists can measure chemical telltales (known as climate “proxies”) of past climate in samples obtained by drilling in continental ice sheets and mountain glaciers,[footnoteRef:79] as well as in sediment composed of fossilized plankton on the seafloor[footnoteRef:80] (Figure 23).  [79:  See the National Science Foundation, Office of Polar Programs: http://www.nsf.gov/news/news_summ.jsp?cntn_id=115495&org=OPP&from=news; last viewed 12/01/09.]  [80:  See the Integrated Ocean Drilling Program: http://www.iodp.org/; last viewed 12/01/09.] 

A.    B. 
Figure 23 Cores of ice and deep-sea sediments provide geologic samples that contain evidence of past climate. A. Scientists from several nations have established collaborative drilling programs on the Greenland and Antarctic ice sheets as well as on high-elevation ice caps in mountains. B. The Integrated Ocean Drilling Program is funded by a consortium of nations interested in using sea floor sediments to improve our understanding of Earth’s history and natural processes. 

In ice cores, the past carbon dioxide content of the atmosphere is measured directly from bubbles of air that were trapped during the formation of glacial ice. The longest ice cores (over 3 km in length) come from Greenland and Antarctica. In this case, CO2 is being used as a climate proxy because it is directly related to the heat-trapping ability of the atmosphere. But cores provide other measures of past climate as well. For instance, fossil snow also contains information about the temperature of the atmosphere and the amount of sunlight-blocking dust; and deep-sea cores can record changes in global ice volume and ocean chemistry.
Deep-sea sediment is composed of the microscopic shells of fossil plankton. The chemistry of these shells--for instance, tiny plankton from the phylum foraminifera (shown in Figure 23B)--provides chemical clues to the climate prevailing when they were formed. Cores of these sediments offer a record of climate history extending hundreds of thousands to millions of years back through time. 
Foraminifera use dissolved compounds and ions in seawater to precipitate microscopic shells of CaCO3. Both the calcite (CaCO3) of a foraminifer’s skeleton and a molecule of water (H2O) in seawater contain oxygen (O). In nature, oxygen occurs most commonly as the isotope 16O, but it is also found as 17O and 18O. Water (H2O) molecules composed of the heavier isotope 18O do not evaporate as readily as those composed of the lighter isotope 16O. Likewise, in atmospheric water vapor, heavier water molecules with 18O tend to precipitate (as rain and snow) more readily than those composed of lighter 16O (Figure 24). 

Figure 24 The H218O water molecule does not evaporate as readily as the H216O molecule. Once in the atmosphere, water vapor composed of 18O tends to condense and precipitate more readily in cooling air than a molecule composed of 16O. Because most water vapor originates from the tropical ocean, by the time it travels to high latitudes and high elevations where glaciers form, it is enriched in H216O relative to seawater. Hence, snow and ice are also enriched in the H216O molecule.
[Change to depict Greenland, extend origin back to tropical ocean.]

Both evaporation and precipitation of oxygen isotopes occur in relation to temperature. H218O tends to be left behind when water vapor is formed during the evaporation of seawater, and it tends to be the first molecule to condense when rain and snow are forming. Hence, since most water vapor in the atmosphere is formed by evaporation in the tropical ocean, by the time it travels the long distance to the high latitudes and elevations where ice sheets and glaciers are located, it is relatively depleted in H218O and enriched in H216O. This means that during an ice age vast amounts of H216O are locked up in global ice sheets for thousands of years. At the same time, the oceans are relatively enriched in H218O. Since the ratio of 18O to 16O in the shells of foraminifera mimics the ratio of these isotopes in seawater, the oxygen isotope content of these shells provides a record of global ice volume extending back through time.
Oxygen isotopes in fossil foraminifera provide a record of global ice volume, and in ice cores oxygen isotopes provide a record of changes in air temperature above the glacier. Because the atmosphere is so well mixed, the isotopic content of air above a glacier is indicative of the temperature of the atmosphere; hence, the isotopic content of snow is useful as a proxy for global atmospheric temperature. At the poles, as an air mass cools and water vapor condenses to snow, molecules of H218O condense more readily than do molecules of H216O, depending on the temperature of the air. Typically, above a glacier, the condensation falls out of a cloud as snow. Thus, the oxygen isotopic content of snow (measured as the ratio of 18O to 16O) is a proxy for air temperature; hence, cores of glacial ice record variations in air temperature through time. 
Because global ice volume and air temperature are related, the records of oxygen isotopes in foraminifera and glacial ice show similar patterns. These records provide researchers with two independent proxies for the history of global climate. Many researchers have tested and verified the history of global ice volume preserved in deep-sea cores and the history of temperature preserved in glacial cores from every corner of the planet. Past episodes of cooler temperature reflected in ice cores strongly correlate to periods of increased global ice volume in marine sediments. Likewise, past episodes of warmer climate correlate well to periods of decreased ice volume. An example of this record is shown in Figure 25. The variation in abundance of oxygen isotopes in ice (a proxy for atmospheric temperature) and in marine foraminifers (a proxy for global ice volume) do indeed display strong agreement and provide researchers with a global guide for interpreting climate patterns and events. 

Figure 25 A. The ratio of 18O to 16O in deep sea cores of fossil foraminifera provides a proxy for global ice volume. Increases in ice volume correlate to times of cooler climate, and decreases in ice volume correlate to times of warmer climate. B. The ratio of 18O to 16O in cores of glacial ice documents changes in atmospheric temperature, confirming that decreased ice volume in deep-sea cores correlates to times of warmer atmosphere while increased ice volume recorded in deep-sea cores correlates to times of cooler atmosphere. 
[redraft – remove “cool cycles” “MIS 11” and add “Ratio 18O/16O increasing and decreasing” at top of each column, but keep existing labels there – make room for all......left column mark as “A)” right column mark as “B)”]

These natural archives show that global climate change is characterized by alternating warm periods and ice ages occurring approximately every 100,000 years. This history of cooling and warming has several important features: 
Major glacial and interglacial cycles are repeated approximately every 100,000 years.
Numerous minor episodes of cooling (called stadials) and warming (called interstadials) are spaced throughout the entire record.
Global ice volume during the peak of the last interglacial (known as the “Eemian”), approximately 125,000 years ago, was lower than at present, and global climate was warmer;
Following the last interglacial, global climate deteriorated in a long-drawn-out cooling phase culminating approximately 20,000 to 30,000 years ago, with a major glaciation.
The present interglacial has lasted approximately 10,000 years. 
The marine oxygen isotope record suggests that over the past 500,000 years each glacial - interglacial cycle has lasted about 100,000 years; hence, there have been approximately five glaciations in this period. During the length of a typical 100,000-year cycle, climate gradually cools and ice slowly expands until it reaches a peak. At the peak, glaciers cover most of Canada southward to the Great Lakes, Iceland, Scandinavia, and the British Isles. In the Southern Hemisphere, part of Chile is covered, and the ice of Antarctica covers part of what is now the Southern Ocean. In mountainous regions the snowline lowers by about 1,000 m (3280 feet) or so in altitude from the warmest to the coldest periods of a cycle. 
Once ice cover reaches a maximum during a glacial episode, within a couple of thousand years global temperature rises again and the glaciers retreat to their minimum extent and volume (Figure 26). The last ice age culminated about 20,000 to 30,000 years ago, and by approximately 5,000 years ago most of the ice had melted (accept for remnants on Greenland and Antarctica). Since then glaciers have generally retreated to their smallest extent, with the exception of short-term climate fluctuations such as the so-called Little Ice Age, a cool period that lasted from about the sixteenth to the nineteenth century.

Figure 26 The history of retreating ice in North America after the end of the last ice age.
[re-label so legible at 1/3 p scale….replace “Russia” with “Siberia”….remove “Shallow sea” and “St. Lawrence River” http://www.homepage.montana.edu/~esci111/111glacierlab/GLACIER%20LAB.htm]

Scientists are still uncertain about all the factors that drive variations in paleoclimate. However, there is agreement that regular and predictable differences in Earth’s exposure to solar radiation over the past half-million years must play an important role because they match the timing of climate swings during that period. Variations in the intensity and timing of heat from the Sun, due to changes in how Earth is exposed to sunlight, are the most likely cause of glacial/interglacial cycles. This solar variable was neatly described by the Serbian mathematician Milutin Milankovitch in 1930. [footnoteRef:81]  Milankovitch calculated the timing of three major components of Earth's orbit around the Sun that contribute to changes in global climate.  [81:  See the Wikipedia entry on Milankovitch cycles: http://en.wikipedia.org/wiki/Milankovitch_cycles; last viewed 11/09/09] 

To understand these orbital parameters, we first must appreciate the effect of Earth’s tilted axis on the amount of insolation (solar radiation received at Earth’s surface) received through the year. Earth’s axis is tilted an average of 23.5 degrees from the vertical (Figure 27). As Earth orbits the Sun, this tilt means that during one portion of the year the Northern Hemisphere is tilted toward the Sun and receives greater insolation(summer), whereas  6 months later it is tilted away from the Sun and receives less insolation (winter); the reverse applies to the Southern Hemisphere. These annual changes in insolation create the seasons.

Figure 27 Earth's seasons are the result of a 23.5° tilt in the planet axis. Because of this tilt, different parts of the globe are oriented toward the Sun at different times of the year. Summer is warmer than winter (in each hemisphere) because the Sun's rays hit Earth at a more direct angle than during winter and because days are much longer than nights. During winter, the Sun's rays hit Earth at a less direct angle, and days are very short.

Earth orbits the Sun on a flat plane called the ecliptic. However, three aspects of the geometry of this orbit change in regular cycles under the influence of the combined gravity of Earth, the Moon, the Sun, and the other planets. These orbital parameters dictate the intensity of insolation reaching Earth’s surface over time, and thus regulate climate (Figure 28). 

Figure 28 The primary orbital parameters driving climate changes over the past half-million years are eccentricity, obliquity, and precession. These parameters regulate the intensity of insolation reaching Earth’s surface, triggering changes in atmospheric temperature.
[change order of graphics to eccentricity, obliquity, and precession; keep the same last graphic but add aphelion (where Earth is farthest from the Sun) and perihelion (where Earth is closest to the Sun) and make the orbit oblique (Earth closer on one end than the other)...similar format to 27]

The shape of Earth’s orbit changes from a nearly perfect circle to more elliptical and back again in a 100,000-year cycle (and a 400,000-year cycle) known as eccentricity. Eccentricity affects the amount of insolation received at aphelion (the point in its orbit at which Earth is farthest from the Sun) and at perihelion (the point in its orbit at which Earth is closest to the Sun). The effect of eccentricity is to shift the seasonal contrast in the Northern and Southern Hemispheres. For example, when Earth’s orbit is more elliptical, one hemisphere will have hot summers and cold winters; the other will have moderate summers and moderate winters. When the orbit is more circular, both hemispheres will have similar contrasts in seasonal temperature.
The second orbital parameter is called obliquity. The angle of Earth’s axis of spin changes its tilt between 21.5° and 24.5° every 41,000 years. Changes in obliquity cause large changes in the seasonal distribution of sunlight at high latitudes and in the length of the winter dark period at the poles.  They have little effect on low latitudes.
Finally, Earth’s axis of spin slowly wobbles. Like a spinning top running out of energy, the axis wobbles toward and away from the Sun over the span of 19,000 to 23,000 years. This is known as precession. Precession affects the timing of aphelion and perihelion, and this has important implications for climate because it affects the seasonal balance of radiation. For example, when perihelion falls in January, winters in the Northern Hemisphere and summers in the Southern Hemisphere are slightly warmer than the corresponding seasons in the opposite hemispheres. The effects of precession on the amount of radiation reaching Earth are closely linked to the effects of obliquity (changes in tilt). The combined variation in these two factors causes radiation changes of up to 15 percent at high latitudes, greatly influencing the growth and melting of ice sheets.
The small variations in Earth-Sun geometry related to eccentricity, obliquity, and precession change how much sunlight each hemisphere receives during Earth’s year-long journey around the Sun. They also determine the time of year at which the seasons occur and the intensity of seasonal changes. Milankovitch theorized that ice ages occur when orbital variations cause lands in the region of north latitude 650 (the approximate latitude of central Canada and northern Europe) to receive less sunshine in the summer. Why the Northern Hemisphere? Because most of the continents are located in the Northern Hemisphere and glaciers form on land, not water. 
When orbital parameters combine to create short, cool summers in the Northern Hemisphere, some snow is likely to last into the following winter and thereby accumulate from year to year – leading to  the formation of glaciers. In addition, as snow builds up, its bright, white surface reflects more radiation back into space, thus enhancing the cooling trend toward an ice age. Based on this reasoning and his calculations, Milankovitch predicted that the ice ages would peak every 100,000 and 41,000 years, with additional significant variations every 19,000 to 23,000 years. 
Figure 29 plots variations in all three orbital parameters across the past one million years. Indeed, Milankovitch predictions have been found to be accurate as preserved in the ocean sediment record of global ice volume. Ice ages and interglacials vary in occurrence roughly every 100,000 years, and the timing of stadials and interstadials varies on the higher frequencies approximated by his predictions of 41,000, 19,000 and 23,00 years – although that exact timing is not preserved in the sediment or  ice core records. 

Figure 29 This plot shows the relative solar forcing due to precession (red), obliquity (green), and eccentricity (blue). The cumulative solar forcing (insolation) at 650 north latitude caused by the combined influence of the three orbital parameters is plotted in yellow. In black is a history of global ice volume with interglacials (vertical grey bars) showing regular variations in climate approximately every 100,000 years and at higher frequencies – just as Milankovitch predicted.[footnoteRef:82]  [82:  Figure from: http://en.wikipedia.org/wiki/Milankovitch_cycles; last viewed 12/01/09.] 

[delete “19, 22, 24 kyr” and, “41 kyr” and, “95,125,400 kyr” remove “Stages of glaciation” and put in “Geologic record of climate”]

If you compare the total solar forcing in Figure 29 (yellow line) to the paleoclimate record in marine sediments (black line), you will notice that the timing and magnitude of the two do not exactly match. For instance, the solar forcing that led to the Eemian is considerably greater than the forcing that is producing the modern interglacial. Also, the drop in insolation at following the Eemian is greater than the low at the peak of the last ice age 20,000 to 30,000 years ago – yet the last ice age was much colder. What creates these disparities? The answer is that Earth’s climate is not driven solely by insolation. 
As we saw earlier, Earth‘s environmental system exercises positive and negative climate feedbacks that can enhance or suppress the timing and intensity of the Earth-Sun geometry. A climate feedback is a process taking place on Earth that amplifies (a positive feedback) or minimizes (a negative feedback) the effects of insolation. Climate feedbacks are responsible for the difference between orbital forcing and Earth’s actual climate. Following are some examples of climate feedbacks.
When scientists tried to build computer models to simulate paleoclimate, they could not get them to reproduce past climate change unless they added changes in carbon dioxide levels to accompany the changes in insolation caused by orbital parameters. Although scientists are still trying to understand what causes natural changes in carbon dioxide levels, most believe that past climate changes were initiated by orbital forcing and then enhanced and continued by the rise of greenhouse gases. Because deep sea cores reveal that carbon dioxide levels are much higher today than at any time in the past fifteen million years, pinning down the cause-and-effect relationship between carbon dioxide and climate change continues to be a focal point of modern research.
Scientists are exploring several possibilities in the search for climate feedbacks that may be responsible for paleoclimate patterns. Ice cores record past greenhouse gas levels as well as temperature; hence, they allow researchers to compare the history of the two. In the past, when the climate warmed, the change was accompanied by an increase in greenhouse gases, particularly carbon dioxide. However, increases in temperature preceded increases in carbon dioxide. This pattern is opposite to the present pattern, in which industrial greenhouse gases are causing increases in temperature. The difference is related to climate feedbacks. 
One idea for relating paleoclimate to feedbacks was developed by scientists analyzing a core of marine sediments from the ocean floor near the Philippines.[footnoteRef:83] That area of the Pacific contains foraminifera that live in tropical surface water. When they die and settle to the bottom, they preserve a record of changing tropical air temperatures. But different types of foraminifera living on the deep seafloor are bathed in bottom waters (water that travels along the seafloor, not at the surface) fed from the Southern Ocean near Antarctica. These foraminifera record the temperature of those cold southern waters. The fossils of both types of foraminifera are deposited together on the seafloor. Upon radiocarbon dating both types of foraminifera, scientists found that water from the Antarctic region warmed before waters in the topics – as much as 1000 to 1300 years earlier. The explanation for this difference, they believe, is a positive climate feedback.  [83:  Stott, L. A. Timmermann, R. Thunell, 2007: Southern Hemisphere and Deep Sea Warming led deglacial Atmospheric CO2 rise and Tropical Warming, Science, DOI: 10.1126/science.1143791] 

First, predictable variations in Earth’s eccentricity and obliquity increased the amount of sunlight hitting high southern latitudes during spring in the Southern Hemisphere. That increase warmed the Southern Ocean. As a result, sea ice shrank back toward Antarctica, uncovering ocean waters that had been isolated from the atmosphere for millennia. As the Southern Ocean warmed, it was less able to hold dissolved carbon dioxide, and great quantities of CO2 escaped into the atmosphere (warm water can hold less dissolved gas than cold water can). The released gas proceeded to warm the whole world. This process was responsible for driving climate out of its glacial state and into an interglacial state. It explains how small temperature changes caused by orbital parameters led to a positive feedback in global carbon dioxide that warmed the world.
When scientists first analyzed paleoclimate evidence in marine and glacial oxygen isotope records, they discovered that the Milankovitch theory predicted the occurrence of ice ages and interglacials with remarkable accuracy. But they also found something that required additional explanation: Some climate changes appeared to have occurred very rapidly. Because Milankovitch theory tied climate change to slow and regular variations in Earth’s orbit, it was assumed that climate variations would also be slow and regular. The discovery of rapid changes was a surprise.  Here again, the answer lay in the climate feedback system.
Cores show that while it took thousands of years for Earth to totally emerge from the last ice age and warm to today’s balmy climate, fully one-third to one-half of the warming—about 100C (18oF) at Greenland—occurred within mere decades, at least according to ice records in Greenland (Figure 30). At approximately 12,800 years ago, following the last ice age, temperatures in most of the Northern Hemisphere rapidly returned to near-glacial conditions and stayed there during a climate event called the Younger Dryas (named after the alpine flower Dryas octopetala). The cool episode lasted about 1300 years, and by 11,500 years ago temperatures had warmed again. Ice core records show that the recovery to warm conditions occurred with startling rapidity – less than a human generation. Changes of this magnitude would have a huge impact on modern human societies, and there is an urgent need to understand and predict such abrupt climate events. 

Figure 30 The Younger Dryas climate event was a dramatic cooling that lasted approximately 1300 years during the transition between glacial and interglacial states. The return to warm conditions was equally rapid, occurring within the span of a single human lifetime. 
[redraft similar to other graphs– add label “Rapid climate change” at three locations…. Use photo of glacier as backdrop...like this one.http://www.sethwhite.org/barne%20glacier.htm]

A look at marine sediments confirms that this pattern is present and must be a characteristic of climate change. Hence, scientists conclude that although the general timing and pace of climate change is set by the orbital parameters, some feedback process must play an important role in its precise timing and magnitude. What might that process be? Global thermohaline circulation is thought to play a key role.
As we discussed in relation to Figure 20, today warm water near the equator in the Atlantic Ocean is carried to the north on the Gulf Stream, which flows from southwest to northeast in the western Atlantic. The Gulf Stream releases heat into the atmosphere through evaporation, and the heat in turn moves across Northern Europe and moderates the climate. As a result, the Gulf Stream becomes cool and salty as it approaches Iceland and Greenland. This makes it very dense; as a result, it sinks deep into the North Atlantic (making the North Atlantic Deep Water) before it can freeze. From there it is pulled southward toward the equator. The Gulf Stream continuously replaces the sinking water, warming Europe and setting up a global oceanic conveyor belt. 
Thermohaline circulation transports heat around the planet, and hence plays an important role in global climatology. Acting as a conveyor belt carrying heat from the equator into the North Atlantic, it raises Arctic temperatures, discouraging the growth of ice sheets. However, influxes of freshwater from melting ice on the lands that surround the North Atlantic (such as Greenland) can slow or shut down the circulation by preventing the formation of deep water. This leads to cooling in the Northern Hemisphere, thereby regulating snowfall in the crucial region where ice sheets shrink and grow (N65o). Hence, a shutdown of the thermohaline circulation could play a role in a negative climate feedback pattern beginning with ice melting (warming) that leads to glaciation (cooling).
The key to keeping the belt moving is the saltiness of the water, which increases its density and causes it to sink. Many scientists believe that if too much freshwater entered the ocean--for example, from melting Arctic glaciers and sea ice--the surface water would freeze before it could become dense enough to sink toward the bottom. If the water in the north did not sink, the Gulf Stream would eventually stop moving warm water northward, leaving Northern Europe cold and dry within a single decade.
This hypothesis of rapid climate change is called the conveyor belt hypothesis, and the paleoclimate record found in ocean sediment cores is beginning to support it. Paleoclimate studies have shown that in the past, when heat circulation in the North Atlantic Ocean slowed, Northern Europe’s climate changed. Although the last ice age peaked about 20,000 to 30,000 years ago, the warming trend that  followed it was interrupted  by cold spells at 17,500 years ago and again at 12,800 years ago (the Younger Dryas). These cold spells happened just after melting ice had diluted the salty North Atlantic water, slowing the ocean conveyor belt. It is this idea that led to the movie “The Day After Tomorrow,” in which global warming results in freshwater from melting ice stopping the thermohaline circulation. This, in turn, produces deadly cooling (an unlikely scenario) in the North Atlantic. 
Hence, we have seen two types of climate feedback:
A positive climate feedback in the Antarctic that ended the last ice age. Predictable variations in Earth’s tilt and orbit caused warming, which triggered the withdrawal of sea ice in the Southern Ocean. This led to additional warming of ocean water, reducing its ability to hold dissolved carbon dioxide. The carbon dioxide escaped into the atmosphere and warmed the planet beyond the temperatures that would have been achieved by orbital parameters alone.
A negative climate feedback late in the transitional phase between the last ice age and the modern interglacial. Warming at approximately 12,800 years ago produced abundant freshwater in the North Atlantic that diluted the salty Gulf Stream. This put a temporary end to the global thermohaline circulation and triggered rapid cooling in the Northern Hemisphere. Later, after a period of cooling lasting approximately 1300 years called the Younger Dryas, thermohaline circulation once again became a source of heat transport throughout the world’s oceans. This renewed circulation triggered global warming, apparently very rapidly, that would not have been predicted by orbital parameters alone.
These climate feedbacks, and others that are still being discovered, work in parallel with orbital parameters to ultimately determine the nature of Earthly climate. However, Milankovitch cycles predict that today global climate should be cooling. For instance, one famous study[footnoteRef:84] concluded about Milankovitch cycles “this model predicts that the long-term cooling trend which began some 6,000 years ago will continue for the next 23,000 years." Clearly this does not support the notion that modern global warming is a natural process. Another study[footnoteRef:85] showed that the influence of Milankovitch cycles predicts that a new continental ice sheet should have formed in northeast Canada. The fact that Earth has not cooled over this interglacial as predicted has led to the “anthropogenic hypothesis” which proposes that human agriculture (involving deforestation, rice wetland production, and animal husbandry) has controlled global climate for several thousand years.[footnoteRef:86] It is clear that Milankovitch cycles are not behind the global warming problem we face today. [84:  Imbrie, J., Imbrie, J.Z., 1980, Modeling the Climatic Response to Orbital Variations, Science 207 (1980/02/29): 943–953. doi:10.1126/science.207.4434.943 ]  [85:  Carlson and others, 2008, Rapid early Holocene deglaciation of the Laurentide Ice Sheet; Nature Geoscience, v. 1, p. 620-624.]  [86:  Ruddiman, W.F., 2003, The anthropogenic greenhouse era began thousands of years ago. Climatic Change, v. 61, p. 261-293; and, Ruddiman, W.F., 2005, Cold climate during the closest stage 11 analog to recent millennia. Quaternary Science Reviews, v. 24, p. 1111-1121. For Ruddiman’s book “Plows, Plagues, and Petroleum: How humans took control of climate” see: http://press.princeton.edu/titles/8014.html; last viewed 11/10/09] 

In some cases global climate follows semi-cyclic patterns of warming and cooling (Figure 31) that are more frequent than Milankovitch cycles. As we have seen already, the popular notion of “natural cycles” is overly simplistic and actual climate is the product of complex interactions among solar and terrestrial processes. Climate cycles in fact are governed by feedback processes that make cycle timing irregular and can suppress or enhance temperature and other climate processes in unpredictable ways. An example of this is the Dansgaard-Oeschger (DO) events that occurred during the last ice age in the North Atlantic. DO events are recorded in Greenland ice cores and in North Atlantic seafloor sediments. There have been attempts to assign a regular 1,470 +/- 500 year periodicity to these, and to extend that cycling into the Holocene making what have become known as “Bond events.”[footnoteRef:87]  [87:  For discussion of Bond events see: http://en.wikipedia.org/wiki/Bond_event; last viewed 11/10/09] 


Figure 31 One hundred and forty thousand years of climate change: yellow and red from Antarctic ice cores; blue and purple from Greenland ice cores. Greenland ice cores use an isotope of oxygen, 18O, as a proxy for temperature, while Antarctic ice cores use an isotope of hydrogen, 2H. Note the rapid climate changes in the Greenland ice core during the glacial age, ca. 80,000 to 15,000 years ago, which barely register in the corresponding Antarctic record. These are Dansgaard-Oeschger events. Two warm periods are recorded, the last interglacial (Eemian) ca. 125,000 years ago, and the modern interglacial (Holocene) beginning ca. 10,000 years ago.[footnoteRef:88]  [88:  Figure from: http://en.wikipedia.org/wiki/Dansgaard-Oeschger_event; last viewed 11/28/09.] 


