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A new hypothesis—called the Cartesian diver hypothesis—is proposed to
explain the physical nature and observed variations in longitude, size and intensity
of Jupiter’s Great Red Spot. In the light of recent laboratory studies of phase
behavior in light gas mixtures, it is suggested that the Red Spot is a region of
contrast in the cloud structure of Jupiter’s outer layers, caused by the presence
of a mass of hydrogen-rich solid floating within a fluid layer of hydrogen and
helium at some depth below the visible surface. It is shown that this floating solid
would exhibit many of the characteristies of a Cartesian diver. Equations of
motion for a Cartesian diver in a rotating system are derived, which suggest that
the longitudinal motion of the Red Spot consists of several oseillatory components
of different amplitudes and frequencies. These predictions are in agreement with
motions determined from recent precise measurements of Red Spot longitude.
Mechanisms for the source of the observed oscillations are discussed, and esti-
mates are made of the extent of the underlying vertical motions. Effects of the
rapid rotation of the planet upon the dynamic behavior of the fluid in the vicinity
of the Cartesian diver are qualitatively included, and the resulting physical model is
used to explain not only the observed variations of size and intensity of the Red
Spot, but also the manner in which these variations correlate with changes in
longitude. Laboratory studies and further observations designed to assist in
verifying the Cartesian diver hypothesis are suggested.

InTrRODUCTION first observed and sketched by Cassini
three centuries ago. Most of the speculation
about it has centered on attempts to
answer the question: what is it? Among
other questions that one may ask are:
why is it unique? why is it (sometimes) red?
why does it appear to drift in longitude
while remaining nearly fixed in latitude?
what accounts for changes in its size and
appearance? how can one explain its

Systematic surveillance of Jupiter’s Red
Spot has been carried out since about 1878,
although reliable records of its observation
extend at least as far back as 1831. A
survey of 17th-century documents relating
to Jupiter has led Chapman (1968) to
conclude that the Red Spot was first
observed by Giovanni Cassini around 1666,

and that Cassini, rather than Robert
Hooke, should be ecredited with its dis-
covery. This mysterious object is thus
known to have existed for at least 140 years,
very probably for at least 300 and perhaps
very much longer.

In spite of the attention that it has
received, the Red Spot remains almost as
much of an enigma today as when it was

observed motions?

The dearth of clues to the understanding
of the Red Spot is reflected in the paucity
of proposed explanations which have been
advanced over the years. Of the proposed
explanations aimed at identifying the
Red Spot the two which have received
most attention are: (1) that it is a “raft”
of solid or fluid material floating on or
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within an ocean consisting of a liquid or
dense gas; and (2) that it is the top of a
more or less stagnant column of fluid,
called a Taylor Column, which forms within
a fluid flowing past an obstacle in a rotating
system.

In view of the observed motions of the
Red Spot the idea that it is a detached
object floating in a fluid atmosphere is an
attractive one. The evidence for a slow and
apparently random drift in longitude has
been summarized by Peek (1958), on the
basis of observations extending over a
period of 120 years. The drift was evident
much earlier, however, and according to
Peek the floating raft hypothesis was first
advanced by G. W. Hough in 1881, al-
though there was no evidence at that
time concerning the composition of the
raft or the ocean in which it floated. Peek
suggested that the raft consists of two
different phases of the same solid, and that
it floats, not on a liquid surface, but within
a fluid layer at a level at which its average
density is equal to that of the surrounding
fluid. Mounting evidence that Jupiter is
composed largely of hydrogen and helium
undermined the idea of a solid raft, how-
ever, since there was no known solid light
enough to float in an atmosphere composed
of the two lightest elements. Peek (1958)
reviewed all the evidence for the raft
hypothesis and concluded that the most
promising material for the solid was
helium, which might exist in two or more
solid phases at high pressures. However,
DeMarcus (1958) has pointed out that at
high pressures the density of helium
exceeds that of hydrogen by a factor of
three or more, so that solid helium is
almost certainly more dense than any
fluid mixture of hydrogen and helium.

DeMarcus and Wildt (1966) proposed
the novel alternative of a floating raft
which is fluid rather than solid. Citing
recent experimental evidence for fluid-
fluid phase separations in multicomponent
mixtures of supercritical gases, they sug-
gested that the Red Spot is a region where
phase separation occurs under the con-
dition that the two distinet phases have
the same density but different compo-
sitions. While fluid—fluid phase separa-
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tions are known to oceur in binary mixtures
such as helium-ammonia (Tsiklis, 1952)
and helium-methane (Streett and Hill,
1970), there is as yet no evidence that
coexisting fluid phases of equal density
oceur in a multicomponent mixture of
these gases. The existence of a fluid raft
would seem to require somewhat larger
concentrations of heavier gases, such as
ammonia and methane, than are presently
suggested for Jupiter’s atmosphere.

The Taylor Column hypothesis of the
Red Spot was proposed by Hide (1961)
on the basis of estimates of certain para-
meters required to characterize the dyna-
mics of a fluid layer of a rapidly rotating
planet. He concluded that a “topographical
feature” on the solid planet, having a
height of only a few kilometers, can produce
a Taylor Column, and that the visible
Red Spot is the top of such a column. In
subsequent papers (Hide, 1963, 1966a,
1966h, 1968: Hide and Ibbetson, 1966;
Hide, Ibbetson, and Lighthill, 1968) the
theory was critically examined from many
points of view, and laboratory and theor-
etical studies on Taylor Columns were
reported. Hide has been cautious in
assessing the results of these efforts, and
has constantly stressed the need for
additional information on the Jovian
interior, especially its hydrodynamic and
magnetic properties. In response to eritic-
isms that the topographic features would
have to migrate to accommodate the
observed motion of the Red Spot, Hide has
been careful to point out that the “topo-
graphical feature” which produces the
Taylor Column is not necessarily a moun-
tain or crater on a solid surface, but that it
may be a “hydromagnetic disturbance”
(Hide, 1966b) or an “‘electric current loop”
(Hide, 1966a). He has assumed that the
observed drift in the longitude of the Red
Spot reflects changes in the rotation rate
of the planet, and has suggested the
reversible transformation of rotational
energy into magnetic energy as a possible
cause. It is evident from the foregoing that
the observed motions have generated a
corresponding mobility in the Taylor
Column hypothesis. It has been necessary
to introduce plausible qualitative processes
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the implications of which are not con-
tradictory to the observations. Neverthe-
less, in spite of some criticism (Stone and
Baker, 1968; Goody, 1969) the Taylor
Column hypothesis has remained the
only explanation of the Red Spot devel-
oped beyond the level of simple con-
jecture.!

Since the observed motions represent
real data which eventually must be
explained by a theory of the Red Spot,
we shall now turn to a discussion of these
motions.

OBSERVATIONS OF THE RED Sror

The most comprehensive source of
information on the visible features of
Jupiter is the book by Peek (1958), which
summarizes and interprets all of the
observational data up to about 1947. It
includes a considerable amount of specu-
lation, of which that relating to the Red
Spot anticipates many of the ideas pre-
sented here.”

1The paucity of explanations has not been a
barrier to lively discussions of the Red Spot,
and at least one other explanation deserves
mention here. At arecent conference on planetary
atmospheres, a particularly heated discussion
of the merits of the Taylor Column hypothesis
was in progress when R. Hide paused to describe
a “new theory.” Its author is a science reporter
for an English newspaper, who, in attempting
to find a simple descriptive analogy for the
Taylor Column, has somehow seized upon the
phrase “‘whirlpool of motion.” Through a
fortuitous typographiecal error his printed story
reported that the Red Spot is, “a whirlpool of
emotion in the atmosphere of Jupiter.” This is
known as the emotional whirlpool hypothesis.

2 Bertrand M. Peek was a Cambridge-educated
school teacher and a lifelong amateur astronomer
—an amateur at least in the sense that astronomy
was not the source of his livelihood. A good part
of his life was apparently spent in observing
Jupiter. The single-mindedness with which he
pursued his hobby is revealed in a paper (Peek,
1941) in which, in a classic example of British
understatement, he reported, *‘One observation,
recorded on October 17 [1940], ... was made
during an air raid under conditions of atrocious
seeing and is clearly, from the record, of very
little value.”

Peek’s chapter on the observational data
for the Red Spot is devoted mainly to a
discussion of its appearance and its inter-
action with other visible features in the
same latitudes, The main point of interest
here is his plot of the wanderings of the
Red Spot longitude, which is reproduced
in Fig. 1. Peek has suggested that the
graph shows a form of periodic motion,
with a period of about 50 years: however,
it is important to note that in this plot
the mean rotation period for the planet
has been taken as that which reduces the
net wanderings to a minimum, and that
small changes in the assumed period would
alter the shape of the curve. In any case,
the tendency of the Red Spot to undergo
a slow drift in longitude is clearly shown,
and it is worth noting that, on this plot
at least, the rates of eastward and westward
drift are approximately the same.

A wealth of new information on the
motions of the Red Spot, and on other
surface features, has been obtained during
the past decade by Reese, Solberg, and
others at New Mexico State University
(Solberg, 1968a, 1968h, 19692, 19695;
Solberg and Reese 1969; Reese and
Smith, 1968; Reese and Solberg, 1969;
Reese, 1969a, 1969h). Since 1963 the Red
Spot has been photographed on every
opportunity at the New Mexico State
University Observatory. With refined
measurement techniques the position of
the Red Spot has been measured to within
about +0°.2 (Solberg, 19695). Most of the
data obtained in this program have been
reported in this journal, and only the
main conclusions concerning changes in
longitude need be summarized here.

