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Since this serendipitous discovery, the study of planetary 
magnetospheres in our solar system has started!

Serendipitous discovery of Jupiter’s auroral radio emissions
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NASA’s Juno Mission to Jupiter
• Principal Investigator:  
Scott Bolton at Southwest 
Research Institute, USA. 

Unlocking Jupiter’s Secrets 
• Origins: Determining how much 
water is in Jupiter’s atmosphere 

• Interior: Mapping Jupiter’s 
magnetic and gravity fields 

• Atmosphere: Looking deep into 
Jupiter’s atmosphere 

• Magnetosphere: Exploring and 
studying Jovian magnetosphere 
near the poles, especially 
auroras

[NASA/JPL]





[Bolton+, SSR, 2017]

14 S.J. Bolton et al.

Fig. 3d View of Juno’s trajectory perpendicular to the orbit plane. There were no science data during Jupiter
Orbit Insertion (PJ0) and PJ2

gitudes 90° apart after 4 orbits, 45° apart after 8 orbits, 22.5° apart after 16 orbits, and 11.25°
apart after 32 orbits, lending robustness to the magnetic field investigation in case of missed
longitudes or premature mission termination. With JOI counting as perijove 0 (PJ0), the first
orbit with a longitude useful for the magnetic field investigation was PJ1. No useful science
was achieved at PJ2 (aside from X-band tracking for gravity science) due to the decision
to cancel the PRM, and the subsequent pre-PJ2 safe mode entry. PJ3 through PJ33, if all
are successful, will finish the 32 baseline science orbits along with PJ1. PJ34 is the spare
perijove, and PJ35 on 7/30/21 marks the planned End of Mission (EOM) with an impact
into Jupiter after the deorbit maneuver.

For a planned 5-year Jupiter mission, with 36 total perijoves of 53-day orbits, the min-
imum and maximum Earth ranges (opposition and solar conjunction) each occur roughly
every 13 months. Sun range reached a maximum of 5.46 AU in early 2017 (Jupiter aphe-
lion), and will decrease to 5.03 AU at EOM in mid-2021. The one-way Earth-Juno light
travel time varies between about 34 and 53.5 minutes.

Gravity science requires communicating with the DSN (Earth-pointed spin axis), and
microwave atmospheric sounding requires nadir pointing (spin axis perpendicular to orbit
plane). These two primary spacecraft spin-axis orientations (Gravity Science = GRAV, and
MicroWave Radiometer = MWR) support most mission science measurements. MWR at-
titudes are used in early orbits when the resulting spin-axis to Sun angle is not too large
and the solar arrays can supply sufficient power. Earth-pointed GRAV attitudes are used in
most of the other orbits, so that two-way X- and Ka-band links between the DSN and the
HGA are maintained for the perijove pass. After about PJ9, MWR and other attitudes under
consideration with a significant off-Sun angle for the solar arrays can only be maintained
for very limited durations near perijove.

GRAV favors the geometry near opposition, since small Sun-Earth-Juno angles near con-
junction increase noise from the Sun’s corona for X-band, which is more susceptible than
Ka-band. MWR attitudes may also be usable if an extended mission is performed, when the

The Juno Mission 15

Fig. 4 Juno passes north to south in about two hours. There were no science data during Jupiter Orbit
Insertion (PJ0) and PJ2 (black). The orbits are spaced in longitude to allow mapping of the planet at increasing
resolution (90° blue, 45° orange, 22.5° green and 11.25° purple)

off-Sun angle is again more favorable. Radiation accumulation occurs mainly during the part
of the orbit coming in to perijove, and increases substantially as the orbital line of apsides
(connecting perijove and apojove) rotates due to Jupiter’s oblateness, and as perijove lati-
tude increases from 3° at JOI to 31° at PJ35. Radiation is expected to be the main limitation
to Juno’s mission lifetime.

Juno utilizes JSOC, the Juno Science Operations Center, for ground data and mission
operations systems and to facilitate the distribution and archiving of data (see Sect. 3 below).

2 Juno Science Goals and Objectives

2.1 Formation of the Giant Planets

Giant planets are the alpha and omega of planetary formation and evolution. They are the
beginning because they are rich in the primary cosmic elements hydrogen and helium, and
must form within the first few million years when the protoplanetary disk is in its gaseous,
solar nebula stage. Because of their large gravitational fields, Jupiter and Saturn then played
primary roles in the scattering of solid material, dynamically exciting the solids and ejecting
a large fraction from the solar system. They therefore accelerated terrestrial planet growth
and brought it to a quick end after roughly 108 years (Chambers and Wetherill 1998).

Juno will provide information on Jupiter’s formation via three key measurements. First,
the measurements of Jupiter’s global water abundance from microwave radiometry up to
pressures of 100 bars will provide constraints on the water total abundance (Janssen et al.

1 RJ = 71,492 km

Juno orbital trajectory

• JOI (PJ0): 07/05/2016 02:47 
• PJ01:       08/27/2016 12:51 
• PJ02:       10/19/2016 18:10 
• PJ03:       12/11/2016 17:03 
• PJ04:       02/02/2017 12:57 
• PJ05:       03/27/2017 08:52

• PJ06: 05/19/2017 06:00 
• PJ07: 07/11/2017 01:55 
• PJ08: 09/01/2017 21:49 
• PJ09: 10/24/2017 17:43 
• PJ10:  12/16/2017 17:58 (Tomorrow!) 
• PJ11:  02/07/2018 13:52

(c) NASA/JPL-Caltech
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Juno’s early results in May 2017

2 Overview Papers 
(Bolton+ for Jovian interior deep atmosphere;  
Connerney+ for Jovian magnetosphere)

50 Detailed Papers 
(where three papers led by 

Imai were collected)



Magnetospheric Science Objectives of the Juno Mission

Fig. 1 (A) The magnetosphere of Jupiter extends 63–92 Jovian radii in the direction towards the Sun, with a
tail that stretches beyond the orbit of Saturn >4 AU, and occupies a volume over a thousand times that of the
Sun. (B) Intense auroral emissions are signatures of the coupling between the planet and the magnetospheric
plasmas. (C) The Juno spacecraft will fly through the regions where the auroragenerating particles are excited.
(D) The magnetosphere is dominated by a ∼1 ton/s source of plasma from Io’s volcanic gases that forms a
toroidal cloud around Jupiter. (E) Close to the planet are strong radiation belts comprising energetic (MeV)
electrons that emit synchrotron emission

mapped out the equatorial magnetospheric structures and monitored their temporal variabil-
ity.

