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Abstract. The flow of material from Io’s volcanoes into the Io plasma3

torus, out into the magnetosphere, and along field lines into Jupiter’s up-4

per atmosphere is not adequately understood. The lack of observations of5

spatial and temporal variations in the Io plasma torus impedes attempts to6

understand the system as a whole. Here we propose that radio occultations7

of the Io plasma torus by the Juno spacecraft can measure plasma densities8

in the Io plasma torus. We find that the line-of-sight column density of plasma9

in each of the three regions of the Io plasma torus (cold torus, ribbon, and10

warm torus) can be measured with uncertainties of 10%. We also find that11

scale heights describing the spatial variation in plasma density in each of these12

three regions can be measured with similar uncertainties. Such observations13

will be sufficiently accurate to support system-scale studies of the flow of plasma14

through the magnetosphere of Jupiter.15
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1. Introduction

Volcanic eruptions on the innermost Galilean satellite, Io, are the main source of plasma16

in Jupiter’s magnetosphere. Io orbits Jupiter in the plane of the planet’s rotational equa-17

tor at a distance of 5.9 RJ . Volcanic activity on Io delivers neutral gas into the Jupiter18

system at a rate of about 1 tonne per second [e.g. Bagenal and Delamere, 2011]. Plasma19

is produced from these neutrals via electron collisions on timescales of 2–5 hours [Smyth20

and Combi , 1988; Smyth, 1992; Thomas et al., 2004]. Plasma is also transferred into the21

magnetosphere as Jupiter’s rapidly rotating magnetic field picks up ions from Io’s iono-22

sphere. The relative importance of these two processes is not currently known [Thomas23

et al., 2004].24

Once ionized, these particles are affected by electromagnetic forces in addition to grav-25

itational and centrifugal forces. These forces disperse the Io-genic plasma away from Io,26

but do not do so uniformly in all directions. Instead, the plasma is initially confined to a27

torus that is centered on the centrifugal equator at Io’s orbital distance (5.9 RJ), called28

the Io plasma torus (IPT). The centrifugal equator is the locus of points on a given field29

line which are located at the greatest distance from the rotation axis [Hill et al., 1974;30

Dessler , 2002; Khurana et al., 2004]. The torus is centered in this plane since this plane31

is where an ion trapped on a field line has the minimum centrifugal potential. The axis of32

the centrifugal equator lies between Jupiter’s rotational and magnetic axes and is there-33

fore tilted towards the magnetic axis at 200◦ longitude (System III). The angle between34

the rotational and centrifugal axes is 2/3 the angle between the rotational and magnetic35

axes [Hill et al., 1974]. Since Jupiter’s magnetic axis is 9.6 degrees from the rotational36

D R A F T January 23, 2017, 9:44pm D R A F T



X - 4 PHIPPS, P.H.: JUNO RADIO OCCULTATION EXPERIMENT

axis, the centrifugal axis that defines the plane of the IPT is tilted by 6.4 degrees from the37

rotational axis and 3.2 degrees from the magnetic axis [Thomas et al., 2004]. The jovian38

magnetic field is not perfectly dipolar. Consequently, representing the centrifugal equator39

as a plane is an approximation. However, doing so is sufficient for many purposes.40

Plasma is lost from the IPT via flux tube interchange on timescales of around 20-8041

days [Hill et al., 1981; Bagenal and Delamere, 2011]. Flux tube interchange causes plasma42

to drift radially outward, which distributes plasma throughout Jupiter’s middle and outer43

magnetosphere. The dispersal of plasma from the IPT into the rest of the magnetosphere is44

the main process that provides plasma to the rest of Jupiter’s magnetosphere. Therefore45

spatial and temporal variations in the IPT can ultimately affect the distribution and46

dynamics of plasma throughout Jupiter’s entire magnetosphere [Bonfond et al., 2012;47

Payan et al., 2014].48

There are several different ways in which remote sensing and in situ observations can49

measure conditions in the IPT. This article focuses on remote sensing observations of50

the IPT by radio occultations. These observations can monitor temporal and spatial51

variations in the density and temperature of the IPT.52

A radio occultation occurs when an object, here the IPT, comes between the transmitter53

and receiver of a radio signal. Properties of the radio signal are affected by the radio54

signal’s propagation through the plasma in the torus. Refraction of the radio signal as it55

passes through the plasma of the IPT causes a change in the frequency of the received56

signal due to the Doppler effect. The line-of-sight integrated plasma density, also known57

as the total electron content (TEC), of the IPT can be determined from the measured shift58

in the received frequency [e.g. Withers et al., 2014]. The most suitable scenario for a radio59
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occultation observation of the IPT involves a spacecraft in a polar orbit around Jupiter60

with periapsis within Io’s orbit. A polar orbit ensures that the line of sight between the61

spacecraft and Earth is approximately parallel to the torus equator and sweeps through62

the entire cross-section of the IPT. A periapsis within Io’s orbit ensures that the line of63

sight between the spacecraft and Earth passes through the torus once, not twice, which64

simplifies analysis.65

The only spacecraft currently operational at Jupiter, Juno, has such an orbit. Launched66

on 5 August 2011, Juno entered orbit around 4 July 2016 and orbits with a near-polar67

inclination. The Juno orbiter is the first spacecraft to operate in the outer solar system68

using solar power and the first to have a polar orbit around Jupiter [Bagenal et al.,69

2014]. The nominal Juno mission lifetime is 37 orbits. Four of these orbits are dedicated70

to spacecraft checkout and instrument commissioning, leaving 33 planned science orbits71

[Connerney et al., 2016]. Juno’s perijove is at equatorial latitudes and 1.06 RJ , which is72

about 4300 km above the planet’s cloud-tops. Opportunities to conduct radio occultation73

observations of the IPT occur once per orbit. Prior to orbit insertion, Juno planned to74

conduct most of its mission in a 14-day orbit. Due to anomalies encountered early in its75

orbital mission, the spacecraft may instead remain in a 53-day orbit for a considerable76

time. The main findings of this article are not affected by the length of the orbital period77

as long as Juno has a near-polar orbit with periapsis inside Io’s orbit, which is true at the78

time of writing and likely to remain true until the end of the mission. The only significant79

effect of changes from the planned orbital period is in temporal resolution. Measurements80

will be possible once per orbital period, so every 53 days instead of every 14 days.81
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A major goal of the Juno mission is to map Jupiter’s gravitational and magnetic fields82

[Bagenal et al., 2014]. Analysis of these observations will improve understanding of the83

planet’s interior structure and the properties of the magnetosphere out of the equatorial84

plane. The gravitational mapping requires continuous radio tracking from Earth, so the85

Juno orbit is designed such that Juno is never occulted from view by Jupiter itself. The86

Juno project plans to conduct radio tracking on about 24 orbits [Tommei et al., 2015],87

which means that radio occultations may be feasible on those 24 orbits. With only two88

previous radio occultations of the IPT, the 24 possible Juno occultations offer an order89

of magnitude increase in the number of observations and unprecedented opportunities to90

explore spatial and temporal variability in the IPT. This set of occultations will sample91

the full range of System III longitudes and the full range of positions relative to Io along92

its orbit, but only a narrow range of local times. Due to the small angular separation of93

Earth and the Sun as seen from Jupiter, all occultations will be near noon local time.94

The aims of this article are to evaluate the feasibility of measuring properties of the IPT95

with radio occultations conducted by the Juno spacecraft, to estimate the likely accuracy96

of such observations, and to assess the contributions that such measurements could make97

towards key science questions concerning the IPT and its role in Jupiter’s magnetosphere.98

