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Jovian Seismology
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Standing acoustic waves, with periods between about 4.5 and 9 min, may be trapped in a wave
duct beneath Jupiter's tropopause. Detection of these oscillations by observations of Doppler
shifting of infrared and ultraviolet absorption lines would offer a new and important method for
probing the giant planet's deep atmosphere and interior. Information would be revealed on Jupiter's thermal and density structure and the depth to which its zonal winds penetrate. Standing
oscillations in the molecular hydrogen envelope are modeled and their theoretical eigenfrequencies
are presented as they might appear in actual data analysis. Several forcing functions for wave
generation are considered. These include coupling with turbulent and convective motions, thermal
overstability due to radiative transfer, effects of wave propagation in a saturated atmosphere, and
consequences of ortho- to parahydrogen conversion. Although the forcing mechanisms couple well
with the acoustic waves, allowing for possible maintenance of the oscillations, the contribution
they make to velocity amplitudes is very small, between 1.0 and 0.1 m sec -I. This implies that the
Doppler shifting caused by the waves may be unresolvable except, perhaps, by methods of superposing time records of oscillations to enhance acoustic signals and diminish random noise. © 1987
AcademicPress, Inc.

1. INTRODUCTION

Helioseismology, the study of the Sun's
interior using acoustic waves as a probe
(Deubner and Gough, 1984; ChristensenDalsgaard et al., 1985a), has been enormously successful in revealing information
on solar structure ever since the detection
of the solar 5-min oscillations (Leighton et
al., 1962) and their identification as standing acoustic waves trapped in a waveguide
beneath the photosphere (Ulrich, 1970;
Leibacher and Stein, 1971). The waveguide
is manifest as the superposition of global
spherical harmonic oscillations, the radial
velocities of which Doppler shift visible
light emanating from the photosphere. The
frequency shifts allow the surface spherical
harmonic pattern to be resolved in both
space and time. The resulting data reveal
information on the thermal structure and
rotation of the Sun's interior.
In this paper, we propose that a similar
trapping of acoustic waves is likely to occur
below Jupiter's tropopause. The detection
of such short-period, high-degree oscilla-

tions would signify the advent of Jovian
seismology as a new observational technique for probing the interior of the giant
planet. The acoustic waves confined to the
Jovian waveguide are distinct from the
long-period (20-140 min), low-degree, free
oscillations of Jupiter (Vorontsov et al.,
1976; Vorontsov and Zharkov, 1981;
Vorontsov, 1981, 1984a, 1984b)which do
not depend on the presence of the cavity.
2. UPPER REFLECTING BOUNDARY

On the Sun, the upper boundary of the
wave duct for the 5-min oscillations is essentially determined by the acoustic cutoff
frequency ~a. An upward propagating wave
impinging on a layer with a given tOa will
either reflect away from that layer if its frequency is less than toa or propagate through
the layer if its frequency is greater than tOa.
For the Sun, the acoustic cutoff frequency
increases abruptly with height beneath the
photosphere for two reasons. First, the
temperature minimum on the Sun is very
sharp and tOa ~ T -1/2 (Tis absolute temperature) (Leibacher and Stein, 1981). Second,
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FIG. I. Jupiter's temperature profile from Orton
(1981) and Lindal et al. (1981) (dashed curve) and the
corresponding profile of acoustic cutoff frequency
(solid curve). Zero altitude is at the I-bar level. This
model a s s u m e s a mass fraction of 0.888 H2, 0. 112 He,
1.7 × 10 3 CH4, and 2.2 × I0 4 NH~.

atomic hydrogen in the convection zone undergoes recombination beneath the photosphere. Thus the mean molecular weight/z
changes from 1.0 to 1.4 at the temperature
minimum and tOa ~ 16 I/2 ( R . K . Ulrich, private communication). Therefore, o~ increases abruptly with height over just a few
scale heights. This creates a distinct broadband (in frequency) reflecting layer for upward propagating waves with periods
longer than about 3 min (Deubner, 1981).
Though the temperature minimum on Jupiter is not as sharp as on the Sun, the
acoustic cutoff frequency nevertheless
changes rapidly with height at the tropopause (Fig. 1). The relation for O) a in a nonisothermal atmosphere is (Beer, 1974)
c2

y g OT

tOa = 4H-----5 + 2---TOZ'

