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Key Points:23

• This paper provides a list of the Jovian magnetosphere boundary crossings by the24

Juno spacecraft from June 2016 to August 2022.25

• Jovian magnetospheric compressions lead to increased bKOM radio emissions (im-26

mediately) and DAM on the dusk sector (more than one rotation later).27

• nKOM radio emission appears later during relaxation phase of the compression.28
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Abstract29

During its polar orbits around Jupiter, Juno often crosses the boundaries of the30

Jovian magnetosphere (namely the magnetopause and bow shock). From the boundary31

locations, the upstream solar wind dynamic pressure can be inferred, which in turn il-32

lustrates the state of compression or relaxation of the system. The aim of this study is33

to examine Jovian radio emissions during magnetospheric compressions, in order to de-34

termine the relationship between the solar wind and Jovian radio emissions. In this pa-35

per, we give a complete list of bow shock and magnetopause crossings (from June 201636

to August 2022), and the associated solar wind dynamic pressure and standoff distances37

inferred from Joy et al. (2002). We then select two sets of magnetopause crossings with38

moderate to strong compression of the magnetosphere for two case studies of the response39

of the Jovian radio emissions. We confirm that magnetospheric compressions lead to the40

activation of new radio sources. Newly-activated broadband kilometric emissions are ob-41

served almost simultaneously with compression of the magnetosphere, with sources cov-42

ering a large range of longitudes. Decametric emission sources are seen to be activated43

more than one rotation later only at specific longitudes and dusk local times. Finally,44

the activation of narrowband kilometric radiation is not observed until the magnetosphere45

is in its expansion phase.46

Plain Language Summary47

1 Introduction48

Planetary studies often face the challenge of interpreting in situ spacecraft obser-49

vations without the benefit of an upstream monitor revealing the prevailing conditions50

in the interplanetary medium. This is particularly true of the outer planets. Radio emis-51

sions provide a direct probe of the site of particle acceleration and have potential to be52

used as a proxy for magnetospheric dynamics (see e.g., Cecconi et al. (2022) for Saturn;53

Fogg et al. (2022) for Earth). At Jupiter, the radio spectrum is composed of at least six54

components, from low-frequency emissions, such as quasi-periodic (QP) bursts or trapped55

continuum radiation (from a few kHz to 10s of kHz), up to decametric (DAM) emissions56

ranging from a few MHz to 40 MHz (Gurnett & Scarf, 1983; Zarka, 1998; C. K. Louis57

et al., 2021a).58

In this study, we focus on three types of radio emissions observable with Juno: nar-59

rowband kilometric (nKOM), broadband kilometric (bKOM) and auroral DAM emis-60

sions (i.e., not induced by Galilean moons). The nKOM is attributed to a mode conver-61

sion mechanism producing emissions inside Io’s torus at or near the local electron plasma62

frequency (Barbosa, 1982; Gurnett & Scarf, 1983; Jones, 1988; Ronnmark, 1992). The63

last two components (bKOM and DAM) are auroral emissions, produced by the cyclotron64

maser instability (CMI), near the local electron cyclotron frequency. The sources of these65

emissions are located on magnetic field lines of magnetic apex (M-Shell) between 10 and66

60 (unitless distance of the magnetic field line at the magnetic equator normalized to Jo-67

vian radius 71492 km). These emissions are very anisotropic and beamed along the edges68

of a hollow cone with an opening of ∼ 75◦±5◦ to ∼ 90◦ with respect to the local mag-69

netic field lines (Ladreiter et al., 1994; Zarka, 1998; Treumann, 2006; Louarn et al., 2017,70

2018; Imai et al., 2019; C. K. Louis, Prangé, et al., 2019).71

The relation of the different components of Jupiter’s radio emissions to both in-72

ternal and external drivers is complex, as shown by several previous studies. These stud-73

ies show a relationship between some of the components and external (solar wind) or in-74

ternal (rotation, magnetic reconfiguration) drivers. Recently, Zarka et al. (2021) have75

re-analyzed data from Cassinis flyby of Jupiter, and found that hectometric (HOM) and76

