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Abstract In collisionless plasmas, turbulence is thought to play an important role in mass transport and
energy dissipation. Magnetic fluctuations in the Jovian magnetosphere are essential in a turbulent state.
Previous studies of that turbulence have focused on the large scales using low time resolution of magnetic
field data. Here we extend those studies to cover a wider range of scales by combining both low and
high-time-resolution data of Galileo magnetometer. We use particle data from the plasma instrument and
include energetic particle contributions to estimate the local plasma parameters. We obtain 11 power spectra
of magnetic field in the frequency range of 10~*~1 Hz, which covers both magnetohydrodynamics and ion
kinetic scales. The frequencies of the evidenced spectral breaks are found to be relatively well correlated
with the characteristic scales of heavy ion. The spectral indices below and above the spectral breaks are
found to be broad and cover the ranges of 0.6-1.9 and 1.7-2.5, respectively. An analysis of higher-order
statistics shows an intermittent feature of the turbulence, found to be more prominent in the plasma sheet
than in the lobe. Furthermore, a statistical survey of the power of the fluctuations using low-time-resolution
data suggests a radially varying dawn-dusk asymmetry: the total power is larger in the duskside (dawnside) at
<50 R, (>80 R)), which would reflect flow shear and global magnetospheric activity.

1. Introduction

Turbulence is ubiquitous in fluids and magnetized plasmas. In space and astrophysical plasmas, magnetic
turbulence is believed to play a key role in different processes such as mass and energy transports, particle
heating, or acceleration [e.g., Bruno and Carbone, 2005; Schekochihin et al., 2009; Zimbardo et al., 2010].

The near-Earth space, i.e., the Earth’s magnetosphere and the solar wind at 1 AU, provides the best plasma
laboratory to investigate such dynamical processes, in particular because of the availability of a huge amount
of high-quality data provided by numerous space missions, from the earlier ones, e.g., Voyager, to the more
recent ones such as Wind, Cluster, and Stereo. In the solar wind, general properties of the turbulence have
been evidenced. The most studied one is the turbulence energy spectra, known to show distinct spectral
breaks occurring near different characteristic scales (e.g., the ion and the electron characteristic scales).
These breaks separate four zones of scales with different scaling laws on the observed frequency f: the
energy-containing scales with a spectrum close to f ' [Bruno and Carbone, 2005], the inertial range having
the so-called Kolmogorov scaling ~f ~>’3, the dispersive range (known also as the dissipation range) with
scaling ~F 728 in the sub-ion scales [Leamon et al., 1998; Smith et al., 2006; Sahrdoui et al., 2009, 2010;
Alexandrova et al., 2012], and the sub—electron range with a scaling close to f ~* [Sahraoui et al, 2009, 2010, 2013].
For sub-electron scales, other studies have reported exponential-like spectra [Alexandrova et al., 2012]. Several
scenarios have been proposed to explain the steepening of the spectra near the ion kinetic scale, such as the
transition from Alfvén to kinetic Alfvén wave (KAW) turbulence [e.g., Howes et al., 2008; Sahraoui et al., 2010],
the compressible Hall effects [e.g., Alexandrova et al., 2008], and the energy dissipation by two-dimensional
magnetic reconnection [Matthaeus and Lamkin, 1986]. The analyses of the solar wind plasma at different
heliospheric distances, typically between 0.3 and 5 AU, by Perri et al. [2010] and Bourouaine et al. [2012]
showed that spectral break frequency have small variations within the range of 0.2-0.4 Hz; a better
correlation of the spectral breaks with the ion inertial scale was also found.

While there is a general consensus that turbulence in the inertial range is essentially dominated by shear
Alfvénic fluctuations (a small compressible component representing about 10% in the total power exist
though [see, e.g., Klein et al., 2012]), the nature of the plasma modes carrying the turbulence cascade at
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sub-ion scales remains very controversial. Two main candidates are debated: the KAW turbulence [Howes
et al., 2008; Bale et al., 2005; Sahraoui et al., 2009, 2010; Podesta and TenBarge, 2012; Chen et al., 2013] and
the whistler turbulence [e.g., Stawicki et al., 2001; Gary and Smith, 2009].

In comparison with solar wind turbulence, turbulence in the magnetosphere is less known. In the magnetosheath,
the most studied turbulent region of the magnetosphere, a few studies revealed similarities with solar wind
turbulence: (i) a strong anisotropy (k,, < k,) both at sub—proton and electron scales [Sahraovui et al., 2004, 2006;
Mangeney et al., 2006] and (ii) the presence of kinetic instabilities and nonlinear structures [Sahraoui et al., 2004;
Sahraoui, 2008; Alexandrova and Saur, 2008]. Major differences exist though; e.g., (i) magnetosheath turbulence
evolves in a “confined” space limited by the bow shock and the magnetopause; these boundaries may
influence the anisotropy of the turbulence [Sahraoui et al., 2006; Yordanova et al., 2008]; (ii) the dominance of
zero-frequency compressible fluctuations (e.g., mirror modes [Sahraoui et al., 2006]); and (iii) the spectra at
sub-electron scales were found steeper in the magnetosheath than in the solar wind [Huang et al., 2014].
Magnetotail turbulence is also constrained by boundaries and is generally embedded within plasmoids and
bursty bulk flows due to magnetotail reconnection events [e.g., Hoshino et al., 1994; Virés et al., 2004a].

