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Crustal Shortening and Extrusion
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elucidating the mechanism for
Tibetan plateau, major fault zones, and a natuthe transport of electrons and
ral laboratory for a crustal deformation study. Wang et al. (p. 574)
Out of the Clouds
holes through DNA. Barnett et al.
combine 10 years of geodetic data into a comprehensive kinematic
Tropical deforestation has obvi(p. 567) have now used molecumodel of crustal motion throughout China. They find that 90% of
ous primary costs, such as relar dynamics simulations and
the deformation is taken up in crustal shortening to create the
duced carbon sequestration,
first-principles structure calculaplateau and most of the remaining 10% is taken up by eastward exloss of habitat, decreased bioditions to show that even the hytrusion and rotation of the crust into southeastern China.
versity, and increased erosion,
drated counterions that interact
but what are the secondary
with phosphate groups can exert
a large effect on the rate of hole transport. Inclusion of the hydrated costs? Lawton et al. (p. 584) use satellite imagery of clouds and reion favors correlated motions of the helix that facilitate transport. Ex- gional atmospheric modeling to show that clearing lowland forests
perimental studies revealed that electron transport rates are reduced in Costa Rica alters the surface energy budget enough to diminish
dry season cloudiness, which in turn deprives downwind montane
in DNA strands containing uncharged methylphosphonate bridges.
cloud forests of the moisture that they need to survive.

Stratospheric Effects on Weather
Vigorous circulation in the troposphere makes predicting the
weather more than 1 week in advance difficult. The stratosphere,
which lies immediately above the troposphere, is far more stable
but is not often considered to have much effect on surface weather patterns. Baldwin and Dunkerton (p. 581, see the news story by
Kerr) present evidence that strong variations in stratospheric circulation at altitudes above about 50 kilometers can descend into
the troposphere and affect the weather there. These events may
be followed by months during which patterns of surface pressure
are systematically altered, as reflected in large-scale atmospheric
pressure patterns called the Arctic Oscillation and the North Atlantic Oscillation. This effect may allow storminess and storm
tracks to be predicted more accurately.

Lemur Origins
Small, nocturnal lemurs are divided into two extant orders, the
Lemuriformes, isolated in Madagascar, and the Lorisiformes, found
in Africa and Asia. The fossil and molecular record of how and when
these orders may have evolved is poorly sampled and contradictory.
Marivaux et al. (p. 587) have discovered a lemuriform fossil, Bugtilemur mathesoni, in Oligocene sand deposits in Pakistan. Diversification of lemuriforms outside of Madagascar thus occurred at least 30
million years ago, which is more than 50 million years after the continental breakup of Madagascar from India. Hence, the lemuriforms
either found land bridges from Madagascar to Asia or they evolved
in Asia before the continental breakup.

CREDIT: REGENAUER-LIEB ET AL.

Making Better Contacts
Studies of single-molecule conductivity yield a wide range of values,
in part because of the difficulties of making reliable contacts to individual molecules. Cui et al. (p. 571; see the Perspective by Hipps) now
describe a method for covalently attaching gold nanoparticles to alkane
thiol molecules self-assembled on a gold surface. Current-voltage
curves are observed that can be attributed to making contact with

Starting Subduction
How does a tectonic plate bend and break to initiate a subduction
zone? Regenauer-Lieb et al. (p. 578) developed a nonlinear elastovisco-plastic finite element model to examine the initiation of subduction. In their model, a sedimentary load was piled onto the lithosphere (similar to a passive continent-ocean
margin), and the water content of the lithosphere was varied. The addition of water promoted the development of a narrow shear
zone through the lithosphere that started the
subduction process.

Sex and Fitness
The experimental evaluation of the adaptive significance of sexual recombination has been hampered by inconsistent experimental results. Rice and Chippindale (p. 555; see the Perspective by
Lensky) present a set of Drosophila experiments that directly
compared nonrecombining and freely recombination replicates.
In the nonrecombining population, the variability among lines
was very large, as expected, but the average increase in the favored allele was slight and seemed to saturate after about eight
generations. In the recombining strain, the fitness continued to
increase throughout the experiment.

