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Abstract. A survey of plasma wave observations at Jupiter
obtained by the plasma wave instrument on board the Galileo
spacecraft is presented. The observations indicate that cho-
rus emissions are observed commonly in the Jovian magne-
tosphere near the magnetic equator in the approximate ra-
dial range 6<r<10RJ . The survey includes almost all local
times but not equally sampled in radial distance due to the
spacecraft trajectory. The data suggest that chorus emissions
are somewhat more intense on the dayside, but this may be
a result of insufficient nightside observations. The orbit of
Galileo is also restricted to±3◦ of the Jovigraphic equa-
tor, but the tilt of the magnetic field permits coverage of a
range of magnetic latitudes of−13◦<λmag<+13◦. The sim-
ilarities of chorus emissions to terrestrial observations are a
good reason to speculate that Jovian chorus emission may
play a significant role in the stochastic acceleration of elec-
trons in the radial range 6–10RJ as recent studies indicate.
These electrons may then be transported inward by radial dif-
fusion where they are additionally accelerated to form the
synchrotron radiation belt source.

Keywords. Magnetospheric physics (Energetic particles,
trapped; Planetary magnetospheres) – Space plasma physics
(Wave-particle interactions)

1 Introduction and background

1.1 Terrestrial chorus emissions

It has been previously shown (e.g. Tsurutani and Smith,
1974; Anderson and Maeda, 1977) that the injection of ter-
restrial substorm electrons leads to the excitation of intense
whistler mode chorus emissions in the vicinity of the geo-
magnetic equator outside of the plasmasphere. These waves,
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in turn, can accelerate the electrons in the Earth’s outer radia-
tion belt to relativistic (MeV) energies as suggested by Horne
and Thorne (1998) (see also Summers et al., 2002; Meredith
et al., 2003a).

At Earth, intense, diffuse whistler mode hiss at frequen-
cies typically less than a few kilohertz is observed within the
plasmasphere. The source of plasmaspheric hiss is currently
a subject of investigation, but recently Bortnik et al. (2008)
have suggested that plasmaspheric hiss may originate from
whistler mode chorus waves. Natural emissions of discrete,
whistler-mode chorus at Earth consist of electromagnetic
waves in the frequency range from a few hundred hertz to
several kHz observed in the lower density region outside
the plasmapause. These emissions are most often character-
ized as narrow-banded atf <fce/2 and/orf >fce/2 with an
emission gap nearfce/2, wherefce is the electron cyclotron
frequency. It is generally believed that chorus is generated
by a nonlinear process based on the electron cyclotron reso-
nance of whistler-mode waves with energetic electrons, tak-
ing place close to the geomagnetic equatorial plane (Omura
et al., 1991; Nunn et al., 1997; LeDocq et al., 1998; Trakht-
engerts, 1999; Santolik et al., 2003, 2004). Storm-time cho-
rus is especially important for the physics of the Earth’s mag-
netosphere since it can significantly influence the distribution
functions of the energetic electrons in the outer radiation belt
(e.g. Meredith et al., 2003a; Horne and Thorne, 2003).

1.2 Jovian chorus

Chorus observations at Jupiter were first detected by Voy-
ager 1 using the 16 channel spectrum analyzer data (cf. re-
view by Gurnett and Scarf, 1983). The chorus emissions
were confined to a single frequency channel and were ob-
served close to the magnetic equator. No extensive survey of
chorus emission at Jupiter has been possible until the Galileo
mission.
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The radiation belts at Jupiter are remotely observed as
strong sources of synchrotron emission (cf. Berge and
Gulkis, 1976; Carr et al., 1983; Bolton et al., 2001) The
emission has a peak power between 80 MHz and 300 GHz
near 1.4RJ where electrons with energies up to 50 MeV can
be found. These energies are much more energetic than those
typically observed in the Earth’s radiation belt, and there is
a question regarding the source of electron energization at
Jupiter as at Earth. While radial diffusion and the inter-
change instability along with conservation of the adiabatic
invariants can explain energization of electrons from 1 MeV
to over 10 MeV, there is still the question of what energizes
the electrons to 1 MeV in the middle magnetosphere (cf. Hill
et al., 1983; Brice and McDonough, 1973; Thorne et al.,
1997; Bolton et al., 1997).

