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Abstract The ionospheres of Jupiter's icy moons have been observed by in situ plasma measurements and
radio science. However, their spatial structures have not yet been fully characterized. To address this, we
developed a new ray tracing method for modeling the radio occultation of the ionospheres using Jovian auroral
radio sources. Applying our method to Jovian auroral radio observations with the Galileo spacecraft, we derived
the electron density of the ionosphere of Ganymede and Callisto. For Ganymede's ionosphere, we found that the
maximum electron density on the surface was 76.5-288.5 cm™ in the open magnetic field line regions and 5.0—
20.5 cm™ in the closed magnetic field line region during the Galileo Ganymede 01 flyby. The difference in the
electron density distribution was correlated with the accessibility of Jovian magnetospheric plasma to the
atmosphere and surface of the moons. These results indicated that electron-impact ionization of the Ganymede
exosphere and sputtering of the surface water ice were effective for the producing Ganymede's ionosphere. For
Callisto's ionosphere, we found that the densities were approximately 350 and 12.5 cm™ on the night side
hemisphere during Callisto 09 and 30 flybys, respectively. These results combined with previous observations
indicated that atmospheric production through sublimation controlled the ionospheric density of Callisto. This
method is also applicable to upcoming Jovian radio observation data from the Jupiter Icy Moon Explorer,
JUICE.

1. Introduction

The ionospheres of Jupiter’s icy moons (Europa, Ganymede, and Callisto) have been characterized by numerical
modeling and spacecraft observation. Each ionosphere has a unique structure associated with its formation
process, and it is generated by the production of a neutral atmosphere (atmospheric supply) and the ionization of
the neutral atmosphere. The neutral atmosphere is produced by surface material sputtering with charged particles
in the Jovian magnetosphere (Leblanc et al., 2017; Shematovich & Johnson, 2001; Vorburger et al., 2015) and
sublimation by solar irradiation (Shematovich et al., 2005; Vorburger et al., 2015, 2022). Liquid water spouted
from the interior can also contribute to atmospheric production (Arnold et al., 2020; Huybrighs et al., 2020; Jia
et al., 2018; Li et al., 2020). The neutral atmosphere is ionized by the following two processes: electron-impact
ionization with energies above tens of eV and photoionization with solar extreme ultraviolet (EUV) radiation
(Carnielli et al., 2019). These ionospheric formation processes control the ionospheric structure of the icy moons.

Galileo and Juno observations attempted to characterize the structure and formation process of the ionosphere.
The ionospheric density structures of Ganymede, Callisto, and Europa were estimated by “Radio science,” which
is a method of measuring the total electron content along a path from the spacecraft to the Earth using the fre-
quency shift of telecommunication radio waves. Galileo radio science observations confirmed dense ionospheres
under a sunlit trailing hemisphere, where Jupiter’s magnetic field and plasma collided with the moon (Kliore
et al., 2002; McGrath et al., 2004). These authors suggested that the atmosphere was potentially created by
sputtering and then ionized by solar EUV photons. The Juno spacecraft also provided electron density profiles of
Ganymede's ionosphere using the radio science (Buccino et al., 2022). They found that the electron-impact
ionization plays a significant role in formation of the Ganymede ionosphere because Juno detected the iono-
sphere only in regions where the magnetic field lines are open, allowing magnetospheric electrons to collide with
the atmosphere. Galileo in situ plasma observations have also provided constraints on the structure and sources of
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the ionospheres. Gurnett, Kurth, Roux, et al. (1997); Gurnett et al. (2000) derived the electron density of Callisto's
ionosphere. They found increases in electron density on the day side ionosphere and no increases were observed
on the night side ionosphere. They speculated that the solar irradiation was an important controlling factor of the
electron density. In Ganymede's ionosphere, only two flybys of the moon provided a signature of ionospheric
plasma (Eviatar, Strobel, et al., 2001; Eviatar, Vasyliunas, & Gurnett, 2001; Gurnett et al., 1996). In situ ob-
servations were also made at Europa by Kurth et al. (2001), but they did not detect any significant ionospheric
signals. Although the ionospheric density was partially constrained by the above-described previous studies, the
horizontal and vertical density distributions are still unclear, and the suggested ionospheric formation processes
are, therefore, still debatable.

These previous observation methods have several limitations in constraining global density distributions. Radio
science observations can be performed only near the day-night terminator since the Earth is in approximately the
same direction as the sun, as seen from the spacecraft at the icy moons. This causes an observational restriction
with respect to the solar phase angle during ionospheric observations, causing difficulty to evaluate the effects of
sublimation on the atmosphere and photoionization on the ionosphere. In situ plasma observations are also
spatially limited because they are performed only at the altitude where the spacecraft is located. Thus, a new
method needs to be developed to compensate for these disadvantages.

Around these icy moons, radio waves emitted from Jupiter’s polar regions have been observed. The Jovian radio
waves ranging from a few hundred kHz to a few MHz are refracted by the ionosphere of icy moons or occulted by
the moon body. We propose a new method to estimate the ionospheric density by observations of those radio
waves with spacecraft. In this paper, we refer to occultations of Jupiter’s radio waves by icy moons and our
measurement method with the occultation as “Jovian radio occultation.” Though some papers refer to “radio
science” using the telecommunication radio waves in the GHz band as “radio occultation” we refer to the previous
method as “Radio science” It should be noted that “radio science” and “Jupiter radio occultation” are entirely
different methods since they use different radio sources, frequencies, and measurement techniques.

We developed a new ray tracing simulation for modeling Jovian radio occultation of the ionospheres of Jupiter's
icy moons. This simulation enabled the use of Jovian radio occultation. Applying this method to observations
performed by Galileo Plasma Wave Subsystem (GLL/PWS), we derived the electron density of the ionosphere of
Ganymede and Callisto. In this study, the simulation and the methods are described in Section 2. In Section 3, we
present a detail example the observation results obtained with our method. We present all results obtained by
adapting the method to the Galileo spacecraft data for the icy moon flybys in Section 4. Based on the observation
results, conditions for the ionospheric formation are discussed in Section 5. In Section 6, we summarize the results
from this study and discuss future perspectives.

