Table 1. Structural data and zero-pressure bulk
moduli (B,) for modified fluorite structures. Exper-
imental data for SnO,, RuO,, PbO,, and PdF,
were obtained at 48, 8.9, 9.0, and 0.001 GPa,
respectively. Theoretical values are those calcu-
lated for zero pressure.

Com- o By*

pound ali v (GPa) Ref.
Experimental
SnO, 4.8700(2) 0.347(1) 261(14) T
RuO, 4.8320(3) 0.347(1) 399% T
PbO, 5.2804(3) 0.332(2) 223(9) T
PdF, 5.329(1) 0.3431(4) § (12)
Theoretical
SiO, 4.40 0.3446 393 )
SO, 4.47 0.344 335 (11)
Si0,  4.41 0.3349 363 (20)
S0, 4.55 0.337 348.5 @n
Si0, 4.43 0.344 347 (21, 22)
SO0, 4.41 0.347 387 (23)
SO, 4.462 0.3445 312 24)
GeO, 4.643 0.3435 357 ©)

"B, values were obtained with the Birch-Murnaghan or
Murnaghan equations of state (25) with first-derivative
values between 3.5 and 7 for the experimental data and
between 1.6 and 4.4 for the theoretical data. tFrom
the present study. FFrom (3). §Not measured.

the fluorite structure assumed previously.
The transition to the modified structure
corresponds to an increase in cation coor-
dination number from 6 to 6+2 instead of
from 6 to 8. There are no remaining exam-
ples of a pressure-induced rutile-to-fluorite
phase transformation. This represents an
important modification to the structural
systematics of metal dioxides. The fluorite
structure adopted by many compounds un-
der ambient conditions and at high temper-
atures is not a good candidate for a high-
pressure structure because of the empty cu-
bic site at the center of the unit cell. The
present observation of transitions in SnO,,
RuO,, and PbO, at high pressures to the
Pa3 structure reconciles the experimental
behavior of these metal dioxides with the
theoretical predictions for SiO, and GeO,,
yielding a common cubic high-pressure
structure for these compounds.
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Large-Scale Storms in Saturn’s
Atmosphere During 1994

A. Sanchez-Lavega, J. Lecacheux, J. M. Gomez, F. Colas,
P. Laques, K. Noll, D. Gilmore, |. Miyazaki, D. Parker

Large-scale storms are rarely observed in Saturn’s atmosphere, but their appearance
traces the wind velocity field, providing information on the vertical structure of the
clouds and on the dynamics of the atmosphere. Two large-scale atmospheric distur-
bances formed by clouds highly reflective in the visible part of the spectrum were
observed on Saturn during 1994. An equatorial disturbance with a longitudinal size of
~27,000 kilometers drifted in longitude with a velocity of 273.6 meters per second. A
second disturbance, a rapidly evolving convective storm with an initial size ~7000
kilometers, was observed at 56 degrees south, moving with a zonal velocity of 15.5

meters per second.

Cloud systems with enough size and reflec-
tivity contrast to be detected by ground-
based telescopes are rare in Saturn’s atmo-
sphere (I-3). Only five large-scale atmo-
spheric disturbances at different latitudes be-
tween 5° and 60°N, known as Great White
Spots (GWSs) (I, 2, 4-9) and spaced in
time by ~30 years, have been observed in
the visible part of the electromagnetic spec-
trum during the last century. The equatorial
disturbances (GWS 1876, 1933, and 1990)
were characterized by an initial single out-