Observational studies have also targeted turbulence in other planetary environments, such as Jupiter
[e.g., Saur et al., 2002], Saturn [e.g., von Papen et al., 2014], and Mercury [Uritsky et al., 2011]. In the Jovian
magnetosphere, magnetic fluctuations in the ultralow frequency wavelength range do not show strong
characteristic peaks as Pc and Pi pulsations often observed in the Earth’s magnetosphere but rather
broadband and turbulent features. Using Voyager flyby data, Glassmeier [1995] observed power law spectra of
magnetic turbulence with an index of ~—5/3 in the middle magnetosphere. Using magnetometer (MAG) data
on board the Jovian magnetospheric orbiter Galileo, Saur et al. [2002] found a similar spectral index for the
perpendicular components to the background field, while that of parallel component was found steeper
(index ~—2). The scaling was found independent of the radial distance in the middle magnetosphere at 6-26
R, where R, is the Jovian radius of 71,492 km. The index —2 and the small-amplitude fluctuations with respect
to the background field (db/B, « 1) were used as arguments in favor of the weak turbulence theory of MHD
turbulence to explain those observations [Galtier et al., 2000]. Russell et al. [2000] showed that the transverse
magnetic field component is larger than compressional component in lobe region and the two components
become comparable in the current sheet. Saur et al. [2003] argued that the observed enhancement of the
power of the fluctuations at 20-30 R, [Saur et al., 2002] provides Joule dissipation with electric potential along
the magnetic field reaching ~100 kV, which is comparative with that required to accelerate electrons and to
produce the Jupiter's main aurora. Saur [2004] studied the role of turbulence in heating the expanding
magnetospheric plasma originated at lo.

Previous studies of turbulence in the Jovian magnetosphere have emphasized their power spectra and their
spectral indices in a limited frequency range due to the low time resolution of the data (At=24s) used,
although the Galileo/MAG measured the magnetic fluctuations with a higher time resolution (At=0.33s)
within different regions of the magnetosphere. Combining both the low- and the high-time-resolution MAG
data, we extend the previous studies of turbulence into a broader range of scales covering both MHD and
kinetic scales of the Jovian magnetosphere. These scales correspond to observed frequencies on board the
spacecraft of ~107*-1 Hz. We furthermore explore higher-order statistics to investigate intermittency. We
use data from the Galileo plasma instrument (PLS) and from thermal/energetic particle models to investigate
the possible relationship between the plasma characteristic scales and the observed spectral breaks. This
paper is structured as follows: the observation and the data analysis method are described in section 2,
followed by the results in section 3, and a discussion of limitations of the used data in section 4. Section 5
summarizes the main findings in the present study.

2, Data Description

Galileo is the first and, so far, the only Jovian magnetospheric orbiter that explored the Jupiter’s magnetic
equator for almost 8 years, from December 1996 to September 2003 (Figure 1). Since the Jupiter’'s magnetic
axis is tilted by about 10° with respect to the rotation axis, the magnetosphere and its current sheet are
flapping with the rotation period of 9 h and 55 min. Since the Galileo spacecraft is located near the Jovigraphic
equator, it therefore passes through the plasma sheet and the lobe regions. The magnetospheric plasma is
mainly composed of sulfur and oxygen ions originated from the moon lo. The magnetospheric plasma almost
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2.1. The Magnetometer Data

corotates with Jupiter within 20 R, and the
rotation motion continues in a vast region of the
magnetosphere. The Galileo data set used in this
study is taken from the NASA Planetary Data
System (PDS) website.

The magnetic field data used in this study were
measured by the fluxgate magnetometer
(MAG) [Kivelson et al., 1992]. The triaxial MAG
instrument covers frequencies ranging from the
DC up to a few hertz. Measurements with low
time resolution (LR), At =4-24 s, are available
for several orbits covering various distances
and local times (LTs) in the magnetosphere as
shown in Figure 1. We use the data until orbit
125 because these orbits are entirely contained

inside the magnetosphere, except for orbit C03
which would contain instrumental problem.

Figure 1. Galileo orbits (gray) and locations of low- (blue) and

high-time-resolution (red squares) MAG data used in this study.
The two black curves show the magnetopause and the bow
shock positions from the empirical model of Joy et al. [2002].
The numbers in red represent the identification numbers of the

high-time-resolution (HR) events.

et al,, 2004]. Among the data measured over 23 periods, we analyze 11 events that have fluctuation

Several high-time-resolution (HR) observations
are made by MAG during the magnetospheric
survey and moon flybys. In order to focus on the
magnetospheric turbulence, we do not use

moon flyby events that include signatures of
moon-magnetosphere interactions [e.g., Kivelson

amplitudes well above the noise level of the MAG instrument (described later in section 3.1). These events are
marked by the red squares in Figure 1 and summarized in Table 1 including the observation time, the
duration (it varies 35-120 min), and the mean ion plasma S. Events #1-5, #7, and #10 include plasma sheet
intervals, event #6 is around the plasma sheet boundary, and events #8, #9, and #11 are close to Jupiter.
Events #4 and #5 contain ~10,500 and ~8100 data points, respectively, in the lobe region and ~12,000 in the
plasma sheet.

2.2. The Plasma Data

The plasma data used in this study (i.e., ion density, temperature, and velocity) come from the Galileo/PLS
instrument [Frank et al., 1992] for all events within a radial distance of 30 R,. Beyond this radius, the PLS
momentum data are not available. Therefore, we use the empirical axisymmetric model of Bagenal and

Table 1. Summary of High-Resolution Observations®

No. Start Time (UT) AT (min) Number of Data Points Galileo (x,y,2))se (R)) R (R)) LT (h) g
1 06/30/1996 02:00 454 7,622 (—25.9, 8.57,0.186) 27.3 227 2.3
2 09/11/1996 02:38 404 5,969 (—39.2, 1.5, —0.22) 393 23.8 1.7
3 03/30/1997 18:49 45.5 7,557 (—14.7, —43.9, —0.037) 46.3 4.7 34
4 05/06/1997 13:00 129. 12,158 (—0.2, —25.3, —0.38) 25.4 5.9 1.1
5 07/04/1997 14:09 117. 12,466 (—56.6, 30.9, —0.12) 64.6 220 3.6
6 07/28/1997 13:50 60.7 10,175 (—0.7,18.2, —0.04) 183 18.1 1.0
7 08/23/1997 14:07 121. 21,594 (—125.8, —31.9, —0.52) 130. 0.9 21.
8 05/03/1999 15:59 121. 21,265 (8.5, —3.8, —0.02) 9.4 104 0.15
9 07/01/1999 23:52 114. 20,067 (3.6, —6.9, 0.00) 7.9 7.8 0.090
10 11/03/2002 15:27 35.0 6,308 (17.2,23.5, —0.29) 29.2 15.5 24
11 11/04/2002 21:48 45.6 7,909 (24,9.9, —0.12) 10.3 17.0 0.26

