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Abstract

Jupiter’s magnetic field is tilted by ~10%; with respect to the planet’s spin axis, and as a result the Jovian plasma sheet passes
over the Galilean satellites at the jovigraphic equator twice per planetary rotation period. The plasma and magnetic field
conditions near Ganymede’s magnetosphere therefore change dramatically every 5 hours, creating a unique magnetosphere-
magnetosphere interaction, and on longer time scales as evidenced by orbit-to-orbit variations. In this paper we summarize the
typical magnetic field conditions and their variability near Ganymede’s orbit as observed by the Galileo and Juno spacecraft.
We fit Juno data from orbit 34, which included the spacecraft’s close Ganymede flyby in June 2021, to a current sheet model
and show that the magnetospheric conditions during orbit 34 were very close to the historical average. Our results allow us to

infer the upstream conditions at the time of the Juno Ganymede flyby.
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Key points
e The magnetic field magnitude and direction upstream of Ganymede vary strongly with
longitude
e Temporal variations in the magnetosphere also influence Ganymede’s upstream field
conditions

e Juno’s Ganymede flyby occurred during typical magnetospheric conditions

Abstract

Jupiter’s magnetic field is tilted by ~10° with respect to the planet’s spin axis, and as a result the
Jovian plasma sheet passes over the Galilean satellites at the jovigraphic equator twice per
planetary rotation period. The plasma and magnetic field conditions near Ganymede’s
magnetosphere therefore change dramatically every ~5 hours, creating a unique magnetosphere-

magnetosphere interaction, and on longer time scales as evidenced by orbit-to-orbit variations. In
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this paper we summarize the typical magnetic field conditions and their variability near
Ganymede’s orbit as observed by the Galileo and Juno spacecraft. We fit Juno data from orbit
34, which included the spacecraft’s close Ganymede flyby in June 2021, to a current sheet model
and show that the magnetospheric conditions during orbit 34 were very close to the historical
average. Our results allow us to infer the upstream conditions at the time of the Juno Ganymede

flyby.

Plain Language Summary

Ganymede is the only moon in the solar system with an intrinsic magnetic field. This field forms
a bubble in space around the moon, called a magnetosphere, that is itself contained within
Jupiter’s magnetosphere. The magnetic field and plasma conditions within Ganymede’s
magnetosphere can be used to infer information about the satellite’s atmosphere, ionosphere, and
interior. It is therefore important to understand the interaction between Ganymede’s
magnetosphere and the Jovian environment in the same way that we study the effects of space
weather on the Earth. Here we analyze Galileo magnetic field measurements from Jupiter’s
magnetosphere in the region near Ganymede’s orbit to establish the typical magnetic field
magnitude and direction. We discuss the average conditions as well as the nature of the
variability that occurs due to dynamic processes occurring in Jupiter’s magnetosphere. This
information provides useful context for analyzing data from Juno’s recent flyby of Ganymede,

which we show occurred during typical magnetospheric conditions.
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1. Introduction

Jupiter’s moon Ganymede is the only satellite in the solar system to possess its own
intrinsic magnetic field, which creates a small magnetosphere that is embedded in Jupiter’s inner
magnetosphere (Kivelson et al., 1996). Ganymede is therefore a fascinating target for studying
moon-magnetosphere interactions. Data and models from the Galileo flybys of lo, Europa,
Ganymede, and Callisto show that changes in the upstream conditions, including the satellite’s
location with respect to Jupiter’s plasma sheet, can have a major influence on the moon-
magnetosphere interaction and produce an inductive response that can be used to probe the
moons’ internal structure (e.g. Kivelson et al., 1999, 2002). The observed magnetic field from
within Ganymede’s magnetosphere contains contributions from Ganymede’s internal magnetic
field, currents within Ganymede’s magnetosphere, any inductive magnetic field from a possible
subsurface liquid ocean inside the moon, and the magnetic field of Jupiter’s magnetosphere
(Kivelson et al., 2002). Therefore, it is important to quantify the range of magnetic field and
plasma conditions that may be expected upstream of the Galilean satellites and to predict those
conditions at the time of close spacecraft encounters.

The goals of this paper are 1) to establish the range of likely magnetic field conditions
upstream of Ganymede by analyzing the available Galileo and Juno magnetometer data, and 2)
to examine the magnetic field conditions near Ganymede during Juno’s orbit 34 prior to and
following its close flyby of Ganymede on 7 June 2021. We first consider how the magnetic field
magnitude and direction near Ganymede change over the ~10 hour planetary rotation period as
the satellite’s magnetic latitude oscillates due to Jupiter’s ~10° dipole tilt. We then consider how
the magnetic field conditions change on longer timescales such as the orbit-by-orbit current sheet

variability that has been studied in both Galileo and Juno data (e.g. Russell et al., 2001; Vogt et



