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 Summary.  Humanity is doubling down on its Faustian climate bargain by pumping up 
fossil fuel particulate and nitrogen pollution.  The more the Faustian debt grows, the more 
unmanageable the eventual consequences will be.  Yet there are plans to build more than 1000 coal-
fired power plants and plans to develop some of the dirtiest oil sources on the planet.  These plans 
should be vigorously resisted.  We are already in a deep hole -- it is time to stop digging. 

 Humanity's Faustian climate bargain is well known.1,2  Humans have been pumping both 
greenhouse gases (mainly CO2) and aerosols (fine particles) into the atmosphere for more than a century.  
The CO2 accumulates steadily, staying in the climate system for millennia, with a continuously increasing 
warming effect.  Aerosols have a cooling effect (by reducing solar heating of the ground) that depends on 
the rate that we pump aerosols into the air, because they fall out after about five days. 
 Aerosol cooling probably reduced global warming by about half over the past century3, but the 
amount is uncertain because global aerosols and their effect on clouds are not measured accurately.  
Aerosols increased rapidly after World War II as fossil fuel use increased ~5%/year with little pollution 
control (Fig. 1).  Aerosol growth slowed in the 1970s with pollution controls in the U.S. and Europe, but 
accelerated again after ~2000. 
  

 
Fig. 1. CO2 annual emissions from fossil fuel use and cement manufacture, update of a figure4 using recent data5. 
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Fig. 2.  Annual increase of CO2 at Mauna Loa.  The 12-month running mean reduces the double noise in the 12-
month change.  Blue asterisks show the end-of-year 12-month change often reported in the media. 

 The rapid growth of fossil fuel CO2 emissions in the past decade is mainly from  increased coal 
use (Fig. 1), mostly in China with little control of aerosol emissions.  It is thus likely that there has been 
an increase in the negative (cooling) climate forcing by aerosols in the past decade, as suggested by 
regional aerosols measurements in the Far East, but until proper global aerosol monitoring is initiated, as 
discussed below, the aerosol portion of the amplified Faustian bargain remains largely unquantified. 

 In our current paper6 we describe another component to the fossil fuel Faustian bargain, which is 
suggested by a careful look at observed atmospheric CO2 change (Fig. 2).  The orange curve in Fig. 2 is 
the 12-month change of CO2 at Mauna Loa.  This curve is quite "noisy", in part because it has double-
noise, being affected by short-term variability at both the start-point and end-point in taking the 12-month 
difference in CO2 amount.  A more meaningful measure of the CO2 growth is provided by the 12-month 
running mean (red curve in Fig. 2).  The temporal variability of the red curve has physical significance, 
most of the variability being accounted for by the Southern (El Nino - La Nina) Oscillation and the 
Pinatubo volcanic eruption in the early 1990s, as discussed in our paper. 

 NOAA recently reported the second largest annual CO2 increase in their Mauna Loa record.  
What they report is the end-of-year change in the noisy orange curve, the end-of-year values being 
indicated by blue asterisks in Fig. 2.  It is practically certain that still larger CO2 increases will soon be 
reported, because of the huge increase of the rate of fossil fuel CO2 emissions in the past decade (black 
curve in Fig. 1), indeed we must expect reports of annual CO2 increases exceeding 3 ppm CO2. 

 An interesting point, however, is the failure of the observed increases in atmospheric CO2 to 
increase as rapidly as the fossil fuel source has increased.  This fact is contrary to suggestions that 
terrestrial7,8 and ocean9,10 carbon sinks are tending to saturate as CO2 emissions continue.  

 An informative presentation of CO2 observations is the ratio of annual CO2 increase in the air 
divided by annual fossil fuel CO2 emissions11, the "airborne fraction" (Fig. 3, right scale).  This airborne 
fraction, clearly, is not increasing.  Thus the net ocean plus terrestrial sink for carbon emissions has 
increased by a factor of 3-4 since 1958, accommodating the emissions increase by that factor. 
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Fig. 3. Fossil fuel CO2 emissions (left scale) and airborne fraction, i.e., the ratio of observed atmospheric CO2 
increase to fossil fuel CO2 emissions.  Final three values are 5-, 3- and 1-year means. 
 