3Columns from left to right are the identification number (ID), the observation start time, the observation duration in minutes, the number of data points, the
Galileo coordinates in the Jupiter Solar Equatorial (JSE) frame of reference and its radial distance from Jupiter in units of Jupiter radii R;= 71,492 km, the local time
in hour, and the ion plasma f. The latter four values are the mean value during each interval.
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Figure 2. Radial profiles of (a) the ion density, (b) the ion temperature, and (c) the azimuthal velocity from PLS momentum
data (black dots), (d) the magnetic field strength from MAG data, (e) the plasma g, (f) the ion cyclotron frequency, (g) the ion
gyroradius (black dots) and ion inertial length (blue), and (h) Taylor-shifted ion gyroradius (black) and ion inertial length (blue).
Figures 2a and 2b also show the thermal (black solid line) and the energetic plasma (dashed line) from the axisymmetric
empirical models (see text) and their total average (green thick line). Figure 2c also shows the corotation velocity (black thin
line) and the velocity profile of the corotation lag model (green thick line).

Delamere [2011] to estimate the ion density and temperature. In Figures 2a and 2b, the ion density and
temperature from PLS observation are compared (as a function of radial distance) with those predicted by
the empirical model. One can observe a relatively good agreement between the two observations for
distances smaller than 30 R,. This indicates that one can use this empirical model to extrapolate the data
into the region where the spacecraft data are unavailable.

PLS measures particles within the energy range of 0.9 eV-52 keV. Since energetic particles play an important
role for large radial distances [e.g., Bagenal and Delamere, 2011], we include in our study the effect of
energetic particle referring to a model based on measurements by the energetic particle detector in the
energy range of 50 keV-50 MeV [Mauk et al., 2004]. Figures 2a and 2b show the thermal (black solid line) and
energetic plasma (orange dashed line) from the model and their total average (green thick line). For the
density, thermal particles are dominant while energetic particles start modifying the total density at large
distance >50 R,. Temperature increases by an order of 2 due to the energetic particles. In the following, we
use the total density and averaged temperature.

The plasma corotates with Jupiter in the inner magnetosphere <20 R;; however, the radially transported
plasma cannot maintain the same corotation velocity at larger radial distance as observed by, e.g., Krupp et al.
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[2001] and Frank and Paterson [2002]. Here the plasma lag from the corotation is modeled as a function of the
radial distance r (R)) as in Cowley and Bunce [2001]:

vi/vy=1/(1+ (r/50)%), m

where v; is the plasma velocity and v, is the corotation velocity. This modifies the ion velocity to the profile
shown in Figure 2c (green curve).

The previous magnetic (Figure 2d) and plasma (Figures 2a-2c) data are used to estimate the typical ion scales
that will be compared to the spectral breaks observed on the magnetic energy spectra, namely, the ion
cyclotron frequency f.;=gB/(2n mjyy), the ion gyroradius p;=vy,/(27 £), and the ion inertia length d; = c/wy,;.
Here g is the electric charge, B is the magnetic field strength, m;o, is the ion mass, vy, is the ion thermal
velocity, c is the speed of light, and wy; is the ion plasma frequency. The Jovian magnetospheric plasma is
dominated by multiple-charged sulfur and oxygen ions. Measurements show large variation in the plasma
composition. We use g =1 and the mean ion mass mjo, =20 in this study [e.g., Thomas et al., 2004; Radioti
et al., 2005]. The latter two parameters are converted into related frequencies through the Taylor frozen
inflow assumption, i.e,, f,;=vi/(2n p;) and fq; = vi/(2n d), where v; is the plasma velocity which is much larger
than the spacecraft speed. These parameters are shown in Figures 2e-2h.

The Taylor hypothesis is generally questioned when the characteristic speeds of the fluctuations (the Alfvén
speed Vairven Or the sound speed C,) become comparable to the flow speed v;. However, it is important to
emphasize that the Taylor assumption can be valid even when vi~Vjiren~Cs. To assess its validity, it is
indeed necessary to consider in more detail the equation relating the observed frequency onboard
spacecraft and the one in the plasma rest frame: ws. = w + k v; cosOxy. From this equation, it becomes clear
that for Alfvénic turbulence w~k,Vainen that is strongly anisotropic (k;, < k), the Taylor hypothesis is still valid
even when Vajren~Vi @sc~kV; (1 4k, Vaipven/kvi)~kv; (1 +k,,/k)~kv; (under the assumption cosfy~1) [e.g.,
Sahraoui et al., 2010]. Magnetosheath turbulence can also have nearly zero frequency in the plasma rest
frame (although it could reach high frequency on board the spacecraft), as already shown for turbulence in
the terrestrial magnetosheath using the Cluster multispacecraft data [e.g., Sahraoui et al., 2006; Mangeney
et al.,, 2006]. Unambiguous tests of the validity of the Taylor hypothesis require multispacecraft observations,
which are not currently available in planetary magnetospheres. Therefore, one must consider with some
caution the estimated frequencies corresponding to the ion gyroradius and inertial length given in the
paper, which are the only results in which the Taylor hypothesis is used.

3. Results

3.1. Statistics on Spectra

We first discuss the event labeled #5 observed on 4 July 1997. Figure 3 shows the waveforms and
corresponding time-frequency spectrograms of the magnetic field for this event. Figure 3a shows a
longer time period that includes the period when the HR data are available (central band, which is shown
in Figure 3b). We use the radial (B), colatitudinal (By), and azimuthal (B,) components of magnetic field
waveforms in the Jupiter Solar Equatorial (JSE) spherical coordinate system. Galileo was first located in
the south lobe (right before the event) as indicated by the negative B, component and the plateau shape
in |B| before —30 min. Then, Galileo entered into the plasma sheet around HR start time as indicated by
decreasing |B| and the sign reversal of B, and then it reached the north lobe after 70 min. Therefore,
Galileo observed the plasma sheet during the first half of this HR event and then the north lobe. The
magnetic fluctuations of By, By, and |B| within the plasma sheet have larger amplitude than those in the
lobe as can be seen in Figure 3b.

