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Io’s Sodium Cloud

Bruce A. Goldberg, Glenn W. Garneau, Susan K. LaVoie

Io’s unique character among the plan-
et-sized bodies of the solar system was
eminently demonstrated during the Voy-
ager encounters with the Jupiter system
(/). Embedded deep within Jupiter’s
magnetosphere, bombarded by intense
radiation, and characterized by bizarre
surface properties, Io is the source of
remarkable extended clouds of sodium,
sulfur, oxygen, and other species (2, 3).
These atomic and ionic clouds extend

(7). Its optical emissions are excited by
resonant scattering of sunlight in the
sodium D, and D, lines at wavelengths of
5890 and 5896 A (8). These optical emis-
sions cease once ionization occurs, a
visible indicator of plasma-cloud interac-
tions. The brightness of the cloud is
comparable to that of Earth’s auroral
displays, but contrast is low against the
reflected and scattered light fields of
Jupiter and Io. )

Abstract. The first two-dimensional images of the source region of 10’s neutral
sodium cloud have been acquired by ground-based observation. Observed asymme-
tries in its spatial brightness distribution provide new evidence that the cloud is
supplied by sodium that is ejected nonisotropically from Io or its atmosphere.
Complementary, high-time-resolution, calibrated image sequences that give the first
comprehensive picture of the variations of the fainter regions of the cloud extending
more than 10° kilometers from Io were also obtained. These data demonstrate that
the cloud exhibits a persistent systematic behavior coupled with 10’s orbital position,
a distinct ‘‘east-west orbital asymmetry,”’ a variety of spatial morphologies, and true
temporal changes. The geometric stability of the sodium source is also indicated.
Isolation of the cloud’s temporal changes constitutes an important milestone toward
its utilization as a long-term probe of Io and the inner Jovian magnetosphere.

great distances from Io, and their ap-
pearance and behavior provide useful
insights into the physical conditions of
its surface, atmosphere, and plasma
environment. Since ground-based obser-
vations of these clouds span several
years, they provide a valuable frame-
work for interpreting and connecting the
in situ ‘‘snapshots’’ returned by plane-
tary probes, which contain comprehen-
sive detail on many other parameters (4).

The neutral sodium cloud has been a
prime candidate for study because of (i)
its brightness in optical wavelengths and
hence its accessibility to ground-based
observatories; (ii) its value as a tracer of
its own source, since it is not swept up
by Jupiter’s corotating magnetic field as
are the ionic clouds; and (iii) the short
lifetimes of the neutral atoms against
ionization by the local plasma, which
make it an indicator of spatial and tem-
poral changes in this plasma (5, 6). The
cloud extends more than 10° km from To
and is asymmetric, with most sodium
atoms preceding the satellite in its orbit
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The observed cloud morphologies are
determined principally by the character-
istics of the source and sink of neutral
sodium atoms: the geometry, dynamics,
and mass flow rate of sodium injection;
and the loss of neutrals to the ionizing
plasma. Perturbations by radiation pres-
sure (9), by secondary effects of Jupiter’s
corotating magnetic field (/0), and
doubtless by other factors yet unknown
modify the cloud’s shape and brightness.

For discussion purposes, the cloud is
often divided into three regions (/1) dis-
tinguished by the nature of their spatial
association with Io, dynamic signatures,
and relative brightness. We follow this
tradition but partition the cloud some-
what differently than earlier investiga-
tors to facilitate discussion of our specif-
ic data set. We designate as the ‘‘source
region’’ that part of the cloud coincident
with Io’s “‘seeing disk’’ (the image of o

after degradation by atmosphere and
telescope) and including the sodium
emission immediately adjacent to it. This
is the brightest region of the cloud, hav-
ing a peak apparent emission rate of tens
of kilorayleighs (/2) and encompassing
the sodium source. Region B extends
from the source region and moves with
Io. Its apparent emission rate is at least a
few tenths of a kilorayleigh, and its ex-
tent is typically more than 10° km. Faint-
er sodium emission distributed along Io’s
orbit and elsewhere in the Jovian system
comprises region C.

It is the purpose of this research article
to provide the first comprehensive pic-
ture of the sodium cloud and its behav-
ior, to examine its significance as an
extraordinary phenomenon of the Jovian
system, and to assess its potential value
as a long-term probe of Io and the com-
plex radiation and plasma environment
of the inner Jovian magnetosphere.