2. Jovian Radio Occultation

When the spacecraft passes the anti-Jovian side of the moon, it observes Jovian radio occultations by the icy
moons (Cecconi et al., 2021; Kurth et al., 1997). Figure 1 shows a schematic view of Jovian radio occultation.
Jovian radio waves are refracted in the ionosphere, and a higher electron density in the ionosphere correlates to
more largely refracted radio waves (blue lines in Figure 1). This results in a wide range of undetectable positions
where the observer cannot detect Jovian radio waves (red dashed lines in Figure 1). From the time of the Jovian
radio occultation, we can estimate the ionospheric electron density.

In our Jovian radio occultation, spacecraft can observe the ionosphere over a wide range of solar phase angles,
which reduces the observational restriction from previous radio science observations at solar phase angles. Our
occultation method can measure the electron density at lower altitudes; this included altitudes lower than the
lowest altitude of the spacecraft during flybys. The densities at lower altitudes cannot be measured using the in
situ observations. Therefore, our method can be used to estimate the global density distributions of the iono-
spheres in the icy moons.

To establish Jovian radio occultation measurements, we develop a numerical model for the ionospheric occul-
tation of Jupiter’s auroral radio emissions. This model reproduces the occultation time depending on the iono-
spheric density distribution. We estimated the density based on a comparison of the modeled occultation time
with the observation of Jovian auroral radio emissions during the flybys at the icy moons. We describe the details
of the numerical model and the ionospheric density estimation method.
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4 2.1. Radio Source Modeling
_______ Bielectahia i Jovian radio waves ranging from a few kHz to approximately 40 MHz are
““““ Undetectable Wy | i generated through the Cyclotron Maser Instability (CMI) (Louarn et al., 2017,
Jupiter Observer 2018; Zarka, 2004). The CMI is a plasma instability that generates coherent

lonosphere

Figure 1. Schematic figure of radio occultation observation method using
Jupiter’s radio waves. Jovian radio waves (the blue solid line) are refracted in
the ionosphere of the moons. The observer can detect the radio waves only

radio emissions when the electron's velocity distribution function has an
unstable non-Maxwellian form. The emitted radio waves have strong
anisotropy in the beaming pattern, limiting the source positions of the visible
radio waves (Cecconi et al., 2021; Louis et al., 2019).

Louis et al., 2019) provides the positions of the visible radio sources. In the
frame of CMI theory, radio emissions radiate toward a certain angle relative
to the local magnetic field. The angle is determined from the electron's un-
stable velocity distribution function. Thus, the visible source position can be
estimated by assuming a magnetic field and an electron velocity distribution.
The beaming pattern and geometrical visibility conditions are illustrated in
Figures 1 and 2 of Louis et al. (2019). Cecconi et al. (2021) modeled the radio
W emission occultations during Galileo's flyby at the Galilean moons using the
ExPRES model. They showed that the EXPRES code accurately modeled the
visibility of sources and the temporal occurrence of occultations observed by
Orbit GLL/PWS. These authors suggested that discrepancies between the predicted
and observed occultation times were attributed to refraction effects, which
were not included in the ExXPRES modeling scheme.

: The EXPRES code (Exoplanetary and Planetary Radio Emission Simulator,

We used the visible source positions in Cecconi et al. (2021) and further
considered refraction of radio waves from each source position with a ray

when it is in the detectable position (the blue dashed line) and cannot detect tracing model; this progress was described in Section 2.2. The target radio
the wave when it's in the undetectable position (the red dashed line). The frequencies in Cecconi et al. (2021) were in 42 channels, ranging from 0.1 to
detectable position is varied with the electron density profiles on the radio 5.7 MHz. The radio waves emitted above Jupiter's main auroral oval were

path between Jupiter and the spacecraft.

modeled with the configurations listed in Table 1. Io-induced radio emissions
were also modeled with the configurations listed in Table 1.

When a spacecraft is near the magnetic equator, the visible radio sources are classified into four types, called A, B,
C, and D, corresponding to the north-eastern, north-western, south-eastern, and south-western sources, respec-
tively, in Jupiter's polar region as observed from the spacecraft (see, Figure 2 of Marques et al. (2017), for a
definition). We modeled the occultations for each of the four types of radio sources.

The source positions in Cecconi et al. (2021) were modeled every minute. To improve the precision of the
modeled occultation time, we linearly interpolated the source positions from the same source type at the same
frequency between the time steps and simulated radio occultation with a temporal resolution of 1 s.

2.2. Ray Tracing

To model the ionospheric occultation of radio emissions, we need to calculate the propagation paths of the radio
waves around the icy moons from the sources predicted by EXPRES. In cold magnetized plasma, the radio paths
depend on the plasma density and magnetic field vector. To simulate the paths, we adopt a ray tracing method

gz:jlfl"jgtimtion of ExPRES Code for Jovian Radio Emission (Cecconi et al., 2021)

Magnetic field model JRMO9 magnetic field model (Connerney et al., 2018)

Examined source positions Every 1° in longitude Magnetic field lines of M shell = 30

Unstable electron temperature 5 keV

Electron velocity distribution type Loss cone

Source of positional data for observers and Jupiter NASA-JPL instance of WebGeoCalc (Acton et al., 2018)
YASUDA ET AL. 3 of 21
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Source positionsi
(ExPRES)

wom wesg

Initial ray path region
(Ray tracing)

Observer

Closest point

Icylmoon center”

lonosphere

Figure 2. 3D positional relationship of a radio source, an observer, and the icy moon. The propagation path of straight radio
waves from the point source position (the red dot) predicted in the EXPRES model and the actual refracted repropagation path
(Black solid line). To examine detectable radio waves for the observer, we traced the radio waves emitted from the wide
initial ray path region (the red shade). Radio waves propagating on the plane connecting the observer, the icy moon center,
and the point source position are detectable (blue solid line) and waves propagating on the other positions cannot be observed
(red solid lines).

(Kimura et al., 2008a, 2008b, 2011). This method can calculate ray paths that satisty the dispersion relation of
plasma waves in magnetized cold plasma (i.e., the Appleton—Hartree formula). In the following paragraphs, we
describe the input parameters required for ray tracing (electron density, magnetic field vector, frequency of the
radio waves, initial position, and initial wavenumber vector).