DAM emissions are dominantly rotation-modulated (i.e. emitted from lighthouse-like sources77

fixed in Jovian longitude), whereas bKOM is modulated more strongly by the solar wind78
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than by the rotation (i.e. emitted from sources more active within a given Local Time79

sector). This last study extends earlier results by Zarka and Genova (1983); Genova et80

al. (1987); Imai et al. (2008, 2011). Louarn et al. (1998), using Galileo radio observations,81

have shown a sudden onset, and increased intensity (up to 2×10−7 V.m−1.Hz−1/2 at82

5 MHz) of bKOM and DAM radio emissions, as well as the activation of new nKOM ra-83

dio emissions, during periods of magnetospheric disturbance. They postulated large-scale84

energetic events as reconfigurations of the magnetosphere and plasmasheet somewhat85

analogous to terrestrial substorms. The results obtained by Echer et al. (2010), using86

Ulysses spacecraft data during the distant Jupiter encounter and Nançay Decameter Ar-87

ray (NDA) data, show that non-Io DAM radio emissions occur during intervals of en-88

hanced solar wind dynamic pressure, but without any direct correlation between the emis-89

sion duration or power versus the solar wind pressure or the interplanetary shock Mach90

number. Using 50 days of observations from Cassini and Galileo, Gurnett et al. (2002)91

showed that HOM emissions were triggered by the arrival of interplanetary shocks at Jupiter.92

Hess et al. (2012, 2014) have also shown that an increase of the solar wind pressure af-93

fects the non-Io-DAM radio emissions, using ground-based radio measurements (Hess94

et al., 2012) and Cassini and Galileo radio and magnetic measurements (Hess et al., 2014).95

These two studies have compared the type of shocks with the region of source activa-96

tion. There are two type of shocks (Kilpua et al., 2015): fast forward shocks (FFS) and97

fast reverse shocks (FRS). These shocks are driven by solar coronal mass ejections (CME)98

or corotating interaction regions (CIR). The sudden explosion of a CME, at a higher ve-99

locity than the ambient solar wind, usually drives a FFS. As this fast CME expands into100

the solar system and overtakes the slower background solar wind, a compressed inter-101

action region is usually formed, which is delimited by FFS on one side and FRS on the102

other side (Smith & Wolfe, 1976; Tsurutani et al., 2006). A FFS is characterized by a103

sharp or discontinuous increase of the solar wind velocity, density, temperature and mag-104

netic field amplitude. A FRS is characterized by an increase of the solar wind velocity,105

but a decrease of the solar wind temperature, density and magnetic field amplitude. Both106

Hess et al. (2012, 2014) studies have shown that FFS trigger mostly dusk emissions, whereas107

FRS trigger both dawn and dusk emissions, with a time delay depending on the strength/direction108

of the interplanetary magnetic field (IMF). All the shock-triggered radio sources were109

found to sub-corotate (i.e. rotating slower than the rotation period of Jupiter) with a110

rate ranging from 50% to 80% depending on the intensity of the IMF. These rates could111

respectively correspond to the extended and compressed states of the Jovian magneto-112

sphere.113

The above cited studies relied on sparse datasets (flybys or remote measurements)114

but the once-in-a-generation Juno dataset gives the opportunity for longer-term mon-115

itoring of the Jovian system and its radio response. In particular, the apojoves early in116

the mission, which took Juno out to radial distances of ∼ 110 RJ on the dawn side, place117

the spacecraft near the nominal magnetopause and bow shock locations, and afford the118

opportunity to sample snippets of in situ solar wind, as well as to determine the posi-119

tions of the magnetospheric boundaries at various points in time. All the while, the Juno120

radio instrument is constantly monitoring the Jovian radio spectrum. In this study we121

utilise this unique dataset to explore the connection between the solar wind and Jupiter’s122

radio emissions by presenting the first case study of its kind.123

Section 2 describes the datasets and processing methodology. Section 3 presents124

case studies of the Jovian radio emission response to two moderate to strong magneto-125

spheric compressions inferred from multiple magnetopause crossings while Juno is on the126

outbound leg of its trajectory. Finally in Section 4, we summarise and discuss the re-127

sults of this study and present the perspectives.128
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2 Methodology129

