
to 3000 km wide separated regularly by 
-6800 km alolipside a dark belt a t  50"s 
that probably pertained to a wave phenom- 
ena resulting from the  disturbance. T h e  

u 

~norphologic evolution of this disturbance 
resembled, o n  a smaller scale, previous 
GWS disturba~lces (3), and it was probably 
a transient convective phenomenon rapidly 
disnersed bv the zonal winds. 

This obserl.ation, together with other 
transient snots ohserl~ed in recent times 
( l o ) ,  suggests that mid-scale storms o n  Sat- 
urn could be Inore frequent than previously 
thought. Thei i  detection is a cluestion of 
the telnnoral coveraee of the  observations. " 
the  techniques used, and the  contrast of the  
features against the background of ~lorlnal 
clouds. 
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Group Velocity in Strongly Scattering Media 
J. H. Page," Ping Sheng, H. P. Schriemer, I. Jones, 

Xiaodun Jing,? D. A. Weitzt 

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. 

Virtual ly  all forms of energy are propagated 
by \vaTres: heat and sound in the form of 
acoustic waves, and radio and light in the  
form of electromaglletic waves. I11 any me- 
dium, wave propagation depends on the 
relation of the angular frequency of a \va17e, 
o ,  to its wave vector, k, as given by the 
dispersioll relation w(k). Whenever the dis- 
persion relation is nonlinear, wa17es of dif- 
ferent frequencies travel a t  different speeds 
and typically require two distinct r.elocities 
to describe a.a17e propagation: T h e  first is 
the phase velocity, up = olic, the speed a t  
~vh lch  a plane of constant phase propagates; 
the  second is the  group velocity, u, = 

dw(k)/dic, norlnally the speed a t  which a 

pulse or signal propagates. Ho\vel.er, the  
meaning of the g r o ~ p  velocity is strictly 
\\ell defined only when the  dispersion of 
the medium is not too laree ( 1 ) .  Neverthe- " , ,  

less, e17en in a highly dispersive medium, a 
signal call still propagate, and the determi- 
nation of its speed of propagation is a classic 
problem, having been recognized in the  
work of Solnlnerfeld (2 )  and Brillouin (3) .  

O n e  i m ~ o r t a n t  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 illho~nogelleities IS comparable to the  
wavelength of the  wave, the  excltatloll of 
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internal inodes within the scatterers leads 
to strong resonant scattering. This scatter- 

accurately predicts the measured frequency 
dependence of the scattering mean free 
path, establishing a direct link between the 
disnersion and the excitation of internal 

by matching the centers of the transmitted 
and incident \va17e forms and measuring the 
propagation time. 'We also digitally filtered 
both the incident and transmitted nulses to 

ing results in a large attenuation of the 
propagating wave, even in the absence of 
absorption, and a correspondingly large dis- 
nersion. The  disnersion may lead to un- 

resonances within the individ~~al scatterers. 
The agreement between the theory and ex- 
periment provides insight into the origin of 
the pronounced effects of the strong scatter- 
ing on the ballistic propagation of sound. It 
indicates that the coupling bet~veen the 
strong resonant scatterers results in an effec- 
tive renorinalization of the inedium through 

limit the signal to a Gaussian pulse with a 
relatively narrow bandwidth and deter- 

physical values o? the group velocity (5), 
supporting the ideas of Soininerfeld and 
Brillouin that the group velocity completely 
loses its meaning in these circumstances. 

mined the propagation time of the peak of 
the pulse. This improl~ed the accuracy of 
the measure~nent; however, both tech- 
niaues vielded essentially the same results. - 

Ho~vever, e17en in the most strongly scatter- 
ing medium, a coherent, ballistic portion of 
a transmitted pulse can always be measured 
if one uses a sufficiently thin sainnle. This 

Significant dispersion was observed (Fig. 
I ) ,  ~v i th  the phase velocity dropping by 
about 50% to a ~niniinum value of 1.25 km/s 
at Ic_a = 3 (I<,: is the acoustic wave vector in 
water), and with the group velocity varying 
by about a factor of 2, from a minimum of 
0.85 kmls near ic a = 2 to a maximum of 1.7 

- 
~vhich the ballistic pulse propagates, thereby 
sho\ving explicitly how coherent wave prop- 
agation is influenced by the scattering. The 
group and phase velocities are significantly 
reduce~i but remain well defined and physi- 

ballistic pulse consists bf both the unscat- 
tered and fc>rward scattered portions of the 
wa17e pulse. 

