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Saturn’s Periodic Magnetic Field Perturbations are Caused by a1

Rotating Partial Ring Current2

P. C. Brandt,1 K. K. Khurana,2 D. G. Mitchell,1 J. F. Carbary,1 S. M. Krimigis,1

B. H. Mauk,1 C. P. Paranicas,1 E. C. Roelof,1 and N. Sergis,2

We demonstrate that the periodic magnetic field os-3

cillations observed frequently in Saturn’s magnetosphere4

are caused by an azimuthally asymmetric plasma pres-5

sure distribution rotating around Saturn. Plasma pres-6

sures inferred from the CAPS (<2 keV), MIMI (>2 keV)7

and INCA instruments are used to compute the three-8

dimensional pressure-driven currents and their associated9

magnetic field perturbations by using the force-balance10

equation and Biot-Savart integration. While the “cold”11

(<2 keV) plasma pressure is assumed to be azimuthally12

symmetric, we show that the observed asymmetric “hot”13

(> 2 keV) plasma pressure is responsible for the observed14

magnetic field periodicities.15

1. Introduction

Saturn displays periodic signatures observed in Saturn16

Kilometric Radiation (SKR) [Kurth et al., 2008], charged17

particles [Carbary et al., 2007], magnetic field [Giampieri18

et al., 2006], and in energetic neutral atom (ENA) im-19

ages [Carbary et al., 2008] that are all around the “ro-20

tational” period of about 10h39min. The true rotation21

period of Saturn’s core is clouded by the complicated22

mechanisms that communicates the rotational periodic-23

ity throughout the magnetosphere. In this brief paper24

we explain the mechanism that produces the magnetic25

field periodicities observed at Saturn and how they re-26

late to the observed ENA periodicities. We show that27

the periodic magnetic field perturbations are caused by28

the currents driven by a rotating asymmetric pressure29

distribution composed of energetic particles - very sim-30

ilar to Earth’s partial ring current (PRC), but rotating31

around the planet. Plasma pressures have been derived32

from measurements by the Cassini Plasma Spectrome-33

ter (CAPS), Low Energy Magnetospheric measurements34

System (LEMMS), Charge-Mass-Energy Spectrometer35

(CHEMS) and the Ion-Neutral Camera (INCA) on board36

Cassini.37

It is well established that the terrestrial PRC is ex-38

tremely dynamic and severely distorts the inner magne-39

tosphere [Tsyganenko et al., 2003]. The terrestrial PRC40

is composed of energetic protons and O+, which has41
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been energized through rapid magnetic field reconfigu-42

rations, termed substorms that are especially frequent43

during strong convection (southward interplanetary mag-44

netic field) [Krimigis et al., 1985; Hamilton et al., 1988;45

Fok et al., 2006; Brandt et al., 2008]. At Saturn, a sim-46

ilar picture is emerging where the energetic proton and47

O+ population is energized in similar processes and is48

highly asymmetric. As we will show in this paper, Sat-49

urn’s PRC also perturbs the magnetic field but not as50

severely as its terrestrial counterpart. However, Saturn’s51

PRC is rotating around the planet due to corotation and52

magnetic drift, producing a periodic signal in the residual53

magnetic field data which has led to several hypotheses.54

Khurana et al. [2008] has shown that, qualitatively a ro-55

tating PRC and the seasonal plasma sheet tilt is required56

to explain observations. This paper quantitatively proves57

that the observed PRC causes the periodic magnetic field58

perturbations.59

We will first describe how we are computing the mag-60

netic field perturbations; secondly, we describe how the61

“hot” (>2 keV) and “cold” (<2 keV) plasma pressure62

is derived, and finally we discuss the results and their63

implications.64

2. Computing Field Perturbations

The magnetic field perturbations are computed by65

solving the force balance equation for the pressure-driven66

currents in three dimensions in a dipole field. Biot-67

Savart’s law is then used to compute the field perturba-68

tion along a given spacecraft trajectory. We neglect the69

inertial term in the force balance equation since the effect70

of the centrifugal forces is to stretch the field. As we will71

see this we lead to a slight offset in the field magnitudes.72

In order to arrive at a Biot-Savart integral that is com-73

putationally efficient, we follow the approach by Roelof74

et al. [2004] and express the 3D currents in Euler poten-75

tials J = ∇Q×∇P, where the second Euler potential Q76

for a dipole field satisfies B · ∇Q = 1, so Q is the partial77

volume of the flux tube (if we set Q = 0 at the magnetic78

minimum-B equator). P is here the pressure, which we79

assume to be isotropic in this preliminary work. The80

magnetic field perturbation can then be written81

∆B = −µ0P∇Q−∇Ψ, (1)

where our simplified Biot-Savart integral is represented82

by the scalar function Ψ, which is a function of position83

r and the integral is to be taken over all space.84

−∇Ψ =
µ0

4π

∫
d3x′∇∇(

1

|r′ − r| )(P∇
′Q). (2)