burst of bright white clouds (size =~20,000
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km) that showed divergent motions (sugges-
tive of a vigorous upward convection pro-
cess). After the first 2 weeks of their lives,
these GWSs expanded zonally (east-west),
with the bright clouds moving away along
the parallels, in accordance with the local
wind velocity. Once these clouds had encir-
cled the planet (taking about 1 month for
the equatorial events), their morphology, oc-
cupying a latitude band of about 15°, was
formed by a wavy pattern of smaller scale
white spots spaced -quasi-regularly (size
~5000 km and lifetime <10 days for these
spots). The decay of this activity took place
over a few months, during which the pat-
terns lost contrast and the clouds dissipated
(2, 5-7). The last GWS was observed at the
equator in 1990 (6-9). After this last distur-
bance, synoptic-scale short-lived cloud for-
mation occurred in the equatorial region of
Saturn during 1991 (10), 1992, and 1993.
Here, we report on two disturbances ob-
served at different latitudes during the sec-
ond half of 1994 (11, 12). Most of the
images were taken with a CCD (charge-
coupled device) camera installed on the ded-
icated 1-m planetary telescope at Pic-du-
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Midi Observatory in the French Pyrenees,
with a set of filters covering the wavelength
range from 0.48 to 1.0 pum (Table 1). These
observations were augmented by images tak-
en with 0.4-m telescopes in Florida (United
States), Japan, and Spain that were also
equipped with CCD cameras. With these
facilities we observed Saturn during 62
nights between 6 June and 17 December
1994 (13). The equatorial storm was also
imaged in the near infrared (2.0 to 2.14 pm,

with a circular variable filter) on 8 Septem-
ber at the National Aeronautics and Space
Administration (NASA) Infrared Telescope
Facility (IRTF) with a 3-m telescope and an
InSb 256 pixel by 256 pixel array. We also
used high-resolution images of the equatorial
storm obtained during one orbit by the
Hubble Space Telescope (HST) on 1 De-
cember, taken with various filters in the
wavelength range 0.255 to 0.953 pm.

QOur first observation of major, white-

Table 1. Spectral characteristics of the observations. Abbreviations: PIC, Pic-du-Midi Observatory; A
and 3\, effective filter wavelength and passband [major absorption gases (CH, and H,) or isolated
continuum (cont) are indicated when appropriate; n and N mean narrow interference filters; M, medium;
W, wide; B, blue; V, visual; R, red; |, infrared; p, partial absorption]; Pg, pressure level at which the optical
depth attributed to Rayleigh scattering by the gas is 1; and P, pressure level at which the optical depth
attributed to gas absorption is 1. Particle sensitivity: cloud and haze levels sensed according to standard
models of Saturn’s upper vertical distribution of particles (20); strat., stratospheric; tropo., tropospheric.

N P, P Particle
Obs. Aoy (M) (nm) (bgr) (bi:rs) sensitivity
HST 261 (F255W) 42 0.140 - Strat. and trop. hazes
HST 336 (F336W) 40 0.580 - Strat. and trop. hazes
HST 410 (F410M) 15 0.942 - Strat. and trop. hazes
PIC 480 (B) 80 2.04 - Trop. haze, upper NH; cloud
PIC 514 n 9.1 2.7 - Trop. haze, upper NH, cloud
PIC 580 (V) 140 >5 - Trop. haze, upper NH; cloud
PIC 650 (R) 140 >5 - Trop. haze, upper NH; cloud
HST 673 (F673N) 4.7 >5 - Trop. haze, upper NH; cloud
PIC 605 (cont) n 4 5.1 - Trop. haze, upper NH; cloud
PIC 619 (CH,) n 2 - 4.7 Trop. haze, upper NH; cloud
PIC 725 (CH,) n 1.8 - 0.71 Trop. haze
PIC 751 (cont) n 5.0 >10 - Trop. haze, upper NH; cloud
PIC 829 (cont) n 4.6 >10 - Trop. haze, upper NH; cloud
PIC 860 (1) 200 >10 0.2 Strat. and trop. hazes
PIC 893 (CH,) n 4.5 - 0.19 Strat. and trop. hazes
HST 888 (FQCH,) n 14.6 - 0.19 Strat. and trop. hazes
HST 953 (F953N) 6.73 >10 - Trop. haze, upper NH; cloud
IRTF 2000 (cont) 60 5-10 - Trop. haze, upper NH; cloud
IRTF 2040 (CH, p) 60 - 2.5 Trop. haze, upper NH; cloud
IRTF 2070 (H,) 60 - 0.3 Trop. haze
IRTF 2100 (H,) 64 - 0.05-0.1 Strat. haze
IRTF 2140 (CH,+H,) 64 - 0.03-0.05 Strat. haze

