
DOI: 10.1126/science.1172872 
, 1114 (2009); 325Science

  et al.Gerald A. Meehl,
a Small 11-Year Solar Cycle Forcing
Amplifying the Pacific Climate System Response to

 www.sciencemag.org (this information is current as of August 27, 2009 ):
The following resources related to this article are available online at

 http://www.sciencemag.org/cgi/content/full/325/5944/1114
version of this article at: 

 including high-resolution figures, can be found in the onlineUpdated information and services,

 http://www.sciencemag.org/cgi/content/full/325/5944/1114/DC1
 can be found at: Supporting Online Material

 http://www.sciencemag.org/cgi/content/full/325/5944/1114#otherarticles
, 4 of which can be accessed for free: cites 26 articlesThis article 

 http://www.sciencemag.org/cgi/collection/atmos
Atmospheric Science 

: subject collectionsThis article appears in the following 

 http://www.sciencemag.org/about/permissions.dtl
 in whole or in part can be found at: this article

permission to reproduce of this article or about obtaining reprintsInformation about obtaining 

registered trademark of AAAS. 
 is aScience2009 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
 (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience

 o
n 

A
ug

us
t 2

7,
 2

00
9 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/cgi/content/full/325/5944/1114
http://www.sciencemag.org/cgi/content/full/325/5944/1114/DC1
http://www.sciencemag.org/cgi/content/full/325/5944/1114#otherarticles
http://www.sciencemag.org/cgi/collection/atmos
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org


4. Y. Sugimoto et al., Nat. Mater. 4, 156 (2005).
5. Y. Sugimoto et al., Science 322, 413 (2008).
6. M. Ternes, C. P. Lutz, C. F. Hirjibehedin, F. J. Giessibl,

A. J. Heinrich, Science 319, 1066 (2008).
7. M. Ashino, A. Schwarz, T. Behnke, R. Wiesendanger,

Phys. Rev. Lett. 93, 136101 (2004).
8. M. Ashino et al., Nat. Nanotechnol. 3, 337 (2008).
9. Ch. Loppacher et al., Phys. Rev. Lett. 90, 066107 (2003).

10. J. Lagoute, K. Kanisawa, S. Fölsch, Phys. Rev. B 70,
245415 (2004).

11. J. Repp, G. Meyer, S. M. Stojkovic, A. Gourdon,
C. Joachim, Phys. Rev. Lett. 94, 026803 (2005).

12. J. Repp, G. Meyer, S. Paavilainen, F. E. Olsson,
M. Persson, Science 312, 1196 (2006).

13. F. J. Giessibl, Rev. Mod. Phys. 75, 949 (2003).
14. F. J. Giessibl, Appl. Phys. Lett. 76, 1470 (2000).
15. Mainly because of the uncertainty in the spring constant

of the cantilever, a systematic error of 30% is estimated
for the measured forces.

16. Materials and methods are available as supporting
material on Science Online.

17. M. Heyde, M. Sterrer, H.-P. Rust, H.-J. Freund, Appl. Phys.
Lett. 87, 083104 (2005).

18. L. Bartels et al., Phys. Rev. Lett. 80, 2004 (1998).
19. H. J. Lee, W. Ho, Science 286, 1719 (1999).
20. H. Hölscher, S. M. Langkat, A. Schwarz, R. Wiesendanger,

Appl. Phys. Lett. 81, 4428 (2002).
21. B. J. Albers et al., Nat. Nanotechnol. 4, 307 (2009).
22. J. E. Sader, S. P. Jarvis, Appl. Phys. Lett. 84, 1801 (2004).
23. P. Hohenberg, W. Kohn, Phys. Rev. 136, B864 (1964).
24. W. Kohn, L. J. Sham, Phys. Rev. 140, A1133 (1965).
25. CPMD, IBM Corporation and MPI für Festkörperforschung

Stuttgart, www.cpmd.org/.
26. J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77,

3865 (1996).
27. D. R. Hamann, Phys. Rev. B 40, 2980 (1989).
28. S. Grimme, J. Comput. Chem. 27, 1787 (2006).
29. The experimental and theoretical distance values z and d

could be related to each other, for example, by comparing
the position of the force minimum above a certain molecular
site. However, the experimental z position of the force
minimum varies significantly between measurements with
different CO tips (in Fig. 3 the force minimum was already
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Amplifying the Pacific Climate System
Response to a Small 11-Year Solar
Cycle Forcing
Gerald A. Meehl,1* Julie M. Arblaster,1,2 Katja Matthes,3,4 Fabrizio Sassi,5 Harry van Loon1,6