Since July 2016, Juno has been in orbit around Jupiter, making a polar orbit ev-130

ery 53 days during its prime mission. Since the Ganymede flyby in June 2021, the or-131

bits have been shortened to 43 days, before being reduced to 38 days in September 2022132

with the Europa flyby. During its first 44 orbits, with an apojove of up to ∼ 110 RJ,133

Juno crossed the boundaries of the magnetosphere several times (Hospodarsky et al., 2017;134

Ranquist et al., 2019; Montgomery et al., 2022; Collier et al., 2020), as shown in Figure135

1 projected into the equatorial plane. Figure 1a displays the magnetopause crossings while136

Figure 1b displays the bow shock crossings. In both of these panels are drawn the 10th137

and 90th quantile position of the magnetopause and bow shock, respectively, based on138

the Joy et al. (2002) model. Note that this model was built on crossings from Ulysses,139

Voyager and Galileo, and thus may not be representative of all local times (especially140

the previously poorly explored dusk flank) or high-latitudes. The coordinate system used141

in this figure is the Juno-de-Spun-Sun (JSS), as this is the coordinate system used in the142

Joy et al. (2002) model. In this system, X points towards the Sun, Z is aligned with the143

Jovian spin axis, and Y closes the right-handed system (positive towards dusk). A 3D144

projection plot (in the Jupiter-Sun-Orbit (JSO) coordinate system) of the Jovian mag-145

netosphere boundary crossings is shown in Figure S1 in Supporting Information (SI). In146

the JSO system, X is aligned with the Jupiter-Sun vector, Y indicates the Sun’s motion147

in Jupiter frame, and Z closes the system.148

In this study, the boundary crossings displayed Figure 1 were determined using the149

radio measurements of the low frequency receiver of the Juno/Waves instrument (Kurth150

et al., 2017), and the magnetic field measurements of the Juno/MAG instrument using151

the Fluxgate Magnetometer measurements (Connerney et al., 2017), following the work152

done by Hospodarsky et al. (2017). Three examples are shown in Figure 2, with Juno/Waves153

data (using C. K. Louis et al., 2021a, 2021b, estimated flux density data set) displayed154

in the top panels, and Juno/MAG data (in spherical JSO coordinates system) in the bot-155

tom panels. The “out” crossings (black dashed lines) correspond to a boundary mov-156

ing towards Jupiter, e.g., Figure 2a,d, Juno crosses the bow shock going from the mag-157

netosheath to the solar wind. The “in” crossings (grey shaded lines) define a boundary158

moving away from Jupiter, e.g., Juno crosses the bow shock, leaving the solar wind to159

enter the magnetosheath.160

The bow shock is a discontinuity formed when the supersonic solar wind is slowed161

to subsonic by interaction with the Jovian magnetic obstacle. A bow shock crossing is162

detected from the change in magnetic field amplitude and in the level of field fluctua-163

tions in the Juno/MAG data between the solar wind and the magnetosheath (Figure 2d).164

In the Juno/Waves measurements (Figure 2a) one can observe (i) an intense and broad-165

band signal at the crossing and (ii) Langmuir waves when Juno is inside the solar wind,166

visible here at ∼ 10 kHz, which are produced by solar electrons reflected back into the167

solar wind from the shock boundary (Scarf et al., 1971; Filbert & Kellogg, 1979).168

The position of the magnetopause is determined by the balance between the so-169

lar wind dynamic pressure and the plasma pressure in the outer magnetosphere (Mauk170

et al., 2004). A magnetopause crossing is detected by the appearance/disappearance in171

the Juno/Waves data (see Figure 2b) of the trapped continuum radiation, usually ob-172

served between 0.5 kHz and 2 kHz. This signal is only seen when the observer is inside173

Jupiter’s magnetosphere, in this example before the black-dashed line at ∼ 2017-06-18T09:00,174

and after the grey-shaded line at ∼ 2017-06-19T03:00. This trapped continuum radi-175

ation propagates at a frequency lower than the plasma frequency inside the magnetosheath176

and therefore can not propagate into the magnetosheath (hence the name “trapped”).177