Fig. 1. Ground-based images
of disturbances in Saturn’s at-
mosphere in 1994. (A through
D) The northern equatorial
storm: (A) 28 July (arrows indi-
cate, from left to right, DS,
WS, and W1); (B) 8 Septem-
ber (arrow marks WS, close to
east limb); (C) 20 November
(arrows indicate, from left to
right, W2, the white cloud
channel, and WS); and (D) 22
November (arrow indicates
AS). (E and F) The southem
subpolar disturbance: (E) 13
August (arrow marks initial
storm) and (F) 2 September
(arrow marks main storm and
eastward expansion of the
clouds). Northisup and east is
to the right in all the images. All
images were taken with Pic fil-
ter |, except for (B), which was
taken at 2140 nm by IRTF.
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cloud activity in the equatorial region (plan-
etographic latitudes 8° to 10°N) occurred on
19 July. The cloud morphology in this region
(Fig. 1, A through D, and Fig. 2) consisted of
a small white spot (W1) followed about 40°
to the west by the main storm (WS, oval
shape, size =~15°), separated by about 23°
from an elongated dark feature further to the
west (DS, size =15°), which was followed by
another small white spot (W2) about 37°
away. By the end of August, an antipodal
large spot (AS) (similar in size to WS) had
formed ~180° from WS (Fig. 1D). The dis-
turbance reached its maximum degree of ac-
tivity and manifested itself as a cloud pattern
(from east to west: W1, WS, DS, W2, and
AS, together with other minor and transient
scattered spots located between them) span-
ning latitudes ~3° to 27°N.

The WS and AS were the most promi-
nent features, especially from October to
December when the other features were
nearly undetectable from Earth. Both fea-
tures had a triangular shape. The base of
WS was ~27,000 km wide at 5°N, and its
vertex was at 20°N, such that WS had a
meridional width of ~12,000 km. Begin-
ning in September, a white channel of
clouds spread more than 30° west from the
WS vertex. This spreading of the WS ver-
tex was observed 3 months later by the
HST (Fig. 2). Contrast-enhancement pro-
cessing of these images by an unsharp mask
(13) showed the internal structure of the
WS with some detail: two narrow bands,
one tilted east and the other tilted west
(length ~17,000 km, width ~1500 km),
enclosed a core area (size ~6500 km). The
latitudinal wind shear sculpted these forms,
with the white channel at 20°N being
formed by clouds dragged westward from
the storm vertex, flowing around the DS,
which acted as a barrier to this flow.

The zonal (east-west) velocities of these
features were measured relative to Saturn’s
System Il rotation rate (14) by cloud track-
ing. All features moved uniformly during
the observing period: the WS, centered at
9.4° + 1.0°N, had a zonal velocity u =
273.6 = 2.5 m s~ ! for 51 nights between 15
July and 16 December, and the AS at 11.3°
+14°Nhadu =281.8 = 1.2 ms ! for 11
nights between 27 August and 17 Decem-
ber. The other features at similar latitudes
(W1, DS, W2, and three smaller spots)
ranged in zonal velocities from 269 to 282
m s~ . Cloud tracking of short-lived, small-
scale spots between 18° and 20°N showed
that at these latitudes u = 243.9 = 4.6 m
s~!, indicating a decrease of the zonal wind
velocity with increasing latitude, indicating
a cyclonic vorticity for the meridional wind
shear at these latitudes. The WS and AS, as
well as the other features at the same lati-
tudes, moved at speeds 100 to 150 m s™!
slower than the wind speeds measured by