Jupiter’s strong magnetic field makes the magnetosphere of Jupiter the largest ob-
ject within the heliosphere (Fig. 1), stretching in the direction towards the Sun for typi-
cal distances of 63–92 RJ (the radius of Jupiter, RJ = 71492 at the 1 bar level, see the
Appendix). Over a ton/second of Io’s SO2 atmosphere escapes the satellite. The escaping
neutrals are dissociated, ionized and trapped by the magnetic field. The resulting dense
(∼2000 particles/cm3) torus of plasma, roughly corotates with Jupiter’s ∼10 hour spin pe-
riod. The ions of sulfur and oxygen (Ti ∼100 eV) are excited by the ∼5 eV thermal elec-
trons and radiate ∼1.5 terawatts of UV emission. Rather than cooling on expansion, the
iogenic plasma is heated (by an as-yet-unknown process) to temperatures of ∼10 s keV
as it is transported radially outwards (via flux tube interchange motions) on timescales of
weeks. Coupling of the magnetospheric plasma to Jupiter’s rotating atmosphere dominates
the dynamics of the magnetosphere, the ensuing strong centrifugal forces producing an ex-
tended, equatorially-confined plasmadisk. Associated with the electrical currents that cou-
ple the magnetospheric and ionospheric plasmas are intense auroral emissions that span the
spectrum from X-rays to radio. The hot plasma in Jupiter’s plasmadisk inflates the magneto-
sphere, making it larger and more compressible than a magnetic dipole alone. While the vast

Jovian magnetosphere science from Juno

[Bagenal+, SSR, 2014]

A: Jupiter’s magnetosphere 
(100 times larger than 
the Earth’s one) 

B: Jovian aurora in north 
pole taken by Hubble 
Space Telescope 

C: Field-align currents at 
pole 

D: Volcanic satellite Io 
producing plasma torus 

E: Jovian radiation belt 
(MeV electrons) in 
synchrotron emission

• What is the high latitude structure of the magnetosphere?  
• Where and how are the particles that excite the aurora accelerated? 
• Where and how is auroral radio emission generated? 
• What mechanisms accelerate particles to radiation belt energies?

[After Bagenal+, SSR, 2014]

Outstanding issues to be addressed by Juno



Magnetic 
filed line

Radiation

Source

Magnetic 
field

UV auroras
(c) NASA/Clarke

1. Non-thermal, strong bursts 

2. Highly elliptically/circularly polarization 

3. Emission frequency close to electron 
gyrofrequency via electron cyclotron 
maser instability 

4. Anisotropic emission beam from a radio 
source along a magnetic field line

Jupiter’s auroral radio emissions 
have such properties as:

Frequency Term

1 - 40 MHz Decameter 
(DAM)

0.3 - 10 MHz Hectometer 
(HOM)

10 k - 1 MHz Kilometer 
(bKOM)

[cf. Carr+, 1983; Zarka, 1998; Clarke+, 2004; Imai+, 2011a]
(c) Imai Lab./KNCT

Jupiter’s auroral radio emissions



Juno Waves instrument

E-field

B-field

University of Iowa  
radio and plasma wave (Waves) instrument

Receivers

50 Hz-40 MHz

50 Hz-20 kHz
from electric dipole antenna

from magnetic search coil sensor
1 x LFR, 2 x HFR

Frequency  
bands five different bands

W.S. Kurth et al.

Fig. 19 Effective axis of electric antenna with spacecraft coordinate system

Fig. 20 Juno simplified search
coil schematic after Hospodarsky
(2016)

variable field by the soft magnetic core material that could be detected by the Juno MAG.
Second, the shorter core reduces the sensitivity of the search coil at lower frequencies, hence,
preventing saturation near perigee in the presence of Jupiter’s strong (∼ 10 Gauss) magnetic
field. A low noise preamplifier designed to survive the heavy radiation environment is lo-
cated about 40 cm from the search coil, but within the spacecraft thermal protection system.
As discussed by Hospodarsky (2016) the preamplifier supplies a feedback current to the
main coil which flattens the resonance that would otherwise be sharply peaked. This re-
sponse is illustrated in Fig. 21 showing the transfer function of the Juno search coil. While it
is customary to mount such antennas on booms of a few meters in length so as to minimize
interference from the spacecraft and its systems, such a boom was impractical within the
spacecraft design concept. Hence, the Juno search coil is body-mounted near the bottom of
the main spacecraft structure with its sensitive axis parallel to the spacecraft spin axis in
order to minimize the spin tone which would be experienced by the spacecraft spinning in
the ∼ 10 Gauss field of Jupiter. The in-flight noise level of the search coil is given in the
section on performance.