The Table Mountain Data

Imaging of the sodium cloud at the Jet
Propulsion Laboratory Table Mountain
Observatory was carried out at the cou-
dé focus of the 61-cm telescope with a
silicon imaging photometer system; a
Silicon Intensifier Target Vidicon was
used as the detector for observations
before 1980 and a more sensitive Intensi-
fied Silicon Intensifier Target Vidicon
thereafter. Images in the D, and D, emis-
sion lines were totally separated by the
spectrograph at the detector focal plane
(13). Two basic imaging techniques were
used (/4), and calibrations were applied
(15, 16). Data were recorded digitally on
magnetic tape for subsequent processing
at the Jet Propulsion Laboratory Image
Processing Laboratory (/7).

The only set of calibrated, two-dimen-
sional sodium cloud images spanning an
extended time period was obtained at
Table Mountain. This image acquisition
process began in 1976 (/8) and continued
well beyond the Voyager encounters
with the Jovian system. Also unique to
this data set are high-time-resolution,
calibrated image sequences of the ex-
tended cloud and two-dimensional im-
ages of the sodium source region. To-
gether, these images provide the first
comprehensive picture of the cloud’s
systematic and temporal variations, its
spatial morphologies, and its long-term
behavior.
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A. Goldberg is senior scientist and member of the technical staff in the Atmospheric Sciences Section, Earth
and Space Sciences Division; G. W. Garneau is senior research analyst; and S. K. LaVoie is group leader for
flight projects in the Image Processing Laboratory, Observational Systems Division.
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The Sodium Source Region

A schematic representation of the
cloud, which illustrates the derivation of
results discussed later in this article, is
given in Fig. 1. A comparison of con-
toured images of region B and the source
region at corresponding orbital phases is
provided in Fig. 2. The asymmetry of
region B may arise from a nonisotropic
source, a spatially nonuniform sink, or
both. The first model analyses of two-
dimensional region B images (7, 19) dem-
onstrated that the sodium required to
populate this asymmetric cloud had to
come primarily from Io’s Jupiter-facing
hemisphere. Velocity distributions of so-
dium atoms derived from high-resolu-
tion, spectral-line profile data also indi-
cated that sodium was ejected noniso-
tropically from Io (20). It was not possi-
ble, however, to determine whether the
source itself was nonisotropic or wheth-
er the sodium was ionized nonuniformly
as it left Io.

Smyth and Combi (6) recently incor-
porated the Voyager measurements of
the Io plasma torus, which constitutes
the sink for neutral sodium, along with
the time-dependent ionization effects as-
sociated with its oscillation (2/) into their
model and found that a nonisotropic
source was not required to explain the
cloud’s asymmetry. Although asymme-
tries in the spatial brightness distribu-
tions of Table Mountain source region
images (for example, those in Fig. 2)
appear to provide direct observational
evidence of such a source, their spatial
resolution is not sufficient to constrain

Fig. 2. Images of the source region (right) and
region B (left) of Io’s neutral sodium cloud
compared ‘to investigate the sodium source
geometry. Contour intervals are approximate-
ly 0.7 kR for 5 May and 5 kR for 5 April, with
lowest contours at 0.2 kR and 2 kR, respec-
tively. The dark area within the reference box
(16 by 19 arcsec) superimposed on region B is
the shadow (in the light of the sodium cloud)
of the mask used to occult Io during the
exposure. Source region images were taken
without a mask (/4); in the composite picture
at the top, the masked area was filled by
interpolation. The match between these two
types of images is inexact because of differ-
ences in the epochs of observation and ob-
serving parameters. Orbital phases measured
from superior geocentric conjunction (37)
were 111° on S May and 115° on 15 April. Io
has a diameter of 3640 km, subtending 1.1
arcsec of the sky at the time of these observa-
tions, but the actual image size was greater
than 5 arcsec because of degradation by atmo-
sphere and telescope. The profile of Io’s
reflection spectrum perpendicular to the di-
rection of spectral dispersion is also shown.
This spectrum was removed to yield the
source region images.
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Table 1. Systematic variations of region B that occur on a time scale less than or equal to Io’s

orbital period (42.5 hours).

Orbital phase

Cause

Viewing perspective (36)

Solar flux variation (32)

Radiation pressure (9); magnetospheric
asymmetries (29)? Other?

Variable ionization correlated with magnetic
field geometry (10)

Higher velocity sodium ejected into asym-
metric, time-variable ionization sink (30)

Variati
ariation dependence (38)
Apparent shape Geocentric
Overall brightness Heliocentric
East-west orbital Heliocentric;
asymmetry other?
Actual shape; Magnetic
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Fig. 1. A schematic representation of region B
of Io’s neutral sodium cloud as it orbits Jupi-
ter with the satellite (orbital period, 42.5
hours). Io’s orbital phase (6) measured from
superior geocentric conjunction (37) is indi-
cated. Cloud shapes in the earth view were
obtained from observational data, whereas
those in the polar view were based approxi-
mately on the models of Smyth (9). Scale
factors were set by the observational data.
The areas sampled to obtain the brightness
ratios east and west of Io plotted in Fig. 3 and
the area obscured by the mask used to occult
the bright disk of Io when region B was
imaged are also shown. The cloud displays a
number of variations described in the text.

