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Periodicities in the Io plasma torus 

Michael E. Brown 

Lunar and Planetary Laboratory, University of Arizona, Tucson 

Abstract. We present a 6-month basehne of spattally resolved measurements 
of the Io plasma torus intensity and perpendicular ion temperature which we 
use to determine the periodicities of the torus during this time. We find large 
anticorrelated variations in the intensity and ion temperature which are periodic 
with the Jovian rotation rate (System III). The intensity variations are found to 
be a simple manifestation of the temperature variations, though no explanation for 
the temperature variations is apparent. Periodogram analysis shows an additional 
intensity periodicity which rotates 2.914-0.06% more slowly than System III. This 
period is found only in the intensity and not in the ion temperature. We conclude 
from these observations that the torus has a sinusoidal ion temperature variation 
locked into the rotation of Jupiter and that superimposed on this is a long-hved 
density pattern which rotates 2.91% more slowly than Jupiter. Based on the spatial 
structure and physical properties, we rule out all currently proposed mechanisms 
for the creation of these periodicities within the torus. 

1. Introduction 

Periodic variations within the Io plasma torus can re- 
veal important clues into the nature of the Io-torus in- 
teraction and into the workings and properties of the en- 
tire Jovian magnetosphere. Unfortunately, past reports 
of periodicities and variations are inconsistent and in- 
conclusive, making interpretation of the results difficult. 
Most previous observations are hampered by either an 
insufficient observational baseline, a lack of spatial res- 
olution within the torus, or both. 

In order to accurately determine the periodicities 
within the torus, we embarked upon a 6-month intensive 
study of the visible emission from S + ions within the 
torus using spattally resolved long-slit high-resolution 
spectra. With these spectra, we simultaneously mea- 
sure intensities and perpendicular ion temperatures at 
all points along the torus equator. 

This large data set allows us to firmly determine the 
existence of several different torus periodicities, to fi- 
nally make a consistent picture which can explain ear- 
lier observations, and to rule out all present theoretical 
models for the formation of the observed periodicities. 

2. Past Observations 

Since the discovery of the Io plasma torus in 1976 
[Kupo et al., 1976], numerous reports of variations in 
the torus intensity have been made (see the review by 
Thomas [1993]) but only a few observations have con- 
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tinued long enough for long-lived periodicities to be 
discerned. The most important long-term measure- 
ments to date are those taken by the Voyager ultraviolet 
spectrograph (UVS) [Sandel and Broadfoot, 1982a], the 
long-slit visible spectroscopy of Morgan [1985], and the 
Fabry-Perot spectroscopy of Roesler et al. [1984] mtd 
of Woodward et al. [1994]. 

The Voyager UVS obtained spectral scans of the [o 
plasma torus for a total of 4 months with Voyagers 1 
and 2. Each point within a scan consists of the spec- 
trum of the torus emission, integrated along the entire 
height of the torus, between 500 and 1700 fl. While this 
region of the spectrum contains many torus emission 
lines, all published results consider only the brightest 
line at 685•, a blend of three S ++ and one O ++ multi- 
plet. 

Sandel and Broadfoot [1982a] initially described this 
data set and found no systematic variations with mag- 
netic longitude (throughout this paper, magnetic lon- 
gitude will refer to the Jovian System III (1965) lon- 
gitude, and the terms magnetic longitude and System 
III will be used interchangeably). Sandel and Broad- 
foot [1982b] discovered an Io-correlated brightness vari- 
ation and interpreted this as an electron temperature 
variation caused by the interaction of the torus with 
Io. Roesler et al. [1984] pointed out that while the 
torus brightness showed no correlation with magnetic 
longitude, it was well organized with a period about 
3% longer than Jupiter's rotation period. Sandel and 
Dessler [1988] carefully measured the non-System III 
period and derived a value of 10.22-t-0.02 hours, or 
3.0-t-0.2% longer than System III, which they termed 
the System IV period. 

Roesler et al. [1984] made a 3-week-long ground- 
based study of S ++ 9531.& emission from the torus us- 
ing a large aperture Fabry-Perot spectrograph. lake 
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the UVS, they found no variation at System III but a 
strong modulation at a period about 3% longer. Analy- 
sis by Woodward et al. [1994] shows that this variation 
has a period of 10.20+0.06 hours, or 2.8+0.6% longer 
than System III, consistent with the System IV period 
proposed by Sandel and Dessler [1988]. 

Morgan [1985] obtained low-resolution long-slit torus 
spectra for 15 days over a period of 4 months. The spec- 
tra included emissions at 3726 and 3729_& from O + and 
at 4069, 4076, 6717, and 6731]t from S +, species not 
studied by Roeslet et al. [1984] or by the UVS. C, on- 
trary to the previous measurements, the S + emission 
intensity was found to be well correlated with magnetic 
longitude, with the peak occurring near a System III 
longitude, AIII, of A•IX = 170 ̧. No such peak is obvious 
in the O + emission lines, though they are weaker and 
noisier, and a variation of the magnitude of the S + vari- 
ations cannot be ruled out. No attempt was made to 
search these data for any Io-related or other non-System 
III periodicity. 

The first study explicitly designed to search for torus 
periodicities was performed by Woodward et al. [1!:)94] 
using another large aperture Fabry-Perot instrument 
and observing the same S + 6731• emission line ob- 
served by Morgan [1985]. In direct contrast to Morgan, 
they found neither System III nor System IV periodic- 
ity; instead, the data varied consistently with a period 
of 10.14+0.06 hours, 2.2+0.6% longer than System III. 

In addition to UV and visible emissions, spacecraft 
observations have found that radio emissions are also 

associated with the torus. The narrowband kilometric 

(nKOM) radiation discovered by Voyager [Kaiser and 
Desch, 1980] emanates from the outer regions of the 
torus and appears modulated at a period of 10.21 q- 
0.03 hours (the System IV period). In addition, Daigne 
and Leblanc [1986] showed that nKOM appearance was 
also systematic with System III. They pointed out. that 
while the appearance of the emission was modulated 
by the specific System III and System IV periods, the 
individual source regions appeared to lag corotarion 
by between 1 and 8%. This picture of the individual 
sources has been dramatically confirmed by using the 
radio direction finding capabilities of the Ulysses sp;•ce- 
craft [Reiner et al., 1993]. At the time of Ulysses closest 
approach, six separate nKOM sources were observed be- 
tween 7 and 10 Rj with corotation lags between 3 and 
8%. 