[Kurth+, SSR, 2017]

The Juno Waves Investigation

Fig. 18 Juno Waves block diagram

the very large low-frequency signals associated with the v × B that can reach 60 V/m. An
automatic attenuation capability in the preamp is used to protect against saturation effects
at the largest expected amplitudes, thereby extending the dynamic range. This capability
is provided by an independent attenuator in each of three frequency ranges: 20 Hz to 80
kHz, 400 Hz to 400 kHz, and 20 kHz to 40 MHz. These are set to cover the LFR-Lo, LFR-
Hi, and both HFR frequency ranges with some margin. Very large signals in any one of
these ranges would lead to the application of 25.3, 25.3 or 19.0 dB of attenuation in the
respective band. While the attenuation can be set by command, the instrument can detect
signal amplitude and respond autonomously by setting the preamp attenuation. The same
three frequency ranges are also covered by individual signal lines to the main electronics.
This further protects the analysis of signals in one band from large signals in one of the other
bands. Additional signal amplitude management is available within the various receivers
with the use of gain amplifiers to keep the signal within a usable range for the analog-to-
digital converters.

4.3 Magnetic Antenna

The magnetic component of waves in the frequency range of 50 Hz to 20 kHz is mea-
sured with a search coil magnetometer shown in Fig. 16 consisting of a 15-cm long high-
permeability core within a bobbin holding 10,000 turns of #38 copper wire coupled to a
preamplifier, shown schematically in Fig. 20. A detailed discussion of the basic design of
search coil magnetometers is given by Hospodarsky (2016). The core length was limited for
a couple of reasons. First, the length was shortened to reduce the possibility of creating a

[NASA/JPL-Caltech]



Juno’s advantages for Jovian radio emissions
Near radio 
sources

Toward  
observer at Earth

Magnetic 
field line

Juno can determine the radio source locations and the beaming properties, by
(c) NASA/JPL-Caltech

The LWA1 Array

22

A collaboration of the following institutions: 
U. New Mexico, Virginia Tech, Los Alamos NL, 
JPL, the Naval Research Lab, Caltech, Harvard, 
NRAO, and the Air Force Research Lab

Imai et al., 2010

from Ellingson, IEEE, 2013
Location Socorro, NM, near VLA
Bandwidth  10‐88 MHz
Antennas 256 crossed‐dipoles (sky 

noise dominated)
Polarizations Dual linear
Bandwidth 16 MHz x 2 tunings X 4 

beams
Beams 4 independently‐steerable

2 tunings per beam
Beam FWHM < 3.2q × [(74 MHz)/Q]
Instrument  6 kJy at zenith System Equiv.

Sensitivity  Flux Density (SEFD) 
[1 Jy = 10‐26 W/m2/Hz]

Beam Sensitivity  ≈ 8 Jy (5σ) for 1 s, 16 MHz, 
Z = 0 (inferred from SEFD)

Array Geometry
256 Antenna stands, 100 m x 110 m elliptical 
footprint + 2 outrigger antennas for calibration
Pseudo‐random arrangement – to suppress aliasing

LWA1, NM at Earth

Juno at Jupiter

“Near-field”

1. identifying emission frequency close to the local gyrofrequency with in situ 
particle measurements through Juno’s perijove surveys [Kurth+, GRL; Louarn+, GRL],

2. computing wave k vectors from spin-modulated spectral density [Imai+, GRL, c],

3. performing stereoscopic radio observations with Juno and an Earth-based radio 
telescope [Imai+, GRL, a; Louis+, GRL] or investigating statistical characteristics of 
Jovian radio occurrence [Imai+, GRL, b] with the aid of Jovian radio beaming model.

“Far-field”



1. Juno in-situ surveys

The geometry of the perijove 1 trajectory is represented in two ways in Figure 1. First, the trajectory is shown
in cylindrical magnetic coordinates based on the VIP4 dipole magnetic field model [Connerney et al., 1998] in
Figure 1a. The five red dots labeled A–E indicate times when Juno passed through or close to CMI radio
sources as described below. Figures 1b and 1c show the footprint of the Juno trajectory mapped to the planet
by using the VIP4 magnetic field model. The footprint starts in the north and ends in the south when Juno is
about 10 RJ from Jupiter. Magnetic local time and Io phase change rapidly or even discontinuously at
perijove. Figure S1 in the supporting information provides more detail on these variations.

2. Observations

Figure 2 shows the Juno Waves observations from 1 kHz to 30MHz and from 08:00 on 27 August to 06:00 on
28 August, days 240 and 241, respectively, of 2016 (all dates and times herein are UT). The electric field
spectral density is shown as a function of frequency and time using a gray scale. Note that the baseband por-
tion of the High Frequency Receiver covering the frequency range from about 140 kHz to 3MHz has reduced

Figure 1. Geometry of Juno’s first perijove. (a) A cylindrical projection of the flyby geometry using the VIP4 model. The
trajectory is indicated with the black dashed line with 2 h ticks. The red contours are isosurfaces for the R-X cutoff with
the log of the frequency indicated. Example VIP4 field lines with a disk current sheet [Connerney et al., 1981] are shown in
blue. The low-latitude R-X cutoff incorporates a modified plasma sheet density model [Imai et al., 2017c]. The red dots
indicate times when Juno passed through or close to auroral radio sources. (b) Projection of Juno’s trajectory onto the
northern hemisphere using the VIP4 model. The green color indicates times when the Waves instrument was in its survey
mode, the red when burst mode was enabled, and the orange indicates a recorded segment of just the 20 kHz electric
field channel. Note that an onboard algorithm is used to decide which data to retain for return to the ground so that actual
burst coverage is not continuous. The double solid black lines indicate the statistical auroral oval from HST observations.
(c) Same as Figure 1b but for the southern hemisphere as viewed from the north (through the planet).

Geophysical Research Letters 10.1002/2017GL072889

KURTH ET AL. JUPITER’S AURORAL RADIO SPECTRUM 7115

[Kurth+, GRL, 2017]

1 RJ = 71,492 km



1. Juno in-situ surveys

• Juno can identify emission frequencies close to the local electron cyclotron frequency 
at the auroral radio source during Juno’s perijove surveys from pole to pole. 

