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Key Points:13

• Using the complete Cassini magnetometer dataset, we present the global picture14

of ULF waves in Saturns magnetosphere.15

• The wave power shows a rapid decrease beyond 25 RS in both the morning and16

afternoon sectors.17

• The wave activity peaks in noon sector, implying that these waves could be driven18

by the solar wind interaction with Saturns magnetopause.19
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Abstract20

Low-frequency waves are closely related to magnetospheric energy dissipation processes.21

The Cassini spacecraft explored Saturns magnetosphere for over 13 years, until Septem-22

ber 2017, covering a period of more than a complete solar cycle. Using this rich heritage23

dataset, we systematically investigated key physical parameters of low-frequency waves24

in Saturns magnetosphere, including their local time distribution and the dependence25

on solar activity. We found that the wave activity peaked in the near noon sector. For26

the nightside, the wave intensity also appeared to peak pre and post-midnight. Due to27

the limited local time coverage for each solar phase, we were not able to draw a firm con-28

clusion on the waves dependence on solar activity. In general, the wave power showed29

a monotonically decreasing trend towards larger distances in nightside sectors especially30

during the declining phase, which implied that low-frequency waves mainly originate from31

the relatively inner regions of the magnetosphere. On the dayside, stronger waves were32

mostly located at/within ∼25 Rs, near the magnetopause. The study shows a global pic-33

ture of low-frequency waves in Saturns magnetosphere, providing important implications34

for how magnetospheric energy dissipates into Saturns polar ionosphere and atmosphere.35

1 Introduction36

For the terrestrial magnetosphere the plasma source is predominately the solar wind37

via the Dungey cycle process (Dungey, 1961). In contrast, the particle source for Sat-38

urn’s outer magnetosphere is escaping water vapor from its moon Enceladus(Hansen et39

al., 2006; Waite et al., 2006; Blanc et al., 2015), which drives Saturns magnetospheric40

processes. Despite different energy sources at each planet, similarities are found in many41

fundamental processes. For example, magnetic reconnection and dipolarization processes42

are fundamental plasma processes in accelerating and circulating particles in the mag-43

netosphere, and they are found at Earth (Baker et al., 1996; Angelopoulos et al., 2008;44

Akasofu, 2017), Mercury (Slavin et al., 2009; Sun et al., 2015), Saturn (Jackman et al.,45

2007, 2015; Yao et al., 2017a) and Jupiter (Russell et al., 1998; Vogt et al., 2010; Yao46

et al., 2019). Recent studies also reveal similar auroral structures between Saturn and47

Earth (Radioti et al., 2017; Yao et al., 2017b; Radioti et al., 2019), due to the similar48

processes.49

Among the similarities between planetary magnetospheric processes, low-frequency50

plasma waves, also known as ultralow frequency (ULF) waves (Hasegawa & Chen, 1974;51

Lee & Lysak, 1989; Chen, 1999; Zong et al., 2009), have been extensively investigated52

at different planets (Glassmeier et al., 2004; Kleindienst et al., 2009), as they are fun-53

damental perturbations in magnetized plasma environments. Due to the very different54

sizes of planetary magnetospheres, the eigenfrequency of magnetic field line resonances55

between the northern and southern hemispheres can vary significantly from planet to planet.56

For example, the fundamental periods of magnetic field line resonances at Earth are usu-57

ally a few minutes, while the fundamental periods for Mercury are a few seconds and for58

the giant planets they can be tens of minutes (Glassmeier et al., 2004; Kleindienst et al.,59

2009). Despite the large difference in temporal scales, the fundamental physical processes60

are similar.61

The low-frequency waves at Saturn are generated by various processes. Kelvin-Helmholtz62

vortices, a consequence of solar wind-magnetosphere interaction, are often formed on Sat-63

urns dawnside magnetopause, which could systematically excite field line resonances (Masters64

et al., 2009, 2010; Delamere et al., 2013). The plasma circulation from Vasyliunas (in-65

ternally driven) reconnection may also be an energy source to excite magnetic field line66

resonances (Yao et al., 2017c). Furthermore, solar wind compressions could also directly67

form compressional mode waves on the magnetopause, and the wave would transform68

into shear Alfvn waves when propagating towards the inner magnetosphere(Zong et al.,69

