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SUMMARY

Understanding the composition and dynamics of Jupiter's aurorae is one of the main ob-

jectives for the Juno spacecraft, which has been orbiting Jupiter since 2016. One of the most

surprising outcomes of the mission is the ability to observe the planet's northern and south-

ern aurorae using the spacecraft's MicroWave Radiometer (MWR). Cold microwave emis-

sion associated with the Jovian aurorae have been observed on the MWR's 0.6, 1.24, and

2.6 GHz channels, where the lowest frequency channel at 0.6 GHz has the most prominent

auroral signature. This inverse frequency dependence is typically caused by radiowave in-

teractions with plasmas. The implication of these MWR observations suggest that Jupiter's

aurorae have signi�cantly higher electron densities compared to the predicted electron den-

sities of the Jovian aurorae based on the ion densities derived from ultraviolet and infrared

observations. Even though the particle densities between ions and electrons are now pos-

tulated to have a one or two order magnitude difference, the MWR maps of the northern

aurora display morphology similar to ultraviolet images from the UltraViolet Spectrograph

(UVS).

To conceptualize the plasma composition and structure related to the MWR observa-

tions, three radiative transfer models were developed. (1) A cold plasma modelled as a

single slab that retrieved the electron density required to recreate the observed cold mi-

crowave emission. (2) A cold plasma model with an assumed electron density of108 cm� 3

that retrieved the number of layers required to recreate the observed cold microwave emis-

sion. (3) A warm plasma model with an assumed electron density of108 cm� 3 that retrieved

the thickness of the layer and electron temperature required to recreate the observed cold

microwave emission. The cold and warm plasma models were also included in forward

models of potential radio occultations that will be conducted with the Juno spacecraft start-

ing in 2023. The forward models will be used to retrieve vertical electron density pro�les

of the auroral and non-auroral ionosphere.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

Jupiter has two bright and powerful aurorae residing in the northern and southern polar

regions. These aurorae are driven by the jovian planet's fast rotation, internal magnetic

�eld, and transported plasma from its moons. All these processes create aurorae that are

100 times more energetic and 10 times brighter than Earth's aurora borealis (Zarka et al.

n.d.). Since they were �rst observed by Voyager 1's ultraviolet spectrometer, the northern

and southern aurorae have been observed at radiowave, infrared, ultraviolet, and X-ray fre-

quencies (Broadfoot et al. 1979; Waite et al. 1997). The Juno mission has provided a unique

opportunity to observe the aurorae at microwave frequencies. Since the microwave fre-

quency window is typically unaffected by ionospheric and auroral plasma, the microwave

radiometer (MWR) aboard the Juno spacecraft was not intended to observe the aurorae.

These measurement at 0.6, 1.24, and occasionally 2.6 GHz suggest that the average elec-

tron density of Jupiter's aurorae was higher than previously predicted. Even though these

measurements were unexpected they provide another method to contribute to Juno's aurora

focused science objectives.

1.1 The Juno Mission

The Juno spacecraft launched from Cape Canaveral, FL, on August 5th, 2011, and

began orbiting Jupiter about �ve years later on July 5th, 2016. The spacecraft is in a highly

elliptical polar orbit, which implicates that at the periapsis (or perijove) of the elliptical

orbit, the trajectory will cover the northern and southern poles. The spacecraft carries a

nine instrument suite that includes an X-band/Ka-band high-gain communication antenna

(Gravity Science), a magnetometer (MAG), a six-channel microwave radiometer (MWR),

two suites of electron and ion sensors (JEDI and JADE), a single axis electric antenna
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and magnetic �eld sensor (WAVES), an ultraviolet spectrograph (UVS), a public outreach

camera (JunoCam), and an infrared spectrometer (JIRAM) (Adriani et al. 2017; Asmar

et al. 2017; Connerney et al. 2017; Gladstone et al. 2017; Hansen et al. 2017; Janssen et

al. 2017; Kurth et al. 2017; Mauk et al. 2017; McComas et al. 2017). These instruments

provide measurements that contribute to the four science themes of the Juno mission: the

origin of Jupiter, its interior structure, the atmospheric composition and dynamics, and the

polar magnetosphere and aurora (Bolton et al. 2010).

Addressed in Bagenal et al. 2017, the instruments are used to measure the auroral

emission and the particle �uxes of the main aurorae are Waves, UVS, JIRAM, JunoCam,

MAG, JEDI, and JADE. To ful�ll questions about the polar aurorae the in situ instruments

Waves, MAG, JEDI, and JADE take measurements concerning the particles, currents, elec-

tric �elds, and particle �uxes, and UVS, JIRAM, and JunoCam remote sensing instruments

observe how the spectra of the polar auroral emissions change over time. Originally, the

MWR instrument was not considered to answer some outstanding questions about Jupiter's

aurorae. This is because the MWR instrument was originally expected to measure mi-

crowave radiation upwelling from Jupiter's deep atmosphere and obtain the planet's global

water abundance (Bolton et al. 2010; Janssen et al. 2017). However, there have been obser-

vations of variations in microwave emissions related to backscatter from the Jovian discrete

aurorae. For this to occur, the aurorae's electron density must be high enough to cause the

plasma frequency to be close to the observed microwave frequency.

1.2 Observations of Jupiter's Aurorae

Previously, the auroral zones' electron densities were predicted based on ionization

in Jupiter's upper atmosphere. There are several common ions in the Jovian ionosphere,

however, the ions that are most in�uential over the auroral electron densities are H+ and

H+
3 ions created from vibrationally excited molecular hydrogen (Perry et al. 1999). The H+

3

ion density for Jupiter's aurorae has been analyzed from UV and IR observations (Adriani
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et al. 2017; Clarke et al. 2004; Waite et al. 1997). The results from Kedziora-Chudczer et

al. 2017 reported H+3 volume densities from IR observations up to104 ions per cm3, which

is comparable with the electron volume densities measured in the non-auroral ionosphere.

The ion and electron densities were extensively modeled in Millward et al. 2002. Their

simulations assumed initial electron energies of 10 keV with incoming electron energy

�uxes of 0.1 to 1000 mWm� 2. Their largest prediction for H+3 ion and electron densities

was� 1 � 107 per cm3, which is consistent with the prediction that the auroral electron

density could be 100 times larger than the average value in the non-auroral ionosphere.

Recent results from Juno's UVS and JIRAM instruments (Dinelli et al. 2017; Dinelli et al.

2019; Ebert et al. 2019) con�rm the� 1 � 107 per cm3 H+
3 ion density assuming a 100 km

scale height and using the methods from Waite et al. 1983.

A particular contributor of interest for the elevated auroral electron density is the �ux

of electrons from Io's plasma torus. Io's plasma torus is created from the ionization of

the moon's atmosphere, where neutral molecules are ionized by electron impact or UV

radiation (Saur et al. 2004). The newly created ions and electrons gather around Io's orbit

and create the plasma torus. Io also generates magnetohydrodynamic waves known as

Alfv én waves that allow electrons to travel quickly along Jupiter's magnetic �eld lines into

its ionosphere and excites the Jovian aurorae. This process is known as the Io �ux tube,

which presents a `footprint' on Jupiter's aurora (Acuña et al. 1981; Clarke et al. 2002; Mura

et al. 2018; Neubauer 1980).

The MWR observations in Chapter 2 present a discrepancy between the electron density

inferred from ultraviolet and infrared observations and the required electron density to be

visible at a 600 MHz frequency. The plasma radiative transfer modeling in Chapter 3

concludes that the electron density of the auroral regions requires108 to 109 electrons

cm� 3 based on MWR observations. Furthermore, Chapter 4 provides planning for radio

occultation experiments to con�rm the electron density of the auroral zones.
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1.3 Planetary Radio Occultations

The MWR is a passive remote sensing instrument, which means the instrument only

receives microwave radiation. Using the MWR, the observer can only infer how the aurora

interacts with microwave emission based on thermal radiation observed in non-auroral re-

gions. Another method for measuring electron content in planetary atmospheres is a radio

occultation, which is an active remote sensing method. In this case the instruments both

transmit and receive microwave signals. An occultation occurs when an object of interest

passes between an observer and another object. In the case of radio occultations, the planet

of interest passes between a spacecraft and the Earth. During this event, a continuous wave

is transmitted through the atmosphere while the planet is occulting. The composition and

structure of the planet's atmosphere can be derived from the amplitude and phase shift of

the signal received at an Earth ground station (Eshleman 1973; Fjeldbo et al. 1965).

Starting in 2023, the Juno spacecraft will be able to conduct ingress and egress occul-

tation experiment for up to 20 orbits. During this period there could be up to 10 encounters

with the aurorae. Previously, Jupiter radio occultations conducted with Pioneer II, Voyager

I, Voyager II, and Cassini only observed the non-auroral ionosphere (Eshleman et al. 1979;

Fjeldbo et al. 1975; Hinson et al. 1997; Hinson et al. 1998). Using Juno's X/Ka-band high

gain communications antenna, X and Ka-band signals will be sent through Jupiter's atmo-

sphere to a Deep Space Network antenna. Using the radio occultation experiments, the

vertical electron density pro�les of the auroral and non-auroral ionosphere can be derived.

Chapter 4 describes the forward model that would be used to retrieve electron densities for

the future radio occultations.

1.4 Research Objective and Organization

The objective of this research is to advance the understanding of the structure and com-

position of Jupiter's northern and southern aurorae through analyzing microwave measure-
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ments, modeling the composition of the auroral plasma, and preparing for radio occulta-

tion experiments as part of Juno's extended mission. These three topics are discussed in

Chapters 2, 3, and 4, respectively. Chapter 2 completes a comparative analysis between

microwave and ultraviolet observations of the jovian aurorae. First, Juno's MicroWave Ra-

diometer (MWR) is described as a preliminary for the discussion, followed by an analysis

of various properties regarding MWR data. The second portion of the chapter, compares

the MWR measurement with observations from Juno's UltraViolet Spectrograph (UVS).

Chapter 3, utilizes MWR observations from Chapter 2 to derive the possible electron con-

tent and vertical pro�le based on cold and warm plasma approximations. Chapter 4, focuses

on planning for future radio occultation measurements of Jupiter's aurora. This chapter

discusses the design of the high gain communication antenna used in the experiment and

provides a forward model that will be used to retrieve vertical electron density pro�les of

the aurora and the non-auroral ionosphere. Chapter 5, provides a conclusion to this work,

highlights outstanding questions, and discusses suggestions for future work.
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CHAPTER 2

COMPARATIVE OBSERVATIONS OF JUPITER'S AURORAE USING

MICROWAVE AND ULTRAVIOLET FREQUENCIES

Microwave observations of the Jovian aurorae are some of the most surprising outcomes

of the Juno mission. The MicroWave Radiometer (MWR) aboard the Juno spacecraft was

originally intended to only observe the neutral atmosphere and the upper atmospheric syn-

chrotron belts to complete the science objective of determining the global water vapor and

ammonia abundances. However, consistently in the northern and southern hemisphere,

cold microwave emission associated with the auroral ovals is observed with the MWR's

lowest frequency channel at 0.6 GHz. To conceptualize the cause of the observed cold

microwave radiation in the auroral zones, this chapter will conduct a comparative analysis

of microwave and ultraviolet observations. Sections 2.1 and 2.2 describe the design of the

MWR and provide an overview of remote sensing geometry. Section 2.3 discusses how the

frequency dependence of all six channels, limb observations, and satellite footprints can

be used to detect the aurora, and the visibility of the Io footprint in channels 1 to 3. Last,

section 2.4 compares MWR and UVS observations of the northern aurora.

2.1 The MicroWave Radiometer (MWR)

This section will review the MWR designs discussed in Janssen et al. (2017). The

MWR instrument has three key properties. First, the microwave brightness temperature

of each footprint is able to be differentiated between nadir and off-nadir emission angles

by 0.1% of the nadir brightness temperature. Second, the absolute precision of measured

brightness temperatures is 2%. Third, the half-power beamwidths of the channel 1 and 2

antennas are21� and those for channel 3 to 6 are12� or less.

The MWR consists of six channels operating at 0.6, 1.24, 2.6, 5.2, 10, and 22 GHz.

6



Table 2.1: MWR antennae properties taken from Janssen et al. (2017).

Channel
Center Frequency

(GHz)
Bandwidth

(%)
Beamwidth

(deg)
Design

CH1 0.6 5.0 20.6 5 � 5 patch array
CH2 1.24 5.0 21.0 5 � 5 patch array
CH3 2.6 4.6 12.1 8 � 8 slot array
CH4 5.2 6.0 12.1 8 � 8 slot array
CH5 10.0 4.6 12.0 8 � 8 slot array
CH6 22.0 > 5 10.8 Corrugated horn

Table 2.1 provides the bandwidth, half-power beamwidth, and antenna design for each

channel. Each antenna has a beam pattern which displays the amount of gain (in dB)

distributed across each solid angle of the antenna �eld-of-view. The elevation plots in

Figures 2.1 and 2.2 show that the beam patterns, where the majority of power is received

from the main lobe, rather than the side lobes, which can contribute noise to a received

signal. In order to decrease unwanted contamination, the gain of the sidelobes was reduced

as much as possible compared to that in the half-power beamwidth (HPBW) of the antenna.