The mean magnetic field By is determined by 1 h running average of LR data, as shown by green line in
Figures 3a and 3b. The fluctuating field 8B(t) = B(t) — By(t) is then transformed into the mean field-aligned
coordinate system, in which the z axis is aligned with the mean field Bg. This allows us to decompose the
signal into parallel 6B, and two perpendicular components (6B, ; and JB, ). The power spectral densities
(PSDs) of 6B,,, 0B, and JB,, are estimated using a wavelet transform

Wi(t,7) = Z,N: , 8Bi(t)) %y/* [(t; —t)/7]At, 0))
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Figure 3. Magnetic field components and magnitude in (a) low time resolution (LR) and (b) high time resolution (HR)
and the corresponding spectrograms of (c) LR and (d) HR (black hatches are caused by boundary effect) for event #5.
Time “0” is the start time, i.e.,, 14:09 on 4 July 1997, of this HR event indicated by the white zone in Figure 3a. The green
lines in Figures 3a and 3b are the mean magnetic field averaged over 1 h, and the red and orange horizontal lines in
Figure 3a are plasma sheet and lobe crossing times.

as

PSD; (7) :ﬁZ/N: Awi(1,9) [, 3)
where t is the time variable of N steps with interval At, 7 is the time scale (i.e,, the inverse of the frequency f),
and y* is the complex conjugate of the Morlet mother wavelet y/(u) = 7~ /4e/®Ue~"/2 with wo = 6. Then the
parallel spectrum density is obtained as |W//|2 from the wavelet transform of dB,,, the perpendicular spectrum
density is obtained as |W.|* =W, ;> +|W, 5%, and the total spectrum density is obtained as |W|*=|W,,|> +|
W= WP + WA + Wl

The spectrograms of the parallel and the perpendicular components are shown in the upper and lower
plots of Figure 3c for LR data and those of Figure 3d for HR data. Similar features and quantities can be
recognized in the power distributions of the LR and HR spectrograms for the frequency range where they
overlap. Larger amplitude in the plasma sheet crossing can also be seen in the spectrograms in particular at
low frequencies <102 Hz. The perpendicular component has a larger power than the parallel component.
The monochromatic signature seen near 0.1 Hz in Figure 3d (HR) would correspond to an overtone of
the Galileo spin modulation about 19s.

PSDs during the two intervals corresponding to plasma sheet and lobe crossing of event #5 are shown in
Figures 4a and 4b, respectively. The LR and HR PSDs match quite well in the frequency range where they
overlap, i.e, ~1073-107" Hz for this event. The difference becomes larger at the low-frequency part of the LR,
which would be caused by several possible effects such as high- and low-pass filtering or the finite size
sample effect. The perpendicular components (light blue and orange lines) are larger than the parallel one
(green and yellow lines) up to the spectral break frequency f, observed near 0.01 Hz, where a tendency
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(O) #5 plasma sheet toward power isotropization, i.e., PSD, =2
104 = ng: T T PSD,,, can be seen. Linear fits of the total PSD
F \ — — PSD total {1  on the log-log scale yield the slopes —1.36
2 — PSD1 .
10% - PSD,, and —2.52, respectively, below and above
w r _2.52 the break frequency f, in the plasma sheet
@ 10° = - (Figure 4a). We note that in this study, we
i r e - 1 used power law fits of the magnetic energy
Qo T - spectra as usually done in turbulence
3 o 1 studies, but this does not mean that all
107 - foi Foifei "+, T o ourdata present the so-called inertial or

= dissipation ranges of solar wind turbulence.
107 1073 1072 107 1 . . L
This caution should be kept in mind in
frequency [Hz] X R
particular for spectra measured in the lobe
(b) #5 lobe region, where the power law behavior is

10* T T T T .
| | sometimes not clearly seen.
10% - - Itis worth noting that all the spectra shown in
) H 4 Figure 4 lie above the estimated in-flight noise
‘i 10° - floor of the MAG instrument, indicated by
= L 4 the black dashed curves. The in-flight noise
@ 1072 - floor is estimated as the minimum PSD
L - 1 measured from 23 HR events and all LR data
10~ L - available in the lobes and in the solar wind. This
. . . . T 1 spectrum would represent the upper bound
107 107 107 107" ! of the real noise floor of the MAG instrument.

f H
requency [Hz] The in-flight noise floor is estimated by, first,

Figure 4. The spectra of the total, the perpendicular, and the parallel taking a running average over 300 time
components from LR (blue green) and HR (red orange) for (a) plasma steps and then considering the minimum
sheet crossing and (b) lobe crossing of #5 observation intervals. The value of the average at each frequency for
solid black curves gre t.he power.law fits. The vertical solid, dash-dotted, three dynamic ranges (< +32, < +512, and
and dotted lines indicate the ion cyclotron frequency f;, the +16,382) telv. The obtained noise i
Taylor-shifted gyroradius f,;, and inertial length fg;. The dotted curve <16, separately. ? ° alne. no.lse 1S
shows the noise level estimated from the observation data, and the close to the prelaunch noise described in
dashed purple line is the prelaunch noise level for the dynamicalrange  Kivelson et al. [1992]: 1 x 1077, 1x1073,
of £32 nT case [Kivelson et al., 1992]. 5% 10 >nT?Hz ' at 1Hzand <1x 107,
<4x102 and <2x 10 2nT?Hz ' at
0.01 Hz, for the dynamical ranges of +16,384, +512, and £32 nT, respectively, as shown by purple dashed lines in
Figure 4. The in-flight noise floor is lower than the laboratory one expected by Kivelson et al. [1992].

The PSDs in the plasma sheet and in the lobe exhibit different profiles as shown in Figures 4a and 4b: the
PSDs in the lobe have lower amplitude and do not show any clear break in this event. The dominance of the
perpendicular component extends to higher frequencies in the lobe (up to 0.1 Hz).