The photographic data, combined with
earlier visual transit data, show that since
1937 the longitude of the Red Spot has
increased at a fairly constant rate. This is
essentially a continuation of the slow
drift described by Peek. The more precise
recent observations show, however, that
the motion includes several additional
components, of approximately periodic
nature, superimposed on this slow drift
(Solberg, 1968z). The most prominent of
these are: (1) an oscillatory component
with a period of approximately 9 years and
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Fic. 1. Long term variations in the Red Spot longitude, after Peek (1958).

an amplitude of about 10°; (2) an almost
sinusodial oscillation with a period of
about 90 days and an amplitude of ap-
proximately 1°; and (3) suspected short-
term oscillations having a period of the
order of 1 day to 1 week and an amplitude
less than 1°. In addition to these approxi-
mately regular motions, small disconti-
nuities sometimes appear in plots of the
longitude of the Red Spot vs time.

In Fig. 2 we have combined the plots of
longitude vs time for the six apparitions
from 1963 to 1969 (Solberg, 1968¢, 1968b,
1969a, 196956; Reese, 1969a, 1969h). The

9-year and 90-day period motions are
clearly shown, together with somewhat
irregular motions of shorter period. The
latter motions are suspected to have a
period of about one week.

A more comprehensive and suggestive
display of observational data is given in
Fig. 3 where we have plotted the longitude,
latitude, length, and width of the Red Spot,
as functions of time, for several apparitions
(Solberg, 1968a, 1968h, 1969a; Reese,
1969a). Even a casual examination of these
curves suggests some definite relation
between changes in longitude, on the one
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Fia. 2. Longitude of the Red Spot vs time for the six apparitions from 1963-69 (Solberg, 1968a,

19685, 19696 ; Reese, 1969a, 19695).
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Fia. 3. Variations in longitude, latitude, length, and width of the Red Spot during four recent
apparitions (Solberg, 1968a, 1968b, 1969a; Reese, 1969a).

hand, and changes in length and width on
the other. In fact, there is strong evidence
that the length curve includes oscillatory
components of 9-year and 90-day periods
which are 180° out of phase with the cor-
responding components of the longitude
curve. In other words, as the longitude
decreases, the length increases, and vice
versa. There is a similar correlation
between longitude and width, at least for
the 9 year period. Short term changes in
length and width are also present, but
irregular spacing and scatter in the data
effectively mask any regularity in this
component.

Not quite so obvious, but equally
interesting, is the fact that the slope of
the length curve over the 9-year period is
always about twice that of the width curve,
indicating that the rate of change of Red
Spot length is twice that of the width. We
note that the same ratio holds for the
magnitudes of the length and width
(i.e., L~2W). The average length of the
Red Spot is about 25,000 km.

We shall attempt to incorporate the
foregoing features into a simple theoretical
model of the Red Spot. In doing so we
should point out that we are concentrating

on explaining the observed motions by
proposing a model which is consistent with
the observations. We cannot suggest a real
explanation for why the Red Spot is
unique or why it exists within the latitude
band that it does. Perhaps a topographic
feature is present in that region to bring
about a massive accumulation of solid
hydrogen in the helium-hydrogen atmos-
phere so that the Cartesian diver (pro-
posed in the following section as the cause
of the Red Spot) is formed. Once formed
such a feature could exist indefinitely.
However, this is only a more or less
plausible statement and not an explanation.
We now turn to the basic hypothesis which
we propose as a reasonable explanation for
the existence of the Red Spot.

TaE CARTESIAN DivEr MoDEL

We present here a new hypothesis for
the Red Spot which combines, at least in
a qualitative way, some features of both
a floating raft and a Taylor Column
(though not, we trust, of an emotional
whirlpool). It is called the Cartesian diver
hypothesis, following DeMarcus and Wildt
(1966) who used the term “thermodynamic
Cartesian diver” to characterize their
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suggestion that the Red Spot is a floating
raft of fluid.®

We propose that the Red Spot is a
region of contrast in Jupiter’s cloud
structure, caused by a mass of hydrogen-
rich molecular solid floating within a
fluid layer of hydrogen and helium at some
depth below the visible surface. This
suggestion is based on laboratory studies
of phase equilibria in light gas mixtures at
high pressures, which provide strong
evidence that a hydrogen-rich solid can
exist deep in Jupiter’s atmosphere, under
the condition that it is neutrally buoyant
at a fixed level in the stratified hydrogen—
helium fluid. This floating solid would
indeed behave as a Cartesian diver. It
would seek an equilibrium level in the
fluid, and this equilibrium level would
change with changes in the physical and
thermodynamie properties of the system
(e.g., temperature, pressure, phase com-
position, ete.). Convective motions in
the outer layers of Jupiter (Peebles,
1964; Hubbard, 1969) would be modi-
fied in the region of the floating solid,
and these modifications would be re-
flected in the cloud structure at the visible
surface,

Owing to the condition of thermodyn-
amic equilibrium between solid and fluid
phases, fluctuations in ambient conditions
are likely to result in a kind of dynamic
physical equilibrium as well, characterized
by a continuous cycle of solidification and
melting. According to this picture the
floating solid is not necessarily continuous,
but is more likely an assembly of solid

3A Cartesian diver is a deviee, attributed to
Descartes, which illustrates several laws and
principles of physies. In its simplest form it
congists of an inverted float or “‘diver,” con-
taining a small amount of trapped air, in a
container of water. As the air bubble is com-
pressed, the diver descends and it can be made
neutrally buoyant at a fixed level within the
water, given the proper balance between its
weight and the volume of trapped air. For an
ordinary mechanical Cartesian diver theneutrally
buoyant level is an unstable equilibrium point.
Changes in certain physical properties of the
system (temperature, pressure, weight of diver,
ete.) cause the diver to seek an new equilibrium
level.
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chunks whose total mass and size are con-
tinually changing.

Estimates of temperature in the Jovian
atmosphere, and of the melting curve
of solid hydrogen at high temperatures and
pressures, suggest that the solid exists at
depths of several thousand kilometers. It
is unlikely that this solid would be visible
from the outside, but its influence on
patterns of convection would almost
certainly appear in the cloud structure at
the visible surface. This is generally con-
sistent with the suggestion of Ingersoll
and Cuzzi (1969) that Jupiter’s bright zones
are regions of warm, rising fluid, while the
dark belts are regions of cool, sinking
fluid. Other dynamical and hydrodyn-
amical considerations, not unlike those
invoked by Hide in the Taylor Column
hypothesis, can also account for the
visibility of the Red Spot. Hide (1968)
has in fact pointed out that a Taylor
Column could form above a floating raft,
but has not followed up this idea in seeking
to explain the Red Spot motions.

The physical basis for the Cartesian
diver hypothesis has been discussed in
detail elsewhere (Streett, 1969) so that we
shall confine ourselves to a short review
of the processes that are involved.

MEeLTING BEHAVIOR TN HYDROGEN—
Heriom MIXTURES

Current knowledge of the melting be-
havior of pure substances and its relevance
to planetary interiors has been reviewed
by Wildt (1961). The available evidence
suggests that the melting temperature
rises indefinitely with increasing pressure,
soitis possible, at least in theory, to solidify
any molecular substance, at any temper-
ature, by the application of sufficient
pressure.* The maximum pressures and

4 In this discussion we restrict our attention
to phase transitions which are likely to oceur in
the region of stability of the molecular phase.
However, the possibility that the Red Spot is
somehow connected with the pressure-induced
metallic transition in hydrogen cannot be ruled
out. Current estimates put this transition
pressure at several million atmospheres (De-
Marcus, 1958; Schneider, 1969). Pressures in
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temperatures at which the melting curves
of pure hydrogen and helium have been
experimentally studied are: for hydrogen,
5600 atm and 80°K (Wooley, Scott, and
Brickwedde, 1948); and for helium, 14,000
atm and 77°K (Langer, 1961). Over the
known range, the melting pressure of
helium, at a fixed temperature, is about
twice that of hydrogen and extrapolations
of the melting curves suggest that this
general relation holds at higher tem-
peratures.

Little is known of the melting behavior
of systems of more than one component.
Surveys of the melting behavior of solidified
gases (Bridgman, 1958; Stewart, 1965)
indicate that no significant study of the
melting behavior of systems of two or
more components has been published.
Theoretical methods are also of little value
here. In general the laws of thermodyn-
amics and chemistry cannot predict, even
qualitatively, the phase behavior of multi-
component systems over broad ranges of
pressure and temperature. Experimental
studies of the phase behavior of hydrogen—
helium mixtures have been confined mainly
to the liquid-vapor region at low tem-
peratures (7' < 33°K) and pressures below
about 100 atm (Streett, Sonntag, and
Van Wylen, 1964; Greene and Sonntag,
1968: Sneed, Sonntag, and Van Wylen,
1968). It is therefore necessary to resort
to empirical evidence concerning the
probable melting behavior of this system
at high pressures,

The phase rule of Gibbs fixes the number
of independent variables for a system
having a set number of phases and
components, and thereby provides a frame-
work for the empirical classification of
heterogeneous systems. In recent years,
experiments on gas-liquid phase equilibria
in binary mixtures of light gases have been
carried out at pressures as high as 10,000
atm, and certain patterns in the phase
behavior of these systems have begun to
emerge. In two recent papers Streett (1969,
1970) has reviewed the available phase
data for light gas mixtures and has sug-

this range are estimated to exist at depthq of
15,000 to 20,000 km below the visible surface
of Jupiter (DeMarcus, 1958).