 Remarkably, the airborne fraction has declined since 2000.  The 7-year running mean had 
remained close to 60% up to 2000, except for the period affected by Pinatubo.  The airborne fraction is 
affected by factors other than the efficiency of carbon sinks, most notably by changes in the rate of fossil 
fuel emissions12.  However, the change of emission rate in 2000 from 1.5%/year to 3.1%/year (Fig. 1), 
other things being equal, would have caused a sharp increase of the airborne fraction (because a rapid 
source increase provides less time for carbon to be moved downward out of the ocean's upper layers).  A 
decrease in land use emissions during the past decade13 might contribute a partial explanation for the 
decrease of the airborne fraction, but something more than land use change seems to be occurring. 
 We suggest that the surge of fossil fuel use, mainly coal, since 2000 is a basic cause of the large 
increase of carbon uptake by the combined terrestrial and ocean carbon sinks.  One mechanism by which 
fossil fuel emissions increase carbon uptake is by fertilizing the biosphere  via provision of nutrients 
essential for tissue building, especially nitrogen, which plays a critical role in controlling net primary 
productivity and is limited in many ecosystems14.  Modeling15 and field studies16 confirm a major role of 
nitrogen deposition, working in concert with CO2 fertilization, in causing a large increase in net primary 
productivity of temperate and boreal forests.  A plausible addition of 5 TgN/year from fossil fuels and net 
ecosystem productivity of 200 kgC per kgN16 yields an annual carbon drawdown of 1 GtC/year, which is 
of the order of what is needed to explain the post-2000 anomaly in airborne CO2. 
 Independent of a possible aerosol effect on the carbon cycle, it is known that aerosols are an 
important climate forcing.  IPCC17 concludes that aerosols are a negative (cooling) forcing, probably 
between -0.5 and -2.5 W/m2.  Hansen et al.18, based mainly on analysis of Earth's energy imbalance, 
derive an aerosol forcing -1.6 ± 0.3 W/m2, consistent with an analysis of Murphy et al.19 that suggests an 
aerosol forcing about -1.5 W/m2.  This large negative aerosol forcing reduces the net climate forcing of 
the past century by about half. 
 Reduction of the net human-made climate forcing by aerosols has been described as a "Faustian 
bargain" 1,2, because the aerosols constitute deleterious particulate air pollution.  Reduction of the net 
climate forcing by half will continue only if we allow air pollution to build up to greater and greater 
amounts.  More likely, humanity will demand and achieve a reduction of particulate air pollution, 
whereupon, because the CO2 from fossil fuel burning remains in the surface climate system for millennia, 
the "devil's payment" will be extracted from humanity via increased global warming. 
 So is the new data we present here good news or bad news, and how does it alter the "Faustian 
bargain"?  At first glance there seems to be some good news.  First, if our interpretation of the data is 