The HPBW is the angular separation between the -3dB points below the peak gain of each

side of the main lobe. This parameter is a metric to determine the spatial resolution of the

antenna's beam footprint. On average, a larger HPBW reduces sidelobes, but a smaller

more narrow HPBW provides a higher resolution. The bandwidth describes the span of

frequencies on either side of the center frequency, where the antenna exhibits gain within

3 dB of its peak value and acceptable impedance. For antennas with a narrow beamwidth,

like those on the MWR, the bandwidth is de�ned as a percentage of the center frequency.

Both the HPBW and the bandwidth re�ect the performance of the antenna, whether it's

a patch antenna (channels 1 and 2), a slot antenna (channels 3 to 5), or a horn antenna

(channel 6).

The antenna gain patterns for channels 1 through 6 are shown in Figures 2.1 and 2.2.

The receiving antennas aboard the MWR are used to precisely measure the power of mi-

crowave radiation received by the antenna beam. Colloquially, the power received is de-
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scribed as the antenna temperature. Antenna temperature, also known as the antenna noise

temperature, is the noise power spectral density normalized by the Boltzman's constant

shown in Equation (2.1), wherePnoise is the received noise power in Watts,B is the band-

width in Hz, andk is the Boltzman's constant.

Ta =
1
k

Pnoise

B
(2.1)

Antenna temperature measurements can be thought of as a ”smeared” image, where

the received power originates from locations across the antenna beam. Shown in Equa-

tion (2.2), the antenna temperature represents the convolution of the pure emission and the

normalized gain pattern (Janssen et al. 2017).

Ta(�; � ) =
Z 2�

0

Z �

0
Tb(� 0; � 0)G(� 0 � �; � 0 � � ) sin � 0d� 0d� 0 (2.2)

Z 2�

0

Z �

0
G(�; � ) sin � d� d� = 1 (2.3)

The brightness temperature,Tb, is the accurate spatial distribution of the microwave

emission that has not been smeared by by the antenna beam pattern. The brightness tem-

perature is derived by deconvolving the beam pattern from the antenna temperature. Before

the deconvolution is conducted, the antenna pattern is corrected. Equation (2.3) assumes

that one is using the entire antenna pattern for their observations. However, in order to

avoid unnecessary noise from the sidelobes of the antenna beam, the data is corrected to

only consider the radiation in the main beam. This is the power radiated within the HPBW.

In Equation (2.4), the gain pattern is shown as the sum of the gain radiated at the main

beam,Gmb, and the side lobes,Gsl (Janssen et al. 2017).

G(�; � ) = Gmb(�; � ) + Gsl (�; � ) (2.4)
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Equation (2.5) demonstrates the convolution used to �nd the antenna temperature of the

main beam.

~Tmb =

R2�
0

R�
0 Tb(� 0; � 0)Gmb(� 0 � �; � 0 � � ) sin � 0d� 0d� 0

1 � b
(2.5)

b=
Z 2�

0

Z �

0
Gsl (�; � ) sin � d� d�

Equation (2.6), shows how the observed antenna temperature is corrected to only con-

sider radiation from the main beam. (Janssen et al. 2017)

~Tmb =
1

1 � b

�
Ta(�; � ) �

Z 2�

0

Z �

0
Tb(� 0; � 0)Gsl (� 0 � �; � 0 � � ) sin � 0d� 0d� 0

�
(2.6)

2.2 Microwave Remote Sensing

The MWR is a passive remote sensing instrument, thus the radiometer measures radia-

tion emitted from or re�ected off the object(s) in the �eld-of-view (FoV) of the radiometer.

Alternatively, an active remote sensing instrument transmits a signal towards the object

of interest and the receiver observes how that signal scatters either back towards the in-

strument or towards a receiver in the line of sight of the transmitter. Analyzing remote

sensing data requires an understanding of the instrument's spatial, spectral, and temporal

resolution.

The spatial resolution of a radiometer determines what features can be visible within

a certain area. This primarily depends on the instantaneous FoV. Figure 2.3 shows nadir

views of a radiometer on the left side of the �gure. The footprint of the instrument depends

on the distance from the planet and the size of the antenna's beamwidth. The size of the

footprint is calculated by multiplying the distance by the beamwidth. When the radiometer

is viewing the footprint from an angle the geometry for the FoV follows Figure 2.3 on the

9



Figure 2.1: The antenna gain patterns for channels 1 (0.6 GHz), 2 (1.24 GHz), and 3 (2.6
GHz). The left column shows an azimuthal view of the beam pattern where color bar is in
dB. The right column shows an elevation view of the beam pattern where the y-axis is in
dB. (Brown et al. 2012)
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Figure 2.2: The antenna gain patterns for channels 4 (5.2 GHz), 5 (10 GHz), and 6 (22
GHz). The left column shows an azimuthal view of the beam pattern where color bar is in
dB. The right column shows an elevation view of the beam pattern where the y-axis is in
dB. (Brown et al. 2012)
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right side (Ulaby 2013; Mahafza 2013). The footprint size is calculated by using the height

of the radiometer from the surface,h, the limb angle,� , and the angle of the beamwidth,� .

Rmin =
h

cos
�
� � �

2

� (2.7)

Rmax =
h

cos
�
� � �

2

� (2.8)

LOS =
h

cos�
(2.9)

� x =
q

R2
max + R2

min � 2Rmax Rmin cos� (2.10)

Figure 2.3: Remote sensing geometry of a downward looking radiometer. The left side
shows a nadir viewing geometry, whereh is the height from the ground,� is the beamwidth,
and � x and� y are the footprint sizes. The right side shows a viewing geometry limb,
where� is in the emission angle.

The spectral resolution is de�ned by the range of frequencies that are observed and

their subsequent bandwidths. A narrow bandwidth provides a better spectral resolution
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than a broad bandwidth. However, in microwave radiometry, the higher spectral resolution

can also increase uncertainty in the noise measurement. The spectral channels and their

corresponding bandwidths are shown in Table 2.1. Lastly, the temporal resolution is de�ned

as the time period that the data is taken. For the MWR, each measurement is averaged over

5 seconds. All these parameters are essential for analyzing MWR data and comparing it to

remote observations from other frequencies.

2.3 Analysis of MWR Data

Jupiter's auroral regions are located at latitudes exceeding50� north and south. The

atmospheric pressure range of the aurorae is predicted to be between altitudes from 250 to

400 km above the 1 bar pressure level (Atreya et al. 1981; Clarke et al. 2004; Kim et al.

1997). In the auroral regions, channels 1, 2, and even 3 can be affected depending on the

electron density of the residing atmosphere, which is indicated by a dip in antenna tem-

perature known as a cold spot. As a reference, non-thermal cold spots were identi�ed by

using the antenna temperature at the equator from channel 1 observations as a baseline.

At Jupiter's equator, there is a maximal amount of ammonia in the deep atmosphere that

absorbs microwave emission, causing a signi�cant dip in antenna temperatures. The en-

hanced scale height at the equator also reduces emission at that latitude (Li et al. 2016).

For channel 1, the antenna temperature (all from thermal emission) drops to approximately

800K at the equator. A drop in temperature for Channel 1 below this level at latitudes> 50�

identi�es a non-thermal cold spot occurring at the northern and southern aurorae. Accom-

panying cold spots for channels 2 and 3 are identi�ed as similar dips at the same location as

channel 1. This correlation �rst became apparent to the MWR science team during PJ 5. A

signi�cant “cold spot” in channel 1 latitudinal data with the properties described previously

was obvious at50� 60� N, which is shown in Figure 2.4. Subsequently, colder microwave

emission was noticed in the northern and southern poles for each perijove.

For perjoves 1 through 37 (excluding perijove 2), MWR data provided by Juno MWR

13



Figure 2.4: Raw data from PJ 5 displaying the antenna temperature, the planetocentric
latitude, and the corresponding emission angles for channel 1. MWR data was provided by
Oyfuso (2022).

team member Dr. Fabiano Oyafuso (Oyfuso 2022) was prepared by �rst correcting for

variations due to emission angle. This is conducted by taking the quadratic regression of

the data as a function of emission angle as shown in Equation (2.11). Removing the �rst

coef�cient a, which is the corrected nadir brightness, the rest of the quadratic equation acts

as a bias which is subtracted from the original antenna temperature. Once data is corrected,

the data analysis is focused on the microwave emission coming from the auroral oval. So,

the data outside the auroral oval (shown Figure 2.5) is removed. This analysis focuses on

the northern aurora, because the spacecraft is typically closer to the planet while observ-

ing the northern hemisphere, which provides less contamination from the cold sky off the

side of the planetary disk (which reduces the antenna temperature), and from synchrotron

radiation (which increases the antenna temperature).

TA = a � b(1 � � ) � c(1 � � )2 (2.11)
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� = cos�; where� is in degrees

MWR measurements of the auroral regions were analyzed by evaluating the frequency

dependence, limb observations, and satellite interactions for each perijove. The frequency

dependence of brightness variations are unique in areas affected by the aurora compared

with the thermal atmosphere. The limb observation analysis provides insight into the ab-

sorptivity, emissivity, and re�ectivity of the atmosphere. This was conducted for the early

perijoves where the spacecraft's attitude provide measurements from a span of limb an-

gles at each covered latitude and longitude point. The satellite interactions present unique

features in the auroral regions.

Figure 2.5: Outline of northern aurora.
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2.3.1 FrequencyDependence

The auroral signature in MWR data was �rst noticed in perijove 5, when the lowest fre-

quency channel at 600 MHz showed signi�cantly colder emission that did not correspond

with higher frequency channels. As mentioned previously, the original objective of the

MWR instrument was to measure water vapor and ammonia abundances in Jupiter's neu-

tral atmosphere. When a large enough of concentration of neutral molecules are measured,

reduced microwave emission would be present in all six channels. This effect is most pro-

nounced at higher frequencies. When MWR data displays emission reduction due to the

aurora, there is an inverse frequency dependence. The lowest frequency channel demon-

strates the largest reduction in thermal emission while the highest frequency channels show

little to no change in thermal emission.

In the auroral zones, morphology of the aurora can be see in channels 1, 2, and 3. Fig-

ures 2.6 to 2.12 show channel 1 MWR measurements overlayed onto a UVS map followed

by antenna temperature maps for all six channels and of the northern aurora during PJ30.

Comparing the channel 1 map to the UVS image, there is a clear correlation of the ultra-

violet morphology and the cold microwave emission. In Figures 2.7 to 2.9, the auroral

signature is slowly fading away as the frequency increases. Channel 3 is the last channel

where the aurora is somewhat visible. Channels 4-6 shown in Figures 2.10 to 2.12 do not

display auroral interactions. Figures 2.13 to 2.18 shows all six channels during PJ22. In

channel 1, the entire region is cold with a very discrete cold emission feature in the center.

This feature is also clearly shown in channel 2, and a little bit in channel 3. Also, com-

paring channels 3 and 4 demonstrate that channel 3 also has some of the thermal features

found in channel 4.

2.3.2 EmissionAngleAnalysis

Another property of MWR data is antenna temperature measurements observed at var-

ious emission angles. When the Juno radiometer scans in an “along-track” direction, mi-
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Figure 2.6: Overlay of MWR data on an ultraviolet image from the UVS of the northern
aurora during PJ30. The purple to pink data are UVS measurements of ultraviolet emission.
The yellow to red data are MWR channel 1 measurements of microwave emission. MWR
data was provided by Oyfuso (2022) and UVS data was provided by Gladstone (2021)
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Figure 2.7: Channel 1 (0.6 GHz) antenna temperature map of the northern aurora from
PJ30. MWR data was provided by Oyfuso (2022).
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Figure 2.8: Channel 2 (1.24 GHz) antenna temperature map of the northern aurora from
PJ30. MWR data was provided by Oyfuso (2022).

