of short-term departures from the general
trend, analogous to the inset in Fig. 3.
With that understanding, the best fitting
line has an overall drift of —0.0569° per
day, in fair agreement with both the Voy-
ager and HST drifts measured over hun-
dreds of days. The fact that the HST drift is
much closer to the longer term mean may
be attributable to a fortuitous placement of
the two coincident, accurate observations
in June 1991 very near the mean position.

Because the value —0.0569° per day
refers to a much longer time base line and
is therefore less sensitive to temporary
departures from the mean, we believe that
it determines the best value for the rota-
tion rate of system III so far. The rotation
rate of Saturn’s system III given by Desch
and Kaiser (3) is 810.794° = 0.148° per
day. The revised value, on the basis of this
interpretation, is 810.737° = 0.008° per
day.

There is also a short-term motion in the
November 1990 images. The line in Fig. 3
that best fits the data from these images
gives a rotation rate of 0.96° = 0.10° per
day in the opposite direction to, and much
faster than, the long-term drift. This rate
implies a velocity of 3.27 = 0.34 m/s. The
time scale of this short-term motion is at
least 9 days, and the deviation of the spot
from its average value can be as large as 4.3°
in longitude or ~1250 km. As noted above
and by Godfrey (2), there were similar
short-term motions in the Voyager data
(Fig. 4). Systematic studies of short-term
variation in the spot location will be an
interesting task for future HST observa-
tions. In addition, the HST has the unique
capability of verifying the continuous exis-
tence of this spot over long time frames.

Allison et al. (10) treated the hexagon as
a planetary wave stimulated by the associ-
ated spot. In this study, we have shown that
the spot and hexagon are both long-lived
features of Saturn; since they were discov-
ered, we have not seen one without the
other. The long-term movement of the spot
is also closely related to Saturn’s internal
rotation. Observations of this relation are
consistent with the spot’s being deeply root-
ed in Saturn’s interior, acting as a stimulus
in the polar jet and creating a wave struc-
ture visualized as the polar hexagon. We
look forward to HST observations between
1996 and 2010 to see if the southern hemi-
sphere has a structure and stability similar
to that of the northern hexagon and spot.
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Ground-Based Observations of Saturn’s
North Polar Spot and Hexagon

A. Sanchez-Lavega, J. Lecacheux, F..Colas, P. Laques

Ground-based observations of two conspicuous features near the north pole of Saturn, the
polar vortex and the hexagonal wave structure, were made from July 1990 to October 1991,
10 years after their discovery. During this period the polar spot drifted in longitude, relative
to system lll, by —0.0353° per day on average. Superimposed on this mean motion, the
spot also underwent short-term rapid excursions in longitude of up to ~14° at rates of up
to ~1° per day. The spot also exhibited irregular variations in its latitude location. A
combination of these data together with those obtained by Voyager 1 and 2 in 1980 and
1981 shows that the spot drifted —0.0577° per day for the 11-year interval from 1980 to
1991. The large lifetime of both features indicates that they are insensitive to the strong
variations in the seasonal heating of the cloud layers in the upper polar atmosphere.

Voyager images of Saturn obtained in 1980
and 1981 revealed the presence of a hexag-
onal cloud structure located at planeto-
graphic latitude 78.7°N encircling the
north pole (I). Associated with it, an oval
spot, nicknamed Big Bertha by the Voyager
imaging team (2), was observed impinging
on the southern flank of one of the hexagon
edges at 75.9°N. Both features were nearly
stationary with respect to the planet’s inter-
nal rotation (3). We present here ground-
based observations of both features 10 years
after their discovery and discuss the impli-
cations for their motions and structure. We
used the 1.05-m-diameter telescope at Pic-
du-Midi Observatory to make the measure-
ments. The telescope was equipped with a
charge-coupled device (CCD) camera and a
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large set of filters covering the spectral range
from 0.4 to 1 pm, including narrow-band
interference filters centered in the methane
absorption bands at 0.619, 0.725, and 0.899
pm (4). Although Saturn had a low decli-
nation and altitude above the horizon during
the observing period, the usual excellent
atmospheric conditions at Pic-du-Midi Ob-
servatory and the tilt of the planet as seen
from the Earth (20° to 23°) allowed us to
observe the polar features from July 1990 to
December 1991. Data were available for 23
nights covering a period of 469 days.

Our first observation of the polar spot was
made on 4 July 1990 (5). These images also
revealed the hexagon, as shown in Fig. 1.
The hexagon had been detected on a set of
images obtained on 29 June 1989, although
the polar spot was not visible because it was
on the rear hemisphere. We performed mea-
surements on the latitude and longitude
location of the spot center and edges on
different sets of frames obtained each night
(6). The main source of error arises from the
determination of the planet limbs and from
the position of the spot itself. We estimate
that the average errors are ~2° in latitude
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and ~4° in longitude. The errors increase
appreciably as the spot moves away from the
central meridian, and so we restricted the
measurements to those images in which the
spot was within 35° of the central meridian.
In these cases the errors remained approxi-
mately constant within the above values
(Table 1).