DO events are rapid climate fluctuations occurring 25 times during the last glacial age that are revealed in ice core and marine sediment records. In the Northern Hemisphere they take the form of rapid warming episodes, typically in a matter of decades, each followed by gradual cooling over a longer period. The pattern in the Southern Hemisphere is different, with slow warming and much smaller temperature fluctuations.However, orbital geometry does not predict these events. Several explanations have been forwarded to explain DO events, but their exact origin is still unclear. It has been hypothesized that they are the result of periodic collapses of thick glacier ice in Canada (ice build-up eventually collapses under its own weight), or changes in Atlantic thermohaline circulation triggered by an influx of fresh water.[footnoteRef:89] The question of whether DO events extend into the present interglacial[footnoteRef:90] (the so-called “Bond events”) is controversial and the last clear candidate for a DO event was 11,500 years ago (the “Younger Dryas”)[footnoteRef:91] and this was not a global event.[footnoteRef:92] In fact, high resolution records of climate extending 50,000 years into the past find no such cycle.[footnoteRef:93]  [89:  Maslin, M.; Seidov, D.; Lowe, J. (2001) Synthesis of the nature and causes of rapid climate transitions during the Quaternary, Geophysical monograph v. 126, p. 9–52. See: http://www.essc.psu.edu/~dseidov/pdf_copies/maslin_seidov_levi_agu_book_2001.pdf; last viewed 11/28/09. ]  [90:  Today we live in a warm climate called the “Holocene” which began (nominally) 10,000 years ago. Prior to that date was the last glacial period, or “ice age”.]  [91:  See discussion at: http://en.wikipedia.org/wiki/1500-year_climate_cycle; last viewed 11/16/09.]  [92:  Barrows, T.T., Lehman, S.J., Fifield, L.K., De Deckker, P. (2007) Absence of cooling in New Zealand and the adjacent ocean during the Younger Dryas chronozone, Science (5 October), v. 318. no. 5847, p. 86 – 89. See: http://www.sciencemag.org/cgi/content/abstract/318/5847/86; last viewed 11/28/09.]  [93:  Fleitmann, D., et al. (2009), Timing and climatic impact of Greenland interstadials recorded in stalagmites from northern Turkey, Geophysical Research Letters, v. 36, L19707, doi:10.1029/2009GL040050.] 

However, the fundamental problem with assigning modern global warming to cyclic-type DO or Bond events is the “bi-polar seesaw”. Weak DO events are found in Antarctic ice cores but their effect in the southern hemisphere is opposite in timing to the northern hemisphere. That is, cooling in the north is accompanied by warming in the south, and vice versa.[footnoteRef:94] This seesaw is thought to be related to thermohaline circulation. The hypothesis goes like this: DO slow cooling may be associated with an influx of fresh water to the North Atlantic which reduces the strength of the thermohaline circulation. As a result, there is excess heat in the tropics available for transfer toward the Southern Ocean. Thus warming is recorded in Antarctic ice core records. Eventually, warming in Antarctica releases freshwater which weakens southern hemisphere circulation .This allows the North Atlantic thermohaline circulation to suddenly “switch” on, producing a rapid DO warming event in the North Atlantic. [94:  Barker, S., Diz, P., Vautravers, M.J., Pike, J., Knorr, G., Hall, I.R., Broecker, W.S., 2009, Interhemispheric Atlantic seesaw response during the last deglaciation, v.457 (26 February), doi:10.1038/nature07770.] 

Global warming is occurring simultaneously around the planet; hence it cannot be tied to a modern-day DO event.[footnoteRef:95] Here is another way to think of it, DO/Bond events lead to no net change in Earth’s heat budget because of offsetting trends in northern and southern hemispheres. Global warming is global and represents a significant net increase in Earth’s heat budget. In any case, DO/Bond events have not been shown to exist in the Holocene nor have they been documented as global in extent.[footnoteRef:96] [95:  Seidov, D., Maslin, M. (2001) Atlantic Ocean heat piracy and the bipolar climate see-saw during Heinrich and Dansgaard-Oeschger events, Journal of Quaternary Science, v. 16.4, p. 321-328.]  [96:  See discussion at: http://www.realclimate.org/index.php/archives/2006/11/revealed-secrets-of-abrupt-climate-shifts/; last viewed 11/28/09. Also see the papers: Blunier, T., Brook, E.J. (2001) Timing of millennial-scale climate change in Antarctica and Greenland during the last glacial period, Science, v.  291, p. 109-112. Blunier, T., J. Chappellaz, J. Schwander, A. Dällenbach, B. Stauffer, T. F. Stocker, D. Raynaud, J. Jouzel, H. B. Clausen, C. U. Hammer, and J. S. Johnsen (1998) Asynchrony of Antarctic and Greenland climate change during the last glacial period, Nature, v.394, p.739-743.
] 


Didn’t global warming end after 1998 and climate has been cooling since?
This test of the global warming hypothesis surfaced because 2008 was dramatically cooler than previous years. Figure 32 shows a plot of the NASA global climate data from 1970 to present, and from 1998 to present. It is clear in both cases that warming has continued. Apparently the idea that global warming ended is simply because “eyeballing” the data suggests the absence of a trend. But a simple linear regression (red line in both cases) reveals this is a mistake.

Figure 32 Annual average surface temperature (ocean and land, NASA) and trend (red). The vertical axis plots temperature change from a standard (the average temperature of 1951-1980).

To test this argument, the Associated Press conducted a blind test. They gave temperature data to four independent statisticians and asked them to look for trends, without telling them what the numbers represented. The experts found no true temperature declines over time. One climate scientist said the following: “To talk about global cooling at the end of the hottest decade the planet has experienced in many thousands of years is ridiculous."[footnoteRef:97]  [97:  The AP article describing the statistical testing contains this quote and can be found here: http://news.yahoo.com/s/ap/20091026/ap_on_bi_ge/us_sci_global_cooling; last viewed 11/10/09.] 

In another recent study[footnoteRef:98], scientists show that naturally occurring periods of no warming or even slight cooling can easily be a part of a longer-term pattern of global warming. These researchers conclude, “Claims that global warming is not occurring that are derived from a cooling observed over short time periods ignore natural variability and are misleading."[footnoteRef:99] It is clear that global warming did not end in 1998 and that climate has not been cooling. [98:  Easterling, D., Wehner, M., 2009, Is the climate warming or cooling? Geophysical Research Letters, v 36, L08706.]  [99:  See the NASA website on this study: http://climate.nasa.gov/news/index.cfm?FuseAction=ShowNews&NewsID=175; last viewed 11/10/09] 


Do scientists agree on global warming?
According to the vast majority of climate scientists, the planet is heating up.[footnoteRef:100] In a survey of 3146 earth scientists, among the most highly qualified climatologists (those who had more than 50 percent of their peer-reviewed publications in the past 5 years on the subject of climate change) over 95 percent agreed that “human activity is a significant contributing factor in changing mean global temperatures.” The survey found that as the level of active research and peer-reviewed publication in climate science increases, so does agreement that humans are significantly changing global temperatures (Figure 33). The divide between expert climate scientists (97.4 percent) and the general public (58 percent) is particularly striking. [100:  Doran, P.T., and Zimmerman, M.K., 2009, Examining the scientific consensus on climate change, EOS, v.90, no.3. See: http://tigger.uic.edu/~pdoran/012009_Doran_final.pdf; last viewed 11/07/09.] 


Figure 33 Response of scientists who publish in earth science to the question “Do you think human activity is a significant contributing factor in changing mean global temperatures?”[footnoteRef:101]  [101:  Figure from Doran, 2009.] 


An earlier study, published in 2004[footnoteRef:102] came to a similar conclusion; there is strong scientific consensus on global warming, and agreement that humans are the primary cause. The study analyzed all peer-reviewed scientific papers between 1993 and 2003 using the keywords “climate change”. Here is what it concluded: “The 928 papers were divided into six categories: explicit endorsement of the consensus position, evaluation of impacts, mitigation proposals, methods, paleoclimate analysis, and rejection of the consensus position. Of all the papers, 75 percent fell into the first three categories, either explicitly or implicitly accepting the consensus view; 25 percent dealt with methods or paleoclimate, taking no position on current anthropogenic climate change. Remarkably, none of the papers disagreed with the consensus position.” [102:  Oreskes, N., 2004, Beyond the ivory tower: The scientific consensus on climate change, Science, v. 306.5702, 1686. See: http://www.sciencemag.org/cgi/content/full/306/5702/1686#; last viewed 11/10/09.] 

It is strikingly obvious, from any rational point of view, that there is very strong scientific consensus that global warming is real and that humans are the primary cause.

Are climate stations reliable sources of climate data?
The agencies that collect temperature data go to great pains to remove effects related to the “urban heat island” (cities tend to be warmer than the countryside) and other biases that may enter these datasets. A Y2K problem was noticed in one dataset. When corrected this caused a shift in the ranking of some years in the U.S. history. But this is hardly a reason to condemn the entire dataset. Localized influences on temperature, when averaged over large regions and the entire time period, have negligible influence on long term trends even though the ranking of individual years may change.
NASA compares urban long term trends to nearby rural trends. They then adjust the urban trend so it matches the rural trend. The methodology that NASA Goddard Institute for Space Studies uses in assembling its dataset is explained in detail on their website.[footnoteRef:103] Contrary to popular belief, because most urban climate stations are located in parks and other non-industrial areas, NASA found that 42 percent of city trends are cooler relative to their country surroundings.  [103:  See: http://pubs.giss.nasa.gov/docs/2001/2001_Hansen_etal.pdf; last viewed 11/10/09] 

This is consistent with a study[footnoteRef:104] that found no statistically significant impact of urbanization could be found in annual temperatures.  They found that industrial sections of towns may well be significantly warmer than rural sites, but urban meteorological observations are more likely to be made within parks which are cool islands compared to industrial regions. Another study[footnoteRef:105] analyzed 50 year records of temperatures on calm nights, and windy nights. It concluded "temperatures over land have risen as much on windy nights as on calm nights, indicating that the observed overall warming is not a consequence of urban development". The reasoning for this conclusion is that windy nights will circulate air from cool surroundings into the warm city, thus warming should be suppressed on those nights if it is due to the urban effect. [104:  Peterson, T.C., 2003, Assessment of urban versus rural in situ surface temperatures in the contiguous United States: no difference found, Journal of Climate, v. 16.18, p. 2941-2959.]  [105:  Parker, D.E., 2006, A demonstration that large-scale warming is not urban, Journal of Climate, v. 19.12, p. 2882-2895.] 

Claims that global warming is based on unreliable data have been rigorously tested and are simply not true. In any case, satellite data and ocean measurements confirm that global warming is not an artifact of ground based measurements.

Was climate warmer in the past?
It has been claimed that the Medieval warm period (MWP) was a time of warmer temperatures prior to industrial greenhouse gas production. However, the MWP has not been well documented outside of the North Atlantic region and one cannot assume it was a global phenomenon. An important study was published in 2006 on this point as it concludes: 1) dramatic warming has occurred since the 19th century; 2) the recent record warm temperatures in the last 15 years are indeed the warmest temperatures in at least the last 1000 years, and possibly in the last 2000 years, 3) comparisons between modern global warming and the MWP can only be made at the “local/regional scale”.[footnoteRef:106]  [106:  D'Arrigo, R., Wilson, R., Jacoby, G., 2006, On the long-term context for late twentieth century warming, Journal of Geophysical Research – Atmospheres, v. 111.D3, D03103, doi:10.1029/2005JD006352, 07 February. See: http://www.ncdc.noaa.gov/paleo/pubs/darrigo2006/darrigo2006.html; last viewed 11/10/09.] 

Researchers[footnoteRef:107] examined tree ring data recording land temperatures and found clear MWP (warm), “little ice age” (cool), and recent (warm) episodes preserved in North American and Eurasian tree ring records. They conclude that MWP temperatures were nearly 0.7oC (1.26oF) cooler than in the late twentieth century, with an amplitude difference of 1.14oC (2.05oF) from the coldest (1600-1609) to warmest (1937-1946) decades. The paper also stresses “…that presently available paleoclimate reconstructions are inadequate for making specific inferences, at hemispheric scales, about MWP warmth relative to the present anthropogenic period and that such comparisons can only still be made at the local/regional scale.” This means that it is wrong to use the MWP in a discussion of global warming because the MWP was not a global event. Another paper[footnoteRef:108] finds, “The Medieval period is found to display warmth that matches or exceeds that of the past decade in some regions, but which falls well below recent levels globally.” It is worth comparing the MWP and Little Ice Age global reconstructions to the modern map of climate (Figure 34). [107:  D’Arrigo, 20006]  [108:  Mann, M.E., Zhang, Z., Rutherford, S., Bradley, R.S., Hughes, M.K., Shindell, D., Ammann, C., Faluvegi, G., Ni, F. (2009) Global Signatures and Dynamical Origins of the Little Ice Age and Medieval Climate Anomaly, Science, v. 326. no. 5957, p. 1256 – 1260, DOI: 10.1126/science.1177303] 

B.  C.

Figure 34 Reconstructed surface temperature pattern for the (A.) Medieval Warm Period (950 to 1250 C.E.), the (B.) Little Ice Age (1400 to 1700 C.E.), and the decade of 1999 to 2008. Shown are the mean surface temperature anomalies. Anomalies are defined relative to the 1961– 1990 reference period mean. Gray mask indicates regions for which inadequate long-term modern observational surface temperature data are available for the purposes of calibration and validation. Note – different temperature scale is used in C; C.E. means “common era” or since the year 0 – C.E. has replaced the previously used ”AD”. [footnoteRef:109] [109:  A and B from Mann, 2009. C from NASA: http://data.giss.nasa.gov/cgi-bin/gistemp/do_nmap.py?year_last=2009&month_last=10&sat=4&sst=1&type=anoms&mean_gen=0112&year1=1999&year2=2008&base1=1961&base2=1990&radius=1200&pol=reg; last viewed 11/29/09.] 


One other time has been warmer in recent geologic history 125,000 years ago, the Eemian interglacial. Paleoclimatologists infer that the Eemian was warmer because Milankovitch cycles favored greater warmth. The Eemian was a natural episode of global warming and one that is intensely studied to reveal what we might expect with continued global warming later this century, and next.
The last interglacial occurred between approximately 130,000 and 75,000 years ago. Climate during this 55,000-year period was not always warm. Rather, researchers have identified five major phases consisting of 3 interstadials and 2 stadials. These show up clearly in the ice core records as well as the deep-sea record. Figure 35 shows these phases, using the scientific naming system for climate stages of this time. The last interglacial is MIS5, and the stadials and interstadials are labeled MIS5a-e. Of these, MIS5e (the Eemian) was the warmest, and most like the Holocene Epoch.

Figure 35 The last interglacial consisted of five stadials and interstadials, named MIS5a-e. The last glacial consisted of two stadials, MIS4 and MIS2, as well as one interstadial, MIS3. The present interglacial is MIS1. The acronym “MIS” stands for “Marine Isotopic Stage” because these detailed records were first identified using oxygen isotopes in seafloor sediments. [add “Eemian”]

MIS5e (MIS means Marine Isotope Stage - named for the oxygen isotope record of sea floor sediments where these climate stages were first recognized) is a good example of a warm period with characteristics similar to those of the Holocene. Because it is also a relatively recent event, many rocks and sediments that record climate conditions from that time have not been lost to erosion. MIS5e lasted approximately 12,000 years, from 130,000 to 118,000 years ago, and the average age of fossil corals from around the world that grew at that time is 125,000 years. For example, Figure 36 shows a fossil reef on the Hawaiian island of Oahu that illustrates another important feature of MIS5e: Sea level was higher than present by as much as 4 to 6 m (13 to 20 feet); hence, researchers have concluded that climate was somewhat warmer and that melted ice contributed to the higher sea level. This is supported by deep cores of ice in both Greenland and Antarctica that preserve temperature records from MIS5e showing that it was warmer, with lower ice volume, than the present-day climate.

Figure 36 This rocky shoreline in Hawaii is composed of limestone formed by a fossil reef that grew under higher-than-present sea levels during MIS5e.

The Eemian has been cited as a possible analogue for a future climate under increased global warming. Studies have shown that CO2 concentrations in the atmosphere were relatively high (though not as high as they are today due to the contribution of industrial greenhouse gases), temperatures were higher than at present, and sea level was higher. Scientists study MIS5e in order to develop an accurate estimate of the duration of the last interglacial period and improve our understanding of global characteristics at the time. Both of these goals are intended to provide a basis for improving computer models that can be used to predict future climate. 
Computer models of climate change during MIS5e indicate that sea-level rise started with melting of the Greenland ice sheet and not the Antarctic ice sheet.[footnoteRef:110] Research also suggests that ice sheets across both the Arctic and Antarctic could melt more quickly than expected this century because temperatures are likely to rise higher than they did during MIS5e, especially in the polar regions. If these predictions are correct, by 2100 the Arctic could warm by 3-5°C (5.4 to 9oF) in summer. During MIS5e, melt water from Greenland and other Arctic sources raised sea level by as much as 4 m (13 feet). However, since sea level actually rose 4-6 m (13-20 ft), researchers have concluded that Antarctic melting and thermal expansion of warm seawater must have produced the remainder of the rise in sea level.  [110:  Overpeck, J.T., Otto-Bliesner, B.L., Miller, G.H., Muhs, D.H., Alley, R.B., Kiehl, J.T. (2006) Paleoclimatic Evidence for Future Ice-Sheet Instability and Rapid Sea-Level Rise, Science, v. 311 (March 24).] 

The rise in sea levels produced by Arctic warming and melting could have floated, and thus destabilized ice shelves at the edge of the Antarctic ice sheet and led to their collapse. If such a process occurred today, it would be accelerated by global warming year round. In the last few years, sea level has begun rising more rapidly, and now it is rising at a rate of over 3 cm per decade (12 inches per century). Recent studies have also found accelerated rates of glacial retreat along the margins of both the Greenland and Antarctica ice sheets.[footnoteRef:111] [111:  Velicogna, I., 2009, Increasing rates of ice mass loss from the Greenland and Antarctic ice sheets revealed by GRACE, Geophysical Research Letters, 36, L19503, doi:10.1029/2009GL040222] 

During MIS5e, the amount of global warming needed to initiate this melting was less than 3.5oC (6.3oF) above modern summer temperatures, similar to the amount that is predicted to occur by mid-century if CO2 levels continue to rise unchecked. The amount of Greenland ice sheet melting that produced higher sea levels is shown in Figure 37. This reconstruction predicts that sea level rose at a rate exceeding 1.6 m (5.3 ft) per century, a rate that would be potentially catastrophic for coastal communities worldwide if it were to happen today. Computer modeling[footnoteRef:112] predicts several other features of the Eemian that may portend global conditions by the end of the 21st century:  Global carbon dioxide rose by 1 percent per year (half the current rate of rise); 2100 will be significantly warmer than MIS5e, so Greenland is already headed toward a state similar to that depicted in Figure 37; and the West Antarctic ice sheet will also contribute significantly to global sea level rise by 2100. [112:  Overpeck, 2006] 


Figure 37 Computer models that simulate climate during MIS5e indicate that melting of the Greenland ice sheet was responsible for a global sea-level rise of approximately 4 m (13 ft).[footnoteRef:113]   [113:  Figure from http://www.ucar.edu/news/releases/2006/melting.shtml; last viewed 12/01/09.] 


The end of the Eemian was characterized by precipitous changes in global climate. Although the period has been studied intensively, global climate during MIS5a-d is poorly understood. Researchers speculate that temperatures during MIS5d and 5b were significantly cooler than present temperatures, that global ice volume expanded, and that global sea level dropped perhaps by as much 25 m (82 ft) below the present level. These were, in effect, mini ice ages that lasted only a few thousand to ten thousand years each. The interstadials MIS5a and 5b were likely periods during which global temperature was cooler and ice volume greater than they are today.
To conclude this chapter, the global warming hypothesis has been vigorously tested, for decades. There are still many details to work out, and there are occasional surprises in ongoing work, but the hypothesis that human production of heat-trapping gas has led to global warming is widely accepted and represents a consensus opinion of the scientific community.



Chapter 4 – How do scientists predict future climate?
Learning Objective –Global circulation models successfully reproduce the past 100 years of climate change, but only when human production of greenhouse gases is included. Models provide useful large-scale predictions of future climate and its impacts.

Introduction
Earth’s climate system is very complex. Some climate processes operate on cycles (such as seasons and interglacials), some occur with irregular timing (such as El Niño[footnoteRef:114] and Dansgaard-Oeschger events), and some are essentially unpredictable but it is possible to say that they are “likely” or “unlikely” (such as hurricanes and extremely hot days). In reality, climate processes all interact with one another over different lengths of time, sometimes enhancing and sometimes suppressing each other’s effects.  Attempting to make order out of this complexity is the role of computer models called global circulation models or GCMs. [114:  The El Niño Southern Oscillation or ENSO is a large-scale meteorological pattern characterized by two conditions: the so-called La Niña and the El Niño. These govern temperature and rainfall trends in the Pacific Ocean as well as exert a global influence on weather patterns. See: http://en.wikipedia.org/wiki/El_Ni%C3%B1o-Southern_Oscillation; last viewed 11/15/09] 


Climate Models
Researchers use GCMs to study climate change. These are computer-based mathematical programs that simulate the behavior and interaction of Earth’s oceans, land, and atmosphere. GCMs consist of thousands of mathematical calculations that solve the equations of fluid dynamics on supercomputers. The models receive input in the form of data on ocean currents and temperature, the concentration of CO2 and other greenhouse gases in the atmosphere, the amount of sunlight, the cover of vegetation, ice, and snow, and other factors that affect the heating of Earth’s surface. 
Climate models are designed to simulate climate on a range of scales, from global to regional (hundreds of kilometers). But few GCMs regularly tackle climate changes at the local level (tens of kilometers). Most break up the atmosphere into ten to twenty vertical levels between Earth’s surface and outer space, where climate phenomena are represented by complex calculations. A model’s output might include predictions of long-term precipitation patterns, or an estimate of the sea level 100 years from now, or an approximation of future global temperatures at a certain concentration of greenhouse gases. 
Models do a good job of simulating air and ocean circulation, solar heating, and the role of greenhouse gases. But there are factors that influence climate change that are essentially unpredictable: major volcanic eruptions that throw ash into the high atmosphere and bock sunlight; ENSO events with magnitudes that are unknowable beforehand; and of course the political decisions that will determine future fossil fuel consumption. There is also an ongoing effort to understand the role of clouds; do they block sunlight? or trap heat? 
Nonetheless, a major test for GCMs is whether they can accurately simulate measured surface temperatures. In this, they succeed well. In Figure 38, 100 years of measured temperature changes are plotted as a black line. Two different model results are plotted in red and blue. Blue simulations were produced using only natural factors: solar variation and volcanic activity. They do not match the observed temperature changes very well. Red simulations were produced with a combination of natural and human factors, including industrial emission of greenhouse gases and other products of pollution. It is clear that the combination of human and natural factors provides the best match with measured temperatures, leading to the conclusion that human pollution with greenhouse gases is at least partially responsible for global warming. 

Figure 38 Global circulation models that can accurately replicate past climate changes build confidence in their ability to predict future changes (blue=natural factors only; red=natural and human factors combined; observations of temperature change=black line). The simulations represented by the blue band were produced with only natural factors such as solar variation and volcanic activity. Those shown in red were produced with human greenhouse gas production combined with natural factors. The red band shows that human factors combined with natural factors best account for observed temperature changes.[footnoteRef:115] [115:  Figure from AR4.] 


Intergovernmental Panel on Climate Change 
In 2007, the IPCC[footnoteRef:116] released its Fourth Assessment Report (AR4) on Climate Change. The AR4 was the product of thousands of scientists, criticizing each other’s work, struggling to find common wording to describe results, and ultimately building a global description of the impacts of global warming on all sectors of human interest. AR4 was an enormous effort summarizing the current understanding of climate change. The report took 6 years to produce, involved over 2500 scientific expert reviewers and more than 800 authors from over 130 countries. [116:  IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 996 pp. See: http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter3.pdf; last viewed 11/07/09.] 

Some of their key findings include:
The warming trend over the last 50 years (about 0.13° C or 0.23° F per decade) is nearly twice that for the last 100 years. 
The average amount of water vapor in the atmosphere has increased since at least the 1980s over land and ocean. The increase is broadly consistent with the extra water vapor that warmer air can hold. 
Since 1961, the average temperature of the global ocean down to depths of at least 3 km (1.9 miles) has increased. The ocean has been absorbing more than 80 percent of the heat added to the climate system, causing seawater to expand and contributing to sea level rise. 
Global average sea level rose on average by 1.8 mm (0.07 inches) per year from 1961 to 2003. There is high confidence that the rate of observed sea level rise increased from the 19th to the 20th century. 
Average arctic temperatures increased at almost twice the global average rate in the past 100 years. 
Mountain glaciers and snow cover have declined on average in both hemispheres. Widespread decreases in glaciers and ice caps have contributed to sea level rise. 
Long-term trends in the amount of precipitation have been observed over many large regions from 1900 to 2005. 

