
1. Introduction
Jovian magnetospheric dynamics are known to be driven by internal sources of energy and mass (Rus-
sell, 2004, 2006). Within the Jovian system, the satellite Io is the site of numerous volcanic plumes that 
provide the main source of plasma in the Jovian magnetosphere. Nearly 1 ton/second of SO2 from Io's 
atmosphere escapes the satellite (see review by Thomas et al., 2004). The neutrals can become ionized and 
captured by Jupiter's rotating magnetic field, creating a torus of plasma surrounding the planet. Since the 
discovery of the Io plasma torus (Brown, 1976; Kupo et al., 1976), the Voyager and Galileo spacecraft have 
made a number of detailed in situ measurements of the plasma properties at low latitudes. The Voyager 1 
flyby of Jupiter in 1979 provided the first opportunity to measure radio and plasma waves within Jupiter's 
magnetosphere, resulting in electron density ( en ) profiles (Barnhart et al., 2009; Birmingham et al., 1981; 
Scarf et al., 1979; Warwick et al., 1979). Using in situ plasma data from Voyager 1, Bagenal et al. (1980) 
developed the first two-dimensional model of the Io torus, which was later replaced with improved models 
that included a diffusive equilibrium density model along Io torus field lines (Bagenal & Sullivan, 1981) and 
combined the in situ electron measurements of Sittler and Strobel (1987) and current magnetic field models 
(Bagenal, 1994).

The Galileo spacecraft performed a series of close flybys of Io, beginning on December 7, 1995, passing 
directly through the torus near the magnetic equator. Electron density profiles from Galileo measurements 
showed a sharp drop just inside the orbit of Io (Bagenal et al., 1997; Menietti et al., 2005). The parameters 
of three main regions (see Bagenal & Dols, 2020) for a detailed description on each region) were found to 
be the following: a cold torus, with peak electron density of ∼103 cm−3 at ∼5.3 RJ (where 1 RJ is a Jovian 
equatorial radius = 71,492 km), a warm torus, with peak electron density of ∼2 × 103 cm−3 at 6.0 JR , and 
a “ribbon” region, with peak electron density of ∼3 × 103 cm−3 at 5.6 5.9 JRJ. These Galileo observations 
were consistent with earlier Voyager measurements in these regions (Bagenal, 1994).

Although there were no in situ measurements at higher latitudes (prior to the Juno mission), early studies 
relied on Voyager 1 observations of whistlers, which provide electron density estimates along magnetic 
field lines connecting the lightning source to the spacecraft location (Crary et al., 1996; Tokar et al., 1982; 
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Wang et al., 1998a, 1998b). These studies found both maximum (∼2 × 103 cm−3 for 5.2 6.2L  [Tokar 
et al., 1982]) and minimum (∼8 cm−3 for 5.7 5.9L  [Wang et al., 1998a], ∼3–5 cm−3 for 5.3L  [Wang 
et al., 1998b]) electron densities for high latitude regions connected to the Io torus. Although remote sens-
ing measurements are important, sharp density gradients and low-density regions at intermediate latitudes 
can greatly affect whistler dispersion and propagation.

High-latitude in situ measurements of the electron number density are important because en  is one of the 
key parameters used to characterize the structure and dynamics of planetary magnetospheres and an im-
portant input to many magnetospheric and ionospheric models. One way to measure the electron density is 
through particle counting via plasma instruments, but it is sometimes difficult to measure the cold plasma, 
especially when dealing with spacecraft potential. Plasma wave instruments can support plasma instru-
ments through indirect, yet accurate, measurements of electron densities that are relatively free of perturb-
ing effects of the spacecraft (Kurth et al., 2015; Persoon et al., 2019).

Plasma waves have distinct frequency cutoffs and resonances that are dependent on the background plasma 
properties and therefore identification of these features can be used to constrain parameters such as the 
electron density. During times of high radiation, when the electron sensors are overwhelmed by penetrating 
radiation, when there is spacecraft charging, or when the electron energy is outside the range of the sensors, 
plasma wave instruments are often able to determine the electron density, which aids in the continuity of 
coverage. In fact, for many missions, wave measurements provide the standard by which plasma densities 
obtained by other instruments are calibrated (see, for example, Allegrini et al., 2020; Bagenal et al., 2016; 
Scudder et al., 1981). Quasi-thermal noise (QTN) spectroscopy is another technique used for density deter-
mination because a passive electric antenna is sensitive to fluctuations due to the thermal motion of ambi-
ent electrons and ions (Le Chat et al., 2009; Meyer-Vernet & Perche, 1989). QTN spectroscopy is not affected 
by the spacecraft potential and therefore is an advantageous way of density determination. Unfortunately, 
Juno's electric antenna is too short to perform this technique (see Kurth et al., 2017), therefore, we rely on 
plasma wave spectral cutoffs and resonances for our density measurements. A detailed explanation of the 
methodology for inferring electron density using Waves across the Juno mission can be found in Sulaiman 
et al. (2021).