What is the velocity at which this pulse 
propagates? This question is intriguing be- 

km/s near k,\a ;=: 4.5. Remarkably, for most 
of the freouencies at which these measure- 

cally meaningful. 
The  samples were d~sc-shaped slabs of 

relatively lnonodisperse glass beads, ran- 
domly packed in water at a glass-bead 1.01- 
ume fraction of about 63% and conta~neii 
between two 1.5-mm-thick sheets of uolv- 

lnents were made, both velocities are sub- 
stantiallv less than the sueed of sound in 

cause, on the one hand, it does not seem 
possible for the signal to propagate through 
the medium ~vithout being affected by the 
scatterlne, vet on the other hand, if ~t is 

either of the constituent inaterials, that is, 
either the longitudinal velocity in water (el,, 

= 1.5 km/s) or the longitudinal (q = 5.6 
km/s) or transverse velocity (u,- = 3.4 km/s) 
in the glass. Moreover, they are also less 
than the velocity of interfacial Stoneley 
waves (8) propagating on  a flat interface 
between glass and water (u, = 1.5 km/s). 

T o  calculate these velocities theoretical- 

" ,  
scattered, temporal coherence bet~veen the 
transmitted and incident pulses may be de- 
stroyed. If the pulse is not scattered, its 
velocity should be intermediate between 
the velocities of the individual comnonents 

A ,  

styrene. The thickness of the samples 
ranged from about 2 to j mm. Each sample 
was immersed in water, ~v i th  a 25-mm-di- 
ameter flat transducer generating the sound 
on  one side of the slab and a second. iden- 

of the medium. By contrast, if the scatterers 
do affect the ballistic propagation, the re- 

tical receiving transducer on the other side. 
The frenuencv of the sound was varied be- 
tween 1 and 5 MHz, and samples ~v i th  head 
radii of a = 0.25 and 0.5 min were used to 

ly, we adopted a technique that has been 
used to determine the disuersion curves for 

sultant dispersion may become very large, 
making the group velocity inadequate to 
describe ballistic pulse propagation. This 
question has remained an unresolved dilem- 

increase the effective frequency range. The  
velocities of ballistic propagation \\ere mea- 
sured ~vi th  a square input pulse consisting of 
about 10 oscillations. Because the detector 

sound propagation through suspensio~ls of 
solid plastic spheres (6.  7, 9) .  'We begin 

ma, despite the enormous recent progress in 
understanding the multiple scattering, dif- 
fusion, and possible localization of classical 
waves (4) .  In this report, \ve resolve this 
basic dilemma. 

We fc>cused on ultrasonic waves and 
measured both the phase and group veloci- 
ties of the ballistic signals that Lvere trans- 
mitted through thin slabs of a strongly scat- 

m ~ t h  the scalar wave equation 

averages the instantaneous pressure of the 
acoustic wave o17er the front face of the 
transducer, the scattered sound was effec- 
tively canceled as a result of its rando~n 
phase fluctuations in the plane of the de- 
tector, reflecting the presence of speckles. 
This destructive interference left onlv the 

where + denotes the wave amplitude, and 
~ ( r )  is the local phase velocity, defined by 
the material parameters at position r. In the 

~~nscattered ballistic wa17e, which Lvas spa- 
tially and temporally coherent across the 
entire surface of the detector. The phase 
cancellation of the scattered sound Lvas fur- 

tering material. Strong resonant scattering 
sipnificantly modified both velocities, inak- 
inYg them slb\ver than any of the velocities of 
the individual comnonents that comnrise 
the medium. We quantitatively calculated 
both velocities using a generalized effective- 

ther impro~red by translating the sample 
and al~eraging the transmitted field from 
different ensembles of the scatterers, there- 
by ensuring that the background contribu- 
tion from scattered sound Lvas eliminated 
from the ballistic pulse. 