If we can’t predict weather, how can we predict climate?
In fact, GCM’s do predict climate with accuracy, but at a large-scale. Your TV weatherman has the harder task of predicting detailed weather, at specific localities, in very short time periods. Predicting climate and predicting weather are very different from each other.
Weather is the short-term (up to a week) state of the atmosphere at a given location. It affects the well-being of humans, plants, and animals, and the quality of our food and water supply. Weather is somewhat predictable because of our understanding of Earth’s global climate patterns. Climate is the long-term (about 30 years) average weather pattern, and is the result of interactions among land, ocean, atmosphere, ice, and the biosphere. Climate is described by many weather elements, such as temperature, precipitation, humidity, sunshine, and wind. Both climate and weather result from processes that accumulate and move heat within and between the atmosphere and the ocean.
Since AR4, climate models continue to advance. A 2009 study[footnoteRef:117] by researchers at the U.S. Naval Research Laboratory and NASA produced high resolution predictions of climate on the scale of decades. This is especially difficult as natural climate variations may amplify or suppress global warming in ways that GCM’s capture poorly. However, by deconstructing recently observed surface temperatures into separate components due to ENSO, volcanic, solar activity, and human influences, they were able to reproduce the past three decades in unusual detail. With this success, the model was used to predict the next 20 years of climate (Figure 17). From 2009 to 2014, likely increases in greenhouse gases and solar radiation will raise global surface temperature 0.15 ± 0.03oC (0.25± 0.05oF), at a rate 50 percent greater than predicted by AR4. However, because of the 11 year sunspot cycle[footnoteRef:118], solar radiation is modeled to decline in the following five years; thus average temperature in 2019 is only 0.03 ± 0.01oC (0.05± 0.02oF) warmer than in 2014. The study concludes that the next decade is analogous to the period from 2002 to 2008 when decreasing solar irradiance also countered much of the global warming. Unable to exactly predict the timing of volcanic activity or ENSO intensity, the study includes scenarios of how a major eruption and a super ENSO would modify temperature projections. [117:  Lean, J. L., and D. H. Rind, 2009, How will Earth’s surface temperature change in future decades?, Geophysical Research Letters, v. 36, L15708, doi:10.1029/2009GL038932.]  [118:  Energy from the Sun waxes and wanes on an 11 year cycle that is related to the occurrence of dark spots on its surface. For additional explanation see: http://en.wikipedia.org/wiki/Solar_cycle; last viewed 11/15/09.] 


Figure 17 (a) Observed monthly mean global temperatures (black) and modeled temperature (orange). (b) Individual contributions of ENSO (purple), volcanic eruption (blue), solar irradiance (green) and greenhouse gas effects (red). Together the four influences explain 76 percent of the variance in the global temperature observations. Future scenarios are shown as dashed lines. The vertical black dashed lines in (a) denote 2014 [with temperature declines due to volcanic eruption] (A) and 2019 [with temperature increases due to strong El Niño] (B).[footnoteRef:119] [119:  Figure after Lean and Rind, 2009.] 


Global Changes 
Global circulation model projections of the future are based on understanding the past and current conditions of global warming. Although new modeling efforts have been published since the IPCC report in 2007, the AR4 remains the benchmark study on which governments are basing development of new policies for counteracting the negative impacts of global warming. In their “Summary for Policymakers”, the AR4 presented 12 major conclusions:
Global atmospheric concentrations of carbon dioxide, methane and nitrous oxide have increased markedly as a result of human activities since 1750 and now far exceed pre-industrial values determined from ice cores spanning many thousands of years. 
Global increases in carbon dioxide concentration are due primarily to fossil fuel use and land-use change, while those of methane and nitrous oxide are primarily due to agriculture. 
Understanding of human warming and cooling influences on climate has improved, leading to very high confidence (meaning at least 90 percent correct) that the globally averaged net effect of human activities since 1750 has been one of warming.
Warming of the climate system is unequivocal, as is evident from observations of increases in global average air and ocean temperatures, widespread melting of snow and ice, and rising global average sea level. 
At continental, regional, and ocean basin scales, numerous long-term changes in climate have been observed. These include changes in Arctic temperatures and ice, widespread changes in precipitation amounts, ocean salinity, wind patterns and aspects of extreme weather including droughts, heavy precipitation, heat waves and the intensity of tropical cyclones.
Paleoclimate information supports the interpretation that the warmth of the last half century is unusual in at least the previous 1300 years. The last time the polar regions were significantly warmer than present for an extended period (about 125,000 years ago), reductions in polar ice volume led to 4 to 6 meters (13 to 20 ft) of sea level rise.
Most of the observed increase in globally averaged temperatures since the mid-20th century is very likely (meaning greater than 90 percent confidence) due to the observed increase in anthropogenic (human caused) greenhouse gas concentrations. Discernible human influences now extend to other aspects of climate, including ocean warming, continental-average temperatures, temperature extremes and wind patterns
Analysis of climate models together with constraints from observations enables an assessed likely (meaning more than 66 percent confidence) range to be given for climate sensitivity for the first time and provides increased confidence in the understanding of the climate system response to radiative forcing.
For the next two decades a warming of about 0.2°C per decade is projected by climate models for a range of greenhouse gas emission scenarios. Even if the concentrations of all greenhouse gases and aerosols had been kept constant at year 2000 levels, a further warming of about 0.1°C per decade would be expected.
Continued greenhouse gas emissions at or above current rates would cause further warming and induce many changes in the global climate system during the 21st century that would very likely (meaning greater than 90 percent confidence) be larger than those observed during the 20th century.
There is now higher confidence in projected patterns of warming and other regional-scale features, including changes in wind patterns, precipitation, and some aspects of extremes and of ice.
Anthropogenic (human caused) warming and sea level rise would continue for centuries due to the timescales associated with climate processes and feedbacks, even if greenhouse gas concentrations were to be stabilized.

Model Projections of the Future
To model future global warming, researchers must make some assumptions about future greenhouse gas production. These assumptions emerge from considerations of population growth, economic activity, government policies, social patterns, and other complex factors that govern future human behavior. To handle these many possibilities, modelers resort to “scenario building”. In the AR4, four scenarios were defined (with variations): 
A1 - A future world of very rapid economic growth, global population that peaks in mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies.
A1F1 - Energy is fossil-fuel intensive.
A1T - Energy is not fossil fuel intensive.
A1B - Energy does not rely too heavily on one particular source,
A2 - A future world that is characterized by self reliance, preservation of local identities, and continuously increasing population. Economic growth and technological change are fragmented and slow.
B1 – A future world with a global population that peaks in mid-century and declines thereafter. The economy has a focus on service and information, with reductions in material intensity and the introduction of clean and resource efficient technologies aimed at achieving social and environmental sustainability.
B2 - A future world with emphasis on local solutions to economic, social and environmental sustainability. Global population continuously but slowly increases, economic development, and technological change are slower than other scenarios.
In all of these scenarios it is assumed that no specific climate initiatives are adopted by governments. The results indicate that global temperatures by the end of the century rise between a low (B1 scenario) of 1.1oC (2oF) and a high (A1F1 scenario) of 6.4oC (11.5oF). For each scenario a sea level rise assessment is also made. The sea level rise by the end of the century is modeled to rise between 0.18 to 0.59 meters (7 to 23 inches). AR4 sea level estimates do not consider the possibility of ice calving (the physical disintegration of glaciers) and so it is widely perceived that these numbers underestimate the true likely sea level rise by the end of the century (sea level is discussed in another chapter). Table 2 provides specific scenario results for end of the century global average temperature and sea level rise. Figure 18 shows modeled global temperature changes to the end of the century.

													
Table 2 – Projected globally averaged surface warming and sea level rise at the end of the 21st century. 
Temperature Change 			Sea Level Rise
(°C at 2090-2099 relative to 1980-1999) 	(m at 2090-2099 relative to 1980-1999)
		    Best Estimate	        Likely range		
Year 2000
constant emissions	0.6 		0.3 – 0.9 		        NA
B1 scenario 		1.8 		1.1 – 2.9 		0.18 – 0.38
A1T scenario 		2.4 		1.4 – 3.8 		0.20 – 0.45
B2 scenario 		2.4 		1.4 – 3.8 		0.20 – 0.43
A1B scenario 		2.8 		1.7 – 4.4 		0.21 – 0.48
A2 scenario 		3.4 		2.0 – 5.4 		0.23 – 0.51
A1FI scenario 		4.0 		2.4 – 6.4 		0.26 – 0.59
													


Figure 18 Global average temperatures resulting from various greenhouse gas emission scenarios. Shading denotes the plus/minus one standard deviation range of individual model annual averages. The orange line is for the scenario where greenhouse gas concentrations were held constant at year 2000 values. The gray bars at right indicate the best estimate (solid line within each bar) and the likely range assessed for the six scenarios. [footnoteRef:120] [120:  Figure from AR4.] 


These model scenarios are projected to lead to the following regional-scale patterns:
Snow cover is projected to contract. Widespread increases in thaw depth are projected over most permafrost regions. 
Sea ice is projected to shrink in both the Arctic and Antarctic under all scenarios. In some projections, Arctic late-summer sea ice disappears almost entirely by the latter part of the 21st century.
It is very likely that hot extremes, heat waves, and heavy precipitation events will continue to become more frequent.
It is likely that future tropical cyclones (typhoons and hurricanes) will become more intense, with larger peak wind speeds and more heavy precipitation associated with ongoing increases of tropical sea surface temperatures. There is less confidence in projections of a global decrease in numbers of tropical cyclones. The apparent increase in the proportion of very intense storms since 1970 in some regions is much larger than simulated by current models for that period.
Extra-tropical storm tracks are projected to move poleward, with consequent changes in wind, precipitation, and temperature patterns, continuing the broad pattern of observed trends over the last half-century.
Increases in the amount of precipitation are very likely in high-latitudes, while decreases are likely in most subtropical land regions. This matches observed patterns in recent trends. 
Based on current model simulations, it is very likely that the vertical circulation of the North Atlantic Ocean will slow down during the 21st century. Temperatures in the Atlantic region are projected to increase despite such changes due to the much larger warming associated with projected increases of greenhouse gases.
Climate processes are expected to add carbon dioxide to the atmosphere as the climate system warms, but the magnitude of this feedback is uncertain. 
If heating were to be stabilized in 2100 at B1 or A1B levels, a further increase in global average temperature of about 0.5°C would still be expected, mostly by 2200.
If heating were to be stabilized in 2100 at A1B levels, thermal expansion alone would lead to 0.3 to 0.8 m of sea level rise by 2300 (relative to 1980–1999). Thermal expansion would continue for many centuries, due to the time required to transport heat into the deep ocean.
Contraction of the Greenland ice sheet is projected to continue to contribute to sea level rise after 2100. 
Dynamical processes related to ice flow not included in current models but suggested by recent observations could increase the vulnerability of the ice sheets to warming, increasing future sea level rise. 
Current global model studies project that the Antarctic ice sheet will remain too cold for widespread surface melting and is expected to gain in mass due to increased snowfall. However, net loss of ice mass could occur if dynamical ice discharge dominates the ice sheet mass balance.
Both past and future carbon dioxide emissions will continue to contribute to warming and sea level rise for more than a millennium, due to the timescales required for removal of this gas from the atmosphere.



Chapter 5 – How does global warming cause sea level rise?
Learning Objective – As ocean water warms it expands, and as glaciers melt their water flows into the sea.  Both these processes cause sea level rise and today sea level is rising twice as fast as the average of the 20th century.

Introduction
Sea level is rising today (Figure 19) and will continue to rise in the centuries ahead. Greenhouse-gas-induced global warming leads to warming of the ocean. Warming causes ice to melt and ocean water to expand; these two processes are the main causes of global sea-level rise. Today rising seas threaten coastal wetlands, estuaries, islands, beaches, and all types of coastal environments. Coastal communities are subject to flooding by rain storms that are coincident with high tides, accelerated coastal erosion, and saltwater intrusion into streams and aquifers. Sea Level rise threatens cities, ports, coastal communities, and other types of economies with passive inundation due to rising waters, and damaging storm surge associated with hurricanes. Because this threat has enormous economic and environmental consequences, it is important to understand how global warming is changing the level of the sea.

Figure 19 Global sea level rise as measured by satellite detection of the ocean surface.[footnoteRef:121] [121:  Figure from http://www.aviso.oceanobs.com/en/news/ocean-indicators/mean-sea-level/; last viewed 11/22/09.] 


Rate of Sea Level Rise
Using the time it takes for radar to travel to Earth’s surface and back, satellites using altimeters[footnoteRef:122] can measure the sea surface from space to better than 5 cm (2 in).[footnoteRef:123] The TOPEX/Poseidon mission (launched in 1992) and its successors Jason-1 (2001) and Jason-2 (2008) have mapped the sea surface approximately every 10 days for 16 years. These missions have led to major advances in physical oceanography and climate studies.[footnoteRef:124] Altimeter measurements indicate that global mean sea level has risen about 4.3 cm (1.7 in) from 1993 to 2008 at a mean rate of approximately 3.3 mm/yr (0.13 in/yr; see Figure 19).[footnoteRef:125] However, this rise is not uniform across the oceans.  [122:  Satellite altimetry measures the time taken by a radar pulse to travel from a satellite to the surface and back to the satellite receiver. Combined with precise satellite location data, altimetry measurements yield sea-surface heights. See: http://en.wikipedia.org/wiki/TOPEX/Poseidon; last viewed 11/22/09.]  [123:  Leuliette, E. W., Nerem, R. S., Mitchum, G. T., 2004, Calibration of TOPEX/Poseidon and Jason altimeter data to construct a continuous record of mean sea level change. Marine Geodesy, v. 27, p. 79-94. See also, Beckley, B.D., Lemoine, F.G., Luthcke, S.B., Ray, R.D., Zelensky, N.P., 2007, A reassessment of global and regional mean sea level trends from TOPEX and Jason-1 altimetry based on revised reference frame and orbits. Geophysical Research Letters, 34(14), L1-4608. See also the NASA entry on “Rising Water: new map pinpoints areas of sea level increase” at: http://climate.nasa.gov/news/index.cfm?FuseAction=ShowNews&NewsID=16; last viewed 11/18/09.
]  [124:  Jet Propulsion Laboratory, 2009, Ocean surface topography from space: http://sealevel.jpl.nasa.gov/; Rising waters: new map pinpoints areas of sea-level increase; Last viewed 5/22/09.]  [125:  See: http://sealevel.colorado.edu/; last viewed 11/22/09.] 

A map of altimeter measurements reveals the rate of sea-level change since 1993 on the world’s oceans (Figure 20). Rates are contoured by color: light blue and green indicates regions where sea level has been relatively stable; green, yellow and red show areas of sea-level rise; blue indicates areas of sea-level fall. This complex surface pattern largely reflects wind-driven changes in the thickness of the upper layer of the ocean, and to a lesser extent changes in upper ocean heat content driven by surface circulation. Most noticeable on the map is the dark red area where sea-level rise in the western Pacific reaches 10 mm/yr (0.4 in/yr). This pool of rising water has the signature shape of La Niña conditions in the tropical Pacific.  The sea-level buildup in the western Pacific coincides with the absence of strong El Niño events leading to February 2009 (the end of the time series mapped in Figure 20), with the last occurring during 1997-98.[footnoteRef:126]   [126:  For a description of the El Niño Southern Oscillation (ENSO) phenomenon see: http://en.wikipedia.org/wiki/El_Ni%C3%B1o-Southern_Oscillation; last viewed 11/22/09.] 


Figure 20 Map of sea level change 1993-2009. With the Topex/Poseidon, Jason-1 and now Jason-2 altimetry missions, the global mean sea level (MSL) has been calculated on a continual basis since January 1993.[footnoteRef:127] [127:  See the site: http://www.aviso.oceanobs.com/en/news/ocean-indicators/mean-sea-level/; last viewed 11/22/09.] 


Sea Level Acceleration
In addition to satellite altimetry, sea level is measured around the world using tide gauges.[footnoteRef:128] Tide gauges are water surface measurement devices located on piers, seawalls, and other coastal infrastructure so that they can monitor the rise and fall of the tides (useful for navigation in ports and other purposes). Over time the long-term record of changing water level provides information on the relative rate of change between the land the gauge is attached to, and the ocean surface it measures. To isolate the tide gauge so that the influence of rising or sinking land does not control the long-term history of water level, modern Global Positioning Systems (GPS) monitor the movement of the gauge. This information is used to resolve a true water level history. Networks of tide gauges provide information on sea level rise and fall at localities around the world.[footnoteRef:129]   [128:  See the National Atmospheric and Aeronautical Administration website that explains the operation of tide gauges: http://oceanservice.noaa.gov/education/kits/tides/tides10_oldmeasure.html; last viewed 11/18/09.]  [129:  See the NOAA page for sea level trends on-line: http://tidesandcurrents.noaa.gov/sltrends/sltrends.shtml; last viewed 11/17/09.] 

Using the global network of tide gauges, one study[footnoteRef:130] identified acceleration in the global rate of sea level rise that occurred in approximately 1990 (Figure 21). The study recognized an average global sea level trend over the period 1962–1990 of 1.56 mm/yr (0.06 in/yr). However, after 1990 the global trend increased to a rate of 3.2 mm/yr (0.13 in/yr), matching estimates obtained from satellite measurements. Increased rates in the tropical and southern oceans primarily account for the acceleration. The timing of the global acceleration corresponds to similar trend changes in upper ocean heat content and ice melt. [130:  Merrifield, M.A., Merrifield, S.T., Mitchum, G.T., 2009, An anomalous recent acceleration of global sea level rise. Journal of Climate, v. 22, p. 5772-5781.] 


Figure 21 A study of tide gauges identified acceleration in the rate of global sea level rise from approximately 1.56 mm/yr (0.06 in/yr) over the period 1965-1990 to 3.2 mm/yr (0.13 in/yr) between 1990 and 2000. The timing of the acceleration corresponds to similar trend changes in upper ocean heat content and ice melt; it also matches measurements made with satellites over the time period. [footnoteRef:131] [131:  Figure from Merrifield, 2009.] 


Another study[footnoteRef:132] used the global network of tide gauges in combination with satellite data to establish that global mean sea level rose 19.5 cm (7.7 in) between 1870 and 2004 at an average rate of about 1.44 mm/yr (0.05 in/yr). Over the 20th century portion of the record sea level averaged 1.7 mm/yr (0.07 in/yr). This acceleration provided important confirmation of climate models predicting that sea level rise will accelerate in response to global warming. If the same acceleration continues then the amount of rise from 1990 to 2100 will range 28-34 cm (11-13 in); which is consistent with AR4 projections of 18-59 cm (7-23 in) of sea level rise by 2100.  [132:  Church, J.A., and White, N.J., 2006, 20th Century acceleration in global sea level rise, Geophysical Research Letters, v. 33 (1), L01602.] 

However, further work[footnoteRef:133] with long tide gauge records (Figure 22) revealed that sea level acceleration may have started earlier, more than 200 years ago. By reconstructing global mean sea level since 1700 from long tide gauge records researchers concluded that sea-level acceleration began at the end of the 18th century. Sea level rose by 6 cm (2.4 in) during the 19th century and 19 cm (7.5 in) in the 20th century. On the basis of this analysis, they conclude that if the conditions that established the acceleration continue, then sea level will rise 34 cm (13.4 in) over the 21st century. [133:  Jevrejeva, S., J.C. Moore, A. Grinsted, and P.L. Woodworth, 2008, Recent global sea level acceleration started over 200 years ago? Geophysical Research Letters, v. 35, LO8715 doi: 10.1029/2008GL033611.] 


Figure 22 Using long tide gauge records, researchers reconstructed global sea level since 1700. The shaded portion represents the uncertainties of the reconstruction.[footnoteRef:134] [134:  Figure from Jevrejeva, 2008.] 


Sea Level Components
The world ocean is immense when considered over its entire depth and breadth and it dominates atmospheric climate, storing more than 90 percent of the heat in Earth's climate system; the upper 2.5 m of ocean stores as much heat as the entire atmosphere.[footnoteRef:135]For instance, an increase in the average temperature of the ocean by only 0.01oC (0.018°F) may seem small, but in fact it is a very large amount of heat. If this energy was instantaneously released it would increase the average temperature of the atmosphere by approximately 10oC (18°F).[footnoteRef:136] Thus, a small change in the mean temperature of the ocean represents a very large change in the total heat content of the climate system. Of course, when the ocean gains heat, the water expands and this represents a component of global sea level rise. [135:  Bindoff, N.L., J. Willebrand, V. Artale, A, Cazenave, J. Gregory, S. Gulev, K. Hanawa, C. Le Quéré, S. Levitus, Y. Nojiri, C.K. Shum, L.D. Talley and A. Unnikrishnan, 2007: Observations: Oceanic Climate Change and Sea Level. In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Avery, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.]  [136:  Levitus, S., Boyer, T., Antonov, J., Garcia, H., and Locarnini, R., 2005, Ocean Warming 1955-2003. Poster presented at the U.S. Climate Change Science Program Workshop, 14-16 November 2005, Arlington VA, Climate Science in Support of Decision-Making; http://www.climatescience.gov/workshop2005/posters/P-GC1.1_Levitus.pdf; last viewed 11/22/09.] 

Understanding how ocean warming (Figure 23) and the resulting thermal expansion contribute to sea level rise is important to forecast future sea level impacts. Researchers[footnoteRef:137] found that from 1961 to 2003, ocean temperatures to a depth of about 700 m (2300 ft) contributed to an average rise in sea level of about 0.5 mm/yr (0.02 in/yr). Although recent warming is greatest in the upper ocean, observations[footnoteRef:138] also indicate the deeper portions of the oceans are warming, estimated to cause sea-level rise of about 0.2 mm/yr (0.008 in/yr). Researchers have calculated that thermal expansion of ocean water is responsible for an average 5 mm/decade (0.2 in/decade) of sea-level rise over the 20th century compared to 18 mm/decade (0.7 in/decade) in the first decade of the 21st century.[footnoteRef:139]  [137: Domingues, C.M., Church, J.A., White, N.J., Gleckler, P.J., Wijffels, S.E., Barker, P.M., Dunn, J.R., 2008, Improved estimates of upper-ocean warming and multi-decadal sea-level rise, Nature 453, 1090-1093: doi:10.1038/nature07080]  [138:  Johnson, G. C., Doney, S. C., 2006, Recent western South Atlantic bottom water warming. Geophysical Research Letters, v. 33, L14614, doi:10.1029/2006GL026769; Johnson, G. C., Mecking, S., Sloyan, B. M., Wijffels, S. E., 2007, Recent bottom water warming in the Pacific Ocean. Journal of Climate, v. 13, p. 2987–3002.]  [139:  AR4, 2007; See: http://ipcc-wg1.ucar.edu/wg1/docs/WG1AR4_SPM_Approved_05Feb.pdf; last viewed 11/15/09.] 


Figure 23 The global ocean heat content 1955 to 2008.[footnoteRef:140] [140:  Figure from Levitus S., J. I. Antonov, T. P. Boyer, R. A. Locarnini, H. E. Garcia, A. V. Mishonov, 2009, Global ocean heat content 1955–2008 in light of recently revealed instrumentation problems,Geophysical Research Letters, 36, L07608, doi:10.1029/2008GL037155.] 


According to AR4, global ocean temperature has increased by 0.1oC (0.18oF) from 1961 to 2003 from the surface to a depth of 700 m (2300 ft). Ocean heat content has increased over the upper 3000 m (9842 ft) over the same period, equivalent to absorbing a heating of 0.21±0.04 Wm-2. During the course of global warming, the oceans have absorbed 80 percent of the extra heat added to the climate system. 
Heat in the atmosphere also leads to melting of glaciers and sea ice, a decrease in the extent of snow cover, and shifts between snowfall and rainfall. Glacier and snowmelt contribute to sea-level rise, especially from Greenland and Antarctica, the two largest ice-covered regions on the planet. Both of these locations are experiencing accelerating melting (Figure 24).[footnoteRef:141]  [141:  Velicogna, I., 2009, Increasing rates of ice mass loss from the Greenland and Antarctic ice sheets revealed by GRACE, Geophysical Research Letters, 36, L19503, doi:10.1029/2009GL040222.] 

A.   B.
Figure 24 Mass loss from (A.) Greenland and (B.) Antarctic ice sheets accelerated during the period April 2002 to February 2009.[footnoteRef:142] [142:  Figure from Velicogna, 2009.] 


Antarctica (Figure 25) consists of three main geographic regions: the Antarctic Peninsula, West Antarctica, and East Antarctica. In West Antarctica, which has warmed 0.17oC/decade (0.3o F/decade) at the same time that global warming was about 0.11oC/decade (0.2o F/decade), ice loss has increased by 59 percent in the early 21st century to more than 145 billion tons per year.[footnoteRef:143] The yearly loss along the Antarctic Peninsula has increased by 140 percent to over 66 billion tons. The East Antarctic ice sheet, by far the largest region of the continent, is also melting. It is losing mass at the rate of approximately 57 gigatons per year apparently caused by increased ice loss since 2006.[footnoteRef:144] It is experiencing melting along the coastal margin in warming seas and snow accumulation in the hinterlands. Overall the entire continent of Antarctica is experiencing net melting.[footnoteRef:145] All three regions of Antarctica are warming and overall ice loss in Antarctica increased by 75 percent in the past 10 years. [143:  Rignot, E., Bamber, J., van den Broeke, M., Davis, C., Li, Y., van de Berg, W., van Meijgaard, E., 2008b, Recent mass loss of the Antarctic Ice Sheet from dynamic thinning, Nature Geoscience, doi: 10.1038/ngeo102.]  [144:  Chen, J.L., Wilson, C.R., Blankenship, D., Tapley, B.D. (2009) Accelerated Antarctic ice loss from satellite gravity measurements, Nature Geoscience (November 22), advance on-line publication: DOI:10.1038/NGEO694. ]  [145: Steig, E.J., Schneider, D.P., Scott, D.R., Mann, M.E., Josefino, C.C., Shindell, D.T.., 2009, Warming of the Antarctic ice-sheet surface since the 1957 International Geophysical Year, Nature 457, p. 459-462.] 