The Juno spacecraft has a unique polar orbit, which provides in-situ measurements of the Jovian high-lat-
itude polar regions (Bagenal et al., 2017; Bolton et al., 2017). Juno is equipped with both a plasma instru-
ment, the Jovian Auroral Distributions Experiment (JADE) (McComas et  al.,  2017) and a plasma wave 
instrument, Waves (Kurth et al., 2017). JADE has two identical electron sensors (JADE-E) and an ion sen-
sor (JADE-I). JADE-E measures electrons in the energy range of 0.1–100 keV using a spherical top-hat 
electrostatic analyzer, two deflectors, and a microchannel plate with an anode ring underneath (McComas 
et al.,  2017). Waves makes spectral density measurements of both the wave electric field from 50 Hz to 
40 MHz with a single-axis dipole antenna contained in the spacecraft's spin plane, and the wave magnetic 
field from 50 Hz to 20 kHz with a single-axis search coil magnetometer along the spacecraft's spin axis. The 
low frequency receiver (LFR) on Waves has two low-frequency channels that sample plasma waves within 
the frequency range of 50 Hz to 20 kHz for the electric and magnetic fields from both sensors at the same 
time. A higher frequency channel of the LFR provides electric field spectra and waveforms from 10 to 
150 kHz. A digitized waveform comes from each channel and is either sent to the ground in its entirety in 
burst mode or for the majority of times as a spectrum analyzed in the digital processing unit (DPU) in order 
to produce spectra (Kurth et al., 2017).

This study presents measurements of the electron density in the previously unexplored Jovian high-lati-
tude regions, beginning around Io's M-shell ( 5.9) and extending to higher M-shells for the first 29 orbits. 
Here, we use M-shell in the same manner as dipole L-shell, but using the JRM09 field model (Connerney 
et al., 2018) with the Jovian current sheet included (Connerney et al., 1981). We use burst mode plasma 
wave measurements for determination of the electron number density. The electron density is calculated 
from measurements of the electron plasma frequency and/or the lower hybrid resonance frequency. There-
fore, our measurements are limited by times when burst mode data are obtained and when relevant charac-
teristic frequencies, dependent on the electron density, are detected.
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2. Methods and Wave Observations
A common way to determine the electron density is by locating the upper hybrid resonance frequency, ei-
ther by observing thermally excited electrostatic emission or upper hybrid waves from plasma instabilities, 
both of which are very common features in planetary magnetospheres (Birmingham et al., 1981; Gurnett 
et al., 1981, 1996, 1998, 2001; Kurth et al., 1979, 1980, 2015; Menietti et al., 2005; Mosier et al., 1973; Shaw 
& Gurnett, 1975; Warwick et al., 1979; ). However, due to the unique plasma environment of the Jovian 
high-latitude regions close to the planet (i.e., the electron cyclotron frequency, fc , is much larger than the 
electron plasma frequency, pefp , with pe cef f/pe c/  ranging from ∼6 × 10−4 to ∼4 × 10−2), the upper hybrid reso-
nance frequency is often equal to, or nearly equal to, the electron cyclotron frequency. Therefore, determi-
nation of the electron number density from the upper hybrid frequency is not possible in these previously 
unexplored Jovian high-latitude, low-altitude regions.

For this study, we use four different methods to determine the electron number density in this unique 
plasma environment. The first two methods deal with waves propagating in the whistler mode, which have 
an upper and a lower cutoff frequency at the electron plasma frequency and the lower hybrid resonance 
frequency, respectively. When an upper cutoff of the whistler-mode emission is clearly identified in the 
data, the electron number density is then calculated from the following equation (e.g., Persoon et al., 2019):