Figure 5a shows combined PSDs (thick lines) from those of LR and HR (thin lines) during plasma sheet

(for >18 R,) and quasi-dipole region (for <11 R)) intervals of each HR period. Some LR spectra, i.e, #1, #2, #4,
#6, #8, and #9, show discrepancies with the HR ones at high frequency. This may be due to low-pass filtering
of the signal during the calibration procedure. The linear fits of the log-log plot show that the slopes at
low frequency vary from —0.6 to —1.9 and those at higher frequency vary from —1.7 to —2.5. The slopes at
low frequency of #7, #3, #2, #4, #8, and #9 are close to —1, which, by analogy with solar wind turbulence, may
indicate that this range of frequencies corresponds to the “energy-containing scales” rather than to the
classical inertial range of Kolmogorov turbulence. We note that these events are all observed when Galileo
was located at the dawnside of the magnetotail region (LT = 23-24 h and 0-11 h). In other cases, the slopes in
the low-frequency range vary from —1.3 to —1.9, which are closer to the Kolmogorov index; the spectra
become steeper above the spectral breaks. The histograms of the spectral indices are shown in Figure 5b.

In order to identify the possible physical scale that would correspond to the observed spectral breaks, we plotin
Figure 6a the correlations between the frequencies of the breaks and those characterizing the ion dynamics,
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Figure 5. (a) PSDs of B (thick lines) combining HR and LR data (thin lines) during plasma sheet (for >18 R)) and quasi-dipole
region (for <11 R)) intervals of each HR period, ordered from bottom to top by the radial distance given in the right-hand
second column. Events ID are given in the first column. The PSDs are shifted up by 10(3k), where k=0 for #9, k=1 for #8, .., up
to k=10 for #7, for clarity of the plot. The thick black lines are the corresponding power law fits. (b) The histogram of the
spectral indices at low (gray solid line) and high (black dashed line) frequency ranges.

namely, the ion cyclotron frequency f; and the Taylor-shifted gyroradius f; and inertial length fy;. A higher
correlation coefficient (0.8) is found with the ion cyclotron frequency. This suggests the possible presence of
high-frequency waves (f~f in the plasma rest frame) and consequently the relevance of the ion cyclotron
resonance as a mechanism of energy dissipation in these observations [Goldstein et al., 1994]. In Figures 6b
and 6c¢, we further investigate the problem of the relevant scale as a function of the plasma f. Both the
plasma sheet (diamonds) and the lobe (plus signs) events are included. These events are chosen from the first
orbits GO1-G08 (except orbit 103). No significant difference in the correlation with f; and fy; is found. Note
that for high f events, no correlation is found with either f; or f;. A possible explanation of this might be the
high uncertainties in the estimated plasma parameters as discussed in section 4.

3.2. Magnetic Compressibility

To identify the nature of the plasma modes involved in the observed turbulence, we use the magnetic
compressibility, which is shown theoretically to be different for Alfvén and magnetosonic linear modes
[Gary et al., 2010; Sahraoui et al., 2012]. It was also used recently to identify KAW turbulence in the solar
wind [Podesta and TenBarge, 2012; Kiyani et al., 2013]. The magnetic compressibility is defined as

1w W60

-y . (4)
N =1 |w(g,7))°

Cp(r) =

Figure 7 shows the obtained magnetic compressibilities during plasma sheet (for >18 R;) and quasi-dipole
region (for <11 R)) intervals of each HR period as a function of frequency normalized by f. They show the
trend of large value =0.5 at low frequency <0.1 f;; and become smaller, =0.3, around f; and almost isotropic
=0.33 at high frequency >10 f;, with large variation between the different intervals, in particular those at large
radial distances. We emphasize that at large radial distances, the magnetic fluctuations become large with
respect to the mean field, which would make it difficult to determine the background field and its direction
with the method used here. Techniques based on the local field (i.e., scale dependent) decomposition are
needed in this case [Kiyani et al., 2013].

3.3. Intermittency and Higher-Order Statistics

In this section, we extend the turbulence analysis to higher-order statistics of the turbulent fluctuations to
investigate their intermittent nature. Intermittency can be evidenced as heavy tails in the probability
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Taylor-shifted gyroradius fpi (diamonds) and inertial length f4; (plusses) for 11 HR events (the color code is the same as in
Figure 5). The scatterplots of spectral break frequency as functions of Taylor-shifted ion gyroradius ,; (orange and red)
and inertial length fg; (blue) for (b) low and (c) high $ cases are shown. The logarithmic correlation coefficients between
spectral break frequency and the ion characteristic frequencies are labeled in each plot. For Figures 6b and 6c, the
observations in the plasma sheet and the lobe regions are shown by diamonds and plus signs, respectively, and the thick
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T
PR

magnetic compressibility

107 1072 107" 1 10 10?
frequency/fci

0.0

Figure 7. Magnetic compressibility as a function of the frequency
normalized by f;. The color code and time interval are the same
as in Figure 5a. The horizontal dotted line indicates power iso-
tropization (~0.33), while the black solid line shows the mean
value with associated statistical error.

the correlation 1.

distribution function (PDF) of the increments dB;
(t, 7) = 8B;(t + 7)-0Bi(t). It can be estimated by
computing higher moments (>2) of the PDFs or,
equivalently, by estimating the different orders
of the structure functions (SFs). The mth order
of SF is given by

1 m
SM(z) = NZ;V: J8i(5.0" 6

If S™(z)=z¢(™), then one can estimate the scaling
exponent {(m). A linear (respectively, nonlinear)
scaling of {(m) with respect to m indicates a
monofractal (respectively, multifractal) behavior
of the turbulent fluctuations. The flatness (or the
kurtosis) is often used as an alternative measure
of intermittency. It is defined as
()
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Figure 8. Probability distribution functions (PDFs) of (a) plasma sheet and (b) lobe crossing intervals of HR #5 for several
time lags 7. A Gaussian PDF is plotted for comparison (dotted curve). (c) Mean flatness (F,+ Fy + Fg)/3 asa function of

7 for the plasma sheet (red) and the lobe (green) intervals. The horizontal dashed line shows the Gaussian value of 3. Scaling
exponents of structure functions in parallel (diamond) and perpendicular components (triangle) of (d) “inertial” and (e) “dissipation”
ranges during plasma sheet and (f) lobe crossings. The dotted linear line shows monofractal case for comparison.