Section 2 describes the IPT. Section 3 discusses the concept of a radio occultation99

and relevant capabilities of Juno. Section 4 explores radio occultations of the IPT using100

a simple model. Section 5 uses a more sophisticated model of the torus to determine101

the accuracy with which key torus properties can be measured. Section 6 discusses how102

plasma temperature and density can be obtained from the measured properties. Section103

7 presents the conclusions of this work.104
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2. Overview of observations of the Io plasma torus

The IPT can be observed in a variety of ways, including ground-based optical and105

infrared measurements [Brown, 1995; Schneider and Trauger , 1995], spacecraft in situ106

measurements [Judge and Carlson, 1974; Carlson and Judge, 1975; Bagenal and Sulli-107

van, 1981; Bagenal et al., 1997], spacecraft ultraviolet (UV) measurements [Steffl et al.,108

2004a, b], and spacecraft radio occultation experiments [Eshleman et al., 1979a; Levy109

et al., 1981; Bird et al., 1992].110

Ground-based optical and infrared observations can measure the composition, density,111

and temperatures of plasma within the IPT [Kupo et al., 1976; Pilcher and Morgan, 1979;112

Brown, 1995; Schneider and Trauger , 1995]. The intensities of species-specific emission113

lines indicate the composition of the plasma. Electron density in the IPT can be deter-114

mined from the intensity ratio of S+ emission lines at 6717 and 6731 Å or the intensity115

ratio of O+ emission lines at 3726 and 3729 Å [Brown, 1976]. The electron temperature116

can be determined from intensity ratios of other pairs of S+ lines and the perpendicu-117

lar ion temperature can be determined from the width of the S+ 6731 Å line [Brown,118

1976]. The brightest emissions from the IPT are sodium D-line emissions due to resonant119

scattering of solar radiation by neutral sodium, although their behavior is different from120

typical torus plasma since they are neutral. We can expect the sodium emission to be121

a tracer of the neutrals but not of the ions. These emissions are often used as proxy122

measurements for the main constituents of the IPT, ionized sulfur and oxygen. Many123

ground-based surveys of spatial and temporal variability in the IPT have been conducted124

[e.g. Brown, 1995; Schneider and Trauger , 1995; Mendillo et al., 2004a; Nozawa et al.,125

2004, 2005, 2006; Yoneda et al., 2009, 2010, 2013].126
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Valuable observations of the IPT were made by Voyager 1 during its flyby in March 1979127

[Bagenal and Sullivan, 1981] and Galileo during its orbital tour in 1995–2003 [Bagenal128

et al., 1997]. Each spacecraft was equipped with an ultraviolet spectrometer (UVS) that129

covered 400–1800 Å and an in situ plasma instrument (PLS). The UVS experiments130

were able to measure electron density and temperature, ion temperature perpendicular131

to the magnetic field, and composition. The PLS experiments were able to measure132

plasma density, velocity, and composition [Bagenal , 1994; Thomas et al., 2004]. Due133

to degeneracies in the interpretation of observations from each instrument, both remote134

sensing UVS measurements and in situ PLS measurements were necessary to map the135

composition of the torus completely. In situ measurements by Voyager 1 [Bagenal and136

Sullivan, 1981] and Galileo [Bagenal et al., 1997] mapped the spatial extent of the IPT.137

They found that the IPT is centered at the orbital distance of Io, 5.9 RJ , and has widths138

of about 2 RJ in, and 1 RJ perpendicular to, the plane of the centrifugal equator. The139

Cassini Ultraviolet Imaging Spectrograph (UVIS) also observed the IPT during Cassini’s140

Jupiter flyby in 2000–2001 [Steffl et al., 2004a, b].141

The spatial distribution of plasma in the IPT has also been mapped by active remote142

sensing experiments on spacecraft in the Jupiter system. Prior to Juno, radio occultations143

through the IPT have been conducted twice, once by Voyager 1 [Eshleman et al., 1979a;144

Levy et al., 1981; Campbell and Synnott , 1985] and later by Ulysses [Bird et al., 1992, 1993].145

These observations provided a time series of measurements of the TEC in the IPT between146

the spacecraft and Earth. In combination with knowledge of the spacecraft trajectory,147

these TEC measurements constrained spatial variations in the local electron density within148

the IPT.149
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From these observations, a general picture of the IPT has been developed. From Voyager150

1 measurements, Bagenal and Sullivan [1981] found that the torus can be divided into151

three different regions: the cold torus, ribbon, and warm torus. The innermost region,152

centered at 5.2 RJ , is the cold torus. In the cold torus, densities fall off with height above153

the centrifugal equator with a scale height of 0.1 RJ , which is relatively small. The cold154

torus peaks at around 5.23 RJ and extends from 4.9 RJ to 5.5 RJ and has a characteristic155

density of ∼1000 cm−3. Its composition is mostly S+ ions with smaller amounts of O+ ions156

present. In the cold torus, the electron temperature Te ≈ 1–2 eV and the ion temperature157

Ti ≈ 1–4 eV. Beyond the cold torus lies the ribbon, whose center is at a distance of 5.6158

RJ . It has a scale height of 0.6 RJ and extends from 5.5–5.7 RJ . The ribbon has a high159

characteristic density of ∼3000 cm−3 and it is mostly O+ ions with smaller amounts of160

S+ ions present. In the ribbon, Te ≈ 4–5 eV and Ti ≈ 10–30 eV. The outermost region is161

the warm torus, whose center is at Io’s orbital distance of 5.9 RJ . It has a scale height162

of 1 RJ , which makes it the thickest region, and extends from 5.7–8 RJ . The warm torus163

has a characteristic density of ∼2000 cm−3 and it is composed of S2+ and O+ ions with164

trace amounts of O2+, S+, and S3+ ions. In the warm torus, Te ≈ 5–8 eV and Ti ≈ 60 eV.165

The scale height, H, is related to plasma composition and temperature [Thomas , 1992;166

Thomas et al., 2004],167

H =

√
2k(Ti,‖ + ZiTe,‖)

3MiΩ2
(1)

where k is the Boltzmann constant, Ti,‖ is the ion temperature, Zi is the atomic number168

of the ion species, Te,‖ is the electron temperature, Mi is the mass of the ion species,169

and Ω is the rotation rate of Jupiter’s magnetosphere (∼ 1.75 × 10−4 rad s−1). The ‖170
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subscripts on Te and Ti refer to the component of temperature parallel to the magnetic171

field. Since Te is much smaller than Ti, the scale height is effectively insensitive to Te.172

This scale height defines the extent of the IPT parallel to the magnetic field lines. If a173

radio occultation can determine the scale height H, then Equation 1 can be used to infer174

the ion temperature. Doing so requires independent knowledge of the ion composition,175

which is summarized above.176

Previous observations have revealed much about the plasma torus. However, many key177

science questions still remain concerning the generation, transport, and loss of plasma in178

the IPT and the magnetosphere of Jupiter. In the context of the IPT itself, outstanding179

questions include: 1. Over what timescales does the supply of plasma to the IPT vary? 2.180

How do variations in Io’s volcanic activity affect major properties of the IPT? 3. How do181

major properties of the IPT vary with System III longitude? Multiple radio occultations182

of the IPT by Juno will provide new information for answering these questions. These183

radio occultations offer unparalleled spatial and temporal coverage of the IPT.184