The inconsistencies amongst different observations 
are difficult to reconcile. Particularly puzzling are the 
results of Morgan [1985] and of Woodward et al. [1994] 
where the same emission line shows different periodici- 
ties. In an attempt to understand the differences in the 
previous observations and to better determine the true 
torus periodicities, we conducted a 6-month intensive 
study ors + 6731 .& emission in the torus, obtaining the 
most extensive torus data set to date. We find that 

the emission has strong variations at both the System 
III period and at one 2.91q-0.06% longer, precisely the 
System IV period, but that the observed System II1 in- 
tensity variation is likely a manifestation of a discovered 

System III ion temperature variation. The System IV 
period is a true height-integrated density enhancement 
in the torus. 

3. Observations and Reduction 

Observations of the Io plasma torus were obtained 
using the 60-cm coudd auxiliary telescope (CAT) fi•'ed- 
ing the Hamilton echelle spectrograph [Vogt, 1987] at 
Lick Observatory. A total of 222 high-quality spectra 
spanning 53 nights of observation from December 2, 
1991, until June 1, 1992, were used for this analysis. 
The spectra are high-resolution (•/A• ~ 40000), very 
long slit (slit length ~ 6 arc minutes) covering the torus 
[SII] (forbidden S +) emission doublet at 6717 and 6731 
•. For each 40-rain CCD integration the 10 arc sec- 
ond wide spectral slit was aligned parallel to the Jovian 
centrifugal equator and centered on Jupiter. Emission 
from Jupiter was attenuated by covering the center of 
the slit with a neutral density filter blocking about 99% 
of the light. A typical spectrum is shown in Figure 
1. Emission from the two [SII] lines is slanted by the 
doppler shift caused by the torus rotation; reflected so- 
lar continuum from Jupiter appears as a vertical band 
of emission in the center of the spectrum and is used to 
define the center of Jupiter accurately and to calibrate 
the intensity of the torus emission. Spatial resolut. ion 
on the spectra is limited by the pixel size of the C CD 
to about 2.5 arc seconds, or about 0.1 P•j. 
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Figure 1. A long-slit spectrum of the Io plasma torus 
from the night of April 3, 1992. The upper panel shows 
the geometry of the Jovian system at the time of the 
observation with the dashed line indicating the orbit of 
Io and the solid line circling Jupiter tracing the path of 
the torus. The rectangle shows the projected size and 
orientation of the spectral slit. The bottom panel shows 
the spectrum. The two slanted emission lines are [SII] 
6717 and 6731 • emission from the torus [from Brown, 
1994a]. 
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All of the spectra were reduced identically. First, each 
CCD frame was corrected using standard dark and bias 
subtracting and flat-fielding techniques. Wavelength 
scales were then obtained by comparison to spectra of 
a standard thorium-argon lamp, and the distance scale 
along the slit was determined by observations of dou- 
ble stars with known separations. The amount of Jo- 
vian scattered light (visible in Figure 1 as contimium 
emission extending past the radius of Jupiter) was de- 
termined from the spatial profile in spectral regions far 
from the [SII] emission. The scattered light was then 
removed by subtracting a synthetic spectrum consist,ing 
of the observed slit-integrated Jovian spectrum with the 
scattered light spatial profile. 

The emission intensity at each radial distance was de- 
termined by summing the emission from the corrected, 
continuum-subtracted images in a 1.8 • region (corre- 
sponding to a width of + 40 km s -x) centered on the 
expected line position. The torus ion temperature was 
measured by fitting a gaussian line profile to the emis- 
sion line at each radial distance and measuring the line 
width caused by the doppler motion of the ions. 'Fhe 
temperature measured in this manner is the temper- 
ature perpendicular to the magnetic field. The o•.her 
component of ion temperature (parallel to the magnetic 
field) cannot be measured with these spectra. In the 
discussions below, "ion temperature" will refer to this 
measured perpendicular temperature unless otherwise 
noted. Absolute intensity of the torus emission was cal- 
ibrated by comparison with the Jovian disk, which was 
assumed to have an intensity of 5.6 MR •-1 [Woo&nan 
et al., 1979] (A Rayleigh is defined as 1R- • x 106 
photons cm-2 s-1 ster-1). Because these observations 
took place over a large range of Jupiter phase angles (4- 
10 degrees), the assumption of constant Jovian disk sur- 
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Figure 2. Measured intensities in a simulated torus 
versus the input intensities. Using the torus model of 
Bagenal [1994], a synthetic torus that is axially sym- 
metric interior to 6 Rj and sinusoidally varying outside 
is constructed. Inside 6 Rj, the apparent longitudinal 
structure is simply the result of projection effects, while 
outside, the measured intensity is close to the true in- 
tensity. 
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Figure 3. A plot of measured torus intensities at 6 Rj 
on the dawnside and duskside of the torus. The thick 

lines are 300 sliding averages. On both sides of the 
torus, the torus intensity peaks at around Am = 170 ø. 
Much of the scatter around the averages is intrinsic to 
the torus; typical error measurements are 15%. 

face brightness is probably incorrect. This phase effect 
will introduce a small variation centered at opposition 
in the measured intensities but will in no way affect the 
analysis of much shorter timescale periodicities here. 

In the analysis below, we consider only the data out- 
side of 6 Rj, which is beyond the heavily studied rib- 
bon region (see, for example, Schneider and Trauger, 
1995). Inside of this distance, many of the apparent 
variations in the torus could be simply geometric l•ro- 
jection effects. Beyond 6 Rj, where the torus intensity 
is falling rapidly [see Brown, 1994b], projection effects 
are smaller. As an example, in Figure 2 we show simu- 
lations of the apparent variation in measured emission 
intensity of a torus that is axially symmetric inside of 6 
Rj and sinusoidally varying outside. (Model torus pa- 
rameters are taken from Bagenal [1994]). Inside 6 
the measured emission is highly affected by the loagi- 
tudinal asymmetry outside, and disentangling the true 
longitudinal intensity variations from those caused by 
geometric effects is a difficult task. Outside of 6 Rj the 
torus geometry has little effect on the observations, and 
the measured intensity reproduces the true intensity. 