A monotonically increasing flatness at small scales indicates intermittent fluctuations. Note that a Gaussian
PDF has flatness equal to 3, a property that can be easily shown from equation (6). We restrict the computation
to orders <4 due to the limited number of data points, which makes the estimation of higher-order SFs
unreliable [Dudok de Wit, 2004].

Figure 8a shows the centered and normalized PDFs of the increments of the magnetic field magnitude 6B
for different time lags = during plasma sheet crossing (¢, and o, were obtained from a Gaussian fitting
function). The PDFs for t=100s and 300 s are almost Gaussian as shown by the dotted lines and depart
from gaussianity for smaller values of 7 (r=10s and 305). The PDFs in the lobe (Figure 8b) show only
small deviations from a Gaussian PDF, as confirmed by the flatness shown in Figure 8c. It is indeed found
to be close to 3 except near 7=30s where it increases to 4, then it decreases to 3 again for smaller values
of 7. This would reflect reaching the noise floor of the instrument [Kiyani et al., 2013]. On the other
hand, the flatness obtained in the plasma sheet increases with decreasing 7, indicating the presence

of intermittency.

The previous results are confirmed by computing the scaling exponents of the SFs defined in equation (5).
Figures 8d-8f show the scaling exponent {(m) from the inertial (0.003-0.02 Hz for parallel and 0.0008-0.01 Hz
for perpendicular) and the dissipation (respectively, 0.03-0.1 and 0.013-0.1 Hz) ranges in the plasma sheet
and from the 0.001-0.03 Hz range in the lobe, respectively. Multiexponent scaling is found for all plots, with
large differences between perpendicular (triangle) and parallel (diamonds) components in the plasma sheet
and less deviation from monoexponent scaling in the lobe case.

The flatness of the 11 HR events during plasma sheet (for >18 R)) and quasi-dipole region (for <11 R))
intervals are shown in Figure 9. Most events show large (>6) and increasing flatness at small scales, which
confirms the intermittent nature of the turbulence. However, a few events show decreasing intermittency at
small 7, which can be explained by approaching the noise floor of the MAG instrument.
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3.4. Dependence on the Radial Distance and on
the Local Time

Since the HR data are not always taken, we
investigate the generality of turbulence properties
reported above using LR data measured at
different LT and distances from the planet. In this
analysis, we bin the data into 16 radial distances
as 20-25, 25-30, ..., 45-50, 50-60, 60-70, ...,
130-140, and >140 R,. In addition, we investigate
the plasma sheet and the lobe regions separately.

100 ¢

flatness

(@]

1 : . . . Accurate separation between the two regions
1073 1072 107" 1 requires particle data as well, but here we
1/71 [Hz] distinguish them using the magnetic field

waveforms only. First, we choose the time interval
Figure 9. Mean flatness as a function of the inverse of the (¢, _;, t) when [B| > 0.6 |B|; , where |B|; ,is Th
time lag 7 for 11 HR events. The color code and time interval running average of |B|, at a radial distance greater
are the same as in Figure 5a. The horizontal line shows the . L

. _ than 20 R,. If this interval tj — tj; is greater than

flatness for Gaussian case (=3). . . )

90 min and less than three rotation time
(1785 min), we set two intervals, (t;_ 1 +40 min, t; — 40 min) and (t; — 40 min, t; . ; +40 min], for the crossing
times of the lobe region and the plasma sheet, respectively. In order to avoid sinusoidal field variations in
the plasma sheet, which is often observed in the duskside and can be detected as lobe in the above procedure,
we added an additional criterion for the lobe detection: {max(|B|) — min(|B|)}/median(|B|; 1) < 0.4 during
the time interval (t;_ 1 + 40 min, t; — 40 min).

Figure 10a shows the PSD in the plasma sheet for each bin. All PSDs decrease with frequency; the largest
powers are observed for small distances from the planet. Figures 10b-10d show the mean profiles of
PSDs after normalizing their frequency by f;, f,;, and fy; at their observation points. The case with a
normalization by f.; shows less scatter for different radial profiles (Figure 10b), compared to those with
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Figure 10. Total power spectra of low-resolution data taken in the plasma sheet averaged over 16 radial bins as functions
of (a) the frequency and of the frequencies normalized by (b) f;, (c) fpi, and (d) fg;. The corresponding radial distance is
shown in color bar. Statistical variance is added as error bars for one radial case for a reference.
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Figure 11. (a) The total power spectra, (c) spectral indices, and (e) magnetic compressibilities of low-time-resolution data
observed in the plasma sheet averaged over 16 radial bins as a function of frequency normalized by f; and (b, d, and f)
those observed in the lobe, respectively. The corresponding radial distance is shown in color bar. Statistical variance is
added as error bars for one radius case for a reference. The horizontal dotted line in Figures 11e and 11f indicate the power
isotropization level (~0.33).

normalizations by f,; and fq;. This suggests a strong correlation between the fluctuation amplitudes and
the background (i.e., mean) magnetic field.

The PSDs observed in the plasma sheet (Figure 11a) are larger than those in the lobe (Figure 11b). We
estimated the scaling dependence as a function of frequency using a running slope method: the spectral
index first calculated in the frequency range of (f./2, 2f,) and attributed to central frequency f. of the
interval. Then, the frequency f, is shifted to span all the frequency range. Note that sudden changes in
spectral slope at a certain frequency are smoothed out in this method. The spectral indices in the plasma
sheet (Figure 11c¢) and in the lobe (Figure 11d) are shown as a function of the frequency normalized by f;. This
normalization provides similar profile for the plasma sheet <100 R, cases with an increase from 1.5 at f/f;;=0.1
to >2 at f/f;=1. The spectral indices in the lobe region show a large variance and have no clear trend. The
magnetic compressibility also decreases until power isotropy is achieved at high frequency for both the
plasma sheet (Figure 11e) and the lobe cases (Figure 11f). The magnetic compressibility near f; seems smaller
in the lobe than in the plasma sheet, in agreement with the PSDs shown in Figures 4a and 4b.