3. Radio occultations

A radio occultation occurs when an object, here the IPT, comes between the transmitter185

and receiver of a radio signal. On each orbit, Juno will pass through the centrifugal equator186

such that the IPT is between the spacecraft and Earth. This geometry is suitable for radio187

occultation observations of the torus.188

During radio tracking, Juno will receive a radio signal from Earth at X-band frequencies189

(7.3 GHz) and use multipliers to retransmit that signal back to Earth at X-band frequen-190

cies (8.4 GHz) and Ka-band frequencies (32.1 GHz) (Table 1) [Mukai et al., 2012]. This191

method is similar to the method used by Cassini for radio occultations after the failure192
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of its ultrastable oscillator [Schinder et al., 2015] and to the method that will be used by193

BepiColombo for gravity science measurements [Tommei et al., 2015]. Since the downlink194

frequencies are derived from the same source, the two down-linked radio signals will be195

transmitted coherently.196

The propagation of the radio signal is affected by plasma along its path such that the197

received frequency contains information about the electron density along the path of the198

radio signal. As is shown here, the line-of-sight integrated electron density can be derived199

from comparison of the received frequencies of the two down-linked radio signals.200

Neglecting relativistic effects, the received frequency on Earth of the downlinked X-band201

signal satisfies [Withers et al., 2014]:202

fR,X = fT,X −
fT,X
c

d

dt

∫
dl +

e2

8π2meε0cfT,X

d

dt

∫
Ndl − fT,Xκ

c

d

dt

∫
ndl (2)

where f is frequency, subscripts R and T refer to received and transmitted, respectively,203

subscript X refers to X-band, c is the speed of light, t is time, l is distance along the204

ray path, −e is the electron charge, me is the electron mass, ε0 is the permittivity of free205

space, N is the electron density, κ is the mean refractive volume of the neutrals, and206

n is the number density of neutrals. A similar equation can be written for the received207

frequency on Earth of the downlinked Ka-band signal:208

fR,Ka = fT,Ka −
fT,Ka

c

d

dt

∫
dl +

e2

8π2meε0cfT,Ka

d

dt

∫
Ndl − fT,Kaκ

c

d

dt

∫
ndl (3)

The two transmitted frequencies, fT,X and fT,Ka, satisfy fT,Ka/fT,X = fD,Ka/fD,X , where209

fD,Ka/fD,X is a fixed ratio of 3344/880 [Kliore et al., 2004]. The subscript D refers to210
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downlinked frequencies. Accordingly, Equation 3 can be multiplied by fD,X/fD,Ka and211

subtracted from Equation 2 to give:212

∆f = fR,X − fR,Ka

(
fD,X

fD,Ka

)
=

e2

8π2meε0cfT,X

1−
(
fD,X

fD,Ka

)2
 d

dt

∫
Ndl (4)

where ∆f is defined as fR,X − fR,Ka

(
fD,X

fD,Ka

)
. Terms proportional to the transmitted213

frequency in Equations 2–3 cancel out in this difference. This eliminates the classical214

Doppler shift and effects of neutral molecules. The quantity
∫
Ndl is the line-of-sight215

TEC. If time series of fR,X and fR,Ka are available, Equation 4 can be used to determine216

the rate of change of the TEC. Given knowledge of the spacecraft trajectory, the time217

rate of change of the TEC can be converted into the spatial gradient of the TEC. Finally,218

this can be integrated to give the TEC for each different line of sight.219

4. Initial estimate of frequency shifts

We wish to determine how accurately properties of the IPT can be measured by radio220

occultation experiments. Before developing a sophisticated model of the IPT and sources221

of noise, we first explore the influence of IPT properties on observable quantities using a222

simple model.223

4.1. Initial model of Io plasma torus

We assume that the electron density N can be represented by a single Gaussian that224

depends on the distance s′ from the center of the torus and that the center of the torus225

lies in the plane of the centrifugal equator at a distance from Jupiter equal to Io’s orbital226

distance of 5.9 RJ [Thomas , 1992; Thomas et al., 2004]. Hence:227
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N (s′) = N (0) exp−
s′2
H2 (5)

where H is the scale height and N (0) is the density at the center of the torus. Typical228

values for N (0) and H are 2000 cm−3 and 1 RJ , respectively [Thomas et al., 2004]. The229

critical quantity in Equation 4 is
∫
Ndl, the integral of the electron density along the line230

of sight. We define TEC as a function of the radio signal’s distance of closest approach231

to the center of the torus s, TEC (s). This satisfies [Quémerais et al., 2006]:232

∫
Ndl = TEC (s) = 2

∫ ∞
s

N (s′) s′ds′√
s′2 − s2

(6)

where s’ is the distance from the center of the IPT to a point on the ray path. With the233

density N given by Equation 5, TEC (s) is given by [Abramowitz and Stegun, 1972]:234

TEC (s) = N(0)
√
πH exp−

s2

H2 (7)

The maximum value of TEC (s) occurs at s = 0, where TEC = N(0)
√
πH. For bench-235

mark values N (0) = 2000 cm−3 and H = 1 RJ , the maximum value of the TEC is236

25.5 × 1016 m−2. This can be expressed as 25.5 TECU, where 1 TECU or total electron237

content unit equals 1× 1016 m−2.238

4.2. Characteristic frequency shifts

Combining Equations 4 and 7, the frequency shift ∆f satisfies:239

∆f (s) =
e2

8π2meε0cfT,X

1−
(
fD,X

fD,Ka

)2
 d

dt

[
N (0)

√
πH exp−

s2

H2

]
(8)
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Since the only time-variable quantity in Equation 7 is the distance of closest approach s,240

Equation 8 becomes:241

∆f (s) = − e2

8π2meε0cfT,X

1−
(
fD,X

fD,Ka

)2
√πN (0) exp−

s2

H2

(
2s

H

)
ds

dt
(9)

Here ds
dt

is the rate of change of the distance of closest approach s. Note that this refers to242

the distance of closest approach of the line of sight between the spacecraft and Earth to243

the center of the IPT. It is therefore affected by the trajectory of the spacecraft and the244

motion of the IPT, not solely by the trajectory of the spacecraft. For simplicity in this245

exploratory work, we assume that ds/dt is constant during a radio occultation observation.246

However, this is a questionable assumption that would need to be revised in the analysis247

of real observations. First, Juno’s speed during a radio occultation observation, which248

is essentially a periapsis pass, changes appreciably due to the high eccentricity of Juno’s249

orbit. Second, since the IPT is tilted with respect to Jupiter’s rotational axis, the center250

of the IPT moves during a radio occultation observation. At Io’s orbital distance, the251

center of the IPT moves up and down with a velocity of ± 9 kms−1 over Jupiter’s 9.925252

hour rotational period. We assume that |ds/dt| is 20 km s−1, which is a representative253

value for the spacecraft speed during a periapsis pass (based on the ephemeris tool at254

www-pw.physics.uiowa.edu/∼jbg/juno.html). This is equivalent to a change in s of one255

RJ in a time of one hour. We reconsider this issue at the end of Section 4.2.256

Equation 9 provides an analytical description of the dependence of the measureable257

frequency shift ∆f on the central density of the torus, N (0), the torus scale height, H,258

and ds/dt, which can be intepreted as the projected speed of the spacecraft. The value259

and location of the maximum value of |∆f | can be found by setting the derivative of260
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Equation 9 with respect to s to zero. The maximum value of |∆f |, |∆f |max, occurs at261

s2 = H2/2 and satisfies:262

|∆f |max =
e2

8π2meε0cfT,X

1−
(
fD,X

fD,Ka

)2
√πN (0) e−

1
2

√
2
ds

dt
(10)