,pe ef n8980pe (1)

where pefp  is the electron plasma frequency in Hertz and en  is the electron number density in electrons per 
cubic centimeter. It should be noted that it is possible for the detectability of the whistler-mode to drop 
below pefp , but a sharp frequency cutoff more likely indicates the plasma frequency, as opposed to a gradual 
cutoff. This method of determining electron density from the propagation cutoff of whistler-mode waves 
at the electron plasma frequency (Gurnett & Bhattacharjee, 2017; Stix, 1962) has commonly been used to 
determine the electron density in Saturn's ionosphere (Persoon et al., 2005, 2019; Sulaiman et al., 2017). 
However, using the lower cutoff of the whistler-mode emission at the lower hybrid frequency for electron 
density determination is uncommon. Typically, for example, in Saturn's magnetosphere, the lower hybrid 
frequency is equal to the proton plasma frequency (Sulaiman et al., 2017, 2021), but due to Jupiter's unique 
plasma environment, the lower hybrid frequency can deviate from the proton plasma frequency and be-
come the proton cyclotron frequency, or some frequency in between (Sulaiman et al., 2021). When a lower 
cutoff of the whistler-mode emission (i.e., the lower hybrid frequency) is clearly identified in the data and 
is clearly above the proton cyclotron frequency, 

cH
f , the following equation can be solved for the electron 

plasma frequency, where S is a component of the dielectric tensor for a cold, magnetized plasma (Gurnett 
& Bhattacharjee, 2017; Stix, 1962):
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which assumes a two-species electron and proton quasi-neutral plasma, where pefp  and 
pH

f  are the electron 

and proton plasma frequencies, respectively; cefc  and 
cH

f  are the electron and proton cyclotron frequencies, 
respectively. f  has two positive solutions, the lower of the two being the lower hybrid frequency, lhfl  (in 
Hertz). The electron cyclotron frequency is determined from |B| measured by the Magnetometer instrument 
(MAG) by utilizing a pair of tri-axial Fluxgate Magnetometers (FGMs) to provide magnetic field measure-
ments at sample rates up to 64 vector samples per second (Connerney et al., 2017). The electron cyclotron 
frequency is then calculated using the total measured magnetic field and the following equation:

cef B28ce (3)

where B is the magnetic field in nT. Once pefp  is solved for in Equation 2, Equation 1 can then be used to 
compute en .

The third method to determine the electron number density is through detection of plasma oscillations, 
which provide direct determination of the electron density through the frequency of the waves at pefp . Elec-
tron plasma oscillations are polarized parallel to the magnetic field, meaning the frequency of the wave is 
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not impacted by the magnetic field. When plasma oscillations are detected, their frequency ( pefp ) is used to 
compute en  in Equation 1.

The fourth method to determine the electron number density is through detection of the lower cutoff of 
the electromagnetic ordinary mode (O-mode) emissions, which occurs at the electron plasma frequency 
(Gurnett & Bhattacharjee, 2017; Stix, 1962). It should be noted that this cutoff generally provides an upper 
limit to pefp , hence en , since the cutoff may occur remote from the observer and the local density could be 
significantly lower. Ordinary mode emissions were frequently used to determine the plasma density in the 
Jovian magnetosphere by the Voyager 1 and 2 spacecraft (Ansher et al., 1992; Barbosa et al., 1990; Barnhart 
et al., 2009; Gurnett et al., 1979, 1980, Gurnett et al., 1981; Scarf et al., 1979) and is a common technique for 
electron density determination by plasma waves (Gurnett & Frank, 1974; Gurnett & Shaw, 1973). When a 
lower cutoff of O-mode emission is detected, Equation 1 is used to compute the electron number density. 
For completeness, the identification of the upper hybrid resonance frequency, when pe cef fpe c  (or when 

pe cef fpe c , but of order cefc ), would constitute a fifth method (e.g., Gurnett et al., 2001; Kurth et al., 2015), but 
is not used here.

To summarize, the four methods used in this study to determine the electron number density are the 
following:

1.  pefp  from the upper cutoff of whistler-mode emission
2.  lhfl  from the lower cutoff of whistler-mode emission
3.  pefp  from the frequency of plasma oscillations
4.  pefp  from the lower cutoff of ordinary-mode emission

Figure 1 shows example plasma wave spectra and the associated electron density profile for each interval, 
illustrating each method used to obtain electron densities. The black dots in the spectra indicate digitized 
frequencies, and the red dots indicate computed frequencies. The green line shows the proton cyclotron 
frequency. For example, Figure 1a shows the digitized lower hybrid frequency (black dots, using method 
2) and the computed electron plasma frequency (red dots). Figure 1b shows the same time interval as Fig-
ure 1a, but now the electron plasma frequency is digitized, based on the location of plasma oscillations 
(black dots, using method 3) and the upper cutoff of whistler-mode waves (black dots, using method 1), and 
the lower hybrid frequency is computed from these digitized points (red dots). Figures 1c, 1f and 1h show 
the computed electron density profiles (density is represented by open circles, with the color indicating 
which method was used to obtain such densities). It should be noted that it is not possible for the lower 
cutoff in Figure 1g (second set of black dots) to be a cutoff frequency other than the plasma frequency, 
such as the lower hybrid frequency or the L = 0 frequency since neither can go below the proton cyclotron 
frequency (Sulaiman et al., 2021).