Centrifugal force from the rapid rotation of the planet
drives flux interchange instabilities whereby outward trans-
port of cold dense plasma is replaced by inward transport of
higher energy particles that develop a temperature anisotropy
and excite whistler mode waves (Bolton et al., 1997; Thorne
et al., 1997). This concept is discussed in some detail by
Hill et al. (1983). See also Fig. 12.12 of Thorne (1983)
which depicts the flow of centrifugally driven plasma in the
Jovian magnetosphere. The interchange instability results
from radial transport of plasma in a rotationally-dominated
magnetosphere. Ideally this would be manifested by alter-
nating longitudinal sectors of cooler, denser plasma mov-
ing outward and hotter, more tenuous plasma moving in-
ward (cf. Pontius et al., 1986; Hill et al., 1983). Thorne et
al. (1997) have indicated that the most unstable interchange
motions should be confined to the inner portions of the Io
torus (6<L<8). As we show in the present study, the inten-
sity of whistler mode waves is a maximum in a region be-
tween 6–10RJ , where flux interchange instabilities are ob-
served. Thus the region beyond Io (∼6RJ ), and near the
outer regions of the torus (&8RJ ) where the density falls off,
provides a natural and plentiful source of energy to drive the
waves unstable. The Io torus is composed of ions and neutral
atoms including sodium, sulfur, and oxygen whose source
is primarily the volcanic eruptions on the moon. The torus
extends from about 5RJ to beyond 8RJ , and completely en-
velopes the orbit of Io at about 6RJ , but the ionic density has
a centroid near the magnetic equator or centrifugal symme-
try surface. The maximum ionic densities near the magnetic
equator can be greater than 3000 cm−3 (cf. Bagenal, 1994).
Recent studies of Horne et al. (2008) have shown the effec-
tiveness of stochastic acceleration by chorus at Jupiter. These
authors used chorus data observed by the Galileo plasma
wave instrument for a specific case to model electron en-
ergy and pitch angle diffusion as well as electron accelera-
tion. The assumed power levels were based on plasma wave
observations at 10RJ and subsequently scaled according to
the average radial profile of the wave intensity measured by
Galileo (averaged over all longitudes) within 10 degrees of
the magnetic equator. Horne et al. (2008) find that in the ab-

sence of radial transport, the electron flux between 1–6 MeV
increases by more than an order of magnitude after a pe-
riod of 30 days (see their Fig. 4a). The results clearly show
the effectiveness of wave-particle interactions in the overall
particle dynamics at Jupiter. These studies also indicate the
need for improved statistical studies of chorus emissions at
Jupiter to provide improved parameters for existing models
of chorus-stimulated electron acceleration. This need was a
motivation to conduct the present study.

1.3 Whistler mode emission

The whistler mode instability can be driven by a pitch-angle
anisotropy which is commonly observed near the Earth’s
magnetic equator. Assuming the high density approxima-
tion in the cold plasma approximation, the resonance velocity
for field-aligned electrons, as described in Gurnett and Bhat-
tacharjee (2005), is obtained from the dispersion relation and
the cyclotron non-relativistic resonance condition for parallel
wave numbers as

v||Res =
−c(ωce − ω)3/2

(ωpω1/2)
, (1)

and we can thus define resonance energyW||Res and a charac-
teristic energyWc that identifies whistler-mode electron res-
onance interactions, which is strongly dependent on the ratio
of plasma frequency to cyclotron frequencyωp/ωce,
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wherem is the electron mass andc is the speed of light. For
the region outside the terrestrial plasmasphere (and also the
Jovian Io torus)Wc can be several keV and higher, and we
can expect whistler mode wave particle interactions, electron
scattering and acceleration as suggested for Earth by Horne
and Thorne (1998) and Meredith et al. (2003a), for instance.
Note that relativistic corrections have been studied by Horne
and Thorne (1998), and these are important at high energies,
E>100 keV.

The whistler mode growth rate is dependent on an
anisotropy factor, which for a bi-temperature Maxwellian
distribution can be written as

A = T⊥/T|| − 1, (4)

whereT⊥ andT|| are the electron temperature perpendicular
and parallel to the magnetic field. Temperature anisotropies
are observed in the particle distributions near the terrestrial
magnetic equator (cf. Horne et al., 2003), and these distribu-
tions are unstable to the growth of whistler mode emission.
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In this paper we conduct a survey of whistler mode chorus
plasma wave emissions observed by the plasma wave instru-
ment (PWS) on board the Galileo spacecraft. These emis-
sions may have substantial impact on the energization of the
Jovian electron population as these particles are transported
from the middle magnetosphere to the inner radiation belts.

