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nances can be excited in two-dimensional 
(2D) channel structures and clarify the 
corresponding coupling mechanism. 

Many technological improvements will be 
required before their device can be used as an 
efficient x-ray point source. However, the re- 
ported ~2 x 104 photons per second out of a 33 
nm by 68 nm opening is already impressive, 
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Waveguide applications. (A) Diffraction or 
spectroscopy of matter incorporated in the 

waveguide enhances the signal-to-noise ratio 
through resonance effects. (B) Waveguides can 
also serve as a point source of coherent x-rays. 
The intrinsic divergence can be used for coher- 
ent imaging or photon correlation spectroscopy 
in a projection setup, in which the information 
of a nanometer-sized object near the fiber tip is 
carried to a detector positioned in the far field. 
(C) In contrast to x-ray fiber optics, the beam is 
coherent; that is, the waveguide acts as a filter 
for the coherent fraction of the incoming 
beam, making it useful for photon correlation 
spectroscopy or coherent scattering. 

representing a 70-fold improvement (gain) 
over a hypothetical pair of slits of the same di- 
mensions under identical instrumental settings. 

Given the rapid gain increases in pla- 
nar waveguides in recent years, similar im- 
provements in 2D waveguides through op- 
timization of the fabrication process are 
likely. Relative to other focusing tech- 
niques, the 2D x-ray waveguide reported 
by Pfeiffer et al. offers unique opportuni- 
ties for creating coherent hard x-ray beams 
with spot sizes below 100 nm. 

Such beams could probe the structure 
and the dynamics of individual colloids, 
nanocrystals, supramolecular assemblies, 
or organelles in the cell. While structural 
information can be deduced from imaging 
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or diffraction of the nanobeam, photon cor- 
relation spectroscopy may be used to study 
dynamics, even in the same experimental 
setup. In the latter case, the waveguide 
would replace the pinhole currently used in 
x-ray photon correlation experiments. 

As an important step toward these goals, 
Pfeiffer et al. have performed an impressive 
demonstration of the basic resonance effect, 
which occurs when one shines a parallel 
synchrotron beam onto a suitably designed 
nanostructure. Almost any nanostructure 
can be analyzed by a diffraction experi- 
ment-but not every nanostructure can 
change the propagation of the beam. 

Pfeiffer et al. have shown that the inter- 
action of the beam with carefully designed 
interfaces goes beyond the well-known ex- 
amples of other beam-shaping devices 
such as Fresnel zone plates, compound re- 
fraction lenses, and planar x-ray multilay- 
ers. Their work suggests that the combina- 
tion of lithographic nanostructures and x- 
rays may have more surprises in store. 
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For climate predictions from general 
circulation models to be interpreted 
with confidence, a robust record of 

past climatic changes is required. Without 
such a record, natural variability of the cli- 
mate system cannot be separated from the 
possible changes induced by human activi- 
ty. Resolving this issue is essential for ad- 
dressing future climate change. 

Two different approaches are widely used 
to reconstruct Northern Hemisphere climatic 
change during the last 500 to 1000 years. 
Both show a warming in the 20th century, 
but for earlier centuries they observe differ- 
ent patterns of climate change. Do these dis- 
agreements reflect only differences in the 
spatial distribution of sites, or are they due to 
intrinsic limitations of the methods? 

The first method uses large data sets of 
various temperature proxies, such as tree 
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rings and oxygen isotopes in ice cores, to 
construct a model of past temperature 
change (1). The second relies on geothermal 
data from boreholes worldwide to model 
ground temperature changes and the energy 
balance at Earth's continental surface (2-4). 

Comparison of these multiproxy and 
geothermal paleoclimatic models is difficult 
because of differences in the spatial distribu- 
tion of data. But preliminary comparison (5) 
yields some important differences. In particu- 
lar, they disagree over the existence of a cold 
period between 1500 and 1800 A.D. Such a 
cold spell is documented in all geothermal 
models but does not appear as a strong signal 
in the multiproxy reconstructions (1). 

To understand these discrepancies, we 
must first understand how surface temper- 
atures are reconstructed in the borehole 
method and why direct comparison with 
multiproxy data is not possible. 

