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Introduction
	In February and March 2006, BATE reported on the Tipping Point report filed with US and British legislators.  It identified three tipping points, beyond which the rate of global warming would accelerate, as rising temperatures break down natural restraints or trigger positive feedback loops that release more greenhouse gases (GHGs).  They include (1) disappearance of sea ice, leading to greater absorption of solar radiation; (2) a switch from oceans and forests being net absorbers of carbon dioxide (CO2) to net producers; (3) melting permafrost, which could release vast amounts of trapped methane, a GHG far more potent than CO2.  Below we consider how these feedback loops are doing.
	Two facts add context.  First, Earth absorbs 440 million Mega-Watts more than it emits (Hansen (0.85 W/sq m): Science 308, 1431-1435, doi:10.1126/science.1110252 (2005)).  That’s about 100 times human electric power generating capacity, or 30 times humanity’s total rate of energy use.  Second, the oceans have absorbed 84% of this heat, the atmosphere only 4%. (S. Levitus, J. Antonov, T. Boyer, “Warming of the world ocean, 1955-2003”, Geophysical Research Letters 32: L02604 (2005)).  By 1998, the ocean warmed by 0.037°C, for a heat gain of 1.45 x 1023 Joules.  Warming was greatest in the North Atlantic, smallest in the South Pacific.  With 9 more years of heating, the ocean heat gain may now exceed 10 times all the energy humans have ever used.
Ice
As reported in BATE (October 2007, “Northwest Passage Opens”), in 2007 Arctic sea ice coverage shrank 20% below the previous record and 40% below the average for the satellite era.  That blew away projections of how fast Arctic ice would melt.
NASA data shows that the remaining Arctic sea ice is the thinnest yet measured.  That makes it more likely to melt in future summers.  The shrinking ice area, combined with thinness in the remaining ice, means that 2007’s summer ice volume was half of 2004's total.  In early 2006, two top scientists projected that Arctic sea ice was melting so rapidly that it could disappear entirely by the summer of 2040, instead of by 2100.  In December, after reviewing his own new data, NASA climate scientist Jay Zwally said: “At this rate, the Arctic Ocean could be nearly ice-free at the end of summer by 2012.”
Melting ice in the Arctic exposes dark water or land beneath.  Dark surfaces absorb far more sunlight than ice.  This warms things up, accelerating melting, which accelerates the warming, a positive feedback loop.  Changes are growing large by historical standards.  Summer surface temperatures over the Arctic Ocean were the highest in 77 years of record-keeping.  Some were 8°F above normal, according to the University of Washington's (US) Michael Steele.  See the National Snow and Ice Data Center on 2007 Arctic sea ice at  www.nsidc.org/.
	Greenland holds about 10% of the world’s ice.  Melting it all would raise sea levels 20-22 feet (6-7 meters).  Scientists had thought such melting would require many centuries.  Air temperatures on the Greenland ice sheet have risen 7°F since 1991.  That warming has accelerated melting from miniscule to substantial levels.
According to NASA satellite data, in the summer of 2007, 552 billion tons of ice melted from the Greenland ice sheet.  This was 15% more than the satellite-era average and 19 billion tons more than the record set in 2005.  Moreover, since 1988, Greenland’s snowmelt area has risen each year by almost the size of New Jersey.  Many scientists were surprised by the amount of ice melt this year.  Scientists asked if things have sped up to a new climate cycle that goes beyond the worst case scenarios presented by computer models?  NASA geophysicist Scott Luthcke, reviewing the Greenland data from NASA and other sources, concluded: “We are quite likely entering a new regime.”  See  www.nysun.com/article/67928 and Science News, 5 January 2008.
Data from the University of Colorado (US) similarly showed Greenland icecap melting in 2007 at 13% more than average, and more than the old record, set in 2005.  Melting was nearly four times the melt amount just 15 years ago.  Enough ice (twice what the Alps hold) melted, net, from Greenland in 2007 to cover Washington, D.C in water a kilometer deep.  Melting has begun earlier in the season than it did a few years ago.  Melting includes a 30% increase for western Greenland from 1979 to 2006, said University of Colorado-Boulder Professor Konrad Steffen.  See cires.colorado.edu/science/groups/steffen/ or contact Steffen at (303) 492-4524 or Konrad.Steffen@colorado.edu
Greenland ice has been thickening at higher elevations from more snowfall, but that gain is more than offset by an accelerating mass loss, mostly from rapidly thinning and accelerating outlet glaciers, Steffen said.  The Jacobshavn Glacier on the west coast drains 8% of Greenland’s ice.  It doubled its speed over ten years, he said.  Water percolating down through shafts called moulins to the bottom of the glacier lubricate glacial motion, allowing it to speed up.