Blood Vessels Originating Organs
Blood not only sustains and oxygenates organs—two reports show
how blood vessel endothelium plays important roles in organ development (see the Perspective by Bahary and Zon and the 28 September
news story by Seydel). Lammert et al. (p. 564; see the cover) found
that the endothelium supplies signals that are necessary for pancreatic differentiation and insulin expression. Removal of the dorsal aorta in
Xenopus embryos led to a failure in insulin expression, whereas vascularization in transgenic mice in the posterior foregut led to ectopic
islet formation and insulin expression. Matsumoto et al. (p. 559) used
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for between 10 and 30 hours. As the electrons round each bend, they emit light of
varying wavelengths that is tapped off
along beamlines to experimental stations.
As researchers get more skilled at using
VILLIGEN, SWITZERLAND—This week Swiss synchrotron radiation, they are demanding
researchers will proudly unveil the Swiss higher energies and more intensity (more
Light Source (SLS), a modestly sized syn- photons per second). This usually means
chrotron that punches well above its weight. bigger machines. For example, the ESRF,
Based here at the Paul Scherrer Institute, the which came online in the early 1990s, is
SLS produces high-energy, or “hard,” x-ray 844 meters in circumference and produces
beams comparable to much bigger sources an electron beam with an energy of 6 gisuch as the European Synchrotron Radiation ga–electron volts (GeV). The ESRF uses
Facility (ESRF) and the U.S. Advanced Pho- specialized magnetic devices known as unton Source. Such beams are essential for un- dulators and wigglers to manipulate the
raveling the structure of complex biological electron beam and customize the x-rays to
molecules and a host of other applications.
researchers’ needs.
Local researchers are looking forward to
For the SLS, project leader Albin
having such a machine on their home patch. Wrulich says, designers used a few “tricks”
Tim Richmond and his colleagues at the to get similar performance out of the new
Swiss Federal Institute of Technology in machine, pushing current undulator technolZürich rely on x-rays to elucidate the mecha- ogy to the limit to increase x-ray intensity
and the range of
wavelengths available. As a result, although the SLS is just
288 meters around
and has a 2.4-GeV
electron beam, it produces x-rays of almost the same intensity as the ESRF’s
and, at $89 million,
cost less than a third
as much.
After its 19 October inauguration, engineers will continue
to fine-tune the SLS
before it is opened to
Ready to roll. The Swiss Light Source will soon welcome researchers the research commufrom across the globe.
nity in January 2002.
For Richmond, who
nisms underlying gene expression. In earlier hopes to show people what DNA looks
work teasing out the atomic structure of like in higher cells through x-ray crystallogthe nucleosome—the DNA packaging raphy and to relate that structure to its funcapparatus—Richmond’s group had to travel tion, the SLS is the perfect tool. All he needs
–GISELLE WEISS
to Grenoble, France, to use the ESRF. Now, now, he says, is a crystal.
they have a state-of-the-art facility just down Giselle Weiss is a writer in Allschwil, Switzerland.
the road. “It’s the difference between being
W E AT H E R F O R E C A S T I N G
able to conceive of doing a large project and
not being able to,” Richmond says, “and doing it on a reasonable time scale.”
Synchrotron light was discovered in the
1940s in early particle accelerators. When
physicists bent a beam of fast-moving parti- The lowermost layer of Earth’s atmosphere—
cles, they found that some of the energy was the troposphere, the place where all the peoshed as light. The laserlike light soon proved ple live—is a forecaster’s nightmare. Weather
useful in other branches of physics as well as patterns are capable of jumping without
respite or warning from one mode of operamaterials science and, more recently, biology.
In the SLS, a beam of electrons is tion to another. This volatility is especially
boosted to close to the speed of light in a dramatic in winter. Frigid winds and powerful
circular accelerator and then transferred to storms might first range far south of their
an outer storage ring, where magnets keep usual haunts then retreat farther northward
the particles circulating at constant energy than usual, seemingly unpredictably, produc-