We assumed that the ionospheric electron density follows a spherically symmetric diffusion equilibrium
distribution:

16) = s 30— ) ™) M

scale

where n, is the electron density at an altitude of z, n,,,,, is the maximum electron density on the surface, and %,
is the scale height of the ionosphere. We model the ray paths in various ionospheric model cases by changing the
maximum electron density n,,,,. and the scale height &,.,,. We assumed that the magnetic field magnitude is
approximately zero in the simulation box because the local cyclotron frequency is much lower than the radio
frequency. The radio frequencies are the same as those of the EXPRES outputs described in Section 2.1. The
ExPRES model assumes that the propagation path is a straight line that connects the radio source position with a
given observer (the red dashed line in Figure 2). If the beaming pattern of the radio emission is extremely thin, the
radio waves are refracted and not detected at the observer position (the black solid line in Figure 2). The beaming
pattern of typical CMI radio emission is actually a hollow conical beam with a thickness of a few degrees, and a
part of the waves propagate close to the surface of the icy moon. The radio waves near the surface are refracted in
the ionosphere and detected at the observer position (the blue lines in Figure 2). To model the wide beam, we trace
multiple radio waves at 2 km intervals from the wide initial ray path region in the simulation box (the red shade in
Figure 2). The spatial intervals are set to be smaller than the travel distance of the Galileo spacecraft in the time
step of our occultation model to ensure accuracy in the modeled time. The ExXPRES model (Cecconi et al., 2021;
Hess et al., 2008) assumes that the thickness of the emission cone is 1° at the source region, which corresponds to
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1500 Ray paths of Jovian radio waves around Ganymede
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Figure 3. Ray paths around Ganymede calculated with the ray tracing method. We trace the parallel paths at 2 km intervals from far away in the negative x region. The
frequency of the radio waves is 5.350 MHz. The maximum density of Ganymede ionosphere is 200 cm™ and the scale height is 300 km.

beam widths of 11,713, 18,682, and 32,859 km at Europa, Ganymede, and Callisto, respectively (product of the
thickness with a semimajor axis of the moon). We therefore assumed that the size of the initial ray path region was
the same as the beam width at the moons (e.g., 11,713 X 11,713 km at Europa). The initial wave vectors were the
same as those estimated by ExPRES, which was the direction from the estimated radio source to the observer.

We adopt two approaches to reduce the computational cost. The first is to trace only the ray paths detectable from
the spacecraft trajectory (Approach 1). We define the intersection (the blue dotted line in Figure 2) of the initial
ray path region (the red shade in Figure 2) and the plane including the observer, the icy moon center, and the radio
source predicted by EXPRES (the gray shade in Figure 2). In the spherically symmetric ionosphere, radio waves
are refracted in the radial direction away from the moon body. The radio waves emitted from the intersection are
candidates for observable waves because they propagate on the plane (the blue solid lines in Figure 2). However,
the radio waves from the other positions in the initial ray path region cannot be observed by the observer because
they are refracted outward away from the plane (the red solid line in Figure 2). Thus, we can confine the ray paths
to those from the intersection.

The second is to adopt a coordinate system defined by the initial wave number vectors (Approach 2). We set the
coordinate system in the gray shaded area with the point on the icy moon surface closest to the ray path as the
origin, the direction of the incident wave vector as the x-axis, and the vertical direction to the icy moon surface as
the z-axis. We trace ray paths with the initial wavevectors parallel to the x-axis at 2 km intervals, as shown in
Figure 3. These results can be replaced with the gray shaded area in Figure 2. The gray shading shifts depending
on the position of the observer and the radio source predicted by ExXPRES. However, the calculated ray paths in
the shaded area do not change in the same spherically symmetric ionospheric model. Therefore, the ray tracing
does not need to be repeatedly computed for each predicted radio source position.

Now, we consider the case of tracing ray paths emitted from the four types of radio source regions (A, B, C, and D)
with an initial ray path region of 11,713 x 11,713 km. If the two approaches introduced in the previous paragraphs
(Approaches 1 and 2) are not adopted, the total number of ray paths for each time step is approximately 1.3 x 10%;
however, if the two approaches are applied, the total number of ray paths becomes approximately 5.9 x 10°, which
reduces the computation time to approximately 1/23,000. In addition, the ray paths at different times do not need
to be calculated for the ionosphere with the same maximum electron density n,,,, and the scale height / The

scale*
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(a) No ionosphere

(b) Maximum density : 100 cm-3
Scale height : 300 km
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GLL/PWS Electric Power spectral density (V2/m2/Hz)
GLL/PWS Electric Power spectral density (V2/m2/Hz)

Figure 4. Superimposed GLL/PWS data and estimated Jovian radio emission occultation timing during the GO1 flyby (f-t diagram). The four types of emission (A, B, C,
D) are shown as the solid line in the white-to-black gradation. The observed occultation timings for each frequency derived from the GLL/PWS data are shown as the red
dots on the solid lines. (a) Is for the case of no ionosphere, and (b) is for the case of the ionosphere with the maximum density of 100 cm™ and the scale height of 300 km.

number of ray paths has a significant impact on the computation cost; so these two approaches were highly
effective.

2.3. Estimation of the Maximum Electron Density, Scale Height, and Radio Source Type

With the maximum electron density, scale height, and types of radio source regions (A, B, C, and D), we fit our
model with the observation results and evaluated the likelihood of fitting. To examine observed occultation time,
we use the calibrated GLL/PWS LRS 152-channel data provided by the University of lowa das2 server interface
(Piker et al., 2019). The data are radio-electric power spectral densities provided in units of V*/m?/Hz, and the
temporal resolution is 18.67 s. Figure 4 shows the power spectral densities as color maps at the end of occultation
(egress) during the Ganymede 01 (G1) flyby. The occultation times for each radio source type, A, B, C, and D are
shown as white, light gray, dark gray, and black solid lines, respectively. Figure 4a shows the simulation result
assuming no ionosphere, while Figure 4b shows the results with an ionospheric maximum density of 100 cm™>
and a scale height of 300 km. In Figure 4b, the expected occultation time from source A matches the observation
results better than that in the case without the ionosphere. The likelihood of fitting depends on the electron density
distribution and radio source type. In the following, we explain the specific calculation method of the “average
time difference.”

To find the best-fit parameter of the ionospheric model, we introduce the “average time difference,” which is a
measure of the likelihood of fitting. The average time difference is the averaged time differences between the
observed and modeled occultation start/end times for each frequency channel of the PWS. The observed
occultation time is defined based on the observed power spectral densities compared to threshold values. The
threshold values for each frequency are set at 10 times (10 dB) the average power density during the period when
the Jovian radio emissions are occulted by the moons. This value corresponds to approximately three times (35)
the standard deviation o of the background electric field intensity (V/m) during occultation and can be used as an
index of a significant enhancement in the radio intensity. The red frames in Figure 4 delimit radio waves
exceeding the intensity threshold, which means that statistically significant Jupiter's radio waves are observed at
the time and frequency in the red frames. We exclude the intense radio signals that are not continuous in time and
frequency, such as low-frequency signals (<0.2 MHz) at approximately 06:18 in Figure 4, because they are
assumed to be from sources other than auroral radio sources. The beginning (end) of the occultation in this
examination is defined as the time when the observed radio intensity last (first) becomes above (below) the
threshold.