(1)

where c -- sound speed, H = density scale
height, y = ratio of specific heats, g = gravitational acceleration, z = height, and OT/
0z is the ambient temperature gradient.
Equation (1) is valid only if the temperature
variation with height is gradual enough that
the derivatives 02T/Oz 2 and (OT/Oz) 2 are
negligible (Beer, 1974, p. 65); these second-

order terms are between three and eight orders of magnitude smaller than OT/Oz in the
region of interest, rendering (1) sufficiently
accurate. As the temperature gradient in
Jupiter's atmosphere changes from adiabatic to isothermal in less than two scale
heights (with increasing z just below the
tropopause), toa goes from approximately
y g / 3 c to y g / 2 c (Fig. 1). Because of this
abrupt increase in tOa, all upward propagting
waves with periods between 4.5 and 9 min
will be reflected within approximately two
scale heights at the tropopause.
Early helioseismological models used the
isothermal acoustic cutoff frequency,
which corresponds to the first term on the
right of (1). This term increases sharply just
as the Sun's temperature minimum is approached from below through a very superadiabatic region. However, the second
term becomes strongly negative in this
same region, thereby diminishing, if not
canceling, the increase in toa due to the isothermal term. The broadband acoustic mirror beneath the photosphere is not due so
much to the sharp, steplike temperature decrease, but to the thermal gradient transitioning from superadiabatic to isothermal
within approximately one scale height at
the temperature minimum. In this region,
the second term on the right of (1) changes
from a large negative value to zero, causing
tOa to increase abruptly over a relatively
short distance (cf. Christensen-Dalsgaard,
1986).
3. L O W E R R E F L E C T I N G B O U N D A R Y

The lower reflecting boundary of the
wave duct is determined by the dispersion
relation (Leibacher and Stein, 1981)
to 2

- c2

l(l + 1)

r2

,

(2)

where kv is the vertical wavenumber, to is
the angular frequency, I is the spherical harmonic degree of the free oscillations, and r
is the radius. A wave will refract upward
(Snell's law) as it propagates obliquely
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FIG. 2. Theoretical eigenfrequencies o f standing
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downward through a region of increasing
temperature. The lower boundary of the
waveguide occurs where the wave refracts
to a completely horizontal wave, i.e.,
where kv is zero. Thus, the radial location
(from the planet's center) of the lower reflecting boundary Rb can be calculated from
(2) for a given to and I. A standing wave
occurs when half of the vertical wavelength
fits an integer number of times between the
upper and lower reflecting radii of the wave
duct, or when (Christensen-Dalsgaard et
al., 1985b)
(to2

J:i kvdr = f:i cS-(r)
= (n + a)~r,

1(1+ 1).)l/2dr
r2
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gives the eigenfrequencies of standing oscillations for waves reflected at the tropopause (Fig. 2). For any value of Rb, to~! is
uniquely determined by (2) (for large
enough l), and n/l in turn is uniquely specified by (3). For large l, the curves of Fig. 2
can be reduced to a single curve OfRb vS n/l
(Fig. 3). Thus, because each mode of
oscillation corresponds to a specific reflection level, depth profiles of sound speed or
temperature can be generated.
We have considered only those waves
that do not penetrate below the molecular
hydrogen-metallic hydrogen interface at
approximately 0.78Rj ( g J is Jupiter's radius). We used a single equation of state to
model the molecular hydrogen envelope;
use of piecewise equations of state (e.g.,
from the ideal gas to the virial to the liquid
equation) would incur spurious reflections.
The equation we used is dominated by ideal
gas behavior at radii near IRj, and, at radii
near 0.78Rj, it becomes representative of a
polytrope of index 1 (Hubbard and Horedt,
1983; D. J. Stevenson, private communication):

P = Kla 2 + pRT,

(4)

where P = pressure, p = density, R = gas
constant for molecular hydrogen, and K is
chosen to fit the pressure ( - 3 Mbar), density (-1000 kg m-3), and temperature
(104°K) at the molecular-metallic hydrogen
interface (Stevenson and Salpeter, 1976).