Plasma sheet tilt has not been taken into account in85

this study, but is critical to explain the periodic field sig-86

natures observed further out in the tail region [Khurana87

et al., 2008]. Future work will include plasma sheet tilt.88

The idea is now to take time-dependent plasma pres-89

sures and evaluate Equation (1) along a given Cassini90

trajectory. As will be described in more detail below, we91

assume our cold plasma pressure to be azimuthally sym-92

metric, while the hot plasma pressure is assumed to have93

the same morphology as the proton distributions derived94

from global INCA images in the 20-50 keV range and to95

be rotating with a period of 10.8 h [Carbary et al., 2008].96
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Although we know that injected energetic particles dis-97

perse as they drift around Saturn [Brandt et al., 2008;98

Mauk et al., 2005], we do not included dispersion in this99

study. We can do this simplification because our region100

of interest is in the post midnight sector where injections101

are fresh and have not undergone significant dispersion.102

It is important to remember that the injections are pe-103

riodic, which was realized early by Mitchell et al. [2005],104

so that a signficant part of the asymmetric pressure dis-105

tribution is reenergized every rotation.106

3. Plasma Pressure

In order to compute the magnetic field perturbations,107

realistic estimates of plasma pressures are required. Fig-108

ure 1 shows statistical in-situ measurements of pressure.109

Wilson et al. [2008] has compiled cold (<2 keV) plasma110

pressures from CAPS, and Sergis et al. [2007] has com-111

piled the hot (>2 keV) plasma pressures using data from112

CHEMS, LEMMS, and INCA (in ion mode). We assume113

that the cold plasma pressures are azimuthally symmet-114

ric, which is a reasonable approximation given the em-115

pirical modeling results by Richardson [1998]. However,116

just like the terrestrial PRC [Brandt et al., 2008] it is117

clear from INCA images that the hot plasma distribu-118

tion exhibits a very dynamical behavior, where periodic,119

large-scale injections of energetic particles on the night120

side drift around the planet [Mitchell et al., 2005; Brandt121

et al., 2008]. Therefore, we use INCA images obtained at122

07:00 UTC DOY 352 2004 to estimate the proton mor-123

phology and intensity, as well as phase of the centroid124

of the asymmetric proton distribution. For simplicity125

and reasons given above, we assume that the spatial hot126

plasma pressure distribution is the same as the proton127

distribution derived from the INCA images.128

As is illustrated in Figure 2, we use forward modeling129

to derive the proton intensity distribution from INCA hy-130

drogen ENA images in the 20-50 keV range. A paramet-131

ric model of the equatorial proton distribution is used to-132

gether with a model neutral gas distribution by Richard-133

son [1998] to simulate ENA images through the INCA134

response function. By modifying the parametric proton135

distribution and keep the neutral gas distribution fixed,136

until the simulated and observed INCA images agree, we137

derive the protons intensity distribution. This technique138

has been extensively used in deriving the global morphol-139

ogy and intensity of Earth’s ring current distribution, and140

also by Brandt et al. [2008] for Saturn. Figures 2a and141

2b show the final simulated ENA image and the observed142

INCA image. Figure 2c shows the resulting proton inten-143

sity distribution in the equatorial plane.144

Next, we use the spectral shapes from the statisti-145

cal study by Dialynas et al. [2008] to compute the total146

plasma pressure in the 2-200 keV range, as illustrated in147

Figure 2d. We obtain a maximum “hot” proton pressure148

around 0.4 nPa using this method.149

Hot proton pressures have been determined by Sergis150

et al. [2007], who obtained a maximum pressure at about151

0.1-0.3 nPa. The average pressure is about one order of152

magnitude lower, but it is critical to keep in mind how dy-153

namic the hot plasma really is at Saturn [Mitchell et al.,154

2005; Brandt et al., 2008] - something that is well known155

for Earth (e.g. Brandt et al. [2008]). The event analyzed156

in this paper belongs to one of the stronger “magneto-157

spheric storms” observed by INCA, and given that this158

strength of storms is statistically rare, it is understand-159

able why such strength is only the upper bound in the160
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in-situ statistical study by Sergis et al. [2007].161