68

69

70

71

72

73

74

75

76

71

78

79

80

81

82

83

84

85

86

87

88

89

90

al., 2017; Connerney et al., 2020). Both of these types of variability in the upstream conditions
occur on timescales that are long compared to the ~minutes long timescale for plasma circulation
in Ganymede’s magnetosphere (e.g. Jia et al., 2009, 2010; Toth et al., 2016; Zhou et al., 2020)
and it is likely that conditions are always favorable for magnetopause reconnection (Kaweeyanun
et al., 2020). But even if the upstream field conditions have only a limited influence on activity
in Ganymede’s magnetosphere, they can still affect the interpretation of magnetic field
measurements near Ganymede. In particular, the magnetic field observed near Ganymede
includes the contributions of both Jupiter’s magnetosphere field and the field produced by
Ganymede (intrinsic and induced), so an accurate estimate of the upstream conditions is
important to constraining the properties of Ganymede’s internal magnetic field. In our study we
focus on the upstream magnetic field conditions though the plasma conditions are also both
temporally and spatially variable (e.g. Kivelson et al., 2022), which will affect the nature of the
satellite-magnetosphere interaction (e.g. Bagenal and Dols, 2020).

This paper is organized as follows: section 2 reviews the availability of magnetic field
measurements near Ganymede’s orbit and the expected dependence on longitude. Section 3
summarizes the Galileo magnetic field measurements near Ganymede and their spatial
(longitudinal and local time) and temporal variability. In section 4 we examine the
magnetospheric conditions before and after Juno’s orbit 34 Ganymede flyby, and we conclude

with a summary in section 5.

2. Data availability and expected longitudinal dependence
Magnetic field measurements from Jupiter’s magnetosphere are available from six

spacecraft that flew through the system (Voyager 1, Voyager 2, Pioneer 10, Pioneer 11, Ulysses)
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and two orbiters (Galileo, 1996-2003; and Juno, 2016-present). Figure 1 shows the orbital
coverage of all spacecraft that have visited the Jovian system except Cassini, which only briefly
entered Jupiter’s magnetosphere, and New Horizons, which did not carry a magnetometer. The
spacecraft trajectories are shown in magnetospheric local time, System III latitude and longitude,
and magnetic coordinates (“wiggle plot”) as calculated using the JRMO09 dipole tilt value of
10.31° toward 196.61° System III left-handed longitude (Connerney et al., 2018). Galileo’s orbit
was confined to near the jovigraphic equatorial plane while Juno is in a polar 53-day orbit with
an apoapsis of ~110 R; and an inclination that is increasing with time (Bolton et al., 2017).
During the inbound portion of its initial orbits Juno’s latitude at ~10-20 R; was as large as ~20°
but that latitude has decreased with time.

Ganymede orbits Jupiter in a nearly circular path (eccentricity = 0.001) with a semi-major
axis 14.97 Ry (1 Ry = 71,492 km) and an orbital inclination of 0.18°. For simplicity, in our
analysis we will take “Ganymede’s orbit” to mean a circular path of radius 15 R; in Jupiter’s
jovigraphic equatorial plane. Most of the magnetic field measurements from the region near
Ganymede’s orbit come from Galileo, which completed over 30 orbits of Jupiter and collected
magnetic field measurements with a typical time resolution of 24 seconds per vector. In just
under half of its first 34 orbits, Juno passed through magnetic latitudes equivalent to the region
near Ganymede’s orbit, as shown in the bottom middle panel of Figure 1, though the spacecraft
was typically located ~1 R; or more off the jovigraphic equator (see top right panel of Figure 1).
Juno magnetic field measurements are available with a time resolution of 1 second per vector
(Connerney et al., 2017). The other spacecraft that passed Ganymede’s orbit (Pioneer 10, Pioneer
11, Voyager 1, Voyager 2, Ulysses) were typically located significantly off the jovigraphic

equator, so we exclude them from our statistical analysis in the next section.
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The magnetic field in Jupiter’s innermost magnetosphere (R < 10 Ry) is largely dipolar,
while in the middle magnetosphere (R > 30 R;) the field becomes radially stretched by the
currents flowing in the current sheet or plasma sheet. Outside of the Io plasma torus, the plasma
in Jupiter’s magnetosphere is concentrated in a plasma sheet that is roughly aligned with the
magnetic equator inside of ~30 R; (Behannon et al., 1981). At Ganymede’s orbit the magnetic
equator and centrifugal equator, the point along each flux tube farthest from the planet, are
nearly, but not exactly, aligned (Phipps and Bagenal, 2021). Jupiter’s dipole field is tilted ~10°
with respect to the planet’s spin axis, toward ~200° west (left-handed) System III longitude. As a
result, a spacecraft or moon near the jovigraphic equator — like Galileo and Ganymede — will
observe the magnetic field fluctuating as its magnetic latitude oscillates from roughly +10° to -
10° over the planet’s ~10 hour rotation period. Therefore, both the magnitude and direction of the
magnetic field upstream of Ganymede are strongly dependent on longitude. For example, the
radial component of the magnetic field, Bg, reverses twice per planetary rotation as Jupiter’s
plasma sheet passes over the jovigraphic equator.