12
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gested several possible extrapolations of
the hydrogen-helium phase diagram to
high pressures. There is strong evidence
that the solidification of hydrogen—helium
mixtures takes place in such a way that
a reversal in the sign of the difference in
density between coexisting fluid and solid
phases occurs on crossing a fixed boundary
in pressure-temperature space. A sum-
mary of this evidence is presented here.

Two assumed features of the hydrogen—
helium phase diagram are of paramount
importance to the Cartesian diver hypo-
thesis. These are: (1) that the pressure
induced transition from fluid to solid in a
hydrogen—helium mixture occurs over a
finite range of pressures at a fixed tem-
perature; and (2) that in the region of
transition a hydrogen-rich solid phase
exists whose density can be less than, equal
to, or greater than that of the coexisting
fluid, depending on the difference in
helium content between the two phases.

The first of these features follows from
the most fundamental generalization of
the phase rule as it applies to a two-phase,
two-component system. Briefly stated, its
implication for planetary structures is
this: if a fluid-solid transition occurs at
some depth below the visible clouds of
the Jovian planets, then a region of
transition exists in which solid and fluid
phases can coexist in thermodynamic
equilibrium. It follows that layered struc-
tures are likely to result from gravitational
separation of these phases. This point has
been neglected in the formulation of
models for Jovian interiors. In cases where
the possible existence of a solid surface
has been discussed (DeMarcus, 1958 ; Opik,
1962) the implicit assumption has been
made that helium is either absent from the
region of solidification or that its presence
does not affect the solidification of hydro-
gen.

The second important feature of the
hydrogen-helium phase diagram (con-
cerning the relative densities of coexisting
solid and fluid phase) derives not from a
fundamental physical principle, but from
an unusual property of the hydrogen—
helium system. This system belongs to a
class of binary mixtures in which the
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more volatile component (helium in this
case) has the higher molecular weight, and
is therefore more dense, at high pressures,
than the second component, even though
the former may be a gas and the latter
a liquid or solid in the pure state. The
significance of this fact was first observed
by Onnes (1906) when he compressed
helium gas over liquid hydrogen at 20°K.
At a pressure of about 30 atm he found that
the helium rich gas phase became more
dense than the liquid phase and sank to
the bottom of the vessel.

The equality of density between two
phases reduces the number of independent
variables of the system to one, so that the
inversion pressure is a unique function of
temperature in the two phase region.
Sneed el al. (1968) have experimentally
determined the locus of this phase density
inversion over a narrow range of pressures
and temperatures in the gas-liquid region.
Although the density inversion has not
been experimentally observed in gas-solid
mixtures of hydrogen and helium, there
can be little doubt that it does occur.
Similar density inversions have been
observed in nitrogen-ammonia (Krichev-
skii, 1940), carbon dioxide—water (Taken-
ouchi and Kennedy, 1964), neon-methane
(Streett and Hill, 1970), and other
mixtures.

The simplest means of illustrating the
principles of interest here is a phase
diagram. Since we are interested primarily
in effects due to pressure and composition,
the phase behavior is best described by
isotherms drawn on pressure—composition
diagrams. It is to be emphasized that
diagrams representing phase behavior
along a path for which temperature in-
creases with pressure—which more closely
resembles a vertical sounding of the Jovian
atmosphere—would have the same general
form. Hence the following discussion
applies equally to isothermal atmospheres
and to those heated from the bottom.

Figure 4 shows a proposed isotherm
for the hydrogen-helium system for a
temperature, 7'y, above the critical tem-
perature of hydrogen. Points a and b
are the melting points of pure hydrogen
and helium, while the areas S;, S,, and
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F are regions in which homogeneous
single phases exist. These are a fluid
phase F, a hydrogen-rich solid S;, and
a helium-rich solid S,. The remaining
areas, 8, +8s, S;+ F, and 8, + I, are
two-phase regions. At a pressure P,, for
example, any mixture of overall com-
position between ¢ and d separates into
a solid phase of composition ¢ and a fluid
phase of composition d. At pressures above
P, any mixture is entirely solid, but may
consist of a single solid phase, S; or S,,
and/or a mixture of these two phases,
depending on the overall composition.

The sequence of phase states likely to
be encountered in descending into a
hydrogen—helium atmosphere, of overall
composition X, lie along the vertical line
1-2-3 in Fig. 4. At pressures below P,
(point 2) the mixture consists of a homo-
geneous fluid phase F, while at pressures
above P, (point 3) it is entirely solid. At
intermediate pressures (P,, P3) the mixture
separates into solid and fluid phases S,
and F.

Figure 4 shows the form of a diagram for
a binary system in which the components
are completely miscible in the fluid phase
and partially miscible in the solid phase.
(There is some evidence that hydrogen and
helium are only partially miscible in the
fluid phase at high pressures, even at
temperatures above the critical tem-
perature of hydrogen (Sneed el al., 1968;
Streett. 1969). This would result in a more
complex phase diagram, which might be
reflected in discontinuous changes in com-
position and density within the fluid
region of Jupiter.) The form shown here is
based mainly on empirical evidence. The
most important relevant data are those
of Tsiklis (1946) for the solid—fluid phase
behavior of binary mixtures of carbon
dioxide with hydrogen, nitrogen, and
methane at 273°K. The maximum pressure
reached by Tsiklis was 7000 atm, which is
roughly equivalent to P in Fig. 4. He
suggested that the complete diagrams
would be similar to Fig. 4.

Recalling that @ and b are the melting
points of hydrogen and helium at 7', let
us now consider the relative densities of
the co-existing phases represented by the
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Fic, 4. Suggested pressure—composition dia-
gram for hydrogen-helium, showing the regions
of coexistence of solid and fluid phases at high
pressures.

lines a-c-e and a-d-f. 1t is well known that
all substances undergo an increase in
density upon solidification at high pres-
sures. Kvidence for the persistence of
significant density differences between
fluid and solid phases along the melting
curve, at high pressures, has been em-
phasized by Bridgman (1958). It is attri-
buted to structural differences, on the
molecular level, between a disordered
fluid and a crystalline solid. Thus, in the
two-phase region just above a (Fig. 4),
the solid phase is likely to be more dense
than the fluid phase because of the density
increase accompanying solidification. As
the pressure increases, however, the density
of the fluid phase increases more rapidly
because of its excess helium content. As a
result there exists a pressure P, at which
the two phases have equal densities. At
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lower pressures it is the solid, and at higher
pressures the fluid, which has the greater
density.

An estimate of the difference in helium
concentration required to produce equality
of density can be obtained from estimated
hydrogen and helium densities at high
pressures (DeMarcus, 1958), using the
relation

-

1 J\. H,
PH:

o X He
?

Pm

1

PHe ( )
where p is the molar density, X is mole
fraction, and subscript “m” refers to the
mixture. Equation (1) states that the molar
volumes of hydrogen and helium are
additive. The data of DeMarcus indicate
that the molar density of helium exceeds
that of hydrogen by a factor of about 1.6
at high pressures. Substituting this re-
lation into (1), along with the equation
Xy, + Xyge=1, leads to the following
equation for the mixture density as a
function of hydrogen concentration:

Pm = 1.6 PHs/(O-E"YH: + 1)' (2)

A graph of p,, vs composition is shown in
Fig. 5, in which densities are normalized
to py, = 1. DeMarcus also indicates that
the density increase accompanying the
solidification of hydrogen is about 79,.
Figure 5 shows that a density change of

Cm

05 [1+]
Xhe

Fia. 5. Density vs composition for dense
mixtures of hydrogen and helium.
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this magnitude (the distance between the
horizontal lines) is balanced by a difference
in composition of about 15 mole 9, (the
distance between the vertical lines).

Returning to Fig. 4, we note that if P,
is the pressure at which the phases have
equal densities, then at lower pressures it is
the solid, and at higher pressures the
fluid, which has the greater density. In a
gravitational field the solid phase. which
forms between the levels corresponding to
P, and P, would gravitate toward the
level corresponding to P, both from above
and from below! Through slow diffusion its
composition would approach the value ¢
and it would remain suspended indefinitely
in dynamic and thermodynamic equi-
librium—a thermodynamically stabilized
Cartesian diver. A continual cycle of
melting and solidification might take
place in a convective atmosphere, as a
result of overturning in the region where
the solid floats.

Because of uncertainties in the melting
curves at high pressures and in the tem-
peratures in Jupiter’s outer layers, only
crude estimates can be made of the depth
at which solid hydrogen may be floating.
In fact, if one extrapolates the hydrogen
melting curve to high pressures by means
of the Simon equation (DeMarcus. 1958)
and adopts the temperature profile sug-
gested by Hubbard (1969), the conclusion
that solidification does not occur at all
is strongly indicated. On the other hand,
DeMarcus has shown that the assumption
of an isothermal atmosphere (7' = 150°K)
provides an estimate of about 750 km for
the minimum depth of solidification, while
the assumption of an adiabatic (hydrogen)
atmosphere suggests that solidification
might occur at pressures of the order of
one million atm and at temperatures of
about 1000°K, corresponding to a depth
of about 10,000 km. Smoluchowski (1970)
has used a different approach to estimate
that the solid surface lies at a depth of
4000 km below the visible surface. Thus
we can only state that the Cartesian diver
proposed here probably lies at a depth of
several thousand km.

