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Abstract Whistler mode chorus emission is important in the acceleration of electrons and filling of the
radiation belts at Jupiter. In this work chorus magnetic intensity levels (frequency-integrated spectral
density, Pg) at Jupiter are comprehensively binned and parameterized. The frequency range of chorus under
study extends from the lower hybrid frequency, fi,, t0 feeq/2 and feeq/2 < f < 0.8 fceq, Where feeq is the
cyclotron frequency mapped to the magnetic equator. The goal is to obtain a quantized distribution of
magnetic intensity for use in stochastic modeling efforts. Parametric fits of magnetic plasma wave intensity
are obtained, including Pg versus frequency, latitude, and L shell. The results indicate that Jupiter chorus
occurrence probability and intensity are higher than those at Saturn, reaching values observed at Earth.
Jovian chorus is observed over most local times, confined primarily to the range 8 < L < 15, outside the high
densities of the lo torus. The largest intensity levels are seen on the dayside; however, the sampling of chorus
on the nightside is much less than on the dayside. Peak intensities occur near the equator with a weak
dependence on magnetic latitude, 1. We conclude that Jovian chorus average intensity levels are
approximately an order of magnitude lower than those at Earth. In more isolated regions the intensities are
comparable to those observed at Earth. The spatial range of the chorus emissions extends beyond that
assumed in previous Jovian global diffusive models of wave-particle electron acceleration.

1. Introduction

Comparative studies of planetary magnetospheres are important to fully understand the dynamical pro-
cesses at work in the different environments, for instance, a solar wind controlled magnetosphere at Earth
compared to one that is rotationally controlled as at Jupiter. How do such differences influence the scattering
and acceleration of electrons and the filling of radiation belts, as well as the auroral processes that control
radio emission and ionospheric coupling? Comparative studies may also help us to understand the critical
parameters and scaling laws that determine the behavior of plasma populations in the solar system
and beyond.

Whistler mode chorus emission is known to be a significant source of electron energization at Earth [Horne
and Thorne, 1998, 2003; Horne et al., 2005; Thorne et al., 2013, and references therein]. Chorus emission distri-
bution at Jupiter has been studied in the past [Hospodarsky et al., 2008, 2012; Menietti et al., 2008b, 2012;
Katoh et al., 2011]. The potential importance of chorus emission for the acceleration and loss of relativistic
electrons at Jupiter has been shown [Horne et al., 2008], but this study was based on preliminary chorus mea-
surements. Subsequent studies showed that the results of the simulations are sensitive to the assumed para-
meters of chorus waves [Shprits et al., 2012; Woodfield et al., 2013, 2014]. An extensive survey of Jovian chorus
intensity as a function of frequency and spatial parameters has not previously been presented. In order to
conduct modeling of pitch angle and energy scattering of electrons by chorus emission at the outer planets,
knowledge of chorus occurrence rates and intensity levels is essential, as well as the spatial distribution of
this intensity.

Chorus emission at Earth is generated near the magnetic equator, just outside the plasmapause in regions
of lower ratio of plasma to cyclotron frequency, f,/f., with a free energy source of plasma injections of tens
of keV electrons. This process along with convection leads to a region of high occurrence of chorus at
Earth that extends from the nightside through dawn to near-noon local time [Thorne, 2010; Santolik
et al, 2010]. At Jupiter chorus is believed to have a source near the magnetic equator [Menietti et al.,
2008a; Hospodarsky et al., 2012]. The typical frequency range of chorus is several hundreds of hertz to
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several kilohertz [cf. Menietti et al., 2008, Figure 2; Menietti et al., 2012, Figure 3]. The free energy source of
this chorus may be associated with warm plasma within inward convecting magnetic flux tubes associated
with the interchange instability in a corotation-dominated magnetosphere [Hill et al., 1983; Pontius et al.,
1986; Thorne et al., 1997; Bolton et al., 1997]. Enhancement of chorus within such regions at Saturn has
been shown [Hospodarsky et al., 2008; Menietti et al., 2008b]. Other electron free energy sources of chorus
emission at Jupiter may result from plasma injection events [Mauk et al., 1997, 1999], magnetic compres-
sion events [Cowley and Bunce, 2003], and magnetic reconnection [Louarn et al., 2014].