The flatness in the plasma sheet and in the lobe regions estimated from the whole data interval at each radial
bin increases with frequency as shown in Figures 12a and 12b, respectively, while they do not show clear
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Figure 12. Flatness observed in (a) the plasma sheet and (b) lobe regions, within each 16 radial bins as a function of the
time lag 7. The corresponding radial distances for the solid lines are shown as a color bar. The black thick line shows the
flatness slope in the range of 100 < 7 < 2500 s, averaged over all radial distances in each region. The large value at 7~5000
shown by the dotted line would be statistically less reliable.

dependence on the radial distance. The slope of the flatness in the scale range 100 s < 7 < 2500 s (black thick line)
in the plasma sheet, 043 £0.22, is larger than in the lobe, 0.24 + 0.17. The deviation from three of the Gaussian
case is more prominent in the current sheet.

Figure 13a shows the PSDs in the plasma sheet and in the lobe at two frequencies, 0.3 f; (crosses) and f;
(diamonds), which are covered by various radial bins, as a function of the radial distance. As seen in Figures 11a
and 11b, the plasma sheet PSDs show larger power of the fluctuations than those in the lobe for almost all
radial distances. As in Figure 10b, the power densities normalized by f.; show smaller variation with the radial
distance. In the plasma sheet, they show an enhancement trend at 45-50 R, and around 100 R,. In the lobe
region, the PSDs also show small enhancement trend near 45-50 R, at f;, while they increase with radial
distance at 0.3 f. In Figures 13b and 13c, we split the data into dawnside (LT 0-12 h, orange) and duskside
(12-24 h, blue), both in the plasma sheet and in the lobe regions. In the plasma sheet, the PSDs in the duskside
are larger than those in the dawnside at <50 R, while the PSDs in the dawnside are larger than that in the
duskside at >80 R,. There is no clear difference between the dawnside and the duskside in the lobe region.

4, Discussion and Limitations of the Used Data

The results reported in the previous sections should be viewed within some limitations of the data used.
Below, we discuss some of these limitations with their possible implications on the reported results.

The estimation of the ion characteristic scales involves several assumptions: (i) An empirical model in the
plasma sheet [Bagenal and Delamere, 2011] is used to estimate the plasma moments when the PLS data
were unavailable. A comparison between the observations and the model indicates possible modification
of f and fy; by a factor of 3. The same modification factor of f;, fy;, or f is also obtained from estimating
energetic particle parameters using the empirical model. (ii) Assumed mass and charge of ions influence
ion characteristic frequencies directly in addition to their effects on plasma momentum estimation. The
mean ion mass mjq, considered here is 20 due to oxygen and sulfur ions with ion charge g = 1. Since f,; and
f4i are proportional to q(mion)’m, the estimated ion values are 22% of that of protons. Since f is
proportional to g(mien) ', the estimated f.; is 5% of that of protons. Sulfur and oxygen ions with g>2 are also
frequently observed at 0.6-60 keV/q in the middle and outer magnetosphere [Geiss et al., 1992]. (iii) The Taylor
hypothesis is used for f,; and fy; estimations in this analysis: its strict evaluation requires multispacecraft data,
which are currently unavailable in planetary magnetospheres.

The Jovian magnetosphere allows us to explore a wide range of values of the plasma g, typically 107" < £ < 10°
at large radial distance >20 R, (Figure 2e), in comparison with 0.5 < £ < 2 in the solar wind at 1 AU [Sahraoui
et al,2013],10 ' </ < 10 in the Earth’s magnetosphere, and 0.04 < /# < 1 in the Saturn’s magnetosphere
[von Papen et al., 2014]. Using the relation = (fdi/fpi)z, one obtains the ratio 0.32 < f/f,; < 32 in the Jupiter’s
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Figure 13. Radial profiles of the total PSD observed (a) in the
plasma sheet (red) and in the lobe (green) regions for two
selected frequencies 0.3 f; (crosses) and f; (diamonds) and
comparisons between dawnside (orange) and duskside (blue)
(b) in the plasma sheet and (c) in the lobe regions. The error
bars corresponds to the variance at each radial bin.

magnetosphere. This large separation between the
ion gyroradius and inertial length scales should
make it easy to distinguish between the two scales
in the observations presented here. However, no
significant difference in the correlation between
these two scales and the break frequencies was
found. This may indicate high uncertainty in
estimating these scales from observations as we
discussed it above. For example, the shifting trend
toward large frequencies for large radial distances
in Figures 10c and 10d might stem from an
overestimation of the mean ion mass in the outer
magnetosphere, where solar wind-originated
proton ratio would increase. Higher ion charge at
larger radial distance [Geiss et al., 1992] also has the
similar effect. Other plasma parameters involving
density and temperature are subject to higher
uncertainty than £, which is affected only by the
errors in g and mj,. Better particle measurements
are expected from the future European Space
Agency mission JUICE.

The 11 HR events analyzed in this study have

3nT < |B| < 740 nT, which corresponds to 0.002 < f;
(Mion=20) < 0.6 Hz and 90 Hz < f_. < 20 kHz, where
fe is the electron cyclotron frequency. Since the
MAG data cover the frequency range ~10~*-1Hz,
one can use these data to study both MHD and ion
kinetic scales. Analyzing smaller (i.e., electron) scales
requires using the search coil data of the Galileo
plasma wave science, which covers the frequency
range of 5.6 Hz-75 kHz. This study is postponed to a
future work.

A question that has not been addressed in this
paper is about the trigger of the observed
turbulence. Previous surveys found a good
correlation between the enhancement of the
ultralow frequency waves in the magnetosphere
and the solar wind dynamical pressure [Hanlon

et al., 2004; Tao et al., 2005]. Note, however, that
turbulence nature of HR events investigated here
does not show clear dependence on the solar wind
variation estimated from one-dimensional MHD
model as in Tao et al. [2005]. Fast plasma flow and its
velocity shear with surrounding plasma, as well as

local instabilities [e.g., Sahraoui et al., 2004, 2006], are believed to play a key role in generating turbulence in the
terrestrial magnetosphere. Investigating the time dependence of the turbulence activity and its connection with
the variation of the solar wind dynamics is an important question that would help in understanding the radial
dependence of the turbulence properties found in this study. This work is also planned in the near future.