5 APRIL 1981

B I P A

513



the source geometry and therefore re-
solve this question (22). Indications of
nonisotropic sodium ejection are also
provided by structure observed in region
B (for example, ‘‘directional features’’
discussed in the following section). Both
the observational data and the results of
theoretical studies favor sputtering of
neutral sodium from Io’s surface or at-
mosphere as the principal source mecha-
nism (23).

Evidence for stability in the sodium
supply rate can be found in measure-
ments of cloud brightness obtained over

several years at Table Mountain and
elsewhere (2, 3). The brightness of
source region images is consistent with
earlier results obtained by traditipnal slit
spectral techniques. The continued pres-
ence of the cloud was questioned during
the Voyager 1 encounter in 1979 because
of the apparently null result of the sodi-
um imaging experiment, but insufficient
sensitivity was responsible (24, 25). Geo-
metric stability of the sodium source is
suggested by the consistent repetition of
the systematic variations of region B,
which are discussed below.
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Fig. 3. Ratios of sodium brightness east and west of Io as a function of both time and Io’s orbital
phase measured from superior geocentric conjunction (37). These ratios were derived from the
brightness averaged in two rectangular areas (3 by 8 arcsec) located 9 arcsec on either side of
the satellite and centered on its orbital plane as shown in Fig. 1. Triangles represent data
obtained with multislits. All other data points were derived from two-dimensional images.
Horizontal bars indicate the extent of orbital integrations during the multihour exposures
required before 1980. The same optical system was used for all observations represented here.
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Systematic Variations

The high-time-resolution region B im-
ages have now demonstrated that at least
five types of systematic variations occur
on time scales equal to or less than Io’s
42.5-hour orbital period (26) (Table 1). A
number of thesé variations were also
exhibited in the earlier Table Mountain
imaging data.

Brightness ratios derived from region
B images form a definite pattern that has
persisted since 1976, demonstrating
overall cloud stability (Fig. 3). This pat-
tern reflects primarily viewing perspec-
tive effects, but true variation in the
cloud east and west of Jupiter is also
present. This east-west orbital asymme-
try is clearly evident in the two-dimen-
sional images, where there is an absence
of expected mirror symmetry at orbital
phases separated by 180° (27, 28). Radia-
tion pressure (9) and perhaps also real
asymmetries in the inner magnetosphere
of Jupiter, for which there is supporting
evidence (29), are responsible.

Dispersion in the data displayed in
Fig. 3 is the result of differences in the
observing parameters and possibly sub-
tle changes in the cloud as well. Signifi-
cant departures from the basic pattern of
variation are corrélated with either sys-
tematic changes occurring on time scales
different from Io’s orbital period or iden-
tifiable structure. On 12 May 1981, for
example, the departure was caused by
a ‘‘directional feature’ (30), which
evolved during the imaging sequence.

The cloud brightness perpendicular to
Io’s projected orbital plane was averaged
to show the variation in the observed
brightness distribution of sodium as a
function of Io’s orbital phase (Fig. 4).
Viewing perspective again dominates,
but there are other changes as well. The
decrease in overall brightness on 4 May
1981 when Io was near magnetic longi-
tude 340° appears to be correlated with

Fig. 4. Sodium cloud brightness in the D, line
at 5890 A averaged perpendicular to Io’s
projected orbital plane. The 61 region B im-
ages from which these brightness values were
obtdined were registered to the position of lo;
the resulting brightness matrices were ex-
panded, smoothed, and ‘‘contoured’’ to pro-
vide a graphic picture of the time variation in
the observed sodium brightness distribution
relative to the satellite. A vertical column
gives the change in averaged brightness at a
fixed distance from Io (in the sky plane) as a
function of Io’s orbital phase. The dark band
encompassing lo’s position is the masked
region (Fig. 1). Io’s passage through Jupiter’s
magnetic equator occurred at Ay (Io) = 290°.
Io’s heliocentric orbital phase (38) is 7.1° less
than its geocentric phase for these observa-
tions.
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lo’s passage through Jupiter’s magnetic
equator at Ay (Io) = 290°, where en-
hanced ionization of the sodium of great-
est space density is expected to occur.
The observed delay is due to the transit
times of the sodium atoms from the
occulted region of the cloud. Modulation
of the cloud brightness correlated with
Jupiter’s magnetic field geometry was
first detected by Trafton and Macy (31)
in one-dimensional spectral measure-
ments.

