
Reductions in stratospheric ozone and increas- 
es in GHG concentrations, which radiatively 
cool the low and middle stratosphere during 
the polar night, are obvious candidates (N. P. 
Gillett, University of Oxford). On shorter, sea- 
sonal time scales, an apparent delay in the 
wintertime tropospheric response to changes 
in the stratospheric circulation could lead to 
usell intermediate-range predictability (M. P. 
Baldwin, Northwest Research Associates). 

The ocean may also have an appreciable 
influence on the atmosphere. New evidence 
presented at the meeting (C. Deser, National 
Center for Atmospheric Research) shows that 
the tendency of the ocean to preserve its ther- 
mal state from one winter to the next may irn- 
press some persistence on the atmosphere. A 
new statistical analysis revealed patterns in 
Atlantic sea surface temperatures (SSTs) that 
precede specific phases of the NAO by up to 
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6 months (A. Czaja, Massachusetts Institutc 
of Technology; M. J. Rodwell, Hadlcy Ccnter, 
UK Meteorological Ofice). Moreover, it has 
recently been shown (4, 5) that atmospheric 
general circulation models, forced with the 
known global evolution of SST and sea ice 
cover, reproduce the observed (sce thc first 
figure) multiannual and longer term changes 
in the NAO. This indicates that low-frequency 
North Atlantic climate variability is not mere- 
ly stochastic atmospheric noise but rathcr 
contains a response to changes in ocean sur- 
face temperatures and/or sea ice. Further- 
more, new results (M. P. Hoerling, NOAA- 
CIRES Climate Diagnostics Center) link the 
recent NAO trend to a progressive warming 
of tropical SSTs, in particular, the observed 
warming of the tropical Indian and Pacific 
Ocean waters. The latter is also predicted to 
occur as a result of increases in GHGs. 

The Chapman Conference resulted in a 
new, invigorated look at seasonal-to-interan- 
nual prediction beyond El Niiio and a deep- 
er understanding of anthropogenic climate 
change. Much remains to be learned about 
the NAO, but it seems increasingly less like- 
ly that natural variability is the cause of the 
recent NAO trend, regardless of whether the 
forcing is from the stratosphere, the ocean, 
or other processes yet to be identified. 
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Droplets Speeding on Surfaces 
Darsh T. Wasan, Alex D. Nikolov, Howard Brenner 

N 
umerous processes from offset print- In their experiments, Daniel et al. (I) com- 
ing to painting depend on the rapid bined the Marangoni flow caused by a temper- 
spreading of water droplets on solid ature gradient with the directional flow gener- 

surfaces. On page 633 of this issue, Daniel et 
al. (1) report on the remarkably fast move- 
ment of liquid drops on a surface with a radi- 
al temperature gradient that generates a sur- 
face tension-driven fluid motion, also known 
as Marangoni flow. They achieve this high- 
speed droplet movement through a clever 
manipulation of the forces acting on the 
droplet. The concept may be of interest for 
numerous industrial processes, such as coat- 
ing, soldering, printing, cooling, photolithog- 
raphy, and microfluidic device fabrication. 

Examples of flow driven by surface ten- 
sion gradients abound. Consider the calming 
effect of oil on troubled water, the "dance" of a 
camphor ball on a water surface, the ripples 
that form in the skin of chocolate pudding 
near the cup center, and the tears of wine in a 
wine glass. Thomson (2) and Marangoni (3) 
were the f i t  to investigate and begin to ex- 
plain this type of flow in the mid-19th century. 
Variations in temperature or liquid composi- 

solid s'urface. The wkability gradient \;as cre- 
ated by depositing hydrophobic molecules on 
the central part of a hydrophilic surface and 
then forming water drops by condensing satu- 
rated steam on the hydrophobic region. To cre- 
ate a temperature gradient along the solid sur- 
face, they circulated cold fluid beneath it. As 

- Marangoni flow + capillary flow 
b 
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the drops moved toward the cooler area of the 
solid surface, which was al- 
so more hydrophilic (that is, 
more easily wet by water), 
they grew by coalescing 
with smaller surrounding 
drops. High-speed video ob- 
servations show that the wa- 
ter drops moved as fast as 
1.5 mls. 