One of the mysteries regarding Earth’s climate system response to variations in solar output is
how the relatively small fluctuations of the 11-year solar cycle can produce the magnitude
of the observed climate signals in the tropical Pacific associated with such solar variability.
Two mechanisms, the top-down stratospheric response of ozone to fluctuations of shortwave
solar forcing and the bottom-up coupled ocean-atmosphere surface response, are included in
versions of three global climate models, with either mechanism acting alone or both acting
together. We show that the two mechanisms act together to enhance the climatological
off-equatorial tropical precipitation maxima in the Pacific, lower the eastern equatorial
Pacific sea surface temperatures during peaks in the 11-year solar cycle, and reduce
low-latitude clouds to amplify the solar forcing at the surface.

It has long been noted that the 11-year cycle
of solar forcing is associated with various
phenomena in Earth’s climate system, in both

the troposphere and stratosphere (1–9). Because
the amplitude of the solar cycle (solar maxi-
mum to solar minimum) is relatively small, about
0.2 W m−2 globally averaged (10), and the ob-
served global sea surface temperature (SST) re-
sponse of about 0.1°C would require more than
0.5Wm−2 (11), there has always been a question
regarding how this small solar signal could be
amplified to produce a measurable response.

Postulatedmechanisms that could amplify the
relatively small solar forcing signal to produce
such responses in the troposphere include changes
in clouds in the troposphere caused by galactic
cosmic rays, or associated global atmospheric
electric circuit variations, though neither has been
plausibly simulated in a climatemodel. However,
there are two other plausible mechanisms, though
each has not yet produced a modeled response of
the magnitude seen in the observations. The first
involves a “top down” response of stratospheric
ozone to the ultraviolet (UV) part of the solar
spectrum that varies by a few percent. Peaks in
solar forcing cause the enhanced UV radiation,
which stimulates additional stratospheric ozone
production andUVabsorption, thus warming that
layer differentially with respect to latitude. The
anomalous temperature gradients provide a posi-
tive feedback throughwavemotions to amplify the
original solar forcing. The changes in the
stratosphere modify tropical tropospheric circu-
lation and thus contribute to an enhancement and
poleward expansion of the tropical precipitation

maxima (5, 12–16). The first demonstration of
the top-down mechanism in a modeling study
showed a broadening of the Hadley cells in
response to enhanced UV that increased as the
solar-induced ozone change was included (17).

A second “bottom up” mechanism that can
magnify the response to an initially small solar
forcing involves air-sea coupling and interaction
with incoming solar radiation at the surface in the
relatively cloud-free areas of the subtropics. Thus,
peaks in solar forcing produce greater energy input
to the ocean surface in these areas, evaporating
more moisture, and that moisture is carried by the
trade winds to the convergence zones where more
precipitation occurs. This intensified precipitation
strengthens the Hadley and Walker circulations in
the troposphere, with an associated increase in
trade wind strength that produces greater equa-
torial ocean upwelling and lower equatorial SSTs
in the eastern Pacific, a signal that was first
discovered in observational data (1, 2). The en-
hanced subsidence produces fewer clouds in the
equatorial eastern Pacific and the expanded sub-
tropical regions that allow even more solar ra-
diation to reach the surface to produce a positive
feedback (18, 19). Dynamical air-sea coupling
produces a transition to higher eastern equatorial
SSTs a couple of years later (20, 21). There is
observational evidence for a strengthenedHadley
circulation in peak solar forcing years associated
with intensified tropical precipitation maxima, a
stronger descending branch in the subtropics, and
a stronger ascending branch in the lower latitudes
(3); a poleward expansion of the Hadley circula-
tion in peak solar years, with stronger ascending
motions at the edge of the rising branch, as well
as a stronger Walker circulation with enhanced
upward motions in the tropical western Pacific
connected to stronger descending motions in the
tropical eastern Pacific (7); and enhanced sum-
mer season off-equatorial climatological monsoon
precipitation over India (6, 22). This cold event–
like response to peak solar forcing is different
from cold events (also known as La Niña events)
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