Earth’s Energy Imbalance:
Ocean Heat Storage Promises Future Climate Change
by Gene Fry
	May 22, 2005 - As any school child can tell you, Earth’s energy is largely derived from the Sun.  Energy from the Sun is either reflected back into space, or is absorbed and then reradiated by our planetary system.  If more energy leaves the system through reflection and radiation than is absorbed by the atmosphere, oceans, and land, Earth will cool.  Conversely, if more energy is coming into the system than is going out, Earth will warm.  These changes will tend toward rebalancing the system, since the amount of energy lost through radiation is directly related to temperature -- a hotter Earth emits more energy, while a cooler Earth emits less.  
	But Earth’s climate system has considerable “thermal inertia,” especially the oceans.  Consequently, there is a lag between a net gain in energy and an associated rise in global temperatures.  An appropriate analogy might be putting a pot of water on a stove with the burner set to high.  It takes a while before the energy of the burner actually raises the water temperature to boiling.
	According to two recent studies of ocean temperatures, it appears that, at present, Earth’s energy “balance” doesn’t actually balance.  So it may be time to both prepare the next generation to adapt to a warmer climate, and to take responsibility now for lowering greenhouse gas (GHG) emissions to avoid a potentially unstoppable climate change feedback loop.  
Where Has All the Energy Gone?
	A study released in late spring by scientists from the US National Aeronautics and Space Administration (NASA), Columbia University (New York, USA), and Lawrence Berkley National Laboratory (California, USA) found that the Earth is presently absorbing more energy from the Sun than is being reflected and radiated back into space.
Using data on sea level measurements from satellites and ocean temperature data from buoys, as well as computer models, the scientists characterized how much Earth’s ocean-land-atmosphere system is warming with unprecedented precision.  The study compared observed ocean heat storage with simulations of global climate change driven by estimated “climate forcings,” changes in the planet’s energy balance that tend to alter global temperature.
According to the model, Earth is now absorbing around 0.85 Watts per square meter (W/m2) more solar energy than it radiates to space as heat.  Furthermore, the study, led by NASA’s James Hansen in collaboration with 14 other scientists, found that this net heat gain is accelerating; prior to the 1960s, the energy imbalance was only a small fraction of 0.85 W/m2. 
	The study blames the imbalance on the net effect of several factors, all with associated uncertainties.  “The energy imbalance is an expected consequence of increasing atmospheric pollution, especially carbon dioxide [CO2], methane, ozone, and black carbon particles.  These pollutants block the Earth’s heat radiation from escaping to space, and they increase absorption of sunlight, according to Hansen.
	The scientists tally up the “effective climate forcings” of various factors over the period from 1880 to 2003 as follows: GHGs (principally CO2) contribute +3.05 W/m2, changes in solar output +0.22 W/m2, and other factors +0.05 W/m2.  The negative side of the equation consists largely of the net effect of aerosols (including both direct effects [aerosols that reflect or absorb sunlight] and indirect effects [changes in cloud cover]); the sum is estimated at -1.39 W/m2.  Interactive effects of these climate drivers acting in concert change the math somewhat, so that the final expected energy imbalance of all forcings acting at once is +1.80 W/m2.
	How does this number relate to the apparent current net heat gain of +0.85 W/m2?  Because Earth’s oceans are effectively storing the excess energy, almost half of the global warming expected from increased GHGs and the other climate forcings tallied by Hansen and colleagues has yet to impact the atmosphere and land surface.  Over 80% of the net energy imbalance has gone to increase the heat content of the upper layers of Earth’s oceans, with 15% going to heat deeper layers, and only about 5% going to heat the atmosphere and land surfaces, and to melt glacial ice.  The heat content of the oceans has increased by 1.4x1022  Joules per year over the past decade.  To put this figure in perspective, it represents more than 20 times the energy used by all of humanity combined per year over the last decade.  That is, the indirect effects of human energy use (as manifested largely through increased GHGs) dwarf the direct effects.
Implications for the Future
The authors note that observed 1880-2003 global warming is 0.6-0.7°C, which they term “the full response to nearly 1 W/m2 of forcing.”  They point out that nearly half the total estimated 1.80 W/m2 forcing remains, meaning that energy already absorbed by the world’s oceans will result in an additional rise in air temperature of at least anther 0.6°C by the end of the century, even if GHG emissions are curbed at current levels.  They calculate that 25-50 years will be required for the first 60% of the 0.6°C temperature increase to materialize.  If global GHG emissions continue to increase, temperatures could rise as much as 11°C over the next 100 years.  