Swiss Source Shows
Small Is Powerful

Getting a Handle on
The North’s ‘El Niño’
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ing a midwinter respite. Only El Niño had
seemed able to lock the weather into one
regime or another long enough for forecasters
to anticipate prolonged periods of extreme
winter weather weeks or months ahead. Now
forecasters have the prospect of another, unlikely steadying influence on the weather: the
wispy stratosphere overlying the troposphere.
On page 581 of this issue of Science, meteorologists Mark P. Baldwin and Timothy J.
Dunkerton of Northwest Research Associates
in Bellevue, Washington, report that despite
its reputation as a lightweight, the stratosphere at times reaches down through the troposphere to push Northern Hemisphere
weather toward one extreme regime or the
other for a couple of months at a time. That
could give forecasters an edge in long-range
predictions at middle and high latitudes comparable to that provided by El Niño at some
latitudes. And it clearly shows that “there’s no
brick wall up there” sealing off tropospheric
weather from the rest of the atmosphere, says
meteorologist Marvin Geller of the State University of New York, Stony Brook. “To understand weather or climate, it’s good to look
at how the whole atmosphere is behaving.”
Atmospheric scientists had long identified
higher latitude weather oscillations in the
stratosphere and troposphere, but until now
they hadn’t established a downward connection between the two. In the stratosphere, a
polar vortex of high-speed winds that swirls
around the North Pole in a ring 10 kilometers
or more above Canada, Scandinavia, and
Siberia waxes and wanes, sometimes abruptly. At the surface, the North Atlantic Oscillation (NAO)—a wobbly seesaw of varying atmospheric pressure that spans from Iceland
to Lisbon—swings from one extreme to the
other, redirecting winds around the North Atlantic and switching regional weather between cold and stormy and mild and fair (Science, 7 February 1997, p. 754).
In 1998, meteorologists David Thompson
of Colorado State University in Fort Collins
and John M. Wallace of the University of
Washington, Seattle, expanded the NAO
concept to encompass the entire higher latitudes and called it the Arctic Oscillation
(AO). The tropospheric AO works much as
the polar vortex does in the stratosphere. The
AO involves the prevailing westerly winds
that oscillate in strength and position to shift
weather patterns around the hemisphere
(Science, 9 April 1999, p. 241). When the
shifts persist long enough, climate changes.
Thompson and Wallace’s work prompted
Baldwin and Dunkerton, who are stratosphere specialists, to look higher in the atmosphere for AO connections. To their surprise,
they found downward links as well as upward
ones. A switch from a strong stratospheric
vortex to a weak one, say, would move down
through the stratosphere, entering the tropo-

www.sciencemag.org

CREDIT: SLS

NEWS OF THE WEEK

NEWS OF THE WEEK

Weather from above. A weakening stratospheric vortex (red) can alter circulation down to the
surface, bringing storms and cold weather farther south than usual.

SOURCE: M. BALDWIN AND T. DUNKERTON/NWRA
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sphere and reaching the surface as a weakening and diversion of the AO’s westerly winds.
Because it took a few weeks for a switch to
get from the vortex to the AO, predicting a
switch a week or two ahead looked possible.
Baldwin and Dunkerton have now taken
a more detailed look at 42 years of vortex
and AO wintertime behavior and found that
the connection can be a persistent one. Once
a major switch reaches the lower stratosphere, the vortex remains unusually weak
or strong for an average of 60 days, which
should let forecasters predict extremes in the
underlying AO and the accompanying likelihood of weather extremes out as far as a
month or two. Forecasters might, for example, warn that cold air outbreaks from the
Arctic into midlatitudes would be three to
four times more likely across Europe, Asia,
and North America.
In separate, as-yet-unpublished analyses,
Thompson, Baldwin, and Wallace find that
major vortex and AO shifts affect surface
temperatures about as much as El Niño does.
In central Europe and most of North America, surface temperatures average 0.5° to 2°C
cooler in the 60 days following the onset of
an extremely weak vortex than in the same
period following the onset of a strong vortex.
The difference is 1.5° to 4°C for the high
Eurasian Arctic. That compares with temperature differences between El Niño and its opposite, La Niña, of 1° to 3.5°C in higher latitudes. “The El Niño analogy is a good one,”
says Baldwin. “The magnitude of these
[switches] could be very useful.”
Researchers are generally impressed. The
Baldwin and Dunkerton “analysis is very
careful and very complete,” says stratosphere meteorologist Karin Labitzke of the
Free University Berlin. Predicting weather
based on the work will be harder, as Baldwin
and Dunkerton point out, because switches
in the stratosphere and the AO sometimes
occur independently, and no one understands
the mechanics of the stratospheretroposphere linkage when it does happen.
Forecasters’ computer models “must be able
to predict where and when the effects of this
interaction [between stratosphere and tropo-

sphere] will be manifested,” says Edward
O’Lenic, a long-range forecaster at the
National Weather Service’s Climate Prediction Center in Camp Springs, Maryland.
“This is a tall order and a challenge for
modelers, but the payoff could be great.”
Modelers are already trying to sort out
how the stratosphere can influence the
weather. The stratosphere might gain leverage on the troposphere through great globegirdling atmospheric waves that rise into the
stratosphere during winter. How the stratosphere and troposphere communicate will
be of interest not only to long-range forecasters, but to climatologists as well. The
same linkage may well be operating when
volcanic debris, an inconstant sun, ozone
depletion, or greenhouse gases alter stratospheric climate. Perhaps more than one forecasting nightmare could be eased by understanding stratospheric harbingers.
–RICHARD A. KERR
VO L C A N O L O G Y

