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opens the pathway toward the imaging of larger
molecules. Taken together, we can obtain a full
picture of molecules. With the extension of these
tools to pump-probe techniques, we will be able to
simultaneously trace the temporal changes in the
nuclear and electronic structure of molecules.
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Electrical Resistance of Long
Conjugated Molecular Wires
Seong Ho Choi, BongSoo Kim, C. Daniel Frisbie*

The charge transport mechanism of a wire can be revealed by how its electrical resistance varies
with length. We have measured the resistance and current-voltage characteristics of conjugated
molecular wires ranging in length from 1 to 7 nanometers, connected between metal electrodes.
We observe the theoretically predicted change in direct-current transport from tunneling to
hopping as a function of systematically controlled wire length. We also demonstrate that
site-specific disruption of conjugation in the wires greatly increases resistance in the hopping
regime but has only a small effect in the tunneling regime. These nanoscale transport
measurements elucidate the role of molecular length and bond architecture on molecular
conductivity and open opportunities for greater understanding of electrical transport in conjugated
polymer films.

Charge transport can occur through long,
p-conjugated molecules (1–3), and the
term “molecular wire” is often used to

describe conjugated molecules in which charge
transport is efficient over long distances (4, 5).
For example, the b-carotene molecule can trans-
fer electrons over tens of Angstroms (6). In the
context of molecular electronics, where the ul-
timate goal is the fabrication of circuitry based on
the prescribed electronic function of individual
molecules (4, 7), it is desirable to have a quan-
titative definition of what constitutes a molecular
wire.

A fundamental property of a wire is the
scaling of its resistance (or conductance) with
length. The length dependence of resistance is a
direct consequence of the charge transport mech-

anism. In the macroscopic world, the resistance
of a metallic wire increases linearly with length
as a result of the diffusive nature of carrier
transport in the metal. However, this particular
scaling need not hold for conduction in mole-
cules over nanometer-length scales, as has been
pointed out theoretically (8–10) and observed
experimentally (2, 3, 11, 12). For short molecules
(<3 nm) connected between metallic contacts, it
is well-accepted that resistance scales exponen-
tially with length according to Eq. 1.

R ¼ R0 expðbLÞ
where R is the junction resistance, R0 is an ef-
fective contact resistance, L is molecular length,
and b is the exponential prefactor that depends
on the nature of bonding in the molecular back-
bone. The exponential length dependence in Eq.
1 results directly from the transport mechanism in
metal/molecule/metal junctions based on shortmol-
ecules, namely, direct (nonresonant) tunneling.

For longer molecules connected between
metal electrodes, the scaling of resistance with

length can be anticipated by comparison to
fundamental studies of electron transfer in solu-
tion. Both theory and experiment on soluble donor-
bridge-acceptor (D-B-A) systems (2, 3, 8, 11, 12)
indicate that for long molecular bridges, the
charge transport mechanism changes from direct
tunneling to hopping, as evidenced by a change
in the length dependence of the electron transfer
rate constant. Specifically, for short bridges, the
length dependence is exponential, corresponding
to the tunneling regime, and for long bridges, the
scaling is linear, as expected for hopping trans-
port; in the experiments reported by Wasielewski
and colleagues (2), the transition occurs when the
conjugated bridge becomes longer than ~2.5 nm.
The weaker length dependence associated with
the hopping regime facilitates the transport of
charge over greater distances, and it is this regime
that might be considered most “wirelike,”
although tunneling through saturated peptide
bonds, for example, has also been shown to
provide enhanced transport over relatively large
distances in redox proteins (13, 14).

In the context of molecular electronics, it has
been difficult to systematically examine the
hopping regime in conjugated molecular wires
connected to metallic contacts because of the
relatively large range of molecular lengths re-
quired (spanning many nanometers) and the
complexities of adsorbing long molecules to
metal surfaces while controlling orientation.
Electrical transport measurements on molecules
up to 18 nm in length have been reported (15),
and charge hopping in molecular junctions has
been observed (16–18), but the systematic length
dependence of conduction has not been a prin-
cipal focus.