4. System III Periodicities 

In this section, we show that the torus has persistent 
anticorrelated System III variations in the [SII] 6731 • 
intensity and in the ion temperature. The intensity will 
be seen to be a manifestation of the temperature varia- 
tion, but no explanation for the temperature varia;ion 
is apparent. 

4.1. Intensities 

During the 6 months of observation, we could xv•[tch 
from night to night as a persistent bright spot seemed 
to rotate with the System III rate. This periodicity is 
illustrated in Figure 3, where we have plotted the in- 
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Figure 4. Torus intensity versus System III longitude 
for 12 different distances on the duskside of Jupiter. 
The thick lines are 300 sliding averages. Note that 
System III modulation stays approximately constant in 
phase and magnitude until the signal disappears as the 
torus gets faint at its outer edge. 

tensity as a function of System III longitude for points 
at 6 Rj on the dawnside and duskside of Jupiter. The 
thick lines show 30 o sliding averages of the data a•td 
confirm the general impression that the measured torus 
intensity is strongly correlated with magnetic longit•tde. 
On both sides, the peak in emission occurs at approxi- 
mately AiiI = 170 ø, consistent with the results of Mor- 
gan [1985]. Much of the scatter in these plots is inherent 
to the torus; estimated measurement errors are ~15%. 

Figure 4 shows phase plots for all distances fro]n 6 
to 7.5 Rj. At all distances, the torus intensity peaks 
around 180 degrees and has a structure similar to that 
shown in Figure 3. In order to quantify the location 
and size of the intensity peaks, we have fit the inten- 
sity variations to cosine curves with arbitrary phase, 
amplitude, and offset. Figure 5a shows the System III 
longitude at the peak of the fitted cosine curve at dis- 
tances between 6 and 7.5 R•, and Figure 5b shows the 
ratio between the cosine amplitude and the offset. On 
both the dawnside and duskside of Jupiter, the torus 
intensity peaks at about AIII -- 1800 from 6 R• outward 
as far as it can be measured. The relative amplitude 
of the intensity variation is also constant (or perhaps 
decreasing slightly) with distance. 

We have attempted similar analysis using the ratio of 
the intensities of the 6716 and the 6731 • lines, which 

is a measure of the electron density. Unfortunately, we 
have found that the noise in this ratio is too large to ex- 
tract meaningful results [see Brown 1994b], so we have 
no information about the behavior of the electron den- 
sities. 

4.2. Ion Temperatures 

The measurement of ion temperature in the torus 
is subject to greater error than that of the intensity 
(because of the difference between measuring the area 
and measuring the width of a Gaussian curve). To 
increase signal-to-noise for temperature measurements, 
we binned the data into 12 groups, each 300 in lon- 
gitude. We added together the spectra in each bin, 
and measured the ion temperature from these 12 binned 
spectra. 

While the data are noisy, Figure 6 shows that a sys- 
tematic variation with longitude clearly exists. On l:oth 
the dawnside and duskside, the ion temperature in the 
torus reaches a maximum at AIn = 20 ø. The absolute 
magnitude of the variation is greater on the duskside 
where the average temperature is also greater, but the 
relative variation is the same on both sides. The vari- 
ation can only be seen out to about 6.75 R• before it 
disappears into the noise, but it is possible that like the 
intensity variation, this temperature variation extends 
to the observable limits of the torus. 

A similar ion temperature variation has recently been 
found interior to 6 Rj [Schneider and Trauger, 1995]: 
Several nights of imaging data have shown large Sys- 
tem III variations in the scale height of the ribbon fea- 
ture, implying variations in the ion temperature par- 
allel to the magnetic field (see (1) below). The phase 
of the parallel ion temperature variation is the same as 
that of the ion temperature variation measured here, 
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Figure 5. A sinusoidal curve plus a constant offset is fit 
to the phase plots at 13 distances on each side of Jupiter. 
(a) The peak point of the sinusoidal fit as a function 
of distance is shown. (b) The ratio of the amplitude 
of the sinusoidal modulation to the constant offset is 
shown. Note that both the phase and magnitude of the 
modulation do not change with distance. 
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Figure 6. Perpendicular ion temperature measured 
from the line widths versus System III longitude for 
six distances on the duskside and dawnside of Jupiter. 
On both sides of the torus the temperature is strongly 
modulated and peaked near An! = 20 ø. 

where T,, is the ion temperature in electron volts. '['he 
fraction, f, of the ions which fall within the slit is given 
by 

f = fo s/2 exp(-ze/He)dz f•o exp(_z2/He)d z , (3) 
where $ is the projected slit height in units of Jovi•m 
radii. This equation reduces to 

f = erf(S/2H), (4) 

where erf(x) is the error function of x. The emission 
intensity, I, is [Osterbrock, 1989] I ~neni, where n, 
and ni are the electron and ion densities, respectively. 
Note that for the electron temperatures of interest, the 
intensity of the 6731 • [SII] emission is almost indepen- 
dent of electron temperature. Between 2 and 10 eV the 
emission changes by less than 10%. 

Assuming that the electron scale heights are similarly 
affected and are equal to the ion scale heights at these 
distances [Bagenal, 1994], we can approximate 

though the apparent amplitude of the parallel variation 
is much greater. Detailed comparison of these results 
must await removal of the geometry effects in the im- 
ages and in our spectra interior to 6 R•. 

4.3. Implications 

4.3.1. Intensity variations caused by temper- 
ature variations. Torus intensities and ion tempera- 
tures are suggestively anticorrelated, as can be seen by 
comparing Figures 3 and 6. It is possible that there is 
a direct causal link: a hotter torus has a greater scale 
height and a lower density, so an observer with a small 
slit looking near the torus equator will see a smaller 
fraction of a smaller t. otM emission. When the torus is 

cold, the small scale height raises the density and brings 
a larger fraction of the larger emission within the s•nall 
slit. We examine this possibility in detail below. As a 
word of caution, we note that the temperatures we have 
measured are those perpendicular to the magnetic tield 
rather than the parallel temperatures which affect the 
scale heights. While the exact relation between perpen- 
dicular and parallel scale heights is unknown, we will as- 
sume that the temperatures have had time to isotropize 
and will be the same. The only available measurement, 
by Woodward [1992], suggests that the assumption of 
isotropy is reasonable. 