Figure 2, which we discuss further in the next section, shows the modeled longitudinal
dependence of the magnetic field at Ganymede’s orbit along with Galileo measurements from
radial distances 14.95-15.05 R;. A similar plot showing the longitudinal dependence of the
magnetic field near Ganymede’s orbit as measured during Juno’s first 33 orbits is given in Figure
3; we exclude Juno data from Figure 2 because most orbits are significantly off the jovigraphic
equator and therefore are not representative of the magnetic field conditions near Ganymede. The
model field, shown by the thick gray lines, is calculated using the JRM09 model for Jupiter’s
internal field plus the contribution of a current sheet from the Connerney et al. (2020) model

(“CON2020”) at a radial distance of 15 Ry at the jovigraphic equator. This current sheet model is
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based on a Voyager-era model which represented Jupiter’s current sheet as an axisymmetric
washer-shaped disk (Connerney et al., 1981). The Voyager-era model fit parameters are the inner

and outer edge of the disk, the disk thickness, the current sheet azimuthal tilt, the azimuthal angle

Uolo

of the tilt, and the azimuthal current constant —~ which represents the current sheet current

density and is given in units of nT. The CON2020 model updated the original Voyager-era
model by introducing a radial current constant /.44, in units of MA, that produces a B, the
azimuthal component of the magnetic field, and controls the field bend back out of the meridian
plane. Fitting the current constants to Galileo and Juno data on an orbit-by-orbit basis has
provided a measurement of temporal activity in Jupiter’s magnetosphere and can give insights
into the expected field variability at Ganymede’s orbit (Vogt et al., 2017; Connerney et al.,
2020). Finally, we note that other external field models (e.g. Khurana, 1997) predict similar

magnetic field conditions near Ganymede’s orbit, as shown in Figure S1.

3. Galileo magnetic field observations near Ganymede: spatial and temporal variability

The measurements and model predictions plotted in Figure 2 provide an overview of the
typical magnetic field conditions upstream of Ganymede and their spatial and temporal
variability. The figure shows the three field components in System III spherical coordinates, the
magnetic field bendback and elevation angles, and the field magnitude as a function of longitude.
The magnetic field bendback angle a indicates the angle of the magnetic field out of a meridian
By

plane and is defined by a = tan™?! (B ) so that a negative (positive) bendback angle indicates a
R

swept back (swept forward) field configuration. The field elevation angle, 8./.y41i0n, indicates the

angle that the magnetic field makes with respect to the radial direction in the R-6 plane and is
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defined by 6 . =tan" ! —Be so that the elevation angle is positive for a southward field
Y Uelevation |BR g p

and is 90° when the field is completely southward. We evaluate both angles only when |Bg| > 3
nT because small fluctuations in Bk can lead to large fluctuations in the field angles when By is
small. The data plotted in Figure 2 are clustered in groups that each come from individual orbit
inbound or outbound segments, with color indicating the spacecraft local time. Figure 2 includes
all Galileo measurements at radial distances 14.95-15.05 R; excepting the six close flybys of
Ganymede when the spacecraft was measuring Ganymede’s magnetospheric field. For the
intervals plotted in Figure 2, the Galileo spacecraft was located at jovigraphic latitudes -1.57° to
3.27°.

The data and model predictions in Figure 2 show overall good agreement and can be used
together to characterize the magnetic field conditions near Ganymede’s orbit, which we
summarize in Table 1. The measurements listed in Table 1 describe the range of field values
measured by Galileo, excluding the close flyby encounters, at radial distances 14.95-15.05 R;.
The average |B| value near Ganymede is ~95-100 nT according to both the data and model, and
the field is typically oriented mostly in the north-south direction and only weakly swept out of
the meridian plane (the model predicts |Bg| > |Bg| and |a| < 20° at roughly 70 percent of
longitudes). The magnetic field orientation is therefore generally favorable for reconnection at
Ganymede’s magnetopause since the satellite’s internal magnetic field is oriented almost
completely northward, with a dipole tilt of 176° from its spin axis (Kivelson et al., 2002;
Kaweeyanun et al., 2020).

The field near Ganymede’s orbit changes on time scales that are longer than the ~10 hour
planetary rotation period, as shown by orbit-to-orbit changes in the observed field values plotted

in Figure 2. Some of the orbit-to-orbit variation may be accounted for by the orbits’ spatial, not
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temporal, differences. For example, the magnetic field and plasma properties in Jupiter’s
magnetosphere vary with local time (e.g. Palmaerts et al., 2017 and references therein), which
means that the upstream magnetic field conditions change over the satellite’s ~7 day orbital
period. The local time dependence of the magnetic field is most evident in the meridional
component, Bg, which varies by ~9 nT (~10%) near Ganymede’s orbit. Galileo measurements of
the By local time dependence near Ganymede are plotted in Figure S2, which shows that the data
are reasonably well-fit by the longitudinally-averaged JRM09+CON2020 model plus the external
By local time fit of Vogt et al. (2017). The By local time dependence can also be seen in Figure
2, as By measurements collected at local times near 15:00 (purple and dark blue) are generally
larger than those collected at local times far from 15:00 (green and red). We account for local
time variations in the functional fits described in Appendix A. However, most of the orbit-to-
orbit variability in the magnetic field indicates variable magnetospheric conditions due to activity
like magnetospheric injections, mass loading due to volcanic activity on o, or even changes in
the external solar wind conditions (e.g. Mauk et al., 1999; Louarn et al., 2014; Tao et al., 2005;
Vogt et al., 2019).

