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analysed by SDS–PAGE and western blotting. Rabbit anti-ISWI antibody was
biotinylated using the Clontech Biotin-X-NHS ester labelling kit. Detection
was by streptavidin–peroxidase polymer (Sigma) with an ECL detection kit
(Amersham).
Nucleosome spacing. Drosophila embryo assembly extract was dialysed
against EX120, 0.2 mM PMSF, 0.5 mM sodium metabisulphite to remove ATP.
60 ml of extract, 66 ml EX50, 14 ml 30 mM MgCl2, 10 mM DTT, 600 mM NaCl
and 1 mg plasmid DNA were mixed and incubated for 3 h at 26 8C. Chromatin
was Sarkosyl-stripped and purified by gel filtration7,11. 20 ml of this chromatin
(,70 ng DNA) plus 30 ml EX120 were incubated for 90 min with either 1 ml
CHRAC or buffer in presence or absence of 2 mM ATP. The nucleosome repeat
was revealed with an oligonucleotide hybridizing to a GAGA element of the
hsp26 promoter as described7,29. 0.1 and 0.2 ml CHRAC and 1 ml NURF P11 (gift
from T. Tsukiyama and C. Wu) were assayed in the experiment shown in Fig.
6b. The CHRAC preparation contained 5× more ISWI protein than the NURF
preparation.
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In Figs 1 and 3b, the numbering was very faint; also, shading was lost
from Fig. 4. The corrected figures 1, 3b and 4 are shown here. M
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residue-based control can be exerted over a-peptide conformation
by varying substitution at Ca, if backbone hydrogen-bonding sites
are to remain intact23–25. One type of hydrogen-bonded helical
secondary structure (a-helix) is predominant among peptides
composed of the proteogenic a-amino acids, and the only other
observed hydrogen-bonded helix (310) is relatively uncommon26.
The switch in helical hydrogen-bond directionality between the
b-peptide 12- and 14-helices (Fig. 1a) is unprecedented among
a-peptides. The predictable residue-based conformational control
offered by b-peptides suggests that this class of unnatural foldamers
will be well suited to molecular design efforts, such as the generation
of novel tertiary structures and combinatorial searches for selective
biopolymer ligands. M
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18. López-Carrasquero, F., Alemá, C. & Muñoz-Guerra, S. Conformational analysis of helical poly(b-L-
aspartate)s by IR dichroism. Biopolymers 36, 263–271 (1995).

19. Herradon, B. & Seebach, D. Monoalkylation and dialkylation of derivatives of (1R, 2S)-2-hydro-
xycyclopentanecarboxylic acid and (1R, 2S)-2-hydroxycyclohexanecarboxylic acid via bicyclic dioxa-
nones: selective generation of three contiguous stereogenic centers on a cyclohexane ring. Helv. Chim.
Acta 72, 690–714 (1989).

20. Tilley, J. W. et al. Analogs of Ac-CCK-7 incorporating dipeptide mimics in place of Met29–Gly29. J.
Med. Chem. 35, 3774–3783 (1992).

21. Braunschweiler, L. & Ernst, R. R. Coherence transfer by isotropic mixing: application to proton
correlation spectroscopy. J. Magn. Reson. 53, 521–528 (1983).

22. Bothner-By, A. A., Stephens, R. L., Lee, J., Warren, C. D. & Jeanloz, R. W. Structure determination of a
tetrasaccharide: transient nuclear Overhauser effects in the rotating frame. J. Am. Chem. Soc. 106,
811–813 (1984).

23. Creighton, T. E. Proteins: Structures and Molecular Properties, 2nd Edn (Freeman, New York, 1993).
24. Xiong, H., Buckwalter, B. L., Shieh, H.-M. & Hecht, M. H. Periodicity of polar and nonpolar amino

acids is the major determinant of secondary structure in self-assembling oligomeric peptides. Proc.
Natl Acad. Sci. USA 92, 6349–6353 (1995).

25. Schenck, H. L., Dado, G. P. & Gellman, S. H. Redox-triggered secondary structure changes in the
aggregated states of a designed methionine-rich peptide. J. Am. Chem. Soc. 118, 12487–12494 (1996).

26. Barlow, D. J. & Thornton, J. M. Helix geometry in proteins. J. Mol. Biol. 201, 601–619 (1988).
27. Bacon, D. J. & Anderson, W. F. A fast algorithm for rendering space-filling molecule pictures. J. Mol.