On the basis of this assumption we shall
proceed to a discussion of plausible
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mechanisms which can generate oscillatory
motions of the Red Spot.

MecHANISMS FOR OSCILLATORY
MoTrons

The argument that we shall use for
analyzing the observed motions of the
Red Spot is most simply stated as follows:
Any physical process which causes the
Cartesian diver to be displaced vertically
from its equilibrium position at a given
level will also involve a motion in longitude
and/or latitude because of the rotation of
the planet and the associated changes in
the angular momentum of the diver. By
treating the Cartesian diver as a particle
subject to restoring and dissipative forces,
we shall caleulate the resulting motions.

In the following development the fluid
dynamical pressure forces are assumed to
be negligible. This assumption cannot be
rigorously defended without a calculation
of the circulation of Jupiter’s atmosphere.
However, qualitative justification is pos-
sible.

Ingersoll and Cuzzi (1969) have de-
monstrated that the large zonal currents
between belts and zones of Jupiter are
essentially geostrophic, implying the exist-
ence of large north-south pressure gradi-
ents, However, there are no observed
north-south currents; hence from geo-
strophic balances effectively no east-west
pressure gradients exist. From such con-
siderations one cannot conclude that a
sizable east-west pressure force acts on
the diver. According to Reese and Smith
(1968), the eastward flow along the south-
ern edge of the Red Spot and the westward
flow along the northern edge of the Red
Spot are both 6100 km/day. Therefore,
from Bernoulli’s equation the net east-west
pressure force that these currents exert
on the Cartesian diver as a whole is zero.

Perhaps the strongest indication that
pressure forces are not important is that
the rigid particle analysis of the motion
of the diver leads to results which are
consistent with observation. The physical
processes which are considered as im-
portant are listed below.
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1. An obvious mechanism for restoring
the Cartesian diver to its equilibrium level
has already been mentioned in the previous
section. Any vertical displacement of the
diver will bring into operation the gravita-
tional restoring force which arises from a
difference in the rate of change of density
with depth between the diver and the
surrounding fluid. The buoyaney force
(directed upward) is

—J L lps—pr)dV, (3)

where 17 is the volume of the diver,
subseripts “'s” and “f"7 correspond to solid
and fluid respectively, p is the density, ¢
is the gravitational acceleration, and the
integration is taken over the volume of
the diver. Expanding p, and p; about the
equilibrium level where the two densities
are equal and keeping the lowest order
contribution to the difference, p,— py,
vields

o 3P1‘
— R— Ry)dV, (4
where R,, is the radius at the equilibrium
level. If we assume that the terms under
the integral are essentially constant, (4)
can be approximated by

b Tt
—gtRfR(,)(aﬂﬂ—ag)t'. (5)

2. A second mechanism which can give
rise to motions of the Red Spot (treated as
a Cartesian diver) is given here as only a
heuristic argument but its plausibility is
based on the observation that the Red
Spot. which lies in the South Tropical
Zone, seems to be affected by the currents

which bound it (the south component of

the South Equatorial Belt flows westward
on the northern side and the current
between the south Temperate Belt and
the South Tropical Zone flows eastward
on the southern side). Solberg (1968a,
19695) has pointed out that some transient
spots in these currents circle the planet
with a period of about 90 days relative to
the Red Spot and has suggested a possible
connection between the two. Reese and
Smith (1968) in an analysis of observed
vorticity in the Red Spot have estimated
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the velocities of spots in the two currents
mentioned above and have also concluded
that these spots circle the planet with a
period of about 90 days.

If our basic assumption is correct, then
it is reasonable to suppose that the
boundary currents flowing past the north-
ern and southern edges of the Cartesian
diver will, via the pressure differences
created by the Bernoulli effect, cause large
pieces of the object to break off. Separation
of large chunks from the Cartesian diver
would affect its motion and, when the
chunks become imbedded in these rela-
tively fast currents, they provide visual
evidence of the motion of the currents.
Since the currents have a period of 90
days around Jupiter, a 90-day oscillation
of the diver could be mtmp)eted as an
oscillation forced by the interaction of the
diver with the currents on either side.

Furthermore, the south component of
the South Equatorial Belt current acceler-
ates as it flows past the northern edge of
the Red Spot and the pressure difference
due to the Bernoulli effect is consequently
greater. Hence, there is a stronger likeli-
hood that pieces would be broken off the
northern edge of the Cartesian diver. The
observation (Solberg, 1969«¢) that the
northern edge of the Red Spot migrates in
latitude considerably more than the south-
ern edge supports this speculation.

3. A third mechanism which would
affect the motion of the Red Spot is
suggested by the fact that more heat is
emitted than is incident on Jupiter by
solar insolation. Hence, convection must
be present. Ingersoll and Cuzzi (1969)
have concluded that zones (light-colored
bands) are regions of upward convection
and belts (dark-colored bands) are regions
of downward convection. The Red Spot
is imbedded in the South Tropical Zone
and the Cartesian diver assumption implies,
therefore, that the region above the diver
should shield the upper Jovian atmosphere
from upward convection and the associated
cloud structure. We suggest this as the
reason for the darker color above the Red
Spot.

Now consider the effect of convection
on the Cartesian diver. Convection from
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the surface of the planet will carry heat
upward to the base of the diver. In a non-
rotating system the heat would be con-
vected laterally to the edge of the diver
and then be released to execute its natural
vertical ascent. However, because of the
rapid rotation of Jupiter the heat will be
trapped under the object since a radial
pressure gradient is balanced by an
azimuthal flow in such a rapidly rotating
system. Hence, the base of the diver will
be heated and, as the heat accumulates,
an increased buoyaney force is exerted on
the diver. The diver will consequently rise
to a higher level where conditions will be
less appropriate for the solidification of
hydrogen. These two processes will tend
to erode the diver (presumably at its edges
at first) and, as the erosion continues, the
object will become mechanically less
resistant to the stresses imposed by the
buoyancy force. Hence, when the diver is
in its highest position, it is susceptible to
massive disintegration around its edges.
When the latter occurs, much of the heat
trapped at the base will be released and
convected upward, an increased amount
of cloudiness should be observed in these
regions of upward convection, and the
Red Spot should appear smaller and
considerably less distinet. Also, as the
disintegration occurs, chunks of smaller
size (“spots™ in the atmosphere) should
be observed to move around Jupiter in
the currents adjoining the Red Spot. After
the release of heat the Cartesian diver will
descend toward its equilibrium position
and begin to grow by entraining more
material again. The descent will continue,
perhaps past the point of equilibrium, and
the Spot should regain its former pro-
minence and size as the clouds generated
by the sudden release of heat begin to
dissipate. The cycle is then repeated.
Although the foregoing argument is
admittedly very speculative, the physical
processes involved in the sequence of
supposed events are reasonable. In any
event, the behavior which has been de-
seribed is consistent with the observations
of the longer period (9-year) oscillations
which the Red Spot executes, as we shall
see later. We shall therefore assume that
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the Cartesian diver is subject to a force
with a nine-year period because of the
mechanism outlined. Without a very
complicated analysis it is not possible to
justify the choice of the nine-year period
and we leave it here as an ad hoc assumption.

Equarions or MOTION OF A
CARTESIAN DIVER

We consider first the motions of a
Cartesian diver in a nonrotating system.
Vertical motion of the diver in this system
might result from: (1) the return of the
diver to its equilibrium level following a
temporary displacement; and (2) changes
of the position of the diver brought about
by dynamic or thermodynamic forces. In
the first case the restoring force is given by
Eq. (5) under the assumptions listed there
and the system is analogous to a weight
suspended from a spring in a viscous fluid.
The resulting motion is a damped harmonic
oscillation.

The second type of motion (forced
changes in the level of the diver) might
take any form; however, in the present
context it seems reasonable to assume, for
periods as short as those under consider-
ation, that the average properties of
Jupiter’s outer layers have not changed
significantly. Hence, any slow forced
changes in the equilibrium level of the
Red Spot might be expected to bring into
play restoring forces which would generate
motions of a roughly periodic nature.