There are times when two or more characteristic frequencies can be identified for the same time interval, 
each of which can be used to determine fpe, hence ne. These times are important, because the densities 
inferred using multiple techniques should be similar. If so, such consistency provides confidence in the 
densities.

It should also be noted that the four methods described above are complementary to one another, meaning 
that any method can be used to derive the other characteristic frequencies of the plasma (i.e., the plasma 
frequency or the lower hybrid frequency, along with the electron cyclotron frequency, can be used as the 
observed frequency to compute the other characteristic frequencies). This is important because not all spec-
tral features are always present. Although the methods are straightforward in principle, they must be used 
with care.

In order to generate the electron density data set, we first look for times when Juno is in the high-latitude 
regions (within 10 JRJ, with magnetic latitudes between 50° and 80°) and burst mode data are obtained. In 
principle, the survey mode can also be used to determine densities using any of the four methods discussed 
here. However, the lower spectral resolution sometimes makes the identification of the characteristic fre-
quencies uncertain, not to mention less accurate. Trajectory plots of the Juno spacecraft footprint are used 
to select times for this study. Once times with burst mode data available are selected, we then visually iden-
tify well-defined spectral features in the Waves data that are associated with the electron density (i.e., the 
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electron plasma frequency and/or the lower hybrid frequency). These characteristic frequencies are then 
digitized by selecting a box covering a frequency-time range and a digitizing mode (“peak,” “top,” “bottom,” 
or “manual”). This process is done through a publicly available software tool, Autoplot (see Autoplot.org). 
The “peak” mode finds the frequency corresponding to the maximum value (i.e., maximum electric field 
spectral density, useful for narrowband emissions like plasma oscillations or upper hybrid emissions) for 
each record in the selected box. The “top” mode finds the frequency where the slope is most quickly de-
creasing as a function of increasing frequency, as for the upper cutoff of an emission. Similarly, the “bottom” 
mode finds where the slope is most quickly increasing, for the lower cutoff of the whistler-mode or ordi-
nary-mode. The “manual” mode finds the geometric middle of the box frequency range where the slopes are 
too weak for the algorithm to identify. Once the characteristic frequencies are digitized, we then calculate 
the other characteristic frequencies of the plasma using Equations 1–3. This process was done using the 
publicly available software tool Autoplot (autoplot.org) and then using Autoplot's scripting tool to run a 
script for the digitizing and computation of characteristic frequencies.
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Figure 1. Electric field frequency-time spectrograms from Juno Waves (a, b, d, e, g) and their associated electron density profiles (c, f, h). The gray scale on the 
spectra indicates the electric field spectral density (ESD). The black dots indicate the digitized frequency and the red dots indicate the computed frequency, using 
the method indicated in each spectrum. The green lines show the proton cyclotron frequency (

cH
f ) inferred from the electron cyclotron frequency ( cefc ). Electron 

density profiles (c, f, h) show the electron density calculated from the associated method, as indicated by the color. Overlap and continuation shows 
electron densities calculated from different methods are consistent. (a) The lower hybrid, lhfl , was digitized (black dots) and the electron plasma frequency, 

pefp , was computed (red dots). (b) pefp  was digitized from plasma oscillations and the upper cutoff of whistler-mode emissions (black dots), and lhfl  was 
computed (red dots). (c) Electron density profile from three different methods (methods 1, 2, and 3). (d) pefp  was digitized from the upper cutoff of whistler-
mode emissions (black dots), and lhfl  was computed (red dots). (e) lhfl  was digitized (black dots), and pefp  was computed (red dots). (f) Electron density profile 
from two different methods (methods 1 and 2). (g) pefp  was digitized from plasma oscillations and the lower cutoff of O-mode emissions (black dots), and lhfl  was 
computed (red dots). (h) Electron density profile from two different methods (methods 3 and 4).
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Finally, we look for consistencies between the observed and calculated frequencies in order to prevent mis-
identification of characteristic frequencies and in turn, the electron density. Many of the densities are ob-
tained using more than one characteristic frequency, validating our interpretations of the wave spectra. Fig-
ure 1 highlights such consistencies, showing continuity and overlap in the observed and calculated values 
for both the lower hybrid and electron plasma frequency. For example, Figure 1f shows times when both 
the lower hybrid and electron plasma frequency are observed and give consistent densities. This provides us 
with confidence that the characteristic frequencies have been properly identified.