Vesuvius: A Threat
Subsiding?
NAPLES, ITALY—People living in the shadow
of Vesuvius, the volcano that so famously
buried the Roman town of Pompeii, may be
able to sleep a bit easier. New satellite data,
some experts say, suggest that the small
earthquakes that shake the region almost
daily are not harbingers of an imminent
eruption. Rather, they occur because the
central part of the volcano’s crater is sinking
at a rate of several millimeters per year.
About 1 million Neapolitans might
have to be evacuated if Vesuvius awakes
from its 57-year-long slumber. Scientists
and civil defense experts are bitterly divided over the adequacy of evacuation plans.
There is no way of knowing when Vesuvius might erupt again, but rising magma
beneath active volcanoes can produce
tremors before an eruption.
To aid the debate, Riccardo Lanari and his
colleagues at the Research Institute for Electromagnetism and Electronic Components in
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Special Breed A Japanese government
committee charged with either privatizing
or abolishing some 163 special public corporations (Science, 7 September, p. 1743)
has let those doing research off the hook.
Many of the public works agencies have
drawn criticism from economic reformers
because they are seen as inefficient. But in
a 5 October report, the committee says
that it is “impossible” to alter the status of
research organs such as the Institute of
Physical and Chemical Research (RIKEN),
the Japan Marine Science and Technology
Center, and the Japan Atomic Energy Research Institute because they fulfill national policy objectives and are too dependent
on government funding. “Unlike many of
the other special corporations, the research
labs have no sources of income,” says
Shun-ichi Kobayashi, RIKEN’s president.
Even so, there may be changes afoot.
The committee wants to consolidate seven
research funders, including the Japan Society for the Promotion of Science and the
New Energy and Industrial Technology Development Organization, into one entity.
Researchers strongly prefer to have multiple funding sources. And Kobayashi says
he’s heard that RIKEN’s accelerator physics
group, which operates its own particle accelerators, could be merged into the High
Energy Accelerator Research Organization
(KEK) in Tsukuba. The report gives few details on such changes, however, and
Kobayashi laments that “we only know
what we read in the newspapers.”
Technology Czar? The White House is
rumored to have chosen one of two top
deputies to science adviser John Marburger
as part of a reorganization of his office.
Richard Russell, a longtime congressional
aide who has been serving as staff director
of the White House Office of Science and
Technology Policy since last spring, will become OSTP’s head of technology,Washington insiders say. Russell, who earned a
bachelor’s degree in biology from Yale University in 1988, worked for the Republicanled House Science Committee from 1996
to 2000. He is closely linked to efforts to
kill the Department of Commerce’s Advanced Technology Program, which funnels
R&D funds to tech companies.
Russell may be part of a slimmed-down
senior staff split between science and
technology. Sources say that White House
planners may eliminate two existing senior
posts, overseeing the environment and national security–international affairs.
Contributors: Michael Balter, Jocelyn
Kaiser, Dennis Normile, David Malakoff
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Stratospheric Harbingers of
Anomalous Weather Regimes
Mark P. Baldwin* and Timothy J. Dunkerton
Observations show that large variations in the strength of the stratospheric
circulation, appearing first above ⬃50 kilometers, descend to the lowermost
stratosphere and are followed by anomalous tropospheric weather regimes.
During the 60 days after the onset of these events, average surface pressure
maps resemble closely the Arctic Oscillation pattern. These stratospheric events
also precede shifts in the probability distributions of extreme values of the
Arctic and North Atlantic Oscillations, the location of storm tracks, and the local
likelihood of mid-latitude storms. Our observations suggest that these stratospheric harbingers may be used as a predictor of tropospheric weather regimes.
Tropospheric weather patterns tend to change
on time scales of a few days, and numerical
prediction models have little skill beyond a
week. On a time scale of months—in several
parts of the world—predictive skill comes from
El Niño/Southern Oscillation. Circulation regimes in the stratosphere tend to persist for
several weeks or more, but the stratospheric
circulation is generally regarded as having little
influence on surface weather patterns. Case
studies have shown, however, that large stratospheric circulation anomalies occasionally
reach Earth’s surface (1, 2).
The stratospheric circulation is most variable during winter, when the cold, cyclonic
polar vortex varies in strength and is disturbed
by planetary-scale Rossby waves. These waves
originate mainly in the troposphere and transport westward angular momentum upward,
where they interact with the stratospheric flow.
The longitudinally averaged wind, u , modulates
the refraction of upward-propagating planetaryscale waves (3), alters the locations where the
angular momentum is changed, and can initiate
a positive feedback in which the waves penetrate to successively lower altitudes (4–6) as u
anomalies descend.
Wave-induced angular momentum transport, driven by upward-propagating waves, thus
leads to downward phase propagation of u
anomalies. The downward phase propagation
creates what may be an illusion of downward
influence, especially when the data are
smoothed in time. Downward phase propagation does not in itself imply that anomalies at
lower levels originate at upper levels. Rather, it
seems more likely that the stratosphere is modified by waves originating in the troposphere,
altering the conditions for planetary-wave propagation in such a way as to draw mean-flow
anomalies poleward and downward (7).
Here we use daily stratospheric weather
Northwest Research Associates, 14508 Northeast
20th Street, Bellevue, WA 98007–3713, USA.
*To whom correspondence should be addressed. Email: mark@nwra.com