The scale height of the torus, H, can be approximated 
by [Hill and Michel, 1976] 

2k• 

, 
where T/ is the ion temperature parallel to the mag- 
netic field lines (not the measured perpendicular tem- 
perature), M is the effective ion mass [Bagenal and Sul- 
livan, 1981], and • is the Jovian rotation rate. For S +, 
the scale height is 

H - 0.12V•ev R..• (2) 

I ,• erf2(S/2H). (5) 

This equation is only strictly valid if the ion and electron 
densities do not vary over the slit height, a condition 
approximately met by our small slit. 

At 6 R• on the duskside, the maximum measured 
temperature is 75 eV and the minimum is 35 eV. For a 
slit height of 0.49 P• (the average projected slit height 
during the observations), the fraction of ions and of elec- 
trons within the slit is 0.26 for the maximum tempera- 
ture and 0.37 for the minimum temperature. The ratio 
between the intensity at the minimum and the maxi- 
mum temperatures should be (0.37/0.26) 2 = 2.0. The 
measured ratio is approximately 1.8. This close agree- 
ment suggests that the temperature variation alone 
could be the cause of the observed intensity variation. 

In Figure 7 we show a comparison between the mea- 
sured intensities and the intensities predicted from the 
above calculations at 6 and 6.25 P•a on the duskside. 
The observed intensities are well predicted from the 
measured temperatures, implying that the observed in- 
tensity variations are indeed a simple manifestation of 
temperature variations. 

This new understanding of System III intensity varia- 
tions provides a natural explanation for some of the dis- 
crepancies in past observations of the torus. All of the 
reports of large System !II variations have been made 
with either long-slit spectroscopy centered on the cen- 
trifugal equator [Morgan, 1985] or from measurements 
made along the centrifugal 'equator in images [Schnei- 
der and Trauger, 1995] where the intensity is controlled 
by the scale height. Large-aperture observations of the 
torus (visible Fabry-Perot spectroscopy [Woodward et 
al. 1994, Oliverson et al., 1991; Roeslet et al., 1984] 
and Voyager UVS spectroscopy [Sandel and Broadfoot, 
1982a]) have always shown only very small o.r no vari- 
ation with System III. Such a large aperture integrates 
emission from the entire torus, so the small-slit approx- 
imation of (5) is no longer valid. Instead, we can ap- 
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Figure 7. Torus intensity versus intensity variation 
predicted from the measured ion temperature. The 
measured and predicted intensities are well matched, 
showing that the observed System III intensity varia- 
tion is simply a manifestation of the observed System 
III ion temperature variation. 

proximate 

oc /): dz exp(-2z2/H2); 
or I/H, (6) 

backsplash of energetic particles from auroral precipi- 
tation. With this mechanism, the torus density maxi- 
mum should occur at the same location as the auroral 

maximum. We now know, however, that the intensity 
maximum at 1800 is not due to a density maximum but 
is simply a manifestation of a temperature and scale 
height variation. With this new understanding of torus 
periodicities we must also seek a new mechanism by 
which a magnetic anomaly might cause them. 

4.3.3. Ion source variation. Most previous at- 
tempts to explain periodicities in the torus have shared 
the characteristic that the mechanism depends in some 
way on modulating the ion source rate to produce the 
torus variations. This mechanism is inconsistent with 

the observed spatial structure of the System III varia- 
tions. If the intensity variation were caused by varia- 
tions in the ionization rate, then the modulation would 
be greatest at the regions where the ionization occurs, 
and the modulation would rapidly disappear outside 
this region as the corotation lag in the torus smeared 
out the intensity peak during outward plasma tr•tns- 
port. Brown [1994a] has shown that ionization in the 
torus occurs predominantly between 5.5 and 6.5 Rj•nd 
is strongly peaked at Io's orbital distance of 5.9 Rj. Be- 
tween 6 and 7 Rj the torus lags corotation by an average 
of about 2%. Thus for the peak in the torus intensity 
to stay within about 200 (the maximum allowed by the 
observations) throughout this range, the radial tr•tns- 
port time would have to be slightly longer than I ,lay, 
almost 2 orders of magnitude faster than estimated 80 
day diffusion times [Strobel, 1989]. 

so, for the example cited above where the ion temper- 
ature varies between 35 and 75 eV, the intensity vari- 
ation in a large aperture should be a factor of 1.46. 
Woodward et al. [1994] show that their large aperture 
data show a System III modulation of about a factor of 
1.44, consistent with the above calculation. The even 
smaller System III variation in the UVS data [Sandel 
and Dessler, 1988] could be due to the stronger depen- 
dence of the UV emissions on electron temperature if 
the electron temperature shows periodicities similar to 
the ion temperature: lower temperature regions emit 
less per density but have smaller scale heights and cor- 
respondingly higher densities, so the effects can largely 
cancel. 

This explanation for the intensity variations does not 
answer the question of what causes the variations; it 
merely changes it. A cause of temperature variations 
must now be found rather than intensity variations. 

4.3.2. Magnetic anomaly. These observations 
are not explainable by the current version of the mag- 
netic anomaly model, the only theory put forth thus 
far to explain persistent System III variations in the 
torus [Hill et al., 1983]. The general magnetic anontaly 
model predicts that torus properties can be affected by 
the surface magnetic field deviations on Jupiter (rnag- 
netic anomalies). The currently proposed mechanism 
by which the magnetic anomaly affects the torus is 

5. System IV Period 

Periodicities approximately 3% longer than System 
III have been reported in past UV and the optical data. 
In this section, we show that a similar 2.914-0.06% 
longer period is visible in this data set, and we show 
that none of the current theories for generation of these 
periodicities adequately explains the observations. In 
particular, we demonstrate that the most popular ex- 
planation for these periodicities, the subcorotation of 
the torus, cannot explain the non-System III periodic- 
ity observed here. 