Here, we provide direct evidence for a change
in transport mechanism from tunneling to hop-
ping in molecular junctions based on conjugated
oligophenyleneimine (OPI) wires ranging in
length from 1.5 to 7.3 nm. We contacted OPI
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wires grown from one electrode using controlled
aryl imine addition chemistry; a metal-coated
atomic force microscope (AFM) tip was used to
make the second contact. We show that near
4 nm in length, the mechanism of transport in the
wires changes abruptly, as evidenced by striking
changes in the length, temperature, and electric
field dependence of the current-voltage (I-V)
characteristics. For longer wires, an analysis of
the bias dependence established at least three
different regimes of transport and provided an
estimate of the single-wire conductivity. Overall,
these experiments open considerable opportuni-
ties to probe the physical organic chemistry of
molecular conduction, e.g., the roles of specific
functional groups and bonding architectures on
hopping transport in molecular wires.

OPI wires on gold substrates were prepared
by a slight modification of a previously reported
method (19). Figure 1A shows the molecular
structure of OPI wire precursors (OPI-p) and
OPI wires, as well as synthetic routes. The
growth of OPI wires begins with OPI 1-p, pre-
pared by immersing gold substrates into 1 mM
4-aminobenzenethiol in absolute ethanol for 24
hours. OPI-p wires were then grown by step-wise
imination, with alternate addition of benzene-1,4-
dicarboxaldehyde and benzene-1,4-diamine, as
shown in Fig. 1A. Each OPI-p wire terminated
with –NH2 or –CHO groups was end-capped
with benzaldehyde or aniline, respectively. The
end-capping provided a consistent terminal
group throughout the OPI series that facilitated
reproducible electrical characterization. After
each growth, both OPI-p and OPI monolayers
were thoroughly rinsed with absolute ethanol and
then dried in a stream of N2.

Both OPI-p and OPI monolayers were
characterized extensively by ellipsometry, x-ray
photoelectron spectroscopy (XPS), reflection-
absorption Fourier transform infrared spectros-
copy (RAIRS), and cyclic voltammetry (CV).
Key results are summarized in Table 1 as well as
in the supporting online material (20). Monolayer
thickness from ellipsometry and XPS measure-
ments increased gradually, as expected, upon
repeated imination. From the difference between
estimated wire length and the measured mono-
layer thickness, we conclude that the OPI wires
are tilted with an angle increasing from 20° to 45°
with respect to the surface normal as wire length
increases.

The RAIRS data, shown in Fig. 1B (left),
reveal the alternate appearance and disappear-
ance of carbonyl stretches (1710 cm−1) and
symmetric amine stretches (3350 cm−1) in OPI-p
molecules, which verified the imination mech-
anism and indicated near quantitative reaction of
all exposed reactive end groups. The intensity of
imine stretching (1620 cm−1) and the benzene
ring vibrational mode (1500 cm−1) increased
with the number of repeat units, as expected.
Complete end-capping was confirmed by the
disappearance of the terminal group vibrational
modes in Fig. 1B (right).

Cyclic voltammograms (CV) of OPI wires
are displayed in fig. S5 (20), and oxidation
potentials and the estimated surface coverages
for each OPI wire are compiled in Table 1 and
table S2 (20). The CV sweeps of the OPI wires
shownearly identical surface coverage (2.5 × 10−10

to 5.5 × 10−10 mol/cm2) over the entire set of
wires. Evidently, packing density is not greatly
affected by molecular length. Collectively, the

surface characterization data indicate that high-
quality monolayers of OPI wires were prepared.

We investigated the transport characteristics
of OPI wires using a conducting probe (CP)
AFM (fig. S1), which has been used to measure
conduction in a variety of molecular systems
(21–23). In the semilog plot of resistance (R)
versus molecular length (L) (Fig. 2A), each data
point represents the average of 10 I-V traces. A
clear transition of the length dependence of re-
sistance is observed near 4 nm (OPI 5), indicating
that the conductionmechanism is different in short
(OPI 1 to 4) and long (OPI 6 to 10) OPI wires. In
short wires, the linear fit in Fig. 2A indicates that
the data are well described by Eq. 1 for non-
resonant tunneling. The b value is found to be
3 nm−1, which is within the range of b values of
typical conjugated molecules (24, 25).