2 Instrumentation

The Galileo plasma wave instrument (PWS) provides ex-
cellent spectral frequency resolution over a range extending
from a few Hz to almost 6 MHz (electric) and∼160 kHz
(magnetic). Since Galileo is an orbiter, in contrast to past
flyby missions, it provides unique local time information and
continuous mapping of the equatorial magnetosphere in the
radial distance range to over 140RJ . The inclination of the
orbits was about 3 degrees, for the Galileo orbit insertion
and orbit G1. Beginning with orbit G2, the inclination was
altered to near zero. The tilt of the magnetic axis of∼10◦

yields a total range of magnetic latitude of−10◦ to +10◦ for
the bulk of the mission. The orbits vary in ellipticity, peri-
jove and apojove, but the range of sampled distances is from
about 5RJ to over 140RJ .

The plasma wave receiver on board Galileo consists of 4
different swept-frequency receivers that cover the frequency
range from 5.6 Hz to 5.6 MHz for electric fields and 5.6 Hz
to 160 kHz for magnetic fields. We will concentrate in
this study on the electric fields obtained by the medium-
frequency receiver, which covers the frequency range from
42.1 Hz to 160.8 kHz. A single electric dipole antenna with
a tip-to-tip length of 6.6 m is connected to each electric re-
ceiver. A complete set of electric field measurements is ob-
tained every 18.67 s with a frequency resolution of about
10% (cf. Gurnett et al., 1992).

3 Observations

Chorus observations were obtained by PWS from each peri-
jove pass of Galileo. Frequency-vs-time spectrograms of the
radio emissions were analyzed for narrow-banded emissions
below the electron cyclotron frequency and above the more
diffuse whistler mode emissions at lower frequency. In Fig. 1
we show one of the better examples of chorus emissions ob-
served on orbit G7, near the Ganymede flyby. The plot is
a frequency-vs-time spectrogram over the frequency range
from 100 Hz to 100 kHz with electric (Fig. 1a) and magnetic
field intensity (Fig. 1b) color-coded as indicated in the bar
at the right of each figure. The magenta line in Fig. 1a in-
dicates the location of the upper hybrid emission in the ap-
proximate range 40 kHz<f <70 kHz. The magnetic spectro-
gram (Fig. 1b) shows a number of interference lines indicated
with arrows. Chorus emission is seen in the frequency range
from a few hundred Hz up to, but not exceeding, approxi-
matelyfce/2, wherefce is indicated by the white line. We are

somewhat limited by the frequency resolution of the low-rate
data plotted, but no high resolution data is available at this
time. The electromagnetic whistler mode chorus emission is
seen below the electron cyclotron frequency,fce, in the ap-
proximate frequency range 400 Hz<f <8 kHz. The emission
shows a repeating narrow-banded structure with maximum
frequency occurring near the magnetic equator crossings of
Jupiter. The banded emission abovefce is electrostatic elec-
tron cyclotron harmonic (ECH) emission that is commonly
observed near the magnetic equator at Earth (cf. Kurth et
al., 1979; Gough et al., 1979), and has recently been stud-
ied at Saturn (Menietti et al., 2008). We note that chorus
emission reaches maximum frequency away from the mag-
netic equator, and there is an absence of emission close to the
equator. The time between crossings of the magnetic equa-
tor in Fig. 1 varies from∼5.5–6 h due to the motion of the
spacecraft as well as the thickness of the plasma sheet. The
chorus emission electric field spectral densities (peaks near
10−10V 2/(m2-Hz)) are comparable but somewhat smaller
than those observed at Earth by CRRES, Polar, and Clus-
ter (cf. Meredith et al., 2001; Lauben et al., 1998; Santolik
et al., 2003; Horne et al., 2005). The decrease in frequency
of the chorus as a function of magnetic latitude is a common
feature of the emission at Jupiter and is observed sometimes
in terrestrial chorus emission as well, but the magnitude of
the frequency change at Jupiter is much larger. Since the
frequency of chorus is dependent on the resonance velocity
as well asfp, the implication is that the electron density at
Jupiter has a strong dependence on magnetic latitude. We
know this is true in the torus region due to centrifugal forces.
It is possible that higher frequency chorus emission does not
propagate as close to the magnetic field direction as the low
frequency emission. It is also possible that Landau damp-
ing as a function of latitude may be a contributing factor (cf.
Bortnik et al., 2007). We point out that the chorus emission
observed at Saturn also displays a similar, strong frequency
dependence on magnetic latitude (Hospodarsky et al., 2008).