Graphics 6, 219–220 (1988).
28. Merrit, E. A. & Murphy, M. E. P. Raster3D version 2.0: a program for photorealistic molecular

graphics. Acta Cryst. D50, 869–873 (1994).
29. Kraulis, P. J. Molscript: a program to produce both detailed and schematic plots of protein structures.

J. Appl. Cryst. 24, 946–950 (1991).
30. Brooks, B. R. et al. CHARMM: a program for macromolecular energy, minimization, and dynamics

calculations. J. Comput. Chem. 4, 187–217 (1983).

Acknowledgements. This work was supported by the US National Science Foundation (S.H.G.) and the
AIDS Targeted Antiviral Research Program for the Office of the Director of the National Institutes of
Health (J.J.B.Jr and X.H.). D.A. was supported by a Chemistry–Biology Interface Training Grant from
NIGMS. L.C. was supported in part by a Graduate Fellowship from the Office of Naval Research.

Correspondence regarding the NMR-based solution structure of the hexamer should be directed to J.J.B.
(e-mail: barchij@dc37a.nci.nih.gov), and correspondence regarding other issues should be addressed to
S.H.G. (e-mail: gellman@chem.wisc.edu).

Modelling teleconnections
between theNorthAtlantic
andNorthPacificduring the
YoungerDryas
Uwe Mikolajewicz*, Thomas J. Crowley†,
Andreas Schiller‡ & Reinhard Voss§

* Max-Planck-Institut für Meteorologie, D-20146 Hamburg, Germany
† Department of Oceanography, Texas A&M University, College Station,
Texas 77843, USA
‡ CSIRO Division of Marine Research, Hobart TAS 7001, Australia
§ Deutsches Klimarechenzentrum, D-20146 Hamburg, Germany
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Evidence for a cooling event synchronous with the Younger Dryas
(12,000 calendar years before present) has been found in the
North Pacific Ocean north of 308 N in records of surface1–5 and
subsurface water properties6,7. These changes may be related to a
temporary shut-down of North Atlantic Deep Water formation
and associated surface cooling over the North Atlantic. It has
remained unclear, however, whether this North Atlantic cooling
was communicated to the North Pacific Ocean through the atmo-
sphere or the ocean. Here we report results of a sensitivity
experiment with a coupled ocean–atmosphere general circulation
model that support a primarily atmospheric forcing of North
Pacific climate variations. Changes in wind strongly affect coastal
upwelling at the North American west coast, and surface cooling
by the atmosphere causes better ventilation of the thermocline
waters of the northeast Pacific. This effect is amplified by oceanic
progagation to the Pacific of the signal arising from collapse of
North Atlantic Deep Water formation. These teleconnections may
also explain earlier North Pacific and western North American
millenial-scale cooling events of a similar nature8–12.

Previous modelling results indicate that meltwater-induced
changes in subpolar North Atlantic salinity affects North Atlantic
Deep Water (NADW) production (see, for example, refs 13–18).
Although most of the analyses of these runs have focused on the
North Atlantic and surroundings, less attention has been paid to the
far-field effect of meltwater-induced NADW decreases. Generally
this effect is significantly smaller than in the North Atlantic. The
model18 used here shows a maximum cooling over the North
Atlantic and Europe, but almost the entire Northern Hemisphere
experiences a marked cooling (Fig. 1). This response is more
extensive than that obtained with a different coupled model17, but
the brevity of the meltwater forcing in that run (10 years) does not
make the two studies strictly comparable. However, an equilibrium
run19 with a rather similar model results in a response quite similar
to ours. From simulations with less complete models15,20,21,
enhanced formation of intermediate water in the North Pacific
has been reported as a consequence of the shutdown of NADW
formation.

The model used here is the ECHAM3/LSG coupled ocean–
atmosphere general circulation model (OAGCM) consisting of
the spectral atmosphere model ECHAM322 with a T21 resolution
and 19 levels, and the LSG ocean model23 with a horizontal
resolution of 5.68 and 11 levels. The two model components are
coupled by the fluxes of heat, mass and momentum, making use of
the flux correction technique. Both components of the OAGCM are
periodically synchronously coupled. Periods with synchronous
coupling (both models are integrated quasi-simultaneously) of 15
months alternate with ocean-only periods of 48 months24. This
technique saves considerable amounts of computer time, while
retaining the response on timescales longer than a few decades. A
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more detailed description of the coupled model and its climate can
be found elsewhere18,25.