In general, the magnitude of these orbit-by-orbit temporal changes is significantly smaller
than the magnitude of the variations with longitude. For example, the two dashed gray lines in
Figure 2 show the expected range of the JRM09 + CON2020 modeled field conditions. To
calculate these maximum and minimum model values we used the range of best fit current
constants fit to individual Juno orbits listed in Table 2 of Connerney et al. (2020). The average
temporal change in |B| expected from the current sheet variability is ~5 nT, but it can be as large
as ~12 nT near the magnetic equator. The modeled differences in the individual field

components, which we list in Table 1, typically represent a ~10-20 percent variability in the
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baseline values (note that the change in Br and B, depends strongly on longitude). Figure S3
illustrates how changes in the CON2020 current constants affect the predicted individual field
components near Ganymede’s orbit. In general, changes to the radial current constant I,.,; have
only a very small effect on By and By but can significantly influence B, particularly at high
magnetic latitudes (near the longitude of the dipole tilt and 180° away from it). Near the

magnetic equator only By is strongly dependent on the azimuthal current constant ”OTIO

Connerney et al. (2020) reported that the current sheet variability during Juno’s first 24
orbits, as determined by orbit-to-orbit changes in best-fit current constants, was roughly
comparable to the variability reported in Galileo data by Vogt et al. (2017). However, the Juno
measurements plotted in Figure 3 show significantly greater orbit-to-orbit variability than do the
Galileo data from Figure 2. It is therefore important to note that the Juno data were collected at a
larger range of jovigraphic latitudes than the near-equatorial Galileo data. Data in Figure 3 are
plotted in colors indicating the average jovigraphic latitude of the spacecraft during the interval
plotted for each orbit. The thin colored lines in Figure 3 show the longitudinal dependence of the
JRMO09+CON2020 model field at different jovigraphic latitudes. At the highest latitudes shown
(15° and 20° latitude, in light and dark blue, respectively) the model field differs significantly
from the near-equatorial field (e.g. 0° and 5° latitude, plotted in red and yellow, respectively) in
terms of its magnitude, direction, and longitudinal dependence. Therefore, it is important to
consider the latitude at which the Juno data were measured and compare Juno data only to model
predictions evaluated at similar latitudes (e.g. by comparing data to a model line of a similar
color in Figure 3). Though the Juno magnetic field data in Figure 3 display greater overall
variability than the near-equatorial Galileo data in Figure 2 we conclude that most of that

variability is due to the large latitudinal range of Juno’s orbits.
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In Figure 4 we show the values of the magnetic field measured by Galileo in the general
vicinity of Ganymede, organized by position in magnetic cylindrical coordinates. Each panel is
divided into boxes spanning 0.05 R; in p,.e (cylindrical radial distance) by 0.25 R in z,g, With
color indicating quantities like the average or standard deviation of the measured magnetic field
in each box. This figure gives insight into the expected field variability at Ganymede’s orbit on
both short (~10 hour) and long (orbit-by-orbit) time scales. The average By is very well-
organized by magnetic coordinates, indicating that the By near Ganymede is relatively constant
on long time scales (weeks to months) but varies strongly as Ganymede’s position in magnetic
coordinates (pink curves in Figure 4) change over a planetary rotation period. By comparison,
the plot of the average B,, is extremely disorganized, indicating that it is highly variable on long
time scales.

Figure 4 also shows that the long-term temporal variability of B and By, as indicated by
the standard deviation plots, is typically ~ a few nT, which is roughly consistent with the
CON2020 modeled temporal variability. This can also be seen in Figure 2, where the magnitude
of the scatter in By and By at a given longitude is roughly consistent with the modeled current
sheet variability (the difference between the two dashed gray lines) but the scatter in the

measured B, is significantly larger than the temporal variability predicted by the CON2020

model. Analogous plots made using Juno data are provided in Figure S4, though we note that
each colored box typically contains data from only one Juno orbit because of the limited data
coverage at low jovigraphic latitudes. Therefore, the standard deviations plotted in Figure S4, are
typically smaller for Juno than for Galileo because they indicate temporal variability on short

(seconds or minutes) timescales rather than orbit-to-orbit variability.
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Finally, in Appendix A we derive functional fits to the Galileo magnetic field
measurements near Ganymede. Existing global field models, including the JRMO09 + CON2020
model and the Khurana (1997) model, show good agreement with the data throughout the inner
and middle magnetosphere. However, by focusing just on the data collected near Ganymede and
by including variability with local time, our functional fits quantitatively improve on the data-
model agreement and provide a simple functional form for the magnetic field conditions near

Ganymede.