T o  determine the phase and group ve- 
locities, \ve useci ultrasonic techniques to 
measure directly the phase and amplitude of 
the detected signal. The phase velocity was 
determined from the propagation tlrne of 
the individual oscillations near the center 
of the pulse, where the carrier heyuency is 
best defined. The correct correspondence 
bet~veen the oscillations of the incident and 

u u 

medium theory of excitations in the strong 
scattering limit (6, 7) .  The same theory also 
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Fig. 1. (A) Phase and (B) group velocit~es of 
acoust~c waves in a strongly scattering medium 
consisting of glass beads in water. The data (sym- 
bols) are compared with the predictions of the 
effective medium theory (nes) .  

transmitted pulses was identified by ensur- 
ing consistency of the phase velocity be- 
tween samples of several different thick- 
nesses. The group velocity was determined 
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frequency and wave vector representation, 
the Green's function for Eq. 1, in which the 
scattering is defined relative to a uniform 
reference medium with velocity vo, is given 
by 

where the self-energy Zu0 represents all of 
the effects of multiple scattering caused by 
the inhomogeneities, given by the term 
w2[vP2(r) - vi2] in Eq. 1. A general ap- 
proach for obtaining the dispersion relation 
of excitations in a medium with strong scat- 
tering is based on the spectral function 
given by the negative imaginary part of the 
Green's function -1m G(w, k). The zeroes 
of the denominator of the Green's function 
give the excitations of the system, and the 
calculation of -1m G(w, k) is one way of 
delineating this quantitatively. In the low- 
frequency regime, where the wavelength is 
much lareer than the scale R of the inho- " 
mogeneities, there are true zeroes of the 
denominator in Eq. 2 to leading order of the 
small parameter RIA, where .X is the wave- 
leneth. These zeroes are in fact the solution - 
of the coherent-potential approximation 
(CPA) for the calculation of effective me- 
dium wave properties (10). However, in the 
intermediate frequency regime, there are no 
longer true zeroes; instead, there are only 
peaks in the function -1m G(w, k). Thus, 
the CPA approach, at least in its traditional 
form, can no longer be applied. 

To go beyond this limitation, we cal- 
culated the spectral function by exploiting 
the fact that velocity vo enters only as a 
dummy variable in Eqs. 1 and 2, enabling 
it to be chosen as a free parameter in the 
calculations (6, 7, 9): As long as the value 
of vo used in the calculations of Z, is 
the same as the value appearing in w2]vi, 
the Green's function is independent of the 
choice of vo. By letting vo = w/k at every 
point in the wk plane and calculating the 
corresponding values of Z4, we can calcu- 

Fig. 2. Magnitude of the spectral 
function plotted as a function of nor- 
malized frequency d v W  and wave 
vector ka. The magnitude is indicat- 
ed by the colors, with red being high 
and blue being low (the scale bar is in 
arbitrary units). The dispersion curve, 
defined by the peaks, is accurately 
determined because the widths of 
the peaks are substantially less than 
their central frequencies. This disper- 
sion curve (solid white line) falls be- 
low the dispersion curve for pure wa- 
ter (dashed line) over most of the fre- 
quency range. These calculations in- 
volve no adjustable parameters. 

late the spectral function using 

This ~rovides a full two-dimensional ~ i c -  
ture of the frequency and wave vector de- 
pendence of the spectral function. Because 
C., represents the effect of the scattering, 
Eq. 3 tells us that peaks in the spectral 
function correspond to minima in the scat- 
tering. To accurately calculate the self-en- 
ergy, one must take into account the strong 
geometric correlation that exists in our ran- 
dom medium, because it is comprised of 
spheres dispersed in a fluid. To do this, we 
modeled a typical scatterer within the me- 
dium as a sphere coated by a layer of fluid. 
The thickness of this coating was deter- 
mined by the volume fraction of the 
spheres. This coated sphere is embedded in 
a homogeneous medium whose wave speed 
is vo = w/k. The self-energy is then ob- 
tained by solving the boundary value prob- 
lem for a plane wave scattering from the 
embedded coated sphere (7). 

This technique is not restricted to scalar 
waves; the full elastic wave equation can be 
used for the solid spheres following the 
same method. This calculation requires 
knowledge of the longitudinal and trans- 
verse velocities in the solid and the longi- 
tudinal velocity in the fluid, as well as the 
densities of the solid and the fluid and the 
volume fraction of the solid spheres. Using 
these known parameters for our sample, we 
calculated the frequency and wave vector 
dependence of the spectral function (Fig. 
2). For comparison with our experimental 
data, we used the dispersion curve obtained 
from the peaks of the spectral function to 
calculate the phase velocity of the glass- 
bead suspension from the ratio of frequency 
to wave vector, averaging over the 10% 
variation in our bead size. Excellent agree- 
ment was obtained (Fig. 1A). We also cal- 
culated the group velocity by numerically 
differentiating the dispersion curve (Fig. 1B) 
and again obtained excellent quantitative 

agreement with our data, capturing the full 
dispersion in v, observed experimentally. 