The contribution of the Greenland (Figure 25) continental glacier to sea-level rise has been measured. Increased melting of the Greenland ice sheet has been observed and it is known that the glacier is getting smaller. The balance between annual ice gained and lost is in deficit and the deficiency tripled between 1996 and 2007.[footnoteRef:146] In Greenland, the year 2007 marked a rise to record levels of the summertime melting trend over the highest altitudes of the ice sheet. Melting in areas above 2000 m (6,560 ft) rose 150 percent above the long-term average, with melting occurring on 25 to 30 more days in 2007 than the average in the previous 19 years.[footnoteRef:147] Scientists have found that glaciers in southern Greenland are flowing 30 percent to 210 percent faster than they were ten years ago, and the overall amount of ice discharged into the sea has increased from 20 km3 (5 mi3) in 1996 to 54 km3 (13 mi3) in 2005, an increase of 250 percent.  [146:  Eric Rignot and others, 2008, Mass balance of the Greenland ice sheet from 1958 to 2007; Geophysical Research Letters, v. 35, L20502.]  [147:  NASA, Earth Observatory, Melting Anomalies in Greenland in 2007, http://earthobservatory.nasa.gov/Newsroom/NewImages/images.php3?img_id=17846.] 

Greenland's contribution to average sea-level rise is accelerating; ice losses quickened in 2006-2008 to the equivalent of 0.75 mm/yr (0.03 in/yr) of sea level rise from an average 0.46 mm/yr (0.018 in/yr) for 2000-2008.[footnoteRef:148] Icebergs breaking away and melt water runoff are equally to blame for the shrinking ice sheet. Greenland contributions accounts for between 20 percent and 38 percent of the observed yearly global sea-level rise.[footnoteRef:149] As glacier acceleration continues to spread northward from its current focus in southern Greenland, the global sea-level rise contribution from the world’s largest island will continue to increase.  [148:  van den Broeke, M., Bamber, J.,  Ettema, J., Rignot, E., Schrama, e., van de Berg, W.J., van Meijgaard, E.,  Velicogna, I., Wouters, B., 2009, Partitioning Recent Greenland Mass Loss. Science, 2009; 326 (5955): 984 DOI: 10.1126/science.1178176]  [149:  E. Rignot and P. Kanagaratnam, Changes in the velocity structure of the Greenland Ice Sheet, Science, 311, 986-989 (2006).] 
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Figure 25 Analysis of satellite and weather station data[footnoteRef:150] has shown that (A.) Antarctica has warmed at a rate of about 0.12oC (0.22oF) per decade since 1957, for a total average temperature rise of 0.5oC (1oF). The year 2007 marked an overall rise in the summertime melting trend over the highest altitudes of the (B.) Greenland ice sheet.[footnoteRef:151] Melting in areas above 2,000 m (6,560 ft) rose 150 percent above the long-term average, with melting occurring on 25-30 more days in 2007 than the average in the previous 19 years. [150:  Steig, E., Schneider, D., Rutherford, S., Mann, M., Comiso, J., and Shindell, D. (2009) Warming of the Antarctic ice-sheet surface since the 1957 International Geophysical Year. Nature, 457, 459-463. doi:10.1038/nature07669. See: http://earthobservatory.nasa.gov/IOTD/view.php?id=36736; last viewed 11/23/09.]  [151:  See: http://earthobservatory.nasa.gov/IOTD/view.php?id=8264; last viewed 11/23/09.] 


Retreating mountain glaciers are also contributing to sea-level rise. In fact for the millions of people in communities that depend on seasonal ice melting as a source of freshwater (Los Angeles, San Francisco, and many others), the retreat and eventual loss of these ice centers delivers a fundamental blow to sustainability. Mountain glaciers are retreating and thinning in nearly every mountainous region of the planet. The cumulative mean thinning of the world’s mountain glaciers has accelerated from about 1.8 to 4 m (-6 to -13 ft) between 1965 and 1970 to about 12 to 14 m (-40 to -46 ft) of change in the first decade of the 21st century.[footnoteRef:152] Over the period 1961–2003, mountain glaciers contributed an estimated 0.5 mm/yr (0.02 in/yr) to global sea-level rise, increasing to 0.8 mm/yr (0.03 in/yr) for the period 1993–2003.[footnoteRef:153] Figure 26 documents the decline in global ice volume over recent decades. [152:  Meier, M. F., and others, 2007: Glaciers dominate eustatic sea-level rise in the 21st century. Science, 317: 1064–1067. See also WWF Nepal Program, An Overview of Glaciers, Glacier Retreat, and Subsequent Impacts in Nepal, India and China (Mar. 2005).]  [153:  Dyurgerov, M. B., and Meier, M. F. (2005) Glaciers and the Changing Earth System: A 2004 Snapshot (Occasional Paper 58, Institute of Arctic and Alpine Research, Univ. of Colorado); Last viewed 5/22/09 http://instaar.colorado.edu/other/occ_papers.html] 


Figure 26 As temperatures have risen, glaciers around the world have shrunk. This graph shows the cumulative decline in glacier ice worldwide.[footnoteRef:154] [154:  Meier, M.F., M.B. Dyurgerov, U.K. Rick, S. O’Neel, W.T., Pfeffer, R.S. Anderson, S.P. Anderson, and A.F. Glazovsky, 2007, Glaciers dominate eustatic sea-level rise in the 21st century. Science, 317(5841), 1064-1067. Graphic from U.S. Global Change research Program: http://www.globalchange.gov/publications/reports; last viewed 11/25/09.] 


Sea level by the end of the Century
Sea level rise presents challenges to coastal communities and ecosystems. Hence it is important that community managers, resource officials and other groups concerned with natural hazards and environmental conservation begin the process of planning for the impacts of sea level rise. Some planners have begun the arduous process of assessing management options and developing new policies. For instance, California has mapped the impact zone of a 1.4 m (4.6 ft) rise in sea level. They have identified the land and development that is vulnerable to inundation[footnoteRef:155] including: 480,000 people, $100 billion in property, 140 schools, 34 police and fire stations, 55 healthcare facilities, 330 EPA hazardous waste sites, 3500 miles of roads and highways, 280 miles of railroads, 30 power plants, 28 wastewater treatment plants.[footnoteRef:156]  [155:  See California Executive Order S-13-08 2008 at: http://gov.ca.gov/executive-order/11036/; last viewed 11/23/09.]  [156:  See the report by the Pacific Institute at: http://www.pacinst.org/reports/sea_level_rise/index.htm; last viewed 11/23/09.] 

Accordingly, it is desirable to have an estimate of SLR this century to properly design mitigation and adaptation strategies. An approximation of SLR by the end of the century will allow: 1) Estimates of coastal erosion and changes in vulnerability to coastal hazards (such as increased risk to tsunamis, storm surge, and coastal erosion); 2) Assessments of threats to coastal ecosystems; and 3) Development of climate risk management policies.
Geologic observations can be used to improve understanding of the natural rate and magnitude of sea level change. Researchers[footnoteRef:157] have reconstructed sea-level fluctuations over the past 22,000 years, spanning the last glacial maximum (about 21,000 yrs ago) to the present interglacial warm phase (from about 10,000 yrs ago to present). Hence, changing climate, in the form of shifts in ice volume and global temperature (similar to today), is responsible for driving sea-level changes over this period. Researchers reconstructed the relationship between climate and sea level and predict 4-24 cm of sea level rise over the 20th century, in agreement with AR4 and other reports. When used to forecast sea-level heights over the 21st century on the basis of modeled temperature projections (1.1oC to 6.4oC) in the AR4, the reconstruction predicts 7 to 82 cm (2.8 to 32.3 in) of sea level rise by the end of this century. This overlaps and exceeds the AR4 estimate of 18-59 cm (7.1 to 23.2 in), but the researchers conclude it is sufficiently similar to increase confidence in the projections. [157:  Siddall, M., Stocker, T.F., and Clark, P.U., 2009. Constraints on future sea-level rise from past sea-level change, Nature Geoscience, v. 2, p.571-575, DOI: 10.1038/ngeo587.] 

Another study[footnoteRef:158] used a similar approach, developing an equation that estimates the relationship of climate to sea level change over the past 2000 years. The researchers found that sea level rise by the end of the century will be roughly 3 times higher than predictions in AR4. They also conclude that even if temperature rise were stopped today sea level will still rise another 20-40 cm (7.9 to 15.7 in); actual cooling would be needed to stop the ongoing rise. According to their model, the most optimistic emissions scenario in AR4 (B1, which produces a best estimate temperature rise of 1.8oC (3.24oF) by 2100), will result in a sea level rise of 80 cm (31.5 in). The most pessimistic scenario in AR4 (A1F1, which produces a best estimate temperature rise of 4oC (7.2oF) by 2100), results in a sea level rise of 1.35 m (4.4 ft). The study estimates that sea level will rise 0.9 to 1.3 m by 2100. [158:  Grinsted, A., J. C. Moore, and S. Jevrejeva (2009), Reconstructing sea level from paleo and projected temperatures 200 to 2100 AD, Climate Dynamics, doi:10.1007/s00382-008-0507-2] 

This estimate was consistent with a study published by the Proceedings of the National Academy of Sciences in late 2009.[footnoteRef:159] This work concludes that a simple relationship linking global sea level variations on time scales of decades to centuries to global mean temperature provides a basis for predicting sea level by the end of the century using the IPCC emission scenarios. Their model projects a sea level rise of 0.75 to 1.90 m (2.5 to 6.2 ft) for the period 1990-2100 (Figure 27; Table 3). The study authors note that to limit the amount of global sea level rise to a maximum of 1 m (3.3 ft) in the long run, reductions in greenhouse gas emissions would likely have  be deeper than those needed to limit global warming to 2oC (3.6oF), which is the policy goal now supported by many countries. [159:  Vermeer, M., Rahmstorf, S., 2009. Global sea level linked to global temperature, Proceedings of the National Academy of Science early Edition, www.pnas.org/cgi/doi/10.1073/pnas.0907765106.] 


Figure 27 Projection of sea-level rise from 1990 to 2100, based on IPCC temperature projections for three different emission scenarios (labeled on right). The sea-level range projected in the IPCC AR4[footnoteRef:160] for these scenarios is shown for comparison in the bars on the right. Also shown is the observations-based annual global sea-level data[footnoteRef:161] (red) including artificial reservoir correction[footnoteRef:162].[footnoteRef:163] [160:  AR4, 2007.]  [161:  Church, J.A., White, N.J., 2006 A20th-century acceleration in global sea-level rise. Geophysical Research Letters, v. 33:L01602.]  [162:  Chao, B.F., Wu, Y.H., Li, Y.S., 2008 Impact of artificial reservoir water impoundment on global sea level. Science v. 320, p. 212–214.]  [163:  Figure from Vermeer and Rahmstorf, 2009.] 



[change to “Table 3” and link to footnote[footnoteRef:164]] [164:  Vermeer and Rahmstorf, 2009.] 

Several other researchers have published estimates of sea level rise by 2100:  0.5 to 1.4 m[footnoteRef:165] (1.6-4.6 ft); 0.8 to 2.0 m[footnoteRef:166] (2.6-6.6 ft); 1.6 m[footnoteRef:167] (5.2 ft); and there are others. What is clear is that a global sea level rise of ~1 m (3.3 ft) by the end of the 21st century is emerging as a consensus of the scientific community. [165:  Rahmstorf, S. (2007) A semi-empirical approach to projecting sea-level rise, Science, v. 317 (January 19).]  [166:  Pfeffer, W.T., Harper, J.T., O’Neel, S. (2008) Kinematic constraints on glacier contributions to 21st century sea level rise, Science, v.321 (September 5).]  [167:  Rohling, E.J., Grant, K., Hemleben, C.H., Siddall, M., Hoogakker, B.A.A., Bolshaw, M., Kucera, M. (2008) High rates of sea level rise during the last interglacial period, Nature Geoscience, v. 1, p. 38-42.] 

If greenhouse gas concentrations were stabilized today, sea level would nonetheless continue to rise for hundreds of years.[footnoteRef:168] After 500 years sea-level rise from thermal expansion alone may have reached only half of its eventual level, which models suggest may lie within ranges of 0.5 to 2 m (1.6 to 6.6 ft). Glacier retreat will continue and the loss of a substantial fraction of Earth’s total glacier mass is likely. Areas that are currently marginally glaciated are likely to become ice-free. But it is unlikely that greenhouse gases will be stabilized soon, so we can probably count on additional atmospheric heating — and sea-level rise. [168:  Solomon, S., G.K. Plattner, R. Knutti, and P. Friedlingstein (2009) Irreversible climate change due to carbon dioxide emissions, Proceedings of the National Academy of Sciences, v. 106, no. 6, p.1704-1709.] 

In one study,[footnoteRef:169] researchers found that if the current warming trends continue, by 2100 Earth will likely be at least 4oC (7.2oF) warmer than present, with the Arctic at least as warm as it was nearly 130,000 years ago when the Greenland ice sheet was a mere fragment of its present size. Study leader Jonathan T. Overpeck of the University of Arizona in Tucson said: “The last time the arctic was significantly warmer than present day, the Greenland Ice Sheet melted back the equivalent of about 2 to 3 m of sea level.” The research also suggests the Antarctic ice sheet melted substantially, contributing another 2-3 m of sea-level rise. The ice sheets are melting already. The new research suggests melting could accelerate, thereby raising sea level as fast, or faster, than 1 m per century. [169:  Overpeck, J., B.L. Otto-Bliesner, G.H. Miller, D.R. Muhs, R.B. Alley, and J.T. Kiehl (2006) Paleoclimate evidence for future ice sheet instability and rapid sea-level rise. Science, v. 311 (5768), p. 1698-1701.] 

Global SLR has accelerated in response to warming of the atmosphere and the ocean, and melting of the world’s ice environment. Projections indicate that a 1 m (3.3 ft) rise by the end of this century is plausible.  It has been pointed out[footnoteRef:170] that observed SLR has exceeded the best case projections thus far. Satellite altimetry suggests that sea level rise will have significant local variability that is worthy of continued research to improve understanding. Planners should consider this variability as impacts will be scaled to local sea level rise. It is appropriate at this time to plan for a 1 m (3.3 ft) rise in mean sea level by the end of the century. As stated in an update by the IPCC in late 2009: “By 2100, global sea-level is likely to rise at least twice as much as projected by AR4, for unmitigated emissions it may well exceed 1 meter(3.3 ft). The upper limit has been estimated as ~2 meters (6.6 ft) sea-level rise by 2100. Sea-level will continue to rise for centuries after global temperature have been stabilized and several meters of sea level rise must be expected over the next few centuries.[footnoteRef:171] [170:  Pielke, R.A. (2008) Climate predictions and observations. Nature Geoscience, v. 1, p. 206.]  [171:  The Copenhagen Diagnosis, 2009: Updating the world on the Latest Climate Science. I. Allison, N. L. Bindoff, R.A. Bindoff, R.A. Bindschadler, P.M. Cox, N. de Noblet, M.H. England, J.E. Francis, N. Gruber, A.M. Haywood, D.J. Karoly, G. Kaser, C. Le Quéré, T.M. Lenton, M.E. Mann, B.I. McNeil, A.J. Pitman, S. Rahmstorf, E. Rignot, H.J. Schellnhuber, S.H. Schneider, S.C. Sherwood, R.C.J. Somerville, K.Steffen, E.J. Steig, M. Visbeck, A.J. Weaver. The University of New South Wales Climate Change Research Centre (CCRC), Sydney, Australia, 60pp.] 


The Eemian Analog
The Eemian interglacial, approximately 125,000 years ago, was apparently warmer than the pre-industrial climate of the past 10,000 years by 1.5 to 2oC (2.7 to 3.6oF) and polar temperatures at the time may have reached 3 to 5oC (5.4 to 9oF) above present.[footnoteRef:172] Researchers have used this episode as an analog for the ice volume and sea level position of a warmer world (Figure 28).[footnoteRef:173] They found a 95 percent probability that global sea level peaked at least 6.6 m (21.6 ft) higher than today during the Eemian. They found that it is likely (67 percent probability) to have exceeded 8.0 m (26 ft) but it is unlikely (33 percent probability) to have exceeded 9.4 m (30.9 ft). They also found that the rate of sea level rise to peak heights ranged between 5.6 mm/yr and 9.3 mm/yr (22 inches/century and 36.6 inches/century). The conclusion of these researchers was that ice sheets have a long-term vulnerability to even relatively low levels of sustained global warming because the global ice volume takes some time to equilibrate with climate, and it is very sensitive to warming. [172:  Clark, P.U., and Huybers, P., 2009, Interglacial and future sea level. News and Views, Nature, v. 462, Dec. 17, p. 856-857.]  [173:  Kopp, R.E., Simons, F.J., Mitrovica, J.X., Maloof, A.C., and Oppenheimer, M., 2009, Probabilistic assessment of sea level during the last interglacial stage. Nature, Dec. 17, p. 863-868.] 


Figure 28 Global temperatures during the Eemian interglacial 125,000 years (purple diamonds depict global temperature data and uncertainty, the green line is a polynomial model of this data) are nearly identical to projected global temperatures at the end of the 21st Century under the B1 (the most optimistic) economic scenario of the AR4 (B1 scenario shown as blue line with 1 standard deviation shown as dashed envelop).[footnoteRef:174] [174:  Figure from Clark and Huybers, 2009] 


As shown by Figure 28, temperature during the Eemian (diamonds and green polynomial fit), and in the late 21st Century as projected by the optimistic B1 scenario of AR4 (blue with 1 standard deviation dashed envelop) are nearly identical. This suggests that the climate of the last interglacial may provide a reasonable analog for establishing the reaction of ice sheets to global warming. If it is accurate that Eemian sea levels were approximately 7 to 9 m (23 to 29.5 ft) above present[footnoteRef:175] and that higher sea level resulted from higher temperatures, “the disconcerting message is that the equilibrium response of sea level to 1.5–2 °C (2.7 to 3.6oF) of global warming could be an increase of 7–9 m (23 to 29.5 ft).”[footnoteRef:176] [175:  Kopp et al, 2009]  [176:  Clark and Huybers, 2009] 



Chapter 6 – How does global warming affect the U.S.? 
Learning Objective – Hawaii will experience significant impacts from global warming. These include decreased rainfall but more intense storms, decreased trade winds, rising sea level, increased temperatures, ocean acidification, sea surface temperature increases, and follow-on problems caused by these. Several of these have already been observed.

Introduction
There is 40 percent more carbon dioxide in the atmosphere now than there was only 19 years ago. As we saw in earlier chapters, this greenhouse gas is effective at trapping heat in the lower atmosphere. Researchers report that the temperature of the ocean surface in summer 2009 was the warmest ever recorded[footnoteRef:177], land surface temperatures in 2007 were the warmest yet observed, 2005 was the warmest year on record, and the decade 1998 to 2008 was the warmest in human history.[footnoteRef:178] This strong warming trend leads to several direct impacts in Hawaii.  [177:  See “NOAA: Warmest Global Sea-Surface Temperatures for August and Summer”: http://www.noaanews.noaa.gov/stories2009/20090916_globalstats.html; last viewed 11/25/09.]  [178:  See NASA Goddard Institute for Space Studies Graphs and Plots page: http://data.giss.nasa.gov/gistemp/graphs/; last viewed 11/26/09.] 


U.S. Temperature Trends
In June 2009 the United States Global Change Research Program[footnoteRef:179] produced a comprehensive report on the status of global change impacts in the U.S.[footnoteRef:180] By examining the influence of changing climate on transportation, water resources, ecosystems, human health, and other key sectors, the report offers a thorough examination of impacts and can thus play a valuable role in the development of new policy on local, state, and federal levels.  [179:  See their website at: http://www.globalchange.gov/; last viewed 11/29/09.]  [180:  Available at: http://www.globalchange.gov/publications/reports/scientific-assessments/us-impacts; last viewed 11/29/09.] 

One of the significant graphics presented in the report depicts carbon emissions since 1990 plotted on the same field with IPCC economic scenarios A1F1, A2, and B1 (Figure 29) over the same period. What is obvious is that humans continue to emit greenhouses gases, above and beyond the worst case scenarios of the AR4 despite ample scientific warnings that global warming is “unequivocal.”
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Figure 29 Actual global carbon emissions exceed even the worst case scenario of the IPCC.[footnoteRef:181] [181:  Figure from United States Global Change Research Program: http://downloads.globalchange.gov/usimpacts/pdfs/Global.pdf; last viewed 11/29/09.] 


According to the report, U.S. average temperature has risen more than 1.1oC (2oF) over the past 50 years and is projected to rise more in the future; how much more depends primarily on the amount of heat-trapping gas emitted globally and how sensitive the climate is to those emissions. Temperature increases in the next couple of decades are already largely determined by past emissions. As a result (Figure 30) the likely temperature by 2020 is nearly the same regardless of whether there are high or low greenhouse gas emissions. But toward the middle and end of the century, temperature will be significantly different depending on whether we control emissions (low scenario) or do not (high scenario). By the end of the century, the average U.S. temperature is projected to increase by approximately 7 to 11°F under the higher emissions scenario and by 4 to 6.5°F under the lower emissions scenario. These ranges are due to differences among climate model results for the same emissions scenarios.
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Figure 30 (top) Compared to the period 1961-1979, most areas of the U.S. have warmed 0.5 to 1oC (1 to 2oF) compared to the 1960s and 1970s; resulting in longer warm seasons and shorter, less intense cold seasons. (middle and bottom) By the end of the century, the average U.S. temperature is projected to increase by 4 to 6oC (7 to 11°F) under the higher emissions scenario and by approximately 2 to 3.6oC (4 to 6.5°F) under the lower emissions scenario.[footnoteRef:182] [182:  Figure from United States Global Change Research Program: http://downloads.globalchange.gov/usimpacts/pdfs/Global.pdf; last viewed 11/29/09.] 

Many types of extreme weather events, such as heat waves and regional droughts, have become more frequent and intense during the past 40 to 50 years. Of great concern to the medical community is whether the number of extremely hot days is going to increase in the future. The elderly, persons with medical disabilities, children, and others with limiting physical conditions (that may normally cause little problem), can be especially vulnerable on extremely hot days. This is particularly the case when hot days cause power generating facilities to blackout (cease working due to excess demand). During a blackout air conditioning is not available, elevators stop working, street lights go out and it is often impossible for emergency vehicles to respond to problems – typically phone communications also fail and persons experiencing a medical emergency may not have access to medical help. Global warming is projected to cause an increase in days with extreme heat (Figure 31).
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Figure 31 Computer models predict that the frequency of days with extreme heat will become more commonplace. An extreme event is a day of such high heat that currently they only occur once every 20 years. This map depicts the frequency of such days in 2090-2100 under the high emissions scenario: West of the Rockies they will occur every year or two; east of the Rockies they will occur every two to four years.[footnoteRef:183] [183:  Figure from United States Global Change Research Program: http://downloads.globalchange.gov/usimpacts/pdfs/Global.pdf; last viewed 11/29/09.] 


Precipitation Changes
Precipitation has increased an average of about 5 percent over the past 50 years (Figure 32). However, while rain and snowfall over the U.S. as a whole has increased, there have been important regional and seasonal differences. In the Northeast and throughout many of the Great Plains and Midwest states the precipitation has increased. Decreases occurred in winter, spring, and summer (but not the fall season) in many Southeast states. In the Northwest, decreases occurred in summer, fall, and winter (but not spring). Precipitation also generally decreased during the summer and fall in the Southwest, while winter and spring, which are the wettest seasons in states such as California and Nevada, have had increases in precipitation. 
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Figure 32 (A.) Over the past 50 years the U.S. annual average precipitation has increased about 5 percent. But there have been important regional differences. (B.) Fifteen climate models have been used to project future changes in U.S. precipitation under a high emissions scenario. In the spring, models agree that northern areas are likely to get wetter and southern areas drier. Confidence in the model results is highest in the hatched areas. (C.) From 1958 to 2007 the amount of precipitation falling during very heavy events has increased. The map shows percent increases in the amount falling in the heaviest 1 percent of all daily events. There is a clear trend toward more very heavy precipitation for the nation as a whole, and particularly in the Northeast and Midwest.[footnoteRef:184]  [184:  Figure from United States Global Change Research Program: http://downloads.globalchange.gov/usimpacts/pdfs/Global.pdf; last viewed 11/29/09.] 


Projections of future precipitation generally indicate that northern areas will become wetter, and southern areas, particularly in the West, will become drier. The amount of rain falling in the heaviest downpours has increased approximately 20 percent on average in the past century, and this trend is very likely to continue, with the largest increases in the wettest places. 