If R represents the vertical position of
a diver of mass m, with equilibrium
position R,, and if K is the ratio of the
restoring force to the displacement, then
the equation of motion for the natural
oscillation of the system is

m(d® R[dt*) + b(dR|dt) = —K (R — R,),

(6)

where the term b(dR[dt) represents a
damping force pr oportlondl to the velocity
of the solid body. The solution of (6) takes
the form

R = Ry + ee P cos wt (7)

where ¢ and @ are the amplitude and
frequency of the oscillation and B is the
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damping coefficient. The latter two para-
meters are defined by the equations

B="b[2m (8)
w = (7B* + K[m)/>. (9)

If the periodic changes in the equilibrium
level (forced oscillations with amplitudes
A; and frequencies ;) are added to the
natural oscillations in Eq. (7), the result is

R=Ry+eePcoswt + A,sin2,¢
+ AydinDit
(10)

The rotation of the system is introduced
by writing an expression for conservation
of angular momentum. In this simple
model we assume that the diver floats in
the atmosphere of a rotating planet, but
that it is constrained to remain in a fixed
latitude. [It is well known (Peek, 1959;
Solberg, 1968a, 1968b, 1969a) that the
latitude of the Red Spot is nearly constant
at about 22°, but that variations with a
range of 2 or 3 degrees do oceur. It may be
that the Red Spot is constrained to a
nearly fixed latitude by the strong east—
west currents mentioned earlier.] In this
case [t is the distance of the diver from
the center of the planet. The equation for

the conservation of the component of

angular momentum parallel to the axis
of rotation reduces to

d qus)_ s b
7 (mR a =—b'R (35 —.QJ),
(1)

where ¢ is the angular position of the
diver in the plane of its rotation, Q; is
the rotational frequency of the planet, b’
is the coefficient of resistance to horizontal
motion (i.e., motion perpendicular to R),
and R is defined by Eq. (10). The constant
b’ is analogous to b in Eq. (6), but the two
are not necessarily equal since both the
geometry of the diver and inertial effects
due to the rotation of the system can cause
differences in resistance to horizontal and
vertical motion through the fluid. Then it
is convenient to introduce the constant o,
defined by o = b'/m. The importance of «
and B in determining the form of the
solution is discussed below.
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A complete solution to (11) is possible
if the simplifying assumption is made that
the vertical excursions of the diver, e,
A,, and 4,, are small compared to R,
which is approximately equal to the radius
of the planet. In this case the harmonic
terms in (10) are uncoupled and their
lowest order effects on the solution to (11)
can be considered separately. To facilitate
comparison with the observed motions of
the Red Spot, it is desirable to describe
the horizontal motions of the diver with
respect to a fixed meridian on the planet;
that is, in terms of its longitude. The
longitude is given by the expression
¢ — 01, where ©; is the rotational fre-
quency of the planet.

The term ee P'coswt in Eq. (10) repre-
sents the natural oscillation of the diver
in the vertical direction. The solution to
(11) resulting from this term is:

9
PR R o)

x {(B — o) cos wi

— wsinwt}e . (12)
It is important to recognize here that
o and B are decay constants (units of
t~1), which describe the rate at which
motions of the diver relative to the fluid
are damped out by viscous and inertial
forces. If either « or B is large compared
to the natural frequency w, then the
system is overdamped and oscillations do
not oceur. If « and 8 are small compared to
w (the underdamped case), then natural
oscillations do ocecur, and (12) reduces to

QGQJ
b= o

W

e Plsinwt.  (13)
That is, the damped vertical oscillation
produces a similar oscillation in longitude,
and the two motions are 90° out of phase.

The solution to (11) resulting from the
forced oscillations in (10) takes the follow-
ing form:

¢—Q5t= TR + o)

% sin (it + v,). (14)
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This equation shows that a forced vertical
oscillation leads to an oscillation in
longitude of the same frequency with a
lag given by y; defined by

2,
tany,=—* 15
any;=— (15)

The amplitude of the longitudinal oscil-
lation is the coefficient of the sine term in
(14), denoted here by 6. Then the ratio
of amplitudes of longitudinal and vertical
oscillations is given by

o —
A; Ry (23 +a3)W%

L

(16)

Equations (15) and (16) show that the lag
angle and the ratio of amplitudes are
determined by the values of Q; and «. It
is useful to consider here the two pos-
sibilities: ;> « and «> Q.. In the first
case, y; ~ w2 and (£2;% + «%)* ~ 2., so that
(14) reduces to
24,0,
R, Q
The physical meaning in this case is that
damping effects are small. Equation (17)
indicates that the induced longitudi-
nal oscillation leads the forcing function
(A4;sin 2;¢) by 90°.

In the second case, y;~0 and
(27 + «*)V? ~ &, and (14) reduces to

b — 0t =— Ycos ;1. (17)

24,05 .
qS—.QJf——-——B,n; TsinQ;t.  (18)
Here damping effects are important, and
the vertical and longitudinal motions are
1807 out of phase.
For these two cases, the amplitude ratios
defined by (16) are, respectively,

E )_Ql ]()]
A, Rn!) (1¢
and
0| 20, ‘_
vl k=, (20)

Thus for motions of high frequency
(Q; > «) the ratio is determined by £;
while for low frequency motions (« > .Q)
the ratiois determined by o. These relations
are important for estimating the extent

of the vertical displacements which under-
lie observed longitudinal oscillations of the
Red Spot.

Finally, we can write a complete oscil-
latory solution to (10) and (11) in the form:

b —Qyt= —RQ' e Plsin wt

ow
24,82
~ R0l T)”,%m(Qlt—y;)
u-i‘{,nQ
Ro(QE + 2}1---2&.111(9 oL — y3),
(21)

where we have assumed w®*> «* + B The
first term in (21) 1ep_resents a natural
oscillation triggered by an initial displace-
ment e from the equilibrium level R,. If
the time interval between such displace-
ments is small compared to the reciprocal
of B, then these natural oscillations are
essentially continuous. If it is further
assumed that the frequencies are such
that w > 2, > Q,, then the motions de-
scribed by the 3 terms on the right of (21)
have the form shown in the lower three
curves in Fig. 6. The sum of these terms
(the upper curve in Fig. 6) then illustrates,
qualitatively at least, the expected longi-
tudinal motions of a Cartesian diver in a
rotating system. Note the similarity
between this curve and the longitude
curves in Figs. 1-3.

INTERPRETATION OF RED Sror MoTIONS
X TErMS OF THE CARTESIAN DIVER
MopEL

If the longitudinal motions of the Red
Spot are those of a Cartesian diver, then
the observed amplitudes and periods of
these motions can be interpreted in terms
of the physical parameters in Eq. (21).
Although knowledge of the physical pro-
perties of the Jovian atmosphere is very
meager, it is at least possible to obtain
crude estimates of certain properties for
the purpose of judging the overall suit-
ability of the Cartesian diver model.

If the graph in Fig. 2 represents a
combination of natural and forced oscil-
lations of a floating object, it is of interest




ON THE STRUCTURE AND MOTIONS OF JUPITER'S RED SPOT

G0 0B,
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o-8e*sinw

Fic. 6. The addition of several periodic fune-
tions of different amplitudes and frequencies
results in a composite eurve (upper curve) which
bears a remarkable resemblance to the
longitude—time curves for the Red Spot (Fig.
1-3).

to determine which of the components
most likely represents the natural oscil-
lation. According to Eq. (9) the natural
frequency w is approximately equal to
(K |m)"'?, where m is the mass of the solid
object and K the ratio of the restoring
force to displacement. For small dis-
placements the restoring force is likely to
result mainly from the difference in com-
pressibility between solid and fluid phases.
In this case the expression for K, taken
from Eq. (5). is

K=gV [8_,0; -a-'o“].

R~ OR 22)

The density gradient terms are related to
the compressibility (', given by

1(0p
C=-\5-) 23
P(aP) )
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through the relation
dp 0P om
or " ar )

With values of 0.3 for p (DeMarcus, 1958)
and 2500 cm/sec® for Jupiter’s surface
gravity, (24) reduces to

ap e —1 s

B 107
in egs units. Bridgman (1958) reports a
value for €' of about 107 for hydrogen at
a pressure of 13,000 atm. Further data
of Bridgman (1958) on melting behavior
at high pressures suggest that the difference
in compressibility between solid and fluid
phases is about two orders of magnitude
smaller than the compressibility at these
pressures (AC ~ 107'"). Bridgman also
emphasizes, however, that along the melt-
ing curve the difference in compressibility
between solid and fluid phases decreases
rapidly with increasing pressure. This is
attributed to the fact that the compres-
sibility of any substance, at high pressures,
is effectively that of its molecules which
have been compacted. Hence, at very
high pressures the compressibilities of co-
existing solid and fluid phases are nearly
equal. Since the solidification of hydrogen
in Jupiter’s atmosphere is assumed to take
place at pressures one or two orders of
magnitude higher than the highest experi-
mental pressures, it seems reasonable to
assume a difference in compressibility
about two orders of magnitude smaller
than the value cited above. Applying this
estimate to (22) gives

K—=10"13¢V. (26)
Substituting (26) into (10), together with
the relation M = pV, gives
w ~ (K[M)M2 = (10""3g/p)}/2
~3x 107 %gec™! (27)

for the values ¢ = 2500 and p = 0.3. The
period P is

P=2x|w=27(3 x 107% ~ 2 x 10° gee,
(28)

which is about 2 days. It should be
emphasized here that extrapolating the
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compressibility data to high pressures
results in an uncertainty of at least an
order of magnitude in either direction in the
final estimate of P. We have also neglected
the dynamic effects on fluid motions in a
rotating system, which might exert a
strong influence on the natural oscillations.
Nevertheless, the results suggest that the
apparent short period oscillation of the
Red Spot is at least consistent with a
natural oscillation, triggered perhaps by
convective currents or other dynamic
forces in the atmosphere.