4. Magnetospheric conditions at the time of Juno’s Ganymede flyby

Juno’s close Ganymede flyby occurred on 7 June 2021, with closest approach at 16:56
UT at a subspacecraft SIII right handed longitude of 57.5° (Hansen et al., this issue). The
spacecraft encountered Ganymede’s magnetosphere and wake at SIII right handed longitudes
~70° to ~50°, when Ganymede was just south of the magnetic equator and very close to the
center of the plasma sheet. (A radial distance of 15 R; at the jovigraphic equator and SIII
longitudes 50° to 70° corresponds to magnetic latitudes of -4.1° to 0.7° and z,,e from -1.07 R; to -
0.16 R;.) We follow three steps in estimating the magnetic field conditions upstream of
Ganymede.

First, we consider the predicted conditions using the JRM09 + CON2020 average and
temporally varying model. The JRM09 + CON2020 model (with average current constant
values) predicts the following field values for SIII longitudes 50°-70° (see Table 2): By ~ -29 nT
to ~0 nT, Bg ~ 69 nT, B, ~ -10 nT to -13 nT, |B| ~ 76 nT to 71 nT, bendback angle ~ 20°-85°,
and elevation angle ~ 70°-89°. At those longitudes, using the largest or smallest best fit values of

the CON2020 current constants rather than the average values would change the modeled field

12
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components roughly as follows: B + 1 nT, Bg + 6 nT, By, + 1 nT, |B| + 5 nT. This gives us the

full range of expected field conditions at the time of Juno’s Ganymede flyby and shows that the
individual field components and field magnitude can vary by as much as £5-10 percent of their
average values.

Second, we fit the data to the CON2020 model to obtain a rough estimate of the best fit

current constants to evaluate the state of the magnetosphere during orbit 34. We followed Vogt et
al. (2017) in varying only the MOTIO parameter to fit By, at radial distances 10 to 30 R; during each

orbit’s inbound pass and excluding the Ganymede flyby interval during orbit 34. We then fit the

measured B, by varying the radial current constant value with the best fit uyl, calculated for

each orbit. For both ”"TIO and I,.,4 we estimated the best fit by calculating the model field at a

range of values (with a 2 nT step size) and minimizing the root mean square error between the
external (measured — JRMO9 internal field) and model field. Though our approach differs
slightly from Connerney et al. (2020) we obtained nearly identical best fit pyl, values for Juno’s

first 24 orbits (see Figure S5), which gives us confidence in the validity of our fits estimates. We
found that the first 34 Juno orbits featured an average ”"TIO fit of 144.3 nT (standard deviation 8.5
nT), consistent with the average 140.2 nT Connerney et al. (2020) reported from Juno’s first 24
orbits. For orbit 34 we calculated a best fit M(’TIO fit of 138 nT, slightly below average. Our
calculated best fit I.,4 was 44 MA, though we note that the goodness of the B, fit was nearly
independent of the radial current constant in orbit 34 and that our fit approach closely reproduced
the Connerney et al. (2020) HOTIO fit value but not the I,,4 (our average was 23.8 MA, compared

to 16.7 MA from Connerney et al. (2020); see Figure S6).
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Finally, we compare the field measured by Juno during orbit 34 to the Galileo average
along Juno’s trajectory in magnetic coordinates, as shown in Figure 5. The black lines show Juno
orbit 34 data as a function of p,.e, while the red lines in each panel show the Galileo average
magnetic field values in each (Omag, Zmag) bin from Figure 4 along Juno’s trajectory (thick white
line in Figure 4), and error bars show the standard deviation within the bins. This comparison
shows that the magnetic field conditions in Jupiter’s magnetosphere immediately before and after
Juno’s close Ganymede flyby were, overall, within the range of the typical Galileo
measurements. The Juno field magnitude is typically slightly smaller than the Galileo averages,
due in part to differences in By,, which is highly variable in this area. However, the Juno By
values are also systematically slightly smaller than the Galileo averages, which is consistent with
Connerney et al. (2020)’s finding that the Juno-era height-integrated current in the magnetodisk
is ~15% smaller than in the Pioneer, Voyager, and Galileo eras.

Overall, we find that the magnetic field measurements near Ganymede’s orbit from Juno
orbit 34 are well-described by the JRMO9 internal field plus the average CON2020 model
external field (blue lines in Figure 5). Only the B, component is systematically poorly fit by both
the average Galileo field and by the JRM09+CON2020 model; the model field predicts B, ~ -11
nT at Ganymede though the observed B, is ~ -14 nT. The average model would therefore
provide a good estimate of Jupiter’s magnetospheric field during the flyby, though a better fit
would use the slightly modified current constant parameters and would manually adjust the B,
fit. Overall, the measured |B| near Ganymede’s orbit during Juno orbit 34 differs from the
average JRM09+CON2020 model |B| by only about ~2 percent and there is no systematic offset
in |B| or in By as one would expect if the magnetodisk currents were significantly different from

their average values.
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5. Conclusions and Summary

The magnetic field conditions upstream of Ganymede display both spatial and temporal
variability that can influence the moon-magnetosphere interaction. The spatial variability
includes a local time dependence and, most significantly, a dependence on longitude due to
Jupiter’s ~10° dipole tilt. The longitudinal dependence is significantly larger than the observed
orbit-to-orbit variability, with |B| fluctuating from ~65 to ~125 nT during each planetary rotation.
The field direction also varies significantly, with the bendback angle ranging from roughly -85°
(almost completely swept back) to +85° (almost completely swept forward) and the elevation
angle ranging from ~35° to ~90° (completely southward).