(3)

where Rt is the radius of the tropopause, n
is the radial order of the standing wave
mode, and a is a phase term due to wave
attenuation in the vicinity of the temperature minimum at r = R t . For the Sun, a is
empirically determined to be approximately
1.58 (Christensen-Dalsgaard et al., 1985b).
The attenuation of acoustic waves near Jupiter's tropopause is unknown. Thus, the
upper boundary in this model is assumed to
be a perfect reflector, and ct is equated to
zero.
Calculation of n for values of co and l
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FIG. 3. Ratio o f the radius Rb of the lower reflecting
b o u n d a r y o f the w a v e duct to the radius Rt o f the trop o p a u s e v e r s u s n/l.
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The temperature T(z) was assumed to follow an adiabat and p(z) was determined
from (4) and the hydrostatic equation.
It might also be possible to observe
waves that refract along the molecular-metallic hydrogen interface, or, for harmonics
of low-degree 1, waves that penetrate Jupiter's d e e p e r interior. The order of the molecular-metallic phase change is not yet
known, although it is suspected to be first
order (Stevenson and Salpeter, 1976, 1977).
The equation o f state for metallic hydrogen
is similar in form to (4) (Stevenson, 1975),
yet there is probably a 25% increase in density across the equilibrium boundary (Ross,
1974; Ross and McMahan, 1976). Thus, reflections are expected to occur from the
molecular-metallic
hydrogen
interface
leading to sharp discontinuities in the eigenfrequency curves.
4. ROTATION AND ZONAL WINDS

The calculation of frequency co solely in
terms o f degree I and radial order n assumes
spherical symmetry. Though rotation imposes a special direction thereby breaking
the assumed symmetry, the oscillations can
still be modeled as spherical harmonics provided the polar coordinate axis is the rotation axis. In this case to depends on azimuthal order m as well as on I and n. When
m :~ 0 (i.e., sectoral (m = I) and tesseral (m
< l) harmonics), spherical harmonic oscillations rotate with the planet and their apparent frequencies, as measured in an
Earth-based or inertial frame, are shifted.
Zonal harmonics (m = 0) are unaffected by
rotation. Zonal winds present a further
complication. Their directions are functions of latitude, with several wind systems
reversing sign from one latitude to another.
H e n c e , Jupiter's rotation cannot be modeled as solid body rotation.
F r e q u e n c y splitting of oscillations can
provide information on the depth dependence o f rotation and wind velocity (Duvall
and H a r v e y , 1984; Duvall et al., 1984). The
frequency splitting is defined as

to(n, l, m = - j )
- to(n, l, m = + j )
to'(n, l) -=
2j
,

(5)

w h e r e j is an integer -< I. The sign o f j determines whether the azimuthal component of
the wave is prograde (m = - j ) or retrograde (m = + j ) . If Jupiter rotated as a solid
body, to'(n, I) would be its angular rotation
frequency. Since the depth at which acoustic waves reflect is determined by n and 1,
to'(n, l) will measure the angular frequency
of the planet at different depths. Because of
the zonal winds, sectoral modes should be
avoided. Tesseral modes with latitudinal
structure equal to or finer than the zonal
wind structure will need to be used to determine variations in jet structure with depth.
The presence of zonal winds also implies
the existence of a critical layer for waves
whose azimuthal w a v e n u m b e r kx is antiparallel to a jet (Beer, 1974). The critical layer
is a level at which waves whose windshifted frequencies approach zero are attenuated. At the critical level to ~ Uokx,
where U0 is the wind speed. Since kx = m/r
(r is radial distance from Jupiter's center),
U0 is between 10 and 80 m sec -~ (Ingersoll
et al., 1979), to is between 11.7 and 23.5
mrad sec -l, and r is between I Rj and
0 . 7 8 R j , m will need to be on the order of 104
to 105 for a critical layer to affect reflections
at the tropopause.
6. FORCING MECHANISMS
One of the most important but least understood aspects of free oscillations in the
Sun is the forcing mechanism that drives
the standing waves. F o r the waves to be
significant probes of the body's interior,
they must be sustained for at least several
oscillation periods. This necessitates a net
influx of energy into the oscillatory motions
that can allow the waves to o v e r c o m e dissipative effects and maintain wave amplitudes large enough to induce observable
Doppler shifts.
Forcing of the 5-min oscillations on the
Sun may o c c u r through a coupling of the
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acoustic waves with turbulent convective
motions. Calculations show that such a
mechanism could supply enough energy to
the waves (Antia e t al., 1984) but the frequencies of turbulent or convective turnover are not commensurate with the 5-min
oscillations, thereby preventing strong coupling (R. K. Ulrich, private communication). On Jupiter, the opposite may be true.
For eddy (or convective) velocities between 10 and 80 m sec -~ and length scales
on the order of a scale height (-20 km at
the 1-bar level), the periods of turbulent
motions match well with the standing wave
periods (4.5-9 min).
Though the frequencies of Jovian turbulence and acoustic modes may be comparable, Jovian turbulence can support an
acoustic wave field of only limited amplitude. The power per unit volume supplied
to an acoustic wave by the decay of a turbulent eddy is (Stein and Leibacher, 1981).
pu 3