• The HOM emissions in Event C where accounted by the loss cone-driven CMI theory, in 
which up-going electron populations were at 5-10 keV and the amplified HOM waves 
propagated at 82o-87o from the B field vector [Louarn+, GRL, 2017].

[Kurth+, GRL, 2017]

function for this time and conclude that the loss cone is adequate to drive the CMI over the interval from
about 13:27:40 to 13:29:10 and possibly to 13:29:40. Because of the Doppler shift, they would expect the
emission ~200 kHz above fce at 13:28:50, similar to that seen early in Figure 4. Evidence for a loss cone
during this time period is also found in the more energetic JEDI electrons.

Both events B and C near 12:12 and 13:30 show spectra extending to and even below fce, exhibit intensifica-
tions, and show downward going electron fluxes along with a loss cone for upward going electrons. All of
these are suggestive of a local source for CMI emissions and in line with our expectations based on in situ
observations at Earth.

Figure 2 highlights three other times when we suspect radio source crossings; these are identified as events
A, D, and E. For these events, Juno was more distant from Jupiter; hence, the local fce was lower, and the radio
sources in question are in what is traditionally called the kilometric wavelength range. Event A is a brief epi-
sode of broadband kilometric radiation occurring just above fce between 8:40 and 9:30 on day 240. There are
no Waves burst data for this time period, and the survey data do not clearly show the radio emissions drop-
ping below fce. However, near 8:48 JADE observes an increase in flux at 2–4 keV with a suggestion of a down-
going beam of electrons (not shown). There is insufficient evidence to identify this as a source crossing.

Event D occurs over an interval from about 18:00 to 19:40 on day 240, with a clear intensification centered on
about 19:30. High-resolution data in Figure 5 show the extension of the radio emissions down to within 1 kHz
or so of fce near 18:37. This spectrogram is also noteworthy as another example of spectral complexity in the
radio emissions. The electron data during this period have not been examined for evidence of a free energy
source for the CMI. Short of this analysis, we again classify this event as a close flyby of a source.

Figure 4. (top) Event C: High-resolution Waves spectrogram with arrows showing times when auroral radio emissions are
very close to fce (white line). Bottom three plots: (top) An ion energy-time spectrogram showing evidence of ion
acceleration to several keV. (middle) An electron energy-time spectrogram showing a power law-like distribution and
(bottom) an electron pitch angle distribution with downgoing beams and loss cones for the upgoing electrons. Here at
southern latitudes 0° pitch angles show downgoing electrons and 180° pitch angles show upgoing electrons.

Geophysical Research Letters 10.1002/2017GL072889

KURTH ET AL. JUPITER’S AURORAL RADIO SPECTRUM 7118



2. Juno direction-finding analysis
(a) 2016−08−26 22:55:28.8 to 22:55:56.8
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(b) 2016−08−26 22:55:29.2 to 22:55:57.2

Freq: 28.20 kHz  
W = 56.7 − 44.2 cos [2 (ωt − 88.0o)]
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(c) 2016−08−26 22:55:29.2 to 22:55:57.2

Freq: 50.17 kHz  
W = 20.4 − 17.3 cos [2 (ωt − 74.6o)]
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(d) 2016−08−28 13:48:54.7 to 13:49:23.7

Freq: 11.23 kHz  
  W = 13.4 − 11.1 cos [2 (ωt − 160.1o)]

0 30 60 90 120 150 180
Rotation Angle of Spacecraft ωt (degrees)

05
101520253035

Re
lat

ive
Sp

ec
tra

l D
en

sit
y

(e) 2016−08−28 13:48:54.7 to 13:49:23.7

Freq: 14.16 kHz  
  W = 11.6 − 9.5 cos [2 (ωt − 133.2o)]
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(f) 2016−08−28 13:48:56.0 to 13:49:25.0

Freq: 112.40 kHz  
W = 9.4 − 8.2 cos [2 (ωt − 144.1o)]
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(LFRL)

(LFRH)

(LFRH)

(LFRL)

(LFRL)

(LFRH)

• Examples of least-square fits of the observed spectral density versus 
rotation angle of Juno for observed frequency. 

• The modulated intensity may be expressed [Lecacheux, 1978] as 
 
 
where modulation index m is sin !sc. 

• The modeled radio source is located on the emission frequency surface 
(based on the existing Jovian magnetic field and plasma models) and 
intersects the k vectors derived from the direction-finding method.

Modeled Radio Source

Juno-Jupiter Line

Emission Frequency
Surface (R-X)

Active Magnetic Field Line
Source Footprint

[Adapted from Imai+, GRL, 2017c]



2. Initial DF results of bKOM from Juno Perijove 1

(b)
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[Kurth et al., 2017b]

2016-08-27
06:00
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180o SIII 

Analyzed Period:
2016-08-26 22:15 to
2016-08-27 00:15

50 o Lat.

[Adapted from Imai+, GRL, 2017c; PRE8, 2017d]

• Our bKOM radio footprints are 
close to the inner edge of the 
empirical mail oval, in good 
agreement with the Juno 
footprints during the near-
source crossing [Kurth+, GRL, 
2017b; PRE8, 2017c]. 

• The M-shell (similar to L-shell 
but with a non-dipole field 
model) of these radio sources 
ranges from 50 to 60, compared 
to M-shell=5-58 [Ladreiter+, PSS, 
1994] 

• The mean cone half-angle 
extends from 40o to 55o, 
consistent with that of 30o to 
80o based on the Ulysses DF 
study [Ladreiter+, PSS, 1994]
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3. Stereoscopic radio observations with Juno

• Two well-defined Jovian DAM radio arcs were observed at latitudinal 
separations of 11o-16o from the Juno spacecraft near Jupiter and the Nançay 
Decameter Array (NDA) at Earth on 17 May and 25 August, 2016.