19



Figure 2.9: Channel 3 (3.6 GHz) antenna temperature map of the northern aurora from
PJ30. MWR data was provided by Oyfuso (2022).
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Figure 2.10: Channel 4 (5.2 GHz) antenna temperature map of the northern aurora from
PJ30. MWR data was provided by Oyfuso (2022).
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Figure 2.11: Channel 5 (10 GHz) antenna temperature map of the northern aurora from
PJ30. MWR data was provided by Oyfuso (2022).
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Figure 2.12: Channel 6 (22 GHz) antenna temperature map of the northern aurora from
PJ30. MWR data was provided by Oyfuso (2022).
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Figure 2.13: Channel 1 (0.6 GHz) antenna temperature map of the northern aurora from
PJ22. MWR data was provided by Oyfuso (2022).
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Figure 2.14: Channel 2 (1.24 GHz) antenna temperature map of the northern aurora from
PJ22. MWR data was provided by Oyfuso (2022).
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Figure 2.15: Channel 3 (3.6 GHz) antenna temperature map of the northern aurora from
PJ22. MWR data was provided by Oyfuso (2022).
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Figure 2.16: Channel 4 (5.2 GHz) antenna temperature map of the northern aurora from
PJ22. MWR data was provided by Oyfuso (2022).
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Figure 2.17: Channel 5 (10 GHz) antenna temperature map of the northern aurora from
PJ22. MWR data was provided by Oyfuso (2022).
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Figure 2.18: Channel 6 (22 GHz) antenna temperature map of the northern aurora from
PJ22. MWR data was provided by Oyfuso (2022).
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Figure 2.19: Visualization of microwave emission entering Juno's MWR at different emis-
sion angles.

crowave emission from speci�c locations will enter the antenna at different angles as shown

in Figure 2.19. For the thermal atmosphere, microwave emission will get colder at higher

emission angles. This occurs due to emission moving through a thicker layer of atmosphere

at higher altitude, which causes more absorption in the higher, colder regions resulting in

reduced microwave emission. This process creates colder antenna temperatures at higher

emission angles known as limb darkening. When the spacecraft is further from the planet

at the poles, the radiometer at the lower frequency channels can observe synchrotron ra-

diation at emission angles near the limb. These observations cause limb brightening since

synchrotron radiation creates larger amounts of microwave emission. When observing the

aurora, the variation in antenna temperature along the limb is small compared to observing

the thermal atmosphere or synchrotron radiation along the limb.

The early orbital perijoves in the mission provide the best observations to assess the

variation in antenna temperatures at different emission angles per coordinate point. This is

due to the MWR spacecraft attitude, which allowed the radiometer spin plane to be parallel

to the trajectory of Juno's orbit. PJ5 is a good example of how the antenna temperature

changes with emission angle at all six channels for the aurora, thermal atmosphere, and
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synchrotron contamination. In Figures 2.20 to 2.25 the aurora related cold spot lies between

55� to 60� in latitude. Since the spacecraft is so far away from the planet at high latitudes,

emission angles larger than30� to 35� are possibly looking off planet or if the frequency is

low enough internal re�ection can occur due to the aurora.

Looking at channel 1 data in Figure 2.20, in the cold spot between55� and60� north

the antenna temperature seems to remain about the same for emission angles up to30� . For

30� and higher, some limb brightening begins to start, which is a signature of synchrotron

radiation off planet. Channel 2 in Figure 2.21 demonstrates the same pattern as channel 1.

In channel 3, the limb darkening starts to become more predominant. Around the20� 25�

limb the antenna temperature begins to reduce, which is a sign that channel 3 is observing

the thermal atmosphere. Channels 4 thru 6 in Figures 2.23 to 2.25 demonstrate limb dark-

ening over the aurora, which means these channels are not sensitive to the aurora and can

observe the thermal atmosphere undisturbed.

2.3.3 TheIo Footprint

Jupiter's Galilean moons Io, Europa, Ganymede, and Callisto have an interesting rela-

tionship with the Jovian aurorae. Each moon is coupled to Jupiter's magnetic �eld lines

as they revolve around the planet. The coupling creates a plasma torus for each moon. It

is predicted that Alfv́en waves are generated from the torus and accelerate electrons from

the torus into Jupiter's ionosphere. Szalay et al. (2018) suggests that the Alfvénic acceler-

ation mechanism creates the observed footprints on the Jovian aurora, each followed by a

tail made from re�ections of Alfv́em waves between the Jovian ionosphere and the moon's

torus. The Io footprint and it's tail is shown in Figure 2.26. Io has the strongest footprint,

which causes the feature to also show up in MWR data. The Io footprint is clearly shown

in PJ34 in Figures 2.27 to 2.29. There is a prominent footprint for all three of the lowest

frequency channels, which shows that whenever the Io footprint is present it will be seen

in all three channels.
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Figure 2.20: Perijove 5 Channel 1 (0.6 GHz) scatter plot of antenna temperatures correlated
with latitude and limb angle.The red box highlights the latitudes spot between55� and66� .
MWR data was provided by Oyfuso (2022).
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Figure 2.21: Perijove 5 Channel 2 (1.24 GHz) scatter plot of antenna temperatures corre-
lated with latitude and limb angle.The red box highlights the latitudes spot between55�

and66� . MWR data was provided by Oyfuso (2022).
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Figure 2.22: Perijove 5 Channel 3 (2.6 GHz) scatter plot of antenna temperatures correlated
with latitude and limb angle.The red box highlights the latitudes spot between55� and66� .
MWR data was provided by Oyfuso (2022).
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Figure 2.23: Perijove 5 Channel 4 (5.2 GHz) scatter plot of antenna temperatures correlated
with latitude and limb angle.The red box highlights the latitudes spot between55� and66� .
MWR data was provided by Oyfuso (2022).
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Figure 2.24: Perijove 5 Channel 5 (10 GHz) scatter plot of antenna temperatures correlated
with latitude and limb angle.The red box highlights the latitudes spot between55� and66� .
MWR data was provided by Oyfuso (2022).
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Figure 2.25: Perijove 5 Channel 6 (22 GHz) scatter plot of antenna temperatures correlated
with latitude and limb angle.The red box highlights the latitudes spot between55� and66� .
MWR data was provided by Oyfuso (2022).

37



Figure 2.26: UVS map of the northern aurora during PJ34. The red circle highlights the
position of the Io footprint.UVS data was provided by Greathouse (2022).
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Figure 2.27: Channel 1 MWR map of the northern aurora during PJ34. The red circle
highlights the position of the Io footprint. MWR data was provided by Oyfuso (2022).
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Figure 2.28: Channel 2 MWR map of the northern aurora during PJ34. The red circle
highlights the position of the Io footprint. MWR data was provided by Oyfuso (2022).
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Figure 2.29: Channel 3 MWR map of the northern aurora during PJ34. The red circle
highlights the position of the Io footprint. MWR data was provided by Oyfuso (2022).
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2.4 Comparing MWR and UVS Observations

Since the cold microwave emission observed in the lower three channels demonstrates a

signi�cant correlation with the Jovian aurorae, a natural next step is to compare MWR data

to ultraviolet data (from UVS) and infrared data (from JIRAM). Unfortunately throughout

the mission, data from MWR and JIRAM did not view the same positions on the planet.

MWR provided better observation opportunities of the northern aurora, while JIRAM pro-

vided better observation opportunities of the southern aurora. Thus, at this point in the Juno

mission, only data from MWR and UVS were compared.

2.4.1 ReducedResolutionof UVS Data

In order to conduct an effective comparison between MWR and UVS data, the data

sets should have the same resolution in order to conduct a point by point analysis. The

UVS instrument has a spatial point spread function of0:5� for each slit associated with

speci�ed energy ranges (Gladstone et al. 2017). In contrast, the MWR provides a point

spread function of20� based on the HPBW of the channel 1 antenna (Janssen et al. 2017).

To reduce the resolution of UVS images, “dirty” UVS images are created by convolving

the MWR antenna beam pattern with the UVS measurements essentially causing the data

to smear. The smearing process is conducted iteratively for each MWR data point positions

by de�ning the FoV, retrieving the UVS measurements in that area, and then convolving the

�eld of UVS pixels with the MWR channel 1 antenna pattern shown in Figure 2.1. Using

Equations (2.7) to (2.10) the MWR FoV is de�ned as shown in Figure 2.3. The MWR data

provides the look angle,� , the HPBW,� , and height,h, from the planet. The distances� x

and� y can be found by usingRmax, Rmin, and� to solve the third side of triangle.

� x =
q

R2
max + R2

min � 2RmaxRmin cos� (2.12)
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Once the footprint size is calculated the latitudes and longitudes on the borders of the foot-

print need to be determined. The coordinates can be found by using Vincenty's formulae

(Rapp 1993; Rainsford 1955). Vincenty's formulae direct method is an iterative process

used in geodesics to calculate the distance on an oblate sphere or ellipsoid. The direct

method provides a secondary latitude and longitude based on the initial latitude and lon-

gitude from the MWR coordinate point, a selected azimuthal direction, and the distance

between initial coordinate point and the boundary of the FoV. The boundary coordinates of

the FoV are found using the direct method four times using azimuthal directions0� , 90� ,

180� , and270� .

The de�ned variables used with Vincenty's formulae are:

• a = 71; 492 km is the radius of Jupiter at the equator.

• b= 66; 854 km is the radius of Jupiter at the poles.

• f = a� b
a is the �attening of the ellipsoid.

• � 1 and� 2 are the �rst and second latitudes.

• U = arctan ((1 � f ) tan � ) is the reduced latitude on an auxiliary sphere.

• L1 andL2 are the �rst and second longitudes.

• L = L2 � L1 is the difference between longitudes.

• � is the difference in longitudes on an auxiliary sphere.

• � 1 and� 2 are the �rst and second azimuths.

• � is the forward azimuth at the equator.

• s is the ellipsoidal distance between points.
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The algorithm for the direct method is as follows:

U1 = arctan ((1 � f ) tan � ) (2.13)

� 1 = arctan 2(tan U1; cos� 1) (2.14)

sin� = cosU1 sin� 1 (2.15)

u2 � cos2 �
�

a2 � b2

b2

�
= (1 � sin2 � )

�
a2 � b2

b2

�
(2.16)

A = 1 +
u2

16384
(4096 + u2(� 768 + u2(320� 175u2))) (2.17)

B =
u2

1024
(256 + u2(� 128 + u2(74 � 47u2))) (2.18)

� =
s

bA
(2.19)

2� m = 2� 1 + � (2.20)

� � = B sin�

"

cos (2� m ) +
1
4

B

 

cos� [� 1 + 2 cos2(2� m )]

�
B
6

cos(2� m )[� 3 + 4 sin2 � ][� 3 + 4 cos2(2� m )]

!#

(2.21)
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� =
s

bA
+ � � (2.22)

� 2 = arctan 2

 

sinU1 cos� + cosU1 sin� cos� 1;

(1 � f )
q

sin2 � + (sin U1 sin� � cosU1 cos� cos� 1)2

!

(2.23)

� = arctan 2(sin � sin� 1; cosU1 cos� � sinU1 sin� cos� 1) (2.24)

C =
f
16

cos2 � [4 + f (4 � 3 cos2 � )] (2.25)

L = � � (1 � C)f sin�
h
� + (sin � (cos(2� m ) + C cos� [� 1 + 2 cos2(2� m )])

i
(2.26)

L2 = L + L1 (2.27)

Once the secondary latitudes and longitudes for each azimuth direction are calculated,

boundary coordinates of the FoV are found . The next step is to convolve the ultraviolet

brightness values in the FoV with the MWR channel 1 antenna pattern in Figure 2.1. The

convolution is carried out using Equation (2.5), whereTb is now the measured kR brightness

value,BkR , and ~Tmb is now the lower resolution brightness value from the main beam,~Bmb.

~Bmb =

R2�
0

R�
0 BkR (� 0; � 0)Gmb(� 0 � �; � 0 � � ) sin � 0d� 0d� 0

1 � b
(2.28)
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2.4.2 CorrelationBetweenMWR andUVS Data

The smearing process was used to make new brightness and color ratio maps from

the UVS data. The brightness maps are in kR, which demonstrate the H2 content in the

extreme ultraviolet and far ultraviolet regions. The color ratio maps compare the brightness

at the 155-162 nm wavelength range to the brightness at the 123-130 nm wavelength range.

This parameter provides insight about the penetration depth of precipitating particles in the

auroral region and their correlation to methane absorption. Lower color ratios indicate more

methane absorption, which suggests the particles penetrate deeper into the atmosphere.

Higher color ratios indicate less methane absorption, which suggests the particles do not

penetrate as deep into the atmosphere (Bonfond et al. 2017; Yung et al. 1982; Gladstone

et al. 2017; Ǵerard et al. 2016).

Figures 2.30 to 2.37 show comparisons between MWR maps of antenna temperatures

and UVS brightness maps. Even though the UVS maps' resolution has been reduced, they

still have a higher resolution due to the larger energy range. There does not seem to be a

signi�cant correlation between MWR emission and the color ratio. In contrast, the bright-

ness maps do share morphology features with the MWR maps. Still, there is not a direct

correlation between the coldest microwave and brightest ultraviolet emission features. Fig-

ure 2.35 is a good example of the shared structure, but the colder microwave emission is in

the polar cap near the center of the oval, while the brighter ultraviolet emission is around

the edge of the auroral arc. There are cases where there could have been a stronger cor-

relation, but synchrotron radiation contaminates the MWR data, e.g. PJ26 in Figure 2.33.

The discrepancy between the lack of direct correlation between peak features and the con-

sistent morphology could be due to the volatility of electron motion in the atmosphere.