W = ---if- (kh) zn'+l,

(6)

where p = gas density, u = eddy velocity, h
= eddy wavelength, k = acoustic
wavenumber, and n' determines the multipole character of the energy source. A
monopole (n' = 0) implies a mass source or
sink which is not significant for the Sun or
Jupiter. Dipole emission (n' = I) corresponds to a momentum source, i.e., flow
due to an external force or pressure gradient; a quadrupole source (n' = 2) applies to
nonlinear forces such as turbulent Reynolds stresses. On the Sun, dipole emission
is insignificant (Stein and Leibacher, 1981).
However, this might not be the case for Jupiter. Reynolds stresses are probably as important on Jupiter as on the Sun. Therefore,
both n' = 1 and n' = 2 should be considered
for Jupiter. Since coupling of eddy motions
and acoustic waves requires their frequencies to be equal, k c = u / h , and therefore k h
= u / c is the Mach number M. Thus, the
power radiated by turbulence into acoustic
waves is
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W=~(M

3 +M5).

(7)

By equating the energy flow from turbulence W X to the acoustic energy flow p c u ~
(Lighthill, 1979), one can assess the contribution made by turbulence to the magnitude u0 of the acoustic wave field. For Jupiter, p = 0 . 1 k g m - 3 , u - < 8 0 m s e c - I , h =
scale height --- 20 km, c = 1 km sec -1, and
u0 is found to be ---0.5 m sec -~. This is small
compared to the approximately 500 m sec-1
radial velocities that produce the Doppler
shifts observed on the Sun. This forcing
mechanism may be highly significant for
Saturn because the Mach number of its
equatorial jet is very nearly unity as compared with 0.08 for Jupiter's equatorial jet.
Thermal overstability provides another
possible mode of forcing. Overstability refers to oscillations whose amplitudes grow
with time. In the Sun, acoustic waves can
become overstable by a process known as
the Eddington Valve (Stein and Leibacher,
1981). When a parcel of gas undergoing
acoustic oscillations compresses nearly adiabatically, it becomes hotter and the opacity increases, allowing for greater absorption
of
radiation.
The
enhanced
accumulation of heat raises the pressure
and the subsequent expansion will be
stronger than if the process was purely adiabatic. Thus, the transfer of radiative to
mechanical energy causes the amplitudes of
the waves to grow. However, the growth
rate for the waves is very small and growth
will only be significant if there is balance
between energy influx from turbulence and
dissipation from turbulence (Stein and
Leibacher, 1981). This mechanism is virtually negligible for Jupiter since its specific
luminosity (power output per unit mass),
which directly determines radiative energy
flow, is six orders of magnitude smaller
than the Sun's (Hubbard, 1984).
Jupiter's troposphere contains many constituents, several of which, especially water, ammonium hydrosulfide, and ammonia, undergo condensation at various
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levels. The effects of a saturated atmosphere on the progagation of internal gravity waves has been examined by Einaudi
and Lalas (1973, 1975). The effects of the
latent heat of condensation on acoustic
waves may be understood by considering a
wave propagating upward toward a saturated layer. If, just below the condensation
level, an oscillating parcel of gas adiabatically expands such that the resulting temperature drop induces condensation and a
release of latent heat, then the subsequent
expansion is strengthened and the wave
amplitude is magnified. However, the enhancement of the oscillation amplitude will
be lost when adiabatic compression of a gas
parcel above the condensation level triggers vaporization and absorption of latent
heat, effectively canceling the newly gained
mechanical energy. This could happen, for
small wavelengths, after the wave passes
through the condensation level, or, for
longer wavelengths, after the wave reflects
at the tropopause and passes downward
through the cloud deck. Therefore, there is
no net flow of energy into the oscillations,
hence no growth of wave amplitudes.
Nonequilibrated constituents of the atmosphere may offer a source of energy to
acoustic waves without the equivalent sink.
An example of this occurs with Jupiter's
major constituent, hydrogen. At high temperatures (T > 200°K), hydrogen is comprised of 75% orthohydrogen (where the
two protons of the molecule have parallel
spins) and 25% parahydrogen (antiparallel
spins). As temperature approaches zero,
the equilibrium composition of the gas goes
to 100% parahydrogen. However, the transition from ortho- to parahydrogen is very
slow. If equilibration at low temperatures is
slower than or of the same rate as convective overturn, then considerable disequilibrium would be expected in Jupiter's upper
atmosphere; this is in fact indicated by
Voyager infrared data (Gierasch, 1983;
Conrath and Gierasch, 1984). Since equilibration from ortho- to parahydrogen involves an exothermic reaction, a considerable source of energy is available in the

