eled and observed tempera-

ture changes, rather than sim- ’é‘ 10 10
ple consideration of trends £
over a short (20-year) period. @ 1003 100
The NRC report draws the @ . 200
same conclusion (3). o

Gaffen et al. (2) analyzed & 400 400
daily radiosonde data for the '_::E
tropics, where the increase in = ‘&
lapse rate since 1979 has 8 650 8%0
been most pronounced. 5 e e
These data, which are inde- 100030° 20° 10° 0

pendent of the MSU data
and almost independent of
the surface data, show an in-
crease in lapse rate since the
late 1970s. Over the longer
period from 1960 to 1997,
however, they show a de-
crease in lapse rate. Brown et
al. (4) obtained similar re-
sults using a different source
of radiosonde data (5). They
showed a widespread sharp
decline in tropical lapse rates during the late
1970s, followed by an increase after the mid
1980s. One interpretation is that atmospheric
circulation changes in the Pacific sector
around the late 1970s (6), possibly a manifes-
tation of the Interdecadal Pacific Oscillation
(7), entailed changes in tropical lapse rate.

Gaffen et al. (2) found that lapse rate trends
since 1979 have been greater on convectively
more stable days, during which lapse rates are
small, than on convectively less stable days,
when further increases are limited by convec-
tive overturning. This is encouraging evidence
for the high quality of the radiosonde data. In-
versions, especially trade wind inversions, dur-
ing which convection is inhibited by warmer
air aloft, may respond to greenhouse gas forc-
ing in a manner analogous to the tropopause.
If so, then the air above the inversion would
cool relative to the air below, because its tem-
perature is controlled more by radiative than
by convective equilibrium (see the figure).
However, Gaffen et al. find that, for 1960 to
1997, the less stable days had the greater de-
crease of lapse rate. Resolution of this ques-
tion requires both improved data and models
that can fully simulate these inversions.

In contrast to Gaffen ef al. (2), Angell (8)
found more warming at the surface than in
the troposphere since 1958, but a more limit-
ed station network was used in the study.
Several recent papers (9—12) have stressed
the need to improve radiosonde data avail-
ability and quality control and to apply physi-
cally based bias adjustments to retain valu-
able independence from MSU. This would
improve on the method of Parker et al. (5),
who used MSU as a reference. Hurrell et al.
(12) lend support for the NRC panel’s con-
clusions (3) by demonstrating the need for
improved radiosonde and MSU data and for
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Controlling influences on air temperatures over the tropical
oceans. Percentage of heating due to radiation for 1982 to 1994,
based on diagnostics from (76). In regions colored blue, heat in-
puts are mainly convective. In regions colored red, they are mainly
radiative. Convection dominates throughout the troposphere in
the intertropical convergence zone. There is a rapid upward transi-
tion toward radiative control across the tropopause (at about 100
hPa) and, to a lesser extent, the trade wind inversions.

ongoing comparisons between analyses.
There are major physical differences be-
tween surface and tropospheric temperatures
(13, 14). Transport of heat by tropospheric
winds ensures that variations of tropospheric
temperature over continents and oceans are of
similar strength. In contrast, if the winter at-
mospheric circulation in the Northern Hemi-
sphere is stronger than usual, the inversions
over the continents are weaker, and the conti-
nental surface can be much more anomalously
warm than can occur over the oceans, where
the high thermal capacity strongly damps any

PERSPECTIVES: ASTRONOMY

changes. The observation that nighttime tem-
peratures have risen more quickly than day-
time temperatures at the land surface (15) is
consistent with a smaller tropospheric warm-
ing, because nighttime temperatures often re-
late to a very shallow layer (3, 12, 15).

The NRC panel considers that much of the
discrepancy between surface and tropospheric
temperature trends is real. Measurement errors
and the effects of sampling natural variability
account for the remainder of the discrepancy.
The work of Santer-et al. and Gaffen et al. re-
ported in this issue made important contribu-
tions to the NRC Panel’s findings. The consen-
sus is that major advances are needed in our
modeling and interpretation of temperature
profiles, along with considerable improve-
ments in data acquisition, documentation and
distribution of the data, and their analysis by
the scientific community worldwide.
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Superclusters—the Largest
Structures in the Universe?

Michael Drinkwater

markable growth in our knowledge of

the distribution of matter in the local
universe. Large galaxy surveys have re-
vealed structure on ever-increasing scales.
The largest structures identified so far are
conglomerates of

Enhanced online at thousands of galax-
www.sciencemag.org/cgi/ jeq with sizes of
content/full/287/5456/1217 hundreds Of mll-

The last two decades have seen a re-

lions of light-years. These superclusters
may help define the largest scale of the ini-
tial density perturbations in the early uni-
verse and elucidate the early stages of
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Melbourne, Victoria 3010, Australia. E-mail:
m.drinkwater@physics.unimelb.edu.au

galaxy formation. Until recently, however,
this potential could not be realized because
existing galaxy surveys were not large
enough to contain a representative sample
of superclusters. Several large galaxy sur-
veys are about to close that gap by allowing
the first quantitative measurements of
large-scale structure on the scale of super-
clusters to be made.