Juno/MAG measurements of the magnetic field amplitude (Figure 2e) also show a change178

as Juno crosses the magnetopause, passing from the magnetosphere into the magnetosheath179

(see, e.g., black-dashed line at ∼ 2017-06-18T09:00), with a decrease in magnetic field180

total amplitude |B| and a much more disturbed signal than in the magnetosphere.181
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Figure 1. Projection of the Juno trajectory into the equatorial plane, with the (a) magne-

topause and (b) bow-shock crossings overplotted. The magnetopause crossings studied in this

article are highlighted in red in panel (a). The coordinate system used here is the Jupiter-de-

Spun-Sun (JSS). In this system, X points towards the Sun, Z is aligned with the Jovian spin

axis, and Y closes the right-handed system (positive towards dusk). In panel (a) the dashed line

represents the 10th quantile position of the magnetopause (0.03 nPa), the dotted line its 90th

quantile position (0.518 nPa). In panel (b) these same lines represent the 10th (0.063 nPa) and

90th (0.579 nPa) quantile positions of the bow shock (values from Joy et al., 2002). Panel (c)

displays the solar wind dynamic pressure Pdyn values inferred from Joy et al. (2002), for each

crossing (“+”: magnetopause; “o”: bow shock), as a function of time and Local Time (1200:

direction of the Sun; 0000: opposition to the Sun). The colour code corresponds to the orbit

number. The cases studied in this article are highlighted in red.
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Figure 2. Examples of magnetospheric boundary crossings. Top panels (a-c) display

Juno/Waves measurements (using C. K. Louis et al., 2021a, 2021b, estimated flux density data

set), while bottom panels (d-f) display Juno/MAG measurements in spherical JSO coordinates.

Outbound crossings (boundary moving towards Jupiter) are highlighted by the black-dashed

lines, while inbound crossings (boundary moving away from Jupiter) are highlighted by the grey-

shaded lines. (left (a,d)) Bow shock crossings; (middle (b,e)) Magnetopause crossings; (right

(c,f)) Example where the Juno spacecraft partially crossed the magnetopause without ever actu-

ally passing from the magnetosphere to the magnetosheath (i.e. moved around the border).

The numbers above the Waves data indicate the region where Juno is located: (1): Magneto-

sphere, (2) Magnetosheath, (3) Solar Wind, (1.5): “in” the magnetopause boundary.
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In some observations (see Figure 2c, between black-dashed and grey-shaded lines),182

low and high cut-off frequencies of the trapped continuum increase. Before ∼ 2018-08-183

04T00:00 (black-dashed line) and after ∼ 2018-08-05T07:00 (grey-shaded line), the trapped-184

continuum radiation is visible between ∼ 0.3 kHz and ∼ 4 kHz. In-between, the trapped-185

continuum radiation is no longer visible at low frequency, but is shifted to higher frequen-186

cies (between ∼ 0.6 and ∼ 8 kHz) and is very bursty. The high frequency part never187

completely disappears, and no drastic change in magnetic field components (Figure 2f)188

is observed, although they are more disturbed than in the magnetosphere, but less than189

in the magnetosheath. In the observation shown in Figures 2c,f, Juno is on the outbound190

part of its trajectory and is therefore moving away from Jupiter. We interpret these ob-191

servations as the movement of the magnetopause towards Juno at first (increase of low192

and high cut-off frequencies, see black-dashed line). Subsequently, the magnetopause stops193

moving towards Jupiter, and Juno never completely crosses the magnetopause to end194

up in the magnetosheath (between black-dashed and grey-shaded lines). Juno is how-195

ever close enough to the magnetopause , or even in the boundary layer (Went et al., 2011),196

to observe an increase of the low-frequency cutoff of the trapped continuum by the in-197

creasing density when approaching the boundary. Finally, the magnetopause is moving198

away from Jupiter (faster than Juno’s velocity), and high and low cut-off frequencies de-199

crease (Juno is again completely in the magnetosphere).200

From the boundary positions, we can infer the solar wind dynamic pressure Pdyn201

using the Joy et al. (2002) model, by solving their second order polynomial equation (equation202