metastable orthohydrogen. However, as
stated above, the reaction is exceedingly
slow and requires catalysts (e.g., free radical surface sights of aerosol particles, HaH2 paramagnetic interactions, etc.) to be of
any dynamical significance (Massie and
Hunten, 1982; Gierasch, 1983; Conrath and
Gierasch, 1984).
The reaction rates of most catalysts depend on the molecular collision velocity
which goes as T1/2; thus, the rate of orthopara conversion increases with temperature. Accordingly, an oscillating parcel of
gas may equilibrate faster when adiabatically compressed (increasing the parcel's
temperature), and the subsequent release of
latent heat will cause a stronger expansion.
The equivalent absorption of latent heat
will not occur since the para-ortho conversion would only take place in regions of
higher temperature where equilibrium is already established and there is no need for
conversion. Therefore since there is only a
source of energy for the oscillations, the
acoustic waves could be overstable.
For this mechanism to be significant, the
rate of wave growth must be relatively fast
to overcome dissipation. The fractional
change in volume V with time for an ideal
gas at constant pressure is
1 8V

V Ot

10T
-

T Ot"

(8)

The change in enthalpy at constant pressure due to the release of latent heat in the
compression phase of the oscillation yields
an expression for the rate of change of temperature

3T

XL to

Ot

Cp 7r '

(9)

where X is the ratio of the mass of converting orthohydrogen to that of total hydrogen, L is the latent heat of conversion, and
cp is the specific heat capacity at constant
pressure. Volume perturbations therefore
grow approximately as

( xLto t),

V ~ exp \TocpT"r

(10)
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where To is the ambient temperature. The
growth time is (cpTo/2XL) • tp, where tp is
the oscillation period. At To = 130°K, L -(230°K) • R (Massie and Hunten, 1982), and
(cpTo/2L) is 0(1). The controlling factor is XThe equilibration time constant ve is about
10-9 sec -l (Conrath and Gierasch, 1984), so
that after an oscillation period between 250
and 600 sec, 10 -7 < X < 10-6, implying a
growth time that is greater than 106 oscillation periods, or about l0 years. Unless dissipative effects are well balanced by other
forcing mechanisms, this growth mechanism is more than likely insignificant.
7. OBSERVATIONS