3. Results
The Waves data files used in this study can be found and downloaded for public use at https://doi.
org/10.5281/zenodo.4456343. The resulting electron density data set includes a complete list of measure-
ment times, characteristic frequencies of the plasma (including cefc , cHfc , pefp , lower and upper hybrid res-
onance frequencies, and L = 0 and R = 0 frequencies, which indicate low-frequency cutoffs of left- and 
right-handed polarized waves, respectively), and densities. Columns indicating the digitized frequency and 
mode (i.e., peak, top, bottom, or manual), the characteristic frequency assumed, and ephemeris parameters 
(i.e., magnetic latitude, longitude, M-shell, and radial distance), are also included.

Figure  2 shows the full (perijove 1–29) high-latitude electron density data set in a cylindrical magnetic 
coordinate system (Figure 2a), projected along the JRM09 model magnetic field to the 1-bar level over the 
northern and southern polar regions (Figure 2b), plotted as a function of Juno's radial distance and M-shell 
(Figure 2c), and median densities for M-shells between 5 and 8 (Figure 2d). One notable feature is the elec-
tron density dependence on a variety of spatial parameters, such as the distance from Jupiter, M-shell, and 
magnetic latitude. Unlike a previous equatorial density study done at Saturn (Persoon et al., 2005), where 
a power law relationship was found between the density and radial distance, no such relationship can be 
deduced from the Juno observations because it is difficult to resolve the dependence of electron density on 
a single parameter due to the interdependence of these parameters. Therefore, care must be taken when 
analyzing density dependencies on spatial parameters. Different densities in overlapping measurements in 
Figure 2a highlight the variability of this region of space.

Figure 2b shows how the electron density is distributed near and between the M-shell of Io's orbit (outer 
black line) and the main auroral oval (inner two black lines). The majority of density measurements are 
located between Io's orbital M-shell and the main auroral oval. However, there are a few noteworthy meas-
urements near and poleward of the main oval. It should be noted that there are only a few measurements in 
these regions because, for a majority of the time, plasma waves associated with the electron density could 
not be confidently identified and/or burst mode data was unavailable. Some of these density measurements 
drop to very low values (on the order of 1 cm−3 and below). Low electron density measurements at low alti-
tudes are important because they can lead to Alfvénic acceleration capable of producing substantial parallel 
electric fields, which are important in auroral particle acceleration (Lysak & Song,  2011 and references 
therein). Density cavities or dropouts are known to have a connection with the auroral acceleration region 
at Earth (Paschmann et al., 2003). Parallel electric fields that cause upward-directed ion beams and conics 
in Earth's auroral cavity region have been found to be correlated with density depletions and are associated 
with auroral acceleration processes (Persoon et al., 1988). In fact, upward proton beams and ionospheric 
outflow associated with Jupiter's auroral emissions have been observed by Juno (Szalay et al., 2021).

Another notable feature is that the electron density values have a drop off at the location of Io's orbit. This 
feature is even more pronounced in Figures 2c and 2d, where densities are plotted as a function of M-shell 
(up to 20) and radial distance. The vertical black dashed line in Figure 2d shows an M-shell of 5.9 (the orbit 
of Io). A decrease in electron density is observed at M-shells inside the Io torus region (smaller M-shells). In 
Figure 2d, the median electron density is plotted for each M-shell between 5 and 8. A sharp drop in electron 
density (down to ∼0.1 cm−3) is observed just within M = 5.9 and peak densities (up to ∼2 × 102 cm−3) are 
found around M = 6.1–6.3.