In this paper an extensive survey of the chorus intensity levels at Jupiter is presented using Galileo plasma
wave data, and fits of the intensity as a function of relative frequency, magnetic latitude, L shell, and distribu-
tion in local time are performed. The empirical models of the Jovian wave environment can be useful in future
stochastic modeling of electron scattering and acceleration.

2. Methodology

The general scheme for conducting the chorus survey is similar to that presented in Menietti et al. [2014] for
observations at Saturn. We introduce spatial bins in magnetic L shell (L), magnetic local time (MLT), and mag-
netic latitude (1). Whistler mode chorus is assumed to be generated close to the magnetic equator and to pro-
pagate close to the magnetic field. The frequency spectrum for chorus was determined for the upper and
lower bands normalized to the cyclotron frequency mapped to equator, fceq, ranging over fin < f< feeq/2
and feeq/2 < f < 0.8fceq, Where fnin > fir, is the minimum frequency determined by examination to be above
low-frequency noise and interference and fy, is the lower hybrid frequency at the equator. This frequency
was typically less than 200 Hz for the first 10 orbits. Beginning at orbit 11, f,;, was increased to typically
350 Hz until orbit 15 when the value was again increased in the range 600-2700 Hz due to increased noise
levels of the magnetic receivers. The lower band chorus is divided into five frequency bins and the upper
band into three frequency bins. We introduce relative frequency, f; = fi/fccq, Where f; is the center frequency
of the frequency bin, Ag; For the lower band we define fi,/fceq < Af1 < 0.1, 0.1 <AB,<0.2,02<Af3<03,
03 <Af4<04, and 04 < Afs<0.5, while for the upper band with fewer channels available we define
0.5 < ABg <06, 0.6 <AB;<0.7, and 0.7 < Afg < 0.8. The wave magnetic intensity, Pg, is proportional to
B2(nT?). From the measured magnetic spectral density, y(f), in units of nT?/Hz, over a range of frequencies,
we determine B%(8) (measured in nT?) by integration over the frequency channels within Ag; for a time step,
Az (typically 3255, the time required to scan the low-, medium-, and high-frequency channels, once for the
electric and once for the magnetic antennas). We note that the time steps within Az for individual Ag; within
the medium frequency receiver (MFR) are much smaller than 32 s (there are 112 frequency channels within the
MFR). The sum of these integrations is what we call Pg;. The spacecraft position (L, 4, and MLT) at each time step,
Az, is always recorded. When seeking Pg(f}), we calculate the mean value of Pg within any chosen spatial bin
(AL, AMLT, and AZ) by averaging all Pg; within that spatial bin during the total integration time (the sum of Az).
For a specific AL, by calculating averages over all values of MLT, and all values of 4, we can then fit Pg(f) to a
functional form Pg(B) = P, 10™ and determine the fitting parameters P,, m and p.

We calculate the value of Pg per spectrum, Pg,, by summing all the Ppg; for either the lower or upper bin for
each Az. If we wish to obtain Pg for a specified spatial range, we obtain the mean of all Pg, within that spatial
range during the total integration time (the sum of all Az). For instance, to obtain Pg(1), we calculate these
mean values within a specific AL for all values of MLT and for all values of A within each bin of latitude, AA.
It is then possible to fit to the functional form Pg(X) =P, 10™.

For calculations of Pg versus 3, we always obtain the average of all P; for each relative frequency bin within a
spatial bin. For calculations of Pg versus spatial coordinates we always obtain the average of all Pg, for either
the lower or upper bin within a spatial bin as required for the quasi-linear calculation of the scattering rates
[Kennel and Engelmann, 1966; Lerche, 1968].

3. Models and Data Constraints

In order to perform the magnetic mapping of the locally measured values of f. and f, (plasma frequency) to
the equator, we use the VIP4 magnetic field model with current sheet [Connerney et al., 1982, 1983] for

MENIETTI ET AL.