Standing waves on the Sun occur just below the photosphere, causing it to oscillate
with the wave motions. Therefore, the frequency and spherical harmonic degree of
the oscillations can be determined from the
Doppler shifting of visible light absorption
bands by the radial velocity of the oscillations. On Jupiter, the oscillating layer is the
tropopause and infrared radiation corresponding to temperatures at the tropopause
might reveal Doppler shifting in a spherical
harmonic pattern. There are also absorption bands of UV and IR radiation which
occur near the tropopause. Methane absorbs at 7.8/xm near the 145°K level above
the tropopause (Wallace, 1976; Wagener et
al., 1985). Ammonia has several distinct absorption bands between 0.16 and 0.24/zm at
the tropopause (Wagener et al., 1985; Prinn
and Owen, 1976).
The best candidate for UV absorption is
also one of the most controversial. Directly
above the tropopause is a haze which absorbs near-UV radiation around 0.3 /~m
(Greenspan and Owen, 1967). However,
the composition of the layer is still uncertain. Several models (Prinn and Owen,
1976; Strobel, 1973; Visconti, 1981) suggest
that the haze is comprised of hydrazine
(NEH4) crystals which are opaque to 0.3/zm
UV. Other studies (Wagener et al., 1985;
Sato and Hansen, 1979; Cochran and
Slavsky, 1979) conclude that hydrazine
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cannot be a major constituent of the haze
because it is doubtful that NH3 or N2 could
ever penetrate into the stratosphere from
the troposphere to form hydrazine. Compounds formed by photodissociation of CH4
and H2 (Cochran and Slavsky, 1979) have,
instead, been proposed to comprise the
haze.
Long-period observations over Jupiter's
disk of Doppler shifting in emitted radiation
and/or absorption bands may reveal information on the eigenfrequencies and harmonic degree of trapped acoustic waves.
Although UV measurements may need to
wait for the Hubble Space Telescope, highresolution IR measurements may be obtained by use of heterodyne spectroscopy
(Mumma et al., 1975).
(Recent attempts have been made to observe motions in Jupiter's atmosphere using reflected sunlight at a visible wavelength (0.63 /xm). Although motions with
velocities on the order of 100 m sec -1 were
detected, power spectra were more indicative of random noise than of coherent oscillations (C. Pilachowski, personal communication).)
8. DISCUSSION

There is little doubt that Jupiter's dynamic atmosphere can generate internal
waves. The greatest question is whether
forcing mechanisms are present which allow for the growth and maintanence of
large radial velocities. No matter what forcing mechanism one can imagine, it remains
a fact that the Sun's specific power output
is six orders of magnitude greater than Jupiter's and specific power represents the
amount of energy flux that the acoustic
waves can draw upon. Since acoustic energy flow goes as the square of the velocity
amplitude (Lighthill, 1979), the velocity
amplitudes are at best three orders of magnitude smaller on Jupiter than on the Sun.
This difficulty may be assuaged with an
adaptation of the method of "stacking"
used by exploration seismologists. Superposition of seismic records (i.e., travel time
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records of incoming signals), using a known
acoustic signal as a pivot, allows regular
signals to become enhanced while random
noise tends to cancel out. Since exploration
seismologists supply the semismic source,
they maintain a luxury which Jovian seismologists would not share: knowledge of
when (and where) the acoustic waves are
generated, and hence, exactly how to stack
different records.
The task of stacking would be made simpler for a Jovian seismologist if at least one
unique, recognizable signal appeared on the
time records of Doppler shifting. Considering probable velocity amplitudes of 10 -~ m
sec -~, such a signal would not likely exist.
A method of trial and error would need to
be employed. For acoustic signals to be enhanced to amplitudes of 10 2 m sec -I, thousands of records will most likely be needed.
With the large periods of the waves, a time
record would need to be on the order of an
hour or more. (One must bear in mind that
an oscillation may not persist for the entire
length of a record, making the job of stacking even more difficult.) The number of records required, as well as the minimum
time needed for each record, present serious limitations for an orbiting telescope.
However, were the observations of standing waves to be successful, the field of planetary science would have a unique tool for
probing Jupiter's and perhaps the other giant planets' deep atmospheres and interiors.
ACKNOWLEDGMENTS
This work was supported by NASA under Grant
NSG 7164. We appreciate helpful discussions with R.
K. Ulrich, D. J. Stevenson, and C. Pilachowski, as
well as useful suggestions from J. W. Harvey and an
anonymous reviewer.
REFERENCES
ANTIA, H. M., S. M. CHITRE, AND D. NARASIMHA
(1984). An excitation mechanism for solar five-minute oscillations of intermediate and high degree. In
Solar Seismology f r o m S p a c e (J. W. Harvey, E. J.
Rhodes, Jr., J. Toomre, and R. K. Ulrich, Eds.), pp.
345-348. NASA JPL Publication 84-84, Washington, DC