For N (0) = 2000 cm−3, H = 1 RJ , and |ds/dt| = 20 km s−1, the maximum value of263

|∆f | is 0.9 mHz. This maximum occurs at s = 0.7RJ .264

The top panel of Figure 1 shows how ∆f depends on s for several values of N (0) and265

fixed H = 1 RJ and ds/dt = -20 km s−1. We choose a range of values for N (0) that266

covers the observed values in the torus. N (0) varies between 500 cm−3 and 2500 cm−3
267

[Bagenal and Sullivan, 1981; Bagenal et al., 1997]. The middle panel of Figure 1 shows268

how ∆f depends on s for several values of H and fixed N (0) = 2000 cm−3 and ds/dt =269

-20 km s−1. We choose a range of values for H that covers the observed values in the270

torus. H varies between 0.5 RJ and 2.5 RJ [Thomas et al., 2004]. The bottom panel in271

Figure 1 shows how ∆f depends on s for several values of |ds/dt| and fixed N (0) = 2000272

cm−3 and H = 1 RJ . We choose a range of values for |ds/dt| that increases from 20 km273

s−1 to 40 km s−1 in increments of 5 km s−1.274

Figure 1 illustrates how the observed shift in frequency, ∆f , depends on N (0), H, and275

ds/dt. ∆f is zero at the start of an occultation, when |s| is large. Its magnitude increases276

monotonically to ∆fmax = 0.9 mHz at scrit = H/
√

2 , then decreases monotonically277

through zero at s = 0. The behavior of ∆f in the second half of the occultation is the278

same as in the first half, except for a change in sign. The full width at half maximum of279

the local maximum in ∆f is approximately equal to H.280
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The effects of variations in N (0) and ds/dt are straight-forward, since the frequency281

shift ∆f is proportional to both factors. Spatial and temporal changes in N (0) are likely282

over the course of the Juno mission, since the IPT is intrinsically variable, whereas ds/dt283

will not vary greatly from orbit to orbit. The effects of variations in H are more complex.284

As H increases, scrit increases. The width of the local maximum in ∆f also increases, but285

the value of ∆fmax remains the same.286

The timescale, τ , for the radio signal to sweep through the IPT satisfies |ds/dt| τ = 2H.287

With |ds/dt| = 20 km s−1 and H = 1RJ , the timescale τ is approximately 2 hours.288

An integration time on the order of 10 seconds provides spatial resolution on the order289

of H/100. For this integration time, it can be assumed that the relative accuracy with290

which fR,X and fR,Ka can be measured is 3× 10−14. This is based on the Allan deviation291

of the Deep Space Network (DSN) hydrogen masers over a 10 second integration [Howard292

et al., 1992; Asmar et al., 2005]. With fR,X = 8.4 GHz and fR,Ka = 32.1 GHz [Mukai293

et al., 2012], the corresponding uncertainty in a measurement of ∆f is 3.8 × 10−4 Hz294

(Equation 4). This uncertainty in ∆f , σ∆f , is 40 percent of the characteristic value of 0.9295

mHz discussed above.296

The uncertainty on the inferred TEC, σTEC , follows from propagating the uncertainty in

∆f through the integrated version of Equation 4. Assuming a simple numerical integration

method leads to:

σTEC =
√

Σ

 e2

8π2meε0cfT,X

1−
(
fD,X

fD,Ka

)2
−1

σ∆f∆t (11)

where Σ is the number of data points integrated to reach the current measurement and

∆t is the integration time for an individual measurement. Since Σ = t/∆t, where t is the
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time since the start of the observation, we obtain:

(
σTEC

1 TECU

)
= 0.5

√(
t

1 hr

)(
∆t

10 s

)
(12)

For N (0) = 2000 cm−3, H = 1 RJ , and |ds/dt| = 20 km s−1, ∆fmax = 0.9 mHz and297

scrit = 0.7 RJ . If the integration starts at s = 4 RJ , then t at this local maximum is 3.3298

hours from the start of the observation. Henceforth we adopt ∆t = 36 seconds to provide299

a resolution of 0.01 RJ . This yields σTEC/ (1 TECU) = 0.92
√
t/ (1hr), which gives σTEC300

= 1.68 TECU at the local maximum. In this example, σTEC/TEC = 7% at the TEC301

maximum.302

Several other potential sources of error must be considered. The effects of noise at the303

transmitter and receiver on the simulated measurements of frequency shift are accounted304

for by the stated Allan deviation. The effects of plasma in the rest of Jupiter’s environment305

and the interplanetary medium can be accounted for in the frequency baseline prior to and306

after the occultation of the IPT [e.g Thornton and Border , 2000]. The noise contribution307

due to the interplanetary medium depends strongly on solar elongation angle. It should be308

noted that for most of the Juno mission the solar elongation angle is relatively large and309

the associated noise is relatively small [Woo and Armstrong , 1979; Asmar et al., 2005].310

Plasma in the regions of Jupiter’s magnetosphere outside the IPT will also contribute311

to the measured TEC. At the centrifugal equator, assuming a magnetospheric density 3312

cm−3 and length of 100 RJ [Bolton et al., 2015], this contribution is about 0.7 TECU,313

which is small (3%) relative to the peak TEC of the IPT, 25.5 TECU.314

Juno’s periapsis altitude is approximately 4000 km, which is within the ionosphere315

[Bagenal et al., 2014]. Hence plasma in Jupiter’s ionosphere may contribute to the mea-316

sured total electron content between the spacecraft and Earth. The ionospheric plasma317
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density at this altitude is approximately 3 × 109 m−3 and the ionospheric scale height is318

on the order of 1000 km [Eshleman et al., 1979b; Yelle and Miller , 2004]. This results319

in a vertical total electron content of 3 × 1015 m−2 or 0.3 TECU. The line of sight total320

electron content will be larger by a geometric factor. This is a potentially significant per-321

turbation to the inferred total electron content of the IPT, especially if passage through322

the ionosphere occurs as the line of sight to Earth passes through the centrifugal equator.323

However, the Juno Waves instrument is capable of measuring the local plasma density324

at the spacecraft [Bagenal et al., 2014]. Using its measurements of the vertical structure325

of the topside ionosphere, the contributions of Jupiter’s ionosphere to the inferred total326

electron content of the IPT can be eliminated.327

Since Io orbits Jupiter every 1.7 days, each occultation will measure IPT properties at328

a different angular separation from Io. A series of occultations over a range of separations329

from Io will be valuable for assessing how plasma is transported away from Io and into the330

IPT. It is possible, though unlikely, for an IPT occultation to also probe Io’s ionosphere331

directly. In that event, the line-of-sight total electron content would briefly increase by332

0.1 TECU or 1 × 1015 m−2. This follows from a surface ionospheric density of 6 × 103
333

cm−3 and a scale height of 100 km [Hinson et al., 1998].334

We previously noted the flaws in the assumption that ds
dt

is constant. There are two335

main consequences if ds
dt

is not constant. The first consequence is that it becomes harder336

to determine the position s associated with a given time in the measured time series of337

∆f . Yet since the Juno trajectory and the location of the centrifugal equator at Io’s338

orbital distance are known, the required mapping from time to position is tractable. The339

effects of the nodding up and down of the IPT are illustrated in Figure 2. This shows340
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how ds
dt

and s (t) change for different phasings of the motion of the IPT relative to the341

time of the occultation. This is equivalent to occultations occurring at different System342