In Fig. 2 we present a much smaller time and frequency
interval from Fig. 1a. The white line still indicatesfce. Note
the upper and lower bands of chorus emission (indicated by
arrows) with a band of omission nearfce/2. In Fig. 3 we
present the average spectral density versus frequency in the
range 2 kHz to 7 kHz for the one-minute time interval 17:00
to 17:01 UT. The electric and magnetic spectral densities are
displayed in Fig. 3a and b, respectively. We note in these
plots the chorus intensity gap near 4.5 kHz, at aboutfce/2.
The lines on the horizontal axis of Fig. 3a, b indicate the lo-
cation offce/2 based on the average value of the magnetic
field during the one minute time interval. This upper and
lower band morphology of chorus is commonly observed for
terrestrial chorus near the magnetic equator and may indicate
similar processes occurring at Earth and Jupiter. Both upper
and lower bands occurred for portions of the chorus emission
on segments of approximately 10 of the 30 orbital passes ex-
amined.

www.ann-geophys.net/26/1819/2008/ Ann. Geophys., 26, 1819–1828, 2008



1822 J. D. Menietti et al.: Galileo plasma wave instrument observations of Jovian whistler-mode chorus

Galileo PWS Jupiter Orbit G7

04:00 08:00 12:00 16:00 20:00 00:00

102

103

104

105

fre
qu

en
cy

 (H
z)

1997-04-04 (094) 04:00:00    SCET    1997-04-05 (095) 00:00:00

SCET
RJ

LonIII

MLat
LT

 10.13
236.05
  7.54
 11.63

  9.33
  0.02
 -9.22
 13.04

  9.14
121.66
  1.42
 14.60

  9.64
244.09
  7.08
 16.11

 10.68
  9.85
 -9.27
 17.40

 12.07
139.56
  4.64
 18.43

10-15

10-14

10-13

10-12

10-11

10-10

Sp
ec

tra
l D

en
sit

y (
V 

2 /m
2  H

z)

(a)

Galileo PWS Jupiter Orbit G7

04:00 08:00 12:00 16:00 20:00 00:00

102

103

105

fr
eq

ue
nc

y 
(H

z)

1997-04-04 (094) 04:00:00    SCET    1997-04-05 (095) 00:00:00

SCET
RJ

LonIII

MLat
LT

 10.13
236.05
  7.54
 11.63

  9.33
  0.02
 -9.22
 13.04

  9.14
121.66
  1.42
 14.60

  9.64
244.09
  7.08
 16.11

 10.68
  9.85
 -9.27
 17.40

 12.07
139.56
  4.64
 18.43

10-10

10-9

10-8

10-7

10-6

Sp
ec

tr
al

 D
en

si
ty

 (n
T 

2 /H
z)

(b)

102

103

104

105

102

103

104

105

Fig. 1. An example of chorus emissions observed on orbit G7. The plot is a frequency-vs-time spectrogram over the frequency range from
100 Hz to 100 kHz with electric(a) and magnetic field intensity(b) color-coded as indicated in the bar at the right of each panel. The magenta
line in panel (a) indicates upper hybrid emission.

The data for the survey were examined in the form of
frequency-vs-time spectrograms such as Figs. 1 and 2, ob-
tained for each perijove pass. A database of time and fre-
quency range was compiled for each example of chorus emis-
sion observed. Chorus was observed on 30 of the orbits

examined, essentially each time the satellite and wave in-
strument were properly functioning in the radial distance
5RJ <r<12RJ . For the purposes of this study chorus was
defined to be relatively narrow-banded emission at frequen-
cies above the more continuous and broad-banded (hiss-like)
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Fig. 2. A smaller time and frequency interval from Fig. 1a. The white line still indicatesfce. Note the upper and lower bands of chorus
emission (indicated by arrows) with a band of omission nearfce/2.