The modeled occultation time is examined using the ray path model introduced in Section 2.2 and the spacecraft
trajectory. The spacecraft trajectory data are computed by SPICE kernels (Acton, 1996) and retrieved using the
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Table 2

Input Jovian Radio Source Types and Ionospheric Parameter Sets

Icy Moon Ganymede Callisto
Radio source type A,B,C,D

Maximum density (cm_3) 0, 12.5, 25, 50, 100, 150, 200 ... (multiples of 50)

Scale height (km) 25, 50, 100%, 300, 600™°, 1000, 1,500 400, 600, 900

“cf. Eviatar, Strobel, et al. (2001). bEviatar, Vasyliunas, and Gurnett (2001). “Gurnett et al. (1996).

NASA-JPL (Jet Propulsion Laboratory of the National Aeronautics and Space Administration) instance of
WebGeoCalc (Acton et al., 2018). The trajectory data are linearly interpolated in time from the 1-min resolution
data to the 1-s resolution data, as well as the EXPRES source position data. We place the spacecraft positions on
the coordinate system of the gray plane in Figure 2 and examine when the modeled ray paths for each frequency
become detectable (the white, light gray, dark gray, and solid black lines in Figure 4).

Frequency shifts during propagation due to the neutral atmosphere, plasma, and gravity of the Jovian magne-
tosphere and icy moons have a negligible effect on the refractive index. Therefore, the modeled frequencies can be
assumed to remain unchanged. To match the frequency channels between the observed and modeled data, the
modeled occultation times are logarithmically interpolated in frequency:

Lint (fl) = [tmodel (fa) = model (fb)] + lodel (fb) (2)

where f; is an observed frequency channel, f, and f;, (f, > f; > f;,) are frequency channels modeled in ExPRES,
tmoder 15 the modeled occultation time, and ¢,,(f;) is the modeled occultation time interpolated at the observed
frequency. We compare the observed occultation times 7,,,,( f;) at each frequency channel (the red line in Figure 4)
with the interpolated occultation times ?,,(f;). And calculate the time differences Iz,,,(f) — t,,(f)! for each
frequency channel. In lower frequency channels (<0.65 MHz), the time differences cannot be calculated for all
four types of radio sources because both the modeled and observed occultation times cannot be defined. The
higher frequency channels (>4.5 MHz) have low sensitivity and a high noise floor. We calculate the average time
differences 7T in the frequency channels between the black dashed lines in Figure 4 to disregard the frequency
channels with these problems:

1 n
T= ; Z|tobs (fl) — lint (fl)| (3)

We use this equation to calculate the average time differences T(n,,,,,, ,.4.) for each radio source types (A, B, C,
and D), maximum ionospheric densities n and ionospheric scale heights i to find the best-fit parameter
sets that have the lowest average time difference. The input parameters in this study are summarized in Table 2.
Below 50 cm™ , the inputs of the maximum density are 0, 12.5, 25, and 50 cm™>. Above 50 crn_3, the input
densities are multiples of 50 cm™ within the range where the smallest average time difference exists. The scale

max» scale

heights are between 25 and 1,500 km, including values referred to in several previous studies (Eviatar, Strobel,
et al., 2001; Eviatar, Vasyliunas, & Gurnett, 2001; Gurnett et al., 1996).

3. Example of the Estimation Results

We provide an example of the modeling results that show the modeling sensitivity to the maximum density and
scale height. We use an occultation event during the occultation egress during the Galileo G1 flyby.

Figures 5a—5c¢ show examples of the observed frequency-time (f-t) diagrams with the modeled visibility, as shown
in Figure 4. The red lines indicate the observed occultation times, and the white lines are the simulated occultation
times for radio source A. Figures 5d—5f show the modeled Jovian radio ray paths, as in Figure 3; however, the
radio frequency of the ray paths is 0.65 MHz, corresponding to the frequency indicated by the pink dashed line in
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Figure 5. (a—c) Estimated Jovian radio emission occultation timing during the GO1 flyby as Figure 4 and (d—f) Jovian radio paths at 0.65 MHz from the source A as
Figure 3. In panels (d)—(f), the black dots indicate the position of the Galileo spacecraft at every minute. The ionospheric maximum density is 50 cm™ in case #1 (a and
d), 100 cm™ in case #2 (b and e) and 200 cm™> in case #3 (c and f). The scale height is the same at 300 km in all three cases.

Figures 5a—5c. We also plot the orbit of the Galileo spacecraft during the flyby at each minute. The ray paths are
simulated with a scale height of 300 km and different maximum electron densities n,,,. of 50 cm™ in Case #1
(Figures 5a and 5d), 100 cm ™ in Case #2 (Figures 5b and Se), and 200 cm ™ in Case #3 (Figures 5c and 5f).

The observed occultation time (the red lines in Figures 5a—5c) of the radio at 0.65 MHz is at approximately 6:21.
Figure 5d shows that Jovian radio waves are not greatly refracted due to the smaller maximum electron density
(Case #1), and the radio wave detection starts at approximately 6:19. With a larger maximum electron density
(Case #3), the radio waves are strongly refracted, and the radio wave detection starts at approximately 6:23
(Figure 5f). These results indicate that the ray paths with a higher electron density are more heavily refracted and
greatly delay the end time of occultation compared to those with a lower electron density. For Case #1 (Figure 5a)
and Case #3 (Figure 5¢), the modeled occultation end times do not fit the observed times. With a middle value of
maximum electron density (Case #2), the detections started at approximately 6:21 (Figure 5d), and the modeled
time consistent with the observed time (Figure 5b). Thus, we can derive a unique maximum electron density for a
constant scale height due to the correlation between the maximum electron density and the modeled occultation
time.