• By means of measurements of the wave arrival time at two distant observers 
with propagation time correction, the remaining delay times are 92.8 ± 1.3 min 
for the first arc and 116.0 ± 1.2 min for the second arc.

[Imai+, GRL, 2017a]

Geophysical Research Letters 10.1002/2016GL072454

Figure 1. (a) Geometrical positions of Jupiter, Juno, and the Nançay Decameter Array (NDA) at Earth organized for two
occasions on 17 May and 25 August 2016, in which the gray and orange solid lines indicate the Earth-Jupiter-Juno
lines. The horizontal and vertical axes are in the Heliocentric Earth Equatorial system, but the stereoscopic angles are
computed from the Jupiter Solar Equatorial system. (b) Juno and Earth locations marked as a function of time in
an Io phase-CML diagram, for intervals from 18:00 to 22:00 on 17 May and from 10:30 to 14:30 on 25 August (the
corresponding dynamic spectra are shown in Figure 2). The circles correspond to the positions where a correlated
discrete arc at each observer had a peak intensity at 23.5 MHz for the 17 May event and at 19.5 MHz for the 25 August
event. The background occurrence probability map is based on 13 year ground-based radio observations from NDA
[Leblanc et al., 1993, and references therein]. The white box regions were designated by Garcia [1996] on the basis of
39 year DAM observations at 18 to 22 MHz at the University of Florida Radio Observatory.

limitation of continuous spectral data obtained during the Voyager 1 and 2 flybys of Jupiter, there is a lack of
understanding of the latitudinal beaming structures of Jovian DAM radiation.

The purpose of this paper is to report two concurrent DAM observations from the Juno spacecraft near Jupiter
and a ground-based low-frequency radio observatory at Earth that are widely spaced in latitude over a broad
frequency range of 10 to 40 MHz. These observations provide new information on the latitudinal beaming
structure of the arcs as well as the geometrical location of radio sources in which the resonant electrons reside.

2. Observations

The first detection by the Juno spacecraft of Jovian DAM emission on 5 May 2016 was made at a distance
of 515 radii of Jupiter (RJ ; 1 RJ is equal to 71,492 km) during Juno’s interplanetary cruise prior to the Jupiter
orbit insertion on 5 July 2016. Since then, a new opportunity is provided to perform common DAM obser-
vations with Juno and Earth-based radio observatories. The concurrent DAM radio emissions were captured
by the Juno spacecraft, which is now successfully orbiting Jupiter, and the Nançay Decameter Array (NDA)
in Nançay, France. The radio and plasma wave (waves) instrument onboard Juno is composed of one electric
dipole antenna, one magnetic search coil sensor, and three onboard receivers that record the electric fields
of waves from 50 Hz to 41 MHz and the magnetic fields of waves from 50 Hz to 20 kHz [Kurth et al., 2012]. The
three onboard receivers monitoring five different frequency bands are named the low-frequency receiver and
two redundant high-frequency receivers (HFRs). For the present study, we utilize only the higher-frequency
band of the HFR (HFRH) having 38 linearly spaced channels from 3.5 to 40.5 MHz with a noise bandwidth of
666 kHz. Depending upon the mode operation of the instrument, the temporal resolution is selectable at 1,
10, or 30 s for one complete sweep of the HFRH data, but we use all of such various temporal resolutions in
this study.

The NDA comprises 72 right- and 72 left-hand conical spiral antennas, occupying a total area of about 8000 m2

[Boischot et al., 1980; Lecacheux, 2000]. The effective area at 25 MHz corresponds to 4000 m2 for each circular
array. By means of electrical phasing and delay lines, Jovian radio tracking is available for about 8 h per day in
a broad frequency range of 10 to 40 MHz. In the regular routine digital receiver employed in the NDA, a total
of 400 linearly spaced channels is provided with a temporal step of 1 s and a noise bandwidth of 30 kHz. In this
study, only right-hand polarized power from NDA is used. In short, the overlapping frequency range between
Juno and NDA covers from 10 to 40 MHz, which monitors a large fraction of the Jovian DAM spectrum.
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3. Stereoscopic radio observations with Juno
(a) Observer for 17 May Event
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(b) Observer for 25 August Event
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(c) Radio Source for 17 May Event
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(d) Radio Source for 25 August Event

(Solid, Dotted) :
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• Modeling arcs as viewed from 
Juno and NDA at different 
latitudes and from radio sources 
mapped onto the Jovian 
atmosphere. 

• According to the loss-cone driven 
CMI theory [Hess+, GRL, 2008],  
 
 
where ve is the velocity of the 
resonant electron. 

• The radio sources are estimated 
to be located at about 173o ± 10o 
in System III longitude projected 
onto the Jovian surface, implying 
resonant electron energy ranges 
from 0.5 to 11 keV in the source.

[Imai+, GRL, 2017a]



Summary
Near radio 
sources

Toward  
observer at Earth

Magnetic 
field line

(c) NASA/JPL-Caltech

The LWA1 Array

22

A collaboration of the following institutions: 
U. New Mexico, Virginia Tech, Los Alamos NL, 
JPL, the Naval Research Lab, Caltech, Harvard, 
NRAO, and the Air Force Research Lab

Imai et al., 2010

from Ellingson, IEEE, 2013
Location Socorro, NM, near VLA
Bandwidth  10‐88 MHz
Antennas 256 crossed‐dipoles (sky 

noise dominated)
Polarizations Dual linear
Bandwidth 16 MHz x 2 tunings X 4 

beams
Beams 4 independently‐steerable

2 tunings per beam
Beam FWHM < 3.2q × [(74 MHz)/Q]
Instrument  6 kJy at zenith System Equiv.