Further insight into the origin of the 
dispersion in the group velocity was ob- 
tained by measuring the scattering mean 
free path 1, (Fig. 3). It was determined from 
the attenuation of the ballistic pulse using 
the definition I(L) = Ioe-LIL, where I(L) is 
the transmitted intensity for a sample of 
thickness L and lo is the incident intensity. 
Independent measurements (1 I )  of the dif- 
fusely propagating sound have shown that 
the absorption length is at leait 20 times 
larger than l,, confirming that the observed 
attenuation of the ballistic pulse is the re- 
sult of scattering, not absorption. The rela- 
tively large values of 1, at low k,a reflect the 
r a ~ i d  decrease in scatterine as the low-he- - 
quency Rayleigh regime is approached. Pro- 
nounced dips in 1, occur at k,a - 2 and 7; 
these dips correspond almost exactly to the 
minima observed in the measured group 
velocity. The origin of these dips can be 
determined from a calculation of the total 
scattering cross section of a coated s~here. 
which is-obtained from the imagina& par; 
of the self-energy by using the optical the- 
orem (4). These calculations are in good 
agreement with the data (Fig. 3), allowing 
the dips in I, to be identified with resonanc- 
es in the total scattering cross section of a 
sinele s~here  in the medium. These reso- " .  
nances must also be the origin of the dis- 
persion in v,. 

The most surprising feature of the data is 
that a pulse propagates through the highly 
dispersive medium at such slow velocities; 
thus, the transmitted pulse is strongly af- 
fected by the scatterers but nevertheless 
maintains temporal and spatial coherence 
with the incident ~ulse. The aereement of 
the calculated gro;p velocity wYth the data 
suggests a physical picture for this behavior. 
When the scattering is strong, each scat- 
terer must sense the scattered waves from 
the other particles. As a result, the embed- 
ding medium becomes renormalized, an ef- 
fect that is analogous to the shifting of two 

Fig. 3. Scaled scattering mean free path /,/a as a 
function of normalized frequency k$. The curve 
shows a calculation based on the scattering cross 
section of a single coated sphere. 
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quantum mechanical resonances when 
they are strongly coupled. The amount 
of this renorn~alization depends on the 
strength of scattering; the larger the scat- 
tering, the larger the adjustment. blore- 
over, it is physically plausible that as the 
concentration of scatterers increases, the 
material properties of the renormalized 
effective embedding medium approach 
those of the scatterers themselves. Conse- 
quently, the individual scattering reso- 
nances inevitably become leaky and weak- 
ened, as the effective contrast between a 
scatterer and the embedding medium di- 
minishes. In fact, in the limit of the em- 
bedding medium having the same proper- 
ties as the scatterers, the resonances must 
vanish entirely. It is precisely this effec- 
tive renormalization of a strongly scatter- 
ing medium that is sensed by the coherent 
group velocity. In our calculation, the 
coated sphere also possesses these scatter- 
ing resonances, and these are modified by 
the coupling to the embedding mediu~n. 
Our procedure effectively identifies the fre- 
quencies and wave vectors of the minima in 
these coupled scattering resonances; these 
correspond to the dispersion curve. This ap- 
proach indicates directly how a propagating 
wave of frequency w is forced by the renor- 
malization of the embedding medium to se- 
lect the wave vector k that allows it to 
propagate through the mediu~n with the 
least scattering. Hence, the physical origin 
of the remarkably low velocities of ballistic 
propagation lies in the renormalization of 
the effective medium by strong resonant 
scattering, as correctly described by our the- 
oretical model. Finally we note that, al- 
though our experimental and theoretical ap- 
proach has focused on acoustic waves, we 
expect the sanle features to be observed for 
any form of classical wave propagating in 
disordered materials; thus, electromagnetic 
radiation, such as light or microwaves, 
should show similar behavior, and confirma- 
tion of this would provide an important 
generalization of our results. 
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Calcification in Hermatypic and 
Ahermatypic Corals 

A. T. Marshall 

The evolutionary development of tropical coral reefs is presently ascribed to the asso- 
ciation of corals with symbiotic algae (zooxanthellae) and to the enhancement of calci- 
fication by light. Contrary to this idea, the calcification rate in a non-reef-building tropical 
coral (Tubastrea faulknero without symbiotic algae was the same as the light-enhanced 
rate in a zooxanthellate reef-building coral (Galaxea fascicularis). The mechanisms of 
calcification, however, differed between the two species. Instead of being "light-en- 
hanced," calcification in corals with algae was "dark-repressed." The evolutionary de- 
velopment of coral reefs may therefore not be related to light-enhanced calcification 
resulting from the association of corals with symbiotic algae. 