Figure 6 shows the same events as Figure 5 but has a fixed maximum electron density of 100 cm™> with different
scale heights #,,;,: 50 km in Case #4 (Figures 6a and 6d), 100 km in Case #5 (Figures 6b and 6¢), and 1,000 km in

scale*
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Figure 6. Estimated Jovian radio emission occultation timing during the GO1 flyby and (d—f) Jovian radio paths at 0.65 MHz as well as the position of the Galileo
spacecraft as Figure 5. The ionospheric scale height is 50 km in case #4 (a and d), 300 km in case #5 (b and e), and (c and f) 1,000 km. The ionospheric maximum density

is the same at 100 cm™ in all three cases.

Case #6 (Figures 6¢c and 6f). Figure 6d shows that Jovian radio waves are not refracted at a higher altitude
(>200 km) with a smaller scale height ionosphere (Case #4). Figure 6f shows that radio waves are barely refracted
even near the surface with a larger scale height ionosphere (Case #6). These radio waves begin to be detected at
approximately 6:19 in Case #4 and Case #6, which are earlier than the observed occultation end time at 6:21. With
a middle-scale height ionosphere (Case #5), the radio waves are refracted at any altitude, which leads to the latest
occultation end time among these three cases and the modeled time fits the observed time (Figure 6b). Thus, the
modeled occultation time also depends on the scale height, and we can derive a scale height for a constant
maximum density.

Figure 7 shows the average time differences extended to all parameters listed in Table 1. The vertical and hor-
izontal axes show the scale height and the maximum electron density, respectively. The color bar shows the
average time differences (in seconds). The star indicates the best-fit parameter with the minimum average time
difference. The contour lines indicate the average time differences interpolated by cubic spline interpolation using
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Figure 7. Average time differences between the observed occultation timings and the expected timing during the G1 flyby.
The vertical axis represents the ionospheric scale height, and the horizontal axis represents the maximum electron density.
The star indicates the best-fit ionospheric parameter set, which has the smallest average time difference. The contour lines
indicate the average time differences interpolated by cubic spline interpolation. The radio source type A is assumed here.

the interpolate module in the scipy.py library. The best-fit parameter set has a maximum electron density of
150 cm™ and a scale height of 50 km. Focusing on the parameter sets with time differences less than 25 s (orange
and yellow dots), the maximum density is effectively constrained from 100 to 350 cm™. The orange and yellow
dots are spread over a wide scale height range of 50-1,500 km presenting the difficulty in constraining the scale
height by this method. In Section 4, we show both the best-fit parameter set and the color map of average time
differences (plotted as in Figure 7). The best-fit parameter set is the maximum likelihood case for the ionospheric
density; however, a greater uncertainty is observed in the scale height than the maximum density, as shown in the
color maps.

4. Results

The following criteria is used to exclude the radio data for the sake of precision in deriving the occultation timing:
(a) the noise observed during occultation was large (e.g., egress during the Callisto 30 (C30) flyby; see Figure 5 of
Cecconi et al. (2021)); (b) all radio waves from the four source types were not occulted (e.g., the Ganymede 07
flyby; see Figure 10 of Cecconi et al. (2021)); and (c) the observed Jovian radio waves were weak (e.g., the Europa
12 flyby, see Figure 6 of Cecconi et al. (2021)). We have clear occultation events, and these events are not found
in one of the 3 criteria: for only two events with Ganymede (the occultation ingress and egress during the GO1
flyby) and two events with Callisto (the occultation egress during the Callisto 9 (C9) flyby and the occultation
ingress during the Callisto 30 flyby).

4.1. Ganymede Ionosphere

The G1 flyby had the closest approach of 835 km to Ganymede at 6:29 UT on 27 June 1996. Around that moment,
the Jovian radio waves started to be occulted when the spacecraft was on Ganymede’s trailing side (ingress), and
then the occultation ended when the spacecraft was on the leading side (egress). Our modeling results are shown
in Figures 8a, 8c, and 8e for the ingress and Figures 8b, 8d, and 8f for the egress.

Figure 8a shows the observed f-t diagrams during ingress with the modeled visibility assuming no ionosphere in
the same format as in Figure 4. The modeled occultation time for radio source type B (the light gray line in
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Figure 8. (a—d) Superimposed GLL/PWS data and estimated Jovian radio emission occultation as Figure 4 and (e and f) average time differences for some cases of
ionospheric parameter set as Figure 7. The rows represent two application cases for Ganymede ionosphere (Ganymede G1 flyby ingress and egress). (a and b) Are for the
case of no ionosphere. (c and d) Are for the case of ionospheres with the best-fit parameter set. The error bars in figures (e) and (f) indicate the uncertainties of maximum
density and scale height for the best-fit parameter set.

Figure 8a) fits well with the observed time (the red line in Figure 8a), especially at 1-3.5 MHz. However, above
3.5 MHz and below 1 MHz, the modeled occultation time occurred later than the observed occultation time by
more than 50 s. For this case, the average time difference was estimated to be 39.3 s for the 0.8—4.5 MHz channel;
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this channel is selected based on the criteria noted in Section 2.3 (between the dashed black line in Figure 8b). We
also calculated the average temporal differences by changing the radio source types and ionospheric parameter
sets. Figure 8e shows the average temporal differences for radio source B as a function of the ionospheric
maximum density and scale height in the same format as in Figure 7. We found that the best-fit case had a
maximum electron density of 12.5 cm™, a scale height of 100 km, and a type B radio source. The corresponding
average time difference was 33.6 s. The corresponding average time difference was the smallest of all radio source
types. The f-t diagram with this parameter set case (Figure 8c) showed that the model fitting to the observed time
was improved more than Figure 8a, and the time difference became less than 40 s even below 1 MHz.

Figures 8b, 8d, and 8f are the same as Figures 8a, 8c, and 8e but for an egress part in the flyby. The f-t diagram for
the no ionosphere case (Figure 8b) showed that the modeled occultation time for source type A (the white line in
Figure 8b) was earlier than the observed time (the red line in Figure 8b), especially below 2 MHz, by up to
approximately 5 min. The average time difference was estimated to be 83.0 s for the 0.65-4.5 MHz channels
based on the same criteria as in the ingress case. We calculated the average temporal difference as a function of the
ionospheric maximum density and scale height, as shown in Figure 8f. As a result, we found that the best-fit
parameter case had a maximum electron density of 150 cm™>, a scale height of 50 km, and type A radio
source. The average time difference was 16.5 s. The f-t diagram for the best-fit parameter set (Figure 8d) showed
that the modeled time fit the observed time better than Figure 8b, and the time difference became less than 50 s
even below 2 MHz.