The longitude and latitude of the spot’s
center varied from July 1990 to October
1991 (Fig. 2 and Table 1). A linear least
squares fit for the longitude data gives a
mean drift of the spot relative to system III of
o = —0.0353° + 0.005° per day. The mean
latitude of the spot during this period was
75.8° £ 1.9°N, and thus this drift corre-
sponds to a slow eastward zonal velocity of
0.12 m/s. Several excursions are clearly ev-
ident and cannot be attributed to measure-
ment uncertainties. Such excursions are also
suggested by the Voyager images (3).

The spot underwent rapid longitude
changes relative to the mean motion with
maxima of ~14° and zonal velocities of up to
~4 m/s. No periodic behavior was evident.
This irregular motion appears to be confined
between the corners of one of the hexagon
edges, as shown in Fig. 2. Although it was
difficult to measure the position of the hexa-
gon corners because they were not sharp in
our images, the data for days 213 (31 July
1990) and 230 (17 August 1990) illustrate
clearly that the spot center fluctuated rela-
tive to the corners. Because the zonal (east-
west) dimension of the spot was 24.2° +
3.65° (which corresponds to a size of 7000 +
1000 km), the observed longitude excursions
correspond roughly to the distance the spot
can move away from the center of the
hexagon edge to its corners.

Moreover, the apparent variations in
latitude appear to be independent of those

Fig. 1. Processed images of
Saturn obtained at Pic-du-Midi
Observatory: (A) 17 August
1990, filter 1; (B) 5 November
1990, filter I; (C) 10 July 1991,
fitter 1; (D) 18 September 1991,
methane absorption band filter
at 0.899 pm. Images (A) and
(B) show the hexagon; the polar
spot is visible in all four images.

in longitude (Fig. 2) (7). The spot moved
irregularly within ~74°N and 80°N without
a marked change in its zonal velocity [as
could be expected from the zonal wind
profile at these latitudes (I)]. A simple
explanation is that the hexagon and the
eastward jet at 78°N also shifted together
with the spot in the meridional direction.
However, this would be contrary to the
established persistence of the winds of Jupi-
ter (and probably those of Saturn), in both
latitude and time. Another possibility is
that short-term, local variations in reflec-
tivity within the spot, such as could be
produced by the entrainment of small
bright clouds along the periphery of the
vortex, could cause the center of brightness
to shift in latitude.

In order to study the long-term motion of
the spot, we combined our data with those
obtained 10 years earlier by Godfrey using
Voyager images (3). He obtained a mean drift
o = —0.040° per day for an interval of 282
days during 1980 to 1981, which is close to
our value. For the 11-year interval, the aver-
age drift is ® = —0.0577° per day. Differences
between these short and long temporal drifts
rates could arise simply from the fluctuations
described previously or from unobserved oscil-
lations confined between the average drifts
indicated in Fig. 3.

Another possibility is that the polar spot
observed in the Voyager images and that
observed since 1990 are not the same fea-
ture. As seen in Fig. 3, the drift lines are
separated by ~60° (hexagon edge size).
This relation suggests that there could be
two spots, each one in a contiguous hexa-
gon edge, and that a differential change in
their brightness has rendered them visible
at different times. Long-term, systematic
measurements of the feature are needed to
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evaluate this possibility. In any case, the

rotation period of the polar spot, 10 hours

39 min 22 s = 1 s, is well within the error .
indicated by the radio rotation period (6)

and could be close to the true saturnian

internal rotation period as suggested by

Godfrey (3).

Images of the spot taken through a set of
filters (4) indicate that, although visible at
yellow to red wavelengths, the best contrast
and definition are achieved through use of a
broadband near-infrared filter I that covers
the spectral domain from ~0.7 to 1 pm."
The spot is particularly bright under the
methane band filters (0.725 and 0.899 wm)
(Fig. 1), but its reflectivity decreases in the
neartby continuum wavelengths at 0.750
and 0.830 pm. The spot was also easily
detected under the methane band filters
throughout the latitude circle, even when
close to the limb. This spectral behavior
denotes that the cloud tops of the vortex
extend vertically to a particular high alti-
tude. Using the absorption coefficient of
the 0.899-pm band (8) convolved with our
filter transmission curve and taking account
of the local acceleration of gravity in the
polar region of g = 896 cm/s®> (9) and a
saturnian methane abundance of 0.43% by .
volume (10), we calculate that the unit
optical depth is reached at a pressure of 90
#+ 10 mbar. A similar conclusion that the-
vortex clouds were high was obtained from
the spectral reflectivity variations observed
in Voyager images acquired through violet
to orange filters (1, 11).