To put these observa- 
tions in context, let us con- 
sider three different situa- 
tions in which a water drop 
on a solid surface with an 
imposed temperature gradi- 
ent may find itself (see the 
figure). In the simplest 
case, it is only the surface 
energy of the solid surface, 
osG, that drives the flow; a 
droplet placed on a solid 
surface will move in the di- 

tion cause a spatial variation in surface tension rection of higher surface 
at a liquid-gas and/or solid-liquid surface, ere- Different mechanisms Of flows' movement due energy (to the right if oSG2 
sting a tangential stress at that surface. This to a surface energy gradient Young's equation (8) defines the force bal- > osG,) (see the top panel). 

ance between the respective interfacial tensions existing at the solid-liq- 
Or traction acts On the adjoining uid (qJ, solid-gas (ox), and liquid-gas (oLG) interfaces and the contact Things become more com- 

fluid, causing fluid motion, which is angle (9). (Middle) Flow patterns inside the droplet and on the liquid- plex if the surface tension is 
in turn transmitted to the bulk fluid (4). solid interface due to a surface orland interface gradient and capillary "Ot uniform throughout the 

pressure.The droplet will only move if the capillary flow is exceeded by The difference in 
D. T. Wasan and A. D. Nikolov are in the Department the Marangoni flow. (-,,.,I ~l~~ inside the droplet and on surface tension (0) along the 
of Chemical Engineering, Illinois Institute of Technol- 
ogy, II 60614 USA. ,,. Brenner is in the De- 

the liquid-solid interface due to a surface orland interface gradient and len8th of the &P ( L ) y  gen- 

of chemical ~ ~ ~ i ~ ~ ~ ~ i ~ ~ ,  ~~~~~~h~~~~~~ capillary pressure; the solid surface wettability increases in the direction erated by a temperature P- 
Institute of Technology, Cambridge, MA 02139, USA. of drop movement. Capillary flow drives the droplet in the same direc- dient, creates a Marangoni 
E-mail: hbrenner@mit.edu tion as Marangoni flow, leading to fast droplet movement (7). flow because the solid-liquid 
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surface tension is greater at the front surface of 
the spreading droplet (oSL2) than at the rear 
(oSLL).Marangoni flow pushes the drop for- 
ward, but this flow meets resistance. As the 
droplet moves, the advancing contact angle ex- 
ceeds the receding contact angle, causing the 
profile of the drop to become asymmetric (see 
the second panel). The curvature of the ad- 
vancing meniscus is less than that of the reced- 
ing meniscus. This curvature difference of the 
expanding drop creates a pressure difference 
across the drop, producing a capillary flow that 
opposes the Marangoni flow. The drop moves 
only when the surface tension gradient over- 
comes the capillary effect. 

Daniel et 01. present an elegant solution. 
Not only do they overcome capillary flow, they 
harness it by creating a directional flow that 
enhances drop movement (see the t h d  panel). 
They modified the solid surface so that the 
droplet grown on the hotter hydrophobic por- 
tion of the surface moves under both capillary 
flow and surface tension gradient to the cooler 
hydrophllic portion of the solid surface. The 
curvature of the advancing meniscus becomes 
greater than that of the receding meniscus, and 
capillary pressure moves the droplet further. 

Daniel et a1.k observations show that the 
droplets form and grow through the condensa- 
tion of nuclei. When the surface tension gradi- 
ent becomes saciently large, the droplets be- 
gin to move along the solid surface toward the 
low-temperature region where the surface ten- 
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sion is higher. The droplet surface stretches, 
and the droplet assumes a semicylindrical 
shape. The surface stretch produces a larger 
surface tension gradient, which drives the flow 
and accelerates the droplet motion. The mov- 
ing droplet coalesces with smaller droplets 
formed by the condensation of steam on the 
solid surface. Because these droplets are at a 
lower temperature and thus have a larger sur- 
face tension, droplet coalescence increases the 
surface tension gradient along the drop sur- 
face, moving the drop faster. 