For long OPI wires, there is a much flatter
resistance versus molecular length relation (b ~
0.9 nm−1). The extremely small b suggests that
the principal transport mechanism is hopping, as
has been concluded in solution electron transfer
studies of D-B-A systems (2, 11, 26). A plot of R
versus L (Fig. 2A, inset) for long wires is linear,
which is consistent with hopping and indicates
that Eq. 1 does not apply for long wires. The
change in transport mechanism apparent in the
length-dependent measurements was verified by
the temperature dependence. Figure 2B shows
that resistance for OPI 4 is independent of tem-
perature from 246 to 333 K, as expected for tun-
neling. However, both OPI 6 and OPI 10 display
the strongly thermally activated transport that is
characteristic of hopping. The activation energies
determined from the slopes of the data are iden-
tical at 0.28 eV (6.5 kcal/mol) for both OPI 6 and

Fig. 1. (A) Molecular structure and synthetic route to OPI-p and OPI monolayers on gold
substrates. (B) RAIRS spectra of OPI-p (left) and OPI monolayers (right). Vertical dashed
lines indicate positions of symmetric amine stretches (NH2, 3350 cm−1), carbonyl stretches
(C=O, 1710 cm−1), and imine stretches (C=N, 1620 cm−1). Peaks for NH2 and C=O appear in the uncapped OPI-p wires with odd and even numbers of
repeat units, respectively.
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OPI 10. Contact effects are not responsible for the
activated transport, because straightforward calcu-
lation shows that the injection efficiency is >99%
(27). Collectively, the data in Fig. 2 indicate that
the conduction mechanism transitions from tun-
neling to hopping near 4 nm.

Questions remain concerning the nature of
the hopping sites in the long wires and the origin
of the 0.28 eV activation energy. Electronic
delocalization is limited in aromatic oligoimines
because of the nonzero dihedral angle between
the benzene ring and the imine bonds (28), that
is, the wire molecules are not flat and the
p-conjugation is broken. We have confirmed by
ultraviolet-visible absorption spectroscopy that
the conjugation does not extend over the entire
wire (20). The optical gap (Eg) reduces with
molecular length up to OPI 3 and then remains
constant at 2.6 eV for longer OPI wires (Table 1).
This result indicates that the p-conjugation
extends over three repeating units by means of
the imine linkage and that longer wires contain
weakly linked conjugated subunits.

We propose that the short, three-repeat con-
jugated subunits are the charge-hopping sites in
the wires and that the hopping activation energy
corresponds to the barrier for rotation of the
aromatic rings, which transiently couples the
conjugated subunits. Charges are driven down
the wires as the conjugation fluctuations permit.
Torsional vibrations of the rings in analogous
aromatic oligoimines are accompanied by
coupled alterations of the C=N bond length, and
this concerted motion is likely responsible for
transiently coupling the conjugated subunits (29).
The energy associated with these collective
motions is indeed ~0.3 eV (29, 30), which is
comparable to the observed hopping barrier.
From the slope of R versus L in Fig. 2 and the
estimated number of wires in the junction (~100),
we calculated a single-wire conductivity of 1 ×
10−6 S/cm. This low value must reflect the low
density of carriers in the wires and the significant
hopping activation energy (31–33).

To examine the sensitivity of conduction to
the wire architecture, we designed conjugation-
broken OPI wires (CB-OPIs) in which an
aliphatic cyclohexyl group was inserted into the
molecular backbone. To incorporate the cyclo-

hexyl moiety, we performed the imination with
1,4-diaminocyclohexane at elevated temperature
(40°C) in pure ethanol for 24 hours. The structure
of CB-OPI wires and their low voltage resist-
ances are shown in Fig. 3. For CB-OPI 3 and
CB-OPI 4, the resistance is increased compared
with OPI 3 and OPI 4, as expected, because the
aliphatic cyclohexyl links raise the average tun-
neling barrier. However, for the longer CB-OPI 8
and CB-OPI 10 molecules, the resistance change
from the corresponding OPI 8 and OPI 10 wires
is considerably greater, nearly two orders of
magnitude.

Evidently, conduction in the long wires is
much more sensitive to the presence of the
cyclohexyl group than in the short wires, which
also supports a difference in the charge transport
mechanism. For hopping transport in the long
wires, a large change in resistance is expected
upon interrupting the conjugation. Ratner and
colleagues (34, 35) have calculated the site-to-
site hopping probabilities for molecular wires
and, indeed, a disruption in conjugation has a
dramatic impact on electron transfer rates.

However, tunneling is relatively insensitive to
small perturbations in the conjugation of molec-
ular bridges, because the tunneling rate reflects
the average potential barrier of the bridge, not the
barrier of the discrete cyclohexyl group alone.
Thus, the conjugation blocking experiments
confirm that conduction depends on the bond
architecture, and they also support the conclusion
that tunneling occurs in the short wires and
hopping transport prevails in the long wires.