In a sensitivity experiment we investigated the stability of the
thermohaline circulation against meltwater input into the Labrador
Sea, keeping all other boundary conditions (such as topography,
vegetation and ice sheets) at modern values. The prescribed
triangular-shaped meltwater spike lasted for 500 years and reached
a maximum of 0.625 Sv (1 Sv ¼ 106 m3 s 2 1) in year 250. The total
length of this experiment and of an unperturbed control run is 850
model years. This experimental set-up mimics a meltwater event
originating from the Laurentide ice sheet over North America. The
prescribed discharge rates are roughly consistent with the estimates
of the maximum rate of change of global mean sea level during the
last deglaciation26. But this model, like other models (for example,
refs 14, 17, 20) fails to reproduce the delay of about 1,000 years
between the peak of the meltwater input and the onset of the
Younger Dryas.

As discussed more fully in ref. 18, the meltwater input into the
Labrador Sea reduced the model’s surface salinity in the northern
North Atlantic, and thus formation of NADW ceased (Fig. 2a). As a
result, the thermohaline circulation of the Atlantic was reversed,
accompanied by a strong reduction of the North Atlantic poleward
heat transport (at 308 N) from 0.7 PW to 0.1 PW (1PW ¼ 1015 W).
This leads to a strong surface cooling over the North Atlantic and
Europe (Fig. 1) and to increased sea-ice cover. The sea surface
temperature (SST) cools by almost 4 K averaged over the entire
North Atlantic (Fig. 2b). After the meltwater input was stopped, the
convection slowly recovered, and the Atlantic circulation returned
to the conveyor-belt type overturning pattern. The North Atlantic
SST warms up within a few decades by 2.5 K (Fig. 2b).

Although the meltwater responses have maximal amplitude in the
Atlantic and Europe, the signal is distinct in the Pacific as well
(Fig. 1). Sea surface temperature, averaged over the entire North
Pacific, shows a marked cooling, with maximal amplitude of ,2 K
in the third century of the simulation (Fig. 2b). The temperature
changes are not as abrupt as in the Atlantic, but the reinitiation of
NADW formation shows up as a warming of 1 Kwithin one century.
The strong changes in SST and sea-ice distribution lead also to
significant changes in the atmospheric circulation. The first
empirical orthogonal function (EOF) of the wind stress fields of
the Northern Hemisphere Pacific shows a strong cyclonic signal
centred around 608 N and 1558 W, with westerlies extending across

the Pacific around 458 N. There is a strong northward component
along the Canadian and US west coast and a weaker westward
component at the Mexican coast (Fig. 3a). The pattern is consistent
with an eastward shift in the position of the Aleutian low-pressure
area and the intensification of cyclone activity, especially in the
eastern part of the North Pacific. The associated principle com-
ponent (PC) time series (Fig. 2c) shows marked differences to the
control run between years 150 and 530 that are clearly related to
changes in the Atlantic overturning circulation.

The divergence of the resulting Ekman transports causes anom-
alous upwelling in the Pacific north of 508 N during periods of
suppressed NADW formation. At the west coast of North America,
however, the northward wind-stress anomaly causes a convergence
of Ekman transports and thus anomalous downwelling along the
coast. The corresponding negative anomaly of the vertical velocities
extends down to depths of 850 m. At 1,500 m, however, the anomaly
changes sign and shows an upward component in the northeast
Pacific. The pattern of the associated response in SST (Fig. 3b)
reveals a general cooling of the North Pacific north of 308 N.
Maximal cooling (,2 K) can be seen in a tongue around 508 N
extending from 1408 E to 1508 W. This pattern corresponds with an
enhanced cold-air advection from Siberia, especially in the winter
season. The relatively small cooling at the American coast coincides
with the intensification of the northward-blowing winds along the
coast and the reduction of the upwelling of colder subsurface waters
south of 408 N.