III longitudes. From a fixed vantage point of noon local time in the rotational equator,343

the IPT moves up and down sinusoidally with a period equal to the planetary rotation344

period of 9.925 hours, a distance magnitude of 5.89 RJ , and a speed magnitude of 9345

km s−1. Given a constant spacecraft speed of 20 km s−1, which is itself a noteworthy346

simplification, |ds/dt| varies between 10 and 30 km s−1. The variation in ds/dt with time347

leads to the second consequence, which is that the numerical and graphical results based348

on Equations 8 and 9 will no longer be perfectly accurate. Furthermore, note that a349

constant time resolution in the measured received frequencies will no longer correspond350

to a constant spatial resolution within the IPT.351

The only remaining potentially significant source of error is Earth’s ionosphere, which352

is discussed in Section 4.3.353

4.3. Initial model of Earth’s ionosphere

Plasma densities are much greater in Earth’s ionosphere than in Jupiter’s magnetosphere354

or the interplanetary medium. Consequently, plasma in Earth’s ionosphere can make a355

significant contribution to the line-of-sight column density despite the ionosphere’s limited356

vertical extent. If plasma densities in Earth’s ionosphere were constant along the line of357

sight over the duration of the occultation, then they would have no effect on the rate of358

change of the column density and would not affect the measured frequency shift. This359

is commonly the case for radio occultation observations of planetary atmospheres and360

ionospheres, which last for minutes, not hours. However, due to the large size of the IPT361

and the long duration of an IPT occultation, conditions in Earth’s ionosphere along the362
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line of sight from the ground station to the spacecraft may change appreciably over the363

course of the occultation.364

The vertical column density, or vertical total electron content (TEC), of Earth’s iono-365

sphere varies with time of day, season, the solar cycle, and other factors [Maruyama et al.,366

2004; Bagiya et al., 2009]. At nighttime, it can be represented by a constant value of 10367

TECU from dusk until dawn. After dawn, it increases smoothly to a peak value of ∼30368

TECU at noon, then decreases smoothly to its nighttime value by dusk. This peak TEC369

of Earth’s ionosphere, 30 TECU, is around 1.3 times the peak TEC of the IPT, 25.5370

TECU. Moreover, line-of-sight TEC values will be greater than vertical TEC values by a371

factor of sec(χ), where χ is the zenith angle [Mendillo et al., 2004b].372

Figure 3 illustrates how line-of-sight TEC through Earth’s ionosphere and the IPT373

varies with time of day for a line-of-sight 30 degrees away from the zenith in which the374

radio signal passes through the center of the IPT at 9 hours local time. The TEC is the375

sum of two components. The first component is from Earth’s dayside ionosphere. It is376

given by A + B cos [2π (LT − 12hrs) / (24hrs)], where A equals 10 TECU, B equals 20377

TECU, and LT is local time. The second component is from the IPT. It is given by378

C exp
[
− (LT − 9hrs)2 / (1hr)2

]
, where C equals 25.5 TECU and 1 hr equals 1 RJ/20 km379

s−1 (Equation 7). We assume benchmark values of N (0) = 2000 cm−3 and H = 1RJ for380

the IPT and a 36 second integration time. Figure 3 also shows representative uncertainties381

in TEC. For conceptual simplicity, we neglect the variation in uncertainties with time382

that are defined by Equation 11 and adopt instead a constant uncertainty of 2 TECU.383

This value comes from the average of Equation 12 over the assumed duration of the384

occultation. The contributions of Earth’s ionosphere to the measured line-of-sight TEC385
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must be subtracted before properties of the IPT can be determined from the observations.386

We consider two methods for doing so.387

First, we do a linear fit to the simulated measurements of TEC at 6–8 and 10–12 hours,388

then subtract this fit from the simulated measurements of TEC at 7–11 hours. The fit is389

shown as a red dot-dashed line in Figure 3. The residual TEC, which is shown in the top390

panel of Figure 4, is the inferred contribution from the IPT. This linear fitting method391

provides a baseline for the contributions of Earth’s ionosphere. As can be seen in the392

top panel of Figure 4, this method gives torus TEC values that are ∼ 1–2 TECU higher393

than the input torus TEC values from 7–11 hours. Although the corrected simulated394

measurements of torus TEC values are larger than the input torus TEC values, the differ-395

ence is less than the measurement uncertainty of 2 TECU. Following Equation 7, we fit396

the corrected simulated measurements of torus TEC values to a function of the form of397

TEC (s) = TEC (0) e−
s2

H2 . The fitted peak TEC value is 27.21±0.06 TECU and the fitted398

scale height, H, is 1.002±0.002 RJ . This peak TEC is 1.71 TECU larger than the input399

value of 25.5 TECU. Thus the fitted TEC value is 28 σ away from the input TEC value,400

but the difference is only 7% of the peak TEC. The fitted scale height is 0.002 RJ larger401

than the input value of H. The fitted scale height is 1 σ away from the input scale height,402

but the difference is only 1% of the scale height. The fitted peak TEC value and scale403

height imply a central density N (0) of 2127.13 ± 6.33 cm−3. This inferred central density404

is 127.13 cm−3 larger than the input value of 2000 cm−3. The fitted central density value405

is 20 σ away from the input central density value, but the difference is only 6% of the406

density. We conclude that this method is reasonable for subtracting the effects of Earth’s407
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ionosphere as the errors in the fitted IPT properties are less than 10%. Yet it provides a408

poor characterization of the uncertainty in the fitted properties.409

Second, we subtract modeled direct measurements of the contributions of Earth’s iono-410

sphere from the simulated measurements of line-of-sight TEC. The ionospheric contri-411

bution is shown as a dashed black line in bottom of Figure 3. Here we assume Earth’s412

ionospheric TEC follows the equation stated above for the dayside ionosphere, but that it413

is measured imperfectly. GPS receivers at the NASA Deep Space Network (DSN) stations414

measure the TEC in Earth’s ionosphere. The TEC in Earth’s ionosphere along the line415

of sight from the ground station to the spacecraft is routinely reported. We subtract the416

contributions of Earth’s ionosphere, which we assume to be known with an accuracy of 5417

TECU [Thornton and Border , 2000] from the simulated measurements of TEC, which as418

before we assume to be known with an accuracy of 2 TECU. The residual TEC, which is419

shown in the bottom panel of Figure 4, is the inferred contribution from the IPT. With420

this method, the corrected simulated measurements of TEC values match the input val-421

ues well, whereas the values obtained with the first method were biased to larger values.422