Figure 2d also highlights three clear subsets of the data around the Io torus region (i.e., lower densities 
between M = 5.5 and 5.9, indicated by the blue bar, higher densities between M = 6.0 and 6.5, indicated by 
the red bar, and intermediate densities between M = 7.0 and 8.0, indicated by the green bar). We analyzed 
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the median values of these three subsets and found the following to be true: the median of the lower density 
subset is ∼1 cm−3, the median of the higher density subset is ∼102 cm−3, and the median of the intermediate 
density subset is ∼20 cm−3. Although no in situ high-latitude electron density measurements have been 
made prior to Juno, we can compare our densities to those measured by Voyager 1 via lightning whistlers, 
which provide measurements along the field lines connecting the lightning source to the spacecraft lo-
cation. Tokar et al. (1982) found the maximum electron density measured to be ∼2 × 103 cm−3 (near the 
equator for L between 5.2 and 6.2), and Wang et al. (1998a, b) found a minimum to be ∼8 cm−3 (L = 5.7–5.9) 
and ∼3–5 cm−3 (L = 5.3). Our high-density median is found to be an order of magnitude smaller than what 
was found by Tokar et al. (1982), and our low-density median is found to be the same order of magnitude 
as Wang et al. (1998a, b). The difference between our in situ densities and the remote sensing observations 
from Tokar et al. (1982) is due to the rapidly rotating Jovian system. Centrifugal forces work to confine the 
majority of heavy ions to the plasma sheet (or the centrifugal equator). The electrons are less impacted by 
the centrifugal force, but due to charge neutrality and the development of ambipolar electric fields, caused 
by small charge separation between the centrifugally confined ions and the electrons, a majority of the elec-
trons are confined to low-latitudes. A model for the high-latitude structure of the Io plasma torus was devel-
oped by Moncuquet et al. (2002) using the general properties of plasma tori. To summarize, the lower ener-
gy particles become confined to the centrifugal equator, while more energetic particles can escape to higher 
latitudes, resulting in higher kinetic energy in the high-latitude regions (i.e., farther from the centrifugal 
equator). Therefore, we expect higher temperatures and lower electron densities at higher latitudes, but the 
important result is that we are measuring torus densities on the high-latitude extension of torus field lines.

High-latitude electron density measurements are also key to explain the brightness of Io's footprint. Hess 
et al. (2013) found that a decrease in electron density could cause significant dimming in the satellite foot-
print brightness. In fact, the footprint was found to completely disappear during an injection event (Bon-
fond et al., 2012, 2017).

As recently reviewed by Bagenal and Dols (2020), there are three main regions to Io's plasma torus: (1) an 
outer region with a roughly circular cross section that contains 90% of the mass with density decreasing 
outward past Europa's orbit; (2) there is narrow, dense but vertically extended region—sometimes called the 
“ribbon”—inside Io's orbit; and (3) extending inward from the ribbon is a thin disk where the cold, dense 
(and predominantly S+) plasma is tightly confined to the centrifugal equator. The vertical extension of the 
plasma in the ribbon and outer torus is due to a combination of warmer ion temperatures, lower mass-
charge ratios (the dominant ions are O+ and S++), and a significant contribution of protons, presumably 
escaped from Jupiter's ionosphere.

The observed density decrease around M = 5.9 is reminiscent of density gradients observed at the near-equa-
torial inner edge of the Io torus by the Galileo spacecraft (Gurnett et al., 2001; Menietti et al., 2005). During 
orbit A-34, when the Galileo spacecraft passed into the region between the Io torus and Jupiter near the 
magnetic equator, Menietti et al. (2005)] reported a strong electron density gradient near the inner edge of 
Io's cold plasma torus (see Figures 3c and 3f). They found the peak electron density (2.6 × 103 cm−3 around 
5 62. )62

J
 occurs just before the inner edge of Io's hot torus. When the spacecraft entered the inner edge of 

the cold torus (around 4 76. )76
J
))  the density dropped substantially to values on the order of 1 cm−3. It should 

be noted that the upper hybrid resonance in this inner torus region is not visible. Menietti et al.  (2005) 
identified a low-frequency cutoff inward of the Io torus as either 0lfl  or pefp  because it was not clear whether 
the emissions at higher frequencies were z-mode or ordinary-mode. For Figure 3c, we have interpreted the 
low-frequency cutoff as pefp  because this is consistent with other emissions observed in the spectra. Nev-
ertheless, they identified the regions inward of the Io torus as one with very low plasma densities. In this 
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Figure 2. (a) Electron densities ( en , color bar) plotted in a cylindrical magnetic coordinate system, which uses the JRM09 magnetic field model (Connerney 
et al., 2018), for the north (left) and south (right) hemispheres. Sample magnetic field lines (M = 6, 8, and 10) are shown for equatorial crossing distances of 
6, 8 and 10 JRJ (black lines). These densities were obtained for perijoves 1–29. (b) Orthographic projections - Electron densities plotted at the location of Juno 
mapped to the 1-bar level (using JRM09 magnetic field model from Connerney et al., 2018) onto the northern (left) and southern (right) hemispheres. The inner 
two solid black lines represent the location of the statistical auroral oval from Hubble Space Telescope observations (Bonfond et al., 2012, 2017) and the outer 
black line shows the location of the Io footprint. (c) Electron densities plotted as a function of M-shell and radial distance. The vertical black dashed line is at an 
M-shell of 5.9 (the orbit of Io). A density drop off can be seen at M-shells inside the Io torus region. (d) Median electron densities for each M-shell from 5 to 8. A 
sharp drop in density (down to ∼0.1 cm−3) is observed just within M = 5.9 and peak densities (up to ∼2 × 102 cm−3) are found around M = 6.1–6.3. The blue bar 
shows the lower density subset, the red bar shows the higher density subset, and the green bar shows the intermediate density subset.
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paper, we show a continuation of the density gradient and low-density region to higher latitudes. It should 
be noted that Galileo observed two density drops: one just inside M = 5.9 and another inside M = 4.9. The 
density drop observed inside M = 5.9 is the same one Juno observes at higher latitudes, while the cold torus 
is confined to low latitudes.