“Inclusion of the dynamic processes of these glaciers in models will likely demonstrate that the 2007 Intergovernmental Panel on Climate Change (IPCC) assessment underestimated sea-level projections for the end of the 21st century,” Steffen said.  [The IPCC sea-level projection assumed melting would not accelerate.]
	Alaska's frozen permafrost is also warming, but not quite thawing yet.  Atmospheric methane concentrations have leveled off the last few years.  Temperature measurements 20 meters (66 feet) deep in the frozen soil rose nearly 0.4°F from 2006 to 2007, according to measurements by the University of Alaska’s professor Vladimir Romanovsky.  That's very significant.
Faster melting in the Arctic brings earlier sea level rise.  In the United States (US), weakened Arctic fronts moving south to collide with moist air from the Gulf of Mexico means less rain and snow in some areas, including the arid Southeast, said Michael MacCracken, a former federal climate scientist who now heads the nonprofit Climate Institute.
Carbon Sinks
For many decades past, carbon sinks in the oceans, forests, and soils have absorbed half the carbon emitted by humans, a quarter by the oceans alone.  That has slowed the rise of CO2 in the air.
In January 2007’s “Global Warming Harms Plankton,” BATE reported that CO2 uptake by plankton in the world ocean fell by 7% from 1997 to 2004.  Decreases were not uniform, but closely correlated with variations in ocean warming over time and space.  As surface waters warm faster than deep waters, the oceans become more stratified.  This results in reduced mixing and upwelling of nutrients.
In November 2007’s “Oceans Are Soaking Up Much Less Carbon,” BATE reported that CO2 uptake fell by fully half from the mid-1990s to 2002-2005.in the North Atlantic.  Similarly, in May 2007, Corinne Le Quéré and colleagues found that winds driven by climate change were bringing carbon-saturated waters to the surface of the Southern Ocean, where they cannot absorb any more carbon.  This weakened that carbon sink.  (See Science 22 June 2007, Vol. 316. no. 5832, pp. 1735 – 1738 or contact Dr. Le Quere at  C.Lequere@uea.ac.uk.)
The other quarter of the CO2 humans put in the air is absorbed by forests, grasslands, crops and soil.  Future wildfires can weaken an important carbon sink.  In September 2006’s “Forest Fires Worsen with Warming,” BATE reported that forest fires increased dramatically in Siberia, Canada, and the U.S. over the past quarter century, with a 6-fold increase in the annual area burned for the U.S.
	Drought and other climate variations disturb natural carbon uptake, by altering regional temperatures, rainfall, soil moisture, and growing season length.  A November 2007 study from the National Oceanic and Atmospheric Administration (NOAA) in Boulder looked at how drought, extra rain, extra heat, and unusually cold events impacted total annual net carbon uptake.  With lots of drought, they saw more plant decomposition and less carbon absorption, visible in such things as narrower tree rings.  That left more carbon in the air, heating up a vicious cycle.  For a more detailed summary, see www.sciencenews.org/articles/20071201/fob5.asp.  For the study itself,  contact Andy Jacobson at Andy.Jacobson@noaa.gov.
In 2002, extreme drought covered 45% of North America, including 45% of the US.  Putting reduced crop yields together with independent modeling efforts, the NOAA team pinpointed drought as the prime factor in 2002’s dramatically reduced CO2 uptake.  320 million extra tons of CO2 stayed in the air in 2002.  That is, North American vegetation and soil in 2002 absorbed only 330 million metric tons, far below the annual average of 650 million.  That’s like having 200 million more U.S. automobiles.
According to a NASA research team, future warming that brings more drought means that ecosystems across the western US will experience substantial carbon losses to the atmosphere, mostly from declines in tree growth.  “We … know that land areas anywhere in the world that do not consistently sequester and store carbon over several decades will add notably to already increasing atmospheric carbon dioxide from fossil fuel burning,” said Christopher Potter, a scientist at NASA's Ames Research Center, Moffett Field, Calif. (US).
	The NASA scientists estimated future losses in carbon balance across the western US.  In a year that is warmer and drier than today’s average, losses will range from 10 to 40 grams of carbon per square meter.  That’s about 10% of the total green plant production annually at many locations, said Potter.  Carbon losses in green plants and other organic matter stem from earlier and warmer springs in the mountain West.  That accelerates snow melt and water losses from higher elevation ecosystems.  More extensive wildfires later in the summer also cause carbon loss.  Forested mountain areas in the West can still take up carbon from the atmosphere, so long as wildfires do not increase notably, Potter observed.
For more information, contact John Bluck of the NASA Ames Research Center, 650-604-5026, e-mail:  jbluck@mail.arc.nasa.gov or see www.nasa.gov/centers/ames/research/2007/carbon_loss.html.