Voyager in 1981 (3) (Fig. 3A), indicating a
decrease in zonal winds at the higher alti-
tude of the storm’s clouds. A large seasonal
(radiative) change in the equatorial winds
or their dynamical forcing after the 1990
GWS may also have contributed to this
decrease (15). An alternative explanation is
that the relative drift of the disturbance
represents the westward phase propagation
of a wave relative to the local flow (16).
Because we imaged WS from ultraviolet
to near-infrared wavelengths (including
several CH, absorption bands) (Figs. 1B
and 2), spectral reflectivity measurements
as a function of scattering angles allowed
analysis of the storm’s vertical cloud struc-
ture (Table 1). The planet reflectivity was
calibrated with recently measured reflec-
tivities for Saturn (17). A simple radiative
transfer model that included Rayleigh scat-
tering by an H,-He mixture and absorption
by CH, above a Lambertian semi-infinite
cloud with a wavelength-dependent reflec-
tivity (18) allowed us to locate the cloud
tops at atmospheric pressure P = 50 = 15
mbar. Similar results were obtained with a
semi-infinite isotropic cloud instead of a
Lambert cloud base. This altitude is two
scale heights (19) above the visible cloud
tops at ~400 mbar or 3.5 scale heights
above the main NH; cloud deck at 1.8 bar
(20). The high location of the cloud tops is

Fig. 2. Mosaic of HST images
of the northern equatorial
storm taken through different
filters on 1 December. Each
strip covers a latitude band
from 2°S (above the rings) to
32°N. Wavelengths: (A) 261
nm, (B) 410 nm, (C) 673 nm,
and (D) 888 nm (CH, band,
saturated in the storm). Fea-
tures (arrows) in (A) and (B)
are (left to right) DS and
(northwards, surrounding it)
the white cloud channel, main
storm WS, and feature W1.
Compare the reflectivity re-
versal of the storm features in
the continuum from the ultra-
violet (A) to the blue (B) and
red (C) images.

consistent with the lower zonal velocity
measured for the WS and other features if
the zonal wind velocity decreases by ~50 to
75 m s! per scale height (21). The low
reflectivity of the storm in the ultraviolet
(0.255 and 0.355 wm) coupled with the
high reflectivity at wavelengths longer than
0.41 pm indicates that the cloud particles
that formed the storm were more absorbent
at short wavelengths [single-scattering albe-
do (22) w, ~ 0.4 at 0.255 pm, w,, ~ 0.7 at
0.355 wm, and w,, ~ 0.75 at 0.410 pm] but
brighter at longer wavelengths (w, > 0.95
at wavelengths >0.48 wm) when compared
with Saturn’s normal clouds.

According to our images, the 1994 event
does not fit into the classical GWS cloud
pattern (2, 4-9). The compactness, size,
and persistence of the WS (it was tiny but
still visible in May 1995, at an age of >11
months) against wind shear (which will
destroy cloud patterns in a few days) were
unique among the equatorial GWS distur-
bances, suggesting that WS was a coherent,
dynamically stable structure. We have no
evidence of convergent or divergent mo-
tions within the WS, and the cloud mor-
phology was not consistent with a closed
vortex (no rotation was observed). This
disturbance may have been a major mani-
festation at high altitudes (minor events
could be those observed from 1991 to 1993)

SCIENCE »

VOL. 271 e« 2 FEBRUARY 1996

REPORTS

of an instability in the equatorial atmo-
sphere that remained after the 1990 GWS.

A second, unrelated disturbance was ob-
served in the southern hemisphere on 13
August (12). Initially it was a round white
spot ~7000 km in diameter, centered at
56°S but with an enlarged white appendage
of ~4500 km in the northeastern extremity
at 53°S (Fig. 1E). This appendage repre-
sents the expansion of the white clouds by
the prevailing zonal winds at this latitude
(Fig. 1F). Cloud tracking of the initial
white spot (12 nights between 13 August
and 1 December) gave a zonal velocity u =
155 = 2.0 m s~! at a latitude 56.5° =
2.2°S. White clouds expanded eastward at u
=30 * 4 m s~ ! in a latitude band between
50° and 61°S. Both values are similar (Fig.
3B) to those derived from Voyager images
taken during 1980 and 1981 (3) and to an
isolated, long-lived feature observed from
1969 to 1971 (23). The HST observations
on 1 December in the 0.89-um CH, band
revealed a series of dark spots each ~2000