Regional Changes in the U.S. 
At the end of the first decade of the21st Century, North America experienced significant cooling. This caused a decline in the public’s appreciation for the reality of global warming, potentially influencing policy development aimed at managing greenhouse gas emissions. A joint study[footnoteRef:185] by researchers in government and academic institutions concluded that the cooling was localized to the North American continent, it was short-term in nature, and that climate was not likely to be embarking upon prolonged cooling. Using model simulations the authors concluded that the anthropogenic impact in 2008 was to warm the region's temperatures, but that it was overwhelmed by a particularly strong bout of naturally-induced cooling resulting from the continent's sensitivity to widespread coolness of the tropical and northeastern Pacific sea surface temperatures. The implication is that the pace of North American warming was likely to resume in subsequent years. Indeed, shortly after this study was published, the UK Meteorological Office announced that 2010 was more likely than not to set a global record as the warmest year. [185:  Perlwitz, J., M. Hoerling, J. Eischeid, T. Xu, and A. Kumar (2009), A strong bout of natural cooling in 2008, Geophys. Res. Lett., 36, L23706, doi:10.1029/2009GL041188.] 

The United States Global Change Research Program[footnoteRef:186] published an assessment of climate impacts in the U.S. in summer of 2009. In that report they identify that climate-related changes are already observed in the United States and its coastal waters. These include increases in heavy downpours, rising temperature and sea level, rapidly retreating glaciers, thawing permafrost, lengthening growing seasons, lengthening ice-free seasons in the ocean and on lakes and rivers, earlier snowmelt, and alterations in river flows. These changes are projected to grow. An important contribution of the report is an assessment of climate-related impacts in regional areas of the US. [186:  See: http://www.globalchange.gov/; last viewed 12/11/09.] 


Northeast Region
The northeast region of the U.S. includes Maine, Vermont, New Hampshire, Massachusetts, Connecticut, New York, Pennsylvania, Rhode Island, New Jersey, Delaware, Maryland, West Virginia, and Washington D.C. The climate in this area has changed in noticeable ways: more frequent days with temperatures above 32oC (90°F); a longer growing season; increased heavy precipitation; less winter precipitation falling as snow and more as rain; reduced snowpack; earlier breakup of winter ice on lakes and rivers; earlier spring snowmelt resulting in earlier peak river flows; and rising sea surface temperatures and sea level.[footnoteRef:187] All of these measured changes are consistent with global warming. Since 1970, the yearly average temperature in the northeast has increased by 1oC (2°F). Winter temperatures have risen twice this much. [footnoteRef:188] Overall, by late this century, under the higher emission scenario (IPCC A1F1), residents of New Hampshire may experience a summer climate more like what occurs today in North Carolina (Figure 33). [187:  U.S. Global Change Research Program, Global Climate Change Impacts in the United States, 2009. Available at: http://www.globalchange.gov/publications/reports/scientific-assessments/us-impacts; last viewed 12/13/09.]  [188:  Hayhoe, K., C.P. Wake, T.G. Huntington, L. Luo, M.D. Schwartz, J .Sheffield, E. Wood, B. Anderson, J. Bradbury, A. DeGaetano, T.J. Troy, and D. Wolfe, 2007: Past and future changes in climate and hydrological indicators in the U.S. Northeast. Climate Dynamics, 28(4), 381-407.] 
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Figure 33 Yellow arrows track what summers are projected to feel like under a lower emissions scenario (IPCC B1), while red arrows track projections for a higher emissions scenario (IPCC A1F1). [footnoteRef:189] For example, under the higher emission scenario, by late this century residents of New Hampshire would experience a summer climate more like what occurs today in North Carolina.[footnoteRef:190] [189:  Hayhoe and others, 2007; and Hayhoe, K., C.P. Wake, B. Anderson, X.-Z. Liang, E. Maurer, J. Zhu, J. Bradbury, A. DeGaetano, A. Hertel, and D. Wuebbles, 2008: Regional climate change projections for the northeast U.S. Mitigation and Adaptation Strategies for Global Change, 13(5-6), p. 425-436.]  [190:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/resources/gallery?func=viewcategory&catid=11; last viewed 12/11/09.] 


Over the next several decades, temperatures in the northeast are likely to rise an additional 1.4 to 2.2oC (2.5 to 4°F) in winter and 0.8 to 2.0oC (1.5 to 3.5°F) in summer.[footnoteRef:191] If greenhouse gas emissions are not significantly curtailed by late this century, it is projected that: winters will be much shorter with fewer cold days and more precipitation; the winter snow season will be cut in half across the northern states, and reduced to a week or two in southern parts of the region; cities that today experience few days above 37.8oC (100°F) will average 20 such days per summer, and certain cities, such as Hartford and Philadelphia, will average nearly 30 days over 37.8oC (100°F); short, one- to three-month droughts are projected to occur as frequently as once each summer in the Catskill and Adirondack Mountains, and across New England; hot summer conditions will arrive three weeks earlier and last three weeks longer into the fall; and sea level will rise more than the global average because of localized land subsidence in this area. [191:  Hayhoe and others, 2007; and Hayhoe, K., C.P. Wake, B. Anderson, X.-Z. Liang, E. Maurer, J. Zhu, J. Bradbury, A. DeGaetano, A. Hertel, and D. Wuebbles, 2008: Regional climate change projections for the northeast U.S. Mitigation and Adaptation Strategies for Global Change, 13(5-6), p. 425-436.] 


Southeast Region
The southeast region includes Virginia, Kentucky, Tennessee, North Carolina, South Carolina, Georgia, Florida, Louisiana, Alabama, Mississippi, coastal Texas, and Arkansas. Compared with the rest of the nation the southeast is warm and wet, with mild winters and high humidity. Over most of the past century the average temperature of the region did not change significantly. However, since 1970, the annual average temperature has risen about 1.1oC (2°F), and the greatest increase in temperature has occurred in the winter months. The number of freezing days has declined by 4 to 7 days per year since the mid-1970s, and the average autumn precipitation has increased by 30 percent over the 20th century[footnoteRef:192] (Figure 34). Regions experiencing moderate to severe drought in the spring and summer has increased by over 10 percent since the 1970s. Even in the fall months, when precipitation tended to increase in most of the region, the extent of drought increased by 9 percent. Higher temperatures lead to more evaporation of moisture from soils and water loss from plants; hence the frequency, duration, and intensity of droughts are likely to continue to increase.  [192:  Karl, T.R. and R.W. Knight, 1998, Secular trends of precipitation amount, frequency, and intensity in the United States. Bulletin of the American Metrological Society, 79(2), 231-241. See also, Keim, B.D., 1997: Preliminary analysis of the temporal patterns of heavy rainfall across the southeastern United States. Professional
Geographer, 49(1), p. 94-104.] 
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Figure 34 Average fall precipitation in the southeast region has increased by 30 percent over the 20th century. However, the percentage of the region experiencing drought has increased in recent decades, and summer and winter precipitation declined by nearly 10 percent in the eastern part of the region.[footnoteRef:193] [193:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/resources/gallery?func=viewcategory&catid=12; last viewed 12/11/09.] 


Over the 21st century the number of very hot days is likely to rise at a greater rate than the average temperature. If greenhouse gas emissions are kept to a low level (IPCC B1), average temperatures may rise about 2.5oC (4.5°F) by the 2080s, but higher emissions (IPCC A1F1) may result in 5oC (9°F) of average warming (the increase in summer may be as much as 5.8oC (10.5°F)). 
The coastal area of the southeast is home to thousands of communities that have built in low lying areas on the shores of the Atlantic Ocean and Gulf of Mexico. This region, more than any other the U.S., is prone to the deadly impacts of hurricanes which pack winds capable of demolishing buildings and storm surge that rises as much as 4.5 to 6 m (15 to 20 ft) in the streets of coastal towns and cities. The destructive potential of Atlantic hurricanes has increased since 1970, correlated with an increase in sea surface temperature (Figure 35). Notably, researchers have failed to establish a relationship between rising sea surface temperature and the frequency of land falling hurricanes.[footnoteRef:194] In AR4, researchers conclude that the intensity of Atlantic hurricanes is likely to increase during this century with higher peak wind speeds, rainfall intensity, and storm surge height and strength.[footnoteRef:195] Even with no increase in hurricane intensity, coastal inundation and shoreline retreat will increase as sea-level rise accelerates, which is one of the most certain and most costly consequences of a warming climate. [194:  Hoyos, C.D., P.A. Agudelo, P.J. Webster, and J.A. Curry, 2006, Deconvolution of the factors contributing to the increase in global hurricane intensity, Science, 312(577), p. 94-97. Mann, M.E. and K.A. Emanuel, 2006, Atlantic hurricane trends linked to climate change, EOS Transactions of the American Geophysical Union, 87(24), v. 233, p. 244. Trenberth, K.E. and D.J. Shea, 2006, Atlantic hurricanes and natural variability in 2005, Geophysical Research Letters, 33, L12704, doi:10.1029/2006GL026894. Webster, P.J., G.J. Holland, J.A. Curry, and H.-R. Chang, 2005, Changes in tropical cyclone number, duration, and intensity in a warming environment, Science, 309(5742), p. 1844-1846.]  [195:  Meehl, G.A., T.F. Stocker, W.D. Collins, P. Friedlingstein, A.T. Gaye, J.M. Gregory, A. Kitoh, R. Knutti, J.M. Murphy, A. Noda, S.C.B. Raper, I.G. Watterson, A.J. Weaver, and Z.-C. Zhao, 2007, Global climate projections. In: Climate Change 2007: The Physical Basis. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge, UK, and New York, pp. 747-845.] 
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Figure 35 The ocean surface temperature during the peak hurricane season has increased over the 20th century in the region where Atlantic hurricanes primarily develop. As sea surface temperature continues to increase, it is likely that hurricane wind speed and rainfall will continue to rise.[footnoteRef:196] [196:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/resources/gallery?func=viewcategory&catid=12; last viewed 12/11/09.] 


Each year, the number of days with peak temperature over 32oC (90ºF) is expected to rise significantly, especially under a higher emissions scenario (IPCC A1f1). By the end of the century, global circulation models indicate that North Florida will have more than 165 days (nearly six months) per year over 32oC (90ºF), which is a significant increase from roughly 60 days in the 1960s and 1970s (Figure 36). The increase in very hot days to nearly half the days in the year will have consequences for human health, drought, and wildfires.
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Figure 36 The number of days each year that will exceed 32oC (90ºF) is expected to rise significantly in the southeast region by the end of the century.[footnoteRef:197] [197:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/; last viewed 12/11/09.	] 


Since World War II, the sunny southeastern region has attracted people, industry, and investment. Even during hot and humid summers, the low cost of living and relatively cheap energy has made air conditioning affordable and thus conditions tolerable. Since 1970 the population of Florida has more than doubled, and population growth in other southeastern states has been 45 to 75 percent. However, global warming will continue to cause a rise in temperatures affecting the quality of life for residents. Among the challenges associated with climate change, will be reduced insurance availability, increased insurance cost, and increases in water scarcity, sea-level rise, extreme weather events, and heat stress. Some of these problems, such as increasing heat and declining air quality, will be especially acute in southeastern cities.

Midwest Region
The Midwest states include Michigan, Ohio, Illinois, Indiana, Missouri, Wisconsin, Minnesota, and Iowa. Located far from the climate moderating effect of the ocean, the air temperature in the Midwest is subject to large seasonal swings. Hot, humid summers accompany cold winters. However, in recent decades the average annual temperature has increased, and the largest increase has been in wintertime.[footnoteRef:198] Despite strong year-to-year variations, the length of the frost-free or growing season has extended by more than one week, mainly due to earlier dates for the last spring frost.  [198:  Wuebbles, D.J. and K. Hayhoe, 2004: Climate change projections for the United States Midwest. Mitigation and Adaptation Strategies for Global Change, 9(4), 335-363.] 

The major global warming issues for this region revolve around increases in both heat and flooding. Summer heat waves in cities will lead to health problems[footnoteRef:199] as well as place increased energy demand on public services. There will be reduced air quality, increases in insect and water-borne diseases, more heavy downpours and increased evaporation in summer. This will likely produce more periods of both flooding and water deficits. A longer growing season provides the potential for increased crop yields in this important agricultural district, but growth in heat waves, floods, droughts, insects, and weeds present mounting challenges to managing crops, livestock, and forests. [199:  Sheridan, S.C., A.J. Kalkstein, and L.S. Kalkstein, 2008: Trends in heat-related mortality in the United States, 1975–2004. Natural Hazards, 50(1), 145-160.] 

Scientists have also observed changes in rainfall in the Midwest; heavy downpours are now twice as frequent as they were a century ago and both summer and winter precipitation have been above average for the last three decades, the wettest period in a century. [footnoteRef:200] The Midwest has experienced both increasing extreme events as well as long-term trends: two record-breaking floods in the past 15 years, a decrease in lake ice (including on the Great Lakes), and increased frequency of large heat waves since the 1980s which have been more frequent than any time in the past century, other than the Dust Bowl years of the 1930s.[footnoteRef:201] [200:  NOAA’s National Climatic Data Center, 2008: Climate of 2008: Midwestern U.S. Flood Overview. http://www.ncdc.noaa.gov/oa/climate/research/2008/flood08.html; last viewed 12/11/09.]  [201:  Kunkel, K.E., P.D. Bromirski, H.E. Brooks, T. Cavazos, A.V., Douglas, D.R. Easterling, K.A. Emanuel, P.Ya. Groisman, G.J., Holland, T.R. Knutson, J.P. Kossin, P.D. Komar, D.H. Levinson, and R.L. Smith, 2008: Observed changes in weather and climate extremes. In: Weather and Climate Extremes in a Changing Climate: Regions of Focus: North America, Hawaii, Caribbean, and U.S. Pacific Islands [Karl, T.R., G.A. Meehl, C.D. Miller, S.J. Hassol, A.M. Waple, and W.L. Murray (eds.)]. Synthesis and Assessment Product 3.3. U.S. Climate Change Science Program, Washington, DC, pp. 35-80.] 

Global circulation models predict that Midwest summers will feel progressively more like summers currently experienced in states to the south and west (Figure 37).[footnoteRef:202] By mid-century and toward the end of the century, Midwest states are projected to get considerably warmer and have less summer precipitation. Heat waves that are more frequent, more severe, and longer lasting are anticipated. The frequency of hot days and the length of the heat wave season both will be more than twice as great under the higher emissions scenario (IPCC A1F1) compared to the lower emissions scenario (IPCC B1). In 1995 a heat wave hit the city of Chicago and resulted in over 700 deaths. Events of this nature are expected to become more common. Under the B1 scenario, a heat wave equivalent to the 1995 event is projected to occur every other year in Chicago by the end of the century; under the A1F1 scenario there would be approximately three such heat waves per year. Even more severe heat waves, such as the one that claimed tens of thousands of lives in Europe in 2003, are projected to become more frequent in a warmer world, occurring as often as every other year in the Midwest by the end of this century under the higher emissions scenario.[footnoteRef:203] [202:  Wuebbles, D.J. and K. Hayhoe, 2004: Climate change projections for the United States Midwest. Mitigation and Adaptation Strategies for Global Change, 9(4), 335-363.]  [203:  Ebi, K.L. and G.A. Meehl, 2007: The heat is on: climate change and heat waves in the Midwest. In: Regional Impacts of Climate Change: Four Case Studies in the United States. Pew Center on Global Climate Change, Arlington, VA, pp. 8-21. See: http://www. pewclimate.org/regional_impacts; last viewed 12/12/09] 
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Figure 37 Global circulation models project that by mid-century and end of the century, summers in the midwest will feel like summers currently experienced in states located to the south and west.[footnoteRef:204] [204:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/; last viewed 12/11/09.] 


Great Plains Region
The Great Plains states include North and South Dakota, Nebraska, Kansas, Oklahoma, Texas, and portions of Colorado, Wyoming, and Montana. The region is characterized by large temperature variability; winter temperatures in North Dakota average -3.9oC (25oF) while to the south in West Texas they average 24oC (75oF).  In West Texas, there are between 70 and 100 days per year over 32oC (90°F), whereas North Dakota has only 10 to 20 such days on average. Major global warming issues in this area include increases in temperature (Figure 38), evaporation, and drought frequency and magnitude. These trends are likely to lead to declining water resources with impacts on agriculture, ranching, and natural lands as well as to key habitats such as playa lakes, prairie potholes, and other wetland ecosystems. Human population shifts toward cities will lead to heat related problems as well.[footnoteRef:205] [205:  U.S. Global Change Research Program, Global Climate Change Impacts in the United States, 2009. Available at: http://www.globalchange.gov/publications/reports/scientific-assessments/us-impacts; last viewed 12/13/09.] 
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Figure 38 Summer temperature change by end of the century. Temperatures in the Great Plains are expected to grow with global warming. By the end of the century the northern portion of the region is projected to experience the greatest temperature increase.[footnoteRef:206] [206:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/; last viewed 12/11/09.] 


Climate has changed in the past few decades in the Great Plains. Average temperatures have increased the most in the northern states and the largest increases have occurred in the winter. Relatively cold days are becoming less frequent and relatively hot days more frequent.[footnoteRef:207] Temperatures are projected to continue to increase over the 21st century, with larger changes expected under scenarios of higher greenhouse gas emissions. Summer changes are projected to be larger than those in winter in the southern and central Great Plains.[footnoteRef:208] There has also been an increase in rainfall with the greatest increases in states to the southeast. However, with continued global warming, conditions are anticipated to become wetter in the north and drier in the south. Changes in long-term climate will include more frequent extreme events such as heat waves, droughts, and heavy rainfall. These will affect many aspects of life in the Great Plains including threats to water resources, essential agricultural and ranching activities, unique natural and protected areas, and the health and prosperity of inhabitants. [207:  DeGaetano, A.T. and R.J. Allen, 2002: Trends in twentieth-century temperature extremes across the United States. Journal of Climate, 15(22), 3188-3205.]  [208:  Christensen, J.H., B. Hewitson, A. Busuioc, A. Chen, X. Gao, I. Held, R. Jones, R.K. Kolli, W.-T. Kwon, R. Laprise, V. Magaña Rueda, L. Mearns, C.G. Menéndez, J. Räisänen, A. Rinke, A. Sarr, and P. Whetton, 2007: Regional climate projections. In: Climate Change 2007: The Physical Basis. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, UK, and New York, pp. 847-940.] 


Southwest Region
The Southwest states include California, Nevada, Utah, New Mexico, Arizona, and portions of Colorado and Texas. As global warming continues, the biggest problems that will develop in this region are related to water scarcity and heat. The prospect of future droughts becoming more severe as a result of global warming is a significant concern, especially because the Southwest continues to lead the nation in population growth. In an area that already wrestles with competing demands for scarce water resources, warming will force trade-offs among rival water uses, potentially leading to conflict. Temperature increases throughout the century will amplify the frequency of drought, and wildfire, and accentuate problems related to invasive species, and shifts in agriculture. 
The southwest region is one of the most rapidly warming in the U.S. with some areas significantly exceeding the global average. Temperature increases are driving declines in spring snowpack, and consequently river discharge in the region is down as well.[footnoteRef:209] Model projections (Figure 39) indicate that strong warming will continue under low emissions scenarios (IPCC B1) with much larger increases likely under higher scenarios (IPCC A1F1).There will almost certainly be serious water supply shortages in the future along with expanding urban heat island effects.[footnoteRef:210] [209:  Barnett, T.P., D.W. Pierce, H.G. Hidalgo, C. Bonfils, B.D. Santer, T. Das, G. Bala, A.W. Wood, T. Nozawa, A.A. Mirin, D.R. Cayan, and M.D. Dettinger, 2008: Human-induced changes in the hydrology of the western United States. Science, 319(5866), p. 1080-1083.]  [210:  Rauscher, S.A., J.S. Pal, N.S. Diffenbaugh, and M.M. Benedetti, 2008: Future changes in snowmelt-driven runoff timing over the western United States. Geophysical Research Letters, 35, L16703, doi:10.1029/2008GL034424; see also Guhathakurta, S. and P. Gober, 2007: The impact of the Phoenix urban heat island on residential water use. Journal of the American Planning Association, 73(3), 317-329.] 
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Figure 39 The average number of days per year when the maximum temperature exceeded 32oC (90oF) from 1961-1979 (top) and the projected number of days per year above 32oC (90oF) by 2080-2090 under low greenhouse gas emissions (B1; middle) and high emissions (A1F1; bottom). These results indicate that much of the southern United States is likely to have more than twice as many days per year above 32oC (90oF) by the end of the century.[footnoteRef:211] [211:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/; last viewed 12/11/09.] 


Northwest Region
The Northwest region includes the states Washington, Oregon, Idaho, and western Montana. Global warming has caused the average annual temperature to rise 0.8oC (1.5oF) throughout the region. Some areas experienced an increase of 2.2oC (4oF) over the same period. Models project increases of an additional 1.7 to 5.5oC (3 to 10oF) this century with the higher emissions scenarios resulting in warming at the upper end of this range. Warming is likely to bring increased winter precipitation and decreased summer precipitation with related changes to streamflow, snowpack, forest ecosystems, wildfires, and other important aspects of life and ecology in the Northwest.[footnoteRef:212] [212:  U.S. Global Change Research Program, Global Climate Change Impacts in the United States, 2009. Available at: http://www.globalchange.gov/publications/reports/scientific-assessments/us-impacts; last viewed 12/13/09.] 

The key issues related to global warming in the region include: decreased spring snowpack (reducing summer stream flow and straining water resources); increased wildfires and insect outbreaks; shifting species composition in forest ecologies, and impacts to the lumber industry; stresses to salmon ecosystems with rising water temperatures and declining discharge; and sea level rise (Figure 40) and increased wave height along vulnerable coastlines will result in accelerated coastal erosion and sand loss.[footnoteRef:213] [213:  Petersen, A.W., 2007: Anticipating Sea Level Rise Response in Puget Sound. M.M.A. thesis, School of Marine Affairs. University of Washington, Seattle, 73 pp.] 

[image: ]
Figure 40 Sea level rise threatens highly populated areas such as Olympia and Harbor Island, Washington. These maps show areas likely to experience severe drainage problems and marine inundation as rising seas reach 0.3, 0.6, and 1.2 m (1, 2, and 4 ft) above present high tide.[footnoteRef:214] [214:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/; last viewed 12/11/09.] 


Snow that collects throughout the winter feeds streams and groundwater. These sources of freshwater sustain human communities, aquatic ecosystems and forest environments. Human demands for water in the northwest are intense. Seasonal snow pack provides water to meet growing demand from municipal and industrial uses, agricultural irrigation, hydropower production, navigation, recreation, and fish industries. As global warming raises temperatures in the northwest, more precipitation will fall as rain rather than snow and contribute to earlier snowmelt. Data recording the thickness and cover of April 1 snowpack, a key indicator of natural water storage available for the warm season, has declined substantially throughout the northwest. For example, in the Cascade Mountains the average snowpack declined approximately 25 percent over the past 40 to 70 years (mostly due to a 2.5°F increase in cool season temperatures).[footnoteRef:215]It is likely that continued warming will contribute to further snowpack declines. The April 1 snowpack is projected to decline as much as 40 percent in the Cascades by mid-century.[footnoteRef:216] [215:  Mote, P.W., 2006: Climate-driven variability and trends in mountain snowpack in western North America. Journal of Climate, 19(23), 6209-6220.]  [216:  Payne, J.T., A.W. Wood, A.F. Hamlet, R.N. Palmer, and D.P. Lettenmaier, 2004: Mitigating the effects of climate change on the water resources of the Columbia River basin. Climatic Change, 62(1-3), 233-256.] 


Coastal Regions
It has been estimated that approximately 145 million people live within 1 m (3.3 ft) of modern sea level and thus risk losing their land and property under most scenarios of global warming by the end of the century. The resulting disruption threatens the economy and social well-being of many more.[footnoteRef:217] This realization is driving some coastal communities to consider various ways to adapt to sea level rise, including the development of guidance in the form of new government policies, engineering solutions, and other strategies to accommodate rising waters and its attendant problems.[footnoteRef:218] However, making the transition to an adapted community that has successfully reduced vulnerability to sea level rise impacts is only beginning. A study of lands that are vulnerable to sea level rise reveals that almost 60 percent  of the land below 1 m (3.3 ft) along the US Atlantic coast is expected to be developed and thus not able to accommodate the inland migration of wetlands, beaches, estuarine zones, and other tidal ecosystems. Less than 10% of the land below 1 m has been set aside for conservation. Development not only threatens the migration path of tidal ecosystems, but entails population growth on the world’s riskiest lands. [217:  Anthoff, D., Nicholls, R. J., Tol, R. S. J. & Vafeidis, A. Tyndall Centre Working Pap. 96 (2006).]  [218:  Titus, J.G., Hudgens, D.E., Trescott, D.L., Craghan, M., Nuckols, W.H., Hershner, C.H., Kassakian, J.M., Linn, C.J., Merritt, P.G., McCue, T.M., O’Connell, J.F., Tanski, J., Wang, J., 2009, State and local governments plan for development of most land vulnerable to rising sea level along the U.S. Atlantic coast, Environmental Research Letters, v. 4, 044008.] 