Figure 3a shows an example of Juno plasma wave observations during a high-latitude pass through the flux 
tube connected to Io's auroral footprint on perijove 12, when Io's magnetic footprint nearly coincided with 
Juno's (most likely directly connected to Io's Main Alfvén Wing [Szalay et al., 2020]). The wave-particle in-
teractions for this event were analyzed by Sulaiman et al. (2020) wherein they found evidence of Alfvén, ion 
cyclotron, and whistler modes. The upper cutoff of an auroral hiss funnel (black dots in Figure 3a), associat-
ed with the Io plasma torus, was used to compute the electron number density (method 1). A sharp density 
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Figure 3.  (a) Electric field frequency-time spectrogram for perijove 12. The gray scale indicates the electric field spectral density (ESD). The upper cutoff of 
an auroral hiss funnel, associated with the Io plasma torus is digitized (method 1). The black dots show the location of the electron plasma frequency. A sharp 
drop off in density is observed around 09:21 on the inner edge of the Io plasma torus. (b) Burst mode electric field spectral densities for perijove 6. (Top) Low 
Frequency Receiver-Hi (LFR-Hi) data showing plasma oscillations at the local electron plasma frequency (black dots, method 3). (Bottom) Low Frequency 
Receiver-Lo (LFR-Lo) data showing a continuation of the electron plasma frequency based on the upper cutoff of whistler-mode emission (black dots, 
method 1). A sharp drop off in density is observed when the plasma frequency drops from LFR-Hi to LFR-Lo (around 05:39). (c) Electric field frequency-time 
spectrogram from the Galileo plasma wave instrument (PWS) on day 309 of 2002, from Menietti et al. (2005). The first set of black dots show the upper hybrid 
resonance frequency. The second set of black dots show the electron plasma frequency from the lower cutoff of ordinary-mode emissions. The pink and green 
lines show the electron cyclotron frequency and the proton cyclotron frequency, respectively. (d), (e), and (f) show the corresponding electron density profiles 
for perijove 12 (d), perijove 6 (e), and Galileo on day 309 of 2002 (f).
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depletion was observed around 09:21, near M = 5.9. The peak electron density of ∼40 cm−3 is observed just 

before 09:21, at M = 6.1 (at an altitude of 0.34 JR ). The electron density then decreased to the order of 
3

1cm  at M = 5.8 (at an altitude of 0.33 JRJ) (Figure 3d).

Figure 3b shows another example of this density depletion, but for a high-latitude pass through the Io torus 
on perijove 6, with a larger angular separation between Juno and Io ( 40.40 SIII , where SIII = Sys-
tem-III longitude = Juno's footprint longitude–Io's footprint longitude). The top panel shows the Low Fre-
quency Receiver-Hi (LFR-Hi) data and the bottom panel shows data from the Low Frequency Receiver-Lo 
(LFR-Lo). The observed plasma oscillations were used to compute the electron density in the top panel 
(method 3), and the upper cutoff of the whistler-mode emission was used in the bottom panel (method 
1), showing a continuation of the electron plasma frequency between the two channels. The peak electron 
density reaches a value of ∼60 cm−3 around 05:59:30, at M = 5.85 (at an altitude of 0.29 JR ) and then drops 
to ∼1.2 cm−3 around 05:39:45, at M = 5.61 (at an altitude of 0.26 JR ) (Figure 3e).