maps to identify large stratospheric circulation
anomalies. We then examine time averages and
variability of the near-surface circulation during
60-day periods after the onset of these anomalies. This methodology makes it clear that large
stratospheric anomalies precede tropospheric
mean-flow anomalies and may therefore be
useful for tropospheric weather prediction.
From the observed time delay—and on the
basis of independent modeling evidence—we
speculate that the stratospheric anomalies may
also have a causal role in creating the subsequent tropospheric anomalies.
Variations in the strength of the polar vortex
are well characterized by “annular modes,”
which are hemispheric-scale patterns characterized by synchronous fluctuations in pressure of
one sign over the polar caps and of opposite
sign at lower latitudes. We use daily November
to April data (8) to define the annular mode
independently at each of 26 pressure altitudes
from 1000 to 0.316 hPa (9). At each pressure
altitude the annular mode is the first empirical
orthogonal function (EOF) of 90-day low-pass
filtered geopotential anomalies north of 20°N
(10, 11). Daily values of the annular mode,
spanning the entire 42-year data record, are
calculated for each pressure altitude by projecting daily geopotential anomalies onto the leading EOF patterns. Annular modes provide a
somewhat better measure of vertical coupling
than longitudinally averaged fields such as u
(12). In the stratosphere annular mode values
are a measure of the strength of the polar
vortex, while the near-surface annular mode
is called the “Arctic Oscillation” (AO) (13),
which is recognized as the North Atlantic
Oscillation (NAO) (14, 15) over the Atlantic
sector.
The northern winter of 1998 –1999 (Fig. 1)
illustrates the time-height development of the
annular mode, shown with daily resolution. In
the stratosphere the time scale is relatively long,
illustrating periods when the polar vortex was
warm and weak (red), beginning in December
and late February, and periods when the polar
vortex was cold and strong (blue). Large anom-