emission almost always observed atf .300 Hz. In Fig. 1 the
chorus emission most probably extends to frequencies below
300 Hz, but we typically chose a conservative approach and
set the lower frequency limit at a frequency where mixing of
hiss and chorus emissions was apparent. For Fig. 1 we chose
a lower frequency limit of 400 Hz, and no data forf <300 Hz
was ever included in the calculation of chorus power levels.
So the reported frequency-integrated powers for the chorus
emission represent a probable lower limit to the actual in-
tensities. Chorus was also defined to be emission belowfce.
For all observations of chorus, the plasma frequency,fp, was
greater thanfce as confirmed when upper hybrid emissions
were observed.

Both electric and magnetic intensity levels are received
by the PWS, but the magnetic receivers suffered increasing
degradation after orbit C9, in the second half of 1997, which
resulted in extremely high background levels for frequencies
less than 2.8 kHz and enhanced levels of interference. At-
tempting to account for this by reducing the frequency range
of integration for the chorus power levels for the magnetic
receiver would have resulted in an incomplete survey of the
data and it was impossible to accurately compare the results
to the electric power levels, so it was decided to include only
the electric receiver power levels for this survey.

In Fig. 4 we show the results of the complete survey in a
plot of portions of the trajectory during which chorus emis-

sion was observed. The color code indicates the frequency-
integrated power spectral density in units of (V/m)2. The
plot is in solar equatorial coordinates with the sun in the +X
direction and dawn in the +Y direction. It appears there is
more chorus power on the dayside, but there is a lack of or-
bital coverage on the nightside in the ranger<15RJ , so no
definitive conclusions can be drawn. Chorus is observed for
r>10RJ at almost all local times except near dawn. There
is also a data gap due to lack of orbital coverage near 20 h of
local time (LT). It is difficult to compare Fig. 4 with terres-
trial global maps of chorus emission. At Earth chorus emis-
sion occurs with maximum amplitude on the dawnside and
at periods of increased auroral activity (cf. Plate 4 of Mered-
ith et al., 2001). At Earth you expect plasma injections and
drift due to convection through dawn, but at Jupiter convec-
tive injection is less likely as co-rotation tends to dominate.
The lack of Jovian chorus forr>10RJ at dawn may be due
to flux interchange being less effective in this region. The
Galileo mission represents an incomplete sampling of local
time, and the effects of magnetic storms and solar wind are
not considered. Solar wind conditions at Jupiter during the
Galileo emission are not directly measured, and observations
of auroral images (related to magnetospheric activity) are not
continuous.

In Figs. 5, 6, and 7 we plot the power levels as a func-
tion of radial distance, magnetic latitude, and local time,

www.ann-geophys.net/26/1819/2008/ Ann. Geophys., 26, 1819–1828, 2008
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(a)

(b)

Fig. 3. The average spectral density versus frequency in the range
2 kHz to 7 kHz for the one-minute time interval 17:00 to 17:01 UT.
The electric and magnetic spectral densities are displayed in(a) and
(b), respectively. The vertical lines of panels (a), (b) indicate the
location offce/2 based on the average value of the magnetic field
during the one minute time interval.

respectively. The top panel of each figure shows the number
of frequency sweeps within each bin. There are 50 bins for
each range of parameter. The power levels are obtained by
integrating the spectral densities over the frequency range of
chorus observations. The values plotted represent the aver-

Fig. 4. The results of the complete survey in a plot of portions of the
trajectory during which chorus emission was observed. The color
code indicates the frequency-integrated power spectral density in
units of (V/m)2. The plot is in solar equatorial coordinates with the
sun in the +X direction and dawn in the +Y direction.