Sensitivity  Flux Density (SEFD) 
[1 Jy = 10‐26 W/m2/Hz]

Beam Sensitivity  ≈ 8 Jy (5σ) for 1 s, 16 MHz, 
Z = 0 (inferred from SEFD)

Array Geometry
256 Antenna stands, 100 m x 110 m elliptical 
footprint + 2 outrigger antennas for calibration
Pseudo‐random arrangement – to suppress aliasing

LWA1, NM at Earth

Juno at Jupiter

“Near-field”

1. First advantage is to examine the detection of emissions compared to the local 
gyrofrquency as well as in situ particle measurements on board Juno. Juno’s 
proximity to Jupiter is a prime advantage.

2. Estimating the direction-of-arrival of incoming waves from the spin-modulated 
spectral density is the second advantage.

3. With a Jovian radio beaming model, the third advantage is a comparison of 
stereoscopic radio observations from various vantage points.

“Far-field”

3 advantages to 
probe Jovian aurora 
radio sources
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The state vector is a set of scaling factors, X= (x1, x2, … , xn)
T , 0 ≤ xi ≤ 1, at prescribed pressure levels p1 , p2 ,

… , pn. The ammonia concentration at pressure pi is thus xiq
*(pi), where q*(pi) is the ammonia concentration

of an ideal adiabat at pressure pi. The scaling factor x at any pressure p is given by the linear interpolation of xi
and xi + 1 on the axis of logpi and logpi + 1, where pi< p< pi + 1. The log probability in equation (5) is modified
according to first requirement as

lnP XjeY
! "

¼ lnP eYjX
! "

þ lnP Xð Þ % lnP eY
! "

% λ DXj jj j2; (6)

where λ is a positive tunable parameter describing the strength of regularization and D is the Tikhonov
regularization matrix [Tikhonov et al., 1977]:

D ¼

1 %1 0 0 0

0 1 %1 0 0

0 0 … … 0

0 0 0 1 %1

0

BBB@

1

CCCA (7)

Equation (7) imposes a penalty for large variance of X. If λ is large, the penalty would be large so that the result
is guided toward a solution in which X has small variance. We find that λ≈ 1 balances the goodness of fit and
the variances of X. Similar kinds of regularization methods have been used in the hyperspectral imaging of
Mars [e.g., Kreisch et al., 2017; Quemerais et al., 2006].

We used the same MCMC sampling algorithm described in section 3.1 according to the log probability
expressed in equation (6) with a regularization term in equation (7). The sampling levels are 92.0, 33.1,
20.1, 12.2, 7.39, 4.48, 2.72, 1.65, 1.00, 0.61, and 0.3 bars, each separated by about half a pressure scale height.
The scaling factor at the lowest and highest sampling levels are held fixed at 1.0 to satisfy the boundary
condition that the ammonia gas is saturated at the top boundary and the ammonia concentration is equal
to the deep ammonia abundance at the bottom boundary. Inversions are performed latitude by latitude
up to 40° north and south at 2° resolution.

The vertical-latitudinal cross section of ammonia concentration for the medium-high water case is displayed
as Figure 3 of Bolton et al. [2017]. The profiles of ammonia at four typical latitudes are shown in Figure 3. The
EZ (0–5°N) features a high concentration of ammonia of about 350 ppm, which is consistent with the

Figure 4. The colored contours show the ammonia concentration in parts per million inverted from nadir brightness tem-
peratures during PJ1 flyby assuming that the deep water abundance is 0.06% (0.65 times solar). The deep ammonia
abundance is 373 ppm, and the reference temperature is 132.1 K at 0.5 bar. The aspect ratio in the horizontal and vertical is
exaggerated.

Geophysical Research Letters 10.1002/2017GL073159

LI ET AL. THE DISTRIBUTION OF AMMONIA ON JUPITER 5323

[Bolton+, Scirnce, 2017; Li+, GRL, 2017]

122-ms snapshot on August 27, 2016

Juno Radio Observations
Waves instrument [Kurth+, SSR, 2017]

MWR instrument  
[Janssen+, SSR, 2017]

W.S. Kurth et al.

Fig. 19 Effective axis of electric antenna with spacecraft coordinate system

Fig. 20 Juno simplified search
coil schematic after Hospodarsky
(2016)

variable field by the soft magnetic core material that could be detected by the Juno MAG.
Second, the shorter core reduces the sensitivity of the search coil at lower frequencies, hence,
preventing saturation near perigee in the presence of Jupiter’s strong (∼ 10 Gauss) magnetic
field. A low noise preamplifier designed to survive the heavy radiation environment is lo-
cated about 40 cm from the search coil, but within the spacecraft thermal protection system.
As discussed by Hospodarsky (2016) the preamplifier supplies a feedback current to the
main coil which flattens the resonance that would otherwise be sharply peaked. This re-
sponse is illustrated in Fig. 21 showing the transfer function of the Juno search coil. While it
is customary to mount such antennas on booms of a few meters in length so as to minimize
interference from the spacecraft and its systems, such a boom was impractical within the
spacecraft design concept. Hence, the Juno search coil is body-mounted near the bottom of
the main spacecraft structure with its sensitive axis parallel to the spacecraft spin axis in
order to minimize the spin tone which would be experienced by the spacecraft spinning in
the ∼ 10 Gauss field of Jupiter. The in-flight noise level of the search coil is given in the
section on performance.