alies tend to appear first at the top of the diagram, and move downward (16). The time
scale in the troposphere is much shorter, and
variations are often distinct from those in the
stratosphere. Other winters during 1958 –1999
have descending positive and negative anomalies that often appear to reach Earth’s surface,
but not all events behave in this way. In general,
only the strongest anomalies of either sign tend
to connect to the surface, while weaker anomalies typically remain within the stratosphere.
There are also exceptions in which tropospheric
anomalies appear to precede stratospheric
anomalies.
We now examine composites (averages) of
large negative anomalies and large positive
anomalies, as measured by the 10-hPa annular
mode values (17). These daily values are highly
correlated (0.95) with u at 10 hPa, 60°N. Large
positive values represent a strong, well-organized vortex, while large negative values represent a weak, disorganized vortex (18). We
define weak and strong vortex “events” by the
dates on which the 10-hPa annular mode values
(which are negatively skewed) crossed the
thresholds of ⫺3.0 and ⫹1.5, respectively,
while increasing in magnitude. We choose
these values so that the average event is sufficiently strong to reach the troposphere, while
capturing enough events to obtain a meaningful
composite. (“Event” therefore refers to the onset of a large stratospheric circulation anomaly.
Later, we use “regime” to denote an extended
period of time after the onset of the stratospheric anomaly.) The results are not sensitive to the
exact threshold values. In practice, the crossing
of the threshold could be determined operationally from 10-hPa weather maps or from numerical forecasts. There were 18 weak vortex
events (19) and 30 strong vortex events, with
the highest concentration during December to
February (20). Composites of these extreme
events (Fig. 2) show that circulation anomalies
descend from 10 hPa to the lower stratosphere
where they persist, on average, for more than 2
months. The anomalies at 10 hPa do not last as
long as those in the lower stratosphere where
the radiative time scale is longer (21).
In the weak vortex composite (Fig. 2A) the
stratospheric vortex is very weak at lag zero
(when the 10-hPa values exceeded ⫺3.0), yet
the AO index (at 1000 hPa) is near zero. On
average it takes about 10 days for the phase of
annular mode to descend to near the tropopause. Although the 10-hPa values are positive
after day 40, the negative anomaly just above
the tropopause lasts more than 60 days, during
which time the tropospheric vortex tends to be
weaker than normal (red). The short-period tropospheric fluctuations within the 60 days after
the events in Fig. 2 are probably not meaningful. The composite for the strong vortex events
(Fig. 2B) is similar, but with a longer delay at
the surface until the AO index becomes strongly positive (blue).
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Fig. 1. Time-height development of the northern annular mode during the winter of 1998 –1999.
The indices have daily resolution and are nondimensional. Blue corresponds to positive values
(strong polar vortex), and red corresponds to negative values (weak polar vortex). The contour
interval is 0.5, with values between ⫺0.5 and 0.5 unshaded. The thin horizontal line indicates the
approximate boundary between the troposphere and the stratosphere.
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Fig. 3. Average sea-level pressure anomalies
(hPa) for (A) the 1080 days during weak vortex
regimes and (B) the 1800 days during strong
vortex regimes.
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Fig. 2. Composites of time-height development of the northern annular mode for (A) 18 weak
vortex events and (B) 30 strong vortex events. The events are determined by the dates on which
the 10-hPa annular mode values cross –3.0 and ⫹1.5, respectively. The indices are nondimensional;
the contour interval for the color shading is 0.25, and 0.5 for the white contours. Values between
⫺0.25 and 0.25 are unshaded. The thin horizontal lines indicate the approximate boundary
between the troposphere and the stratosphere.

Stratospheric and tropospheric annular
mode variations are sometimes independent of
each other, but (on average) strong anomalies
just above the tropopause appear to favor tropospheric anomalies of the same sign. Opposing anomalies as in December 1998 (Fig. 1) are
possible, but anomalies of the same sign dominate the average (Fig. 2).
To examine the tropospheric circulation
after these extreme events, we define weak
and strong vortex “regimes” as the 60-day
periods after the dates on which the ⫺3.0 and
⫹1.5 thresholds were crossed. Our results are
not sensitive to the exact range of days used
and do not depend on the first few days after
the “events.” We focus on the average behavior during these “weak vortex regimes” and

582

4

10
1000

“strong vortex regimes,” as characterized by
the normalized AO index (22). The average
value (1080 days) during weak vortex regimes is ⫺0.44, and ⫹0.35 for strong vortex
regimes (1800 days). The large sample sizes
contribute to the high statistical significance
of these averages (23). During the weak and
strong vortex regimes the average surface
pressure anomalies (Fig. 3) are markedly like
opposite phases of the AO (11) or NAO (14),
with the largest effect on pressure gradients
in the North Atlantic and Northern Europe.
The probability density functions (PDFs) of
the daily normalized AO and NAO indices (24)
during weak and strong vortex regimes are
compared in Fig. 4. More pronounced than the
shift in means are differences in the shapes of

the PDFs, especially between the tails of the
curves. Values of AO or NAO index greater
than 1.0 are three to four times as likely during
strong vortex regimes than weak vortex regimes. Similarly, index values less than ⫺1.0
are three to four times as likely during weak
vortex regimes than strong vortex regimes. Values of the daily AO index greater than 1.0 and
less than ⫺1.0 are associated with statistically
significant changes in the probabilities of
weather extremes such as cold air outbreaks,
snow, and high winds across Europe, Asia, and
North America (25). The observed circulation
changes during weak and strong vortex regimes
are substantial from a meteorological viewpoint
and can be anticipated by observing the stratosphere. These results imply a measure of predictability, up to 2 months in advance, for AO/
NAO variations in northern winter, particularly
for extreme values that are associated with unusual weather events having the greatest impact
on society.
Since the NAO and AO are known to modulate the position of surface cyclones across the
Atlantic and Europe, we examine the tracks of
surface cyclones with central pressure less than
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Fig. 4. (A) Probability density function for the normalized daily AO index during December to April
(gray curve), the 1080 days during weak vortex regimes (red curve), and the 1800 days during
strong vortex regimes (blue curve). (B) As in (A), but for the NAO index.