age power within each bin. The power levels show a general
peak (P>∼10−8 V2/m2) that lies in the approximate range
of 6<r<10RJ . In local time the power levels are more dis-
tributed, but there is a distinct decrease in power centered
near a LT of 20 h due at least in part to orbit constraints and a
lack of data forr<10RJ at this LT. Power levels show minor
peaks between 11 h<LT<14 h with other peaks near mid-
night and near 3 to 4 h LT. In magnetic latitude the power lev-
els show a broad peak on each side of the magnetic equator,
but then fall off at both−10◦ and +10◦. There is a clear min-
imum of power near the magnetic equator which increases
by about a factor of 4 near±3◦. This increase in power
away from the magnetic equator is consistent with nonlinear
resonant currents as discussed by Katoh and Omura (2006,
2007). Falloff of power at higher latitudes may be explained
by Landau damping as discussed by Bortnik et al. (2007).
The fall-off at high latitude is real, for there are fewer, but
nevertheless a significant number of sweeps and many orbits
sampled at the higher latitudes as seen in the upper panel of
Fig. 6. Only forλmag>10◦ are the data limited by few orbits
as mentioned earlier. It is interesting that the power decreases
faster for positive latitudes than for negative. This is also true
if the data is plotted versus centrifugal latitude (not shown).
The minimum nearλmag=0 is not inconsistent with recent
studies. Katoh and Omura (2007), for instance, show that
chorus power grows away from the magnetic equator due to
nonlinear trapping of resonant electrons.
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Fig. 5. Integrated chorus power as a function of radial distance
(lower panel). In this and in the following figures the top panel
shows the number of frequency sweeps within each bin. There are
50 bins for each range of parameter.

4 Discussion

The observations of chorus emission at Jupiter show many
similarities to those at Earth, but also some distinctive and
interesting differences. Chorus is observed near the magnetic
equator at Jupiter and at Earth. At Jupiter the power reaches a
local minimum at the equator and peaks a few degrees away.
A similar effect is seen in terrestrial chorus emission ob-
served by the Polar spacecraft (K. Sigsbee, private commu-
nication, 2008), but the effect at Jupiter is quite distinctive.
As mentioned above, this observation may be explained by
the recent non-linear simulations of Katoh and Omura (2006,
2007). The spectral densities of the emission at Jupiter do not
appear to be as high as those observed at Earth, by perhaps an
order of magnitude and sometimes more. The chorus emis-
sions at Earth are primarily seen during enhanced magnetic
activity outside the plasmapause in the approximate range
3<L<7 (e.g. Meredith et al., 2003b) where the critical ratio
fp/fce rapidly decreases making energy diffusion by whistler
mode cyclotron resonance with ambient electrons more ef-
fective (Summers et al., 1998; Horne et al., 2003). The role
of the plasmapause at Jupiter is replaced by the Io torus.

Fig. 6. Integrated chorus power as a function of magnetic latitude.

Chorus emission levels are seen to be highest in the range
6<r<10RJ where plasma densities decrease radially after
a peak nearr=5RJ within the torus. This region at Jupiter
largely overlaps with the region where the flux interchange
instability is important. Conservation of the first and second
adiabatic invariants within distant, warm, density-depleted
magnetic flux tubes that are radially transported inward de-
velop electron distributions with a temperature anisotropy
that is unstable to the growth of whistler mode emission.
While at Earth it is believed that plasma injections provide
a seed population that lead to enhanced chorus generation
and acceleration of electrons (Summers et al., 2002), the in-
terchange instability may play a similar role at Jupiter in the
range 6<r<10RJ .

Horne et al. (2008) have performed pitch angle and energy
diffusion as well as Fokker-Planck calculations demonstrat-
ing that gyro-resonant acceleration of electrons at Jupiter is
most effective outside the orbit of Io. They show that the
electron flux at a few MeV increases by an order of mag-
nitude after a period of 30 days. For these calculations the
chorus power spectrum was assumed to be a Gaussian in fre-
quency within±10◦ magnetic latitude with no latitudinal de-
pendence. The assumed wave power levels were based on
Galileo plasma wave spectral density observations at 10RJ ,
scaled according to the average radial profile, and averaged

www.ann-geophys.net/26/1819/2008/ Ann. Geophys., 26, 1819–1828, 2008
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Fig. 7. Integrated chorus power as a function of local time.

Fig. 8. A plot of the upper cutoff of the chorus frequency normal-
ized tofce versus magnetic latitude. Each point represents a value
obtained from an algorithm that analyzed each frequency sweep of
data within the chorus emission frequency range. The highest fre-
quency of emission above a threshold power spectral density was
recorded. Most outliers represent noise and electrostatic emissions
(not chorus).

over longitude. The authors make the point that if the wave
power at lower frequencies were higher than modeled, and
if there was wave power at latitudes higher than 10 degrees,
then the energy diffusion rates would be higher at higher en-
ergies leading to a reduced timescale for electron accelera-
tion. Such estimates will require further detailed modeling,
however, based on the improved observations. We have al-
ready commented on the inadequate sampling of the wave
data versus local time. It will take future missions to deter-
mine the dependence of chorus intensity versus local time.