SURVEY OF CHORUS INTENSITY AT JUPITER 9759



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA022969

(a) 199, .1.7l9.(.Dec 6 18:|00:00 . ZIOIOIZI 310 (’,\IIOIVI 6|)| (IJSIZIOIO:OO Jupiter. The plasma density is mea-

204+ IR NS Q W [ sured locally by observation of the

157 . ' upper hybrid resonance, fun

- = (f; + f?), where f, is the local

plasma frequency. However, when
the upper hybrid density is not
observed, we use interpolated
values of the analytic density
model of Divine and Garrett
[1983]. The model values of the
magnetic field and plasma density
at the equator are scaled by the
locally measured values neq=n (n'
eq/n’) and Beq =B (B'eq/B) where n
and B are the locally measured

equatorial Y (R))

20-20 -1|5 -1IO -|5 0 é 1IO 1|5 20 values of plasma density and ambi-
equatorial X (R)) ent magnetic field, respectively,

. . | and the primed values are the

(b) 53 3 model values. Subscript “eq” refers

~ 3 3 to the value at the equator.
< 0—}% Observed values of the local ambi-
N E 3 ent magnetic field were obtained
from the Galileo Magnetic Field

O' S 5 o I1|0I - I15I o '20 Investigation fluxgate measure-
p(R) ments [Kivelson et al., 1992].

For Jupiter measurements we use

Figure 1. Orbital trajectories in the equatorial (a) x-y and (b) p-z planes of the data from the Galileo plasma wave

Galileo spacecraft during the data period, where p is the projection of the X R
distance from Jupiter in the equatorial plane. The included dates of the investigation (PWI) [Gurnett et al,
orbital survey are shown. 1992]. For this instrument low-time

resolution survey electric and mag-
netic field data were acquired by the low-, medium-, and high-frequency receivers. The electric dipole
antenna is 6.6 m long, perpendicular to the spin axis, and there are two orthogonal magnetic search coils also
perpendicular to the spin axis. For this study the medium frequency receiver, MFR (42.1 Hz-160.8 kHz), was
the principle receiver and the search coil optimized for frequencies up to 50 kHz was used. The time resolution
can be either 18.67 or 37.33 s for a full spectral sweep, with Af/f~8%. The magnetic search coils degraded
severely after the first 10 orbits of Galileo. For the remainder of the mission (orbits 11 to 34) the electric field
data only were used in this survey and the magnetic power was evaluated indirectly from the measured cold
plasma refractive index as developed, for example, in chapter 1 of Stix [1992] (cf. equation (34)),

n* = 1-f,? J[f(f + f.)] (1)

where we have assumed an electron plasma with wave normal angle = 0°. For these orbits we have evaluated
the magnetic power spectral density,

X8 = xen" /S (2)

where yg is the measured electric field power spectral density. It is also for this reason that f,.,;, was increased
at this time. We have compared the value of yz obtained directly from observations during the first 10 orbits
to the value obtained from equation (2) using y¢. The comparison is difficult due to the different background
thresholds for the electric and magnetic receivers and because of the dependence of the index of refraction
on frequency and local plasma parameters (f,, f.). Similar to the results of Hartley et al. [2015], we found that a
majority of the time the cold plasma dispersion relation underestimates the whistler mode intensity levels by
a value of up to 2 to 3, with better agreement at higher frequencies. However, during many intervals of more
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Figure 2. (a) Contour plots in the L-MLT plane with the number of chorus spectra observed, N, color coded for each bin
(AL=0.5) for two latitudes ranges, |4| < 3° and || < 15°, for the lower and upper bands. (b) Chorus occurrence probability
for the same latitude ranges for the lower and upper bands.
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Figure 3. (a) Average chorus intensity in each bin (AL =0.5, AMLT = 0.5 h) for the equatorial region, || < 3°, and over the
extended range of latitude to 0 < || < 15° for each bin (AL =0.5, AMLT = 0.5 h). Results are for the (Figure 3a) lower and
(Figure 3b) upper bands.

intense emission, the underestimate was an order of magnitude or greater. So it is fair to say that the average
intensity levels calculated in this study are a lower limit.