Turbulence in the auroral zone could contribute to reduced microwave radiation. Turbu-

lence in the Jovian magnetosphere at ionospheric altitudes has been previously considered

by Nishida (1976), Mauk et al. (2007), and Saur (2021). Yet, the magnetosphere still has

many unknown processes that could contribute to turbulence in the auroral ionosphere.
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(a)

(b)

Figure 2.30: (a) Channel 1 antenna temperature polar map of the northern aurora during
PJ20. (b) Smeared UVS brightness map of the northern aurora during PJ20. MWR data
was provided by Oyfuso (2022) and UVS data was provided by Greathouse (2022).
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(a)

(b)

Figure 2.31: (a) Channel 1 antenna temperature polar map of the northern aurora during
PJ21. (b) Smeared UVS brightness map of the northern aurora during PJ21. MWR data
provided by Oyfuso (2022) and UVS data provided by Greathouse (2022).
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(a)

(b)

Figure 2.32: (a) Channel 1 antenna temperature polar map of the northern aurora during
PJ22. (b) Smeared UVS brightness map of the northern aurora during PJ22. MWR data
was provided by Oyfuso (2022) and UVS data was provided by Greathouse (2022).
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(a)

(b)

Figure 2.33: (a) Channel 1 antenna temperature polar map of the northern aurora during
PJ26. (b) Smeared UVS brightness map of the northern aurora during PJ26. MWR data
provided by Oyfuso (2022) and UVS data provided by Greathouse (2022).
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(a)

(b)

Figure 2.34: (a) Channel 1 antenna temperature polar map of the northern aurora during
PJ28. (b) Smeared UVS brightness map of the northern aurora during PJ28. MWR data
was provided by Oyfuso (2022) and UVS data was provided by Greathouse (2022).
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(a)

(b)

Figure 2.35: (a) Channel 1 antenna temperature polar map of the northern aurora during
PJ30. (b) Smeared UVS brightness map of the northern aurora during PJ30. MWR data
was provided by Oyfuso (2022) and UVS data was provided by Greathouse (2022).
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(a)

(b)

Figure 2.36: (a) Channel 1 antenna temperature polar map of the northern aurora during
PJ34. (b) Smeared UVS brightness map of the northern aurora during PJ34. MWR data
was provided by Oyfuso (2022) and UVS data was provided by Greathouse (2022).
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(a)

(b)

Figure 2.37: (a) Channel 1 antenna temperature polar map of the northern aurora during
PJ37. (b) Smeared UVS brightness map of the northern aurora during PJ37. MWR data
was provided by Oyfuso (2022) and UVS data was provided by Greathouse (2022).
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CHAPTER 3

MODELING THE COMPOSITION AND STRUCTURE OF JUPITER'S

AURORAE

Chapter 2 demonstrated that the MWR 600 MHz channel was able to observe effects of

the Jovian aurorae on microwave emission. These results were compared with ultraviolet

observations taken by the UVS instrument. That now leaves the question: what does this

tell us about the composition of the auroral plasma? Considering that the Jovian aurorae are

expected to reside or have a lower boundary within Jupiter's ionosphere (about 300-400 km

above the 1 bar pressure level), the problem is considered based on how radiowaves interact

with Earth's ionosphere.

Radiowave propagation observed in Earth's terrestrial ionosphere is dependent on the

electron densities at various heights. Introduced by Edward Appleton in Silberstein (1959),

the ionosphere is divided into three main layers: the D region (� 50� 90km), the E region

(� 90 � 140km), and the F region (� 140km). The peak electron density in the F-layer

during solar maximum has been shown to reach or exceed105 electrons cm� 3 (Mannucci

et al. 2015). Jupiter's ionosphere has a similar electron density, but with a much larger

vertical extent. The Jovian aurorae exhibit a boost in electron density and in vertical extent,

causing them to be signi�cantly brighter and more energetic than Earth's aurora.

The propagation of radiowaves in ionospheric plasma can be modeled to match ob-

servations from a downward-facing radiometer. This modeling is done by calculating the

radiowave or microwave emission reduction as it propagates throughout the medium. The

method for this type of modeling is known as radiative transfer theory, which will be dis-

cussed in section 3.1. Section 3.2 will discuss the plasma properties needed to determine

the absorption and re�ection coef�cients that would be used in this study's radiative transfer

model. Section 3.3 focuses on retrievals that can be made considering the aurorae are com-

55



posed of cold plasma, and section 3.4 focuses on retrievals that can be made considering

the aurorae are composed of warm plasma.

3.1 Radiative Transfer Theory

The theory of radiative transfer is an important foundation for understanding the method-

ology discussed in sections 3.3 and 3.4. The interdisciplinary nature of this study spans

the �elds of microwave spectroscopy, atmospheric science, and astrophysics. Each of these

�elds has varying terminology and approaches using radiative transfer theory. In an attempt

to consolidate the methodologies of all three �elds, this section provides a brief overview

of radiative transfer processes based on sources from each �eld (Petty 2006; Rybicki et al.

1985; Ulaby 2013).

The foundation of radiative transfer theory is built upon emissivity and absorptivity of

thermal radiation and the re�ectivity of propagating electromagnetic radiation. When a

low conductivity object or medium has a temperature greater than absolute zero the body

emanates thermal radiation from its surface. Along with temperature, observed thermal

radiation is dependent on the discrete frequency/wavelength.These principles of thermal

radiation from black and “gray” bodies are straight forward. The radiative transfer equa-

tion shown in Equation 3.1 is best described as the rate of change between the brightness

temperature (Tb), the optical depth of the propagating emission (� f ), and the physical tem-

perature (T).

dTb

d� f
= � Tb + T (3.1)

In practice, the radiative transfer equation is used iteratively assuming that an atmosphere

is divided into strati�ed layers. Each layer is considered to have a constant temperature and

using the Rayleigh-Jeans approximation the radiative transfer equation can be written as:
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Tb = Tb(0)e� f + T(1 � e� f ) (3.2)

whereTb(0) is the initial undisturbed brightness temperature. Equation 3.2 provides

the basic mechanics of propagating radiation. The optical depth,� f , adds absorptivity.

Every medium has a refractive index,n, which describes how an electromagnetic wave is

propagating through a medium compared to the speed of light.

n =
c
v

(3.3)

When a medium also has absorptive properties the index of refraction can be complex,

n = � + i� , where the imaginary part characterizes the attenuation. If the index of refraction

meets the condition,� 2 � 1 � � 2, then the absorption coef�cient in m� 1 can be found by

� = � Im(n2) �
2�f

c
(3.4)

The optical depth is calculated by integrating the absorption coef�cient along length of the

layer,dz, and then multiply the integral by 2.

� f = 2 �
Z

� � dz (3.5)

Another type of extinction mechanism is re�ection. Re�ection is a type of redirection

that occurs at the boundary of two different mediums. Comparing media with different

refractive indexes allows one to solve for a re�ection coef�cient, R, and a transmission

coef�cient, T. Each coef�cient provides the fraction of power that is either redirected or

continuing forward. Thus, the sum of these two coef�cients is one (Grif�ths 2017).

R =
�

n1 � n2

n1 + n2

� 2

(3.6)
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T =
4n1n2

(n1 + n2)2
(3.7)

The re�ection coef�cient can be incorporated into the �rst term of the radiative trans-

fer equation representing the fraction of emission the graybody has due to the transition

between media.

Tb = Tb(0)(1 � R)e� f + T(1 � e� f ) (3.8)

This constitutes the �nal form of the radiative transfer equation that will be used to model

microwave interactions in Jupiter's auroral regions.

3.2 Plasma Properties

Before exploring the plasma models used in this study, it is important to understand the

rudimentary properties and behaviors of plasma media. A plasma is an ionized gas con-

sisting of positive and negative charged particles. For an ionized gas to meet the criteria

of a plasma, it must meet quasi-neutrality, which means the amount of negative and pos-

itive charge are almost equal. Quasi-neutrality can also be demonstrated as the density of

electrons are almost equal to the density of the ions within the gas shown in Equation 3.9,

wherene is the density of electrons andni is the density of ions.

ni � ne (3.9)

The density of these particles is dependent on the statistical kinetic energy of the

medium, which is reliant on the corresponding velocity and temperature of the particle

species. The number density of each species can be determined with a distribution function

integrated over all velocity directions.
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Z 1

�1
f (v) dvxdvydvz = ns (3.10)

The distribution can be based on any statistical distribution. For example, a Maxwellian

distribution is as follows:

f s(v) = ns

�
ms

2�kT s

� 2
3

e� m s v 2

2kT s (3.11)

wherev2 = v2
x + v2

y + v2
z , ns is the number density of the particle species,ms is the mass

of the particle,k is the Boltzmann constant, andTs is the temperature of the particle, which

can be calculated from the average kinetic energy in Equation 3.12 (Gurnett 2017).

�
1
2

msv2

�
=

3
2

kTs (3.12)

Debye shielding is the property of the plasma that allows electrons and ions to remain

in quasi-neutrality despite the presence of stray particles/charges. When a negative test

charge,q, enters a homogeneous plasma at thermal equilibrium a polarizing charge is pro-

duced due electrons repelling against and ions moving towards the charge. The polarizing

charge acts like a shield from the test charge as demonstrated in eqs. (3.13) and (3.14),

where� c is the potential of every charge and� D is the Debye potential, also known as the

Deby-Hückel potential.

� c =
1

4�� 0r
(3.13)

� D =
q

4�� 0r
e� r

� � d (3.14)

� D =

s
� 0kTe

neq2
e

(3.15)
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wherer is the radius and� D is the Debye length. The Debye length is the characteristic

radius of the Debye sphere, where the physical size of the plasma,L, must be much larger

than the Debye length to hold quasi-neutrality.

� D � L (3.16)

The number of particles in the Debye sphere is

4�
3

ne� 3
D (3.17)

From this approximation, the plasma parameter,� , is de�ned in Equation 3.18 and this

value must be much larger than 1 to meet the criteria of a plasma medium (Baumjohann

et al. 1996).

� = ne� 3
D � 1 (3.18)

Particle motion through a plasma can be de�ned based on the plasma frequency, cy-

clotron frequency, and collision frequency. Since this work is focused on the electron

content of planetary plasmas, these three parameters will be described in the terms of the

electron particle species. The plasma frequency,! pe, describes how electrons oscillate

throughout the plasma due to an electric force. This process can be demonstrated by con-

sidering the separation charge between positively and negatively charged particles. The

electric �eld causing the separation can be solved using Gauss' law in Equation (3.19).

E =
neq� x

� 0
(3.19)

From here the oscillating motion of electrons can be determined by the equation of motion.

me
d2� x
dt2

= � qE = �
neq2

� 0
� x (3.20)
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Equation (3.20) can be rearranged to

d2� x
dt2

= �
neq2

� 0me
� x (3.21)

Equation (3.21) can easily be related to Hooke's law, where force,F , is equal to a certain

spring constant,k, times the displacement,� x.

F = � k� x (3.22)

The plasma frequency is the square root of the constant on right hand side of Equation (3.21)

(Gurnett 2017).

! pe =

s
neq2

� 0me
(3.23)

The cyclotron frequency of electrons is derived based on a magnetized plasma. The

movement of the electrons have a velocity direction perpendicular to the magnetic �eld,

which is the movement along the electric wave. The electrons also have a velocity parallel

to the magnetic �eld. Physically, this event is described as a reaction to the Lorentz force.

F = qv� B (3.24)

The circular movement of the particles is known as Larmor orbits. The orbits can be visu-

alized as electrons moving along a coil. As the strength of the magnetic �eld increases, the

coil is wound more tightly. The radius of these orbits is called the Larmor radius, which is

shown in Equation (3.25), wherevt is the speed of the particles.

� =
vt

! ce
(3.25)

From the Larmor radius, the cyclotron frequency,! ce, can be derived, which is the fre-

quency the electron moves in a circular motion. However, the cyclotron frequency can also
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be calculated using the charge of the particle, the mass of the particle, and the modulus of

the magnetic �eld (Fitzpatrick 2014).

! ce =
jqjB
me

(3.26)

There are two types of collisions that occur in plasmas: collisions between neutral

particles and charged particles and collisions between charged particles. Equation (3.27)

shows the average collision frequency between neutrals and electrons. This process is

dominated by the density of neutrals and the electron temperature. Speci�cally, for a stable

environment, the collision frequency will increase as the electron temperature increases.

� ne = nnve� n (3.27)

In Equation 3.27,nn is the density of neutral particles,ve =
q

kTe
me

is the thermal

electron velocity, and� n is the cross-section of neutral particles. The collision frequency

can be categorized two cases: the plasma being weakly collisional or collision dominated.

When the plasma is weakly collisional, the collision frequency times the time-scale of the

plasma,� , is much less than 1,� ne� � 1. Thus, the collisions between the neutrals and

electrons have very little effect on the plasma globally. When the plasma is collision-

dominated,� ne� � 1. In this case. The motion of particles is completely controlled by

neutral interactions rather than plasma processes (Gurnett 2017).

The second type of collision in a plasma involves collisions between charged parti-

cles. The collision frequency is highly dependent on the density of electrons. From Equa-

tion 3.17 and Equation 3.18 the general magnitude of the collision frequency is dependent

on the Debye sphere, the plasma frequency, and the natural logarithm of the number of

particles in the Debye sphere which is known as the Coulomb logarithm. The Coulomb

logarithm parameter demonstrates that small angle collisions have a more signi�cant effect

on the plasma than large angle collisions. Collisions between charged particles have a large
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Coulomb force, which means the collision frequency's effect on the plasma is not depen-

dent on the time-scale. Rather, the collision frequency's affect on the plasma is dependent

on the length-scale. This parameter can be used to calculate the distance between colliding

particles known as the mean-free-path,M .