In an uncoupled sensitivity experiment with the ECHAM3 atmo-
sphere model, the SST and sea ice were prescribed according to the
meltwater experiment in the Atlantic and to the control run else-
where. The atmospheric response over the Atlantic and Eurasia (not
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shown) was very similar to the response in the meltwater experi-
ment (Fig. 1). The atmosphere extracted large amounts of heat near
the northwest Pacific coast due to the outflow of colder air from
Siberia in winter. During the period of cooling around year 200 in
the coupled simulation, the annual mean heat loss from the North
Pacific Ocean to the atmosphere increased by 0.2 PW compared to
the control experiment. During the rest of the cold period this
additional heat loss is reduced to 0.1 PW. Thus the North Pacific
cooling is a direct consequence of the climate changes in the North
Atlantic. The changes in atmospheric circulation over the North
Pacific found in the meltwater experiment is a combination of the
far-field response from the Atlantic and the local interaction with
the increased meridional SST gradient over the North Pacific.

In the coupled model, the cooling in the surface layer also leads to
an intensified ventilation of the thermocline in the North Pacific, as
was already found previously in a zonally averaged model20. Espe-
cially in the northeast Pacific, the wintertime mixed layer depth is
increased. The ventilation of the thermocline produces a tongue of
colder and fresher water which penetrates deeper and further to the
south than in the control simulation before it leaves the coast
flowing westward. In the zonally averaged mass-transport stream
function this shows up as an increase of 3 Sv of the North Pacific
Intermediate Water formation (not shown). We illustrate the effect
of the circulation changes on the ventilation using an offline

advective tracer model for radiocarbon14. The temporal evolution
of the resulting difference in D14C between the surface and 450 m
depth (approximately sill depth in the Santa Barbara basin6) along
358 N in the Pacific is shown in Fig. 4. Along the American coast, the
reduction of the D14C differences is almost 30‰. This can be
explained by the combined effect of wind-induced reduction of
the upwelling of old deep water and the deeper penetration of young
water. This signal is consistent with the changes found by Kennett
and Ingram6, except that our model overestimates the ventilation
age. In the model, the radiocarbon signal at the coast at 450 m depth
is associated with a cooling and freshening (,0.8 K and 0.4 practical
salinity units). There is, however, a strong depth dependence of the
radiocarbon signal near the coast. At the next model level (250 m
depth) the D14C difference with the surface is reduced by 25‰
during the cold period. At 2,000 m depth, the radiocarbon concen-
trations indicate an increase in 14C depletion along the American
coast, but with a clear delay compared to the surface response. This
depth-dependent pattern of ventilation changes appears to be
consistent with new data from deeper sites in the northeast Pacific.7

However, for comparison with observed data, one also must take
into account that the atmospheric radiocarbon concentration
increased ,35‰ during the Younger Dryas27. This response has
been successfully simulated with simplified coupled models21,28

In a sensitivity experiment with the uncoupled ocean model with
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Figure 3 a, First common EOF (explains 38.5% of total variance) of Northern

Hemisphere Pacific wind stress from both control and meltwater experiment and

b, associated correlation pattern of SST (in K). Decadal means of the data from

both the meltwater experiment and the control run were used for this analysis.

The common time-mean value from both experiments was subtracted before the

analysis. To obtain the strength of the anomaly for any particular time interval of

the simulation, both patterns must be multiplied by the difference of the loading of

the principal component (PC) shown in Fig. 2c. The pattern is strongest in the

winter season. The change in SSTassociated with this response was computed

by linear regression analysis with the PC of the wind stress EOF. As the wind

stress pattern is directly related to the SST in the NorthAtlantic, this pattern shows

the combined effect of the advection of colder air from Siberia (compare with

Fig.1) onto the North Pacific and the temperatureeffects associated with changes

in the atmospheric circulation.
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Figure 4 Hovmøller diagram of radiocarbon (D14C) differences between surface

and 450m depth at 358 N in the Pacific from an advective tracer model. (D14C is

defined as the deviation of the 14C/12C ratio from a given standard and corrected

for fractionation effects, given in ‰). Shown are averages over 25 years of the

meltwater experiment; contour interval is 10‰. Shading indicates values .60‰.