To avoid spacecraft and instrumental interference as well as natural wave interference, a number of con-
straints were placed on the data analyzed in this survey. Among the more important for the Galileo PWI data
are the following constraints set by visually examining the data: (1) A variable (dependent on time), fii, to
avoid instrumental noise and low-frequency interference and (2) a variable, ymin, the minimum threshold
spectral density (dependent on time and frequency), to avoid background noise (due to instrument calibra-
tion, spacecraft and instrument interference, and receiver degradation). These values lie in the ranges
107" < xemin <107 (V2m™2Hz"") and 107° < ygmin 1077 (NT>Hz ™).

3.1. Data Collecting

Menietti et al. [2008a] have reported an earlier survey of the Galileo chorus data. We have expanded that sur-
vey by proceeding with the same approach used at Saturn as described above (also, cf. Meredith et al. [2012]
for Earth studies). The data were collected over more than a 6 year period extending from 27 June 1996 to 5
November 2002. In Figures 1a and 1b we present the inner orbit trajectories in the Jovigraphic equatorial (not
magnetic) x-y and p-z planes of the Galileo spacecraft during the data period, where p is the projection of the
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Figure 4. Average chorus intensity as a function of L. Red dots are the standard deviation or uncertainty of each point. (a) Average lower band intensity. (b) Intensity
levels for the upper band chorus are more than an order of magnitude lower than the lower band chorus.

distance from Jupiter in the equatorial plane. One can see that the orbit coverage in local time is not exten-
sive, especially on the nightside, but where sampling occurs, there can be high occurrence rates of chorus.
The Galileo spacecraft orbit plane was close to the Jovigraphic equator, so sampling of magnetic latitudes
|A] < 15° was possible due to the tilt of the magnetic axis.

In Figure 2 we display polar contour plots in the L-MLT plane. In Figure 2a the number of chorus spectra
observed, Ny, within each bin (AL=1.0) for two ranges of magnetic latitudes |1| < 3° and |1| < 15° is shown
for the lower and upper bands. Ny is the number of time steps containing intensity levels that lie above
the intensity threshold, ymin, and within the frequency range specified at that time. The numbers range from
a few to multiple hundreds for each band. In Figure 2b we plot the ratio of the time during which chorus is
observed, Tchorus, tO the total time spent by the spacecraft, in each bin, Tiota), for the same latitude range,
which indicates the occurrence probability of chorus at Jupiter. The boxes are white if the spacecraft did
not visit that region. If the spacecraft visited a region (bin), but no chorus was observed, then the intensity
was set to zero (dark blue). For the general survey, during each time step, Az, all relative frequency bins, g;

Table 1a. Number of Averaged A < 3° Values for Bins of Figure 4

r<3°
L 5.5 6.5 7.5 85 9.5 10.5 115 125 135 14.5 15.5
Lower band 148 616 785 867 3302 1733 1525 1326 635 367 225
Upper band 100 323 448 820 2331 1689 1514 1088 369 105 6
MENIETTI ET AL. SURVEY OF CHORUS INTENSITY AT JUPITER 9763
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Table 1b. Number of Averaged A < 15° Values for Bins of Figure 4

A< 15°
L 55 6.5 7.5 8.5 9.5 10.5 1.5 125 135 145 155 16,5 17.5-195
Lower band 1166 3987 3593 4268 12804 8101 6773 4697 3094 1534 696 89 <50

Upper band 461 2045 2181 3653 10068 6908 6658 3292 1441 676 63 29 <50

are sampled, and a value of intensity, Pg,, is determined. From Figures 2a and 2b it is clear that there is con-
siderably less coverage on the nightside. The chorus occurrence ratio varies from 0 to 1, and chorus occur-
rence probabilities > 0.5 for the lower and upper bands of chorus are frequent, indicating nearly a
continuous free energy source for chorus generation through much of the Jovian magnetosphere.

3.2. Chorus Intensity Survey

In Figure 3a we display the average chorus intensity (nT) in each bin (AL = 1.0, AMLT = 0.5 h) for the equator-
ial region, |4| < 3°. Note that in Figure 3 (and distinct from Figure 2) if no chorus was observed in a bin or if that
bin was not visited, it is white. Chorus intensity is clearly greater on the dayside, but this may be due to the
orbital sampling (compare to Figure 2). Nearer the equator the intensity levels peak near 1072 nT2 There is a
rather broad band of moderate intensity in the range ~8 < L <~ 12 on the dayside, with scattered coverage
on the nightside and lower intensity levels. In the right panel we average over the extended range of latitude
to 0 < |4| < 15° for each bin (AL=1.0, AMLT=0.5 h). The intensity levels again peak near 10~*nT?, but the
range in L extends to ~6 < L < ~18 particularly on the dayside, with scattered coverage on the nightside at
lower intensity levels. Intensity results for the upper band emission are shown in Figure 3b with peak values
approximately 2 orders of magnitude lower than for the lower band.

