
In assessing the level of global warming that constitutes DAI, we
must bear in mind that estimated climate sensitivity of 3 ! 1°C for
doubled CO2, based mainly on paleoclimate data but consistent
with models, refers to a case in which sea ice, snow, water vapor, and
clouds are included as feedbacks, but ice sheet area, vegetation
cover, and non-H2O GHGs are treated as forcings or fixed bound-
ary conditions. On long time scales, and as the present global
warming increases, these latter quantities can change and thus they
need to be included as feedbacks. Indeed, climate becomes very
sensitive on the ice-age time scale, as feedbacks, specifically ice
sheet area and GHGs, account for practically the entire global
temperature change (17).

Vegetation cover is already expanding poleward in the Northern
Hemisphere causing a positive climate feedback (42). Global warm-
ing could result in release of large amounts of GHGs, e.g., from
melting permafrost or destabilized methane clathrates on conti-
nental shelves (43). Some of the largest warmings in the Earth’s
history and mass extinctions may be associated with such GHG
releases (39, 43). Although such disastrous GHG releases may
require many centuries, our ignorance of GHG climate feedbacks
demands caution in estimating requirements to avoid DAI.

The AS is based on the rationale that positive feedbacks such as
GHG release, as well as sea level rise, will be limited if global
temperature stays within the range of recent interglacial periods.
Ice core data reveal a positive GHG feedback, GHG changes
lagging temperature change, but the feedback magnitude is mod-
erate (CO2, "20 ppm per °C; CH4, "50 ppb per °C) even if the
entire observed gas change is a feedback (44). However, paleo data
do not constrain the magnitude of feedbacks under BAU warming,
which is far outside the range of interglacial temperatures.

Such feedbacks enhance the dichotomy between AS and BAU
scenarios. If global warming is not limited to #1°C, feedbacks may

add to BAU emissions, making a ‘‘different planet’’ (17), including
eventual ice-free Arctic, almost inevitable. The AS requires con-
certed efforts to both slow CO2 emissions and reduce atmospheric
amounts of CH4, O3, and BC (17, 34). Achievement of the AS
should limit positive climate feedbacks. However, continuation of
BAU growth of CO2 emissions ($2% per year) through 2015 yields
"35% CO2 emissions relative to 2000 CO2 emissions and "40%
CO2 emissions relative to AS 2015 CO2 emissions. Given the long
life of CO2 and the impact of feedbacks on the plausibility of CH4
reductions, another decade of BAU emissions probably makes the
AS infeasible.

Inference of imminent dangerous climate change may stimulate
discussion of ‘‘engineering fixes’’ to reduce global warming (45, 46).
The notion of such a ‘‘fix’’ is itself dangerous if it diminishes efforts
to reduce CO2 emissions, yet it also would be irresponsible not to
consider all ways to minimize climate change. Considering the
evidence that aerosol effects on clouds cause a large negative
forcing (10), we suggest that seeding of clouds by ships plying
selected ocean regions deserves investigation. However, given that
a large portion of human-made CO2 will remain in the air for many
centuries, sensible policies must focus on devising energy strategies
that greatly reduce CO2 emissions.

We thank Ralph Cicerone for reviewing our submitted paper; Mark
Bowen, Mark Cane, Adam Chambers, Bob Grumbine, Mickey Glantz,
Isaac Held, Bruce Johansen, Margaret Kneller, Chuck Kutscher,
Ehrhard Raschke, Joe Romm, Bill Ruddiman, Gus Speth, Harry van
Loon, Gabriel Vecchi, Michael Wright, and Steve Zebiac for comments
on a draft manuscript; Darnell Cain for technical assistance; and
National Aeronautics and Space Administration Earth Science managers
Jack Kaye, Don Anderson, and Eric Lindstrom and Hal Harvey of the
Hewlett Foundation for research support.

1. Hansen J, Sato M, Ruedy R, Nazarenko L, Lacis A, Schmidt GA, Russell G,
Aleinov I, Bauer M, Bell N, et al. (September 28, 2005) J Geophys Res
110:10.1029!2005JD005776.

2. Pierrehumbert RT (2000) Proc Natl Acad Sci USA 97:1355–1358.
3. Lea DW (2004) J Climate 17:2170–2179.
4. Hansen J, Ruedy R, Sato M, Imhoff M, Lawrence W, Easterling D, Peterson

T, Karl T (2001) J Geophys Res 106:23947–23963.
5. Reynolds RW, Smith TM (1994) J Clim 7:929–948.
6. Rayner N, Parker D, Horton E, Folland C, Alexander L, Rowell D, Kent E,

Kaplan, A (July 17, 2003) J Geophys Res 108:10.1029!2002JD002670.
7. Hansen J, Lebedeff S (1987) J Geophys Res 92:13345–13372.
8. Hansen J, Ruedy R, Glascoe J, Sato M (1999) J Geophys Res 104:30997–31022.
9. Comiso JC (2006) Weather 61:70–76.