10°
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Fig. 3. (A) Zonal wind velocity profile in the equa-
torial region from Voyager 2 data (3) (solid line);
1990 and 1991 Pic-du-Midi data (6, 70) (dotted
line); 1990 HST 547-nm data (8) (dashed line); and
1990 HST 890-nm CH,-band filter data (8) (open
squares). Single points mark large-scale storms:
GWS 1876 (2) (triangle); GWS 1933 (2) (star);
GWS 1990 (open circle), which showed two mo-
tions in time (6); and two long-lived spots in 1991
(10) (asterisk). The features from 1994: WS (solid
circle) and W1, W2, DS, AS, and smaller spots
(solid squares), including those at 20°N. (B) Zonal
wind velocity profile in the southern hemisphere
from Voyager 2 data (3) (line); the Anne spot (open
circle), which was a vortex observed by Voyager 1
and 2 in 1980 and 1981 (3); a long-lived spot
observed from 1969 to 1971 (23) (solid circle); the
core of the 1994 storm (sokid triangle); and the
average velocity of the eastward expansion of this
storm (open triangle).
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to 3000 km wide separated regularly by
~6800 km alongside a dark belt at 50°S
that probably pertained to a wave phenom-
ena resulting from the disturbance. The
morphologic evolution of this disturbance
resembled, on a smaller scale, previous
GWS disturbances (5), and it was probably
a transient convective phenomenon rapidly
dispersed by the zonal winds.

This observation, together with other
transient spots observed in recent times
(10), suggests that mid-scale storms on Sat-
urn could be more frequent than previously
thought. Their detection is a question of
the temporal coverage of the observations,
the techniques used, and the contrast of the
features against the background of normal
clouds.
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Group Velocity in Strongly Scattering Media

J. H. Page,* Ping Sheng, H. P. Schriemer, I. Jones,
Xiaodun Jing,T D. A. Weitz¥

Investigation of the ballistic propagation of acoustic waves through a resonantly scat-
tering, inhomogeneous medium indicates that although the ballistic signal remains co-
herent with the incident pulse, it is nevertheless strongly affected by scattering reso-
nances. These resonances cause considerable frequency dispersion and substantially
reduce the phase and group velocities. The experimental data are quantitatively described
by a theoretical model that correctly accounts for the coupling between the resonant
scatterers, leading to an effective renormalization of the scattering within the medium. This
approach resolves a long-standing problem in the definition of the group velocity in

strongly scattering materials.

Virtually_all forms of energy are propagated
by waves: heat and sound in the form of
acoustic waves, and radio and light in the
form of electromagnetic waves. In any me-
dium, wave propagation depends on the
relation of the angular frequency of a wave,
w, to its wave vector, k, as given by the
dispersion relation w(k). Whenever the dis-

* persion relation is nonlinear, waves of dif-

ferent frequencies travel at different speeds
and typically require two distinct velocities
to describe wave propagation: The first is
the phase velocity, v, = w/k, the speed at
which a plane of constant phase propagates;
the second is the group velocity, v,

dw(k)/dk, normally the speed at which a
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pulse or signal propagates. However, the
meaning of the group velocity is strictly
well defined only when the dispersion of
the medium is not too large (1). Neverthe-
less, even in a highly dispersive medium, a
signal can still propagate, and the determi-
nation of its speed of propagation is a classic
problem, having been recognized in the
work of Sommerfeld (2) and Brillouin (3).

One important manifestation of this
problem is the description of wave propaga-
tion through strongly scattering, inhomoge-
neous materials (4). In the intermediate-
frequency regime, where the length scale of
the inhomogeneities is comparable to the
wavelength of the wave, the excitation of