In the analyses that follow we will plot the chorus intensity as a function of 3, L, and A. We will increase the size
of the spatial bins compared to those used in Figures 2 and 3 and perform averages of Pg; and Pgs over much
larger bins to improve statistics and to better parameterize the data.

3.3. Intensity Versus L Shell

In Figure 4 we plot Pg averaged over all magnetic local times and all latitudes for each AL=1.0 in the range
5.0 < L <20.0.The number of values averaged in each bin of Figure 4 is listed in Tables 1a and 1b. In Figure 4a
the average values for the lower band are shown, and the standard deviation, o, or square root of the variance
is plotted for each point as a red dot. There is a general increase in the chorus intensity to moderate levels,
peaking around L=12. In Figure 4b the intensity levels for the upper band chorus are more than an order
of magnitude lower than the lower band chorus, but the general trends as a function of L are similar to
the lower band, but the peak at L ~ 12 is shifted lower to L ~ 10.

3.4. Intensity Versus Magnetic Latitude

In Figure 5a we present plots of average lower band chorus intensity as a function of magnetic latitude for
different ranges of L. For a selected range of L we average the chorus intensity for all spectra within a spatial
bin that includes all magnetic local times within each latitude bin (A1 =2°). The maximum spacecraft latitude
is less than 15°, and the range of L is noted on each plot. Table 2 lists the number of values averaged in each
bin of Figure 5. We have also calculated weighted fits of these data to the fitting function B2 =A 10mM (fitting
parameters are on the figure) and plotted them along with the standard deviation (red dots) of each point. In
Figure 5a the panel for 13 <L < 16 also includes the distribution of values in each bin to demonstrate the
range, which is similar for the other panels as well. The standard deviations are large due to the bursty nature
of the whistler mode emission, large frequency range, and due to the large number of points at low intensity
levels. Increasing the threshold for background emission would decrease the value of ¢. All of the plots show
a weak dependence of chorus intensity as a function of latitude, with the average levels remaining reason-
ably constant. In Figure 5b we display the latitude dependence of the upper band chorus, which is about 2
orders of magnitude weaker than the lower band, and also shows a weak dependence on latitude. For the
range 4 < L <7 there is an anomalous point at 1=9°. This point is due to a strong intensity whistler mode
event at higher than usual latitude. It may be due to episodic conditions such as a magnetospheric compres-
sion or electron injection episode [cf. Bolton et al., 1997]. Since all the points are weighted by o, the fit is not
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Figure 5. Average chorus intensity as a function of latitude for different ranges of L. The range of L and fitting function and
parameters is noted on each plot. Red dots are the standard deviation of each point. (a) Lower band chorus. The last panel
displays the data distribution within each bin. (b) Upper band chorus, which is considerably less intense.
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Table 2. Number of Averaged Values for Bins of Figure 5 strongly influenced by the anoma-
A 4<L<7 7<L<10 10<L<13 13<L<16 lous point. Again, it should be
Nero B noted that Galileo measurements
1.0 558 3339 3202 907 are limited to ~15° magnetic lati-
3.0 668 3227 3261 856 tude, and the dependence at
5.0 853 3300 3769 926 higher latitudes is likely to be
7.0 1154 3959 3898 1014 different
9.0 1825 6552 6142 1718 ’
11.0 96 415 416 165 .
13.0 0 0 18 257 3.5. Intensity Versus
Upper Band Frequency (f)
10 266 2376 2875 331 From these data we also determine
30 326 2410 3096 369 the dependence of chorus inten-
5.0 414 2536 3429 457 . P
7.0 703 3136 3458 521 sity on S =f/fceq. We select a range
9.0 857 5071 5759 1114 of L and calculate the average of
11.0 0 394 309 104 Pg for all spectra within a spatial
13.0 0 0 18 257