Table 1. Variation in time (t,) of the planeto-
graphic latitude (pg) and system lll west longi- -
tudes (AN) of the polar spot; t, is the time in
days since 1 January 1990 (0 hours universal
time).

to [ ] alll
Date  (days) N (deg)

7/4/90 18599 764 +2.7° 1223 = 6.2°
7/8/90 1890 759+18 1257 +1.1
7/11/90 192.15 761 %2 1239 + 5
712/90 193.00 766 =2 1296 = 5
7/31/80 21298 734 +08 1186 21
8/17/90 22993 75.1 £ 195 1427 £ 2.7
9/27/90 270.78 740 * 2 12563+ 5
11/500 309.76 76616 1273 7.1
11/6/90 310.73 752 = 2 1244 £ 5
11/14/90 318.77 757 = 2 1289 = 5
11/18/90 322.75 737 £ 2 1386 =5
12/4/90 338.71 742 =2 1250 £ 5
2/24/91 42028 733 2 1208 = 5
6/8/91 525.12 733 x2 1073 =5
7/6/91 553.13 770x1 1222 £ 25
7/10/91 55710 759 +x14 1146 =3
7/12/91 55896 77303 11105
7/14/91 561.1 786 = 2 1143 £ 5
7/15/91 562.03 804 1.7 11495
8/24/91 60195 797 =2 1180 x5
8/25/91 602.88 763 =2 11505
9/18/91 62686 758+ 06 115525
10/16/91 6548 741 06 1118+ 1.2




In the Voyager images the greatest con-
trast was obtained with the use of a violet
filter at 0.419 wm, whereas the spot was
barely detected through a green filter at
0.566 wm (1). This behavior is contrary to
what we observed in 1990 and 1991. This
difference may indicate that the cloud prop-
erties of the vortex changed during this
time interval. The north polar region of
Saturn shows a marked color dependence,
as seen in our multispectral images and in
those obtained with the Hubble Space
Telescope (12). This dependence of reflec-
tivity on wavelength reflects the particular
vertical distribution of the clouds at the
pole, which show significant differences
relative to those at temperate and equato-
rial regions (13, 14). The disposition of the
polar cloud cover, together with the exis-
tence of the singular hexagon and vortex,

Fig. 2. Time dependence

could be a manifestation of a polar atmo-
spheric circulation that deserves further
theoretical examination.

Both the polar vortex and the hexagon,
if they are the same features as observed by
Voyager, are the longest lived cloud fea-
tures observed so far in Saturn’s atmosphere
with a lifetime of more than 10 years (15).
Measurements at several wavelengths per-
formed on archived photographs since 1922
indicate that a north polar belt has persisted
between ~74°N and 80°N (9, 16). Al-
though not resolved in its geometry, this
belt could be the hexagon because it occu-
pies the same latitude. If so, the hexagon
might have persisted for at least ~70 years.
A symmetrical long-lived south polar belt
was regularly observed in the southern
hemisphere from 1880 to 1981 between
74.5° = 1.4°S and 81.4° + 1.2°S (9, 16).

of the west longitude (sys- A
tem Ill) (A) and planeto- 160°
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polar spot during the peri-
od from July 1990 to Octo- | ¢
ber 1991 as measured on 3140 +
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Fig. 3. Time dependence of the
longitude of the polar spot during
the interval from November 1980
to October 1991 after combining
Voyager and Pic-du-Midi mea-
surements. Day 0 is 12 November
1980. The heavy continuous line
is the least squares fit to the whole
data set. Partial fits to the Voyager
and Pic-du-Midi data are indicat-
ed by short continuous lines pro-
longed for the whole interval with
dashed lines.
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This belt might also be a wave whose
geometrical shape and phase speed would
depend on whether a forcing vortex and a
sharp zonal jet are present, as suggested by a
theoretical model (17). Imaging of the
south polar region with ground-based tele-
scopes equipped with CCD cameras and
with the Hubble Space Telescope in com-
ing years (when the tilt of the planet as seen
from the Earth makes visible the south
pole), could lead to the discovery of other
such features.