4.2. Callisto Ionosphere

The closest approach of 418 km to Callisto during the C9 flyby was at 13:48 UT on 25 June 1997, and that of
138 km during the C30 flyby was at 11:23 UT on 25 May 2001. Our modeling results are shown in Figures 9a, 9c,
and 9e for the egress during the C9 flyby and in Figures 9b, 9d, and 9f for the ingress during the C30 flyby.

Figures 9a, 9c, and 9e are in the same format as Figures 8a, 8c, and 8e but show the results for the egress in the C9
flyby. The f-t diagram for the no ionosphere case (Figure 9a) showed that the modeled time for source type D (the
black line in Figure 9a) fit the observed time only above 1 MHz. However, below 1 MHz, the modeled occultation
time was earlier than the observed occultation time by more than 160 s. In this case, the average time difference
was estimated to be 75.8 s Figure 9e shows the average time differences for the source of type D. We found that
the best-fit case had a maximum electron density of 350 cm™, a scale height of 400 km, and a radio source of type
D. The average time difference for this best-fit case was estimated to be 34.1 s. The f-t diagram (Figure 9c)
showed that the modeled occultation time (the black line in Figure 9c) was delayed, and the time differences
became less than 50 s below 1 MHz. The f-t diagram for ingress during C30 flyby with no ionosphere (Figure 9b)
showed that the modeled times effectively fit the observed occultation time with any type of radio source
(<14.7 s). Especially for the radio source of type C, the time differences were less than 21 s below 2 MHz, and the
fits were good. In this case, the average time difference was estimated to be 9.8 s Figure 9f shows the average time
differences for source type C. The average time differences were small with a smaller electron density. The best-
fit case was found to have a maximum electron density of 12.5 cm™, a scale height of 400 and 600 km, and radio
source type C. The average time difference in the best-fit case was 9.6 s, which was only 0.2 s shorter than that
with no ionosphere. A comparison of the f-t diagrams (Figures 9b and 9d) showed that the modeled occultation
time (dark gray line) did not drastically change between the no ionosphere and best-fit cases. These results
indicated that the icy moon ionosphere did not affect the ray path in this case.

5. Discussion
5.1. Average Time Difference and Uncertainty of Occultation Timing

We showed the minimum average time difference with the best-fit parameter set for each occultation event. The
smallest average time difference for occultation ingress in the C30 flyby was 9.6 s, and this value was the smallest
in all events. However, the minimum average time differences for egress during the C9 flyby and ingress during
the G1 flyby ingress were greater, with values of 33.6 and 34.1 s, respectively; these values were more than three
times greater than that for ingress during the C30 flyby. The larger minimum average time differences could be
explained by the following reasons.
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Figure 9. The same frequency-time diagrams and average time differences as Figure 8 but for two application cases for Callisto ionosphere (Callisto C9 flyby egress and

Callisto C30 flyby ingress).

1. The uncertainty of the radio source position in the EXPRES model resulted in uncertainty in the modeled

occultation time (Table 2 of Cecconi et al. (2021)).

2. The time step of the Galileo PWS observation 7 (18.67 s) caused uncertainty in the observed occultation time

(Gurnett et al., 1992).

3. Since the actual ionosphere has the temporal and spatial variation of scale heights and maximum electron
densities, the occultation time modeled with a single unique ionospheric parameter was difficult to fit with the

observed time.
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Table 3

Temporal Uncertainty of the Time Differences Between the Observed Occultation Timings and the Expected Timing

Standard temporally uncertainty (sec)

Radio source position u,(f;)

Flyby 800 kHz 1 MHz 2 MHz 4 MHz PWS time step u, Combined u
GO1 ingress 47.7 435 34.8 26.0 5.4 36.3
GO1 egress 46.6 32.7 14.5 7.7 24.4
C09 egress 13.2 10.9 6.2 3.9 9.7
C30 ingress 2.0 1.6 1.2 0.6 5.5

4. The observed occultation time was shifted due to the reflection effects of Jovian radio waves in the Jovian
magnetosphere (Gurnett et al., 1998; Menietti et al., 2003); this effect was not considered in our model.

The time differences noted by the reason 3 and 4 were depended on the variation of icy moon ionosphere and
Jovian magnetosphere at the time of the flyby. Therefore, uncertainties of modeled occultation timing due to these
two reasons difficult to be defined. In this paper, we focus on the uncertainties by the reason 1 and 2 and propose
the “standard uncertainty” referred in European Accreditation (2022). The standard uncertainty u,(f;) of the
modeled occultation timing due to the reason 1 is calculated as follows:

_ o(f)
up (f;) = 2\/3 4

where f; is an observed frequency at a channel 7, and 67(f)) is the possible range of modeled occultation timing
calculated with the spacecraft trajectory data and the angular uncertainty of Jovian radio sources location (Table 2
of Cecconi et al. (2021)). With the same approach, we also calculate the standard uncertainty u, of the observed
occultation timing due to the reason 2 as follows:

ot )
Uy = —F—=
243
where 67 is the time step of the Galileo PWS observation. The averaged value # of the combined standard un-
certainty of the two standard uncertainties, u,(f;), and u,, is calculated as follows:

Zn: \ U (fz)2 + u,? (6)

1

u=

S| =

Table 3 shows each standard temporary uncertainty u,(f;) and u,, as well as the averaged value of the combined
standard uncertainty % for each occultation event. For ingress and egress during the G1 flyby, the uncertainties due
to the source locations are significant, yielding considerable average values of the combined standard uncertainty.
On the other hand, for ingress during the C30 flyby, the uncertainties from the source positions are small, and the
average of combined standard uncertainty is also small. These variations of uncertainty for each occultation event
are consistent with the uncertainty trend in Cecconi et al. (2021).

Figures 8e and 8f show the parameter ranges where the average time differences become the average of combined
standard uncertainty with the red line for the G1 flyby. The figures also show the uncertainties of the maximum
density and scale height for the best-fit parameter set with error bars. The uncertainty of the scale height ranges
from 53.0 to 846.5 km for the ingress and from 31.5 to 91.5 km for the egress. This significant uncertainty in the
results for the ingress is due to the weak constraints on the scale height of our method, which are also mentioned in
Section 3. On the other hand, the maximum electron density ranges from 5.0 to 20.5 cm ™ for the ingress and from
76.5 to 288.5 cm ™ for the egress. We found that our method imposes tight constraints on the maximum electron
density. In the following discussion of Ganymede ionosphere, we will focus on the maximum electron density
with the minimum time difference and the uncertainty.
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For the results of the egress in the C9 flyby and the ingress in the C30 flyby, we cannot indicate uncertainties of
the maximum density and scale height because the minimum average time difference is larger than the average of
combined temporary standard uncertainty. The significance of the minimum average time difference should be
attributed to factors other than reasons 1 and 2. Some ionospheric models predicted that the ionosphere of icy
moons has a spatial density variation and spherical asymmetry (Carnielli et al., 2019). Thus, there is some un-
certainty due to reason 3. The suggested best parameter set in this study represents the averaged electron density
distribution of the ionosphere with spatial variation. In the following discussion for Callisto, we will focus only on
the best-fit parameter set with the minimum time difference.