M =
v
�

(3.28)

wherev is the velocity of the particles and� is the collision frequency. Comparing

the mean-free path to the length-scale of the plasma, the plasma can be described as col-

lisional or collision dominate if the mean-free-path is much smaller than the length scale

(Fitzpatrick 2014).

M � L (3.29)

If M � L then plasma is considered collisionless. The collision frequency of charged

particles can be calculated by Equation 3.30. This equation demonstrates that low temper-

ature plasmas with a dense particle population cause more collisions than high temperature

plasmas with a sparse particle population.

� �
3q4 ln

�
4�
3 �

�
ne

4�� 2
0m

1
2
e T

3
2

(3.30)

3.3 Cold Plasma Approximation

This section will �rst review description of the cold plasma dispersion relation, pro-

viding an understanding of how electromagnetic waves interact with dielectric properties

of a plasma. Section 3.3.2 will go through the �rst study of determining the composition

and structure of Jupiter's aurorae. The section describes the procedure of retrieving the

upper limit of electron densities based on a cold plasma approximation. Section 3.3.3 goes

through the second study that retrieves the number of auroral plasma layers necessary for
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the plasma to remain quasi-neutral.

3.3.1 ColdPlasmaDispersionRelation

The mechanics of how radiowaves propagate through ionospheres depend on the com-

position of the ionospheric plasma. The main properties that de�ne the medium are the

ion densities, electron densities, magnetic �eld, and collision frequency. Since ions in

ionospheres are relatively static compared to electrons, the main drivers of radiowave in-

teractions are the latter three properties. These three properties are the main contributors

for de�ning the refractive index of a plasma, which is a complex number:n = � + i� .

The real part represents the refraction and redirection of the ray, and the imaginary part

represents the absorption of the signal strength. This refractive index is calculated by using

the Appleton-Hartree equation (Ratcliffe 1959):

n2 = 1 �
X

1 � iZ
1
2 Y 2 sin2 �
1� X � iZ � 1

1� X � iZ

�
1
4Y 4 sin4 � + Y 2 cos2 � (1 � X � iZ )2

� 1
2

(3.31)

The variables X, Y, and Z are

X =
! 2

pe

! 2

Y =
! ce

!

Z =
�
!

The � in Equation (3.31) is the angle between the wave propagation direction and the

magnetic �eld, and the +/- (in the denominator) refers to the right and left-hand circular

polarization, respectively. TheX variable is comprised of the radial frequency,! = 2�f

wheref is the frequency in Hz, and the electron plasma frequency,! pe. The Y variable is

comprised of the radial frequency,! , and the electron cyclotron frequency,! ce. TheY term

is regulated by the magnetic �eld and is scaled by the angle between the electric and mag-
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netic �elds. TheZ variable is comprised of the radial frequency,� , and the electron-neutral

collision frequency,� = 5
3

�r 2P
kB T

q
3kB Te

m , wherer is the average radius of all molecules in

Jupiter's atmosphere,T is the background temperature,Te is the electron temperature,P is

the pressure, andkb is the Boltzmann's constant. TheZ term is regulated by the collision

frequency, which dominates the refractive index's imaginary part. For the complex index

of refraction, the real part corresponds to scattering/re�ectivity, while the imaginary part

corresponds to absorption. Hence, the electron density is most closely related to scattering,

and the electron collision frequency relates to the absorption.

3.3.2 ElectronDensityRetrievals

The electron density retrieval was the �rst step to deriving a model that provides insight

into the composition and structure of the aurorae based on emission observations at MWR

frequencies. For accurate electron density retrievals, the observations were converted to

nadir brightness temperatures by deconvolving the antenna beam pattern from the antenna

temperatures and adding a correction to the emission angle. At each latitude, the decon-

volved brightness temperatures are expressed by three coef�cients, a, b, and c, as used in

the following equation:

TB = a + b(1 � � ) + c(1 � � )2 (3.32)

where� is the cosine of the emission angle relative to the zenith. Oyafuso et al. (2020)

discussed the deconvolution method at length. Figure 3.1 displays the deconvolved nadir

brightness temperatures for the different perijoves and channels used to determine electron

densities in the aurorae. These perijoves were selected because they occurred during orbits

where the spacecraft attitude resulted in MWR measurements with varying latitudes at a

single longitude. Later perijoves provided a two dimensional view of the emission reduc-

tion when the spacecraft passed over the aurora. Figure 3.2 shows that each of the seven

perijoves provide cold spot observations at different parts of the aurorae, which allows for
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a better understanding of how the composition of the aurorae change in different locations.

This section will describe the considerations that went into creating the appropriate radia-

tive transfer model and the discuss the results previously stated in Hodges et al. (2020b).

Dominant Extinction Mechanisms

The properties of microwave emission are determined using the theory of radiative

transfer. As described in section 3.1, a radiative transfer model demonstrates how radiation

propagates through a medium based on emission, absorption, and re�ection. Processes that

prevent radiation from propagating through a medium are known as extinction mechanisms

that can be broken down into absorption and re�ection. Thermal microwave emission from

Jupiter is typically created from below the 1 bar pressure level. Thus, determining the

dominant extinction mechanism for this radiative transfer model was necessary to retrieve

the electron densities from the observed cold spots. The extinction coef�cients for the ra-

diative transfer model can be derived from the refractive index,n = � + i� , where� is

the real part that corresponds to refractivity and� is the imaginary part that corresponds

to absorptivity. An estimated refractive index can be used to determine if the auroral re-

gions with enhanced electron densities are predominantly absorptive or re�ective. The

Appleton-Hartree equation, Equation (3.31), can be used to determine the refractive index

of a plasma, and Equation (3.4) can be used to �nd the absorption coef�cient.

The amount of microwave absorption in the auroral layer is driven by the Z term of

the Appleton-Hartree equation and an assumed temperature-pressure pro�le. This study

used temperature-pressure pro�les from (Sinclair et al. 2017), which were retrieved from

H2S and CH4 emission spectra in Jupiter's northern and southern hemispheres. Along

with this temperature-pressure pro�le, the magnetic �eld was assumed to be about 14-

20 Gauss based on the JRM09 model results from (Connerney et al. 2018). Note that

MWR observations of the aurorae can not provide an exact electron temperature. The

absorption coef�cient was calculated at MWR frequencies with electron temperature values
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Figure 3.1: Deconvolved and nadir corrected plots of the seven perijoves examined in this
study.MWR data was provided by Oyfuso (2019).
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ranging from 1000 to106 K. For our frequencies, the absorption coef�cients are virtually

zero, regardless of electron temperature. Thus, our analysis of extinction has focused on

re�ectivity.

Re�ectance Radiative Transfer Model

Knowing that re�ectance is the dominant extinction mechanism, a radiative transfer

model was developed, which included effects of re�ection by electrons in the auroral layer.

The re�ection coef�cient can be derived from the deconvolved nadir brightness temperature

based on the following radiative transfer equation:

TB = Tsky(R + (1 � R)2R) + Tthermal(1 � R)2 (3.33)

whereTsky = 2:7 K is the background sky brightness temperature,Tthermal is the brightness

temperature at an adjacent latitude not affected by the aurora, and the re�ection coef�cient

for normal incidence is

Figure 3.2: Each cold spot of interest plotted on a UVS image from PJ 5. MWR data was
provided by Oyfuso (2019) and UVS data was provided by Gladstone (2021).
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R =
�

n1 � n2

n1 + n2

� 2

(3.34)

wheren1 is the refractive index of the non-auroral ionosphere where the electron density

is assumed to be about105 electron cm� 3 based on radio occultation data from Voyager 2

(Hinson et al. 1998) andn2 is the refractive index of the auroral arc. Using the observed

brightness temperatures and Equation 3.4 and Equation 3.33, the electron density of the

auroral regions of interest can be derived by �tting the modeled brightness temperatures to

the observed nadir brightness temperatures.

Auroral Electron Density Retrievals

Table 4.2 displays the electron density retrievals from perijoves 1, 3, 5, 7, 10, 11, and

15 assuming a single layer of elevated electron density. Figure 3.1 depicts the correspond-

ing deconvolved brightness temperatures shown as a function of latitude. The electron

densities were derived from the change in observed brightness temperatures between the

cold spot location and an adjacent, non-auroral latitude. The uncertainties in the retrieved

electron densities include potential errors in the measured raw data and the deconvolution

algorithm. Both are used to determine the dip's uncertainty in brightness temperature and

the corresponding uncertainty in re�ection coef�cient and auroral electron density. The

absolute calibration of the MWR instrument has an uncertainty of 2% (Janssen et al. 2017).

The errors from the deconvolution are related to the attitude of the spacecraft during per-

ijove. The three attitudes generally used during the Mission Juno perijoves are MWR,

MWR Tilt, and gravity (GRAV). The MWR orbits have a spin vector that is perpendicular

to the orbital plane and always include nadir look angles for the instrument. The MWR

Tilt orbit has a spin vector 14° out of the planet's equatorial plane and always includes one

nadir look angle for each latitude. The GRAV orbits do not guarantee nadir look angles

for the MWR instrument. The deconvolution errors for all orbit types were less than 0.5%

(Oyafuso et al. 2017).
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It is noteworthy that this retrieval cannot determine the scale height of the electron

densities. Since electrons at low-pressure levels do not cause microwave absorption, the

radiative transfer model depends on each layer's re�ectance and the number of layers. Re-

�ections of microwave emission occur when the refractive index of the medium changes.

Therefore, loss of emission predominantly depends on variation in the electron density

composition between layers. Since only a single re�ective layer is assumed, the results in

Table 3.1 are upper limits of the electron densities. Since the observed auroral zones may

have multiple layers with changing electron densities, the actual peak electron densities

could be considerably smaller.

Another consideration is the presence of synchrotron radiation at high latitudes. Since

the Juno orbital perijove was nearly equatorial in the �rst half of the mission, the spacecraft

was further away from the planet at high latitudes where the aurorae are observed. The

spacecraft's distance from the planet at high latitudes during the �rst 21 perijoves resides

in Jupiter's magnetosphere, where synchrotron radiation can interfere with the planet's mi-

crowave emission. Synchrotron radiation is a dispersive emitter that can affect frequencies

up to 22 GHz (Pater et al. 2003). Since lower frequencies are more susceptible to syn-

chrotron radiation, channel 1 would be most affected by its presence. Synchrotron radia-

tion can be identi�ed in the data by a substantial increase in temperature at high latitudes in

the northern or southern hemisphere. The values in Table 4.2 show that cold spots detected

in channel 1 require an electron density on the order of109 cm� 3. The electron densities

were retrieved based on matching the lowest brightness temperature in the cold spot rela-

tive to a reference temperature at an adjacent latitude. At higher latitudes near the poles,

the spacecraft is at a longer range from the planet where synchrotron radiation can interfere

with the emission received by the MWR. In order to avoid this interference, the reference

temperature selected to calculate the change in brightness temperature was chosen to be at

an adjacent latitude towards the equator.

As mentioned, the electron densities estimated from the H+
3 ions would suggest that
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Table 3.1: Cold spots detected in the southern aurora were found in perijoves 1, 3, an 7.
Cold spots detected in the northern aurora were found in perijoves 5,10, 11, and 15. In
order for the Jovian aurorae to interact with microwave emissions, their electron densities
have to be on the order of109 to 1010 cm� 3

.

PJ/Channel
Temperature Change

(K)
Electron density

(cm� 3)
Latitude

(� )
Longitude

(� )
Spacecraft
Attitude

PJ 1/CH1 197:8 � 32:2 3:25� 3:52� 109 -76.08 255.8 GRAV
PJ 3/CH1 124:8 � 33:3 2:73� 3:19� 109 -67.93 304.3 GRAV
PJ 5/CH1 354:9 � 28:5 2:86� 3:26� 109 58.16 182.0 MWR Tilt
PJ 7/CH1 136:9 � 32:7 2:86� 3:26� 109 -67.93 275.5 MWR
PJ 10/CH1 398:2 � 27:9 3:95� 4:03� 109 81.22 147.8 GRAV
PJ 11/CH1 275:7 � 31:1 3:59� 3:75� 109 74.60 190.7 GRAV
PJ 15/CH1 253:5 � 31:3 3:51� 3:69� 109 77.55 108.0 GRAV

the highest concentration of electrons would be of the order of� 107 cm� 3. Based on the

derived electron densities of this study compared to the ion densities of Jupiter's aurorae,

Jupiter's auroral plasma would not be able to sustain quasi-neutrality. Sustained quasi-

neutrality could occur if the observed ions from UVS and JIRAM had reduced scale heights

on the order of about 5 km.