If we assume that Earth's upper crust is in 
thermal equilibrium, then the temperature dis- 
tribution in the upper few kilometers will be 
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determined by the long-term (>1000 years) 
surface temperature and the internal heat flow 
(considered constant for time scales less than 
106 years). Under the conditions of constant 
surface temperature and internal heat flow 
and homogeneous thermal properties of the 
underground rocks, the temperature increases 
linearly with depth. In most cases, the subsur- 
face is not homogeneous, but thermal proper- 
ties can be measured in rock samples and 
standard corrections applied. 

The situation changes if Earth's surface 
warms (or cools). In this case, a quantity 
of heat will be gained (or lost) by the 
ground. These changes in the energy bal- 
ance at the surface will propagate and be 
recorded underground as perturbations to 
the equilibrium thermal regime. 

Typically, perturbations penetrate about 
20 m in a year, 150 m in 100 years, and 
500 m in a millennium, depending on the 
thermal properties of the subsurface rocks. 
Hence, recent energy balance changes at 
the surface remain recorded in the shallow 
subsurface. Analysis of these underground 
anomalies provides the basis of the bore- 
hole method. The temperature anomalies 
observed in the Northern Hemisphere (see 
the figure) show that the spatial variability 
of the surface energy balance is large. 
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The ground temperature integrates the ef- 
fects of energy exchange at the air-ground in- 
terface, continuously recording the energy 
balance at the surface. However, other sur- 
face factors-such as changes in vegetation 
cover, underground hydrology, topography 
variations, lateral heat conduction, and sys- 
tematic variations of thermal conductivity of 
the subsurface rocks-can affect the under- 
ground thermal regime independently of cli- 
mate. In fact, geothermal data have been used 
to determine the time of deforestation in ar- 
eas of Canada (6). Therefore, borehole data 
must be screened carefully before they are 
analyzed for climate signatures. 

Over the last decade, several groups have 
reconstructed ground surface temperature 
histories (GSTHs) from borehole tempera- 
tures (7). The energy balance at the surface 
of all the continents (except Antarctica) was 
estimated, allowing the total heat absorbed 
by Earth in the last 50 years to be calculated 
(4). Coupled with earlier work (8), this in- 
formation clearly shows that all components 
of the climate system gained energy during 
this period, demonstrating the global nature 
of the present warming of our planet. 

To assess the significance of past climatic 
changes inferred from geothermal data, we 
must explore the main strengths and limita- 
tions of the borehole method. Borehole tem- 
perature profiles are not a proxy for surface 
temperature, but rather a 
direct measure of the past 0 
temperature and energy 40- :-' 
balance at Earth's continen- 80- ' 

tal surface. The under- 120- 
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large-scale averages, the maximum resolu- 
tion for these ensemble averages is deter- 
mined by the temperature log with the high- 
est noise level-that is, the log with the 
lowest potential resolution. The current data 
set, derived from holes drilled for purposes 
other than climate reconstruction, repre- 
sents a trade-off between resolution and 
spatial representation. Spatially homoge- 
neous dedicated drilling and logging would 
alleviate this problem. 

Because of the loss and variation of res- 
olution through heat diffusion, borehole 
paleoclimatic reconstructions cannot be re- 
lated directly to proxy or meteorological 
records, which contain information at high- 
er and constant resolutions (12, 13). How, 
then, can we compare results from proxy 
and geothermal climatic reconstructions? 

First, to bring the reconstructions to the 
same resolution, the high-resolution proxy 
reconstruction must be filtered in the same 
way as Earth filters surface temperature 
changes propagating into the ground. This 
can be accomplished by multiplying the 
proxy climatic reconstruction time series 
by the model resolution matrix from the 
inversion of geothermal data (12). 

Second, keeping in mind that all paleo- 
climatic reconstructions are only models of 
past climatic variations and thus subject to 
corrections, we must clarify whether the 
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multiproxy reconstruction 
(1) contains sufficient 
long-term information. 