012183



4 
 

correct, the surge of fossil fuel emissions, especially from coal burning, along with the increasing 
atmospheric CO2 level is "fertilizing" the biosphere, and thus limiting the growth of atmospheric CO2.  
Also, despite the absence of accurate global aerosol measurements, it seems that the aerosol cooling effect 
is probably increasing based on evidence of aerosol increases in the Far East.  
 Both effects work to limit global warming and thus help explain why the rate of global warming 
seems to be less this decade than it has been during the prior quarter century. This data interpretation also 
helps explain why multiple warnings that some carbon sinks are "drying up" and could even become 
carbon sources, e.g., boreal forests infested by pine bark beetles20 and the Amazon rain forest suffering 
from drought21, have not produced an obvious impact on atmospheric CO2.   
 However, increased CO2 uptake does not necessarily mean that the biosphere is healthier or that 
the increased carbon uptake will continue indefinitely22.  Nor does it change the basic facts about the 
potential magnitude of the fossil fuel carbon source and the long lifetime of fossil fuel CO2 in the surface 
carbon reservoirs (atmosphere, ocean, soil, biosphere) once the fossil fuels are burned23.  Fertilization of 
the biosphere affects the distribution of the fossil fuel carbon among these reservoirs, at least on the short 
run, but it does not alter the fact that the fossil carbon will remain in these reservoirs for millennia. 
 The principal implication of our present analysis relates to the Faustian bargain.  Increased short-
term masking of greenhouse gas warming by fossil fuel particulate and nitrogen pollution is a "doubling 
down" of the Faustian bargain, an increase in the stakes.  The more we allow the Faustian debt to build, 
the more unmanageable the eventual consequences will be.  Yet globally there are plans to build more 
than 1000 coal-fired power plants24 and plans to develop some of the dirtiest oil sources on the planet25.  
These plans should be vigorously resisted.  We are already in a deep hole -- it is time to stop digging. 
 The tragedy of this science story is that the great uncertainty in interpretations of the climate 
forcings did not have to be.  Global aerosol properties should be monitored to high precision, similar to 
the way CO2 is monitored.  The capability of measuring detailed aerosol properties has long existed, as 
demonstrated by observations of Venus.26  The requirement is measurement of the polarization of 
reflected sunlight to an accuracy of 0.1%, with measurements covering the spectral range from near-
ultraviolet to the near-infrared at a range of scattering angles, as is possible from an orbiting 
satellite.27,28,29  Unfortunately, the satellite mission designed for that purpose30 failed to achieve orbit, 
suffering precisely the same launch failure as the Orbiting Carbon Observatory (OCO).  Although a 
replacement OCO mission is in preparation, no replacement aerosol mission is scheduled.  

                                                           
1 Hansen J E & A A Lacis 1990: Sun and dust versus greenhouse gases: An assessment of their relative roles in 

global climate change. Nature 346, 713-719. 
2 Hansen, J 2009 Storms of My Grandchildren: The Truth about the Coming Climate Catastrophe and Our Last 

Chance to Save Humanity, Bloomsbury, New York, 304 pp. 
3 Intergovernmental Panel on Climate Change (IPCC) 2007 Climate Change 2007: The Physical Science Basis. 

Solomon, S et al (eds.). Cambridge University Press, Cambridge, United Kingdom, 996 pp. 
4 Hansen, J, 2003: Can we defuse the global warming time bomb? naturalScience, posted Aug. 1, 2003. 
5 Boden, T A, Marland, G and Andres, R J 2012 Global, regional, and national fossil-fuel CO2 emissions. Carbon 

Dioxide Information and Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak 
Ridge, TN doi 10.3334/CDIAC/00001_V2012 

6 Hansen, J, P Kharecha & M Sato, 2013: Climate forcing growth rates: Doubling down on our Faustian bargain. 
Environ. Res. Lett., 8, 011006, doi:10.1088/1748-9326/8/1/011006. 

7 Piao, S et al 2008 Net carbon dioxide losses of northern ecosystems in response to autumn warming Nature 451, 
49-52. 

012184

http://pubs.giss.nasa.gov/abs/ha06700j.html
http://pubs.giss.nasa.gov/abs/ha06700j.html
http://pubs.giss.nasa.gov/abs/ha07900q.html
http://pubs.giss.nasa.gov/abs/ha05610b.html