Coastlines are particularly vulnerable to global warming. As we discussed in Chapter 5, global warming causes sea level rise by thermal expansion of seawater and melting of the world’s ice reserves in mountain glaciers and ice sheets. Sea level rise increases the threat of marine inundation, coastal erosion, and drainage problems among communities perched on the edge of the sea (of which there are many in the U.S.). It has been estimated that about one-third of all Americans live in counties that border the ocean coasts[footnoteRef:219] and coastal and ocean activities contribute more than $1 trillion to the nation’s gross domestic product. The ecosystems of the coast and the 322 kilometer (200 mile) wide Exclusive Economic Zone holds rich biodiversity and provides invaluable services.[footnoteRef:220] However, over the past 50 years population growth in the coastal zone outpaced the ability of resource managers and community leaders to ensure the sustainability of coastal environments. Fish stocks have been severely diminished by over-fishing, large “dead-zones” in coastal waters are depleted of oxygen because of excess nitrogen runoff, toxic algae blooms are growing in frequency and geographic diversity, seawall construction results in beach loss, and coral reefs are in decline in many areas due to human causes. About half of the nation’s coastal wetlands have been lost – and most of this loss has occurred during the past 50 years.[footnoteRef:221]  [219:  Crowell, M., S. Edelman, K. Coulton, and S. McAfee, 2007: How many people live in coastal areas? Journal of Coastal Research, 23(5), iii-vi.]  [220:  U.S. Commission on Ocean Policy, 2004: An Ocean Blueprint for the 21st Century. U.S. Commission on Ocean Policy, Washington, DC. <http://www.oceancommission.gov/documents/full_color_rpt/welcome.html>]  [221:  U.S. Global Change Research Program, Global Climate Change Impacts in the United States, 2009. Available at: http://www.globalchange.gov/publications/reports/scientific-assessments/us-impacts; last viewed 12/13/09.] 

Global warming places new stresses on this situation. Rising sea level is eroding shorelines, drowning wetlands, and threatening communities on the coast.[footnoteRef:222] The potential of Atlantic tropical storms and hurricanes to cause damage has grown since 1970 because more people have moved onto and built along the nation’s coastlines, and because rising Atlantic sea surface temperatures are fueling increased hurricane rainfall and wind speeds.[footnoteRef:223] Over the past 50 years, coastal water temperatures have risen by about 1.1oC (2°F) in several regions, and the distribution of marine species have shifted.[footnoteRef:224] Where rainfall has increased on land, greater river runoff pollutes coastal waters with nitrogen and phosphorous, sediments, and other contaminants that are carried from farm fields, and polluted streets. Among other stressors, coral reefs are affected by the mixture of atmospheric carbon dioxide with seawater which lowers the pH of seawater, causing “ocean acidification.” This threatens corals, mollusks, plankton, and other marine organisms that form their shells and skeletons from calcium carbonate which is not stable in the new seawater chemistry. Ocean acidification threatens the ability of these organisms to secrete the calcium carbonate materials they need to live (Figure 41).[footnoteRef:225] All of these forces converge and interact at the coasts, making these areas particularly sensitive to the impacts of climate change. [222:  Williams, S.J., B.T. Gutierrez, J.G. Titus, S.K. Gill, D.R. Cahoon, E.R. Thieler, K.E. Anderson, D. FitzGerald, V. Burkett, and J. Samenow, 2009: Sea-level rise and its effects on the coast. In: Coastal Elevations and Sensitivity to Sea-level Rise: A Focus on the Mid-Atlantic Region [J.G. Titus (coordinating lead author), K.E. Anderson, D.R. Cahoon, D.B. Gesch, S.K. Gill, B.T. Gutierrez, E.R. Thieler, and S.J. Williams (lead authors)]. Synthesis and Assessment Product 4.1. U.S. Environmental Protection Agency, Washington, DC, pp. 11-24.]  [223:  Kunkel, K.E., P.D. Bromirski, H.E. Brooks, T. Cavazos, A.V. Douglas, D.R. Easterling, K.A. Emanuel, P.Ya. Groisman, G.J. Holland, T.R. Knutson, J.P. Kossin, P.D. Komar, D.H. Levinson, and R.L. Smith, 2008: Observed changes in weather and climate extremes. In: Weather and Climate Extremes in a Changing Climate: Regions of Focus: North America, Hawaii, Caribbean, and U.S. Pacific Islands [Karl, T.R., G.A. Meehl, C.D. Miller, S.J. Hassol, A.M. Waple, and W.L. Murray (eds.)]. Synthesis and Assessment Product 3.3. U.S. Climate Change Science Program, Washington, DC, pp. 35-80.]  [224:  Gutowski, W.J., G.C. Hegerl, G.J. Holland, T.R. Knutson, L.O. Mearns, R.J. Stouffer, P.J. Webster, M.F. Wehner, and F.W. Zwiers, 2008: Causes of observed changes in extremes and projections of future changes. In: Weather and Climate Extremes in a Changing Climate: Regions of Focus: North America, Hawaii, Caribbean, and U.S. Pacific Islands [Karl, T.R., G.A. Meehl, C.D. Miller, S.J. Hassol, A.M. Waple, and W.L. Murray (eds.)]. Synthesis and Assessment Product 3.3. U.S. Climate Change Science Program, Washington, DC, pp. 81-116.]  [225:  Orr, J.C., V.J. Fabry, O. Aumont, L. Bopp, S.C. Doney, R.A. Feely, A. Gnanadesikan, N. Gruber, A. Ishida, F. Joos, R.M. Key, K. Lindsay, E. Maier-Reimer, R. Matear, P. Monfray, A. Mouchet, R.G. Najjar, G.-K. Plattner, K.B. Rodgers, C.L. Sabine, J.L. Sarmiento, R. Schlitzer, R.D. Slater, I.J. Totterdell, M.-F. Weirig, Y. Yamanaka, and A. Yool, 2005: Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying organisms. Nature, 437(7059), 681-686.] 


Figure 41 Corals require the right combination of temperature, light, and the presence of calcium carbonate (which they use to build their skeletons). As atmospheric carbon dioxide levels rise, some of the excess carbon dioxide dissolves into ocean water, reducing its calcium carbonate saturation. As the maps indicate, calcium carbonate saturation has already been reduced considerably from its pre-industrial level, and model projections suggest much greater reductions in the future.[footnoteRef:226] The blue dots indicate current coral reefs. Note that under projections for the future, it is very unlikely that calcium carbonate saturation levels will be adequate to support coral reefs in any U.S. waters.[footnoteRef:227] [226:  National Assessment Synthesis Team (NAST), 2001: Climate Change Impacts on the United States: The Potential Consequences of Climate Variability and Change. Cambridge University Press, Cambridge, UK, and New York, 612 pp. <http://www.usgcrp.gov/ usgcrp/Library/nationalassessment/>]  [227:  Figure from U.S. Global Change Research Program: http://www.globalchange.gov/; last viewed 12/11/09.] 


Sea level rise is happening now and it will continue through this century; hence, coastal communities are forced to adapt to the consequences. Adaptation to sea-level rise is taking place in three ways: (1) armoring the coastline by building hard structures such as levees and seawalls, (2) accommodating rising water by elevating or redesigning building, roads, and other structures, enhancing wetlands, or adding sand to beaches, and (3) planned retreat from the coastline as sea level rises.[footnoteRef:228] At many coastal locations, hard structures such as seawalls actually increase risks and worsen beach erosion. Bulkheads, which are essentially seawalls on marshes, impede the ability of wetlands to migrate as a natural mechanism to survive sea level rise. Adding sand to beaches, known as beach nourishment, may stabilize a beach in the short-term, but it is not a permanent solution, and can encourage development in vulnerable locations.  [228:  Titus, J.G. and M. Craghan, 2009: Shore protection and retreat. In: Coastal Elevations and Sensitivity to Sea-level Rise: A Focus on the Mid-Atlantic Region [J.G. Titus (coordinating lead author), K.E. Anderson, D.R. Cahoon, D.B. Gesch, S.K. Gill, B.T. Gutierrez, E.R. Thieler, and S.J. Williams (lead authors)]. Synthesis and Assessment Product 4.1. U.S. Environmental Protection Agency, Washington, DC, pp. 87-104.] 

Adaptation that achieves a planned retreat from the coast usually invokes laws that limit where buildings are allowed on the shore; known as setback laws. Several states have setback laws that are based on the planned life of the building and observed erosion rates.[footnoteRef:229]  For instance, the County of Kauai in Hawaii uses the rate of erosion to determine the setback. Since the average lifetime of a wood frame home is 75 years, the county multiples the coastal erosion rate on the property by 75, adds 12 m (40 ft) for safety and that is where a home may be built. If a lot is wider than 45 m (150 ft), the home must accommodate 100 years of erosion plus 12 m (40 ft). North Carolina, Rhode Island, and South Carolina are using such a moving baseline to guide planning. Maine’s Coastal Sand Dune Rules prohibit buildings of a certain size that are unlikely to remain stable with a sea-level rise of 0.6 m (2 ft). In Massachusetts, government is preparing a 20-year infrastructure and protection plan to improve hazards management. In Maryland, a Commission on Climate Change has recently made recommendations to reduce vulnerability to sea-level rise and coastal storms by addressing building codes, public infrastructure, zoning, and emergency preparedness. Many governments and private interests are beginning to take sea level rise into account in planning levees and bridges, and in the location and design of facilities such as sewage treatment plants.[footnoteRef:230] [229:  Titus, J.G., 2009: Ongoing adaptation. In: Coastal Elevations and Sensitivity to Sea-level Rise: A Focus on the Mid-Atlantic Region [J.G. Titus (coordinating lead author), K.E. Anderson, D.R. Cahoon, D.B. Gesch, S.K. Gill, B.T. Gutierrez, E.R. Thieler, and S.J. Williams (lead authors)]. Synthesis and Assessment Product 4.1. U.S. Environmental Protection Agency, Washington, DC, pp. 157-162.]  [230:  U.S. Global Change Research Program, Global Climate Change Impacts in the United States, 2009. Available at: http://www.globalchange.gov/publications/reports/scientific-assessments/us-impacts; last viewed 12/13/09.] 


Alaska
Global warming is hitting Alaska in profound ways. Like many high latitude locations, warming has exceeded the global average, and in Alaska the rate of warming has been more than twice the rate of the rest of the United States. The primary impacts of global warming have already been recognized. These include: an increase in wildfires and insect outbreaks; declining lakes and ponds due to drying; longer summers[footnoteRef:231] (Figure 42) and higher temperatures causing drier conditions even in the absence of strong trends in precipitation; thawing permafrost that damages roads, pipelines, airports, water and sewer systems, and other infrastructure designed for colder conditions; coastal erosion that increases the risk to fishing villages, coastal towns, and growing storm vulnerability. [231:  ] 


Figure 42 Over the last 100 years the length of the frost-free season in Fairbanks Alaska has increased by 50 percent. The trend toward a longer frost-free season will likely produce benefits in some sectors and detriments in others.[footnoteRef:232] [232:  Data provided by Dr. Glenn Juday, School of Natural Resources and Agricultural Science, Agricultural and Forestry Experiment Station, University of Alaska, Fairbanks. Figure from U.S. Global Change Research Program, Global Climate Change Impacts in the United States, 2009. Available at: http://www.globalchange.gov/publications/reports/scientific-assessments/us-impacts; last viewed 12/13/09.] 


Alaska’s annual average temperature has increased 1.9oC (3.4°F), and winters have warmed by 3.5oC (6.3°F). Warming is reducing sea ice, bringing an earlier spring snowmelt, melting permafrost, eroding coastlines, and causing the retreat of glaciers throughout the state. These changes are consistent with model predictions that warming will exceed the pace of the rest of the nation, especially in winter.
Global circulation models predict that average annual temperatures will rise 1.9 to 3.9oC (3.5 to 7°F) by the middle of this century. Later in the century, an optimistic trend (AR4 B1) of increasing global emissions may raise temperatures 2.8 to 4.4oC (5 to 8°F); with higher emissions (AR4 A1F1), increases up to 4.4 to 7.2oC (8 to 13°F) are predicted. As sea ice retreats and ice-free summer days increase in number, opportunities for increased shipping and resource extraction will occur. However, sea ice limits wave development, and as ice retreats coastal erosion, and coastal flooding related to storms will continue to increase.[footnoteRef:233] Sea ice reductions also alter the timing and location of plankton blooms, which is expected to drive important shifts in marine species such as pollock and other commercial fish stocks.[footnoteRef:234] [233:  Jones, B.M., C.D. Arp, M.T. Jorgenson, K.M. Hinkel, J.A. Schmutz, and P.L. Flint, 2009: Increase in the rate and uniformity of coastline erosion in Arctic Alaska. Geophysical Research Letters, 36, L03503, doi:10.1029/2008GL036205]  [234:  Grebmeier, J.M., J.E. Overland, S.E. Moore, E.V. Farley, E.C. Carmack, L.W. Cooper, K.E. Frey, J.H. Helle, F.A. McLaughlin, and S.L. McNutt, 2006: A major ecosystem shift in the northern Bering Sea. Science, v. 311(5766), p. 1461 1464.] 

Climate models also project increases in precipitation over Alaska. However, simultaneous increases in evaporation due to higher air temperatures are expected to lead to drier conditions overall, with reduced soil moisture. The decreased soil moisture suggests that agriculture might not benefit from the longer growing season.  Between 1970 and 2000, the snow-free season increased by about 10 days across Alaska, primarily due to earlier snowmelt in the spring.[footnoteRef:235] A longer growing season has potential economic benefits such as providing increased outdoor and commercial activity including tourism. However, there are negative aspects as well. For instance, white spruce forests in Alaska’s interior are experiencing declining growth due to drought stress and continued warming could lead to widespread death of trees.[footnoteRef:236]  [235:  Euskirchen, E.S., A.D. McGuire, and F.S. Chapin III, 2007: Energy feedbacks of northern high-latitude ecosystems to the climate system due to reduced snow cover during 20th century warming. Global Change Biology, 13(11), 2425-2438.]  [236:  Barber, V.A., G.P. Juday, and B.P. Finney, 2000: Reduced growth of Alaskan white spruce in the twentieth century from temperature induced drought stress. Nature, 405 (6787), 668-673.] 
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Chapter 7 – Global Warming and Natural Ecosystems	
Can Ocean Carbon Uptake Keep Pace with Industrial Emissions?
By Timothy Hall — December 2009
The oceans play a central role in the global carbon cycle, absorbing more than a quarter of the carbon dioxide (CO2) that humans put into the air ("anthropogenic carbon"), primarily by fossil fuel burning. Now, the first observationally based estimate of the history of anthropogenic carbon uptake by the ocean suggests that the oceans are struggling to keep up with rising emissions, a finding with potentially wide implications for future climate. The study was performed by researchers at Columbia University, the University of California-Irvine, and NASA's Goddard Institute for Space Studies and was recently published in the journal Nature. 
The human perturbation to ocean carbon is notoriously difficult to measure, despite the ocean's large role in buffering the build-up of atmospheric CO2. The difficulty arises from the inhomogeneity of ocean carbon and from the fact that anthropogenic carbon has increased ocean carbon by only 1-2%, even while it is has increased atmospheric carbon by about 38%. The only global observational estimate previously made of anthropogenic carbon in the ocean was a snapshot in time for 1994 made by Sabine et al. (2002). In the new study, we used novel indirect techniques to tease out the signal over the entire industrial era. We used observations of inert and radioactive chemical constituents ("tracers") to estimate the rates at which the ocean transports material from the surface to the interior. The analysis was formulated to allow for the effects of both turbulent mixing and large-scale currents, with the relative importance of these transport mechanisms constrained solely by the tracers. We then applied these rates to the well-known industrial-era history of atmospheric anthropogenic carbon to determine the evolution of the total amount and distribution of oceanic anthropogenic carbon. 
Figure 1 shows our estimate of the ocean uptake history. Driven by the exponential increase in the atmosphere the oceans have taken up an ever-increasing amount of anthropogenic carbon, with a particularly rapid increase after 1950. A record amount of 2.3 billion metric tons of carbon was absorbed in 2008. Today, the oceans hold about 150 billion tons of industrial carbon (150 Pg C) — a third more than in the mid-1990s.

Figure 1: The black line represents the annual rate of anthropogenic carbon uptake by the ocean (left axis), with shaded area indicating the error envelope. The dashed red line is the atmospheric history of anthropogenic CO2. Also shown with blue circles and vertical error bars are the decadal average uptake rates adopted by the IPCC Fourth Assessment Report. (View larger image.) 
Importantly, however, the rate of increase of the ocean's uptake appears to slow after 1980, and even more so after 2000. In other words, the fraction of anthropogenic CO2 emissions entering the ocean appears to be slowing, even while the absolute tonnage increases. Some climate models have predicted such a slowdown, but this is the first time a slowdown has been inferred from observations. Some global climate models attribute the change to global warming-induced shifts in ocean circulation. However, our study precludes this mechanism, because it assumes steady circulation. Instead, the study suggests the slowdown is due to natural chemical limits on the oceans' ability to absorb carbon. 
We have found evidence that a reduction in the ocean's capacity to absorb anthropogenic CO2 is ominous; a larger fraction of anthropogenic emissions will remain in the atmosphere, exacerbating the global warming due to industrial activity. The nature of carbon chemistry in seawater is such that as the ocean's carbon concentration in solution increases the seawater becomes more acidic and consequently less able to absorb additional CO2. This chemical effect has long been known, and increases in ocean acidity have been well publicized recently. We found evidence that the increased acidity is reducing the oceans capacity to absorb new CO2. 
We have deduced several other features of the ocean's role in the perturbed carbon cycle. About 40 percent of the carbon enter the oceans through the waters of the Southern Ocean, around Antarctica, because CO2 dissolves more readily in cold seawater than in warmer waters. Although the Southern Ocean was suspected to play a large role in carbon absorption, this is the first quantitative estimate based on observations. 
(View larger image.) 
Figure 2: History of the accumulated source and sinks for anthropogenic carbon. The accumulated fossil fuel source (including the small contribution from cement production) is shown as positive value (blue). The accumulated anthropogenic carbon in the atmosphere (green) and ocean (red) are negative. The remainder is the accumulated atmosphere-land exchange (black). Uncertainties are shown as dashed lines. 
We have also estimated carbon uptake on land by taking the known amount of fossil-fuel emissions and subtracting the oceans' uptake and the carbon accumulated in the atmosphere. Figure 2 shows the accumulated anthropogenic carbon source and the accumulated exchanges among the atmosphere, ocean, and land. Prior to 1940 (give or take two decades), the global land surface was a source of anthropogenic carbon to the atmosphere. Afterwards, the land absorbed anthropogenic carbon from the atmosphere, as shown by the turnover in the land curve of Fig. 2. The net result over the industrial era is that the land surface has been neutral or a net weak source to the atmosphere. (The land curve is positive in 2008, but the uncertainty range includes zero.)
Our analysis cannot discriminate among land-carbon mechanisms. The early source was likely due to logging and slash-and-burn agriculture. Deforestation continues today, but it may be that after 1940 atmospheric CO2 levels reached a level that stimulation of new plant growth overtook forest burning. Carbon is a raw material for photosynthesis, and new carbon may accelerate plant growth, resulting in additional uptake. 
Features of the ocean-carbon cycle that we did not account for may also be changing and could influence ocean carbon uptake in the future. Changes in ocean circulation could either enhance or inhibit ocean uptake. (Some model studies suggest a reduction, as noted above.) Changes in upper-ocean biological productivity could also enhance or inhibit ocean uptake. (A warmer upper ocean is a more vertically stable ocean, possibly reducing the upwelling of nutrients to surface-water plankton, and reducing their photosynthetic uptake of carbon.) These topics are intensely active areas of research. Our new study, however, is so far the most comprehensive observationally based estimate of the ocean's past and present role in the perturbed carbon cycle. 
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Fig. 4. Globally averaged annual mean surface temperature anomaly (relative to 1979–2001) forecast by DePreSys starting from June 2005. The CI (red shading) is diagnosed from the standard deviation of the DePreSys ensemble, assuming a t distribution centered on the ensemble mean (white curve). Also shown are DePreSys and ensemble mean NoAssim (blue curves) hindcasts starting from June 1985 and June 1995, together with observations from HadCRUT2vOA (black curve). Rolling annual mean values are plotted seasonally from March, June, September, and December. The mean bias as a function of lead time was computed from those DePreSys hindcasts that were unaffected by Mount Pinatubo (SOM text) and removed from the DePreSys forecast (but not the hindcasts).
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Antarctica may heat up dramatically as ozone hole repairs, warn scientists
As blanket of ozone over southern pole seals up, temperatures on continent could soar by 3C, increasing sea level rise by 1.4m

This evidence includes the following independent observations that paint a consistent picture of global warming: 
Our planet is suffering an energy imbalance and is steadily accumulating heat (Hansen 2005, Murphy 2009, Schuckmann 2009, Trenberth 2009)
Animal and plant species are responding to earlier springs. Eg - earlier frog breeding, bird nesting, earlier flowering, earlier migration of birds and butterflies (Parmeson 2003)
The distribution of tree lines, plants, birds, mammals, insects, fish, reptiles, marine invertebrates are shifting towards the poles (Parmeson 2003)
Arctic permafrost is degrading (Anisimov 2006) plus warming at greater depths in the permafrost (Stieglitz 2003)
Global sea level rise is accelerating (Church 2006)
Antarctic ice loss is accelerating (Velicogna 2009), even from East Antarctica which was previously thought to be too stable to lose ice mass (Chen 2009)
Greenland ice loss is accelerating (Velicogna 2009, van den Broeke et al 2009)
Glaciers are shrinking globally at an accelerating rate (WGMS 2008)
Arctic sea-ice loss is accelerating with the loss rate exceeding model forecasts by around a factor of 3 (Stroeve 2007).
The height of the tropopause is increasing (Santer 2003, press release)
Jet streams are moving poleward (Archer 2008, Seidel 2007, Fu 2006)
The tropical belt is widening (Seidel 2007, Fu 2006)
There is an increasing trend in record hot days versus record cold temperatures with currently twice as many record hot days than record cold temperatures (Meehle 2009, see press release).
The Climategate controversy hasn't even touched upon the empirical evidence indicating that human activity is the cause of recent warming:
Humans are emitting CO2 at such rates that atmospheric CO2 is at its highest level over the past 800,000 years (Brook 2008). The rate of increase is the fastest in 22,000 years (Joos 2008)
Satellites measure less infrared radiation escaping out to space at the wavelengths that CO2 absorb energy (Harries 2001, Griggs 2004, Chen 2007)
Surface measurements find more infrared radiation returning back to the Earth's surface (Philipona 2004), specifically at the wavelengths that CO2 absorb energy (Evans 2006)

16-8 Global warming leads to increased  acidity and temperature of oceans,  melting of glaciers, changes in weather, and other impacts.  
LO16-8 Describe how global warming is changing the ocean and the world’s glaciers.
Sea surface temperature (SST) has increased by an average of 0.6°C in the past 100 years (Figure 16.21), and the acidity of the ocean surface has increased tenfold. Corals cannot tolerate severely warming waters, and the temperature stress causes a phenomenon known as bleaching, in which they expel the symbiotic algae that live in their tissues. In 1997 and 1998, coral bleaching was observed in almost all of the world’s reefs in response to high SSTs during that record-setting year. An estimated 16% of the world’s corals died in that strong bleaching event, an unprecedented occurrence. 

Figure 16.21 Annual and five-year average global temperature changes for the land (green) and ocean (purple).  [1/3 p]

The oceans have absorbed about 40 percent of the carbon dioxide emitted by humans over the past two centuries. Increasing  acidity, brought on by dissolved carbon dioxide that mixes with seawater to form carbonic acid, makes it difficult for calcifying organisms (corals, molluscs, many types of plankton) to secrete the calcium carbonate they need for their skeletal components. This ocean acidification is one of the consequences of CO2 buildup that could have a great impact on the world’s ocean ecology, which depends on the secretion of calcium carbonate by thousands of different species.
More than half the reefs in the Caribbean and Red Sea have gone from pristine to near extinction in the past century. The loss of healthy coral reefs affects all the species that dwell there (such as turtles, mollusks, crabs, and fish), as well as the animals that depend on reef habitats as a food source (including sea birds, mammals, and humans). One-quarter of all sea animals spend time in coral reef environments during their life cycle. There are economic impacts as well. Tourism and commercial fisheries generate billions of dollars in revenue annually. Biodiversity, food supplies, and economics may thus all be affected by global climate change. However, reef loss is a complex issue. Reefs can suffer from coastal pollution, overfishing, and other types of human stresses. Exactly what roles warming temperatures, ocean acidity, and other anthropogenic impacts will play in global reef health has yet to be fully defined by researchers.

Droughts, Storms, and Severe Events
Even small changes in climate can result in large changes in the things that people depend on, including a clean water supply, the growth of food crops, and the position of the shoreline. Most scientists agree that the likely results of global warming include more frequent heat waves, droughts, extreme storm events, wildfires, changes in agriculture and vegetation, sea-level rise, and coastal erosion. Climate (and weather) will become more unstable and less predictable because the difference in temperature between the poles and the equator drives global winds and atmospheric circulation, which distribute heat and water (precipitation) around the world. Changes in the heat budget will lead to changes in wind and water circulation, leading to drought in some areas, while other areas will experience increases in the strength and frequency of storms.
Eight of the 10 hurricane seasons between 1997 and 2007 saw above-average storm activity. Was this increased activity caused by global warming? Some climate experts believe that this trend was fueled by warming of the sea surface in the Atlantic. Warmer-than-average ocean surface temperatures in the tropical North Atlantic resulted in more moisture in the atmosphere, which brewed more frequent and severe storms. In the same year, record low snowfall was recorded in the Pacific Northwest and Alaska, while the Sierra Nevada Mountains in California received more snow than at any time in the last 30 years. Elsewhere in the United States, there were severe droughts during the last decade. Record droughts were recorded in 30 states in the spring of 2004. 
Computer models and scientific experts suggest that these types of extreme events and weather anomalies will become more common in the future as global climate continues to change. Extreme events cause damage to property as well as threatening the health and well-being of people affected by them. It has been estimated that extreme weather events in the United States during the 1990s alone resulted in close to $300 billion in economic losses (Figure 16.22).