bin that includes all local times
and all latitudes. Chorus intensity
versus B for each range of L
(AL=2) is shown for the lower and upper bands, respectively, in Figures 6 and 7. The fitting function is
B>=A 10", and the fitting parameters are shown on the figures. The slopes are typically small and negative.
The plasma wave data are not typically narrow banded, as is terrestrial chorus, and cannot generally be fitto a
Gaussian. We display plots of intensity versus f for |1| < 3°in Figure 6a and data for || < 15°in Figure 6b. The
upper band chorus is limited by the data to three levels, f=0.55, 0.65, and 0.75 in Figure 7, with intensity
levels 1 or 2 orders of magnitude lower than the lower band.

4, Summary and Conclusions

We have presented a survey of chorus and whistler mode intensity with parametric fits to f, L, 4, and MLT of
the Jovian magnetosphere. While the standard deviations of many of the points used to calculate the fits are
large, the parametric fits can be useful when used with due consideration of large values of ¢. The results will
be important for modeling the impact of wave-particle interactions at Jupiter, particularly regarding electron
acceleration and the filling of the radiation belts.

The Jovian chorus intensity is obtained from the plasma wave instrument (PWI) on board the Galileo space-
craft over approximately 35 orbits. The majority of time was spent on the dayside, and all observations were
limited to |4,,| < 15°. The spacecraft sampled all magnetic local times within 4 < r < 20 R, but not all radial dis-
tances. In particular, there is a lack of sampling on the Jovian local nightside, so no firm conclusions can be
drawn about the relative strength of nightside to dayside chorus intensity levels. It is possible that within
the rotationally controlled Jovian magnetosphere with the plasma flux interchange instability providing a
major source of radial transfer, that chorus-free energy electron source populations are found more fre-
quently near the equator on the Jovian dayside rather than on the nightside as at Earth.

The results indicate that chorus and whistler mode emission intensity levels are significant at Jupiter. The
chorus intensity is stronger on the dayside, perhaps due to preferential sampling. Average intensity levels
peak at a few 10~* nT? approaching 10> nT? in the range 10 < L < 12 (see Figures 4 and 5), which is within
an order of magnitude of the average peak chorus intensity at Earth [Meredith et al., 2012]. Figure 3 shows
that for more isolated regions of integration in the Jovian magnetosphere, chorus levels can be even larger,
approaching 1072 nT2 The upper band emissions have a similar spatial distribution but with intensity levels
often 2 orders of magnitude below lower band emission.

The Galileo mission targeted Jovian moon encounters on each orbit for special study, and thus, the sampling
of the Jovian magnetosphere has a level of bias. Ganymede, with its intrinsic magnetic field, is unique, and
intense chorus is observed during each flyby [Gurnett et al., 1996; Kurth et al., 1997]. Since the encounter data
are confined to the immediate vicinity of this Jovian moon (within at most 2 moon radii), we did not include
them in this general survey of chorus emission. Even so, the orbital period of Ganymede is 7.16 days, while
the synodic period of Jupiter’s rotation is ~ 10.5 h. This, along with radial transport and convective flows,
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Figure 6. Chorus intensity versus f for each range of L is shown. The fitting function and fitting parameters are shown. Red dots are ¢ of each point. (a) Intensity
versus f for |1| < 3°. (b) Same for || < 15°.
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Figure 7. Same as Figure 6 but now for upper band chorus.
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may mean that the influence of wave-particle interactions with whistler mode emission near Ganymede is
rapidly distributed in the Jovian magnetosphere and warrants further study.

Intensity levels at Jupiter are typically about an order of magnitude greater than those observed at Saturn [cf.
Menietti et al., 2014], with a significantly larger distribution in L. The intensity levels and region of high occur-
rence rates at Jupiter are larger than those considered in global diffusive models of electron acceleration at
Jupiter [cf. Horne et al., 2008; Shprits et al., 2012; Woodfield et al., 2014], suggesting that chorus wave-particle
interactions at Jupiter may play an even greater role than earlier proposed. The orbital survey of the Galileo
satellite is quite limited compared to the many orbits of the Cassini mission but will be supplemented by the
Juno mission at Jupiter.
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