Given this evidence, it is of interest to
examine more closely the original observa-
tions of Red Spot longitude for signs of
regularity in the short period motions.
Using the original numerical data from the
New Mexico State University Observatory
(Reese, 1969b) we have, as a first step,
tabulated the frequency of occurrence of
different time intervals between apparent
short term peaks in the longitude of the
Red Spot. The resulting histogram (Fig. 7)
suggests that components with periods of
about 7 days and 12 days may be present.
This is essentially the same conclusion
reached by Solberg (1968a). Further analy-
sis of the data, and probably more closely
spaced observations at regular intervals,
will be required before any conclusions can

20 1—
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,:'; -:;'.i...: i 1-..='3z'.'lu-.‘ e l—! &

2 4 6 B8 I0 12 14 16 18 20 22 24
PERIOD - DAYS

Fia. 7. Frequeney of occurrence of various
time intervals between apparent peaks in the
short period oscillations of the Red Spot during
196269, These data suggest periods of 7 and 12
days.
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be reached concerning regularity in these
motions.

The observed amplitude of the short
period oscillation provides a means of
estimating the extent of the corresponding
vertical motion. We note that the coeffici-
ent of the first term on the right or Eq.
(21) represents the amplitude of the
longitudinal oscillation. Equating this
expression to the observed value of about
07.3, and assuming a period of 8 days, yields
a value of about 10 km for e. The total
vertical excursion is twice e, or about 20
km. The first derivative of (7) with respect
to time gives an expression for the maxi-
mum vertical velocity (dR[dt), .« —ew =~
7.8 km/day. For longitudinal motion the
amplitude is about 350 km and the
maximum velocity is ~250 km/day (about
300 em/sec). As these figures show, small
vertical displacements can result in large
horizontal motions as a result of Jupiter’s
rapid rotation.

The estimate e >~ 10 km is based on the
assumption that the decay constants, «
and B, are small compared to w, which,
for an 8 day period. is about 0.8 rad/day.
Since the thickness of the diver is likely to
be small compared to its length and width,
o is likely to be smaller than B. A erude
estimate of B can be obtained if the force
resisting the vertical motion of the solid
is assumed to be the inertial force of the
fluid flowing against the solid surface. In
this case b = pav/2, where p is the density
of the fluid, @ is the area of the solid
perpendicular to the direction of motion,
and v is the velocity. The expression for g
reduces to

B = b/2m = pav/4m = pav/4pak = v|4h,
(29)

where h is the vertical thickness of the
solid. If » is 8.5 km/day, any value of A
greater than about 20 km results in a B
which is at least an order of magnitude
smaller than w. Since the length and width
of the Red Spot are of the order of 10* km,
it seems reasonable to assume that the
thickness of the diver is at least of the
order of 10 km, and the assumption that
P < w appears justified.
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If the short period motion is a natural
oscillation, then the 90-day and 9-year
components are likely to be forced oscil-
lations resulting from ecyclic changes in
the vertical position of the diver. The
mechanisms that might cause these forced
oscillations were described earlier.

Estimates of the magnitudes of the
vertical motions associated with the 90-
day and 9-year oscillations can also be
obtained from Eq. (21) and from the
observed periods and longitudinal ampli-
tudes. We assume that these oscillations
are represented by the last two terms
in (21). The decay constant in these terms
(¢) is a measure of the resistance to
horizontal motion of the Red Spot. As
noted earlier, the ratio of the amplitudes
of the vertical and longitudinal oscillations
is sensitive to the ratio of « to Q. For the
9-year and 90-day oscillations, the known
values of 6; (the amplitude of longitudinal
motion) and £; are as follows:

for the 9-year oscillation
#, = 0.18 rad,
0Q, = 0.0021 rad/day,

for the 90-day oscillation
fs = 0.018 rad,
£, = 0.070 rad/day.

t, and 0, are equivalent to linear distances
of 12,600 km and 1260 km, respectively.
The vertical amplitudes, 4, and A4,, of
these motions are dependent on the value
of «. We consider first certain broad limits
imposed on these quantities by the nature
of the model and by observational data.

An obvious limiting condition is & = 0,
which means that there is no resistance to
the motion of a solid object through the
fluid. This is essentially equivalent to the
condition « < 2, which means that drag
forces, though finite, are small enough that
the rate of decay of the horizontal motion
is negligible compared to the frequency
of oscillation. In this case we have, from
Eq. (19):

|4,| = i@‘:)%ﬁ ~ 1 km, (30)
ey

|4,| = % ~3km.  (31)
il |
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These are minimum values. Equation (16)
shows that an increase in « leads to in-
creases in 4, and 4,. The estimates from
(30) and (31) emphasize again that minor
vertical displacements can result in sub-
stantial displacements in longitude when
damping effects are small.

An upper limit for 4, and A, can be
inferred from the fact that the latitude of
the Red Spot does not undergo cyclic
changes of the same frequency as the
observed longitudinal oscillations. At the
latitude of the Red Spot (~22°) a vertical
displacement of about 3500 km would
result in an apparent change in latitude
of 1°, which would show up in a graph of
latitude vs. time. Irregular fluctuations in
latitude as large as several degrees do occur
(see Fig. 3). However, the reported latitude
is the average of the north and south
edges and the latter do not correlate
particularly well. Hence, the latitudinal
changes may reflect more intense erosion
of the diver by one or the other of the
adjoining east-west currents. There are
instances of fairly large, abrupt changes in
latitude—one such is reported by Solberg
(1968) as having taken place in January
1966—which appear to be due to inter-
actions between the Red Spot and a
smaller spot in one of the currents.

If the method used above to estimate 8
is applied to «, we find, for solid objects
with dimensions of order of 100 km, a
value of about 0.1 for «. This leads (Eq. 20)
to the estimates 4, ~ 40 km and 4, ~4
km. These can be considered only very
crude approximations. However, we note
that the decay constant, =, would have to
be small indeed to be negligible for the low
frequencies encountered here. Hence, the
latter estimate for the vertical motions
appears to us to be more reasonable
estimates for the A; than are the values
given by (30) and (31).

Turning now from these quantitative
estimates we shall describe the qualitative
behavior which is consistent with the
analysis of the Red Spot motions treated
as surface features attributable to a Car-
tesian diver.

Even though the higher frequency (7 and
12-day period) motions, which we have

e i
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supposed to be due to a free oscillation
associated with the different density gradi-
ents of the fluid and the solid, are rather
irregular, they can be shown to be con-
sistent with the present model. The lower
frequency motions (90-day and 9-year
period) are quite regular and will be
discussed below.

In the analysis for the Red Spot motions
we have employed a coordinate system in
which longitude is measured positive in the
direction of rotation of Jupiter. It is
amportant to keep in mind that System 11
longitude, in terms of which wmost of the
observations are recorded, is measured posi-
tive in the opposite direction. We shall sup-
pose that the damping coefficient, o, is
large relative to @; so that the limiting
form of the solution given by Eq. (18) is
applicable to the motions with either the
90-day or the 9-year period. In this case
the longitudinal displacement is 180° out
of phase with the vertical displacement.
Hence, keeping in mind the sign of System
IT longitude, we note that the Red Spot
should show a maximum System IT longi-
tude at the point of highest elevation of the
Cartesian diver.
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There is, of course, no direct way to
confirm this conclusion. We therefore
turn to a physical discussion which is con-
sistent with the physical processes pro-
posed earlier. First, however, it is necessary
to digress briefly to discuss the flow of
fluid in the vicinity of a solid obstacle.

Many investigators have attempted to
show experimentally how fluid in a rotating
system flows around a solid object. Taylor
(1923) was the first to exhibit the existence
of a Taylor Column (as we now call it).
In the papers cited earlier Hide and his
co-workers have verified the existence of a
Taylor Column.

In Fig. 8 we show trajectories of fluid
flow past a conical object in a system
rotating counterclockwise. This elegant
illustration of the Taylor Column effect is
taken from the work of Boyer and Vaziri
(1970) who investigated the manner in
which uniform flow upstream (to the left)
of the cone is distorted as it passes over the
cone.

Since the currents flowing past the
Red Spot are westward near the southern
edge of the Spot and eastward near the
northern edge and since the normal com-

Fic. 8. Uniform flow, shown as straight line trajectories at the left, is distorted as it passes near
and over a conical object. The resulting pattern of flow shows a clockwise cireulation near the edge
of the cone and a counterclockwise cireulation near the center. (Rotation counterclockwise. The
figure is Fig. 6 in the manuseript by Boyer and Vaziri (1970).)
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Fic. 9. Plausible pattern of flow above the
Red Spot.

ponent of rotation is clockwise in the
southern hemisphere of Jupiter, the result-
ing flow pattern over an assumed lens-
shaped Cartesian diver will differ from
that shown in Fig. 8. In Fig. 9 we have
sketched trajectories under the foregoing
conditions which are consistent with
experiments and are qualitatively correct.
Hence, the flow over a Cartesian diver
would manifest itself as a counterclockwise
vortex flow with the greatest intensity
near the edge of the Red Spot, and a
clockwise vortex near the center. Now
imagine that the diver oscillates in the
vertical direction. If the density gradient
of the fluid is adiabatic, then it is easy to
show that superimposed on the flow
pattern of Fig. 9 would be an oscillatory
circulation which, in a system rotating
clockwise, would be counterclockwise when
the diver is rising and clockwise when it is
descending. This means that the vortex
motion near the edge of the diver should
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result in particle motions which circle the
region above the Red Spot faster during
rising motion and slower during sinking
motion. By our analysis we can transcribe
“rising motion™ to “increase in System II
longitude.”