The results are obtainedusinganoffline advective tracer model, which was spun-

up by making a sequence of twenty 850-year integrations using the flow fields

from the individual years of the control run. Each run was started with the D14C

field achieved at the end of the previous simulation. The model was then forced

with flow fields from the 850 years of the meltwater experiment. As the change in

surface concentrations at this latitude was generally ,10‰ and showed younger

radiocarbon values during the cold period, the reduction in D14C difference by

,10‰ over the whole Pacific reflects mainly changes at 450m depth. Further

south (for example, at 288 N) the model shows a similar increase in the ventilation

of the central Pacific, but changes in coastal areas are not as large.
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a restoring time constant of 5 months for the surface temperature16,
a collapse of NADW formation induced by the introduction of a
large negative salinity anomaly in the North Atlantic leads also to
enhanced ventilation of the thermocline with fresher water (with
signal propagation by coastal and equatorial Kelvin and Rossby
waves within less than three decades from the Atlantic through the
Indian Ocean to the northeast Pacific). However, this mechanism
(compare ref. 6) accounts for only about one-third of the radio-
carbon signal in the OAGCM. The remaining part thus can be
explained by effects caused by changes in the atmosphere.

Although there is some agreement between model and geological
data for circulation changes along the American west coast, there are
also some disagreements. The cooling near the coast in our model is
rather small (,1 K), whereas sediment records suggest6,29 a surface
cooling of 2–3 K. Because there is some discrepancy between
alkenone-based and foraminifera-based (Globigerina pachyderma)
SSTestimates for the Last Glacial Maximum from the Santa Barbara
basin6,29, and G. pachyderma may have a subsurface habitat30, the
upwelling ‘discrepancies’ may not necessarily reflect model
inadequacies. The large changes in land ice cover, which are not
included in our simulations, would also influence the circulation
response. Another important shortcoming of the simulations is the
coarse resolution (both horizontally and vertically) which makes the
comparison with local phenomena in regions with large topography
gradients questionable and does not allow the simulation of several
important small-scale features. To address the above discrepancies a
more complete set of experiments would be required with fully
realistic boundary conditions for the deglacial.

Despite the differences mentioned above, our results clearly
demonstrate the influence of variations in NADW formation on
the North Pacific. In the case of a collapse of NADW formation,
both the atmospheric and oceanic transmission of the signal lead to
enhanced ventilation of the northeast Pacific thermocline, with the
atmospheric effect about twice as strong as the oceanic. These
results explain concurrent changes in the North Atlantic and
North Pacific for both the Younger Dryas and (possibly) earlier
millenial-scale cooling events of a similar nature9–12. Owing to the
atmospheric teleconnection, a cooling in the North Atlantic and
increased sea-ice cover alone seem to be sufficient to enhance
thermocline variation in the northeast Pacific. M
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Unlike ordinary mountains, which are formed by slow uplift and
erosion, volcanoes are constructed rapidly. As a consequence,
many are liable to massive flank failures, leading to debris
avalanches (for example, at Mount St Helens in 1980). Such
failures occur worldwide about once every 25 years (ref. 1) and
even small ones can present a major hazard—in particular if far-
reaching tsunamis are generated, as at Mayu-yama in 1792 (ref. 2).
Previous work has tended to emphasize differences in eruption
style associated with flank failure2, but here we focus on the
fundamental structural causes of failure. Most volcanic failures
are generated by magmatic intrusion and flank spreading3. We
present evidence, however, that Mombacho volcano in Nicaragua
experienced a previously unrecognized type of failure, triggered
by sub-volcanic basement spreading. Notably, collapses related to
basement spreading do not require that the volcano be magma-
tically active, and thus flank failure may pose a significant risk
even at inactive volcanoes, which are rarely monitored.

Mombacho volcano rises 1,400 m above the west shores of Lake
Nicaragua, on a basement of Quaternary ignimbrite of the Las
Sierras Formation4,5 (Fig. 1). Conspicuous debris avalanche deposits
on two sides of the volcano provide unequivocal evidence for recent
flank failure. One deposit, below a well defined collapse scar, forms
the remarkable Las Isletas archipelago in Lake Nicaragua (Fig. 1).
The other, on the south side below the deep ‘El Crater’ scar, covers
,60 km2 with hummocky avalanche deposit (Fig. 2). Forest cover
indicates that the avalanche deposits are at least 1,000 years old. The
20,000-yr-old Apoyo pumice underlies the deposits, giving a max-
imum age6.

Volcano spreading provides a framework to interpret the struc-
tural and magmatic evolution of volcanoes7–9. We propose here a
new failure mode caused by lateral displacement of sub-volcanic
strata. A similar process has been proposed for the Hawaiian shield
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