5.1. Periodograms 

To search our data for additional periodicities, we re- 
sort to the construction of Lomb-Scargle periodograms 
[Lomb, 1976; Scargle, 1982; Horne and Baliunas, 1986] 
which were developed to discern periodicities in un- 
evenly sampled data. A thorough discussion of the 
properties of these periodograms and their application 
to torus data is given by Woodward [1992], Woodward 
et al. [1994], and Yang et al. [1991]. Essentially, the 
periodogram calculates the chi-square value for a sinu- 
soidal fit at each potential period or, equivalently, co•n- 
putes the power spectrmn for the data. While the pe- 
riodograms are the best available method for searching 
for periods, they are also heavily influenced by noise and 
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the details of the data sampling, so careful considera- 
tion needs to be given to the meaning of the calculated 
periodograms. 

Various methods have been developed to quantit• the 
errors in periodograms and to calculate the reliability 
of any predicted period. However, all rely on an esti- 
mate of the average effective sampling frequency, and 
no agreement exists on how best to determine this ef- 
fective frequency. To circumvent this difficulty, we have 
extended the "shuffling" technique described by Wood- 
ward [1992] and Woodward et al. [1994] to give an 
estimate of probability that the highest peak in the pe- 
riodogram is not caused by random errors. We take 
the data and randomly assign each point to a different 
one of the times of observation and recompute the peri- 
odogram for this new synthetic data set. The synthetic 
data set preserves the sampling pattern and noise char- 
acteristics of the original data, so it should give an idea 
of the height of peaks in the periodogram from these 
causes. We repeat this procedure 1000 times for each 
periodogram computed and assign 1, 2, and 3rr values to 
the top 68, 95, and 99.7% values, respectively. It should 
be remembered that this calculation of the probability 
of the veracity of a peak is valid only for the highest 
peak of the periodogram and cannot be used to inter- 
pret any other peaks visible. 

The accuracy of the frequency determination is gen- 
erally assumed to be such that the error is the amount 
that would cause a phase shift of 3600 (or sometimes 
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•igure 8. Periodograms of the intensity of the torus 
at 6 • on the dusk side over the 6-month period of 
the observations. The periodogram power is plotted 
versus [he frequency of all potenlial periods. The right 
axis shows the confidence level that the highest peak is 
caused by a real periodiciW in the dala as determined 
by the shuffle analysis. (a) The larges[ peaks occur 
near Jupiter's rotation frequency (2.4178 days-Z), and 
secondary peaks, related •o the sampling times, occur 
at approximately 1 day -z and Jupi[er's frequency plus 
and minus multiples of 1 day. (b) An expanded view 
of the region between 2.1 and 2.6 days -z is shown. 
A peak a[ Jupiler's frequency appears, but the largest 
peak is at a frequency of 2.3503 days -z, 2.91% longer 
than Jupiter's System III rotation. 

1800 ) between the first and last sampling point,,; of 
the data. While this method gives a useful order-of- 
magnitude estimate for the accuracy, it does not take 
into account either the sampling frequency or the un- 
certainties of the data. In order to more accurately 
assess the uncertainties in the frequency determination, 
we have constructed a large number of synthetic data 
sets sampled at the same times as the real data and 
having periodicities and uncertainties similar to the real 
data. The 3rr accuracy of the frequency determination 
determined through this method is about 0.06%, wlfich 
corresponds to the amount of error that would cause 
the phase to change by 900 between the beginning and 
end points of the sampling. While this is more accu- 
rate than these methods are generally assumed to be, 
this amount of accuracy appears to be correct: in the 
analysis below we find that the 3rr scatter of the ntea- 
surements of the System III frequency is actually less 
than 0.06% about the correct value. 

5.2. The Duskside 

Figure 8a shows the full periodogram for the data at 
6 Rj on the dusk side of the torus. The periodogram 
shows significant peaks at the System III rotation fre- 
quency (9.925 hours, or 2.418 days -•) and at a period 
2.91:!:0.06% slobvet (10.214 hours, or 2.350 days-•), and 
smaller secondary peaks at frequencies precisely 1 and 
2 days higher and lower. In addition there are peaks 
around frequencies of integer days. These secondary 
peaks are clearly caused by the details of the sampling 
(the average time between clumps of observations is 1 
day or an integer multiple of a day) and are beat fre- 
quencies of the main torus periodicities. The only sig- 
nificant independent peaks are those around the Sys- 
tem III period. Figure 8b shows a portion of the peri- 
odogram centered on the System III rotation rate. A 
peak is visible at System III, as is expected from the 
analysis of this periodicity already above, but the high- 
est peak in the periodogram occurs at a frequency of 
2.350:!=0.01 hours -•, or a period of 10.214+0.006 hours 
which is 2.91+0.06% longer than System III. In Fig- 
ure 9 we show a phase plot of the data at the 10.214- 
hour period, and the periodicity is clearly evident. The 
magnitude of the modulation is slightly larger than the 
System III modulation in the same data. 

The shuffle analysis shows that this peak is significant 
to much more than 3or, but it cannot guarantee that the 
peak is not spurious and caused by the beating betx•een 
a true System III period and another period or caused 
by the interaction between System III and the sampling 
times. We perform several tests to show that this possi- 
bility could not cause the 2.91% slower peak. First, we 
use the "pre-whitening" technique of Woodward et al. 
[1994]. The known System III variation (from Figure 
3) is subtracted from the data, and the periodogram is 
recomputed and shown in Figure 10. The System II1 
period is now clearly missing, and any spurious period- 
icity caused by the System III modulation, such as an 
interaction between the System III and Io orbital mod- 
ulations, will be likewise missing. The 10.214-hour peak 
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Figure 9. The torus intensity at 6 R3 on the duskside 
versus a 10.214-hour period. The modulation at this 
period, 2.91% longer than System III, is obvious. 

remains in precisely the same spot, showing that. it is 
unrelated to System III. As an alternate approach, we 
also construct artificial data by sampling a purely pe- 
riodic signal, consisting of the observed System III, at 
the times of our observations. The periodogram, shown 
in Figure l 1 a, reveals a strong peak at the System III 
period but none elsewhere. Figure 11b shows a peri- 
odogrmn computed from the stone synthetic data but 
with artificial noise of the level observed added in. The 

System III peak is still completely dominant. These 
two tests show that the 2.91% longer period is related 
to neither the System III period, the Io orbital period, 
nor the sampling frequency. 