5 
 

                                                                                                                                                                                           
8 Zhao, M & Running, S W 2010 Drought-induced reduction in global terrestrial net primary production from 2000 
through 2009 Science 329, 940-943. 
9 Le Querre, C et al 2007 Saturation of the Southern Ocean CO2 sink due to recent climate change Science 316, 
1735-1738 
10 Schuster, U & Watson, A J 2007 A variable and decreasing sink for atmospheric CO2 in the North Atlantic J. 
Geophys. Res. 112, C11006 
11 Keeling, C D, Whorf, T P, Wahlen, M & van der Plicht, J 1973 Interannual extremes in the rate of rise of 
atmospheric carbon dioxide since 1980 Nature 375, 666-670. 
12 Gloor, M, Sarmiento, J L & Gruber, N 2010 What can be learned about carbon cycle climate feedbacks from the 
CO2 airborne fraction? Atmos. Chem. Phys. 10, 7739-7751 
13 Harris N L et al 2012 Baseline map of carbon emissions from deforestation in tropical regions Science 336, 1573-
1576. 
14 Gruber, N and Galloway, J N 2008 An Earth-system perspective of the global nitrogen cycle Nature 451, 293-296 
15 Thornton et al 2009 Carbon-nitrogen interactions regulate climate-carbon cycle feedbacks: results from an 
atmosphere-ocean general circulation model Biogeosci. 6, 2099-2120 
16 Magnani, F et al 2007 The human footprint in the carbon cycle of temperate and boreal forests Nature 447, 848-
850; Magnani, F et al 2008 Magnani et al. reply Nature 451, E28-E29 
17 Intergovernmental Panel on Climate Change (IPCC) 2007 Climate Change 2007: The Physical Science Basis. 
Solomon, S et al (eds.). Cambridge University Press, Cambridge, United Kingdom, 996 pp. 
18 Hansen, J, Sato, M, Kharecha, P and von Schuckmann, K 2011 Earth's energy imbalance and implications Atmos. 
Chem. Phys. 11, 13421-13449 
19 Murphy, D M et al 2009 An observationally based energy balance for the Earth since 1950 J. Geophys. Res. 114, 
D17107 
20 Kurz, W A et al 2008 Mountain pine beetle and forest carbon feedback to climate change Nature 452, 987-990. 
21 Lewis, S L, Brando, P M, Phillips, O L, van der Heijden, G M F, Nepstad, D 2011 The 2010 Amazon drought 
Science 331, 554, doi: 10.1126/science.1200807 
22 Matson, P, Lohse, K A and Hall, S J 2002 The globalization of nitrogen deposition: consequences for terrestrial 

ecosystems Ambio 31, 113-119; Galloway, J N, Cowling, E B, Seitzinger, S P and Socowlow, R H 2002 
Reactive nitrogen: too much of a good thing? Ambio 31, 60-63; Heimann, M and Reichstein, M 2008 
Terrestrial ecosystem carbon dynamics and climate feedbacks Nature 451, 289-292; Gruber, N and Galloway, J 
N 2008 An Earth-system perspective of the global nitrogen cycle Nature 451, 293-296. 

23 Archer, D, Buffett, B and Brovkin, V 2009 Ocean methane hydrates as a slow tipping point in the global carbon 
cycle Proc. Natl. Acad. Sci. 106, 20596-20601 
24 Yang, A and Cui, Y 2012 Global coal risk assessment: data analysis and market research WRI Working Paper, 
World Resources Institute, Washington, DC http://www.wri.org/publication/global-coal-risk-assessment 
25 Energy Information Administration (EIA) 2011 International Energy Outlook: 
http://www.eia.gov/forecasts/ieo/pdf/0484(2011).pdf accessed Sep 2011 
26 Hansen, J E & J W Hovenier, 1974: Interpretation of the polarization of Venus. J. Atmos. Sci. 31, 1137-1160. 
27 Hansen, J, W Rossow & I Fung, 1990: The missing data on global climate change. Issues Sci. Technol. 7, 62-69. 
28 Hansen, J, 1993: Climate forcings and feedbacks. In Long-Term Monitoring of Global Climate Forcings and 

Feedbacks, NASA CP-3234. J Hansen, W Rossow & I Fung, eds.. 
29 Hansen, J, W Rossow & I Fung (eds.), 1993: Long-Term Monitoring of Global Climate Forcings and Feedbacks. 

NASA CP-3234, 91 pp. 
30 Mishchenko, M.I., B. Cairns, G. Kopp, C.F. Schueler, B.A. Fafaul, J.E. Hansen, R.J. Hooker, T. Itchkawich, H.B. 

Maring, and L.D. Travis, 2007: Accurate monitoring of terrestrial aerosols and total solar irradiance: 
Introducing the Glory mission. Bull. Amer. Meteorol. Soc., 88, 677-691, doi:10.1175/BAMS-88-5-677. 

012185

http://pubs.giss.nasa.gov/abs/ha08500r.html
http://pubs.giss.nasa.gov/abs/ha08700c.html
http://pubs.giss.nasa.gov/abs/ha05210a.html
http://pubs.giss.nasa.gov/abs/ha03800l.html
http://pubs.giss.nasa.gov/abs/mi03210h.html
http://pubs.giss.nasa.gov/abs/mi03210h.html