The large lifetime of cloud features pole-
ward of ~74°N seems amazing in view of
the strong seasonal insolation cycle at these
latitudes (18). For instance, during the
period between the Voyager and the Pic
observations, the insolation at the top of
the atmosphere changed at 80°N from com-
plete darkness in 1979 to a maximum of 5.6
cal/cm? per day in 1987; it will decrease
again to zero around 1997. Long-term in-
frared measurements at thermal wave-
lengths of the north and south polar regions
(19) have shown that the temperature
changes in accordance with pure seasonal
radiative models of the upper troposphere
(pressure < 0.6 bar) and stratosphere (20).
The persistence of the polar spot and hexa-
gon in spite of the pronounced insolation
changes, together with the high-altitude
location of their cloud tops, could be an
indication that both features extend into
the troposphere and that they are not con-
trolled by insolation-radiative processes.
Moreover, because they are nearly station-
ary relative to the radio rotation period, the
hexagon and polar spot might originate in
the deep interior, as has been recently pro-
posed for some slowly moving features ob-
served in the atmosphere of Jupiter (21).
Another possibility, favored by the wave
dynamical model (17), is that the large eddy
lies in a deep-rooted wind field, insensitive
to the seasonal heating, that supports strong
anticyclonic circulation at the spot latitude,
whereas the hexagon could be a high-alti-
tude wave pattern forced by the vortex.
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In-Plane Structure of the Liquid-Vapor Interface of
an Alloy: A Grazing Incidence X-ray Diffraction
Study of Bismuth:Gallium

Erik B. Flom, Mengyang Li, Anibal Acero, Nissan Maskil,*
Stuart A. Ricef

The liquid-vapor interface of a bismuth-gallium mixture (0.2 percent bismuth and 99.8
percent gallium) at 36°C has been studied by grazing incidence x-ray diffraction. The data
show, in agreement with thermodynamic arguments, that bismuth is heavily concentrated
in the liquid-vapor interface. The x-ray diffraction data are interpreted with the assistance
of a simple model that represents the interface as a partial monolayer of bismuth. This
analysis leads to the conclusion that the bismuth concentration in the interface is about 80
percent, that there is no significant mixing of gallium and bismuth in the interface, and that
the structure function of the interfacial bismuth is like that of supercooled bulk liquid

bismuth.

The liquid-vapor interface is a region that
separates two fluids that have very different
densities. As such, it is an interesting ve-
hicle for the study of inhomogeneous fluids.
Consider first a pure liquid. A principal goal
of the study of inhomogeneous fluids is the
determination of the relations between the
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anisotropy associated with the density gra-
dient, intermolecular interactions, the lon-
gitudinal structure of the liquid (parallel to
the density gradient), and the transverse
structure of the liquid (perpendicular to the
density gradient). A liquid mixture differs
from a pure liquid in that the equilibrium
concentrations of the components in the
homogeneous bulk and in the liquid-vapor
interface will, typically, be different; we
expect this segregation of components to
alter the structure of that interface.

SCIENCE ¢ VOL. 260 ¢ 16 APRIL 1993

Most investigations of the structure of
the liquid-vapor interface have been con-
cerned with the longitudinal density distri-
bution. In a simple dielectric liquid, such as
Ar (or water), both theory and experiment
agree that along the normal to the liquid-
vapor interface the density decreases
smoothly, without subsidiary structure,
from the liquid density to the vapor density
(1). On the other hand, for a liquid metal,
theory predicts (2, 3) and experiment very
weakly confirms (4, 5) that the longitudinal
density distribution in the liquid-vapor in-
terface has oscillations with a period of an
atomic diameter, extending about three
atomic diameters into the bulk. For a sim-
ple dielectric liquid mixture, theory pre-
dicts that the longitudinal density distribu-
tion of the component that is in excess in
the liquid-vapor interface falls smoothly
with distance into the bulk, the range of the
decay being several atomic diameters. In
contrast, in a liquid metal mixture, such as
Cs:Na, theory predicts that the component
that concentrates in the liquid-vapor inter-
face forms a nearly pure monolayer, that the
immediately adjacent liquid on the bulk side
of the interface is depleted in the surface-
active component for about an atomic diam-
eter, and that (very nearly) the bulk con-
centration is reached at a distance of about
two atomic diameters into the bulk (3).

Although it has been studied even less
than the longitudinal density distribution,
the transverse structure of the liquid-vapor
interface has been the subject of a number
of theoretical and experimental studies.
Consider first liquid metals. It has been
shown, both experimentally (6, 7) and
theoretically (8), that the transverse struc-
ture function of the liquid-vapor interface
of a pure metal is very similar to the bulk
structure function despite the oscillatory
nature of the longitudinal density distribu-
tion in the liquid-vapor interface. The near
identity of the transverse structure function
in the liquid metal-vapor interface and the
bulk liquid metal structure function charac-
terize a situation very different from that
found in crystalline media. In the latter
case the surface of the crystal is usually
reconstructed and has a different atomic
arrangement than does the bulk crystal. On
the other hand, when applied to a simple
dielectric liquid, the theoretical approach
used to describe the liquid metal-vapor in-
terface leads to the prediction that the trans-
verse structure function in the liquid-vapor
interface will be different from the bulk
liquid structure function. There are, as yet,
no experimental tests of this prediction.

This report describes the results of a
study of the transverse structure function of
the liquid-vapor interface of a Bi:Ga alloy
with a bulk composition of 0.2% Bi and
99.8% Ga. In this system the Bi which