Figure 12 shows periodograms for all distances from 
5.875 to 6.750 Rj on the duskside. Both the System lII 
and the 2.91% longer period are visible and unchanging 
until they begin to disappear into the noise as the torus 
gets faint. Phase plots for these distances are simila.r to 
the phase plot at 6 Rj above: the strength and phase of 
the modulation remain approximately constant, as was 
the case for the System III modulation. 

5.3. The Dawnside 

The dawnside of the torus also shows a strong peri- 
odicity of 2.91% longer than System III but only wh,m 
data from a 22-day period of anomalous torus behav- 
ior are excluded. During this anomalous period, the 
torus was known to have undergone significant bright- 
ening and structural changes which greatly affected the 
dawnside out to about 6 R• [see Brown, 1994b]. (The 
duskside was also significantly affected but only inte- 
rior to 6 R• due to the dawn-dusk asymmetry of the 
torus.) Figure 13 shows a phase plot at a perio(l of 
10.214 hours for the dawn intensities at 6 R• where we 
have plotted points from the 22 days between March 29 
and April 20, 1992 as crosses and the remaining points 
as diamonds, with 30 o sliding averages shown separately 
for each. It is apparent that both the crosses and the 
diamonds are strongly/nodulated by the 2.91% longer 
period but that during the time of the dawn structural 
changes the phase of the modulation changed by about 

100 degrees. A periodogram including all of the dawn 
data is contaminated by this phase shift; in an attempt 
to force the two separate phases to coincide, the pe- 
riodogram constructs a spurious weak maximum at a 
period of 10.16 hours. Taking the normal and anoma- 
lous states separately, however, we find that both are 
consistent with the same System III and 2.91% slower 
periods found on the duskside, as can be seen in the pe- 
riodograms plotted in Figure 14. For the normal state, 
the measured peak is at a value of 10.2174-0.010 hours, 
in good agreement with the 10.2144-0.006-hour period 
measured on the dusk side. Exterior to 6 Ra, the mea- 
sured phase change and periods are identical. 

Reexamination of the dusk intensities shows the same 

phase shift. Inside of 6 Rj the phase shift is most ap- 
parent because the shift is accompanied by a dramatic 
brightening, similar to that seen on the dawnside at 6 
Ra shown in Figure 13. Outside of 6 Ra the phase shift 
is identical but not as apparent, because no brightening 
accompanied the shift. Recomputing the periodograms 
exterior to 6 R• while excluding the 22-day phase shift 
reveals no changes; the period of the non-System III 
modulation is still measured to be 10.214 hours. A more 

thorough analysis of this phase shift and brightening of 
the torus is currently underway. 

5.4. Temperature Variation 

Unlike the System III intensity variation, this inten- 
sity variation has no corresponding modulation in ion 
temperature, as can be seen by plotting the ion tem- 
peratures in a manner similar to Figure 6. The 2.91% 
longer period is not a simple scale height variation. Be- 
cause the emission is insensitive to electron temperature 
in this temperature regime, the variation must be due 
to a true height-integrated density enhancement in the 
torus. 
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Figure 10. A periodogram computed after removing 
the System III signal using the "pre-whitening" tech- 
nique of Woodward et al. [1994]. The right axis again 
shows the confidence level in the highest peak. '['he 
System III peak disappears, as expected, but the peak 
at 10.214 hours is not affected, showing that the non- 
System III period is not related to System III. 
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Additional recent evidence for a System IV density 
enhancement comes from: analysis of the hectometric 
emissions (HOM) observed by the Ulysses spacecraft 
[Kaiser et al., 1995]. The HOM was found to be modu- 
lated at a period about 3% longer than System III, and 
the proposed source of the modulation is a System IV 
rotating density enhancement in the torus which blocks 
emission of the HOM from the auroral regions. 

5.5. Comparison With Other Observations 

The 10.214 :k 0.006-hour period reported here is sim- 
ilar to many previously reported measurements of non- 
System III torus periods. Analysis of the Voyager UVS 
data set [Sandel and Dessler, 1988] gives a value of 10.22 
:k 0.02 hours, and the Voyager nKOM data indicate a 
period of 10.21 :k 0.03 hours [Yang et al., 1991]. The 
ground-based measurements do not span as much time 
and so are more uncertain. A reanalysis of the Roesler 
et al. [1984] data [Woodward et al., 1994] finds a period 
of 10.20 :k 0.06 hours, while the data of Brown and She- 
mansky [1982] are too scattered to derive a meaningful 
independent period. These four data sets were com- 
bined by Sandel and Dessler [1988] to define a much 
more precise 10.224-hour period for System IV. With 
the new knowledge that the non-System III periodic- 
ity can change phase, we regard the combination of the 
data sets as unreliable and suggest that the most pre- 
cise value from those data sets is the 10.22 q- 0.02-hour 

period from the UVS data. 
The only other recent data in which a search for pe- 

riodicities has been made are those of Woodward el. al. 

[1994]. They determine a value for the non-System III 
periodicity of 10.14 q- 0.06 hours, where the stated un- 
certainty is 2 sigma. This result is marginally consistent 
with the values quoted above, though Woodward ctal. 
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Figure 11. Periodograms computed for synthetic sig- 
nals consisting only of the observed System III modu- 
lation and sampled at the same times as the real ob- 
servations (a) with no noise added and (b) with noise 
of approximately the observed strength added. In both 
cases, only a System III signal appears. The unlabeled 
ticks on the right axis show the 1, 2, and 3 sigma con- 
fidence levels for the highest peak. A purely System 
III signal sampled at these times cannot produce the 
non-System III period observed. 