[Kurth+, GRL, 2017]

Deep atmosphere 
(Tomography)

Auroral radio emission

Lightning-induced whistler

Waves MWR
•Auroral radio 
emission & 
plasma waves 
•Other waves 
(thermal plasma, 
dust, & lightning)

•Global water 
abundance 
•Atmospheric 
dynamics 
•Radiation belts

8 S.J. Bolton et al.

Fig. 1a NASA’s Juno spacecraft and science payload

Fig. 1b NASA’s Juno spacecraft takes an orbit over Jupiter’s poles, ducking under the radiation belts, and
skimming over the clouds. Carrying nine scientific instruments on a spinning spacecraft, the Juno mission
addresses key issues about the magnetosphere, atmosphere, and deep interior of the giant planet

spends a few hours very close to the planet approximately every 53 days, reaching an apo-
jove distance of nearly 8 million km (113 jovian radii where an RJ is 71,492 km) before
returning. The result is a series of close flybys, minimizing exposure to damaging radiation
from Jupiter’s radiation belts while enabling measurements in close proximity to Jupiter.

[Bolton+, SSR, 2017]

[Kurth+, PREVIII, 2017]
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Earth-based Jovian radio observations  
in concert with JunoWaves instrument [Kurth+, SSR, 2017]

MWR instrument  
[Janssen+, SSR, 2017]

In contrast to single spectral channel monitoring, the
synchronized Jovian S-burst observations with a wide
frequency band from 22 to 26MHz were carried out between
radio telescopes in Nançay, France, and Kharkiv, Ukraine, over
a 3000 km east–west baseline (Rucker et al. 2001; Lecacheux
et al. 2004). The accuracy of the recorded time is based on GPS
synchronized clock time. Rucker et al. (2001) analyzed two
synchronized Jovian Io-B S-bursts (a 40 s separation with a
common 100 ms sampling and 2 s separation with temporal
resolutions of 2 ms for Nançay and 6 ms for Kharkiv), showing
that the first high peaks remain at a 0 ms lag time but the
second peaks extend up to ±60 ms, which may be the
repetition rates of the S-bursts. Likewise, Lecacheux et al.
(2004) investigated one synchronized S-burst event between 23
and 24.5 MHz with 2 ms for Nançay and 6 ms for Kharkiv in a
1.2 s period, finding that the peak of cross-correlation shows
around a 0 ms time lag. However, the S-burst was not well-
discriminated between the two different wavefront arrival times
because of both the accuracy of the temporal sampling and the
relatively short baseline.

The purpose of this paper is to revisit this topic and present the
results of a detailed cross-correlation analysis of Jovian S-bursts
in a 105 minute duration observation obtained using three
interferometers spanning a maximum east–west baseline of
8460 km compared to a larger north–south baseline of 6980 km
(Lynch et al. 1976) and to a 3000 km east–west baseline (Rucker
et al. 2001; Lecacheux et al. 2004). The S-bursts used in this
study are detected from an Io-D/B source in contrast to the
mostly Io-B sources analyzed in the previous studies. The data
obtained by the three radio arrays have a higher signal-to-noise
ratio with an overlapping wide frequency coverage of
10.2–33MHz. We measure an angular size of the beam of
2 66, thereby suggesting this cone thickness along the east–west
direction. Also, new statistical S-burst properties regarding the
observed frequency are investigated.

2. DATA AND OBSERVATIONS

The simultaneous observations of Jovian radio bursts were
made at the Long Wavelength Array Station One (LWA1) on
the Plains of San Agustin, New Mexico, USA, at the Nançay
Decameter Array (NDA) in Nançay, France, and at the URAN2
radio telescope in Poltava, Ukraine. All three radio telescopes

are capable of measuring the full Stokes parameters, but only
Stokes I is used in this study. A number of antennas comprise
256 bow-tie dipoles for LWA1 (Ellingson et al. 2013), 144
conical helices for NDA (Boischot et al. 1980; Leca-
cheux 2000), and 512 crossed-dipoles for URAN2 (Brazhenko
et al. 2005). The DRX mode from LWA1 is capable of
recording the time-waveform at two tunings centered at 20 and
28MHz with a total bandwidth of 19.6 MHz each (Clarke
et al. 2014). As per the Fourier transform post-processing
(Dowell et al. 2012), the spectral data used in this study having
a frequency coverage of 10.2–37.8 MHz with temporal
resolution 4.8 ms and spectral resolution 4.79 kHz. The
“Routine” spectrometer installed at NDA provided spectro-
grams of the first 100MHz frequency band, sampled every
48.83 kHz and 5 ms in frequency and time, respectively. The
digital spectrometer DSP-Z (Ryabov et al. 2010) employed in
URAN2 monitored the frequency coverage of 8.25–33MHz
with a 4.03 kHz step, measuring the sample interval of 20.1 ms.
Overall, the overlapping frequency of LWA1/DRX, NDA/
Routine, and URAN2/DSP-Z ranges from 10.2 to 33MHz,
which covers most of the full spectra of Jupiterʼs radio bursts.
Figures 1(a)–(c) show overviews of the coordinated LWA1–

NDA–URAN2 observations, which consist of both L- and
S-bursts with a duration of 1 hr and 45 minutes starting at
02:00:30 UT on 2015 February 21. The Jovian central meridian
longitude (CML) ranged from 91°.5 to 155°.0 and Io was at
86°.5–101°.4 from superior geocentric conjunction. Concerning
the three possible telescope pairs, the NDA–URAN2, LWA1–
NDA, and LWA1–URAN2 pairs, the angular size of the
resulting beam in the east–west direction and effective baseline
are listed in Table 1. In short, the effective baseline ranges from
0 to 8460 km along which the east–west angular size varies, as
viewed from Jupiter, from −0 02 to 2 66. The same Jovian Io-
D/B structures were detected by all the radio telescopes. Note
that the two vertical lines in Figure 1(b) correspond to the
hourly routine calibration signals.