Figure 16.22 – PHOTO [1/2 pg] federal source. http://www.ncdc.noaa.gov/oa/reports/billionz.html

Figure 16.22 Map of Billion-Dollar U.S. Weather Disasters, 1980-2005.  [1/2 p]

Melting Ice
A study has shown that the net loss of about 148 cubic km of water per year from the Antarctic ice sheet outpaces the ice sheet’s tendency to accumulate snow. That is, the Antarctic ice sheet is melting, not growing. Three broad ice-covered regions characterize Antarctica: the Antarctic Peninsula, West Antarctica, and East Antarctica. In West Antarctica, the rate of ice loss has increased by 59% over the past decade, to about 132 billion metric tons a year, while the yearly loss along the peninsula has increased by 140%, to 60 billion metric tons.  In East Antarctica, the ice is relatively stable, with interior snowfall approximately equaling melting by warm ocean currents along the coastal regions. Researchers state that “Without doubt, Antarctica as a whole is now losing ice yearly, and each year it's losing more.” Studies also show that outlet glaciers feeding into the ocean from Antarctica and Greenland are accelerating and approximately doubled their discharge of ice between 2002 and 2008.
The total volume of land-based ice in the Arctic has been estimated at about 3.1 million cubic km. If it were all to melt, this much ice corresponds to a sea-level rise of about 8 m. Most arctic glaciers and ice caps have been in decline since the early 1960s, with this trend speeding up in the past two decades. The extent of seasonal surface melt on the Greenland Ice Sheet has been observed by satellite since 1979; these observations show an increasing trend – doubling over the past decade. Recent years have marked record levels of summertime melting at higher altitudes on Greenland. Melting in areas above 2000 m increased by 150 percent from the long-term average, with melting occurring on 25-30 more days than the average for the previous 19 years. 

Impacts in the Biosphere
Signs and impacts of climate change in the biosphere include degradation and shrinkage of wildlife habitats, changes in the distribution of food sources for animals and people, disruption of the timing of animal and bird migration patterns, and desertification. Did you know that as much as one-third of the world is considered desert? Many deserts are expanding as the global climate warms. The Sahara Desert in North Africa is larger than the United States and has expanded by more than 650,000 km2 in the past 50 years. In the 1990s the Gobi Desert in China expanded by more than 50,000 km2, an area larger than New Jersey and Massachusetts combined. In many cases global warming and poor land use by humans jointly cause desertification. Changes in the distribution of precipitation around the planet may be exacerbated by activities such as over farming, not rotating crops, overgrazing, and deforestation. These activities play a role in stripping soils of moisture and nutrients, leading to desertification.
The ways in which humans use land and other natural resources affect the distribution and quality of plant and animal habitats. The area of undeveloped space for wildlife is continually declining under the pressure of growing populations. Essential freshwater systems are affected by pollution, damming, and diversion of water for human use. Changes in habitat quality cause changes in the distribution of food sources and place wildlife populations under stress. For example, seabird populations are declining around the world, and researchers believe that the decline is due largely to changes in global atmospheric and ocean temperatures that affect the availability of food and the timing of migration cues. Similar declines have been noted in fish and marine mammal populations.

16-9 Several international efforts are attempting to manage global warming.
LO16-9 Describe “carbon quotas” and “emission trading”.
In 1988 the United Nations and the World Meteorological Organization established the Intergovernmental Panel on Climate Change (IPCC) to address the complex issue of global warming. The IPCC’s first major report, issued in 1990, indicated that there was broad international agreement that climate change was being significantly affected by human activities. In 2001, the IPCC projected future warming under various CO2 emissions scenarios. In 2007, the fourth assessment of global climate change was published. In it, the emissions scenarios of 2001 were updated and future projections made.  
Using GCMs, the IPCC analyzed a range of government policies that would manage the release of heat-trapping gases. These included ambitious but achievable measures that could lead to a 50-85 percent reduction in emissions by 2050 (compared with 2000 levels). These measures require that gas emissions peak by the year 2015 and thereafter stabilize around the end of the century at 445 to 490 parts per million (ppm). Following this path could keep global temperature increases within 3.6 to 4.3 degrees Fahrenheit (°F), or 2 to 2.4 degrees Celsius (°C), above preindustrial levels, thereby avoiding some of the most damaging and irreversible impacts of warming (Figure 16.24).

Figure 16.24 – IPCC public source, [1/3 p].

Figure 16.24 As greenhouse gas emissions rise, the global average temperature also rises. [1/3 p]

If, however, the current trend of rapidly rising emissions continues, the amount of heat-trapping gas in the atmosphere would reach 855 to 1130 ppm, causing global temperature increases of 5-6°C above preindustrial levels, which would have severe impacts. For example, the IPCC found that up to 30 percent of plant and animal species could face increasing risk of extinction if temperatures were to rise by more than 2.5°C.
In 2007 the IPCC concluded both that global warming  is “unequivocal” and that most of the observed increases in  average global temperatures were “very likely” due to increases in greenhouse gases from human emissions.  The report  went on to define various impacts that have already been observed, such as these: Cold days, cold nights, and frosts are less frequent; hot days and hot nights are more frequent; heat waves are more frequent; the frequency of heavy precipitation events has increased; the incidence of extreme high sea level has increased; and Northern Hemisphere temperatures during the second half of the 20th century were very likely higher than those occurring during any other 50-year period in the last 500 years and likely the highest in at least the past 1300 years.

The Kyoto Protocol
In 1997 representatives of the United States and 83 other nations met in Kyoto, Japan, to discuss global climate change. The result of their deliberations was the Kyoto Protocol, an international agreement that CO2 emissions should be regulated. The Protocol proposes establishing carbon quotas for each country based on its population and level of industrialization. For example, it suggests that by 2012 industrialized countries like the United States should reduce their CO2 emissions to 7% below the levels measured in 1990. As the leading developed nation, the United States has historically produced the bulk of the world’s CO2 emissions. However, in 2007 China’s surpassed the United States’, and powerful economic growth in India is rapidly increasing emission production there as well. 
For the Protocol to take effect, the countries that ratify it must account for a total of at least 55% of global carbon dioxide emissions. Between 1997 and 2004, 122 nations ratified the Kyoto Protocol, representing 42.2% of global carbon emissions – not enough to bring the treaty into effect. The United States was not among the ratifying nations; if it had been, the percentage would have jumped to 78.3%. However, in November 2004 Russia ratified the treaty, thereby meeting the emissions percentage requirement and enacting the Kyoto Protocol on a truly global, international scale. By February 2005, 141 industrialized countries had signed the Protocol, including all the nations of Europe. 
The Kyoto Protocol suggests that emission trading would allow more developed, wealthy countries to legally exceed their emissions quota by purchasing “credits” from other, less industrialized countries that would be unlikely to reach their allowable carbon quota. Emissions’ trading focuses on CO2 because it represents more than half of the warming attributed to greenhouse gases, and because most of the emissions come from powered vehicles and agricultural activities. 
	How would emission trading work? Here is an example: Across the Midwestern United States, seasonal wetlands known as “prairie potholes,” a nuisance to farmers for decades (Figure 16.25), are becoming a new kind of crop – a greenhouse gas crop. Scientists from the U.S. Geological Survey discovered that these potholes, when not farmed, are highly organic environments and can store 2.5 tons of carbon per acre per year. Multiplying that by 40 million acres of potholes acting as carbon “sinks” for a decade results in the removal of 400 million tons of carbon from the atmosphere, this is equivalent to taking 4 million cars off the road! Imagine a power plant in Texas paying a farmer in North Dakota to not plow and instead conserve his or her acres of prairie potholes, and you’ll start to understand how the carbon trade would work. 

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]
Figure 16.25 – PHOTO [1/3 p] U.S. Fish and Wildlife – no permission needed...
http://www.fws.gov/waubay/landscape_photos.htm
Figure 16.25 Wetlands in the U.S. Midwest can store carbon. Pumping carbon dioxide into these environments could remove 400 million tons of carbon from the atmosphere – equivalent to taking 4 million cars off the road. [1/3 p]

A power plant is a source of CO2 emissions; the prairie potholes are a carbon sink. Bringing these together to match carbon, ton for ton, means that no net carbon would be added to the atmosphere, even though the power plant goes on generating energy for its customers and profiting from it. The farmer, too, benefits because he  or she is paid for the “use” of the  land without having to put in the time and expense of draining, filling, plowing, and farming the troublesome potholes. Who would broker this deal? The power plant and the farmer wouldn’t even meet. They would simply buy and sell “carbon credits” in a market much like the Stock Exchange. In this case, the market is the Chicago Climate Exchange, established in 2003 by 14 companies, including Ford, DuPont, and Motorola. At the end of 2004, the number of companies involved had reached 60, and by 2009 more than 1000 companies were listed as members. The potential market for carbon dioxide is enormous. In the United States alone, estimates reach hundreds of billions of dollars.
The carbon trade could be global, because for some substances, such as CO2, it makes no difference where reductions are made. Because the atmosphere is constantly mixing, moving, and changing, carbon emitted in the United States could be absorbed anywhere in the world. Since 1995, a similar sulfur-trading system has helped U.S. industries reduce emissions of sulfur dioxide, a pollutant that causes acid rain.
Supporters of global carbon trading say that it would allow realistic emissions reduction targets to be set in developed countries like the  United States, which are the biggest carbon emitters (the source), without hurting the industrial economy. On the other side of the carbon trade (the sink), developing or poor countries would benefit from the money invested by carbon producing countries in reforestation and clean energy projects. Promoting energy efficiency during economic and industrial growth could help developing countries in another way as well: They could benefit from what the developed nations have learned in the two centuries since the Industrial Revolution.
Critics of carbon trading say that it is not a solution to greenhouse warming because it does not set specific goals for reducing CO2 emissions. Most people who are familiar with the concept of carbon trading agree that it is only part of the solution, and that cutting back CO2 emissions should be a key component in managing the effects of human activities on global climate. The concept is also spurring businesses large and small to ask questions like, “What are my company’s options for reducing greenhouse gas emissions? Are there new business opportunities associated with addressing climate change?” Many believe that this is a form of global change from which Earth’s citizens can benefit.
[bookmark: Conclusions_summary]In Closing
Global warming is changing Earth’s climate, leading to rising sea levels, weather changes, and ecosystem impacts. These pose an extraordinary challenge to our economy and our environment. Global warming is caused by release of greenhouse gases into the atmosphere. Only by limiting greenhouse gas production can the worst impacts of global warming be avoided. It has been said that if humanity wishes to preserve a planet similar to that on which life on Earth is adapted; greenhouse gases need to be reduced.
Earth's climate has changed over the past century, and there is new and stronger evidence that most of the warming observed in the past 50 years is attributable to human activities. Moreover, computer models are predicting that temperatures will continue to rise during the 21st century. This trend is described in the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), which is based on the findings of an international team of climate scientists. 
Meeting the challenge of global warming will require sustained effort over decades: on the part of governments, which  must guide their cultures and societies as the effects of climate change unfold and as technological solutions begin to manifest themselves; on the part of industry,  which must innovate, manufacture, and operate under  new conditions in which climate change will drive many decisions; and on the part of the public, which  must  begin to pursue a more  environmentally conscious path in their purchases and lifestyles. In the next chapter we study the environments that are most sensitive to climate change – glaciers.
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The destructive energy of Atlantic hurricanes has increased in recent decades. The intensity of these storms is likely to increase in this century. In the eastern Pacific, the strongest hurricanes have become stronger since the 1980s, even while the total number of storms has decreased. Sea level has risen along most of the U.S. coast over the last 50 years, and will rise more in the future. Cold-season storm tracks are shifting northward and the strongest storms are likely to become stronger and more frequent. Arctic sea ice is declining rapidly and this is very likely to continue.

Hawaii Climate
Climate enters our lives in several ways: air temperature, winds, rain, storms, and others. Global warming may change any and all of these in Hawaii. To examine impacts in Hawaii, it is important to first understand how Hawaii climate works.
Hawaii sits under a north-south air circulation pattern known as the Hadley Cell. The Hadley Cell originates near the equator where solar heating produces a column of warm and humid air that rises into the atmosphere. Turning to the north, water vapor in this flow condenses and falls to the surface as rain as it travels over Hawaii. Cool and dry, the air mass returns to the ocean surface again between 30o to 35o N latitude and flows back toward the equator as the trade winds. The spin of the planet (known as the Coriolis Force) deflects the winds toward the southwest and west rather than due south (hence, we see them coming from the east and northeast). The region of falling air is known as the “Pacific High”, the northerly end of the Hadley Cell. The Pacific High moves north and south with the Sun, so that it reaches its northern-most position in the summer, bringing the most persistent trade winds across Hawaii during the period May through September.  From October through April, the Pacific High shifts to the south and Hawaii lies toward the northern boundary of the trade wind belt, which is why they are not as steady as during the summer.  
Hawaii climate is modulated by a number of natural processes, principally the El Niño Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO). ENSO is a large-scale wind and ocean pattern in the Pacific that oscillates between two states: the so-called La Niña and the El Niño.[footnoteRef:237] These influence temperature and rainfall[footnoteRef:238] trends in the Pacific region as well as exert a global influence on weather patterns. Under normal conditions air flows from a dry region of high air pressure in the southeast Pacific over Easter Island (the southern hemisphere equivalent of the Pacific High) toward a humid region of low air pressure in Indonesia in the southwest Pacific. This air flow creates the trade winds in the southern hemisphere. These winds drive a warm surface current of water into the western Pacific.  [237:  See the NOAA El Niño Theme Page: http://www.pmel.noaa.gov/tao/elnino/el-nino-story.html; last viewed 11/27/09.]  [238:  See the NASA page on the relationship between ENSO and rainfall between 1985 and present: http://earthobservatory.nasa.gov/Features/WorldOfChange/enso.php; last viewed 11/29/09.] 

At times (every few years) the southern trade winds weaken; a condition known as El Niño. The pool of warm water in the west Pacific surges to the east along the equator and heats up the ocean surface in the central and eastern Pacific. Rainfall in the east increases because the warmer water readily evaporates. Torrential rains and floods may occur in California and the southern U.S. In Hawaii, El Niño usually brings a decrease in rainfall because the Pacific High shifts to the south (Figure 23); the ten driest years on record are all associated with El Niño years. During La Niña, the southern hemisphere winds are stronger than normal and the pool of warm water in the west Pacific is enhanced; sea level there tends to be high during these times and Hawaii typically experiences normal rainfall.


Figure 23 The Hadley Cell is an air circulation pattern between the equator and 30o to 35o N latitude. Air flowing from the Pacific High, the north end of the Hadley cell, makes the trade winds. During El Niño years, the Pacific high shifts to the south, the trade winds weaken, and Hawaii tends to experience drought.

Like ENSO, the PDO is a climate pattern caused by shifting surface waters (Figure 24). During a “warm” or “positive” phase of the PDO, the northwestern Pacific cools and part of the eastern Pacific warms; during a “cool” or “negative” phase, the reverse pattern occurs. A cool phase is characterized by a wedge of lower than normal sea-surface heights and cooler than normal ocean temperatures in the eastern equatorial Pacific and a warm horseshoe pattern of higher than normal sea-surface heights connecting the northwest, west, and southwest Pacific. Researchers think that shifts in phase occur approximately every twenty to thirty years:[footnoteRef:239] a strong warm phase began ca. 1905, a cool phase ca. 1946, and another warm phase ca. 1977. Since 1998 the PDO has showed several years of cool behavior but has not remained consistently in that pattern. Hawai’i tends to receive more rainfall in a cool phase and less rainfall in a warm phase.  [239:  See Wiki entry on PDO: http://en.wikipedia.org/wiki/Pacific_decadal_oscillation; last viewed 11/28/09.] 




A.    B.
Figure 24 (A.) The El Niño Southern Oscillation (ENSO) is a pattern of sea surface temperatures controlled by winds. The map shows a La Niña condition where warm sea surface temperatures are largely confined to the west. Graph shows the southern oscillation index, the variation in sea surface atmospheric pressure between Darwin AU and Tahiti. (B.) The Pacific Decadal Oscillation (DPO) is a pattern of changing sea surface temperatures north of 20oN latitude. 

General Impacts
Hawaii is likely to experience significant impacts from global warming. The most recent report that details impacts to various regions in the U.S. was produced in 2009 by the U.S. Global Change Research Program.[footnoteRef:240] In the “islands” section, researchers studied the impacts of warming on U.S. islands in the Caribbean and Pacific. They predict climate impacts in Hawaii will include the following large-scale issues: [240:  See the website at: http://www.globalchange.gov/publications/reports; last viewed 11/29/09.] 

[bookmark: issue1]The availability of freshwater is likely to be reduced, with significant implications for island communities, economies, and resources. 
[bookmark: issue2]Island communities, infrastructure, and ecosystems are vulnerable to coastal inundation due to sea-level rise and coastal storms.
[bookmark: issue3]Climate changes affecting coastal and marine ecosystems will have major implications for tourism and fisheries.
There are six areas of general concern with regard to the impact of climate change on islands. To some extent these are interrelated: freshwater resources, public health and safety, ecosystems and biodiversity, ocean acidification, impacts to food security, and sea-level variability.[endnoteRef:2] These encompass several phenomena. [2:  National Assessment Synthesis Team (NAST), U.S. Global Change Research Program, Climate Change Impacts on the United States: The Potential Consequences of Climate Variability and Change, Islands:  Ch. 11 (2001). Also, Public Review Draft of the Unified Synthesis Product, U.S. Climate Change Science Program, Global Climate Change Impacts in the United States, Islands (2008)] 

Pacific islands will possibly be affected by: 
changes in patterns of natural climate variability (PDO/ENSO, see Chapter 6);[endnoteRef:3]  [3:  Increased El Niño conditions have been predicted in several climate scenarios (more discussion in Chapter 9). For instance see: National Assessment Synthesis Team (NAST), U.S. Global Change Research Program, Climate Change Impacts on the United States: The Potential Consequences of Climate Variability and Change, Islands: Ch. 11 (2001). Also, Public Review Draft of the Unified Synthesis Product, U.S. Climate Change Science Program, Global Climate Change Impacts in the United States, Islands (2008); see also Chowdhury, R., Chu, P.S., Schroeder, T.A., and Zhao, X.,  2008 Variability and predictability of sea-level extremes in the Hawaiian and U.S.-Trust Islands – a knowledge base for coastal hazards management, Journal of Coastal Conservation, v. 12, p. 93-104, doi:10.1007/s11852-008-0034-7; Chowdhury, R., Chu, P.S., Zhao, X., Schroeder, T.A., and Marra, J., 2009, Sea-level extremes in the U.S.-Affiliated Pacific Islands – A coastal hazards scenario to aid in decision analyses, Meteorological Applications.] 

changes in the frequency, intensity, and tracks of tropical cyclones;[endnoteRef:4]  [4:  See the paper by James Elsner and others, 2008, The increasing intensity of the strongest tropical cyclones: Nature 455, p. 92-95 (Sept. 4) which observes that warming seas due to global warming of the atmosphere have significantly increased the intensity of the most extreme storms worldwide.] 

changes in ocean currents and winds.[endnoteRef:5]  [5:  “Global warming weakens Pacific trade winds” by Ker Than, MSNBC Technology and Science, last viewed June 10, 2009: http://www.msnbc.msn.com/id/12612965/; based on  Vecchi, G.A., Soden, B.J., Wittenberg, A.T., Held, I.M., Letmaa, A., and Harison,  M.J. (2006) Weakening of tropical Pacific atmospheric circulation due to anthropogenic forcing, Nature, v. 441, p. 73-76, May, doi:10.1038/nature04744.] 

Hawaii has already experienced increases in extreme tides and greater frequency in marine inundation due to sea-level excursions. [endnoteRef:6] [6:  Merrifield, M.A., Y.L. Firing, and J.J. Marra, 2004: Annual climatologies of extreme water levels. In: Extreme Events, the 15th ‘Aha Huliko’a Hawaiian Winter Workshop, University of Hawaii at Manoa, January 23-26, 2007. [Müller, P., C. Garrett, and D. Henderson (eds.)]. SOEST special publication. University of Hawaii, Honolulu, pp. 27-32. http://www.soest.hawaii.edu/PubServices/Aha_2007_final.pdf; see also, Firing, Y. and M.A. Merrifield, 2004: Extreme sea level events at Hawaii: influence of mesoscale eddies. Geophysical Research Letters, 31, L24306, doi:10.1029/2004GL021539.] 

Sea-level rise, both long-term and episodic, is already an extremely important issue for many Pacific islands. Sea-level rise results in coastal erosion, inundation, and seawater intrusion into freshwater ecosystems and coastal agricultural zones. 
On low islands with aquifer systems near sea level, it is possible that climate change and the resulting sea-level rise will adversely affect water supplies in the future through more frequent droughts, floods, and seawater intrusion into freshwater lenses. On high islands, decreased rainfall may threaten water availability.
Some climate model studies project that El Niño Southern Oscillation extremes are likely to increase with increasing greenhouse gas concentrations. Some models suggest more persistent El Niño-like conditions across the Pacific. This would lead to a reduction of freshwater resources where rainfall is tied to the ENSO.
The number of intense storms (hurricanes, typhoons, and heavy rain events) is likely to increase.[endnoteRef:7] Hurricane wind speeds and rainfall rates are likely to increase with continued warming. The peak speed of the most intense storms has been observed to increase already.[endnoteRef:8] However, there is significant uncertainty about how increasing global temperatures will affect overall hurricane and typhoon frequency and tracks. [7:  AR4, supra note 16; See also Allan, R.P., and Soden, B.J., 2008, Atmospheric warming and the amplification of precipitation extremes; Science, v. 321.5895, p. 1481-1484; U.S. Climate Change Science Program, Synthesis and Assessment Product 3.3, 2008. Weather and climate extremes in a changing climate: Regions of focus: North America, Hawaii, Caribbean, and U.S. Pacific Islands. 164p. http://www.climatescience.gov/]  [8:  Elsner, supra note 39.] 

It is possible that increases in the frequency or intensity of hurricanes would generally favor invasive species. 
Island biodiversity is threatened by invasive non-native plant and animal species, as well as urban expansion, resulting in the highest extinction rates of all regions of the U.S. Invasive species are often more resilient, and tolerant of drought and other environmental extremes. This gives them a survival edge over endemics. 
There is concern for increased extinction rates of mountain species that have limited opportunities for migration, and declines in forests due to floods, droughts, or increased incidence of pests, pathogens, or fire. 
The unique “cloud forests” located on some islands occupy a narrow geographical and climatological niche. A shift in temperature or precipitation patterns would cause this zone to shift upwards enough to be eliminated.
On islands, a large percentage of people, infrastructure, and economic activities are located near the coast, leading to dense areas of vulnerability. It is possible that the frequency of extreme events may increase over the next few decades to a century thereby increasing the risk to public health and safety. Improving community resiliency to disasters is now a major goal of federal and local coastal management agencies.
Coral bleaching associated with El Niño, warming seawater events, and long-term chronic warming of surface waters has occurred in both the Pacific and Caribbean since the 1990’s. Hawaii, in cooler subtropical waters, has not experienced severe bleaching.
Ocean acidification threatens reefs and calcareous plankton in the oceans. This is discussed in greater detail in Chapter 11.
Trade winds in the Pacific have weakened, a phenomenon which may be related to changes in rainfall.[endnoteRef:9] [9:  Than and Vecchi, supra note 40.] 

University of Hawai’i professor Tom Giambelluca and a team of researchers have documented a rise in surface temperature in Hawai’i.[endnoteRef:10]  They found a relatively rapid rise in the past 30 years with stronger warming at higher elevations. The majority of the rise occurs as an increase in minimum daily temperature, with a trend about 3 times faster than the maximum daily temperature. In other words, the daily range of temperature is shrinking, largely due to a rise in the minimum. Notably, over the approximately 85 years of records they analyzed, the temperature in Hawai’i has varied coherently with the Pacific Decadal Oscillation (PDO, see Chapter 6). However, in the decades immediately preceding the study, the warming trend has been dominant and despite cooling associated with the PDO, surface temperature in Hawaii has remained high. [10:  Giambelluca, supra note 34.] 
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Figure 16.12 – DRAWING, [1/3 p]….redraft, use “Temperature (Co)” and “Carbon dioxide (ppm)” label “last ice age” and “present interglacial”
Figure 16.12 When Earth’s climate shifted from the last ice age to the present warm period, global temperatures increased and atmospheric CO2 concentration rose from approximately 180 ppm to 280 ppm. [1/3 p]








Pacific Temperature change since 1900 (relative to the average temperature of 1961-1990).[footnoteRef:241] [241:  Figure from AR4.] 




The U.S. Geological Survey studied[footnoteRef:242] stream flow at long-term gauging stations in Hawai’i. They found that year to year changes are related to ENSO as well as the Pacific Decadal Oscillation (PDO). Not surprisingly, trends in rainfall are also linked to these phenomena; Hawai'i tends to be dry during most El Niño events, but low rainfall may also occur in the absence of El Niño.[endnoteRef:11] Similarly, rainfall tends to be low during “warm” phases of the PDO; such as Hawai'i experienced from mid-1970 to the start of the 21st century. The state was previously characterized by high rainfall lasting for nearly three decades in the preceding “cool” phase of the PDO through the late 1940’s to mid-1970’s. ENSO and PDO are regional climate patterns that affect the distribution of rainfall in Hawai‘i, and therefore exert important influence on the discharge of streams and the recharge of groundwater stores from one year to the next. [242:  Oki, D. S., 2004, Trends in streamflow characteristics at long-term gauging stations, Hawaii, U.S. Geological Survey Scientific Investigations Report 2004–5080, 120 p. See also “No rain could spell plenty pain”, Honolulu Star-Bulletin: http://archives.starbulletin.com/2003/05/30/news/story1.html, last viewed 11/29/09.]  [11:  Pao-Shin Chu and Huaiqun Chen, 2005, Interannual and interdecadal rainfall variations in the Hawaiian Islands, Journal of Climate, v. 18, p. 4796-4813.] 