The multiproxy method 
makes extensive use of 
tree-ring records, which re- 
quire substantial prepro- 
cessing. A different and ar- 
bitrary age-related growth 
trend removal function is 
used to filter each tree-ring 
time series. As a result, 
trends of more than a few 
decades may be lost (5, 14). 
Furthermore, filtering takes 
place at different band- 
widths for each tree. All 
processed dendrochrono- 
logical time series are sub- 
sequently merged to form 
standardized chronolo- 
gies. Spectral analysis of 
processed standardized 
chronologies is therefore 
uncertain for periods 
longer than a few decades. 

This problem has re- 
cently been overcome by 
Esper et al. (15, 16), who 
reported a new method 
that preserves long-term 
trends in tree-ring data. 
This method must be ap- 

plied to the tree-ring data used in construct- 
ing multiproxy models. The effects of age-re- 
lated filtering on the long-term results could 
then be assessed. This reanalysis would not 
change the conclusions in (1-4) regarding the 
unprecedented character of the rate of change 
in temperature for the recent warming. 

At the same time, regional comparisons of 
multiproxy and geothermal reconstructions 
should be carried out wherever allowed by the 
data. Large-scale averaging of GSTHs may 
have masked part of the cooling and recovery 
signal from the so-called Little Ice Age, per- 
haps because not all boreholes in the analysis 
have the same depth ranges (the deepest bore- 
holes dominate the long-term GSTH). 

For example, in some parts of Canada, ev- 
idence from geothermal data for the Little Ice 
Age is widespread, and in some areas individ- 
ual GSTHs appear to be similar to the multi- 
proxy reconstruction (17), including a cold 
period qualitatively similar to the Little Ice 
Age. However, in other parts of Canada, the 
Little Ice Age is not present in geothermal da- 
ta (18). Examination of such small-scale dis- 
crepancies and similarities from proxy and 
borehole methods should provide insights into 
how robust the reconstruction methodologies 
are, and should help to discern the spatial 
variability of the Little Ice Age. 

Clearer insights into past climatic 
changes should result from integrated analy- 
ses in which all models of paleoclimatic re- 
construction are interpreted jointly to maxi- 
mize their strengths and minimize their 
weaknesses. Interdisciplinary approaches 
and collaborations across fields are more 
important than ever in this endeavor. 

References and Notes 
1. M. E. Mann etal., Geophys. Res. Lett. 26, 759 (1999). 
2. S. Huang et aL, Nature 403, 756 (2000). 
3. R. N. Harris, D. S. Chapman, Geophys. Res. Lett. 28, 

747 (2001). 
4. H. Beltrami et al., Geophys. Res. Lett. 29, 

10.1029/2001GL014310 (2002). 
5. See figure 1 in K. R. Briffa, T. J. Osborn, Science 295, 

2227 (2002). 
6. T. Lewis, K.Wang, Geophys. Res. Lett. 25, 535 (1998). 
7. H. N. Pollack, S. Huang, Annu. Rev. Earth Planet. Sci. 

28,339 (2000). 
8. S. Levitus et al., Science 292,267 (2001). 
9. G. D. Clow, Palaeogeogr. PalaeoclimatoL PalaeoecoL 

98,81 (1992). 
10. H. Beltrami etal., GeophysJ.. Int. 129, 311 (1997). 
11. H. N. Pollack et al., Pure App. Geophys. 147, 537 

(1996). 
12. H. Beltrami et al., Earth Planet. Sci. Lett. 136, 437 

(1995). 
13. H. Beltrami, A. E. Taylor, Global Planet. Change 11, 

127 (1995). 
14. R. S. Bradley, Quaternary Paleoclimatology: Methods 

of Paleoclimatic Reconstruction (Academic Press, 
London, ed. 2, 1999). 

15. K. R. Briffa et al., . Geophys. Res. 106, 2929 (2001). 
16. J. Esper et a., Science 295, 2250 (2002). 
17. See special issue on Inference of Climate Change 

from Geothermal Data, H. Beltrami, R. N. Harris, Eds., 
Global Planet. Change 29 (no. 3-4) (2001). 

18. J. C. Mareschal, personal communication. 
19. Data from the International Heat Flow Commission 

World Data Base. Data cover all continents except 
Antarctica. 

20. Supported by the Natural Sciences and Engineering 
Research Council of Canada. 

www.sciencemag.org SCIENCE VOL 297 12 JULY 2002 207 


	Cit r112_c113: 