Number of Layers Retrieval

The results for the �rst study provided an upper electron density that did not sustain

quasi-neutrality when compared to observations of H+ and H+
3 ions. The second study was

completed so as to lower the upper limit of electron densities from the of order of109 elec-

trons cm� 3 to 108 electrons cm� 3. In order to achieve this goal while using a cold plasma

approximation, the vertical structure of the electron density pro�le must have multiple re-

�ection points. To accomplish this, the model for the auroral region was changed from a

single slab to multiple layers oscillating between a normal ionosphere electron density and

an enhanced auroral electron density.

The Appleton-Hartree equation is still used to calculate the refractive index of the au-

roral medium. However, the radiative transfer equation is adjusted so that the number of
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Figure 3.3: Deconvolved and nadir corrected plots of PJ 5 brightness temperatures and
the corresponding planetocentric latitudes for Channels 1-3. MWR data was provided by
Oyfuso (2019).

re�ections is cascaded by the number of layers,m.

TB = Tsky(R + (1 � R)2mR2m� 1) + Tthermal(1 � R)2m (3.35)

Oncem is retrieved the uncertainty of the number of layers needs to be resolved. The

uncertainty was determined by creatingm as function ofTthermal. Only the second term

of the radiative transfer equation is used becauseTthermal is the dominating value for the

brightness temperature calculation.

m =
log1� R

�
TB

Tthermal

�

2
(3.36)
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Once the functionm is determined the uncertainty is calculated by taking the gradient

of Equation (3.36) and then multiplying it by the error ofTthermal, which is 2%. Overall, the

average uncertainty of the number of layers is about 22%.

�m =

�
�
�
�

dm
dTthermal

�
�
�
� �T thermal � 22% (3.37)

The results for the layer retrieval are shown in Table 3.2. Based on this retrieval for

a cold plasm, the aurora would need have hundreds to thousands of layers to lower the

electron densisty from109 to 108 electrons cm� 3, while still matching the reduction in

microwave emission observed by Juno's MWR over the aurorae. This range of layers is

very improbable for a stable structure when compared to the vertical structure of Earth's

aurora shown in Mannucci et al. (2015), which shows one or two heightened layers of the

aurora. The results from the layer retrieval suggests there could be a signi�cant amount

turbulence causing an environment that changes electron densities vertically vary rapidly

as discussed in Section 2.4.

Table 3.2: Cold spots detected in the southern aurora were found in perijoves 1, 3, an
7. Cold spots detected in the northern aurora were found in perijoves 5,10, 11, and 15.
In order for the Jovian aurorae to cause the measured reduction in microwave emissions
at an electron density of108 electrons cm� 3, the aurora would have to have hundreds to
thousands of layers.

PJ/Channel
Temperature Change

(K)
Number of

Layers
Latitude

(� )
Longitude

(� )
Spacecraft
Attitude

PJ 1/CH1 197:8 � 32:2 294-460 -76.08 255.8 GRAV
PJ 3/CH1 124:8 � 33:3 163-255 -67.93 304.3 GRAV
PJ 5/CH1 354:9 � 28:5 619-969 58.16 182.0 MWR Tilt
PJ 7/CH1 136:9 � 32:7 192-300 -67.93 275.5 MWR
PJ 10/CH1 398:2 � 27:9 750-1174 81.22 147.8 GRAV
PJ 11/CH1 275:7 � 31:1 168-262 74.60 190.7 GRAV
PJ 15/CH1 253:5 � 31:3 390-610 77.55 108.0 GRAV
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3.4 Warm Plasma Approximation

The results from the previous study showed the auroral layer would require hundreds to

thousands of layers to allow the electron density to sustain quasi-neutrality. This many lay-

ers are physically improbable in a stable atmosphere. It was determined that plasma within

the auroral regions need to have a signi�cant source of absorption in order to meet quasi-

neutrality in a stable environment. A correction can be made to a cold plasma dispersion

relation to add a larger absorption component. This correction is known as a warm plasma

approximation. The warm plasma dispersion relation has a larger dependence on the elec-

tron temperature and considers collisions of charged particles. Both of these components

allow more absorption to occur when a wave propagates through the plasma medium. Using

absorption, the thickness of auroral layer can be retrieved due to the attenuation length. This

section will �rst go over the dispersion relation of a warm plasma taken from Bawa'aneh et

al. (2013) and de�ne the main differences from the Appelton-Hartree equation. In section

3.4.2, the methodology for the radiative transfer model and the retrieval for the thickness of

the auroral layer is described followed by a discussion of the implications of these results.

3.4.1 WarmPlasmaDispersionRelation

A warm plasma dispersion relation can be derived in a similar manner as the cold

plasma dispersion relation, however, the velocity and temperature of the particle species

have a more signi�cant effect on the dielectric properties of the plasma. The warm plasma

relation can be solved microscopically by using a speci�c velocity distribution, e.g. Equa-

tion 3.11. It can also be solved with a more macroscopic lens, which was used to derive

Equation (3.38). As mentioned previously a dispersion relation for the warm plasma ap-

proximation used in this study was taken from Bawa'aneh et al. (2013).

The wave equation of a warm plasma is shown in Equation (3.38).
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The � in Equation (3.38) is the collision frequency of charged particles. This process

uses a standard approximation taken from the NRL Plasma Formulary (Huba, n.d.), where

� = 2:91 � 10� 6neT
� 3

2
e ln(�) and ln(�) � 6:6 � 0:5 ln(ne) + 1 :5 ln(Te). The wave

equation in Equation (3.38) can be transformed into the matrix shown in Equation (3.39).

The complex refractive index can then be solved computationally by �nding the eigenvalues

from Equation (3.39).
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3.4.2 WarmPlasmaRadiativeTransfer

The goal of the third study was to lower the upper limit of electron densities to108

electrons cm� 3 by introducing a source of absorption in the radiative transfer model. As

discussed in the section 3.4.1, a warm plasma would add absorption to the plasma medium

based on the electron temperature. Considering absorption as signi�cant extinction mecha-

nism, one can either set a particular electron temperature and determine the size of a single

75



slab auroral based on the reduction of emission or the electron temperature can be solved

based on a known size of the auroral layer. The former is examined in this study, where the

updated radiative transfer model is used to retrieve the thickness of the auroral layer.

Adding a source of absorption changes the radiative transfer equation to a structure

similar to Equation (3.5). Absorption is added by multiplying each term by the exponent of

the absorption coef�cient times the thickness of the layer times 2. As discussed in section

3.1, when absorption is added emission also has to be accounted for based on Planck's

law. This is demonstrated in the warm plasma radiative transfer equation, whereTe is the

electron temperature,� is the absorption coef�cient in m� 1 shown in Equation (3.4), and

dz is the thickness of the layer in meters, which is retrieved from the model.

TB = Tsky(R + (1 � R)2R) � e2� �dz + Tthermal(1 � R)2 � e2� �dz + Te(1 � e2� �dz) (3.40)

Oncedz is retrieved the uncertainty of the layer thickness needs to be resolved. The

propagation of errors was conducted in a similar manner as the number of layers retrieval.

The systematic errors of the observed temperature which was 2% for bothTsky andTthermal

terms, and the error of the deconvolution of the antenna temperature was less than 0.5%,

where considered. For the layer thickness retrieval the uncertainty was determined by

creatingdz as function ofTthermal. Again, only the second term of the radiative transfer

equation is used becauseTthermal is the dominating value for the brightness temperature

calculation.

dz =
1
�

ln
�

TB

Tthermal(1 � R)2

�
(3.41)

The functiondz is determined, shown in Equation 3.41, the uncertainty is calculated by

taking the gradient of Equation 3.41 and then multiplying it by the error ofTthermal, which

is 2%. Overall, the average uncertainty of the thickness of the layer is about 54%.
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�dz =

�
�
�
�

dz
dTthermal

�
�
�
� �T thermal � 54% (3.42)

Based on the methodology from Rogers et al. (2015), the electron temperature is used

in the emission term because it is the source of absorption from the warm plasma model. In

order for the radiative transfer model to demonstrate a reduction in emission, the electron

temperature would have to be close to ambient temperature, about 157 K. The results for

layers sizes based on an electron temperature of 157 K, is shown in Table 3.3. The ap-

proximate layer size is on the order of 1000 km which matches derived scale heights of the

ionosphere based on radio occultations discussed in Hinson et al. (1998). Overall, the low

electron temperature used is physically possible. Results from Rogers et al. (2015) show

electron temperatures slightly lower than 200 K for Earth's ionosphere. However, based

on calculations in Waite et al. (1983), the electron temperatures in the aurora should be on

the scale of 1000 K. Even though a warm plasma can provide the reduction in emission

using an electron density of108 cm� 3, the necessary low electron temperature would not

correspond with electron energies of Jupiter's aurora based on previous observations.

Table 3.3: Cold spots detected in the southern aurora were found in perijoves 1, 3, an 7.
Cold spots detected in the northern aurora were found in perijoves 5,10, 11, and 15. In
order for the Jovian aurorae to interact with microwave emissions at an electron density of
108 electrons cm� 3, the thickness of the auroral layer would have to be on the order of 1000
km.

PJ/Channel
Temperature Change

(K)
Layer Size

(km)
Latitude

(� )
Longitude

(� )
Spacecraft
Attitude

PJ 1/CH1 197:8 � 32:2 1388-4646 -76.08 255.8 GRAV
PJ 3/CH1 124:8 � 33:3 762-2552 -67.93 304.3 GRAV
PJ 5/CH1 354:9 � 28:5 3123-10458 58.16 182.0 MWR Tilt
PJ 7/CH1 136:9 � 32:7 890-2981 -67.93 275.5 MWR
PJ 10/CH1 398:2 � 27:9 3747-12545 81.22 147.8 GRAV
PJ 11/CH1 275:7 � 31:1 1894-6342 74.60 190.7 GRAV
PJ 15/CH1 253:5 � 31:3 1675-5608 77.55 108.0 GRAV
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CHAPTER 4

RADIO OCCULTATION SIMULATIONS

The �nal stage of this research on remote sensing of Jupiter's aurorae is planning mi-

crowave radio occultation measurements. Chapter 3 discussed three possible vertical elec-

tron density structures that could occur in the aurora based on MWR observations. It was

concluded that the vertical structure is most likely a thin stable layer of elevated electron

abundances up to109 electrons cm� 3, or the aurora is very turbulent causing multiple lay-

ers with a lower electron density. The auroral medium would not be considered a warm

plasma because a warm plasma would require an electron temperature that does not match

observed electron energies. However, the more accurate way to determine the vertical

pro�le of electrons is to conduct radio occultation experiments. The vertical variation of

electron densities can be derived from radio occultations using Juno's X-band and Ka-band

communications antenna. These occultations will occur in Juno's extended mission starting

in 2023, consisting of up to 20 total orbits that can provide ingress and egress occultations

including up to 10 encounters with the aurorae.

As stated previously, the planned occultations will use Juno's high gain communica-

tion antenna at X-band (8.4 GHz) and Ka-band (32 GHz) to downlink to the Deep Space

Network (DSN) antennas. Since Juno does not have an ultra-stable oscillator (USO) as a

frequency reference, an X-band uplink signal (7.1 GHz) from the DSN will provide that

function. Any refractive effects along the raypath will affect both uplink and downlink

signals. Simulating these occultations requires an understanding of the high gain antenna

(HGA), the link budget between the spacecraft and the Earth station, and the geometry of

occultations shown in Figure 4.2. In Figure 4.2, thex̂ vectors represent the directions to

and from the spacecraft, the~pvectors represent the directions of the Earth and the space-

craft relative to the center of the planet,r is the radius from the center of the planet to the
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in�ection point of the ray traversing through the atmosphere,a is the impact parameter, and

� is the bending angle. These variables will be expanded upon in sections 4.2.3 and 4.2.4.

4.1 Antennas and Link Budget

The speci�cations for the communications antenna and the link budget were taken from

the Juno Telecommunications Deep Space Communication and Navigation Systems Center

of Excellence (DESCANSO) technical document (Mukai et al. 2017). The Earth-based

antenna is assumed to be the Deep Space Network (DSN) DSS-25 34-meter antenna at

Goldstone. (This could change at the time of the occultations.) An unmodulated continuous

wave signal is assumed for this analysis.

When used for reception of the X-band uplink (7153.066 MHz), the spacecraft high

gain antenna has a half-power beamwidth of 1°, shown in �gure 3.2.1. Table 3.2.1 displays

the uplink budget, which provides a carrier-to-noise (CNR) ratio of about 55.61 dB. Since

the refractive defocusing in Jupiter's neutral atmosphere is expected to be about 20 dB,

the CNR provides a margin of about 25 dB, suitable for the occultations. When used for

transmission of the X-band downlink (8404.1358 MHz), the high gain antenna has a half-

power beamwidth of 1° shown in �gure 3.2.1. Table 3.2.2 displays the downlink budget

providing a CNR of about 41.46 dB. Thus, the CNR provides has about 21 dB of margin,

suitable for the occultations.

When used to transmit the Ka-band downlink (32,083.3MHz), the high gain antenna has

a half-power beamwidth of 1°, shown in �gure 3.2.1. Table 3.2.3 displays the downlink

budget providing a CNR of about 25.28 dB, which provides has about 5 dB of margin.