1,5 
10 

5 
0 

15 
0 
5 
0 

5 

0 

15 
10 

,5 
0 

2.2 2.5 2.4 2.5 2.2 2.5 2.4 2.5 

freq. (days -') freq. (days -•) 

Figure 12. Periodograms computed at eight distances 
from Jupiter. The unlabeled tick marks on the right 
axes show the 1, 2, and 3 sigma confidence levels in 
the highest peak. In all cases the System III and 
non-System III periods appear at exactly the same fre- 
quency. 

show a phase plot using the proposed System IV 10.224- 
hour phase where no modulation is apparent. Their pe- 
riod is similar to the 10.16-hour period derived from our 
dawn side periodogram when data from both the normal 
and anomalous torus states are combined. It is possi- 
ble that during the observations of Woodward et al., 
the torus switched between two different phase states, 
destroying the integrity of the periodogram. A detailed 
examination of the phase plots could reveal if this possi- 
bility is true, though their data. might not cover a lm•g 
enough time period to clearly discern different states. 
R.C. Woodward (private communication, 1994) has re- 

cently verified that their data are consistent with a Sys- 
tem IV period and a phase change in the middle of their 
observing run.) 

Because of the agreement between all of these data 
sets, we conclude that Sandel and Dessler's [1988] hy- 
pothesis that the torus has a fundamental period ap- 
proximately 2.91% longer than System III Jovian rota- 
tion rate is well supported, and we adopt their nomen- 
clature and refer to this period as "System IV." Fol- 
lowing Sandel and Dessler, we define the phase of the 
System IV period such that the emission peak of the 
torus occurs at 1800 . (Note, however, that because of 
the observed month-long phase change, the definition 
of phase may be somewhat meaningless. We adopt the 
philosophy that the phase observed during the major- 
ity of the observation is the real phase, and the other 
phase was a temporary perturbation.) Thus the System 
III longitude of the central meridian of the System IV 
period, which we will denote by A•v; (1992), is defined 
as 

Aiv(1992)(t) - /•III- 24.6 ø x (t- to) + 120 ø, 

= 845.90 ø x (t- to)+ 12 ø , (7) 

where t is in days and to refers to Jan 1, 1992 at 0000 
UT (JD 248622.5). With the stated uncertainty, this 
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Figure 13. A phase plot of the intensity at õ Rj on the 
downside versus the 10.214 hour period. Dates between 
March 29 and April 20 are marked as crosses, while 
others are shown as triangles. The regular 10.214-hour 
modulation is apparent for the triangles. For the month 
shown in crosses, a modulation at the same period ex- 
ists, but the intensity has increased and the phase has 
changed by approximately 100 degrees. 

longitude should be accurate to within 180 degrees for 
about 425 days before and after the observations, or 
October 1, 1990 until August 1, 1993. 

5.6. Comparison to Theory 

Four main types of theories have been put forth to 
explain the appearance of periodic behavior slower than 
Jupiter's rotation rate. We will show that the data 
shown here rule out all of these theories. 

5.6.1. Corotarion lag. The most commonly held 
belief, begun by Roesler et al. [1984] and continued by 
Thomas [1992] and recently by Woodward et al. [1994], 
is that the System IV periodicity is related to the coro- 
tation lag of the torus. The torus lags corotation by a 
few percent, so a long-lived structure in the torus will 
also lag corotation and appear periodic at a diflbrent 
period. Dessler [1985] and Sandel and Dessler [19881 
argue convincingly that this explanation for a longer 
periodicity is theoretically implausible. We show now 
that in addition to being implausible, this idea is ruled 
out by the current observations. 

The corotation lag in the torus varies with distance 
from Jupiter [Brown, 1994a]. If the 2.91% longer torus 
periodicity is caused by this corotation lag, then the 
period should change with distance from Jupiter as the 
rotation velocity changes. On the dusk side the torus 
lag ranges from 4-5% at 6 Rj to close to 0% a,t 7.5 
Rj. In this entire range of distances, the System IV 
period remains precisely fixed. Figure 15 shows a plot 
of the periodogram peaks for the System III and System 
IV periods versus distance from Jupiter. Superimposed 
on these points is the period that would be expected 
from the measured corotarion lag [from Brown, 199da] 
at these distances. No relation exists. The System IV 
period is not simply related to the corotation lag of the 
torus. 

5.6.2. Separate magnetic anomaly. Dessler 
[1985] has suggested that the System IV periodicity 
is due to a hypothetical high-latitude component, of 
Jupiter's magnetic field that rotates more slowly th;[n 
the rest of the planet. In this theory, the slowly rotating 
component has a magnetic anomaly similar to that of 
the System III rotating field, and this causes a bright 
spot in the same manner as the System III bright spot. 

The current magnetic anomaly mechanism appears 
to fail to explain the System IV variations for one of 
the same reasons that it fails the System III variations. 
If the System IV periodicity is related to a variation in 
the ion source at this period, the intensity modulation 
would smear and disappear as the ions were transported 
outward through regions of corotarion lag. The location 
of the peak of the System IV modulation is constant 
with distance, however, ruling out any such mechanis•n. 

More generally, the System IV modulation is quite 
different than that of System III. While System III 
seems to be mainly periodic in ion temperature, with 
the emission intensity variation being a side effect, the 
System IV variation shows no such temperature effect 
and must be a true density increase along a magnetic 
field line. Thus no explanation can be made that the 
System IV variation is the same as System III, but just 
at a different period. The two variations are funda, men- 
tally different in nature. 

5.6.3. Sampling. Another commonly held be- 
lief is that the appearance of the System IV period 
in the periodograms is spurious and simply caused by 
the details of the observational sampling. As noted by 
Thomas [1992], a spurious period of 10.21 hours can 
exist due to sampling modulated by Jupiter's rotation 
period and Io's orbital period. 

Yang et al. [1991] and Woodward et al. [1994] go 
to great lengths to rule out this possibility by showing 
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Figure 14. Periodograms of the dawnside showing the 
normal torus, which excludes the dates between March 
29 and April 20, 1992, and the anomalous torus, be- 
tween those dates, separately. In both cases, periods 
at the 9.925-hour System III and the 10.214-hour non- 
System III periods are visible. 
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that if one subtracts out the System III variations from 
the data, the System IV remains. We have shown a 
similar result above and note that a periodicity such as 
this which goes through a sudden but reversible phase 
change can in no way be caused by details of the clara 
sampling. 