However, the measurement uncertainties are larger and thus the formal uncertainties on423

fitted parameters are also larger. We fit the corrected simulated measurements of TEC424

values as above. The fitted peak TEC value is 25.5±0.1 TECU, whereas the input value425

is 25.5 TECU. The difference between fitted and input peak TEC values is <1 σ. The426

fitted scale height, H, is 1.005±0.007 RJ , whereas the input value is 1 RJ . The difference427

between fitted and input scale heights is <1 σ. The fitted peak TEC value and scale428

height imply a central density, N (0), of 1994.18 ± 14.24 cm−3, whereas the input central429

density is 2000 cm−3. The difference between fitted and input central densities is <1 σ.430
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We conclude that this method is preferable. It accurately characterizes the fitted param-431

eters. Furthermore the formal uncertainties are consistent with differences between fitted432

values and input values.433

Having established the principle that the IPT can be observed using radio occultations434

despite the effects of Earth’s ionosphere, we neglect Earth’s ionosphere in the remainder435

of this article. More precisely, we assume that the observations occur during the nighttime436

such that the vertical TEC in Earth’s ionosphere is relatively constant. The contribution437

of Earth’s ionosphere to the line-of-sight TEC can be found using either pre- or post-438

occultation observations, then subtracted from the TEC measurements.439

5. Sophisticated model of Io plasma torus

Representing plasma densities in the IPT by a single Gaussian function is convenient440

and has been useful for testing the effects of changes in plasma and spacecraft parameters441

and effects of the Earth’s ionosphere, but this representation oversimplifies the true density442

distribution in the IPT.443

As discussed in Section 2, the IPT is conventionally divided into three regions: cold444

torus, ribbon, and warm torus. These three regions have distinct compositions, tempera-445

tures, and densities. To better understand temporal and spatial changes in the torus, it446

is desirable to measure densities in each of its constituent regions. We therefore replace447

the single Gaussian function of Section 4 with a more sophisticated function that includes448

contributions for each region.449
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5.1. Density distribution

We now represent the IPT by four functions, one each for the cold torus and ribbon,450

and two for the warm torus. In the plane of the centrifugal equator, densities satisfy:451

N(R < 6.1RJ) = N1e
− (R−C1)

2

(W1)
2 +N2e

− (R−C2)
2

(W2)
2 +N3e

− (R−C3)
2

(W3)
2 (13)

N(R > 6.1RJ) = N4e
− (R−C4)

2

(W4)
2 (14)

where R is distance away from the center of Jupiter in the equatorial plane. Equation 13452

contains three terms that represent the three regions of the torus: 1. cold torus, 2.453

ribbon, and 3. warm torus. N1, N2, and N3 correspond to the peak densities of the cold454

torus, ribbon, and warm torus components, respectively. C1, C2, and C3 are the central455

locations of the cold torus, ribbon, and warm torus components, respectively. W1, W2, and456

W3 are the radial widths, in RJ , of the cold torus, ribbon, and warm torus components,457

respectively. Note that the total density at R = C1, say, is the sum of the three terms. It458

is not simply N1.459

The warm torus is not well-represented by a single term, which is why Equation 13460

only applies at R < 6.1RJ . At larger radial distances, the plasma density is given by461

Equation 14. We label this region as the extended torus. It has peak density N4, central462

location C4, and radial width W4.463

In order to extend this model beyond the plane of the centrifugal equator, we multiply464

each term in Equations 13–14 by factor of e−
r2

H2 where r is distance away from the plane465

of the centrifugal equator. Therefore N (R, r) satisfies:466
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N(R < 6.1RJ , r) = N1e
− (R−C1)

2

(W1)
2 e
− r2

H2
1 +N2e

− (R−C2)
2

(W2)
2 e
− r2

H2
2 +N3e

− (R−C3)
2

(W3)
2 e
− r2

H2
3 (15)

N(R > 6.1RJ , r) = N4e
− (R−C4)

2

(W4)
2 e
− r2

H2
3 (16)

H1, H2, H3, and H3 are the scale heights of the cold torus, ribbon, warm torus, and467

extended torus components, respectively. Note that the warm torus and extended torus468

have the same scale height, H3.469

The functional form represented by Equations 13–14 was adopted in order to reproduce470

the radial density distribution for the centrifugal equator shown in Figure 6 of Bagenal471

and Sullivan [1981]. Numerical values of the corresponding model parameters, which were472

determined by a fit to the data shown in that figure, are given in Table 2. Numerical values473

of the model scale heights, which were determined from Figure 12 in Bagenal and Sullivan474

[1981], are given in Table 2. A schematic of the model IPT and the occultation geometry475

is shown in Figure 5. The modeled electron densities are shown in Figure 6. Figure 6 also476

demonstrates that this model provides a good representation of the density observations477

in the centrifugal equator reported in Figure 6 of Bagenal and Sullivan [1981].478

5.2. Simulated Juno radio occultation

To simulate a radio occultation through this representation of the IPT, we assume that479

the line of sight from Juno to Earth is parallel to the centrifugal equator. We assume480

that the spacecraft velocity in the direction normal to the centrifugal equatorial plane is481

-20 km s−1, assume that nodding motion of the IPT due to Jupiter’s rapid rotation can482

be neglected, and use an integration time of 36 seconds, which corresponds to a sampling483

rate of 0.03 Hz. Figure 7 shows the TEC and its rate of change. Figure 8 shows the484
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corresponding noise-free frequency shift ∆f (Equation 4) and the noisy frequency shift485

∆f . Following Section 4, for relative measurement uncertainties of 3× 10−14 on fR,X and486

fR,Ka, the uncertainty on a single measurement of ∆f is 3.8× 10−4 Hz. The uncertainties487

are added to the frequency shifts pulling from a random normal distribution with mean488

zero and standard deviation of 3.8× 10−4 Hz.489

The simulated measurements of TEC were found by integration of the frequency shift490

∆f using Equation 4. Uncertainties in the TEC were derived from the uncertainty in491

∆f by repeated application of the standard error propagation formula. The top panel492

of Figure 9 shows the simulated measurements of TEC, corresponding uncertainties, and493

the input TEC. The bottom panel shows the difference between simulated measurements494

of TEC and the input TEC.495

It is noticeable that the relative uncertainties on the TEC (Figure 9) are much less than496

those on the frequency shift (Figure 8) from which TEC was derived. This is an example497

of integration reducing the importance of random noise.498

5.3. Fitted Io plasma torus parameters and their accuracy

Section 4 explored the accuracy with which a central density and scale height could be499

fit to simulated TEC observations. However, this used a simple single Gaussian model of500

the IPT. Here we fit the simulated TEC measurements from Section 5 to a model that501

includes multiple Gaussian contributions in order to determine the accuracy with which502

the central density and scale height of the cold torus, ribbon, and warm torus can be503

measured.504

For clarity in this initial exploration of this topic, we assume that the radio occultation505

is observed at nighttime. During the night, the TEC of Earth’s ionosphere is relatively506
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constant. A constant TEC will have no effect on the measured frequency shift (Equation507

4). Consequently we neglect the effects of Earth’s ionosphere and fit the simulated TEC508

observations shown in Figure 9.509

Since the line-of-sight between the spacecraft and Earth is assumed to be parallel to the510

plane of the centrifugal equator, each radio ray path has a constant value of r. The model511

TEC along the ray path with closest approach distance r is derived in Appendix A. It512

satisfies:513

TEC (r) =
√
πN1W1e

− r2

H2
1 +
√
πN2W2e

− r2

H2
2 + (17)

√
π

2

[
N3W3

(
1 +

(6.1RJ − C3)

W3

)
+N4W4

(
1− (6.1RJ − C4)

W4

)]
e
− r2

H2
3

Due to their different scale heights, the three regions of the IPT each make distinct

and potentially separable contributions to the overall TEC. We therefore fit the simulated

TEC observations to a function of the form:

TEC(r) = Ae−
r2

B2 + Ce−
r2

D2 + Ee−
r2

F2 (18)

The parameters A, C, and E corresponds to the peak or equatorial TEC for each of the514

regions and the parameters B, D, and F correspond to the scale heights of the cold torus515

(H1), ribbon (H2), and warm torus (H3), respectively.516

We fit this equation to the simulated TEC observations shown in Figure 10 using a517

Markov Chain Monte Carlo (MCMC) method. This is implemented using the Python518

module emcee, which is an open source MCMC ensemble sampler developed by Foreman-519