4. Results and Discussion

Figure 3a shows the residual total magnetic field of the162

modeled perturbations (black line) and the correspond-163

ing measured residual field along the Cassini trajectory164

on DOY 347-358 2004 (Figure 3b). The overall field de-165

pression (-38 nT) is caused by the symmetric cold plasma166

pressure and the periodic perturbations of less than 5167

nT amplitude are caused by the rotating hot asymmet-168

ric plasma pressure distribution - especially clear on the169

outbound leg from DOY 351.5 and onward. Figures 3b170

shows the total (hot + cold) plasma pressure in the equa-171

torial plane with the Cassini trajectory overplotted and172

the current S/C location indicated by a red circle. Fig-173

ures 3c and 3d show the simulated and observed INCA174

hydrogen ENA images in the 20-50 keV range at three175

different times.176

Given the simplicity of our model, it is notable how177

well the model agrees with observations. The agreement178

of the periodic perturbations are especially good after179

DOY 351. This is because we used the INCA images180

at 07:00 UTC on DOY 351 to derive the morphology181

and phase of the hot asymmetric pressure distribution.182

It can be seen that the phase of the periodic perturba-183

tions are unclear and different before DOY 349, which is184

most likely indicative of a larger injection, possibly trig-185

gered by a solar wind dynamic pressure increase. This is186

supported by Mitchell et al. [2005] who observed larger187

injections during the early part of DOY 348. The slight188

increase in the residual field at about 20:00 UTC on DOY189

349 is not caused by the asymmetric pressure distribution190

but appears even only with a symmetric pressure distri-191

bution, and is most likely an effect of the 3D character192

of the orbit.193

After about DOY 353 there is an offset between the194

observed and modeled magnetic field magnitude devel-195

ops. The measured field maintains its strength to larger196

distances than what the modeled field does. This can be197

explained by the stretched field configuration, which we198

have not accounted for in this study.199

We have explained the mechanism behind magnetic200

field periodicities and how it relates to the periodicity201

seen in large-scale injections, but the question of where202

the periodicity ultimately comes from is still left un-203

solved. Observational evidence is mounting in support204

for plasmoid release [Hill et al., 2008; Jackman et al.,205

2007] as the common driver for periodic phenomena in206

INCA, MAG, and SKR. We believe that there is sufficient207

evidence for proposing that periodic plasmoid release is208

indeed the driver of all observable magnetospheric peri-209

odic phenomena. The underlying cause of the periodic210

plasmoid release itself could be that this is the natural211

frequency of the mass-loaded magnetosphere-ionosphere212

system resulting from requiring balance between cold213

plasma source and the plasma loss down the tail. No lon-214

gitudinal anomalies in ionospheric conductance or mag-215

netic field have been observed so far, but they are also216

natural candidates to explain the periodicity. We will217

develop our hypothesis in a future paper. Nevertheless,218

it is clear that a physics-based model is highly needed to219

reveal the planetary rotation that is hidden behind the220

periodic phenomena observed in the magnetosphere.221
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5. Summary and Conclusions

We have shown that the observed magnetic field peri-222

odicities in Saturn’s magnetosphere are caused by a hot223

(>2 keV) rotating asymmetric pressure distribution - a224

partial ring current. The source and distribution of the225

pressure driving the PRC is consistent with the periodic226

hot plasma injection as observed by INCA [Mitchell et al.,227

2005; Carbary et al., 2008; Brandt et al., 2008]. The domi-228

nating depression is caused by the symmetric cold plasma229

pressure observed by Wilson et al. [2008].230

In order to compute the magnetic field perturbations231

we solved the force-balance equation, neglecting centrifu-232

gal forces, and assuming isotropic pressure. A modified233

Biot-Savart integration was then used to reproduce the234

magnetic field perturbations along the Cassini trajectory235

on DOY 347-358 2004. Cold (<2 keV) and hot (>2236

keV) plasma pressures were obtained from CAPS mea-237

surements [Wilson et al., 2008], and from a combination238

of CHEMS, LEMMS in-situ measurements and remote239

global ENA images obtained from INCA to determine240

the instantaneous global spatial distribution and phase241

of the hot asymmetric plasma pressure.242

This work represents a step towards revealing the true243

planetary rotation period by determining the mechanisms244

that relate different periodic phenomena in Saturn’s mag-245

netosphere. We believe that the next step should be to246

explain the close relation between the periodic SKR sig-247

nals and the periodic large-scale injections.248
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Figure 1. Cold (<2 keV) symmetric plasma pressure (solid blue line) was derived from CAPS measurements by Wilson
et al. [2008] (blue squares). The distribution and phase of the hot asymmetric pressure distribution (solid red line) was
derived from global INCA images and in-situ ion spectra by Dialynas et al. [2008]. The statistical distribution of the hot
plasma pressure obtained from in-situ by Sergis et al. [2007] is shown for comparison (red dots).
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Figure 2. A parametric proton distribution is used to simulate INCA images (a) until the match the observations at
07:00 UTC DOY 352 2004 (b). The resulting proton distribution (c) provides us with the spatial distribution, phase and
intensity. In-situ proton spectra by Dialynas et al. [2008] are then used to compute the hot plasma pressure (d).
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Figure 3. A compilation of the model results. (a) Measured residual field strength (red) and modeled field. (b) The total
pressures (hot + cold) in the equatorial plane used in the magnetic field calculation with the projected Cassini trajectory
in black with the current S/C/ location marked by the red circle. (c) The simulated ENA images of the 20-50 keV proton
distribution (also shown in Figure 2) and (d) the corresponding observed INCA hydrogen images.