This lower margin will result in loss of the Ka-band downlink signal well before the loss

of downlink signal at X-band during the entry occultation since the opacity of ammonia in

the neutral Jovian atmosphere is signi�cantly larger at Ka-band than at X-band

X-Band Uplink X-Band Downlink Ka-Band Downlink
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HGA X-Band Uplink HGA X-Band Downlink HGA Ka-Band Downlink
Frequency
(MHz)

7153.066
Frequency
(MHz)

8404.1358
Frequency
(MHz)

32083.3

Bandwidth
(Hz)

3
Bandwidth
(Hz)

3
Bandwidth
(Hz)

3

Range (km) 9:66� 108 Range (km) 9:66� 108 Range (km) 9:66� 108

Path Parameters
Path Loss
(dB)

-289.21
Path Loss
(dB)

-290.64
Path Loss
(dB)

-302.28

Atmospheric
Attenuation
(dB)

-0.2
Atmospheric
Attenuation
(dB)

-0.2
Atmospheric
Attenuation
(dB)

-0.2

Transmitter Parameters
Transmitter
Power (dBm)

73.01
Transmitter
Power (dBm)

44.4
Transmitter
Power (dBm)

34.31

Xmit
Waveguide
Loss (dB)

-0.6
Xmit
Waveguide
Loss (dB)

-0.9
Xmit
Waveguide
Loss (dB)

-2.2

DSN Antenna
Gain (dBi)

66.03
DSN Antenna
Gain (dBi)

44.7
DSN Antenna
Gain (dBi)

48.72

Antenna
Pointing Loss
(dB)

-0.1
Degrees-off
-boresight Loss
(dB)

0.93
Degrees-off
-boresight Loss
(dB)

-3.65

EIRP (dBm) 139.21 EIRP (dBm) 87.37 EIRP (dBm) 77.18
Receiver Parameters

Antenna Gain
(dBi)

42.84
DSN Antenna
Gain (dBi)

68.26
DSN Antenna
Gain (dBi)

78.41

Receiver
Pointing Loss
(dB)

0
DSN Receiver
Pointing Loss
(dB)

-0.1
DSN Receiver
Pointing Loss
(dB)

-0.11

Polarization
Loss
(dB)

-0.07
Polarization
Loss
(dB)

-0.05
Polarization
Loss
(dB)

-0.07

Degrees-off
-Boresight
Loss (dB)

0.71

Lumped
Circuit loss
(dB)

-4

Total Power Summary
Receiver
Power (dBm)

-112.18
Receiver
Power (dBm)

-135.4
Receiver
Power (dBm)

-147.96
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Total
Temperature
(K)

401.25
Total
Temperature
(K)

49.72
Total
Temperature
(K)

114.43

Noise (dBm) -197.79 Noise (dBm) -206.86 Noise (dBm) -203.244
CNR (dB) 55.61 CNR (dB) 41.46 CNR (dB) 25.28

4.2 The Forward Model

The radio occultation simulator is a forward model, which predicts the expected re-

ceived signal characteristics based on nominal pro�les of electron densities in the iono-

sphere and aurorae of Jupiter. Since the spatial structure of the aurorae vary sharply upon

the location, iterative forward ray tracing would have better success in retrieving the auroral

electron density pro�le than an inverse model, which typically assumes spherical symme-

try. Beginning with an initial estimate of electron densities of the aurorae, the forward

model is run through a direct search method for multi-dimensional unconstrained mini-

mization, known as the Nelder-Mead Simplex method, to determine electron densities of

high and low auroral emission (Lagarias et al. 1998). In MATLAB, this is simply the

fminsearch , which allows the user set a state vector that would be solved for using a

de�ned function. For the retrievals the state vector would simply be the electron densities

of the aurora and non-auroral ionosphere. The following sections will discuss the overall

algorithm of the model as it was setup in MATLAB. However, the descriptions are broad

enough to implement the simulator in another language, such as Python.

4.2.1 OccultationGeometry

Figure 4.2 displays the occultation geometry between the earth, the spacecraft, and

Jupiter (Jenkins et al. 1991). This geometric setup can be described as the occultation

plane, where the target planet, Jupiter, is the frame of reference. The normal to this plane

is perpendicular to the z-axis and the direction towards the Earth. This allows the occulta-

tion event to become a two-dimensional problem (Bocanegra-Bahamón et al. 2019). This
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Figure 4.1: The gain plots for the Juno spacecraft's X-band uplink HGA,X-band downlink
HGA, and the Ka-band downlink HGA. Provided by the DESCANSO technical document
(Mukai et al. 2017).

section will go over the tools and functions used to create the geometric setup in Figure 4.2.

The SPICE Toolkit

The radio occultation model recreates the geometry shown in Figure 4.2 for each time

step by using SPICE �les (or kernels), which stands for:

• Spacecraft ephemeris

• Planet, satellite, comet, or asteroid ephemerides

• Instrument information
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Figure 4.2: Downlink occultation geometry for a two-way occultation. This diagram was
originally from Jenkins et al. (1991).

• ”C-Matrix (Orientation Information)

• Events information

These trajectory �les are developed by the Navigation and Ancillary Information Facility

(NAIF) at the NASA Jet Propulsion Laboratory. As a general overview, SPICE kernels

provide information on the position and orientations of the spacecraft, instruments, and

planetary bodies with a variety of reference frames for speci�ed time periods. This is

also visualized in Figure 4.3. More detailed descriptions of the kernels can be found in

Acton (1994), Acton et al. (2018), and on the NAIF website (Semenov 2021). The SPICE

toolkit provides the ability to use SPICE kernels and of�cially come in C, FORTRAN, IDL,

MATLAB, and JAVA. They are also developed by third parties in languages such as Python

and Ruby. For the purpose of this model the MATLAB toolkit, known as MICE, was used.

Trajectory Inputs and Functions

The model has two main functions to de�ne the occulation plane at the beginning of

each time step. The �rst function isgetOrbit , which consists of MICE toolkit functions.

The inputs of the function requires the coordinate universal time (UTC) when the occulta-

tion starts, the period of the experiment, temporal resolution of the time steps, the planet and
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Figure 4.3: Visualization of the ancillary information within SPICE kernels. This diagram
was originally from the NAIF website (Semenov 2021).

its frame of reference, and the spacecraft an its frame of reference. Of course, the planet of

interest is Jupiter and the spacecraft is Juno, however, the spacecraft's frame of reference is

the phase center of its high gain communication antenna. The �rst process of this function is

transforming the UTC time string into numerical values by usingcspice str2et to con-

vert the UTC time to ephemeris times. This initial numerical value is used to create a vector

of each time step using the de�ned period and temporal resolution. This section of the of

the code determines the position and velocity of the spacecraft and Earth from Jupiter's

frame of reference. These parameters are given bycspice spkpos , cspice reclat ,

andcspice spkezr . The MICE functioncspice spkpos provides the position of a

target body (either the spacecraft or Earth) in Cartesian coordinates within the observer's

frame of reference (Jupiter's frame of reference). The MICE functioncspice reclat

converts the Cartesian coordinates provided by thecspice spkpos function into the

radius from the center of the planet and its corresponding latitude and longitude coordi-

nates in radians, which can easily be converted to degrees by multiplying the values by
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cspice dpr . Lastly, thecspice spkezr MICE function provides the position and

velocity of the target body from Jupiter's frame of reference in a state vector in Cartesian

coordinates.

The second function used to describe the occultation plane isgetEllipse . This

function creates multiple shells 2 km apart that the ray could pass through during the oc-

cultation. Each ellipse should have the same �attening as the ”surface” (1 bar pressure

level) of the oblate planet. The �attening and eccentricity can be found by the semi-major

and -minor axes of the planet. At Jupiter the semi-major axis is the radius of the surface to

the center of the planet at the equator, which 71,492 km. The semi-minor axis is the radius

at the poles of the surface to the center of the planet, which 66,854 km. The �attening and

eccentricity of an ellipsoid that is symmetric along the x and y axes are, respectively,

f =
a � b

a
= 0:0649 (4.1)

e =

r

1 �
b
a

= 0:2547 (4.2)

wherebis the semi-minor axis anda is the semi-major axis. The shells for this model range

from 250 to 8,000 km above Jupiter's 1 bar pressure level surface. The lower boundary at

250 km is where the aurora was predicted to reside on results from Atreya et al. 1981,

Clarke et al. 2004, and Kim et al. 1997. This lower boundary corresponds to the lowest

altitude of the radio occultation retrievals of the non-auroral ionosphere in Hinson et al.

1998. The upper boundary at 8,000 km is based on the structure of Jupiter's ionosphere

from Hinson et al. 1998. To add, the H+
3 ions associated with the aurora have been shown to

reside above 700 km (Dinelli et al. 2019). The shell values range from the minor axis ver-

tices at the poles to the major axis vertices at the equator that are solved using Equation 4.3.

a =

r
b2

1 � e2
(4.3)
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4.2.2 AuroraandIonosphereModel

Chapter 3 discussed two different types of plasma compositions that could compose the

jovian ionosphere: cold and warm plasma approximations. As mentioned, a cold plasma

is a dominantly refractive medium at microwave frequencies. A warm plasma has the

same refractivity component as a cold plasma, but also exhibits some absorption of mi-

crowave frequencies at low electron temperatures. The occultation experiment uses X-

and Ka-band signals, which are high enough frequencies that there should not be a sig-

ni�cant source of absorption for a warm plasma even at very low electron temperatures.

Knowing that the refractive part of cold and warm plasmas are about the same, the warm

plasma model described in Chapter 3 was used in the radio occultation simulator in the

getPermittivity function to double check that X-band and Ka-band would not be

affected by any absorption. One can easily exchange the warm plasma approximation for

the Appleton-Hartree equation in thegetPermittivity function.

Unlike the neutral atmosphere and the non-auroral ionosphere, the structure of the

aurora has a distinct spatial morphology. This means that the ray will encounter larger

changes in the refractive index of the atmosphere. In order to account for these affects,

UVS maps of the aurora for that perijove would need to be used to correlate which parts

of the aurora would be in the raypath. Figure 4.4 displays an example of the type of UVS

map that would be used for the retrieval. Figure 4.4 is a binary map of a UVS image, where

rayleigh values are set to either 0 or 1. For this map, all rayleigh values above 60 kR are

set to 1 and the rest are set to 0. As mention in Chapter 2, UVS images have a very high

resolution, which leads to some random pixels of lesser values in the bulk of the aurora

and higher value pixels in non-auroral regions. To reduce these artifacts, the binary image

was put through a Gauss �lter that has a standard deviation of 3, and this is laid out in the

binaryUVSmap functions.
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Figure 4.4: Gauss �ltered binary UVS map of the northern and southern aurorae during PJ
5. Green is the aurora where the binary value is set to one, and blue is the non-auroral areas
wither binary value is set to zero.

4.2.3 Elliptical RayTracing

Ray tracing is a crucial technique in simulating radio occultations. Figure 4.5 shows

the geometry for the spacecraft's signal path to the Earth station. As the ray enters Jupiter's

atmosphere, it will begin to refract, bending either towards or away from the planet based

on the atmosphere's composition. The ray tracing geometry depends on the center of re-

fraction. For a spherical approximation, the center of refraction would be the center of the

planet. However, Jupiter is an oblate planet. So, the center of refraction changes as the ray

travels through the planet's atmosphere. Ultimately, this technique will provide the ray's

total path from the spacecraft through the atmosphere and then to the Earth Station.

The ray tracing portion for the occultation simulations utilizes an elliptical approxima-

tion (Equations 4.4-4.22) presented in Hoffman 2001. De�nition of a ray:

Rorigin = R0 = [ X 0 Y0 Z0] (4.4)
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Figure 4.5: Visualization of the raytracing process.Ro is the point in which the ray origi-
nates from,R̂d is the unit direction vector of the ray,Ri is the point where the ray intersects
the elliptical shell,R̂n is the local normal at the intersection point, andt is the distance the
ray traveled.