1 of Joy et al., 2002). From this, we can determine if the crossings of the magnetospheric203

boundaries are due to compressions of the magnetosphere, by comparing the inferred Pdyn204

values to either Joy et al. (2002) quantile values, or observed solar wind Pdyn distribu-205

tions upstream of Jupiter (Jackman & Arridge, 2011). One should note that the Pdyn206

value determined using Juno’s position is not absolute, but a lower limit of the dynamic207

pressure. Although Juno is outbound, we cannot directly infer how far the magnetopause208

boundary is pushed back towards Jupiter.209

Figure 1c displays the inferred Pdyn for all crossings (“+”: magnetopause; “o”: bow210

shock) as a function of time and Local Time. Note that there is a trend of increasing Pdyn211

values with time and decreasing Local Time. This is due to the procession of orbits, tak-212

ing Juno more and more towards the night side of the magnetosphere (midnight Local213

Time), and thus deep into the magnetotail. This means that the magnetosphere has to214

be more compressed for Juno to cross the magnetospheric boundaries from this location.215

The bow shock is even further out again and thus Juno did not encounter the dawn side216

bow shock after the first few Juno orbits.217

In the absence of an upstream monitor, we can compare these inferred Pdyn val-218

ues with those provided by solar wind propagation models (e.g., Tao et al., 2005). For219

this, we must take into account any uncertainty on the propagation model values due220

to angle from opposition where predictions are most reliable. From this propagation model,221

we can also infer the type of shock (FFS or FRS) that compresses the magnetosphere222

as discussed in Section 1.223

The full list of magnetopause and bow shock crossings (from 2016-06-24 to 2022-224

07-26, i.e. up to orbit 41) are available in Table S1 and S2 in Supplementary Informa-225

tion (SI), along with the position of Juno (in cartesian JSS –mandatory to use Joy et226

al. (2002) model– and cartesian and spherical International Astronomical Union (IAU)227

System III (SIII) coordinates system), the inferred solar wind dynamic pressure and the228

position of the magnetosphere standoff distances (bow shock and magnetopause) inferred229

from the Joy et al. (2002) model (C. K. Louis et al., 2022e). Figure S2 displays statis-230

tical distributions based on the magnetosphere boundary crossings (Local Time, Solar231

Wind dynamic pressure, magnetopause and bow shock positions).232
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We next investigate the response of bKOM and DAM emissions to magnetospheric233

compression in a case study. For that, we use the C. K. Louis et al. (2021a) dataset (C. K. Louis234

et al., 2021b) and catalogue of the radio emissions (C. K. Louis et al., 2021c). This cat-235

alogue contains the Jovian radio emissions identified in the Juno/Waves observations,236

only from 2016-04-09 to 2019-06-24 (e.g. up to the 21st apojove of Juno). The radio com-237

ponents were visually identified according to their time-frequency morphology and then238

manually encircled by contours and labeled, using a dedicated program that records the239

coordinates of the contours and the label of each emission patch (C. Louis et al., 2022a;240

C. K. Louis et al., 2022b). While nKOM patches can be identified individually (fuzzy241

patches of emission elongated in time), the bKOM and DAM components have not been242

explicitly catalogued because they are the most frequent emissions in their respective fre-243

quency range. They can be selected and studied by excluding all other components and244

restricting to the adequate frequency range. For example, excluding nKOM in the range245

20-140 kHz allows one to select the bKOM component only. In the [3.5-40.5] MHz fre-246

quency range, only decametric emissions induced by the Galilean moons Io, Europa and247

Ganymede have been labelled (based on C. K. Louis, Hess, et al. (2019) simulations of248

those radio emissions, see C. K. Louis et al. (2020) for more details). Therefore, by ex-249

cluding them, only auroral DAM emissions remain in this range. Given that HOM emis-250

sions can extend up to a few MHz, the highest part of the hectometric emission could251

be present in this range, but would only represent a minority of the emissions observed.252