This conclusion is borne out by the
observations of vortex motions above the
Red Spot as reported by Reese and Smith
(1968). The spot which they called spot
A was “trapped” above the Red Spot
during a period of increase in System Il
longitude and it circled the Red Spot in
9 days. Spots B and C, as well as spots
D and E, were all reported to have 12
day circulation periods and all were
observed during a time of decrease in
System IT longitude. We conclude, there-
fore, that the basic period of circulation
due to the zonal flow past the diver is
approximately 10 days and the vertical
oscillation of the diver shortens or
lengthens the period to the values 7 and
12 days. Hence, these observations, though
providing only indirect supporting evid-
ence for our simple analysis, are at least
consistent with the results.

In the discussion of Fig. 3 we noted that
there is a strong correlation between
changes in longitude and length for both
the 9-year and 90-day periods and between
longitude and width for the 9 year period.
The length and width curves include

LEVEL OF
VISIBLE SURFACE

Fic. 10. A simple geometrical figure for the fluid region above the Cartesian diver, suggested by
observed variations in the length and width of the Red Spot and their correlation with changes in

longitude,
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periodic components which are 180° out
of phase with the corresponding com-
ponents in the longitude curve. In the
context of the Cartesian diver model these
relations suggest a simple geometrical
effect. The simplest figure which can
account for the observed changes is an
elliptical cone, as shown in Fig. 10. Let
us assume that the major axis of a cross
section of this cone is about twice the
minor axis, and that the base of the cone
is formed by its intersection with a fixed
plane. Then motions of the cone along its
axis will produce changes in the length and
width of the base, such that the rate of
change of length is twice that of the width.
Now let us assume that a bounded fluid
region, having this geometry, exists above
the Cartesian diver in Jupiter’s atmosphere
and that its intersection with the upper
cloud layers forms the visible Red Spot.
Consider, then, the effect of a vertical
displacement of the Cartesian diver on the
longitude, length and width of the visible
spot. As the diver rises its horizontal
velocity decreases, due to conservation of
angular momentum, resulting in an in-
crease in its System II longitude. Simul-
taneously, both length and width should
decrease. When the diver descends, the
reverse should occur. Indeed, these are
precisely the effects shown in Fig. 3.

An estimate of the angle of the cone
(6 in Fig. 10) can be made from the
observed changes in length and width
and from estimates of the corresponding
vertical displacements. The relation is

5 AL
tan 5= 54"
where 4L is the net change in length over
one half cycle and 4 is the amplitude of
the vertical oscillation. For both the 90-
day and 9-year oscillations we find
175% = & > 180° for values of 4 of several
hundred kilometers or less.

A second interpretation of the observed
changes in longitude and size of the Red
Spot follows from a consideration of certain
physical and thermodynamic properties
of the system. We have speculated that
changes in the size of the spot over the 9-
vear period may be caused by erosion of

the solid material as the diver rises, and
resolidification as it descends. Again, the
size of the spot would be 180° out of phase
with the longitude, as shown in Fig. 3.
We proceed with our speculative inter-
pretation by noting that fluid flow over a
floating object such as a Cartesian diver
would show up as a Taylor Column in a
rotating homogeneous fluid. If the fluid
has variable density but the density
gradient is adiabatic, as we suppose to be
the case here where there is an excess of
outgoing to incoming heat flux, a Taylor
Column would still form. For such a shallow
system (shallow in the sense that the
depth of the fluid is comparable to or
smaller than the horizontal scale of the
object) the Taylor Column is essentially
vertical. Since the diver serves to shield
the overlying atmosphere from upward
heat flux and its associated cloud structure,
an observer should be able to see deeper
into the atmosphere in this region. This,
as we proposed earlier. accounts for the
darker color over the Red Spot. As the
diver oscillates vertically, energy will
propagate from the edges of the object
along the characteristics whose direction
is determined by the properties of the
fluid and by the frequencies of oscillation
and of basic rotation. For the present case
we have a very low oscillation frequency
(£; = 2;) and the propagation direction
in a rotating homogeneous fluid is essenti-
ally vertical, i.e., we have a quasi-static
Taylor Column. Therefore, the size of the
Taylor Column simply reflects the size of
the Cartesian diver.

In addition to the foregoing, however,
we should also observe that the upper
Jovian atmosphere is (very probably)
stably stratified. When the characteristics
pass from the adiabatic to the stably
stratified region, they are turned toward
the horizontal. The degree of this bending
is determined by the stratification. It
appears to us very probable that the
upper atmosphere of Jupiter can be con-
sidered to be very stable in the sense that
the characteristic surfaces along which
energy is propagated are practically hori-
zontal. The approximate horizontal cross
section of the Red Spot is elliptical with

¥
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the major (east—west) axis about twice the
minor axis. Hence, the characteristic
surfaces will be two elliptical cones, to a
first crude approximation, one cone having
its apex in the adiabatic region and expand-
ing upward and the other cone with its
apex in the stably stratified region or
outside the Jovian atmosphere and ex-
panding downward. The configuration is
shown in Fig. 11. The two cones intersect
and have equal cross sections at the level
where the gradient changes from adiabatic
to subadiabatic. Energy is propagated
along the parts of the surfaces in the stably
stratified region.

As the diver sinks and expands, the
Taylor Column above it will expand and
so will the observed elliptical cross section
of the cone which opens upward. Hence,
the observed Red Spot would increase in
size in such a manner that the rate of
increase of the length is twice the rate of
increase of the width. Corresponding con-
traction can be expected when the diver
rises. A two-to-one ratio of rates of
inerease of length to width is approximate-
ly what is shown by the curves for width
and length of the Red Spot in Fig. 3.

As we pointed out earlier, the massive
disintegration of the diver along its edges
when the object is near its high point will
be accompanied by a relatively abrupt
release of buoyant fluid and a consequent
upward flux of this fluid near the periphery

CHARACTERISTIC
SURFACES B

of the diver. When this material reaches
the stably stratified level it will tend to
penetrate into it. The resulting disturbance
will be propagated upward not only along
both of the conical characteristic surfaces,
but the region enclosed by these surfaces
should also show a cloudiness because of
the penetration of buoyant fluid. Hence,
the Red Spot should fade considerably
during this period. Solberg (1968) reported
that the Red Spot was indeed very much
less visible and considerably smaller during
the 1966-67 apparition. At this time it
was in a position of maximum System IT
longitude. In the next (1967-68) apparition
the Red Spot increased in size and clarity
and its System II longitude decreased.
Hence, the observations fit the present
picture.

A final point which is worth noting is
that the characteristic surface which has
the form of an elliptic cone expanding
downward might have its apex above the
Jovian atmosphere. Hence, disturbances
propagated along this surface should be
visible in an elliptical ring contained
within the observed Red Spot. In a recent
publication Reese (1969a) shows such an
mner ring as part of the sketches of the
Red Spot. If our present speculation is
correct, the inner ring should contract
and expand in the same manner as the
Red Spot. If the alternative, simple geo-
metric, picture offered earlier is correct

LEVEL OF WVISIBLE

SURFACE

TAYLOR
COLUMN — |

ADIABATIC
GRADIENT

Fic. 11. A Taylor Column forms as a vertical column over the Cartesian diver in the fluid with
adiabatic gradient. When the column intersects a region of stably stratified fluid, energy is propagated
along characteristic surfaces, one expanding upward and outward and the other contracting upward

and inward from the intersection level.
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and if an analogous downward expanding
cone were added to explain the inner ring,
the latter should expand when the Red
Spot contracts and vice versa.

SUMMARY AND CONCLUSIONS

Experimental phase diagrams for binary
mixtures of light gases. extrapolated to
very high pressures, suggest that solid-
fluid phase separations exist over broad
ranges of pressure and temperature in such
mixtures. There is further evidence that
the solidification of hydrogen-helium mix-
tures is accompanied by an inversion in
the relative densities of coexisting solid
and fluid phases on crossing a fixed
boundary in pressure-temperature space.
When appl:ed to the atmosphere of
Jupiter, these phase diagrams lead to a
model for the deep atmosphere in which
masses of hydrogen-rich molecular solid
are neutrally buoyant at a certain level
within the surrounding fluid mixture of
hydrogen and helium. We have postulated
that the Red Spot is the visible manifes-
tation of a large, though not necessarily
continuous, mass of this floating solid,
which would exhibit many of the char-
acteristics of a Cartesian diver.

This physical picture has been used to
develop a simple mathematical model, for
the motions of the Red Spot. based on the
motions of a thermodynamically stabilized
Cartesian diver in a rotating system.
Qualitatively, the motions predicted by
this model are remarkably similar to the
observed longitudinal motions of the
Red Spot. and quantitative estimates of
relevant physical properties of the system
lead to reasonable values for the under-
lying vertical motions. We have suggested
several possible mechanisms for the ob-
served oscillatory motions of different
periods.

Although the Cartesian diver hypothesis
is based to a large extent on speculations
concerning the behavior of matter at high
pressures and the thermodynamic and
physical properties of Jupiter’s deep atmo-
sphere, it nevertheless provides a reason-
able and consistent explanation for many
of the observed characteristics of the Red
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Spot. It is clear that if the physical picture
of the Cartesian diver is correct, there is
good reason to believe that floating
masses of hydrogen-rich solid can exist
in all latitudes on Jupiter, and it is
reasonable to ask whether certain of the
observed transient spots are not mani-
festations of the same phenomenon on a
smaller scale. In this connection it is
interesting to note that Peek (1958)
reported several transient spots whose
motions in longitude include an oscillatory
component, and similar observations have
been reported recently by the group at
New Mexico State University (Reese and
Solberg, 1969: Reese, 1970). Reese and
Solberg (1969) have suggested that oscil-
latory components in the motions of
transient spots may have been missed in
the past because of insufficiently accurate
data. It follows that small oscillatory
components may be obscured by scatter
in the data.