10. Intergovernmental Panel on Climate Change (2001) Climate Change 2001: The
Scientific Basis, eds. Houghton JT, Ding Y, Griggs DJ, Noguer M, van der
Linden PJ, Dai X, Maskell K, Johnson CA (Cambridge Univ Press, Cambridge,
UK).

11. Manabe S, Wetherald RT (1975) J Atmos Sci 32:3–15.
12. Hansen J, Fung I, Lacis A, Rind D, Lebedeff S, Ruedy R, Russell G, Stone P

(1988) J Geophys Res 93:9341–9364.
13. US Senate Commission on Energy and Natural Resources (1988) Greenhouse

Effect and Global Climate Change (Govt Printing Office, Washington, DC).
14. Crichton M (2004) State of Fear (Harper Collins, New York).
15. U.S. Senate Commission on Environment & Public Works (2005) The Role of

Science in Environmental Policy-Making (Govt Printing Office, Washington,
DC).

16. Barnes F (2006) Rebel in Chief: Inside the Bold and Controversial Presidency of
George W. Bush (Crown Forum, New York).

17. Hansen J (2005) Am Geophys Union U23D-01.
18. Michaels PJ (2000) Soc Epistemol 14:131–180.
19. Fedorov AV, Philander SG (2000) Science 288:1997–2002.
20. Cane MA (2005) Earth Plan Sci Lett 230:227–240.
21. Bjerknes J (1969) Mon Wea Rev 97:163–172.
22. Collins M (2005) Clim Dyn 24:89–104.

23. Ravelo AC, Andreasen DH, Lyle M, Olivarez Lyle A, Wara MW (2004) Nature
429:263–267.

24. Held IM, Soden BJ (2006) J Clim 19: in press.
25. Knutson T, Manabe S (1995) J Clim 8:2181–2199.
26. Vecchi G, Soden BJ, Wittenberg AT, Held IM, Leetmaa A, Harrison, MJ (May

4, 2006) Nature, 10.1038!nature04744.
27. Emanuel K (1987) Nature 326:483–485.
28. Medina-Elizade M, Lea DW (2005) Science 310:1009–1012.
29. Stott L, Cannariato K, Thunell R, Haug GH, Koutavas A, Lund S (2004) Nature

431:56–59.
30. Lea DW, Pak DK, Spero HJ (2000) Science 289:1719–1724.
31. Lea DW, Pak DK, Belanger CL, Spero HJ, Hall AM, Shackleton NJ (2006) Q

Sci Rev 25:1152–1167.
32. Dowsett H, Thompson R, Barron J, Cronin T, Fleming F, Ishman S, Poore R,

Willard D, Holtz T (1994) Global Plan Change 9:169–195.
33. Kienast M, Hanebuth TJJ, Pelejero C, Steinke S (2003) Geology 31:67–70.
34. Hansen J (2005) Clim Change 68:269–279.
35. Hare W (2003) Assessment of Knowledge on Impacts of Climate Change

(German Advisory Council on Global Change, Berlin).
36. Parmesan C, Yohe G (2003) Nature 421:37–42.
37. Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ, Collingham

YC, Erasmus BFN, Siqueira MF, Grainger A, Hannah L, et al. (2004) Nature
427:145–148.

38. Flannery T (2005) The Weather Makers (Atlantic Monthly, New York).
39. Benton MJ (2003) When Life Nearly Died (Thames & Hudson, London).
40. Saraswat R, Nigam R, Weldeab S, Mackensen A, Naidu PD (December 17,

2005) Geophys Res Lett 32:10.1029!2005GL024093.
41. Vimeux F, Cuffey KM, Jouzel J (2002) Earth Planet Sci Lett 203:829–843.
42. Chapin FS, Sturm M, Serreze MC, McFadden JP, Key JR, Lloyd AH, McGuire

AD, Rupp TS, Lynch AH, Schimel JP, et al. (2005) Science 310:657–660.
43. Archer D (2006) Rev Geophys, in press.
44. Hansen J, Sato M (2004) Proc Natl Acad Sci USA 101:16109–16114.
45. Cicerone RJ (2006) Clim Change 77:221–226.
46. Crutzen PJ (2006) Clim Change 77:211–219.

Hansen et al. PNAS " September 26, 2006 " vol. 103 " no. 39 " 14293

EN
VI

RO
N

M
EN

TA
L

SC
IE

N
CE

S