For the case studies described in Section 3, we decided to select the magnetopause253

crossings that took place between 2016-12-19 and 2016-12-23, highlighted in red in Fig-254

ure 1. This choice is based on three factors: (i) in 2016-2017, the Jovian Auroral Dis-255

tributions Experiment (JADE, McComas et al., 2017) was not activated during excur-256

sions into the solar wind, excluding in situ plasma information, and thus a direct mea-257

surement of Pdyn. Therefore, we decided to choose among one of the (more numerous)258

magnetopause crossing cases; (ii) the case chosen had to be within the time interval cov-259

ered by the catalogue of C. K. Louis et al. (2021a, i.e. between 2016-04-09 and 2019-06-260

24); (iii) in order to avoid any bias related to an extremely exceptional case, we did not261

select the case with the highest Pdyn value (second half of 2018, orbit 15).262

The time interval chosen presents two main advantages. (i) There are two sets of263

crossings in a row. The Pdyn value determined for the first crossing (2016-12-19T01:50)264

is 0.70 nPa. The dynamic pressure associated with the second set of crossings (2016-12-265

21T08:48) is 0.48 nPa. The distribution of Pdyn at Jupiter published by Jackman and266

Arridge (2011, see their Figure 4b) reveals a peak at 0.05 nPa and a maximum slightly267

above 1 nPa. The 0.48 and 0.70 values therefore lie towards the tail of this distribution.268

Moreover, these inferred values are close to the 90th quantile value (0.518 nPa) of the269

magnetopause position given by Joy et al. (2002). Therefore, these two sets of magne-270

topause crossings correspond to a strong and a moderate compression. (ii) Based on Fig-271

ure 1c (red points) the Pdyn values associated with these magnetopause crossings are well272

above the “trend”, and therefore correspond to the strongest compressions during or-273

bit 4. Recall that this “trend” is due to the procession of Juno’s orbit, taking the space-274

craft deep into the magnetotail, implying that the magnetosphere needs to be more com-275

pressed for Juno to cross the magnetospheric boundaries.276

3 Jovian auroral radio emission response to compressions of the mag-277

netosphere278

3.1 Determination of the compression279

Figure 3 displays Juno measurements during magnetopause crossings for a 7-day280

interval from 2016-12-17T00:00 to 2016-12-24T04:15. Black-dashed lines show when Juno281

crossed the magnetopause from the magnetosphere to the magnetosheath (outbound cross-282

ings), while grey-shaded lines show inbound crossings. Figures 3a,b display Juno/Waves283

–8–



manuscript submitted to Enter journal name here

Figure 3. (a-c) Juno Waves and MAG measurements during a series of magnetopause cross-

ings. Panels (a) and (b) show Juno Waves frequency-time spectrograms covering two di�erent

frequency ranges (from 3:5 to 40:5 MHz and between 3 kHz and 140 kHz, respectively), with

the black polygons in the top panel denoting the radio emissions induced by the interaction be-

tween Jupiter and its moons (e.g. Io, Europa or Ganymede, based on C. K. Louis et al., 2021c).

Panel (c) shows the three components of magnetic �eld (in JSO spherical coordinates system,

red, yellow and green lines) and total �eld strength (blue). The black line displays the Kivelson

and Khurana (2002); Khurana et al. (2004) magnetic �eld variation �t. Panels (d-f) display time

series of integrated ux density (normalized at 1 Astronomical Unit (AU), 15 sec time resolution)

for (d) the auroral decametric (DAM, in the 3 :5-40:5 MHz range) not induced by the interaction

between Jupiter and its moons (i.e. all the non-labelled emissions), (e) broadband kilometric

(bKOM, in the 20-140 kHz range) and (f) narrowband kilometric (nKOM, in the 40-140 kHz

range) radio emissions.

The black-dashed lines represent the outbound magnetopause crossings (from the magnetosphere

to the magnetosheath) while the grey-shaded lines represent the inbound magnetopause crossings

(from the magnetosheath to the magnetosphere). The red-dashed line represents the time when

Juno starts to measure magnetic uctuations and jB j > jB lobe j (panel c), and an increase in the

low and high cut-o� frequencies of the trapped-continuum radiation (panel b).

The numbers above the Waves data indicate the region where Juno is located: (1): Magneto-

sphere, (2) Magnetosheath, (1.5): \in" the magnetopause boundary.
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