We have also carefully examined the voltage
and electric field dependence of the I-V character-
istics (Fig. 4). The semilog plot of I versus V for
OPI wires in Fig. 4A demonstrates that current
decreases as wire length increases, in keeping
with the resistance results shown in Fig. 2. For
the short wires (OPI 1 to 4), increasing molecular
length yields large decreases in the current at all
potentials. However, for the long wires (OPI 6 to
10), the log I-V curves show smaller decreases in
current with increasing length. A plot of log I
versus electric field E (Fig. 4A, inset) reveals that
the traces for the long wires collapse nearly on
top of one another. This result indicates that for

Table 1. Selected experimental and calculated data for OPI wires. Molecular
lengthwas estimatedwith the Cambridge Scientific Chem3D software.Molecular
length is the terminal H to S distance plus the Au-S bond length. It was assumed
that Au-S bond length is 2.36 Å (41). Film thickness is from ellipsometry and

XPS; the XPS data are underestimated because the intensity of photoelectrons
fromNatoms is not considered in the calculation of film thickness. The oxidation
potentials were determined from the lower edge of the oxidation peak of OPI
wires referenced to ferrocenium/ferrocene (Fc+/Fc).

Monolayer

Estimated
molecular
length
(nm)

Film thickness
(by

ellipsometry/XPS)
(nm)

Eg
(eV)

Oxidation
potential

(V)

n in I, I′
I º Vn

n in II′
I º Vn

Vtrans (V)
[Etrans

(MV/cm)]

VII′ (V)
[EII′

(MV/cm)]

fFE
(eV)

OPI 2 2.1 1.8 / 1.6 3.1 0.22 1.1 – 0.85 [4.0] – –
OPI 3 2.8 2.5 / 1.9 2.6 0.14 1.1 – 0.75 [2.7] – –
OPI 4 3.4 3.0 / 2.1 2.6 0.06 1.3 – 0.75 [2.2] – –
OPI 6 4.7 4.1 / 2.7 2.6 0.05 1.2 2.6 1.00 [2.1] 0.5 [1.0] 0.3–0.5
OPI 10 7.3 5.3 / 4.0 2.6 0.00 0.9 2.6 0.95 [1.3] 0.40 [0.6] 0.3–0.5

Fig. 2. Measurements of molecular wire resistance with CP-AFM. A gold-coated tip was brought
into contact with an OPI monolayer on a gold substrate. The I-V traces were obtained over ±1.5 V
for OPI 3 to 10 and ±1.0 V for OPI 1 and 2 at a load of 2 nN on the tip contact. (A) Semilog plot of
R versus L for the gold/wire/gold junctions. Each data point is the average differential resistance
obtained from 10 I-V traces in the range –0.3 to +0.3 V. Error bars, 1 SD. Straight lines are linear
fits to the data according to Eq. 1. (Inset) A linear plot of R versus L, demonstrating linear scaling
of resistance with length for the long OPI wires. (B) Arrhenius plot for OPI 4, OPI 6, and OPI 10.
Each data point is the average differential resistance obtained at six different locations on samples
in the range –0.2 to +0.2 V. Error bars, 1 SD. Straight lines are linear fits to the data.
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the long wires, transport is field driven, as
expected for a hopping mechanism in which the
electric field pushes the carriers along the
molecules. However, for the short wires, the I-E
curves do not collapse on top of one another
because tunneling is a voltage-driven process.

A log-log plot of the I-V characteristics
facilitates more detailed analysis. Figure 4B
displays log I–log V characteristics for OPI 4

and OPI 10, representative of the short and long
wires. For OPI 4, there are two different transport
regimes, labeled I and II; the transition occurs at
0.75 V. For OPI 10, the dependence is more
complex, with three identifiable transport re-
gimes (I′, II′, and III′) and transitions at 0.40 V
and 0.95 V.

The data for OPI 4 in Fig. 4B demonstrate
that, in regime I, the current scales linearly with

voltage. Linear I-V behavior is expected for tun-
neling in the low-bias regime. To a first approx-
imation, the metal/wire/metal junction can be
modeled as a simple trapezoidal tunneling barrier.
In this case, the tunneling current at low bias is
given by Eq. 2.