Galileo data from near the jovigraphic equator show that the longitudinal dependence of
the magnetic field near Ganymede’s orbit is well-described by the combined JRMO09 internal
field model (Connerney et al., 2018) and CON2020 external field model (Connerney et al.,
2020), which computes the field due to Jupiter’s current sheet. The CON2020 model includes
azimuthal and radial current constant parameters that can be fit to data from each Galileo or Juno
orbit to obtain a measure of the variability in Jupiter’s magnetodisk. The expected orbit-to-orbit
temporal variability obtained from these current sheet fits represents a ~10-20 percent variability
in the baseline values of the individual field components and |B|, though the exact details depend
on longitude. This possible variability should be considered when making preparations, such as
reanalysis of Galileo flyby data or modeling work, for the upcoming NASA Europa Clipper and
ESA JUICE missions.

During orbit 34, Juno flew past Ganymede at SIII right handed longitudes ~70° to ~50°,

when Ganymede was just south of the magnetic equator and very close to the center of the
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plasma sheet. At these longitudes the expected average field conditions based on the

JRM09+CON2020 model would be: Bg ~ -29 nT to ~0 nT, By ~ 69 nT, B, ~-10 nT to -13 nT,

|B| ~ 76 nT to 71 nT, bendback angle ~ 20°-85°, and elevation angle ~ 70°-89°. We calculated the
best fit current constant parameters to Juno magnetic field data from orbit 34 and also compared
the magnetic field along Juno’s trajectory to Galileo averages from the same positions in
magnetic coordinates. Our analysis showed that Jupiter’s magnetospheric field during orbit 34
was very close to its average state. Overall, the orbit 34 data near Ganymede’s orbit are well-

described by the JRM09+CON2020 average model, with only the B, component being

systematically underestimated in magnitude (predicted -11 nT compared to -14 nT observed).
We look forward to future Juno, Europa Clipper, and JUICE data from Jupiter’s inner
magnetosphere that should provide new insight into the nature and causes of the temporal
variability in Jupiter’s magnetodisk and its influence on the plasma environments of the Galilean

satellites.

Appendix A: Functional fits to magnetic field data near Ganymede

We have derived simple functional fits to the Galileo magnetic field measurements near
Ganymede, including all data from radial distances 14.95-15.05 R; (i.e. the data presented in
Figure 2) except orbit C9, which occurred near 50° longitude, when By and |B| were anomalously
small due to a likely current sheet crossing. At Ganymede’s orbit the internal magnetic field is
very well-approximated by a dipole field; at a radial distance of 15 R; in the jovigraphic equator
the longitudinally-average difference between the full JRMO9 field model and the JRMO09 dipole
field (same tilt and dipole moment) is just ~1.5 percent of the field magnitude. We therefore

chose to represent the field near Ganymede as the sum of a tilted dipole — using the values for the
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384

dipole moment and tilt from the JRM09 model — and an external field that does not depend on
magnetic longitude but does vary with local time.

Based on qualitative and rough quantitative assessments of how the Galileo data and the
CON2020 external field vary spatially, we chose the following functional forms for the magnetic

field in cylindrical magnetic coordinates:

By ext = Ji; (A + B cos(yp — C)) (A1)
Byext =5 (D + E cos(ip — ) (A2)
Byext = (G + Hcos(y — ) (A3)

where 4, B, C, D, E, F, G, H, and [ are constants to be obtained by fitting, p and z are cylindrical
magnetic coordinates in Jovian radii (R;), 1 is local time in radians, and all field components are
in units of nT. We note that parameters B, E, and H indicate the magnitude of the local time
dependence of B, ey, Bgex, and B .y, respectively, while C, F, and [ indicate the phase of the
local time dependence.

We first estimated the measured external field by subtracting the JRMO09 dipole field
from the observed magnetic field values. We then fit the measured external field components to
eqs. 1-3 using the IDL function curvefit, obtaining the following values for the fit parameters: A4
=49.87, B=6.41, C=4.74 hours, D = -6.87, E = -8.93, F = 6.88 hours, G = 707.98 nT, H = -
133.38 nT, I = 14.80 hours. The magnitude of the local time dependence is ~10-20 percent of the
background value for Bjey, B-.n but substantially larger for By., probably because of the
relatively large amount of scatter in B, (see Figure 4). The magnitude of B. and By both
peak near dawn, consistent with observations showing a more radially stretched field and thin

current sheet near dawn than near dusk (e.g. Palmaerts et al., 2017). The minimum in B; .,
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which corresponds to the peak in By, occurs near 15:00 LT, which is consistent with the 2-D fit
of Vogt etal. (2011).

Table A1 compares the RMS error between the Galileo measurements and the functional
fits we have derived here to the RMS error obtained using JRMO09 with either CON2020 or the
Khurana (1997) external field. Though this functional fit is only applicable very close to
Ganymede’s orbit (15 R; at the jovigraphic equator), it does a substantially better job of
matching the By field component, and reduces the RMS error for B, and |B|, compared to both
field models. The 7.76 nT RMS error in |B| represents a ~7.7 percent error in the average
measured |B|.