BEER, T. (1974). A t m o s p h e r i c Waves. Wiley, New
York.
CHRISTENSEN-DALSGAARD, J. (1986). Theoretical aspects of helio- and asteroseismology. In Seismology
o f the San a n d Distant Stars (D. O. Gough, Ed.),
pp. 23-53. Reidel, Dordrecht.
CHRISTENSEN-DALSGAARD,J., D. O. GOUGH, AND J.
TOOMRE (1985a). Seismology of the Sun. Science
229, 923-93 !.
CHRISTENSEN-DALSGAARD, J., T. L. DUVALL, JR.,
D. O. GOUGH, J. W. HARVEY, AND E. J. RHODES,
JR. (1985b). Speed of sound in the solar interior.
N a t u r e 315, 378-382.
COCHRAN, W. D., AND D. B. SLAVSKY(1979). On the
nature of the blue and ultraviolet absorption in the
Jovian atmosphere. Icarus 37, 84-95.
CONRATH, B. J., AND P. J. GIERASCH (1984). Global
variation of the para hydrogen fraction in Jupiter's
atmosphere and implications for dynamics on the
outer planets. Icarus 57, 184-204.
DEUBNER, F. (1981). Pulsations and oscillations. In
The Sun as a Star (S. Jordan, Ed.), pp. 65-84.
NASA SP-450, Washington, DC
DEUBNER, F., AND D. GOUGH (1984). Helioseismology: Oscillations as a diagnostic of the solar interior.
Anna. Rev. Astron. Astrophys. 22, 593-619.
DUVALL, T. L., JR., W. A. DZIEMBOWSKI, P. R.
GOODE, D. O. GOUGH, J. W. HARVEY AND J. W.
LEIBACHER (1984). Internal rotation of the Sun. Nature 310, 22-25.
DUVALL, T. L., JR., AND J. W. HARVEY (1984). Rotational frequency splitting of solar oscillations. Nature 310, 19-22.
EINAUDI, F., AND D. P. LALAS (1973). The propagation of acoustic-gravity waves in a moist atmosphere. J. A t m o s . Sci. 30, 365-376.
EINAUDI, F., AND D. P. LALAS (1975). Wave-induced
instabilities in an atmosphere near saturation. J. Atmos. Sci. 39, 536-547.
GIERASCH, P. J. (1983). Dynamical consequences of
o r t h o h y d r o g e n - p a r a h y d r o g e n disequilibrium on Jupiter and Saturn. Science 219, 847-849.
GREENSPAN, J. A., AND Z. OWEN (1967). Jupiter's
atmosphere: Its structure and composition. Science
156, 1489-1493.
HUBBARD, W. B. (1984). Planetary Interiors. Van
Nostrand-Reinhold, New York.
HUBBARD, W. B., AND G. P. HOREDT (1983). Computation of Jupiter interior models from gravitational
inversion theory. Icarus 54, 454-465.
INGERSOLL, A. P., R. F. BEEBE, S. A. COLLINS, G. E.
HUNT, J. L. MITCHELL, P. MULLER, B. A. SMITH,
AND R. J. TERRILE (1979). Zonal velocity and texture in the Jovian atmosphere inferred from Voyager
images. N a t u r e 280, 773-775.
LEIBACHER, J. W., AND R. F. STEIN (1971). New description of the solar five-minute oscillation. Astrophys. Lett. 7, 191-192.