Sea-Level Rise in Hawaii
The world’s climate is warming and sea levels are rising. They are expected to rise further, potentially between 2.6 and 6.6 feet by the end of the century. Given that at least 634 million people reside within 30 feet of sea level and that two-thirds of the world’s cities with five million or more people are located in low-lying coastal areas, enormous population dislocations and climate migrations lie ahead. Sea level rise (“SLR”) is a stark and vexing inevitability.
Satellites show that global average sea-level rise (3.3 mm/yr over the past 15 years) is 80 percent above past IPCC predictions. This acceleration in sea-level rise is consistent with a doubling of the contribution from melting glaciers, ice caps and the Greenland and West-Antarctic ice-sheets.[footnoteRef:243] By 2100, global sea-level is likely to rise at least twice as much as projected by AR4. If greenhouse gas emissions are not limited soon, sea level may exceed 1 m (3.3 ft) by the end of this century. The upper limit of near-term sea level rise has been estimated as 2 m (6.6 ft) by 2100. Sea-level will continue to rise for centuries after global temperature have been stabilized and several meters of sea level rise must be expected over the next few centuries.[footnoteRef:244] [243:  The Copenhagen Diagnosis, 2009.]  [244:  The Copenhagen Diagnosis, 2009.] 

Satellite altimetry (Figure 20) reveals that from one place to another the rate of sea level change is highly variable. In the western Pacific, for instance, sea level is rising at close to 10 mm/yr but in Hawaii the rate is lower. The Honolulu tide gauge reveals that the long term rate of sea level rise on Oahu is about the same as the global average in the 20th century, 1.5 mm/yr (Figure 22). The year to year variability of mean sea level shown in Figure 22 is caused by irregular fluctuations in coastal ocean temperatures, salinities, winds, atmospheric pressures, and ocean currents. This interannual variation at many Pacific locations is closely related to the El Niño Southern Oscillation (ENSO).[footnoteRef:245] [245:  From NOAA “Tides and Currents” website at: http://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?stnid=1612340; last viewed 11/26/09.] 


Figure 22 The Honolulu tide gauge has been recording sea level since 1905. The mean sea level trend is 1.5 +/-0.25 mm/yr.[footnoteRef:246] [246:  Figure from NOAA “Tides and Currents” website at: http://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?stnid=1612340; last viewed 11/26/09.] 






Hawai‘i is not large, and almost half the land and nearly every community lies within 8 kilometers (5 miles) of the shoreline. Indeed, no point on the islands is further than 45 km (28 miles) from the sea, which means that all locations in Hawai‘i are influenced by the ocean; the entire state is coastal. Development is largely focused on the low-lying coastal plain where land is scarce. There is constant pressure to build close to potentially hazardous environments including the ocean (prone to marine inundation and erosion, Figure 23), stream channels (prone to flash flooding), and steep hillsides (prone to mass wasting).

Figure 23 Lack of open land on the low-lying coastal plain of Hawaii has led to building in hazardous environments, such as along the seashore.


According to the U.S. Global Change Research Program[footnoteRef:247] Hawaii is threatened the physical impacts of sea-level rise. Sea level rise will cause inundation of low-lying areas, erosion of beaches and bluffs, salt intrusion into coastal surface water and groundwater, higher water tables, and increased flooding and storm damage. All of these have important effects, but the first two have had and are continuing to have very dramatic impacts on coastal regions worldwide. Tidal wetlands, mapped by satellite, are shrinking on the shores of estuaries around the world, and beach erosion has become a global problem plaguing coastal communities and the tourism industry. [247:  See the “Islands” page in the 2009 report at: http://www.globalchange.gov/images/cir/pdf/islands.pdf; last viewed 11/26/09.] 

The relationship between rising sea level and coastal erosion is not well understood. A beach cross-section (called a beach profile) has a characteristic shape that depends on the size of sand grains and the energy of waves. The beach profile can be described by the distance offshore at which waves first affect the profile (L) and the depth at that place (D). Typically the ratio L/D is about 100, though it can vary between 50 and 200. As sea level rises, the profile shifts to regain the L/D ratio of ~100; it achieves this ratio by eroding the shoreline (Figure 22.21). Since L/D is approximately 100, the change in D due to sea-level rise (usually in millimeters) can translate into horizontal beach erosion two orders of magnitude greater than D. Hence, with global sea-level rise currently at over 3 mm/yr, this translates into 3 dm/yr of erosion, or 3 m per decade.
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Figure 22.21 As sea level rises, the average beach profile will shift landward, eroding the land. The amount of erosion is approximately 100 times the amount of sea-level rise. [1/3 p]
Sea level has been rising at the rate of 1–2 mm/yr for the past 100 years. This rate of increase may not seem significant, but it means that during the last 100 years the level of the sea has risen by up to 20 cm worldwide. Recent studies have found that the global rate of sea-level rise has increased to over 3 mm/yr, approximately twice the rate of the past century (Figure 16.20). 

Figure 16.20 Satellites have been mapping the ocean surface for over 15 years. The average rate of global sea-level rise is over 3 mm/yr. [1/3 p]

Global warming can cause sea level to rise in two ways: thermal expansion of ocean water and melting of ice caps and glaciers. At present, scientists believe that these two causes have approximately an equal influence on global sea-level rise. Further global warming of 1–6°C, predicted to occur by 2100, will probably cause the rate of global sea-level rise to continue accelerating. Estimates of how high sea level will reach by the end of the century vary; some studies calculate between 0.5 to 1.4 m, others estimate 0.8 to 2.0 m. 
Rising sea levels threaten coastal development and human populations. More than half of the world’s population lives within 60 km of the ocean. In the United States, 90 percent of the population lives within 160 km of a coast. The impacts of sea-level rise on coastal communities are financial as well as environmental and sociological. Millions of dollars are spent moving and protecting coastal infrastructure such as roads and buildings. Home insurance in coastal communities is extremely expensive because the risks of property damage and loss are so high. Think of a place like New York City, which has almost 1000 km of coastline. Sea-level rise will cause flooding of roads, subways, airports, and buildings. Flood control policies in coastal regions have thus become a very important topic in communities around the world.













Based on modeling in the AR4 the U.S. Global Change Research Program assessed global warming impacts in the U.S. As a report produced by a primary science agency of the U.S. it is worth repeating the findings they produced in their 2009 report.[footnoteRef:248] [248:  ] 




Conclusions of the U.S. Global Change research Program
Global warming is unequivocal and primarily human-induced.
Global temperature has increased over the past 50 years. This observed increase is due primarily to human-induced emissions of heat-trapping gases.
Climate changes are underway in the United States and are projected to grow.
Climate-related changes are already observed in the United States and its coastal waters. These include increases in heavy downpours, rising temperature and sea level, rapidly retreating glaciers, thawing permafrost, lengthening growing seasons, lengthening ice-free seasons in the ocean and on lakes and rivers, earlier snowmelt, and alterations in river flows. These changes are projected to grow.
Widespread climate-related impacts are occurring now and are expected to increase.
Climate changes are already affecting water, energy, transportation, agriculture, ecosystems, and health. These impacts are different from region to region and will grow under projected climate change.
4. Climate change will stress water resources.
Water is an issue in every region, but the nature of the potential impacts varies. Drought, related to reduced precipitation, increased evaporation, and increased water loss from plants, is an important issue in many regions, especially in the West. Floods and water quality problems are likely to be amplified by climate change in most regions. Declines in mountain snowpack are important in the West and Alaska where snowpack provides vital natural water storage.
5. Crop and livestock production will be increasingly challenged.
Agriculture is considered one of the sectors most adaptable to changes in climate. However, increased heat, pests, water stress, diseases, and weather extremes will pose adaptation challenges for crop and livestock production.
6. Coastal areas are at increasing risk from sea-level rise and storm surge.
Sea-level rise and storm surge place many U.S. coastal areas at increasing risk of erosion and flooding, especially along the Atlantic and Gulf Coasts, Pacific Islands, and parts of Alaska. Energy and transportation infrastructure and other property in coastal areas are very likely to be adversely affected. 
7. Threats to human health will increase.
Health impacts of climate change are related to heat stress, waterborne diseases, poor air quality, extreme weather events, and diseases transmitted by insects and rodents. Robust public health infrastructure can reduce the potential for negative impacts. (p. 89) 
8. Climate change will interact with many social and environmental stresses.
Climate change will combine with pollution, population growth, overuse of resources, urbanization, and other social, economic, and environmental stresses to create larger impacts than from any of these factors alone. 
9. Thresholds will be crossed, leading to large changes in climate and ecosystems.
There are a variety of thresholds in the climate system and ecosystems. These thresholds determine, for example, the presence of sea ice and permafrost, and the survival of species, from fish to insect pests, with implications for society. With further climate change, the crossing of additional thresholds is expected. 
10. Future climate change and its impacts depend on choices made today.
The amount and rate of future climate change depend primarily on current and future human-caused emissions of heat-trapping gases and airborne particles. Responses involve reducing emissions to limit future warming, and adapting to the changes that are unavoidable.

Together, the new coral records support a late 20th century trend towards “El Niño-like” conditions in the tropical Pacific, in line with the majority of coupled global climate model projections.
Nurhati, I. S., K. M. Cobb, C. D. Charles, and R. B. Dunbar (2009), Late 20th century warming and freshening in the central tropical Pacific, Geophys. Res. Lett., 36, L21606, doi:10.1029/2009GL040270. See: http://www.agu.org/pubs/crossref/2009/2009GL040270.shtml; last viewed 11/15/09
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Why the slight decline after World War II? Some think this was due to industrial soot in the atmosphere that blocked some sunlight and caused temporary cooling. But a look at Figure 1 reveals that there are many periods where the global temperature leveled out, or fell, or rose more slowly than the overall average rate.[footnoteRef:249] Scientists call climate a “noisy” system, meaning that it is highly variable – hence short term periods that do not follow the longer term trend are to be expected. The highest warming rates occurred on land towards the north and south poles above 30°N. The United Kingdom Met Office concludes that average global temperatures are now some 0.75 °C warmer than they were 100 years ago and since the mid-1970s average global temperatures have increased at a rate of more than 0.15 °C per decade. [249:  D. Easterling & M. Wehner, "Is the climate warming or cooling?", Geophysical Research Letters, Vol. 36, L08706 (2009).] 



Researchers have also found that the rate of sea-level rise, a reflection of heat stored in the ocean and melting ice on land, has accelerated, more than doubling in recent decades. Scientific evidence indicates that natural influences cannot explain all the observed warming, and that the best explanation of these changes pinpoints human activities as responsible for most of the warming.


Global warming is changing Earth’s climate, leading to rising sea levels, weather changes, and ecosystem impacts. These pose an extraordinary challenge to our economy and our environment. Global warming is caused by release of greenhouse gases into the atmosphere. Only by limiting greenhouse gas production can the worst impacts of global warming be avoided. It has been said that if humanity wishes to preserve a planet similar to that on which life on Earth is adapted; greenhouse gases need to be reduced. In Earth in Mind, David Orr writes that if today were a typical day we would lose about 86,400 acres of rainforest to logging, 46,000 acres of land to encroaching deserts, and between 40 and 250 species to extinction. The world’s human population would increase by 200,000, we would add 2,500 tons of chlorofluorocarbons and 13.6 million tons of carbon dioxide to the atmosphere, and we would burn an average of 84.4 million barrels of oil (1000 barrels per second).  By the end of the day, Earth (Figure 16.1) will be a little hotter, its waters more acidic, and the state of the global environment more depleted. 

Figure 16.1 Modern environments sustain life on Earth. Humans, in turn, must employ critical thinking to minimize negative impacts to the environment. [1/3 p]

Here are some more important facts about global environmental changes:
In 2010, the average atmospheric carbon dioxide concentration reached 390 parts per million (ppm), growing at an average annual rate of about 2.1 ppm. It was the highest concentration in Earth’s history measured over the past 15 million years; at that time sea level was 23 to 36 meters higher and global temperature was 2.8 to 5.5 oC warmer.
The average temperature on Earth’s surface was 14.73oC in 2007, making that year the second warmest since instrumental temperature records began in 1880.  The nine warmest years on record all occurred between 1998 and 2008.
The world’s population added 76 million more people in 2010, reaching a record 6.88 billion.
At present, humanity withdraws natural resources from Earth at a rate that exceeds the natural rate of renewal of those resources by 23 percent.
What do these startling facts have to do with geology? It is geologists who are experts in environmental processes and it is geologists to whom experts in other fields turn for factual guidance on how to improve our management of these processes so that they are not lost forever.

Global Warming

Climate and Weather
Weather is the short-term (up to a week) state of the atmosphere at a given location. It affects the well-being of humans, plants, and animals, and the quality of our food and water supply. Weather is somewhat predictable because of our understanding of Earth’s global climate patterns. Climate is the long-term (about 30 years) average weather pattern in a particular region, and is the result of interactions among land, ocean, atmosphere, ice, and the biosphere. Climate is described by many weather elements, such as temperature, precipitation, humidity, sunshine, and wind. Both climate and weather result from processes that accumulate and move heat within and between the atmosphere and the ocean.
Global climate change is any large-scale change in climate over time, whether natural or as a result of human activity. Changes in global climate are particularly important because they involve the natural balance of Earth’s oceans, land surface, and atmosphere, leading to large-scale changes in ice and vegetation cover, sea level, weather patterns, and human welfare. Many experts believe that understanding global climate change, and taking action to manage it, is humanity’s greatest challenge in the twenty-first century. 

[bookmark: Global_change]Global Change
The circulation of Earth’s atmosphere and oceans links together the planet’s living organisms and environments, from soil at the equator to ice at the poles. Even though Earth is 40,075 km in circumference and has a surface area of 509,600,000 km2, the poles and tropics, deserts and forests, continents and oceans are all connected by global processes. Global change refers to changes in these processes on the scale of the whole Earth. 
Our planet is dynamic and constantly changing, as it has throughout its 4.6 billion-year history. For most of Earth’s history, those changes have been natural, and many of them have been enormous (such as the movement of continents and the evolution of life). The natural processes that cause global climate change include plate tectonics, volcanic eruptions, cycles of solar output, extraterrestrial impacts, and variations in Earth’s orbit; global climate change is also caused by human activities.
On modern Earth, human activities have indeed caused significant global changes in land use, air and water quality, and the abundance of natural resources, particularly in the last two centuries. There is scientific consensus that human activities are also altering Earth’s  climate, largely due to increasing levels of CO2 and other greenhouse gases (atmospheric gas that traps heat and therefore warms the atmosphere) released by  the burning of fossil fuels. Studies indicate that the climate change observed during the twentieth and early twenty-first centuries is due to a combination of changes in solar radiation, volcanic activity, land use, and increases in atmospheric greenhouse gases. Of these, greenhouse gases are the dominant long-term influence.


Why Study Global Change?
The distribution of heat on our planet is important in every region and every environment on Earth (Figure 16.2). The total amount of heat and its variation across the planet surface drives global winds that circulate the atmosphere and control regional weather patterns, growing seasons, and living conditions. Earth is at the right distance from the Sun (about 92 million miles), with the right combination of gases in its atmosphere, and with water covering more than 70 percent of the planet’s surface, to allow for the origin and evolution of life and the resources necessary to sustain life. So far as we know, no other planet in our solar system has the thermal, physical, and chemical conditions that allow life to exist. This is what makes our blue planet so unique and habitable. By studying global change, we gain the knowledge to sustain and enhance this condition rather than counteract it.

Figure 16.2 Map of average surface temperature on Earth in 2008 (compared to the average temperature of the period 1950-1980) illustrating the global importance of heat and the increase in average temperature of approximately 0.6oC. [1/2 p]


The Oceans Storage of Carbon Dioxide May Be Slowing
The oceans play a key role in regulating climate, absorbing more than a quarter of the carbon dioxide that humans put into the air. Now, the first year-by-year accounting of this mechanism during the industrial era suggests the oceans are struggling to keep up with rising emissions -- a finding with potentially wide implications for future climate. The study appears in the November 19 issue of the journal Nature.
http://www.sciencedaily.com/releases/2009/11/091118143211.htm

Khatiwala,S., Primeau, F., Hall, T., 2009, Reconstruction of the history of anthropogenic CO2 concentrations in the ocean, Nature 462, 346-349(19 November), doi:10.1038/nature08526
Reconstruction of the history of anthropogenic CO2 concentrations in the ocean

The shaded area represents the error envelope (see Fig. 1 legend). Also shown are the decadal average uptake rates adopted by the IPCC fourth-assessment report (AR4)4 (blue circles; vertical error bars are 1 s.d. and horizontal error bars span the averaging period of years) and the atmospheric CO2 mixing ratio29 used for the inversion (red dashed line).
The ocean plays a crucial role in mitigating the effects of this perturbation to the climate system, sequestering 20 to 35 per cent of anthropogenic CO2 emissions
Our results indicate that ocean uptake of anthropogenic CO2 has increased sharply since the 1950s, with a small decline in the rate of increase in the last few decades.
We find that the Southern Ocean is the primary conduit by which this CO2 enters the ocean (contributing over 40 per cent of the anthropogenic CO2 inventory in the ocean in 2008). Our results also suggest that the terrestrial biosphere was a source of CO2 until the 1940s, subsequently turning into a sink. Taken over the entire industrial period, and accounting for uncertainties, we estimate that the terrestrial biosphere has been anywhere from neutral to a net source of CO2, contributing up to half as much CO2 as has been taken up by the ocean over the same period.
The researchers estimate that the oceans last year took up a record 2.3 billion tons of CO2 produced from burning of fossil fuels. But with overall emissions growing rapidly, the proportion of fossil-fuel emissions absorbed by the oceans since 2000 may have declined by as much as 10 percent.
Some climate models have already predicted such a slowdown in the oceans' ability to soak up excess carbon from the atmosphere, but this is the first time scientists have actually measured it. Models attribute the change to depletion of ozone in the stratosphere and global warming-induced shifts in winds and ocean circulation. But the new study suggests the slowdown is due to natural chemical and physical limits on the oceans' ability to absorb carbon -- an idea that is now the subject of widespread research by other scientists.
"The more carbon dioxide you put in, the more acidic the ocean becomes, reducing its ability to hold CO2" said the study's lead author, Samar Khatiwala, an oceanographer at Columbia University's Lamont-Doherty Earth Observatory. "Because of this chemical effect, over time, the ocean is expected to become a less efficient sink of manmade carbon. The surprise is that we may already be seeing evidence for this, perhaps compounded by the ocean's slow circulation in the face of accelerating emissions."
The study reconstructs the accumulation of industrial carbon in the oceans year by year, from 1765 to 2008. Khatiwala and his colleagues found that uptake rose sharply in the 1950s, as the oceans tried to keep pace with the growth of carbon dioxide emissions worldwide. Emissions continued to grow, and by 2000, reached such a pitch that the oceans have since absorbed a declining overall percentage, even though they absorb more each year in absolute tonnage. Today, the oceans hold about 150 billion tons of industrial carbon, the researchers estimate--a third more than in the mid-1990s.
For decades, scientists have tried to estimate the amount of manmade carbon absorbed by the ocean by teasing out the small amount of industrial carbon -- less than 1 percent -- from the enormous background levels of natural carbon. Because of the difficulties of this approach, only one attempt has been made to come up with a global estimate of how much industrial carbon the oceans held -- for a single year, 1994.
Khatiwala and his colleagues came up with another method. Using some of the same data as their predecessors -- seawater temperatures, salinity, manmade chlorofluorocarbons and other measures -- they developed a mathematical technique to work backward from the measurements to infer the concentration of industrial carbon in surface waters, and its transport to deep water through ocean circulation. This allowed them to reconstruct the uptake and distribution of industrial carbon in the oceans over time.
Their estimate of industrial carbon in the oceans in 1994 -- 114 billion tons -- nearly matched the earlier 118 billion-ton estimate, made by Chris Sabine, a marine chemist at the National Oceanic and Atmospheric Organization in a 2004 paper in the journal Science.
Sabine, who was not involved in the new study, said he saw some limitations. For one, he said, the study assumes circulation has remained steady, along with the amount of organic matter in the oceans. "That being said, I still think this is the best estimate of the time variance of anthropogenic CO2 in the ocean available," said Sabine. "Our previous attempts to quantify anthropogenic CO2 using ocean data have only been able to provide single snapshots in time."
About 40 percent of the carbon entered the oceans through the frigid waters of the Southern Ocean, around Antarctica, because carbon dioxide dissolves more readily in cold, dense seawater than in warmer waters. From there, currents transport the carbon north. "We've suspected for some time that the Southern Ocean plays a critical role in soaking up fossil fuel CO2," said Khatiwala. "But our study is the first to quantify the importance of this region with actual data."
The researchers also estimated carbon uptake on land, by taking the known amount of fossil-fuel emissions and subtracting the oceans' uptake and the carbon left in the air. They were surprised to learn that the land may now be absorbing more than it is giving off.
They say that until the 1940s, the landscape produced excess carbon dioxide, possibly due to logging and the clearing and burning of forests for farming. Deforestation and other land-use changes continue at a rapid pace today -- but now, each year the land appears to be absorbing 1.1 billion tons more carbon than it is giving off.
One possible reason for the reversal, say the researchers, is that now, some of the extra atmospheric carbon -- raw material for photosynthesis--may be feeding back into living plants and making them grow faster. "The extra carbon dioxide in the atmosphere may be providing a fertilizing effect," said study coauthor Timothy Hall, a senior scientist at NASA's Goddard Institute for Space Studies. Many other scientists are now working to determine the possible effects of increased carbon dioxide on plant growth, and incorporate these into models of past and future climates.
Khatiwala says there are still large uncertainties, but in any case, natural mechanisms cannot be depended upon to mitigate increasing human-produced emissions. "What our ocean study and other recent land studies suggest is that we cannot count on these sinks operating in the future as they have in the past, and keep on subsidizing our ever-growing appetite for fossil fuels," he said.

Figure 14 A study[footnoteRef:250] of the melting of ice at the end of the last ice age and its comparability to the global warming happening today, indicated that sea level could rise at a rate of 1 m/century due to melting of the Greenland ice sheet.[footnoteRef:251]  [250:  Carlson, A.E., LeGrande, A.N., Oppo, D.W., Came, R.E., Schmidt, G.A., Anslow, F.S., Licciardi, J.M., and Obbink, E.A., 2008, Rapid early Holocene deglaciation of the Laurentide ice sheet, Nature Geoscience, v.1, p. 620–624.]  [251:  Figure from: http://maps.grida.no/go/graphic/population-area-and-economy-affected-by-a-1-m-
sea-level-rise-global-and-regional-estimates-based-on-; based on Anthoff, D., Nicholls, R.J., Tol, R.S.J., and Vafeidis, A.T., 2006, Global and regional exposure to large rises in sea-level: a sensitivity analysis. Working Paper 96. Tyndall Centre for Climate Change Research, Norwich; last viewed 11/18/09.] 

http://www.nature.com/ngeo/journal/v1/n9/full/ngeo286.html#B2
http://www.nature.com/ngeo/journal/v1/n9/abs/ngeo285.html
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The maps and thermometers on this page and the next page show temperature differ-
ences (either measured or projected) from conditions as they existed during the period
from 1961-1979. Comparisons to this period are made because the influence on ci-
mate from increasing greenhouse gas emissions has been greatest during the past five
decades. The present-day map is based on the average observed temperatures from
1993-2008 minus the average from 1961-1979. Projected temperatures are based on
results from 16 climate models for the periods 2010-2029, 2040-2059, and 2080-2099.
‘The brackets on the thermormeters represent the likely range of model projections,
though lower o higher outcomes are possible. The mid-century and end-of-century
maps show projections for both the higher and lower emission scenarios. 91 The projec-
tion for the near-term is the average of the higher and lower emission scenariost be-
cause there is It difference i that timeframe.
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Simulations for 2080-2099 indicate how currently rare extremes (a 1-in-20-year event) are
projected to become more commonplace. A day so hot that it is currently experienced once every
20 years would occur every other year or more frequently by the end of the century under the
higher emissions scenario.®
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The number of days per year with peak temperature over 90°F is expected to rise significantly, especially
under a higher emissions scenario® as shown in the map above. By the end of the century, projections
indicate that North Florida will have more than 165 days (nearly six months) per year over 90°F, up from
roughly 60 days in the 1960s and 1970s. The increase in very hot days will have consequences for human
health, drought, and wildfires.




image74.png
ILLINOIS

mid-century

end-of-century

B Lower Emissions Higher Emissions

Scenario®’ Scenario®
Hayhoe et al.?

Model projections of summer average temperature and precipitation
changes in lllinois for mid-century (2040-2059), and end-of-century
(2080-2099), indicate that summers in this state are expected to feel
progressively more like summers currently experienced in states south
and west. lllinois is projected to get considerably warmer and have less
summer precipitation.
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Temperatures in the Great Plains are projected to increase signifi-
cantly by the end of this century, with the northern part of the
region experiencing the greatest projected increase in temperature.
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‘The average number of days per year when the
maximum temperature exceeded 90°F from
1961-1979 (top) and the projected number of
days per year above 90°F by the 2080s and
2090s for lower emissions (midde) and higher
‘emissions (bottom) * Much of the southern
United States is projected to have more than
twice as many days per year above 90°F by the
end of this century.
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