Mackey et al. [2013].520
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Figure 10 shows the simulated measurements and fitted TEC, as well as the residuals521

between the simulated measurements and the fit. Table 3 shows the best fit parameters for522

each region compared to the input values. Two of the three fitted peak electron content523

values are within 1 σ of their input values, and the other is within 2 σ, which demonstrates524

that they are reliable. All three fitted scale heights are within 10% and 1 σ of their input525

values.526

6. Discussion

The preceding sections showed how radio signals from the Juno spacecraft could be used527

to measure TEC profiles for the IPT, that uncertainties on measured TEC are relatively528

small, and that a fit to the measured TEC can determine the scale height and peak TEC529

for each of the three regions of IPT (cold torus, ribbon, and warm torus).530

Ion temperatures can be derived from scale heights via Equation 1. We assume that S+
531

dominate in the cold torus, O+ dominates in the ribbon, and S2+ and O+ dominates in the532

warm torus such that the mean molecular mass is 24 daltons [Thomas et al., 2004]. We533

use the best fit parameters and uncertainties reported in Table 3 to find ion temperatures534

of 0.957+0.173
−0.173 eV for the cold torus, 16.7+1.58

−2.47 eV for the ribbon and 56.9+6.05
−5.51 eV for the535

warm torus. For reference, the ion temperatures reported by Thomas et al. [2004] and536

discussed in Section 2 are 1–4 eV for the cold torus, 10–30 eV for the ribbon, and ≈60 eV537

for the warm torus. Hence the fitted ion temperatures are reasonable for the cold torus,538

ribbon, and the warm torus.539

The peak or equatorial TEC of each region can be determined by fitting Equation 18 to540

the observed TEC (r). For the cold torus and ribbon, peak TEC equals
√
πNiWi, where541

Ni is the maximum density in region i and Wi is the width of region i. For the warm542
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torus and its extension beyond 6.1 RJ , peak TEC is more complicated (Equation 17).543

Nevertheless, it can be considered as the product of a maximum density and an effective544

width. If the width of a region is known from independent measurements or models of545

the IPT, then the maximum density for that region can be found from the observed peak546

TEC. As noted by Bird et al. [1992], the electron density in a region cannot be accurately547

determined from an observed peak TEC without independent knowledge of the width and548

central peak location of that region.549

The analysis described in this article assumes that the line of sight from Juno to Earth is550

parallel to the plane of the centrifugal equator. If that is not the case, then the measured551

TEC values would correspond to cuts through the torus at the angle between the line of552

sight and the centrifugal equator. This is equivalent to the IPT being tilted. A tilted553

torus can be accounted for by a suitable adjustment of the assumed Gaussian profile, as554

in the model by Divine and Garrett [1983].555

7. Conclusions

When the line of sight between Juno and Earth passes through the Io plasma torus,556

which occurs once per orbit, radio signals from the Juno spacecraft can be used to measure557

total electron content profiles for the Io plasma torus. We develop a model of densities558

in the Io plasma torus using values measured by the Voyager 1 spacecraft and reported559

in Bagenal and Sullivan [1981], then use it to simulate a dual-frequency radio occultation560

performed using the telecommunication subsystem on the Juno spacecraft. Using the561

modeled densities we calculate the total electron content by integrating along a line of562

sight parallel to the torus equator. From the total electron content we are able to derive563

the frequency shift that would be measured by the Deep Space Network receiving stations.564
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This is then used with error introduced equal to the Allan deviation corresponding to an565

integration time on the order of 10s to determine a simulated profile of the measured total566

electron content.567

Uncertainties on the measured total electron content are relatively small (∼10%). A568

Markov chain Monte Carlo fit to the measured total electron content can determine the569

scale height and peak total electron content for each of the three regions of Io plasma570

torus (cold torus, ribbon, and warm torus). The ion temperature in each region can be571

determined from the scale height assuming independent knowledge of the ion composition.572

The peak total electron content in each region is proportional to the product of the573

peak local electron density and the region’s width in the equatorial plane. However,574

without independent knowledge of one of these two factors, the other cannot be determined575

directly. Numerical modeling of the Io plasma torus may be useful in narrowing the range576

of possible peak local electron densities and widths.577

To date, only two radio occultations of the Io plasma torus have been performed, Voy-578

ager 1 [Eshleman et al., 1979a] and Ulysses [Bird et al., 1992]. Juno has the potential to579

perform over 20 occultations. This series of occultations would provide a rich picture of580

the structure of the Io plasma torus and its temporal and spatial variability.581

The Juno mission presents an unparalleled opportunity to study the flow of material582

from the volcanoes of Io to the auroral regions of Jupiter with simultaneous observations583

of all stages in this system. Ground-based infrared observations of Io can be used to584

monitor the moon’s volcanic activity [de Kleer et al., 2014]. Ground-based sodium cloud585

observations can be used to monitor the transport of material from Io’s atmosphere into586

the neutral clouds, since sodium can be considered as a tracer for sulfur and oxygen587
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[Wilson et al., 2002; Mendillo et al., 2004a; Thomas et al., 2004]. Radio occultations can588

be used to monitor the ionization of neutral species and the distribution of plasma within589

the Io plasma torus [Eshleman et al., 1979a; Bird et al., 1992]. Juno’s suite of plasma590

instruments will monitor plasma densities in the acceleration regions near Jupiter’s poles591

[Bagenal et al., 2014]. Together, the measurements already planned by the Juno mission,592

the potential radio occultations of the Io plasma torus, and Earth-based observations of593

the Jupiter system will reveal the complete life-cycle of plasma in Jupiter’s magnetosphere.594

Appendix A: Total electron content

Since the line-of-sight between the spacecraft and Earth is assumed to be parallel to the595

plane of the centrifugal equator, each radio ray path has a constant value of r. The total596

electron content along the ray path with closest approach distance r, TEC (r), satisfies:597

TEC (r) = N1W1

√
π

2

(
erf

[
C1

W1

]
+ erf

[
(6.1RJ − C1)

W1

])
e
− r2

H2
1 + (A1)

N2W2

√
π

2

(
erf

[
C2

W2

]
+ erf

[
(6.1RJ − C2)

W2

])
e
− r2

H2
2 +

N3W3

√
π

2

(
erf

[
C3

W3

]
+ erf

[
(6.1RJ − C3)

W3

])
e
− r2

H2
3 +

N4W4

√
π

2

(
erf

[
C4

W4

]
− erf

[
(6.1RJ − C4)

W4

])
e
− r2

H2
3

where erf (x) is the error function. For all plausible conditions, C1/W1, C2/W2, C3/W3,598

and C4/W4 are much greater than one. Since erf (x� 1) = 1, Equation A1 becomes:599

TEC (r) = N1W1

√
π

2

(
1 + erf

[
(6.1RJ − C1)

W1

])
e
− r2

H2
1 + (A2)

N2W2

√
π

2

(
1 + erf

[
(6.1RJ − C2)

W2

])
e
− r2

H2
2 +
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N3W3

√
π

2

(
1 + erf

[
(6.1RJ − C3)

W3

])
e
− r2

H2
3 +

N4W4
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π

2

(
1− erf
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e
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3

Furthermore, (6.1RJ − C1) /W1 and (6.1RJ − C2) /W2 can also be expected to be600

greater than one, which gives:601

TEC (r) =
√
πN1W1e

− r2

H2
1 + (A3)