A simple model can be used to estimate 
the maximum lateral velocity at the drop sur- 
face (V,,) due to the surface tension gradi- 
ent. The model ignores the gravitational and 
capillary force contributions. The spreading 
droplet rate is specified by the balance be- 
tween the shear forces at the gas-liquid sur- 
face and the tractive forces due to the surface 
tension gradient (5, 6): 

where h is the thickness of the spreading 
droplet, 1 is the viscosity of the droplet liq- 
uid and d o  is the surface tension change 
along the drop length dL. Consider a water 
droplet with a diameter of 0.2 cm (corre- 
sponding to a droplet thickness of 0.1 cm) 
with a contact angle of 90°, viscosity of 
g cm-' s-I, and surface tension gradient of 
dddL = 10 dyne cm-2 (7). Using the equa- 
tion above, we find that the droplet can move 

with a speed of 50 cmls under the surface 
tension gradient alone. The additional capil- 
lary flow (which is proportional to olR, 
where R is the local drop curvature radius) 
can easily intensify the droplet movement so 
as to achieve speeds of more than a meter per 
second, as observed by Daniel et al. 

The demonstration that capillary flow can 
aid the Marangoni flow to accelerate the wet- 
ting and spreading of liquids over surfaces is 
not only intriguing but holds great promise for 
practical applications. The underlying phe- 
n o m e n d o p l e t  formation by nuclei conden- 
sation, growth by coalescing with other drops, 
and subsequent movement under the com- 
bined action of temperature and wettability 
gradients-are, however, quite complex. They 
must be better understood before the promise 
of this novel concept can be fully realized. 
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tropical forest diversity in Singapore (7). One 
goal of the workshop was to determine from 
the FDP data sets the factors that are most 
crucial for maintaining species diversity in 
tropical forests. Factors that are thought to be 
important for species coexistence include: 
habitat disturbance (different regeneration 
requirements); natural enemies (different 
susceptibilities to pests, predators, and 
pathogens); limitations on seed dispersal; 
variation in nutrient availabilitv: niche differ- ,, 
entiation (different requirements for limiting 
resources); competitive equivalence (inabili- 
ty of a species to outcompete similar 
species); and fluctuating recruitment (which, 
together with juvenile persistence, may result 
in a species "storage effect"). Hubbell (USA) 
(8)concluded that evidence from the FDP 
\ ,  

sites supports the contribution of at least four 
factors-niche differentiation, natural ene- 
mies, seed dispersal limitation, and competi- 
tive equivalence-to the maintenance of 
tropical forest diversity. Data did not show, 
however, that habitat disturbance or fluctuat- 
ing recruitment were important factors. 

Although debate continues, the FDP 
data suggest that no single factor is likely 
to be sufficient to account for tropical tree 
diversity. The historical polarization of 
this debate into camps favoring different 

The tropical forests of the world support 
a huge number of tree species-more 
tree species are found in 0.5 km2 of 

some tropical forests than in all of North 
America or Europe. Although tropical ecol- 

ogists have put forward 
Enhanced online a t  a number of hypotheses 
www.sciencemag.org/cgil to explain this species 
content/fulV291/5504/606 diversity, testing these 

hypotheses has been 
hampered by the lack of field studies with 
sufficiently large long-term data sets. 

To fill this void, the Center for Tropical 
Forest Science (CTFS) of the Smithsonian 
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Trooical Research Institute has formed a net- 
work of permanent forest sites in the trop- 
ics-the forest dynamics plot (FDP) net- 
work-that are between 15 and 52 ha in size 
(see the figure, next page) (1).By counting, 
identifying, and measuring all trees greater 
than 1 cm in diameter in the FDP sites at 5- 
year intervals-with a standardized protocol 
(2) to facilitate comparisons between sites- 
CTFS has obtained a unique and comprehen- 
sive data set. This data set provides valuable 
insight into the distribution, abundance, and 
dynamics of tropical tree species. The physi- 
cal, demographic, and taxonomic informa- 
tion accumulated for each site has also cat- 
alyzed research On, for the dynam-

of soil seed banks (31,photosynthesis (4, 
the economics of nontimber forest products 
( 3 ,  and molecular analyses of gene flow 
within tree populations (6). 

Two decades' worth of results from the 16 
FDP sites were discussed at a workshop on 
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