This discussion of the Cartesian diver
hypothesis suggests several areas for
further studies aimed at clarifying both
the physical principles on which the
hypothesis is based and the nature of the
motions of the Red Spot and the transient
spots. Further laboratory studies of the
phase behavior of light gas mixtures are
clearly indicated, and we are now preparing
to carry out experiments on hydrogen-—
helium mixtures at pressures up to 10,000
atm. These experiments should provide
quantitative data on the solidification of
hydrogen-helium mixtures at moderate
pressures, and on the conditions under
which an inversion occurs in the relative
densities of coexisting solid and fluid
phases. Laboratory and theoretical studies
of fluid flow in the vicinity of oscillating
bodies in rotating systems should also
help to clarify relevant dynamical prin-
ciples. On the observational side, it will be
of interest to see whether the several
oscillatory components in the Red Spot
motion continue to manifest themselves,
and whether the motions of other transient
spots can be related to the Cartesian diver
model. We are presently studying the
possibility of obtaining further informa-
tion on the periodic components of the
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Red Spot motion through a numerical
analysis of the original observational data
supplied to us by K. J. Reese of the New
Mexico State University Observatory. This
problem is especially difficult because of
the irregular spacing of the data.

ACKNOWLEDGMENTS

We are grateful to E. J. Reese and H. G.
Solberg of the New Mexico State University
Observatory for providing us with the very latest
data from their precise measurements of Jovian
features. Without the wealth of detailed in-
formation derived from these observations, this
paper could not have been written.

The research reported here was supported in
part by the Army Research Office, Durham,
N.C., and in part by NSF grant GA 11410.

REFERENCES

Bover, D. L., axp Vaziri, A. (1970). Some
Taylor-Proudman column experiments Univ.
of Delaware (unpublished).

Bripeman, P. W, (1958). “The Physics of High
Pressure,” Chaps. V, VIIL. Bell, London.

Craraaxn, C. R, (1968). The discovery of Jupiter’s
Red Spot. Sky and Telescope 35, 276-78.

DeMarcus, W. C. (1958). The constitution of
Jupiter and Saturn. Astron.J. 63, 1-28.

DeMarcus, W. C., axp Winpr, R. (1966),
Jupiter's Great Red Spot. Nature 209, 62.

Goony, R. M. (1969). Motions in the atmosphere
of Jupiter. Comments on Astrophys. and
Space Phys. 1, 19-32.

GrEENE, N. E., Anp SoxxTtac, R. E. (1968).
Solid-ligquid-vapor equilibrium in the system
hydrogen-helium. In “Advances in Crysgenic
Engineering” (K. Timmerhaus, Ed.), Vol. 13.
Plenum Press, New York.

Hime, R. (1961). Origin of Jupiter's Great Red
Spot. Nature 190, 895-890,

Hme, R. (1963). On the hydrodynamies of
Jupiter's atmosphere. Mem. Soc. Ray. Sei.
Liege Ser. 5, 1, 481-505.

Hrpr, R. (1966a). On the circulation of the
atmospheres of Jupiter and Saturn. Planetary
Space Sci. 14, 669-675.

Himor, R. (19666). Planetary magnetic fields.
Planet. Space Sci. 14, 579-586.

Hmor, R. (1968). Jupiter’s Great Red Spot.
Sei. Amer. 218, T5-82.

Hioe, R., axp IeBETSON, A. (1966). An experi-
mental study of Taylor Columns. learus 5,
279-290.

Hine, R, IssETson, A., axp LicaTHILL, M. J,
(1968). On slow transverse flow past obstacles
in a rapidly rotating fluid. J. Fluid. Mech. 32,
251-272.

HusBarp, W. B. (1969). Thermal models of
Jupiter and Saturn. Astrophys. J. 155,
333-344.

InceErsornn, A, P., anp Cuzzi, J. N. (1969).
Dynamies of Jupiter's Cloud Bonds. J. Atmos.
Sei. 26, 981-985.

Kricuevskn, I. R. (1940). On the limited
mutual solubility of gases at high pressures.
Acta. Physiochem. URSS 18, 264-274.

Laxcer, D. W. J. (1961). .J. Phys. Chem. Solids
21, 122.

Oxx~ms, H. K., axp Kreson, W. H. (1906).
Comm. phys. lab, Univ. Leiden Nos. 96a, 96b,
96e.

Orix, E. J. (1962). Jupiter: Chemical composi-
tion, structure, and origin of a giant planet.
Iearus 1, 200-257.

Peesres, P. J. E. (1964). The structure and
composition of Jupiter and Saturn. Astrophys.
J. 140, 328-347.

Prek, B. M. (1941). A remarkable spot on
Jupiter. Monthly Not. Roy. Astron. See. 101,
70-75.

Peex, B. M. (1958). “The Planet Jupiter,”
Chap. 15. Faber and Faber, London.

Reese, E. J. (1969a). Jupiter’s Red Spot in
1968-69. New Mexico State Univ. Report
#TN-701-70-31.

Rerse, E. J. (1969b), private communication.

Rerse, E. J. (1970). Photographie Observations
of Jupiter in 1968-69. New Mexico State
University Report #TN-701-70-32,

Rerse, E.J., axp Sy, B. AL (1968). Evidence
of vorticity in the Great Red Spot of Jupiter.
Tearus 9, 474-485.

Rerse, E. J., axp SonBerc, H. G. (1969).
Latitude and Longitude Measurements of
Jovian Features in 1967-68. New Mexico
State Univ. Report #TN-T01-69-28,

SCHNEIDER, J. (1969). Metallic hydrogen. Helwv.
Phys. Acta 42, 957-989.

Smorvcsouskr, R. (1970). Jupiter's convection
and its Red Spot. Science 168, 1340-42.

SNEED, C. M., SoxnTac, R. E., AND VAN WYLEN,
G. J. (1968). Liquid-vapor equilibrium in the
system hydrogen-helium. .J. Chem. Phys. 49,
2410-2419.

SoreeErG, H. G. (1968a). Jupiter’s Red Spot in
1965-66. Icarus 8, 82-89,

SouBere, H. G. (1968b). Jupiter’s Red Spot in
1966-67. Tearus 9, 212-216.

SoreerG, H. G, (1969a). Jupiter’s Red Spot in
1967-68. Tearus 10, 412-416,




342

SoLBErRG, H. G. (19695). A three-month oscil-
lation in the longitude of Jupiter’s Red Spot.
Planet. Space Sei. 17, 1573-80.

SorBEre, H. G., axp Reese, E. J. (1969).
Photographic ~ Measurements  of Jovian
Features 1960-67. New Mexico State Univ.
Report #TN-701-69-25.

STEwWaRT, J. W. (1965). The properties of solidi-
fied gases at high pressures. In “The Physics
of High Pressure and the Condensed Phase”
(A. Van Itterbeek, Ed.), Chap. 5. North
Holland, Amsterdam.

Sroxe, P. H., axp Bager, D. J. (1968). Con-
cerning the existence of Taylor Columns in
atmospheres. Quart. .J. Roy. Meteor. Sci. 94,
576-580.

StrEgTr, W. B. (1969). Phase equilibria in
planetary atmospheres, .J. Atmos. Sei. 26,
924-931.

StreEETT, W. B. (1970). Phase behavior of light
gas mixtures at high pressures. Trans. .4.U.,
in press.

StreEerr, W. B., aAxp Hmw, J. L. E. (1970).
Phase equilibria in  helium-methane and
neon-methane at high pressures (unpublished
data).

WILLIAM B. STREETT, HARRY I. RINGERMACHER, AND GEORGE VERONIS

StreETT, W. B., Son~nTAG, R. E., AND Vax
WyrLex, G. J. (1964). Liquid-vapor equilib-
rium in the system normal hydrogen—helium.
J. Chem. Phys. 40, 1390-1395.

TakeNoucHl, S., AND KexneEDpy, G. C. (1964).
The binary system H0-COgz at high tem-
peratures and pressures, Amer. J. Sci. 262,
1055-1074.

Tavror, G. I. (1923). Experiments on the
motion of solid bodies in rotating fluids.
Proe. Roy. Soc. 4 104, 213-18.

TsiLs, D. 8. (1946). Heterogeneous equilibria
in binary systems. Zhuwr. Fiz. Khim. 20,
181-194.

Tsikris, D. 8, (1952). Limited mutual solubility
of gases under high pressures in the systems
helium-ammonia and helinm-carbon dioxide.
Dokl. Akad. Nauk. SSSE 86, 1159-1161.

Witpr, R. (1961). “Planetary Interiors in
Planets and Satellites” (G. P. Kuiper and
B. M. Middlehurst, Eds.), pp. 202-260. The
Univ. of Chicago Press, Chicago, Ill.

Woorey, H., Scorr, R., AND BRICKWEDDE,
F. (1948). J. Res. Natl. Bur. Stand. 41,
379.