3. ANALYSIS AND BEAMING

The Very Long Baseline Interferometry (VLBI) method was
applied to Jupiterʼs S-bursts (Dulk 1970; Lynch et al. 1976),
whereas the cross-correlation analysis of the S-burst dynamic
spectrum in a few second period was performed by Rucker

Figure 1. Coordinated LWA1–NDA–URAN2 observations of Jupiterʼs Io-D/B event on 2015 February 21. The frequency–time plots used in this study are depicted
for the (a) LWA1, (b) NDA, and (c) URAN2 radio telescopes. Also, the one-second dynamic spectra containing a train of S-bursts are displayed for (d) LWA1 and (e)
NDA, and the cross-correlated spectrum is plotted for (f) LWA1–NDA.
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Fig. 5. Zoomed images of Jupiter’s radiation belts obtained after motion corrections in the (u, v) plane and DD subtraction in a ⇠100 ⇥ 100 field,
integrated over the whole bandwidth for the same time intervals as Fig. 2. The spatial scale is given in Jovian radii at Jupiter (1 RJ = 71 492 km,
corresponding to ⇠4900 in the sky at observation epoch). Imaging was performed with baselines 15 k�, giving a theoretical angular resolution
of 1400 and an e↵ective angular resolution ranging from 2000 to 7800 over the ten hours. Pixel size is 200 ⇥ 200. In the five successive images a) to e),
the residual noise level is 14.9, 10.5, 12.3, 15.9, and 21.2 mJy/beam, and the peak S/N is respectively 31.0, 33.6, 34.1, 26.0 and 17.6. The last
image is more distorted because of the low source elevation during that observing interval.
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Fig. 6. Best LOFAR high resolution image to date of Jupiter’s radiation belts, integrated over the entire 23 MHz band of observation distributed
from 127 and 172 MHz, and a 7-h interval from ⇠19:00 to ⇠02:00 UT. The same image is displayed in both panels with color scale (left) and
contours (right). The frequency-averaged clean beam size and shape (⇠1800 ⇥ 1600) are displayed in the bottom left of each panel. Pixel size
is 100 ⇥ 100. Rms noise is 4.7 mJy/beam and the S/N (maximum peak flux divided by standard deviation) is 37. The S/N is approximately 14 at
the 30% flux level (corresponding to the extremity of the emission). Dipolar field lines with apex at 1.5, 2, 2.5, 3, 3.5, 4 and 5 RJ are superimposed
in the left panel. Contours superimposed in the right panel are derived from a rotation-averaged VLA image (obtained from Santos-Costa et al.
2009, in C band), which was convolved down to match the LOFAR observation angular resolution. Each set of contours represents relative intensity
levels by steps of 10% of the maximum radiation peak: in the convolved VLA image (black line) and in the LOFAR image (red dotted line).

band. Step (iv) is detailed in the appendix and the combined mo-
tion of the radiation belts was corrected for every five-minute
window of the observation (details can be found in Girard 2013;
Girard et al. 2012).

Step (v) consists of deconvolution and image cube creation.
At step (i), we used AWImager (Tasse et al. 2013) to perform
wide field imaging of all sources with beam corrections and
W-projection. After steps (iii) and (iv), the visibilities are mainly
dominated by the synchrotron emission from the radiation belts
in a small region near the center of the field. Therefore, we used
the Cotton-Schwab CLEAN algorithm implemented in CASA
(NRAO 2013) to produce final images of the radiation itself.

2.5. Image and spectrum processing of Jupiter’s radiation
belts

We have built a 12 ⇥ 5 image cube (one image per 2 MHz
band and per 2 h of integration), five frequency-averaged images
(one image per 2 h, integrated over the 23 MHz of bandwidth
between 127 and 172 MHz), and 12 rotation-averaged images
(one image per 2 MHz band, integrated over ⇠7 h – from ⇠19:00
to ⇠02:00 UT).

The five frequency-averaged images are displayed in Fig. 5,
centered on the position of Jupiter. We can see that the shift and
the rocking of the radiation belts have indeed been corrected.
We also note that the detailed shape of the radiation belts varies
from panel to panel, which we attribute to the limited S/N of
each image. The last image is very distorted because of the noisy
character of the last portion of the data and the poor (u, v) cov-
erage due to the low elevation of the source at the end of the
observation (⇠10�). A more detailed analysis of intermediate im-
ages shows that the interval with the highest quality data is the
seven-hour interval from ⇠19:00 to ⇠02:00 UT, which we used
for building the 12 rotation-averaged images (not displayed).
Finally, from these seven hours and the entire 23 MHz band-
width of observation, we built the time-and-frequency-averaged
image of Fig. 6, which is the first resolved image of Jupiter ob-
tained in the 127–172 MHz band. The residual noise in this im-
age is 4.7 mJy/beam, giving a peak S/N of 37. At the extremity
of the extended emission (around the 30% of the peak flux), the
local S/N is ⇠14.

To calibrate the flux density in the images and to derive total
integrated flux densities over the entire radiation belts that can
be compared to previous measurements, we performed source-
integrated flux measurements similarly on Jupiter and on three
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Jovian auroral radio emission
[Imai+, ApJ, 2016]

[Girard+, A&A, 2016]Jovian synchrotron emission

•LWA1 (PI: M. Imai), NDA (Dir: L. Lamy), UTR2, URAN1-4 (Dir: A.A. 
Konovalenko), & OVRO-LWA (PI: M. Anderson)

•VLA (PI: I. de Pater) + VLITE (PI: T. Clarke), LOFAR (PI: D. Santos-
Costa), & GMRT (PI: H. Kita)

•Log-periodic antenna (5 Univ. in Japan) & amateur radio 
astronomers (NASA’s RadioJove project)
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Overview of past, current, and future campaign 
https://www.missionjuno.swri.edu/planned-observations
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(c) Amelia Carolina Sparavigna/NASA

If you are interested in gazing at Jupiter with 
your telescope and Juno, please let us know. 

Coordinator for Earth-based observations in 
support of the Juno mission: 
Glenn S. Orton 

General or scientific questions in the radio field: 
Masafumi Imai 
http://space.physics.uiowa.edu/~masafumi/