I º V exp

�
–
2d

ffiffiffiffiffiffiffiffiffiffi
2mef

p
ħ

�

where d is the barrier width (wire length), me is
the electron effective mass, and f is the effective
barrier height. At higher bias, the electric field
changes the shape of the tunneling barrier from
trapezoidal to triangular (36). In this case, the I-V
behavior can be described by the Fowler-
Nordheim relation:

ln

�
I

V 2

�
º

–4d
ffiffiffiffiffiffiffiffiffiffiffiffi
2mef3

p
3ħq

�
1

V

�

where q is the elementary charge.
The Fowler-Nordheim plot in Fig. 4C reveals

a striking change in conduction behavior. For low
voltages (Regime I), the current scales logarith-
mically with 1/V, as expected from Eq. 2,
indicative of direct tunneling. Above the transi-
tion voltage Vtrans = 0.75 V (Regime II), the
current scales linearly with 1/V, with a negative
slope characteristic of field emission (Eq. 3). The
transition point, Vtrans, is an estimate of the low
voltage barrier height and corresponds to the
voltage where the slope of the OPI 4 data
changes in Fig. 4B. The Vtrans values for the
other short OPI wires are listed in table S1. The
decrease of Vtrans with length in short wires
indicates that the estimated barrier height de-
creases as expected from the trend in oxidation
potentials of OPI wires determined by cyclic
voltammetry (Table 1) (20). Collectively, the data
in Figs. 2 to 4 allow us to conclude that the
transport mechanism in the short wires at low
bias is direct (nonresonant) tunneling and tran-
sitions to field emission at higher bias.

We have carried out a similar analysis of the
I-V behavior for long wires, OPI 6 to 10. The
Fowler-Nordheim plot for OPI 10 in Fig. 4D
reveals three distinct regimes corresponding with
regimes I′, II′, and III′ in Fig. 4B. In the low-bias
regime I′, the current scales linearly with voltage,
which is consistent with ohmic hopping conduc-
tion. Linear scaling with V was taken as support
for nonresonant tunneling in short wires in the
discussion above (Eq. 2), but it is already clear
that the low-bias mechanisms are different for the
long and short wires, and direct tunneling is not
consistent with the dependences of resistance on
length or temperature evident in Fig. 2B. Ohmic
(field-driven) conduction is also linear in V and
requires that carriers be present in the wires. We
propose that carriers are introduced in the long
wires from the gold contacts and that these
carriers result in ohmic hopping conduction at
low biases up to VII′, the transition voltage from
regime I′ to II′. The presence of carriers (most
likely positively charged holes) in the wires

Fig. 3. Semilog plot of R versus L
for gold/OPI/gold junctions and CB
gold/CB-OPI/gold junctions. Each
data point is the average differen-
tial resistance from 10 I-V traces in
the interval –0.3 V to 0.3 V. Error
bars, 1 SD. The blue squares are the
resistances of CB-OPI wires. Pink
boxes indicate the position where
conjugation is broken.

Fig. 4. (A) Semilog plot of the average current of 10 I-V traces for gold/wire/gold junctions. The inset is
a semilog plot of I versus E for long OPI wires. (B) Log-log plot of the average of 10 I-V traces for the
gold/OPI 4/gold and gold/OPI 10/gold junctions. Fits are shown in the different transport regimes.
(Inset) A log-log plot of I versus L obtained at 0.7 V for all long OPI wires, displaying the linear fit with
a slope of –3.5 (0.7 V is the bias at which all long OPI wires are within regime II′). (C) Fowler-Nordheim
plot for the OPI 4 data in (B). Two distinct regimes (I and II) are clearly observable, with an inflection
point at Vtrans, indicating the switch from tunneling to field emission. The inset displays the sigmoidal
current-voltage curve on a linear scale. (D) Fowler-Nordheim plot for the OPI 10 data in (B). Three
distinct regimes (I′, II′, and III′) are evident. The inset shows the sigmoidal current-voltage curve.

(2)

(3)
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means that the energy barrier to charge injection
from the gold contacts must be smaller than the
0.7 eV EF-EHOMO offset measured by ultraviolet
photoelectron spectroscopy (UPS) (20). Indeed,
the offset will be reduced considerably by both
the image potential associated with the metal
contacts and the polaron shift (16), both of which
are not accounted for in UPSmeasurements (37).