5.2. Density Distributions and Formation Processes

The ionized atmosphere of icy moon is produced through the atmospheric supply and ionization of atmospheric
neutrals as described in the introduction. These processes are attributed to Jovian magnetospheric plasma pre-
cipitation and solar illumination effects. We investigated the maximum electron density and observation points in
our study and previous observations to assess the plasma and solar effects.

According to our results for the Ganymede ionosphere, the maximum ionospheric density for egress during the
G1 flyby was from 76.5 to 288.5 cm™>, whereas that for ingress was from 5.0 to 20.5 cm™>. The observation point
is defined as the nearest point on the moon's surface from the straight line connecting Jovian radio sources and the
spacecraft before/after the occultations. For the results from the previous radio science observations, we
examined all maximum electron density values reported in published papers (Buccino et al., 2022; Kliore, 1998).
We defined the observation point as the tangential point on the moon's surface to the line connecting the earth (the
observer) and the spacecraft. For the results from the previous in situ observations, we used all electron density
profiles reported in the published papers (Eviatar, Strobel, et al., 2001; Eviatar, Vasyliunas, & Gurnett, 2001;
Gurnett et al., 1996). The maximum density was the density at the moon surface according to extrapolation from
the density profiles, and the observation point was the point just below the spacecraft closest to the ice moons. We
noted that these observation points were rederived from the trajectory data of SPICE WebGeoCalc (Acton
et al., 2018) and differed from the observation points assumed in previous papers.

The solar illumination effect is organized by the solar zenith angle (SZA); the SZA is the angle between the
subsolar and observation points. Figure 10a shows the maximum electron density determined by our Jovian radio
occultation observation (square), previous radio science observation (star), and in situ observation (circle) as a
function of the SZA. The electron density in the lower SZA region (<80°) was lower than that in the higher SZA
region (>80°). Our derived density on the day side (egress) was also lower than most of the densities obtained by
previous observations in the higher SZA region. No clear trend of atmospheric ionization by solar illumination
was observed from the results of previous observations and the results from our study.

Ganymede's intrinsic magnetic field creates a closed field and prevents plasma access to the closed field (Liuzzo
et al., 2020; Poppe et al., 2018). Charged particles in the Jovian magnetosphere therefore precipitate mainly in the
region where the field lines are connected to the Jovian magnetic field. Figure 11 shows the maximum electron
density map on Ganymede's surface for previous observations and our results. The location (longitude, latitude) of
(0°W, 0°) is roughly toward Jupiter’s center, and that of (270°W, 0°) is roughly the trailing hemispheric center.
The location of the open/closed field line (OCFL) boundary has been noted by several studies (Khurana
et al., 2007; Kopp & Ip, 2002; Jia et al., 2008, 2009; McGrath et al., 2013) and depends on the modeling method
and assumed plasma sheet location. Based on these OFCL boundary models, we outline the region where the
OCFL boundaries lie (boundary region) with the dashed line in Figure 11. The G1 ingress observation points (5.0—
20.5 cm™?) are at approximately 270°W longitude with latitudes of 12°N-39°N. Most of the observation points
are at lower latitudes than the OCFL boundary region. The G1 egress observation points (76.5-288.5 cm™>) are at
approximately 80°W longitude with latitudes of 39°N—-51N°, and the points are in the open magnetic field line
regions. Our derived electron density is greater in the open magnetic field line regions than in the closed field line
region. According to previous observation results, the observation point of the radio science at a longitude of
38°W and a latitude of 20° is in the closed field line region. However, the in situ observation points at
approximately 85°W longitude and 75° latitude and the other radio science observation points are in the open field
line region. We found that the results from these previous observations produced the same trend as our results; the
electron density was greater in the open magnetic field line regions than in the closed field line region.
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Figure 10. Maximum electron density in Ganymede's ionosphere observed with the previous radio occultation observations
(star), in situ observation (circle), and our Jovian radio occultation observations (square). Each color represents whether the
observation points are in an open magnetic field region (red), a closed magnetic field region (blue), or a boundary region
between open and closed field regions (green). Panel (a) shows the electron density as a function of the SZA (solar zenith
angle) of the observation points. Panel (b) shows the density as a function of the ram angle, the angle between trailing center
direction and observation points.

The plasma precipitation is also connected to the ram angle; the ram angle is the angle between the trailing center
direction (270°W, 0°) and the observation point. Poppe et al. (2018) and Liuzzo et al. (2020) presented a thermal
and energetic ion precipitation map and an energetic electron map. These precipitation models indicated regional
differences in the plasma precipitation flux. The flux was larger in regions. The flux in the open magnetic field
line was greater in the region with lower ram angles. Figure 10b shows the maximum electron density as a
function of the ram angle. All observational results in the closed magnetic field line regions (the blue plots),
including our GO1 ingress results, had a lower maximum electron density than those in the open magnetic field
line regions (the red plots). Focusing on the open magnetic field line region, the density at lower ram angles
(<120°) was greater than that at higher ram angles (>120°). Based on the above discussion, we assumed that the
observed density distribution was correlated with the flux distribution of plasma precipitation from the Jovian
magnetosphere.
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Ganymede ionospheric observation results
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Figure 11. Maximum electron density of Ganymede's ionosphere with the observation point. Observation methods are
classified with the same shapes as Figure 10. Each color represents the maximum density in the color bar. The vertical axis
represents the observation point's latitude, and the horizontal axis represents the observation point's longitude. The dashed
line outlines the region where OCFL boundaries lie suggested in previous papers (boundary region). The leading hemisphere
extends from 0°W to 180°W and the trailing hemisphere extends from 180°W to 360°W.