I t  is generally thought that the formation of 
coral reefs in shallow trowical seas has been 
possible because the association of symbiotic 
algae (zooxanthellae) with hermatypic (reef- 
building) corals facilitates rapid calcifica- 
tion. The calcification rate of zooxanthellate 
hermatypic corals has been considered to be 
greater than that of azooxanthellate corals 
[categorization according to Schuhmacher 
and Zibrowius ( I ) ] .  Calcification in the 
former is said to be light-enhanced (2).  It is 
indisputable that light profoundly affects cal- 
cification rates in these corals. the whenom- , L 

enon first being noted by Kawaguti and Sa- 
kumoto (3) and subsequently confir~ned by 
Goreall (4) and many other authors (2).  The 
experimental evidence, however, supporting 
the assertion that calcification in zooxan- 
thellate hermatvoic corals oroceeds at a , L 

higher rate than in azooxanthellate corals 
appears to be very limited. The evidence is 
largely based on the finding that the calcifi- 
cation rate in an aherrnatypic Atlantic coral 
Astrnngea dame was so low at 8" to 10°C as 
to be undetectable (5). Although Astrangen 
is an ahermatypic coral, it appears to have a 
facultative symbiotic relation with zooxan- 
thellae. Jacques et al. (6) showed that colo- 
nies of Astrangen that contained zooxanthel- 
lae did exhibit light-enhanced calcification 
at 15' to 2'i°C, with calcium incorporation 
rates that were colnoarable to those of reef 
corals. These experiments do not show that 
tropical azooxanthellate corals, which never 
contain zooxanthellae, calcify at lower rates 
than do tropical zooxanthellate hermatypic 
corals. The supposition that the calcification 
rate is lower in trowical azooxanthellate cor- 
als then rests primarily on observations 

Analytical Electron Microscopy Laboratory, School of Zo- 
ology, LaTrobe University, Bundoora [Melbourne), Victo- 
ria 3083, Australia 

showing that rates are lower in hermatypic 
corals that have bee11 exoerilnentallv de- 
prived of zooxanthellae (4j; there a&ar to 
be no measurements of calcification rates in 
tropical azooxanthellate corals and therefore 
no direct comparisons. The present paper 
seeks to rectify this omission. 

Experiments were carried out at Heron 
Island Research Station on the Great Bar- 
rier Reef of Australia. Two species of coral 
were selected that have large descrete pol- 
yps that can be readily separated. The her- 
matvwic zooxanthellate coral Gnlaxea fas- , L 

ciculnris has polyps of similar size and form 
to those of the ahermatvoic azooxanthellate , 
coral Tubastren faulltneri, and care was taken 
to use polyps from the same colonies and 
match the sizes of polyps from each species 
as closely as oosslble. , L 

Two experiments designed to measure 
t5Ca incorporation into the coral skeleton 
were carried out on different days. Polyps 
were incubated in containers of aerated fil- 
tered seawater placed in large outdoor aquar- 
iums under the same conditions of time (4 
hours) and temperature (25°C) (7). Tubns- 
tren was incubated in shade (5 pmol s p l  
n p 2 )  because it is nor~nallv found subtidally 
on coral reefs in caves or under overhangs. 
Gnlaxen was obtained intertidally and was 
incubated in full sunlight (540 to 1080 pmol 
spl  mp2). The rates of calcium incoroora- 
tion per mass of skeleton (8) were shown to 
be the same in the two species, being 0.65 2 
0.18 pmol gpl  hour-' (n = 5)  for Tubnstrea 
and 0.60 i 0.09 pmol g p l  hourp1 (n = 5) 
for Galaxea (P > 0.05, t test). 

A further experiment was carried out 
under similar conditions but for a longer 
period of time (6.5 hours) and at higher 
temperature (27"  to 28OC). Polyps of Tu- 
bastren and Galasen were incubated in "Ca 
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