When comparing these gradients to the Menietti et al. (2005) observation (Figures 3c and 3f), we find that 
Juno observes much smaller peak densities at higher latitudes (∼40–60 cm−3, compared to 2.6 × 103 cm−3), 
but minimum densities are found to roughly be the same (the order of ∼1 cm−3). Sharp density gradients, 
like those shown in Figure 3, are also observed during other perijove passes when Juno flies through the Io 
torus and reaches M-shells below 5.9. This gradient is the high-latitude extension of the Io torus.

We can also compare our Waves density measurements to those measured by Juno's JADE instrument, 
which measures the partial electron density through particle counting in its energy range for limited times 
during these high-latitude crossings. Figure 4 shows electron density profiles for times during perijove 7 
(Figure 4a) and perijove 9 (Figure 4b). The black diamonds in the figure show the electron density meas-
urements from Waves and the green triangles show the partial electron densities from JADE (Allegrini 
et al., 2021). We use the term “partial” here because JADE measures the part of the electron distribution 
that is, within its energy range (∼0.1–100 keV). Thus, it does not account for electrons with energies out-
side its energy range, even though they contribute to the total electron density. There is a good agreement 
between Waves and JADE electron densities when both instruments are able to make the measurement. 
However, for many of the passes JADE is unable to measure the total electron density, especially near the 
Io torus region where the electron sensors are overwhelmed by penetrating radiation and when the core of 

ELLIOTT ET AL.

10.1029/2021JA029195

10 of 13

Figure 4. Density profiles for times during perijove 7 (a) and perijove 9 (b). The black diamonds show electron density measurements from Waves and the 
solid green triangles show partial electron density measurements from JADE (McComas et al., 2017). During times when both Waves and JADE can make the 
electron density measurements, their values agree well. Times when only Waves measurements are available correspond to when JADE cannot confidently 
measure the bulk of the electron density.



Journal of Geophysical Research: Space Physics

the electron distribution falls outside their energy range. Waves, however, is not affected by these conditions 
and can make these critical observations in this region. A detailed survey of electron partial densities and 
temperatures using JADE data over Jupiter's main auroral emission is presented in Allegrini et al. (2021).

4. Summary
In this paper, we have presented measurements of Jovian high-latitude electron densities on the near Io 
torus field lines measured by the Juno Waves instrument for the first 29 orbits. To determine the electron 
density, we employed four different methods of interpreting the plasma wave spectra:

1.  fp  from the upper cutoff of whistler-mode emission
2.  lhfl  from the lower cutoff of whistler-mode emission
3.  pefp  from the frequency of plasma oscillations
4.  pefp  from the lower cutoff of ordinary-mode emission

We found that the electron densities depend on a variety of spatial parameters and it is difficult to separate 
correlations due to the interdependence of spatial parameters in this region of space. Most of our meas-
urements were located between Io's M-shell and the main oval, but a few low-density measurements were 
found to occur near the auroral oval at low altitudes, which may be important in future particle acceleration 
studies. We compared our high-latitude measurements to densities obtained by whistler observations made 
by the Voyager 1 spacecraft and found consistent measurements, but also lower peak densities, which is 
expected at higher latitudes. Density gradients were observed near the inner edge of the Io torus, which 
was previously observed in the inner magnetosphere by the Galileo spacecraft revealing the high-latitude 
extension of the inner edge of the torus. More recently, observations of cold ionospheric ions and precipi-
tating magnetospheric ions by the JADE-I sensor showed a gradient in the flux at the same location as the 
Waves electron density measurements (Valek et al., 2019). These observations demonstrate the extension of 
elevated Io torus densities along field lines to higher latitudes.

We compared our electron density measurements to partial electron densities measured by the JADE in-
strument and found good agreement with times when both Waves and JADE can make the measurement. 
There are often times of high radiation and the mean electron energy is outside the range of the JADE sen-
sors, which is why the use of plasma wave density measurements is important because they support plasma 
instruments through indirect measurements of electron densities. We hope future studies can utilize our 
density data set as inputs for various magnetospheric plasma models. Further electron density studies cov-
ering the equatorial and Io plasma torus regions, through Juno's extended mission, will make it possible to 
expand our density data set and perform comparative studies with high-latitude electron densities.

Data Availability Statement
The data used in this study are publicly accessible through the Planetary Data System (https://pds.jpl.nasa.
gov). The tabulated Waves densities, characteristic frequencies, and ephemeris parameters used in this 
study can be found at https://doi.org/10.5281/zenodo.4456343 (Author comment: this link will be finalized 
once the manuscript has been accepted for publication).
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