5 Summary and conclusions

Observations of the Galileo plasma wave instrument indi-
cate that whistler mode chorus emissions with frequency-
integrated power levels of 10−8 V2/m2 or greater are
observed commonly in the Jovian magnetosphere near
the magnetic equator in the approximate radial range
6RJ <r<10RJ . The survey includes over 30 orbits and
nearly all local times but not all radial distances due to the
spacecraft trajectory. The data seem to indicate that cho-
rus emissions are more frequent and intense on the dayside,
but there are far fewer orbital passes for the nightside in
the range 6RJ <r<12RJ , so no firm conclusions can be
drawn. The orbit of Galileo is confined for most of the mis-
sion to near the Jovigraphic equator, but the tilt of the mag-
netic field permits coverage of a range of magnetic latitudes
of −10◦<λmag<+10◦.

The Jovian magnetosphere is rotationally-driven which
provides the power for the interchange instability. As others
have shown, warm plasma with a temperature anistropy from
the outer magnetosphere provides a likely source of free-
energy for the growth of whistler-mode chorus in the inner
magnetosphere (6<r<10RJ ). The Jovian chorus emissions
are seen below the electron cyclotron frequency,fce, in the
approximate frequency range 400 Hz<f <8 kHz, with typi-
cal spectral density peaks near 10−10 V2/(m2-Hz) perhaps an
order of magnitude lower than terrestrial chorus. The emis-
sion is relatively narrow-banded with maximum frequency
and power a few degrees above the magnetic equator and de-
creasing rapidly at higher latitudes. While terrestrial chorus
also displays both of these features, the decrease in frequency
with latitude at Jupiter is larger than typically observed at
Earth. A likely explanation for this is a large gradient in elec-
tron density at Jupiter away from the magnetic or centrifugal
equator. We have examined the dependence of the frequency
of chorus emission on magnetic latitude a little more care-
fully by plotting the upper frequency of the chorus emission
as a function of magnetic latitude. To do this we normalized
the frequency of the chorus electric field oscillations tofce,
and used an algorithm to find the highest frequency of cho-
rus emission above a threshold power spectral density. The
threshold value was independently set for each chorus event.
Within each frequency sweep the search was started at the
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highest frequency within the range of chorus emission. We
eliminated a few of the chorus events because the emission
was too bursty or had too many data gaps. A summary plot
of the results (including over 14 500 points) is included as
Fig. 8. There are numerous outliers due to significant noise
in the data and electrostatic emissions, but the salient feature
of this plot is the general decrease in the upper frequency
cutoff of the chorus emission with increasing latitude in both
directions away from the equator, with a somewhat steeper
slope in the direction of positive magnetic latitude. The cen-
troid of the points also seems to be shifted about 1 degree to
positive latitudes.

The global mapping of Jovian chorus in local time seen in
Fig. 4 is interesting, showing regions of large power on the
dayside of Jupiter and a lack of chorus at dawn forr>10RJ ,
but the incomplete sampling of Galileo in local time and ra-
dius precludes any firm conclusions. We point out that since
the Earth’s magnetosphere is driven by the solar wind, while
Jupiter is dominantly controlled by rotational dynamics, it
would not be surprising to find a difference in global distri-
bution of chorus power levels between the two planets.

Chorus emissions at Earth are now known to be a signif-
icant contributor to the acceleration of electrons in the Van
Allen radiation belts. The similarities of Jovian chorus emis-
sions to terrestrial observations are good reasons to assume
that this emission may play a significant role in the stochastic
acceleration of electrons in the radial range 6–10RJ , in the
outer part of the Io torus where the density decreases and the
ratio fp/fce falls to a level where the generation of chorus
becomes efficient. As shown by Horne et al. (2008) these ac-
celerated electrons may then be transported inward by radial
diffusion where they are additionally accelerated to form the
synchrotron radiation belt source. In the future the inclusion
of effects such as the frequency dependence of chorus with
latitude and in situ measurements of electrons will be im-
portant for advancing our knowledge of the effectiveness of
chorus as well as other observed wave modes in accelerating
Jovian electrons.
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