JOVIAN SEISMOLOGY
LEIBACHER, J. W., AND R. F. STEIN (1981). Oscillations and pulsations. In The Sun as a Star (S. Jordan, Ed.), pp. 263-287. NASA SP-450, Washington,
DC.
LEIGHTON, R. B., R. W. NOYES, AND G. W. SIMON
(1962). Velocity fields in the solar atmosphere. I.
Preliminary report. Astrophys. J. 135, 474-503.
LIGHTHILL, J. (1979). Waves in Fluids. Cambridge
Univ. Press, London.
LINDAL, G. F., G. E. WOOD, G. S. LEVY, J. D. ANDERSON, D. N. SWEETNAM, H. B. HOTZ, B. J.
BUCKLES, D. P. HOLMES, P. E. DOMS, V. R.
ESHELMAN, G. L. TYLER, AND T. A. CROFT (1981).
The atmosphere of Jupiter: An analysis of Voyager
radio occultation measurements. J. Geophys. Res.
86, 8721-8727.
MASSlE, S. T., AND D. M. HUNTEN (1982). Conversion o f p a r a and ortho hydrogen in the Jovian planets. Icarus 49, 213-226.
MUMMA, M., T. KOSTIUK, S. COHEN, D. BUHL, AND
P. C. YON THUNA (1975). Infrared heterodyne spectroscopy of astronomical and laboratory sources at
8.5/~m. Nature 253, 514-516.
ORTON, G. S. (1981). Atmospheric Structure in the
Equatorial Region o f Jupiter. NASA Report 1625125, JPL, Pasadena, CA.
PmNN, R G., AND T. OWEN (1976). Chemistry and
spectroscopy of the Jovian atmosphere. In Jupiter
(T. Gehrels, Ed.), pp. 319-371. Univ. of Arizona
Press, Tucson.
Ross, M. (1974). A theoretical analysis of the shock
compression experiments of the liquid hydrogen isotopes and prediction of their metallic transition. J.
Chem. Phys. 60, 3634-3644.
Ross, M., AND A. K. MCMAHAN (1976). Comparison
of theoretical models for metallic hydrogen. Phys.
Rev. B 13, 5154-5157.
SATO, i . , AND J. E. HANSEN (1979). Jupiter's atmospheric composition and cloud structure deduced
from absorption bands in reflected sunlight. J. Atmos. Sci. 36, 1133-1167.
STEIN, R. F., AND J. W. LEIBACHER (1981). Wave
generation. In The Sun as a Star (S. Jordan, Ed.),
pp. 289-300. NASA SP-450, Washington, DC

565

STEVENSON,D. J. (1975). Thermodynamics and phase
separation of dense fully ionized hydrogen helium
fluid mixtures. Phys. Rev. B 12, 3999-4007.
STEVENSON, D. J., AND E. E. SALPETER (1976). Interior models of Jupiter. In Jupiter (T. Gehrels, Ed.),
pp. 85-112. Univ. of Arizona Press, Tucson.
STEVENSON, D. J., AND E. E. SALPETER (1977). The
phase diagram and transport properties for hydrogen-helium fluid planets. Astrophys. J. Suppl. Ser.
35, 221-237.
STROBEL, D. F. (1973). The photochemistry of hydrocarbons in the Jovian atmosphere. J. Atmos. Sci. 30,
489-498.
ULRICH, R. K. (1970). The five-minute oscillations on
the solar surface. Astrophys. J. 162, 993-1002.
VISCONTI, G. (1981). Penetration of solar uv radiation
and photodissociation in the Jovian atmosphere.
Icarus 45, 638-652.
VORONTSOV S. V. (1981). Natural oscillations of the
giant planets: The influence of differential rotation.
Astron. Zh. 58, 1275-1285 (Soy. Astron. 25, 724-729
(1982)).
VORONTSOV S. V. (1984a). The free oscillations of the
giant planets: Phase-transition boundary conditions.
Astron. Zh. 61, 700-707 (Soy. Astron. 28, 410-414
(1984)).
VORONTSOV. S. V. (1984b). A perturbation theory for
the free oscillations of a self-gravitating sphere with
phase boundaries. Astron. Zh. 61, 854-859 (Soy. Astron. 28, 500-503 (1984)).
VORONTSOV. S. V., AND V. N. ZHARKOV (1981). Natural oscillations of the giant planets: Influence of
rotation and ellipticity. Astron. Zh. 58, 1101-1114
(Soy. Astron. 25, 627-634 (1982)).
VORONTSOV. S. V., V. N. ZHARKOV, AND V. M. LUBIMOV (1976). The free oscillations of Jupiter and
Saturn. Icarus 27, 109-118.
WAGENER, R., J. CALDWELL, T. OWEN, S. KIM, T.
ENCRENAZ AND M. COMBES (1985). The Jovian
stratosphere in the ultraviolet. Icarus 63, 222-236.
WALLACE,L. (1976). The thermal structure of Jupiter
in the stratosphere and upper troposphere. In Jupiter (T. Gehrels, Ed.), pp. 284-303. Univ. of Arizona
Press, Tucson.