The variation in overall cloud bright-
ness due to the periodic (42.5-hour)
Doppler shift of the sodium D lines (32)
has also been observed. This is the first
time that it has been clearly demonstrat-
ed by two-dimensional region B images.
The brightness increase on 5 May 1981
as lo approached eastern heliocentric
elongation (Fig. 4) is one example. Char-
acterization of the systematic variations
of region B has removed much of the
mystery from the cloud’s complex be-
havior, setting the stage for detection of
true temporal changes.

Temporal Changes

Several different types of structure
have now been detected in region B.
Some appear systematically, such as the
directional features mentioned earlier
(Fig. 5a); others are temporal. Their ori-
gins are still unclear, and some systemat-
ic correlations with time scales greater
than Io’s orbital period may yet be estab-
lished. Among the morphologies first de-
tected in the Table Mountain images are
(i) well-defined zones of deficient sodi-
um, due perhaps to locally enhanced
ionization, (ii) ‘‘knots’ of enhanced
brightness, and (iii) ‘‘feather-like’” ex-
tensions outside Io’s orbit. The 13 May
1981 image sequence demonstrates the
first of these, an evolving, almost-linear
truncation of the cloud southwest of Io
(Fig. 5b). The second of these was dem-
onstrated on 4 May 1981, when a particu-
larly bright area of unknown origin de-
veloped east of Io, just outside the
boundary of the occulting mask. The
third type of feature was first observed
during the Voyager 1 encounter with
Jupiter (24) and is also present in some of
the high-time-resolution data. Variations
in the shape of the cloud were also
observed between 4 to 5 May and 12 to
13 May 1981 and are believed to be
temporal. Modeling studies are proceed-
ing (33) in an effort to better understand
the physical basis of these effects. Tem-
poral changes in the Jovian magneto-
sphere have been indicated by a variety
of observations (34).

2 NOVEMBER 1984

Conclusions

Io’s neutral sodium cloud owes its
existence to the bizarre character of the
satellite itself and to its interactions with
the radiation and plasma environment of
the inner Jovian magnetosphere. That
this enormous glowing cloud retains its
basic character year after year as it
moves with Io seems quite remarkable.
Yet this is the case, as demonstrated by
the images obtained from Table Moun-
tain Observatory.

The Table Mountain data show further
that the cloud has a complex but predict-
able systematic variation, a source that
appears geometrically stable, and identi-
fiable temporal changes. The first two-
dimensional images of the source region
provide new evidence that the cloud is
supplied by sodium ejected nonisotropi-
cally from Io or its atmosphere.

We anticipate that the cloud’s varia-
tions will prove to be diagnostic of spa-
tial and temporal changes in Io’s envi-
ronment and perhaps also of activity on
Io as well. Earlier spectroscopic obser-
vations of the faintest region of the cloud
have already demonstrated a relation be-
tween its variability and the state of the
Jovian plasma (35). Future study of the
sodium source geometry and supply
rates based on the Table Mountain data
are also expected to yield useful con-
straints on Io’s atmosphere. A definitive
understanding of the sodium source
mechanism must, however, await obser-
vations of greater spatial resolution com-

12 MAY 1981

17—

13 MAY 1981

Fig. 5. Examples of two types of cloud struc-
ture: (a) a ‘‘directional feature’’ outside Io’s
orbit and (b) a zone of deficient sodium which
developed southwest of Io during the image
sequence represented here. Directional fea-
tures have been correlated with Io’s magnetic
longitude (30). The ‘‘zone of deficiency”’ is a
type of structure never before reported. Im-
ages obtained a week before the 13 May
sequence at corresponding orbital phases ap-
peared markedly different.

plemented by detailed velocity informa-
tion. The characteristics of the extended
cloud (in particular, its basic stability
and display of temporal structure togeth-
er with its accessibility to ground-based
observatories and its opportune spatial
association with Io) strongly recommend
its use as a long-term probe of Io and its
environment. The state of model devel-
opment is such that *‘calibration’’ of this
probe appears feasible.

Our long-term goals have been (i) to
develop the capability to routinely invert
observed cloud properties into physical
parameters that help describe Io, its at-
mosphere, and its plasma environment
and (i) to use the cloud to monitor
changes in these parameters. The obser-
vational results reported here represent
significant progress toward completing
the first major step: to characterize the
cloud’s systematic changes, isolate its
temporal variations, determine its long-
term behavior, and better understand the
nature of its source.
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