5.6.4. Vortex. Horton and Smith [1988] proposed 
that the long-lived sub-System III periodicity was actu- 
ally the manifestation of a solitary vortex in the torus 
powered by the torus velocity shear. The vortex would 
create a density enhancement that would rotate at a 
velocity intermediate between the ion velocity in the 
inner and outer edges of the torus. Details of this the- 
ory have not been worked out well enough to make spe- 
cific predictions, but Sandel and Dessler [1988] make the 
point that while these vortices might occur, it is diffi- 
cult to imagine them staying at a fixed rotation rate for 
6 months or perhaps even 15 years. 

In addition, these data show that one major signa- 
ture of vortex activity is absent. To exist, a torus 
vortex must continuously circulate material from the 
outer reaches of the torus to the inner torus on a rapid 
timescale (Horton and Smith [1988] estimate the circu- 
lation time to be of the order of i hour). This circu- 
lation will cause the vortex to appear anomalously hot 
in the inner torus and cold in the outer torus. Neither 

of these effects are observed, suggesting that no such 
circulation is taking place. 

5.7. nKOM 

The emission of nKOM radiation is still difficult to 

explain, even with this new understanding of the torus. 
The hard question to answer is how can individual 
sources that rotate with corotation lags between 1 and 
8% conspire to make an emission which appears periodic 
in both System III and a fixed period 2.91% longer? We 
propose that the appearance of the nKOM emission is 
intimately related to the periodicities discussed above, 
but that the individual sources rotate with the bulk ve- 

locity of the torus at their location. This situation is 
possible if nKOM sources are present in the outer torus 
and are moving with the bulk torus rotation appropri- 
ate for their distance, but their emission intensities are 
enhanced whenever they are either at Am - 400 (the 
peak found by Sandel and Dessler [1988]), where the 
torus ion temperature is close to a maximum, or at the 
region of high density in the torus that rotates 2.91% 
slower (note that since the location of the nKOM peak 
relative to the torus density peak is not clear, it is pos- 
sible that the nKOM emission is not enhanced at the 

peak density but rather somewhere else within the den- 
sity phase). Thus, given a threshold emission intensity 
above which they have to radiate to be detected by the 
spacecraft, the nKOM emission sources will predomi- 
nantly appear when enhanced at these two preferred 
positions. When no sources are at these positions, little 
emission will be seen except for extraordinarily strong 
sources. As the spacecraft gets closer to the planet and 
the detection threshold drops, more and more emission 
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Figure 15. The measured peaks for the System III 
and the non-System III periods at eight distances on 
the dusk side of the torus. Superimposed on this plot 
are the measured corotarion lags at these same distances 
[from Brown [1994a]. If the non-System III periodicity 
were simply related to the corotation lag, they would 
vary in the same fashion. 

will be seen in the regions not related to the two pre- 
ferred positions. 

This explanation qualitatively explains the appear- 
ance, disappearance, and periodicities discussed by 
Kaiser and Desch [1980] and Daigne and Leblanc [1986] 
and the detailed structure observed by Reiner et al. 
[1993], but it rests on an untested assumption of ]tow 
the torus temperatures and densities affect the nKOM 
emission. Unfortunately, there is no general agreement 
on the physical mechanism for the formation of the 
nKOM emission, though theories have been put forth 
[e.g., Jones, 1987; Fung and Papadopoulos, 1987]. 

6. Discussion 

These observations allow a new consistent view of the 

Io plasma torus. The torus has ion temperature vari- 
ations that are locked to the rotation of Jupiter. The 
temperature structure and its resulting intensity struc- 
ture are constant with distance from Jupiter. Superim- 
posed upon this structure is a long-lived density pattern 
that rotates 2.91% slower than Jupiter. The structure of 
this density pattern is also constant with distance from 
Jupiter. The System III and System IV periodicities 
are caused by the superposition of two pattern speeds. 
Individual ions and electrons move at a subcorotation 

velocity determined by the mass loading rate and unre- 
lated to either the System III or System IV periods, in 
much the same way that the pattern speed of a spiral 
density wave in a spiral galaxy differs from the velocity 
of the underlying stars. 

What can cause this dual periodic behavior in the 
torus? A System III temperature variation is poten- 
tially not difficult to understand. It can fit into the gen- 
eral framework of System III magnetospheric variabili- 
ties [see Hill et al., 1983] that might be caused by some 
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sort of interaction between the Jovian surface magnetic 
field and the torus and magnetosphere. While the mag- 
netic anomaly model in its present form cannot explain 
these variations, some variant might be a natural ex- 
planation for any System III effects in the torus. 

The System IV period, however, is much more diffi- 
cult to understand even just in principle. Unlike System 
III, it has no obvious planetary counterpart as an orga- 
nizing factor. In addition, any conceivable mechanism 
which involves some interaction between Jupiter's ro- 
tation and any other regularly periodic occurrence, the 
orbit of Io, for example, has difficulty explaining the 
phase shift observed. 

7. Summary 

Using data from 6-months of high-resolution long-slit 
spectra of S + emission in the Io plasma torus, we have 
studied multiple torus periodicities. The main results 
are: (1) the observed emission intensity along the torus 
centrifugal equator is periodic in System III and bright- 
est at about/•III •- 180ø; (2) the ion temperature is also 
periodic with System III and is highest at Am - 200 
and lowest at /•III = 170ø; (3) the System III bright- 
ness modulation is likely a consequence of an ion tem- 
perature and scale height modulation; (4) because of 
the observed radial structure, the current version of the 
magnetic anomaly model cannot explain these int•en- 
sity or temperature variations; (5) an intensity modula- 
tion at a period of 10.2145:0.006 hours, or 2.91+0.06% 
longer than System III, consistent with the proposed 
System IV period of Sandel and Dessler [1988], appears 
in the data, but no ion temperature variation at that 
period exists; (6) the System IV period underwent a 
sudden but reversible phase changes for approximately 
one month; and (7) the System IV period cannot be 
explained by the torus corotation lag, a vortex, or ad- 
ditional magnetic anomaly, nor is it a spurious period 
related to the sampling of the data. 
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