The authors also note probable effects on sea level.  Sea level has been rising due to thermal expansion (1.6 centimeter [cm] per decade) and ice melting (which has accelerated from 0.2 cm per decade 50 years ago to 1.5 cm per decade in the most recent decade).  The observed amount of sea level rise that is not due to thermal expansion suggests significant melting of glaciers in high mountains, Greenland, and Antarctica.  The authors advocate a study to obtain precise satellite altimetry and gravity measurements to measure ice sheet shrinkage in Greenland and West Antarctica.  Much more rapid melt is possible if iceberg discharge is accelerating; steep increases in iceberg discharge accompanied sharp sea level rises associated with past episodes of global warming, such as 12,000 years ago.  
	The portion of the planetary energy imbalance used for melting ice is likely to rise as the planet continues to warm, summer melt increases, and meltwater lubricates and softens the ice sheets.  Small changes add up -- Hansen and colleagues estimate that had an imbalance of 1 W/m2 been maintained over the past 1,000 years, it would have been enough to raise “sea level” 90 meters higher, by melting all the ice on Earth.  If it were maintained for 10,000 years, it would be enough to bring off a 10th of the water in the world’s oceans to the boiling point.  “Clearly,” the authors state, “on long time scales the planet has been in energy balance to within a small fraction of 1 W/m2.”  Even a 90 meter rise in sea level could have disastrous effects, with US cities that are now far inland (such as Fresno California; Memphis, Tennessee; and Schenectady, New York) finding themselves with “beachfront property.”
	Finally, the authors discuss the effects of thermal inertia on ice sheets, human energy use, and associated political questions.  If ice sheet response time to climate forcings is millennia, ocean thermal inertia and ice sheet inertia are relatively independent.  However, if history is a guide, a sawtooth shaped glacial-interglacial response of ice sheets to temperature changes will be repeated and substantial ice sheet change could occur on the time scale of a century.  If ice sheet response time is a century, positive ice-climate feedbacks could generate a system beyond human ability to control or even greatly influence.  
	Hansen notes, “The energy imbalance is the ‘smoking gun’ that we’ve been looking for.  The magnitude of the imbalance agrees with what we calculated using known climate forcing agents, which are dominated by increasing human-made GHGs.  There can no longer be substantial doubt that human-made gases are the cause of most observed global warming.”  
For more information, see Hansen, et al., “Earth’s Energy Imbalance: Confirmation and Implications,” published on-line May 2, 2005 in Science Express, available via http://pubs.giss.nasa.gov/abstracts/2005/HansenNazarenkoR.html.  See also a summary of the study at www.realclimate.org/index.php?p-148, and the NASA article “Scientists Confirm Earth’s Energy is Out of Balance,” April 28, 2005, available at www.nasa.gov/vision/earth/environment/earth_energy.html.
Is It Real?
The findings by Hansen and colleagues support work released earlier this year by a team of scientists from the Scripps Institution of Oceanography and Lawrence Livermore National Laboratory’s Program for Climate Model Diagnosis and Intercomparison (University of California, USA).  As with the NASA study, the Scripps study compared “real-world” data on the penetration depths of GHG-influenced ocean warming with computer models simulating human-produced warming over the last 40 years.
The Scripps study used two models, the Parallel Climate Model from the US National Center for Atmospheric Research (NCAR) and the US Department of Energy (DOE), and the HadCM3 from the Hadley Center (United Kingdom).  The “warming signal” predicted by the models matched temperature measurements in the upper 700 meters of all ocean basins with a statistical “confidence” of over 95%.  The correlation was particularly strong above 500 meters.  The study team says the close correspondence between observed data and computer models of GHG emissions is clear proof of the influence of human activity on ocean warming, and that these results also indicate that significant warming trends are already in motion.  Tim Barnett, Researcher in the Scripps Climate Research Division, believes, “The skill demonstrated by the climate models in handling the changing planetary heat budget suggests that these scenarios have a high enough probability of actually happening that they need to be taken seriously by decision makers."  
Hansen couldn’t agree more.  In an interview with the San Francisco Chronicle, Hansen estimated that a future warmer climate is virtually inevitable without enormous reductions in GHG emissions, on the magnitude of eliminating all human-caused methane emissions, or destroying half of the existing atmospheric CO2.  Understating the political and environmental implications of his research, Hansen said, “That is an unfortunate and challenging combination for policy makers who wish to stabilize climate.”  
See “Scripps Researchers Find Clear Evidence of Human-produced Warming in World’s Oceans,” American Association for the Advancement of Science Annual Meeting news, February 17, 2005, www.eurekalert.org/aaasnewsroom/2005/index.php, and “Ocean Tells the Story: Earth is Heating Up,” San Francisco Chronicle, April 29, 2005, www.sfgate.com.