√
πN2W2e

− r2

H2
2 +

N3W3

√
π

2

(
1 + erf

[
(6.1RJ − C3)

W3
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e
− r2

H2
3 +

N4W4

√
π

2

(
1− erf

[
(6.1RJ − C4)

W4

])
e
− r2

H2
3

In our model, (6.1RJ − C3) /W3 = 0.66 and (6.1RJ − C4) /W4 = 0.30. The error func-602

tion erf (x) increases from 0 at x = 0 to 1 at x� 1. It can be approximated as erf (x) = x603

for x < 1 and erf (x) = 1 for x > 1. The error in this approximation is less than 0.15 for604

all x. We therefore assume that (6.1RJ − C3) /W3 < 1 and (6.1RJ − C4) /W4 < 1, which605

leads to:606

TEC (r) =
√
πN1W1e

− r2

H2
1 +
√
πN2W2e

− r2

H2
2 + (A4)

√
π

2

[
N3W3

(
1 +

(6.1RJ − C3)

W3

)
+N4W4

(
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W4

)]
e
− r2
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3

Expanding the term in square brackets further does not provide additional insight.607
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Figure 1. (top) Dependence of frequency shift on closest approach distance s for initial model

of torus. Different lines represent different values for N (0). (middle) Dependence of frequency

shift on closest approach distance s for initial model of torus. Different lines represent different

values for H. (bottom) Dependence of frequency shift on closest approach distance s for initial

model of torus. Different lines represent different values for ds/dt. The quantities that are held

fixed in each panel are shown in the bottom left corners.
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Figure 2. (top) Dependence of ds/dt on time when the spacecraft is moving at a constant

speed of 20 km s−1 and the Io plasma torus is moving with a sinusoidally-varying speed that has

a period of 9.925 hours and an amplitude of 9 km s−1. Different lines show different phases for

the motion of the Io plasma torus. The horizontal line that corresponds to a fixed Io plasma

torus is for reference. (bottom) Corresponding dependence of distance of closest approach, s, on

time. Line colors are as in the top panel. The diagonal line that corresponds to a fixed Io plasma

torus and constant ds/dt is for reference.
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Figure 3. Modeled line of sight total electron content between spacecraft and ground-based

antenna during an occultation of the Io plasma torus as a function of local time at the ground-

based antenna. The contribution of the Io plasma torus can be seen above the background

contribution of Earth’s ionosphere between 8 and 10 hours local time. The gray shaded region

indicates the uncertainty on the measured total electron content. The black dashed line represents

the modeled ionospheric TEC. The red dot-dashed line represents the linear fit to the background.
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Figure 4. (top) The dashed line shows the difference between the total electron content

measurements from Figure 3 and a linear fit to background values either side of the occultation.

(bottom) The dashed line shows the difference between the total electron content measurements

from Figure 3 and independent measurements of the total electron content in Earth’s ionosphere.

The differences shown in these panels are the inferred total electron contents of the Io plasma

torus. The gray shaded regions show the uncertainties on the inferred total electron content of

the Io plasma torus and the red triangles show the input total electron content of the Io plasma

torus.
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Figure 5. Schematic of the sophisticated model of the Io plasma torus and the geometry of an

occultation. The electron density in the Io plasma torus is a function of the position coordinates

r and R. (top) View from the dawn side of Jupiter with the Earth to the right. The arrow beside

Juno shows the spacecraft’s direction of motion. (bottom) View looking down on the north pole

of Jupiter with Earth to the right. Here the Juno spacecraft is moving into the page.
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Figure 6. (top) Red symbols show electron densities in the plane of the centrifugal equator

as a function of distance from Jupiter for the sophisticated model of the Io plasma torus. The

innermost peak corresponds to the cold torus, the intermediate peak to the ribbon, and the

outermost peak to the warm torus. The abrupt change in gradient at 6.1 RJ corresponds to

the transition from the warm torus to the more distant extended torus. The blue points show

Voyager 1 data from Bagenal and Sullivan [1981]. (bottom) Colors indicate electron densities

in the sophisticated model of the Io plasma torus. The red disk indicates Jupiter and the black

triangles mark the position at one hour intervals of Juno, simulated by the University of Iowa

ephemeris tool (www-pw.physics.uiowa.edu/∼jbg/juno.html).
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Figure 7. (top) Total electron content from the model shown in Figure 6 as function of time.

At the start time, the spacecraft is approximately 4 RJ above the plane of the centrifugal equator.

The subtle changes in the slope of the curve between 4 and 6 hours are signatures of the cold

torus and ribbon. (bottom) Numerically calculated rate of change of the total electron content

shown in the top panel.
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Figure 8. (top) Noise-free frequency shift calculated using Equation 4 and the rate of change

of total electron content shown in the bottom panel of Figure 7 as function of time. (bottom)

Same as top panel, but with noise added to the received frequencies.
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Figure 9. (top) The black points show the total electron content found by integrating the

frequency shift in the bottom panel of Figure 8. The red shaded region is the uncertainty on

the values. The gray triangles show the input total electron content values from the top panel

of Figure 7. The blue line marks the location of zero. (bottom) The black symbols show the

residuals between the simulated and the input total electron content. The gray shaded region

marks the uncertainty on the residuals. The green line marks the location of zero.
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Figure 10. (top) The black points show the total electron content found by integrating the

frequency shift in the bottom panel of Figure 8. The red shaded region is the uncertainty on the

values. The gray squares show the MCMC fit to the integrated total electron content. The blue

line marks the location of zero. (bottom) The blue plus signs show the residual between the fit

and the simulated total electron content. The gray shaded region marks the uncertainty on the

residuals. The green line marks the location of zero.
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Table 1. Juno radio signal parameters [Mukai et al., 2012]

Parameter Value

Downlink Frequency [GHz]
X-Band 8.40413

Ka-Band 32.0833
Turnaround Ratio

X to X-Band 880
749

X to Ka-Band 3344
749

a

fD,X

fD,Ka

880
3344

a Assumed to match Cassini radio system [Kliore et al., 2004].

D R A F T January 23, 2017, 9:44pm D R A F T



X - 52 PHIPPS, P.H.: JUNO RADIO OCCULTATION EXPERIMENT

Table 2. Input parameters for Io plasma torus model.

Region Central Density Scale Height Peak Location Width
[cm−3] [RJ ] [RJ ] [RJ ]

Cold Torus 1710 0.1 5.23 0.20

Ribbon 2180 0.6 5.60 0.08

Warm Torus 2160 1.0 5.89 0.32

Extended Torus 1601 1.0 5.53 1.88

The central density, peak location, and width of the regions are derived from Figure 6 of

Bagenal and Sullivan [1981]. The scale heights are derived from Figure 12 of Bagenal and

Sullivan [1981]. Observations from the Galileo and Cassini spacecraft suggest that the ribbon

position changes over time, but in general the center is thought to be located between 5.5 and

5.9 RJ [Thomas et al., 2004].
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Table 3. Best fit parameters from the MCMC fit to the simulated TEC data.

Parameter Region Fit Value Input Value

Central TEC [1016 m−2] Cold Torus 4.67+0.32
−0.20 4.29

Ribbon 3.98+0.25
−0.21 3.79

Warm Torus 17.06+0.79
−0.83 17.17

Scale Height [RJ ] Cold Torus 0.11+0.01
−0.01 0.10

Ribbon 0.65+0.03
−0.05 0.60

Warm Torus 0.98+0.06
−0.05 1.0

Reduced Chi-Squared 1.004
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