However, it will be necessary to explore the
parameter space more thoroughly in order to
generalize this result to the real atmosphere.
Our observations suggest that large circulation anomalies in the lower stratosphere are
related to substantial shifts in the AO/NAO
and that these stratospheric signals may be
used as a predictive tool. Our results further
suggest the possibility that other changes to
the stratosphere (e.g., from volcanic aerosols,
solar irradiance, or greenhouse gases) could
in turn be related to surface weather if they
affect the likelihood or timing of extreme
circulation events in the polar lower stratosphere (37).

other processes within the stratosphere may
affect the likelihood of extreme events and
subsequent changes in surface weather. The
quasi-biennial oscillation (QBO) in the equatorial stratosphere (29) modulates the wave
guide for upward-propagating planetary
waves so that major stratospheric warmings
are less likely when the equatorial stratospheric winds are westerly (30). In our analysis, weak vortex regimes are twice as likely
(12/6) when the QBO (31) is easterly, and
strong vortex regimes are almost three times
as likely (22/8) when the QBO is westerly.
Because the phase of the QBO can be anticipated up to a year in advance, this result
implies a degree of long-range predictability
(32).
Persistent circulation anomalies in the lower
stratosphere evidently favor tropospheric anomalies of the same sign, but the mechanism involved is not completely clear. Circulation
anomalies with large spatial scales in the lowermost stratosphere are expected to induce
changes in the troposphere, but this effect is
difficult to quantify (33, 34). Possible mechanisms responsible for this coupling include (i) a
mean meridional circulation induced by planetary wave drag in the lowermost stratosphere,
with open streamlines at the surface (35), and
(ii) critical layer absorption in the polar lower
troposphere of Rossby waves that have been
reflected downward from the stratosphere. We
have explored the role of these mechanisms
using a three-dimensional primitive equation
model in a separate investigation (36). Our
numerical experiments indicate that planetarywave variations of heat and momentum flux—
corresponding to anomalies in wave propagation associated with stratospheric mean-flow
variations—induce variations in mean meridional circulation that penetrate the lower troposphere. Coriolis torques associated with these
circulation anomalies cause tropospheric u and
surface pressure anomalies similar to those observed in the present study. These numerical
results indicate that it is primarily the induced
circulation mechanism, rather than the tropospheric absorption of reflected waves, that is
responsible for vertical coupling to the surface.
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Storm Tracks

Fig. 5. Average latitudes of surface cyclones
(defined as closed low-pressure centers less
than 1000 hPa) in the Atlantic and Pacific sectors for the 1080 days during weak vortex
regimes (thick red lines) and the 1800 days
during strong vortex regimes (thick blue lines).
The thin lines indicate the lowest latitude at
which a cyclone frequency of one per two
weeks is expected. The data span 1961–1998,
and each data point represents the average of a
15° band in longitude.