Figure Al shows our functional fits, rotated into SIII coordinates, as a function of
longitude. The field was evaluated at 15 R; in the jovigraphic equator as a function of longitude
at noon (blue) and midnight (red) local times and is plotted along with the average CON2020
field (black solid lines) and Khurana (1997) model field (black dashed lines). The magnitude and
longitudinal profile of our functional fit and CON2020 are very similar.

For both Galileo and Juno, the measured magnetic field and its spatial dependence is
commonly expressed in SIII coordinates, though we calculated our functional fit in magnetic
cylindrical coordinates. Therefore, we briefly describe here the equations needed to rotate from
magnetic to SIII coordinates. The rotation from SIII spherical coordinates (r, 8, ¢) to cartesian
magnetic coordinates (Xmag, Vmag> Zmag) Where z,,e is aligned with the dipole axis, which is tilted
by an angle 8, toward jovigraphic longitude ¢4, and x,., points toward jovigraphic longitude
Q4,18 given by:

Xmag = T[sin @ cos(p — @) cos 8y — cos O sin O] (A4)

Ymag = 7 sin@sin(¢p — ¢4) (AS)
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Zmag = T[cos 6 cos 8, + sin 6 cos(p — ¢,4) sin 6] (A6)
For the JRMO09 dipole, 8,; = 10.31° and ¢, = 163.39° in right-handed longitude.
The full magnetic field of the functional fit is calculated by adding the dipole and
external field components in magnetic cylindrical coordinates:

Bp = Bp,dipole + Bp,ext (A7)

By = B dipote T B ext (A8)

B, = B, dipote T Bzext (A9)
The dipole field can be calculated from the usual equations using the JRMO09 dipole moment M =
4.170 G (Connerney et al., 2018). The simplest way to rotate the field from magnetic cylindrical
coordinates to SIII cartesian coordinates is to first convert from magnetic cylindrical coordinates

to magnetic cartesian coordinates (B mag, By,mag, B-mag) then rotate into SIII cartesian coordinates

following:
By s = (Bx’mag cos 04 + By mag Sin Gd) CoS Pgq — By mag Sin g (A10)
Bysit = Bymag €05 @ + (Bymag €08 04 + Bymag Sin6g) singy, (Al1)
Bz siit = Bzmag €058 0q — Bymag Sinfy . (A12)

Finally, the field can then be converted from SIII cartesian to SIII spherical coordinates using the

typical equations.
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539  Figure 1. Trajectories of all spacecraft that have visited Jupiter’s magnetosphere except Cassini
540 and New Horizons. Top left: spacecraft trajectories projected onto the equatorial plane, with the

541  Joy et al. (2002) magnetopause boundaries in pink. Top right: spacecraft trajectories as viewed
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from the sun in JSO coordinates. Middle left: “wiggle plot” showing Galileo’s orbital coverage
near Ganymede’s orbit, plotted in JRM09 magnetic cylindrical coordinates with color indicating
the measured magnetic field magnitude. The thick black line shows the possible range of
Ganymede’s location (15 R; radial distance and 0° jovigraphic latitude). Middle right: “wiggle
plot” showing Juno’s orbital coverage near Ganymede’s orbit, plotted in JRM09 magnetic
cylindrical coordinates. Bottom left: “wiggle plot” showing trajectories of Pioneers 10 and 11,
Voyagers 1 and 2, and Ulysses near Ganymede’s orbit, plotted in JRM09 magnetic cylindrical
coordinates. Bottom right: spacecraft trajectories in System III cylindrical coordinates near

Ganymede’s orbit.
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Figure 2. Dependence of the magnetic field near Ganymede’s orbit as a function of System III
right-handed longitude, as measured by Galileo at radial distances 14.95-15.05 R;, excluding the
spacecraft’s six close flybys of Ganymede. From top: the radial (Bg), meridional (Bg), and
azimuthal (B,,) components of the magnetic field in nT, the field bendback and elevation angles
in degrees, and the field magnitude (|B]) in nT. Color indicates the number of hours of local time
from 15:00. Gray solid lines show the field predicted by the average JRM09 + CON2020 model
(Connerney et al., 2018, 2020) at Ganymede’s orbit while the dashed lines show the range of the

expected field conditions based on model fits to individual Juno orbits (Connerney et al., 2020).
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Figure 3. Dependence of the magnetic field near Ganymede’s orbit as a function of System III
right-handed longitude, from Juno’s first 33 orbits at radial distances 14.95-15.05 R;. From top:
the radial (Br), meridional (By), and azimuthal (B,,) components of the magnetic field in nT, the
field bendback and elevation angles in degrees, and the field magnitude |B| in nT. Data from each
orbit are plotted with color indicating the average jovigraphic latitude of the spacecraft during
the interval shown. The red solid line in each panel shows the quantity predicted by the JRM09 +