5. Major Results and Conclusions

Using the Galileo MAG high- and low-time-resolution data, the plasma data from the PLS instrument, and
empirical models of the Jovian magnetosphere, we analyzed the properties of the magnetic turbulence at
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MHD and kinetic scales in different regions of the Jovian magnetosphere. Several important results were
found in this statistical study. They can be summarized as follows.

5.1. Spectral Features

Most of the PSDs in the plasma sheet were found to have a spectral break in the frequency range 1073~
0.3 Hz. The frequencies of the breakpoints were found to better correlate with the local ion gyrofrequency,
rather than with the ion spatial scales p; or d; (Figure 6a), within the limitations discussed above. Less scatter in
the statistical results was indeed found when the frequency is normalized to the ion gyrofrequency as in
Figures 10b, 11¢, and 11e. This contrasts with the solar wind case where good correlation with the ion inertial
scale has been reported [Perri et al., 2010; Bourouaine et al., 2012]. This suggests the possible role of the
ion cyclotron waves and resonance in the dissipation of magnetic energy into particle heating. Power law fits
of the PSDs below and above the spectral breaks show that the spectral indices vary within the intervals —0.6
to —1.9 and —1.7 to —2.5, respectively. Spectra with slope close to —1 in the lower frequency range are

all observed in the dawnside magnetotail.

5.2. Nature of the Turbulent Fluctuations

The perpendicular component of the PSDs is dominant at low frequency before power isotropy is recovered
at high frequencies. Larger magnetic compressibility is observed in the plasma sheet (Figures 4a and 11e)
than in the lobe (Figures 4b and 11f), which is consistent with the enhanced power in the near-equator
region with a more compressible component at low frequency as reported by Russell et al. [2000]. The steeper
spectra in the parallel direction than in the perpendicular one reported by Saur et al. [2002] would also reflect
large decrease in the parallel component. Average magnetic compressibility of about 0.5 (with large variance
though) was observed at MHD scales, then it decreases to 0.2-0.3 within the kinetic range (Figure 11e). This
behavior is in agreement with recent observations in the Saturn’s magnetosphere [von Papen et al., 2014]. Both
contrast with the magnetic compressibility reported in the solar wind, known to be consistent with the KAW
turbulence [Podesta and TenBarge, 2012; Kiyani et al., 2013]. Comparing to the theoretical prediction by
Sahraoui et al. [2012], the observed compressibility lies between those of the Alfvén mode (C, =0) and the
magnetosonic modes (C, = 1), while at small scale, an isotropization of the power is observed in the data
(Cp=1/3). This suggests the possible coexistence of both Alfvénic and magnetosonic fluctuations in the
Jovian magnetosphere.

5.3. Intermittency

Intermittency is a general feature associated with turbulence in magnetized plasmas. In the Jovian
magnetosphere, observations show different localized structures, e.g., plasma sheets and discontinuities, which
appear as non-Gaussian tails in the PDFs of the magnetic field increments (Figures 8, 9, and 12). This feature is
more prominent in the plasma sheet, where magnetic reconnection possibly occurs, than in the lobe. The slope
of flatness in the plasma sheet, ~0.4, is a slightly steeper than that in the plasma sheet (~0.3) of the Saturn’s
magnetosphere [von Papen et al., 2014]. In the terrestrial magnetosphere, intermittency is largely seen in the
central plasma sheet, and it decreases when moving to outer plasma sheet and to the lobe region during plasma
fast flow events [Weygand et al., 2005]. Development of multifractality of the turbulent fluctuations in the sub-
MHD scales was also seen in the terrestrial thick plasma sheet when bursty bulk flow is observed [Vérés et al.,
2004b]. Our observations show a similar spatial trend, which may be related to the fast plasma flows and the
resulting radial dependence of the power of the fluctuations.

5.4. Spatial Distribution and Relation With Magnetospheric Dynamics

In the plasma sheet, the PSDs in the duskside were found larger than in the dawnside for distances <50 R, and
inversely for distances >80 R,. Distances <50 R, correspond to regions where corotation lag increases and
where the magnetosphere-ionosphere coupling transfers angular momentum to accelerate the plasma
into the planetary rotation. In addition to this rotation-dominant and axisymmetric system, the boundary
with the solar wind in the dayside adds a dawn-dusk asymmetry, as observed by Galileo [Krupp et al., 2001].
In the duskside, the flux tubes compressed in the confined noonside drift toward the vast nightside,
experiences expansion in the radial direction, and the bend-back feature would increase. This effect is clearly
illustrated in global magnetospheric simulations [e.g., Miyoshi and Kusano, 2001; Ogino et al., 1998; Chané
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et al., 2013]. This increase of the flow shear in the duskside would cause the enhancement of the fluctuation
power for distances <50 R, which in turn would affect the scaling of the energy spectra.

On the dawnside, Galileo observations showed the presence of periodic flow bursts of energetic particles in
the radial direction in the Jovian magnetotail at distances >50 R, [Woch et al., 2002]. These events occur
periodically and are interpreted as reconnection processes involving a magnetotail reconfiguration. As for
the Earth, they occur in the confined plasma sheet which is observed on the Jovian dawnside. Kronberg et al.
[2005] suggested that the driving mechanisms could imply the plasma loading of fast-rotating flux tubes
associated with centrifugal forces rather than solar wind-magnetosphere interactions in the terrestrial case.
North-south magnetic field events associated with density decrease are dominant in the dawnside of the
nightside magnetosphere. The density drop suggests lobe reconnection [Kasahara et al., 2011, 2013]. In all
cases, the energy released by these processes would enhance the turbulent power in the plasma sheet at
large radial distances (>50 R;) in the dawnside. This would also be related to the small spectral slopes close to
—1in the “energy-containing scales” observed in the dawnside magnetotail (section 3.1 and Figure 5). These
results also support the suggestions by von Papen et al. [2014] in the case of Saturn that large slope variation
in the low-frequency range is due to the magnetospheric dynamics.
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