R̂direction = R̂d = [ X d Yd Zd] (4.5)

whereX 2
d + Y 2

d + Z 2
d = 1 De�ning a ray as a function of distance where t is the distance

in km

R(t) = R0 + R̂d � t (4.6)

wheret > 0 The equation for an ellipsoid is

�
X s

a

� 2

+
�

Ys

b

� 2

+
�

Zs

c

� 2

= 1 (4.7)

wherea, b, andc are the vertices of thex, y, andz axes on the ellipse. For the case of

Jupiter,a is the equatorial radius, andc is the polar radius
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Scenter= Sc = [0 0 0] (4.8)

Ssurface= [ X s Ys Zs] (4.9)

The ray equation expressed as a set of equations for the points[X Y Z ]:

X = X 0 + X d � t (4.10)

Y = Y0 + Yd � t (4.11)

Z = Z0 + Zd � t (4.12)

Equations 4.10-4.12 are substituted in 4.7, and the result is solved for t in order to �nd

the intersection point of the ray and ellipsoid. The resulting equation that needs to be solved

is

�
X 0 + X d � t

a

� 2

+
�

X 0 + X d � t
a

� 2

+
�

X 0 + X d � t
a

� 2

= S2
r (4.13)

This equation simpli�es to a quadratic equation:

At 2 + Bt + C = 0 (4.14)

where,

A = � X 2
d + � Y 2

d + KZ 2
d

B = 2(� X 0X d + � Y0Yd + KZ 0Zd)
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C = � X 2
0 + � Y 2

0 + KZ 2
0 � 1

and

� =
1
a2

; � =
1
b2

; K =
1
c2

The solutions to the quadratic equations are

t0 =
� B �

p
B 2 � 4AC
2A

(4.15)

t1 =
� B +

p
B 2 � 4AC
2A

(4.16)

A complext means that the ray will miss the ellipsoid. The correct solution is the small-

est positive and realt betweent0 andt1. Using the correct solution, the ray intersection

point is,

r int = r i = [ x i yi zi ] = [ X 0 + X d � t Y0 + Yd � t Z 0 + Zd � t] (4.17)

The local normal is de�ned as

r̂normal = r̂n =
r G
jr Gj

(4.18)

where

r G =
2x
a2

i +
2y
b2

j +
2z
c2

k

and

jr Gj = 2

r
x2

a4
+

y2

b4
+

z2

c4

G represents the surface of the ellipsoid shell, which is de�ned in Equation 4.7. In the cases

that the ray is directed from inside the ellipsoid and then hits the inside,rnormal should be
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canceled out so that it directs back towards the ray.

The atmosphere is strati�ed into multiple 2 km thick shells for the simulation. As the

ray travels throughout the atmosphere, it changes directions as it interacts with each shell,

and then the process above is conducted again until the ray leaves the atmosphere. The

ray's change in direction at each interface computed using Snell's Law. At the interface

between two shell layers, the incident angle is calculated using the incident ray,r int, which

will be denoted as vectorI and the local surface normal,rnormal, which will be denoted as

vectorN :

cos� 1 = � I � N (4.19)

The relation between the indexes of refraction,n, on either side of the interface is

demonstrated as

n =
sin� 2

sin� 1
=

n1

n2
(4.20)

Based on these two quantities, the angle of transmission found by

cos� 2 =
p

1 � sin2 � 2 =
p

1 � n2 sin2 � 1 =
p

1 � n2(1 � cos2 � 1) (4.21)

The direction of the transmitted ray can then be obtained by

T = nI + ( n cos� 1 � cos� 2)N (4.22)
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4.2.4 OccultationParameters

Bending Angles

The bending angle is represented as the� symbol in Figure 4.2. The bending angle is the

smallest angle between the ray direction's intersection before it enters Jupiter's atmosphere

and after the signal exits the atmosphere. The orientation of the angle depends on the

refractivity of the medium. The neutral atmosphere has a positive refractivity so that the

ray will bend towards the planet, shown in Figure 4.2. Whereas, the aurora and ionosphere

have negative refractivities so the ray will bend away from the planet. The direction of how

the ray will bend is determined by comparing the impact parameter,a in Figure 4.2, to the

in�ection point of the ray,r in Figure 4.2. The impact parameter is calculated as shown in

Equation 4.23 and the in�ection point is calculated as shown in Equation 4.24, wheren is

the real refractive index. Ifa < r the bending angle will be negative, which means the real

refractive index is less than 1. Ifa > r the bending angle will be positive, which means the

real refractive index is greater than 1 (Hinson et al. 1998).

a = D sin� + y sin� (4.23)

r =
a
n

(4.24)

The concern for the bending angle in planning the radio occultations, particularly in the

aurora, is to determine if the signal redirects out of the antenna's �eld-of-view. When

processing radio occultation data, the bending angle can provide information on the iono-

sphere's electron density pro�les, the neutral atmosphere's abundance of molecules, and

the temperature-pressure pro�le.
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Doppler Shift

The doppler shift is the change in frequency due to motion between two bodies. In radio

occultations, frequency of the signals sent to either the Earth station or the spacecraft will

shift as it is transmitted. This effect depends on the spacecraft's velocity and the motion

of the Earth from the planet's frame of reference and how the planet's atmosphere bends

the transmitted ray. This allows the determination of the intrinsic doppler shift, which is

the doppler shift based solely on the spacecraft's velocity relative to the Earth station. The

frequency received at Earth from the spacecraft is represented as

f er = f s
c + vrp
c2 � v2

r

(4.25)

wherevr is the relative velocity, andc is the speed of light. The relative velocity that

incorporates effects of the planet's atmosphere can be derived as

vr = �! ve � bx1 � �!vsc � bx2 (4.26)

Where bx1 and bx2 are the unit vectors shown in Figure 4.2. The relative velocity in the

absence of the atmosphere is similarly derived as

v0
r = �! ve � bx3 � �!vsc � bx3 (4.27)

where bx3 is a unit vector shown in Figure 4.2. Lastly, the excess doppler shift is re-

trieved from the following relation.

f r = f 0
er � f er (4.28)
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Vertical Resolution

Vertical resolution re�ects the altitude range in which the signal is most sensitive to

ionospheric or atmospheric refractivity and/or absorptivity during transmission. This pa-

rameter can be found by calculating the Fresnel zone based on the ray's direction and

frequency.

F =
p

R2� (4.29)

whereR2 is de�ned in Figure 4.2, and lambda is the wavelength. In the classic de�-

nition, the Fresnel zone refers to a linear path of the transmitting ray. In the case of radio

occultations, the ray is transmitted on a curved path. The Fresnel zone is then represented

as a torus between two wavefronts (Croft, 1981). For the current simulations, Equation 4.29

was used as a simple approximation; however, the Fresnel zone can be computed with more

accuracy using the torus intersection method from Croft (1981).

4.3 Simulation Results

The main purpose of the simulations are to demonstrate the behavior of the forward

model for extreme examples of Juno's radio occultations of the aurorae. For the simu-

lations, X-band and Ka-band signals are sent through Jupiter's auroral and non-auroral

ionosphere. As mentioned in section 4.2.2, each point of the ray path is mapped to a binary

image of the northern and southern aurorae based on UVS images. For these examples the

binary map displays the structure of both aurorae during perijove 5. However, the struc-

ture of Jupiter's aurora are quite variable and can change perijove to perijove(Clarke et al.

1980; Moore et al. 2017). Thus, when conducting the future forward modeling a binary

UVS, MWR, or JIRAM map from that speci�ed perijove would be used. For these simu-

lations all elliptical shells in the auroral zones have an electron density of either108 or 109

electrons cm� 3. All the shells in the non-auroral ionosphere have an electron density of
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105 electrons cm� 3. Of course a natural ionosphere would have the electron density change

as a gradient based on the altitude, which is shown in Hinson et al. (1997), Hinson et al.

(1998), and Fjeldbo et al. (1975). These changes in Jupiter's ionosphere will be resolved

when the forward model is used in retrieving the electron density pro�les during Juno's

radio occultations starting in 2023.

The trajectory for each possible radio occultation of Juno's extended mission can be

found in Appendix B. The plots demonstrate the ingress and egress of Juno's occultation

from the SPICE trajectory �les developed in 2020 (Stephens et al. 2013). Simulations have

been conducted for each ingress and egress period of the 20 possible occultations. During

these occultations there are 10 total interactions with the jovian aurorae. Seven are of the

northern aurora and three are of the southern aurora. Since these simulations are simpli�ed

by modelling three electron densities, this discussion focuses on the results of the 10 aurora

encounters. The simulation results of the non-auroral ionosphere are uniform, which they

should be, and can be found in Appendix C. Figures 4.6 to 4.45 display the �rst ten minutes

of either the ingress of the egress of the occultation of both X-band and Ka-band downlinks

for two cases. The �rst case assumes the auroral electron density is108 electrons cm� 3.

This density matches observations from UVS and JIRAM and could be consistent with

MWR observations if the auroral layer is a cold plasma with multiple layers or a warm

plasma with a low electron temperature. Note that, when using the warm plasma model in

the simulation, X-band and Ka-band do not show any signi�cant absorption. In the second

case, the auroral electron density is109 electrons cm� 3. This density is predicted based on

MWR observations where the aurora is modeled as a single slab of cold plasma.

The results for the aurora interactions shown in Figures 4.6 to 4.45 demonstrate how the

ray interacts with various areas of the northern and southern aurorae. There is a signi�cant

difference between the results from perijoves 63 to 74 versus 75 to 77. In the observations

of the aurora for the last three perijoves of the extended mission, the occultation ray would

be skimming the edge of the northern and southern aurorae rather than passing through the
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bulk of the auroral arc. Skimming the edge of the aurorae can cause bending angles of

180 degrees, which means the ray hit a critical angle while passing through both auroral

and non-auroral refractive indices throughout its raypath. For perijoves 63 to 74, the X-

band bending angle for the108 electron density is on the order of10� 2 degrees and the

109 electron density is an order of magnitude higher at10� 1 degrees. Both of these cases

demonstrate that ray should remain in the half-power beam of the X-band HGA for the �rst

�ve aurora encounters. For Ka-Band, the bending angle for the108 electron density is on

the order of10� 4 degrees and the109 electron density is an order of magnitude higher at

10� 3 degrees. Both of these cases demonstrate that ray should remain in the half-power

beam of the Ka-band HGA for the �rst �ve aurora encounters. Doppler shift and Fresnel

zone for both channels depend on the trajectory at that perijoves, so there is always a clear

relationship. When the ray hits certain bounderies of the aurora that's shown in the doppler

shift as a jagged change in the temporal gradient of the doppler shift.

Perjoves 75 to 77, shown in Figures 4.10-4.14, have signi�cantly different results and

provide the three southern aurora encounters during the egress of the occultations. Perijove

75 only provides the egress occultation of the southern aurora. For perijove 75,at X-band

the bending angle for the108 electron density is on the order of10� 2 degrees and the109

electron density is on the order of10� 1 degrees to100. For Ka-Band, the bending angle

for the 108 electron density is on the order of10� 3 degrees and the109 electron density

is an order of magnitude higher at10� 2 degrees. The bending angles at both channels

are about an order of magnitude higher than the �rst �ve aurora encounters. However, all

bending angles still remain within within the HPBW of the HGA at both X-band and Ka-

Band than the previous occultations. For perijoves 76 and 77, the bending angles are on

the same order of magnitude as perijove 75, which means they are within the HPBW of

each HGA channel. During these perijoves, the ray does hit some critical angles as it skims

across the edge of the aurorae. These 180 degree bending angles were removed from the

plots. So, any time step that does not have a data point is a critical angle encounter. These
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results basically show that it should be possible to have �ve successful occultations at the

northern aurora and one occultation of the southern aurora. While there is a chance that

the occultation link could unlock during the last four aurora observations during perijoves

76 and 77, the Juno communication link has snap-lock capability, which prevent complete

loss of signal when encountering critical angles at the aurorae. Since these are the most

extreme examples, these transient events will be minimal.

Table 4.2: The 20 orbits that will conduct radio occultation experiments during the ex-
tended mission provided by Stephens et al. (2013). Perijoves with a star, *, provide occul-
tation encounters with the northern and/or southern aurora.

.

Perijove UTC Time Occultation in/egress)

53 07/31/2023 09:05:40 32� N / 21� N
54 09/07/2023 11:39:24 36� N / 16� N
60 04/04/2024 08:57:18 40� N / 21� N
61 05/12/2024 06:31:29 51� N / 4� S
62 06/14/2024 02:18:42 58� N / 20� S
*63 07/17/2024 01:12:00 63� N / 34� S
64 08/18/2024 22:18:18 66� N / 44� S
*65 09/20/2024 18:56:43 68� N / 58� S
66 10/23/2024 13:48:07 68� N / 49� S
67 11/25/2024 09:35:22 66� N / 42� S
68 12/28/2024 07:14:16 64� N / 31� S
69 01/30/2025 03:34:07 62� N / 24� S
70 03/04/2025 02:13:33 63� N / 26� S
*71 04/06/2025 00:29:41 66� N / 34� S
72 05/08/2025 21:54:41 69� N / 46� S
*73 06/10/2025 21:02:02 73� N / 60� S
*74 07/13/2025 19:36:49 76� N / 74� S
*75 08/15/2025 19:23:37 78� N / 87� S
*76 09/17/2025 18:33:21 81� N / 81� S
*77 10/20/2025 17:22:12 82� N / 74� S
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Figure 4.6: Perijove 63 ingress occultation simulation of the northern aurora for X-band
where the auroral electron density is108 electrons cm� 3.The plot displays the bending
angle, excess doppler shift, and Fresnel zone size for each time step.
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Figure 4.7: Perijove 63 ingress occultation simulation of the northern aurora for X-band
where the auroral electron density is109 electrons cm� 3.The plot displays the bending
angle, excess doppler shift, and Fresnel zone size for each time step.
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Figure 4.8: Perijove 63 ingress occultation simulation of the northern aurora for Ka-band
where the auroral electron density is108 electrons cm� 3.The plot displays the bending
angle, excess doppler shift, and Fresnel zone size for each time step.
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