The negative slope in the high-voltage regime
III′ of Fig. 4D suggests that field emission may
also occur in OPI 10 (similar results were
obtained for OPI 6 to 9). From the slope in
regime III′, we calculated the emission barrier
height (fFE) to be in the range of 0.3 to 0.5 eV,
assuming carrier effective mass ratios in the
range 0.1 to 1.0, which are typical for molecular
junctions (24). We also considered other possible
transport mechanisms in the metal/wire/metal
junction, such as Schottky emission at the
contact, Poole-Frenkel emission in the wires,
and space-charge-limited transport in the pres-
ence of traps (38, 39). However, we did not
obtain reasonable values for extracted physical
parameters with these other mechanisms (20).
The estimated emission barrier heights for the
other longOPI wires are also listed in Table 1 and
table S1. Regime II′ is a transitional regime
between ohmic conduction and field emission for
OPI 10, and it may correspond to space-charge-
limited conduction (SCLC), based on the slope of
2.6 in the log I versus log V plot (Fig. 4B) and the
slope of –3.5 in the log I versus log L plot at 0.7 V
(inset in Fig. 4B) (39, 40). Further work is
necessary to conclusively establish the transport
mechanism in this regime.
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The Impact of Stratospheric
Ozone Recovery on the Southern
Hemisphere Westerly Jet
S.-W. Son,1* L. M. Polvani,1,2 D. W. Waugh,3 H. Akiyoshi,4 R. Garcia,5 D. Kinnison,5 S. Pawson,6
E. Rozanov,7,8 T. G. Shepherd,9 K. Shibata10

In the past several decades, the tropospheric westerly winds in the Southern Hemisphere have
been observed to accelerate on the poleward side of the surface wind maximum. This has
been attributed to the combined anthropogenic effects of increasing greenhouse gases and
decreasing stratospheric ozone and is predicted to continue by the Intergovernmental Panel on
Climate Change/Fourth Assessment Report (IPCC/AR4) models. In this paper, the predictions of
the Chemistry-Climate Model Validation (CCMVal) models are examined: Unlike the AR4 models,
the CCMVal models have a fully interactive stratospheric chemistry. Owing to the expected
disappearance of the ozone hole in the first half of the 21st century, the CCMVal models predict
that the tropospheric westerlies in Southern Hemisphere summer will be decelerated, on the
poleward side, in contrast with the prediction of most IPCC/AR4 models.

Recent observations (1–4) indicate that the
westerly jet in the Southern Hemisphere
(SH) troposphere is accelerating on the

poleward side; this is usually described as a posi-
tive trend of the Southern annular mode index
(1). This acceleration has important consequences

for SH climate: It directly affects the surface
temperatures (2), the extent of sea ice (2), the
variability of storm tracks (5), the location of arid
regions (6), the strength of the wind-driven
oceanic circulation (7), and the exchange of CO2

and heat between atmosphere and ocean (7, 8).

Understanding and predicting changes in the SH
westerlies are therefore of the utmost importance.

Climate models have shown that the recent
wind changes likely result from an increase in
greenhouse gases and the depletion of strato-
spheric ozone (9–11), but the relative contribution
of these two effects remains an open question,
especially for the 21st century when stratospheric
ozone is expected to recover as a result of the im-
plementation of the Montreal Protocol (12). The
multimodel mean of the IPCC/AR4 atmosphere-
ocean–coupled model integrations indicates that
the acceleration of the SH westerlies on the

1Department of Applied Physics & Applied Mathematics,
Columbia University, New York, NY 10027, USA. 2Department
of Earth and Environmental Sciences, Columbia University,
New York, NY 10027, USA. 3Department of Earth and
Planetary Sciences, Johns Hopkins University, Baltimore, MD
21218, USA. 4National Institute for Environmental Studies,
Tsukuba, Japan. 5National Center for Atmospheric Research
(NCAR), Boulder, CO 80325, USA. 6NASA/Goddard Space
Flight Center, Greenbelt, MD 20771, USA. 7Institute for
Atmospheric and Climate Sciences/Eidgenössische Technische
Hochschule (ETH), Zurich, Switzerland. 8Physical Meteorolo-
gical Observatory, World Radiation Center, Davos, Switzer-
land. 9Department of Physics, University of Toronto, Toronto,
Canada. 10Meteorological Research Institute, Tsukuba, Japan.

*To whom correspondence should be addressed. E-mail:
sws2112@columbia.edu

13 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org1486

REPORTS

 o
n 

M
ar

ch
 1

9,
 2

01
0 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org