1000 hPa (26) during weak and strong vortex
regimes (Fig. 5). Over the Atlantic sector, the
storm track is displaced significantly (27) farther south during weak vortex regimes, compared with strong vortex regimes. We also find
a similar effect in the eastern Pacific, a result
that would not be expected from modulation of
the NAO, but is consistent with hemispheric
modulation of weather events by the AO (25).
The thin lines illustrate the minimum latitude at
which one storm is expected per 2 weeks, with
storms more frequent to the north. The difference between weak and strong vortex regimes, particularly across the United Kingdom and central and southern Europe, is statistically significant (28); storms are more
likely during weak vortex regimes than
strong vortex regimes.
Although stratospheric circulation anomalies are believed to be caused mainly by
upward-propagating planetary-scale waves,
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Climatic Impact of Tropical
Lowland Deforestation on
Nearby Montane Cloud Forests
R. O. Lawton,1* U. S. Nair,2 R. A. Pielke Sr.,3 R. M. Welch2
Tropical montane cloud forests (TMCFs) depend on predictable, frequent, and
prolonged immersion in cloud. Clearing upwind lowland forest alters surface
energy budgets in ways that influence dry season cloud fields and thus the TMCF
environment. Landsat and Geostationary Operational Environmental Satellite
imagery show that deforested areas of Costa Rica’s Caribbean lowlands remain
relatively cloud-free when forested regions have well-developed dry season
cumulus cloud fields. Further, regional atmospheric simulations show that cloud
base heights are higher over pasture than over tropical forest areas under
reasonable dry season conditions. These results suggest that land use in tropical
lowlands has serious impacts on ecosystems in adjacent mountains.
In the Caribbean basin, as in much of the tropics, cloud forests occur where mountains force
trade winds to rise above the lifting condensation level, the point of orographic cloud formation. Immersion of forest in cloud reduces solar
radiation and outgoing longwave radiation, increases humidity and water inputs from mist
and direct deposition of cloud droplets, and
reduces transpiration (1, 2). Because these actions influence soil structure, nutrient cycling,
and composition of the vegetation, factors that
influence the location and likelihood of cloud
formation in the air masses moving over tropical mountains have profound consequences for
landscape conservation and management (1, 3,
4). The Monteverde cloud forests, which are
the focus of considerable conservation and re1
Department of Biological Sciences, University of Alabama in Huntsville, Huntsville, AL 35899, USA. 2Department of Atmospheric Science, National Space
Science Technology Center, University of Alabama in
Huntsville, 320 Sparkman Drive, Huntsville, AL 35806,
USA. 3Department of Atmospheric Science, Colorado
State University, Fort Collins, CO 80523–1371, USA.

*To whom correspondence should be addressed. Email: lawtonr@email.uah.edu

584

search interest, provide a case in point (2, 5, 6).
These lie along the crest of the Cordillera de
Tilarán mountain range, which rises abruptly
from the lowlands of western Costa Rica to
peaks higher than 1800 m. Tropical wet forest
below 700 m on the Caribbean slope grades
through premontane rain forest to cloud forests
at the highest elevations (6, 7). The uppermost
Pacific slopes are covered by lower montane
wet forest, which rapidly gives way below
1500 m to a landscape that is now almost
completely deforested, but was once covered
with semi-evergreen premontane wet and moist
forests (Fig. 1A). These transitions are largely
due to the spatial pattern of dry season water
inputs imposed by the orographic rise of the
trade winds flowing over the Cordillera and the
consequent formation of a cloud bank against
the upper windward slopes (2, 6, 7). The local
environmental heterogeneity produced by the
geography of cloud immersion results in high
levels of endemism and one of the richest floras
in the world (6, 8).
In the Cordillera, anuran population crashes,
an increase in the upper elevation of bird ranges
on the Pacific slope, and longer mist-free inter-
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vals in the dry season at the lee edge of the
Monteverde cloud forest have been attributed to
an increase in the base height of the orographic
cloud bank (3). The frequency of long (ⱖ5
days) mist-free periods in the dry season is
related to Pacific sea surface temperatures, and
thus to El Niño events, but a trend remains after
these are considered (3). Based on a global
climate model under 2XCO2 conditions, Still et
al. (4) suggest that sea surface warming results
in intensification of tropical hydrological cycling, with release of latent heat upon condensation, warming the atmosphere. From these
results, Still et al. (4) and Pounds et al. (3) infer
an increase in the lifting condensation level and
the height of orographic cloud banks. Global
climate models, however, have coarse spatial
resolution [⬃400 km horizontally and several
hundred meters vertically in that of Still et al.
(4)] and are incapable of resolving subgrid
scale features such as clouds, or terrain and
land use features known to influence cloud
formation.
Trade winds flow from the Caribbean, 100
km across the lowlands of the Rio San Juan
basin, to the Monteverde tropical montane
cloud forest (TMCF). Moving at 3 to 5 m s⫺1,
the lower atmosphere has 5 to 10 hours during
which it can be influenced by the land below.
Deforestation proceeded rapidly in the Costa
Rican part of this basin in the past century. By
1940, a 600-km2 area at the Caribbean foot of
the Cordillera de Tilarán had been cleared (9).
Agricultural colonization has since spread (9,
10). By 1992, only about 1200 km2 (18% of the
area) of intact natural vegetation remained in
the Costa Rican part of the Rio San Juan basin
lowlands (11) (Fig. 1A). To the north of the
river, the forests in southeastern Nicaragua remained largely intact.
Deforestation and conversion of land to pasture or cropland generally increase surface albedo (12), reduce aerodynamic roughness
length and mechanically turbulent mixing in the
boundary layer (13), reduce evapotranspiration,
and increase the ratio of convective sensible
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