The correlation between the electron density and the plasma flux can be explained by several atmospheric model
studies in Ganymede. Vorburger et al. (2022) modeled the sublimated and sputtered H,O exospheres of Gany-
mede. They indicated that sublimated exospheres were dominant up to 60° SZA, while sputtering atmospheric
production was dominant elsewhere. As shown in Figure 10a, all observations were collected in a region where
the SZA exceeded 60°. The neutral atmospheric density at these observation points was likely controlled by the
precipitation plasma flux from the Jovian magnetosphere. Carnielli et al. (2019) modeled the 3D electron density
distribution of the Ganymede ionosphere produced by electron impact ionization and photoionization. Using the
model assumptions, they found that the rate of electron impact ionization in the open field line region was
0.19 x 107%-9.05 x 107® s7' and greater than the photoionization rate on the day side (0.01 x 107%-
1.75 x 1078 s™1). The effective electron impact mainly contributed to the ionization of the sputtered atmosphere.
According to these studies, sputtering atmospheric production and electron-impact ionization led to an electron
density distribution correlating with the plasma flux.

For the Callisto ionosphere, we found a maximum electron density of approximately 350 cm™ for the C9 egress
and approximately 12.5 cm™ for the C30 ingress. Figure 12a shows the maximum electron density as a function
of the SZA. The SZAs were 171.3°-176.3° for C9 egress (night side) and 103.9°-105.4° for C30 ingress (night
side). Figure 12a also shows the maximum electron density observed by the previous science results (Kliore
et al., 2002). Most observation results around the day-night terminator derived from the previous science were
greater than those derived by our method. The observed density tended to be higher with lower SZA. The plasma
precipitation flux to Callisto is simply organized by the ram angles because Callisto has no intrinsic magnetic
field. Figure 12b shows the maximum electron density as a function of the ram angles. The ram angles of our
results were 1.8°-7.4° for C9 egress (trailing hemisphere) and 165.9°-167.2° for C30 ingress (leading hemi-
sphere). Even with smaller ram angles, the observed electron densities were not high. We found that Callisto's
ionosphere was affected by solar illumination rather than by the plasma precipitation.

These characteristics of Callisto's ionosphere are consistent with the Callisto exospheric model in Vorburger
etal. (2015). They modeled the atmospheric density profiles at the subsolar point and the antisolar point, that were
generated through sputtering and sublimation of the surface. They indicate that the sublimated atmosphere at the
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Figure 12. Observed maximum electron density in Callisto's ionosphere shown with the previous radio occultation
observations (star) and our Jovian radio occultation observations (square). Each color represents whether there is detectable
ionosphere (red) or not (blue). Panel (a) shows the electron density as a function of the SZA of the observation points. Panel
(b) shows the density as a function of the ram angle, the angle between trailing center direction and observation points.

subsolar point was denser than that at the antisolar point. The sublimated atmosphere at the subsolar point was
approximately 10® times denser than the sputtering atmosphere. These results indicate that sublimation on the day
side is the main process that produces the neutral atmosphere on Callisto. In their study, the two main ionization
processes, photoionization, and electron-impact ionization, are assumed to be the exospheric loss processes. They
indicated that the photoionization rate (107~107'" s™!) was as large as the electron-impact ionization rate
(107 s™Y) (Huebner et al., 1992; Vorburger et al., 2015). The photoionization of the dense sublimated atmosphere
on the day side led to the characteristics of the observed density distribution in Callisto.

We found difference in the controlling process between Ganymede's and Callisto's ionospheric structures. One
cause of these differences was the density of Jovian magnetospheric plasma near each moon. While the solar
fluxes at these moons are the same because of the same average distance from the Sun, the Jovian magnetospheric
electron density at Ganymede was 1-10 cm™ and higher than that at Callisto (0.01-0.70 cm™) (Kivelson
et al., 2004). The denser magnetospheric plasma at Ganymede likely enhanced the dependency of the ionospheric
density on the precipitation plasma flux. The few observations shown in Figures 10 and 12 cannot simply
explained by the SZA or ram angles; the results showed a dense ionosphere (5,000/cc) with an approximately
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100° ram angle at Ganymede and a thin ionosphere (no detection) with an approximately 80° SZA at Callisto.
Some possible reasons for the unexplained observations may be regional differences in local plasma precipitation
(Liuzzo et al., 2020; Poppe et al., 2018) or differences in the surface temperature between the dawn and dusk sides
(Leblanc et al., 2017). Surface compositions are also thought to vary in different regions and can change the
neutral atmospheric density (Vorburger et al., 2015). The observation results discussed here likely include the
effects of these regional differences in the ionospheric structure.

6. Conclusions

In this study, we developed new ionospheric occultation observations using Jovian radio waves, which enabled
observations over a wide range of solar phase angles and at low altitudes based on Cecconi et al. (2021). We
adopted this approach to investigate the electron density distribution and formation mechanism of the icy moon
ionospheres.

Our analysis of Ganymede's ionosphere during the Galileo G1 flyby revealed that the maximum electron density
was 5.0-20.5 cm ™ in the closed magnetic field region and 76.5-288.5 cm™ in the open magnetic field region.
The density difference between the closed and open field regions was consistent with previous radio science and
in situ observation results and indicated that plasma precipitation promoted ionized atmosphere production
through surface material sputtering and/or electron-impact ionization of atmospheric neutral species. For Cal-
listo's ionosphere, we found that the maximum density was approximately 350 cm ™ during the C9 flyby and
12.5 cm™ during the C30 flyby. The data for these two results from Calisto's ionosphere originated from the night
side of the ionosphere, and the determined densities were lower than most of the previous observation results
around the day-night terminator. These results were consistent with the models previously studied, indicating that
sublimation dominated atmospheric production.

Our results provide insight into the atmospheric supply and ionization in Ganymede and Callisto. We plan to
apply our method to the upcoming JUICE/Radio and Plasma Wave Investigations data. Future studies will
provide a broad view of the detailed structure of the icy moon ionospheres and their possible generation processes.

Data Availability Statement

All simulation codes used for this study are available at the following GitHub repository (https://github.com/
rikuto-yasuda/icymoon_raytracing) and Zenodo repository (Yasuda et al., 2024). The product from Jovian radio
source modeling results used in this study are available at https://doi.org/10.25935/8zff-nx36 (Cecconi
et al., 2022). The calibrated GLL/PWS LRS data (Gurnett, Kurth, & Granroth, 1997) used in our research are
available on the University of Iowa das2 server interface (Piker et al., 2019) at http://das2.org/browse/uiowa/
galileo/pws/survey_electric.
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