Galaxy surveys are normally based on
two-dimensional optical images of the sky.
To measure large-scale structure efficiently
from the surveys, the third dimension of dis-
tance must be measured. This is usually the
limiting step because it requires a detailed
measurement of the spectrum of each
galaxy. The first “large” three-dimensional
galaxy surveys made in the 1980s were lim-
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ited to samples of a few thousand galaxies
and scales of only 100 million light-years,
too small to identify superclusters. At that
time, larger galaxy surveys were impracti-
cal, so a different approach was adopted.
Instead of individual galaxies, galaxy clus-
ters were used to trace the distribution of
matter on larger scales. Galaxy clusters are
well-defined, gravitationally bound systems
of several hundred galaxies. A few hundred
clusters cover the same volume as thousands
of galaxies, but their distances can be mea-
sured in a fraction of the time. Studies of the
distribution of galaxy clusters first revealed
the presence of superclusters that could not
be seen in the galaxy surveys (/). The cos-
mological implications of the large struc-
tures detected in these early surveys were
seen at once: The popular models of galaxy
formation at the time were not able to pro-
duce such large features (2).

Most recent observations of superclusters
have continued to use galaxy clusters to trace
the larger scale structure. One enormous
structure, the Shapley Concentration, has a
mass around 10'¢ times the mass of our own
sun. Even at a distance of some 700 million
light-years, its gravitational attraction has a
substantial effect on our local group of
galaxies, contributing perhaps 25% of our
motion. A recent comparison of the density
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The real universe. The distribution of galaxies in the partially completed
2dF Galaxy Redshift Survey (9). Only the newest galaxy surveys, such as
the one shown here, will cover large enough volumes to identify and

measure superclusters.

and size of the Shapley Concentration with
theoretical models of structure formation has
shown that such large structures can only
form in a universe containing much less than
the critical density of matter needed to halt
the expansion (3).

More remarkable than the mere exis-
tence of superclusters, and much harder to
explain, are claims that their distribution is
periodic. A compilation of some 300
galaxy clusters shows that the superclusters
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they define are in a lattice-like distribution
with cells 430 million light-years in size
(4). This work supports an earlier result
from a narrow-beam galaxy survey that
measured a periodicity of about 460 mil-
lion light-years along a line of sight (5).
The origin of this large-scale lattice
is very hard to explain, and there is
a concern that the use of the dens-
est galaxy concentrations—galaxy
clusters—to map out the large
scales may exaggerate the appear-
ance of the lattice. It is therefore
preferable to measure all the indi-
vidual galaxies in a sufficiently
large volume of the universe. The
best new galaxy surveys are, how-
ever, only just starting to probe su-
percluster scales.

The very definition of super-
clusters is problematic because, un-
like galaxies or even clusters of
galaxies, they are not gravitational-
ly bound. Theoretical models of the
formation of large-scale structure
suggest a different view of super-
clusters to their observational definition as
very large groups of galaxies. The best
models accurately reproduce the filamen-
tary structures seen in real galaxy surveys
(see the figure on the left). In these models,
filaments form link-
ing structures relat-
ed to the initial den-
sity perturbations
on very large scales.
The models can ex-
tend to arbitrarily
large scales and
show that super-
clusters are simply
higher concentra-
tions of the fila-
ments linking clus-
ters (6). These large
structures are seen
& in numerical simu-
g lations such as those
by the Virgo Con-
sortium (7) (see the
figure, top right).

The real impor-
tance of superclus-
ters will be felt
when we have galaxy surveys large enough
to make quantitative statistical measure-
ments of their structure that can be com-
pared directly with the theoretical simula-
tions. Sensitive statistical approaches have
been developed to describe superclusters,
but existing surveys are not large enough to
constrain the models significantly (8). The
next wave of galaxy surveys uses large mul-
tiobject spectrographs that employ optical
fibers to measure spectra of hundreds of

0%
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galaxies at a time. The need for these facili-
ties was clearly specified in these pages a
decade ago (2). The 2dF Galaxy Redshift
Survey on the Anglo-Australian Telescope
(9) and the Sloan Digital Sky Survey (10)
will be many times the size of the largest ex-

Filaments in a model universe. This numerical simulation
shows filaments of matter that can be identified with super-
clusters in a region of about one billion light-years across.

isting galaxy surveys and will probe the bil-
lion light-year scales needed to describe the
supercluster population quantitatively.

The optical surveys described above all
miss about 30% of the sky obscured by
dust in the plane of our own galaxy, the
Milky Way. This region is known to in-
clude some superclusters and cannot be ig-
nored in studies of nearby large-scale
structure. Galaxies behind the plane of the
Milky Way can be detected at radio fre-
quencies not affected by dust. A full sur-
vey of the “zone of avoidance” defined by
the plane of the Milky Way will shortly be
completed with the use of new radio sur-
veys at the Parkes and Jodrell Bank radio
telescopes (11). This will complement the
optical surveys to give us a complete pic-
ture of nearby superclusters.
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