CON2020 model (Connerney et al., 2018, 2020) at 15 R; at the jovigraphic equator, while
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570  yellow, green blue, and purple lines show the model predictions at 5°, 10°, 15° and 20°
571  jovigraphic latitude, respectively.
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574  Figure 4. Magnetic field conditions measured by Galileo near Ganymede’s orbit, organized in

575  magnetic cylindrical coordinates. Boxes spanning 0.05 R; in g, by 0.25 R in z,,e are drawn
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576  with the color of each box indicating the mean measured magnetic field (left column) or standard
577  deviation of the measured magnetic field (right column) in each box. Thick white lines in each
578  panel show Juno’s trajectory during orbit 34 and pink curves show the range of Ganymede’s
579  possible positions.
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Figure 5. Magnetic field components and magnitude measured by Juno during orbit 34 as a
function of magnetic cylindrical distance g4, Also shown in red are the average magnetic field
measured by Galileo, with error bars indicating the standard deviation, along Juno’s trajectory in
magnetic coordinates, calculated in bins of 0.05 R;j in g, and 0.25 Ry in z,,,e. Blue lines show

the JRMO09+CON2020 model field.
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azimuthal (B,) components of the magnetic field, and the field magnitude (|B]), all in nT.
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Table 1. Measured” and modeled magnetic field values and field angles near Ganymede’s orbit

Minimum Maximu  Minimu JRM09 + JRM09 + JRMO09 + Average
(exceptin  m (all m (Orbit CON2020 CON2020 CON202 variabilit
g orbit orbits) C9 only") model model 0 model y due to
C9°) minimum maximum averagec’ change in
> > ¢ CON202
0 current
constants
Br (nT) -92.78 95.15 -83.80 85.61 53.9 ~6 nT
Bg (nT) | 48.50 105.50 32.06 69.54 78.55 74.36 ~11nT
B, (nT) -21.91 25.12 -27.10 -14.28 15.83 9.47 ~2nT
|B| (nT) 63.76 126.59 37.24 70.76 116.2 94.95 ~5nT
Bendbac  -82.43 82.06 -88.43 86.62 17.39 ~4°
k angle®
(degrees)
Elevation = 33.75 88.61 42.15 89.72 56.30 ~6°
angle®
(degrees)

* Galileo measurements at radial distances 14.95-15.05 R; excepting the six close flybys of
Ganymede, at near-jovigraphic latitudes (-1.57° to 3.27°)
® The magnetic field measured during orbit C9, which occurred near 50° longitude, was
anomalously small due to a likely current sheet crossing, which affects the minimum observed
By, B,,and |B|.
¢ Model values were calculated at 15.0 Ry, 0° latitude, and from 0° to 360° longitude in 1°
increments, using the average CON2020 current constant fit values.
4 Averages and variability are calculated using |Bg, |Bq,|, and the magnitude of the field
bendback angle.
¢ Field angles are not calculated when |Bg| < 3 nT.
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609  Table 2. JRM09 + CON2020 model prediction at Ganymede’s orbit® during the Juno flyby

50° longitude, 50°  longitude, 70° 70° longitude,
average expected longitude, expected
temporal average temporal
variability variability
Bg (nT) -28.3 -29.6 —-27.1 -1.1 -0.7--14
By (nT)  69.9 64.1-75.3 69.6 63.7-753">
B, (nT) -10.2 -8.7--11.4 -11.5 -11.7--13.4
IB| (nT)  76.1 71.2—80.8 72.1 64.8 —76.31¢
Bendback 19.9° 16.3°—22.8° 37.5° 86.6°—84.1°
angle
Elevation @ 67.9° 65.2°-70.2° 77.9° 89.4° — 881
angle 622
(degrees) 603

624  "Model field computed at 15 R; radial distance and 0° jovigraphic latitude
625
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627

628

629

630

631

632

Table Al. Root mean square error between the field model and Galileo measurements at 14.95

Ry <R <15.05 R; (excepting orbit C9)

Model Bgr RMS Error Bg RMS Error B, RMS Error |B| RMS Error

(nT) (nT) (nT) (nT)

JRMO9 (full 7.12 9.24 3.42 8.93
model) +

CON2020

JRMO9 (full 7.65 8.74 3.53 7.91
model) +
Khurana (1997)
with V2

parameters”

JRMO9 dipole + | 8.50 6.46 3.01 7.76

this work

JRMO9 full 8.03 6.01 3.17 7.11

model + this

work

* Khurana (1997) fit model parameters separately to Voyager 1, Voyager 2, and Pioneer 10 data
and also provided a set of “common model” fit parameters obtained using data from all three
spacecraft. For By, B, and |B|, the smallest RMS errors between Galileo data and the
JRMO09+K97 are obtained when using the V2 parameters and the largest RMS errors are obtained

using the V1 parameters. For Bg, the "common model” parameters produce the smallest RMS
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633  error (6.63 nT — though the overall |B] RMS error is 10.29 nT) while the V2 parameters produce
634  the largest RMS error.

635
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Figure 1.
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Figure 2.
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Figure 3.



Juno data near Ganymede’s orbit
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Figure 4.
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Figure 5.



Juno Measured Field, Galileo Average, and JRM09+CON2020 model along Juno’s orbit
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Figure Al.
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