2017; Allan & Poulter, 1992). To date, it is unclear whether or not there is a system-70
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atic correlation between solar activity and Saturns low-frequency wave activities. In this71

study, the low-frequency waves at Saturn are defined as magnetic perturbations at pe-72

riods of 10-60min.73

The low-frequency fluctuations have been identified not only from magnetic field74

measurements, but also from aurora and energetic particle observations, indicating that75

these fluctuations are global processes from the magnetosphere to the ionosphere and76

atmosphere. Quasi-periodic 1-hour pulsations are found at Saturns cusp aurora (Palmaerts,77

Radioti, et al., 2016). Such pulsations are believed to be connected to in situ observa-78

tions of particle pulsations in the magnetosphere, which have similar periodicities (Palmaerts,79

Roussos, et al., 2016; Roussos et al., 2016). The Kelvin-Helmholtz instability is often con-80

sidered to be a plausible mechanism for these pulsations. A recent study suggests that81

rotationally driven magnetodisc reconnection could also trigger such pulsations (Guo,82

Yao, Wei, et al., 2018), although the detailed connections are yet to be understood.83

Throughout its mission, the Cassini spacecraft collected in situ magnetic field data84

from Saturn throughout an entire solar cycle. The large dataset allows us to perform a85

systematic investigation of Saturns low-frequency magnetic fluctuations, including lo-86

cal time distributions and the dependence on solar activity. In this paper, we perform87

a statistical survey of low-frequency magnetic perturbations (with periods between 10-88

60min) using the large Cassini magnetometer (MAG) dataset (Dougherty et al., 2004).89

2 Cassini Observations From 2005 to 2014: Dependence on Solar Ac-90

tivity91

We investigate low-frequency magnetic fluctuations at Saturn from 2005 to 2014.92

Based on the 27-day averaged sunspot number adopted from the omni dataset (Figure93

1a), we further select four subsets from the Cassini MAG observations to represent dif-94

ferent solar cycle phases. Each subset includes measurements during a two-year explo-95

ration, i.e., during the declining phase (2005-2006), solar minimum (2008-2009), ascend-96

ing phase (2010-2011), and solar maximum (2013-2014), respectively. Figure 1b-1i present97

Cassini trajectories for the four subsets in Kronocentric Solar Magnetospheric (KSM)98

system. During the selected 8 years, Cassinis trajectory covered an extensive area, in-99

cluding all local times and with radial distance up to ∼ 65RS (1RS = 60268km). Nev-100

ertheless, we need to bear in mind that the Cassini orbits show a significant bias towards101

specific local times and radial distances at each solar phase, which could superpose the102

effects of solar activity and spatial variations.103

To conduct the statistical analysis on low-frequency magnetic fluctuations, we ap-104

plied the Lomb-Scargle periodogram method (Lomb, 1976; Scargle, 1982) to obtain the105

power spectral density (PSD) of the fluctuating magnetic field with a 6-hour window.106

Figure 2 shows an example of a wave event that occurred on October 28, 2015. Figure107

2a and 2b present the trajectories of Cassini during this period. We used 6-hour aver-108

aged magnetic field measurements to represent the background magnetic field (red line109

in Figure 2c). Figure 2e shows the power spectrum density of the detrended magnetic110

field (Figure 2d). The red horizontal line is the power-level threshold that is consistent111

with a probability of detection of 0.99, significantly lower than the observed wave power112

at specific frequencies. A wave event is thus selected when the probability of detection113

exceeds 0.99 to ensure that the peak in the spectrum is not due to random fluctuations.114

For each event, we define the mean value of PSD within the periods between 10min to115

60min, as the wave intensity PSDwave.116

We systematically investigate Saturns low-frequency magnetic fluctuations and their117

dependence on solar activity. Figure 3 shows the PSDwave distributions of low-frequency118

waves during different solar phases and strong wave (with PSDwave above 103nT2/Hz)119

occurrence rates. The abscissa are the equatorial distances D (D = ±
√

X2
KSM + Y 2

KSM )120
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Figure 1. (a)27-day averaged sunspot number from 2004 to 2017 adopted from omni dataset

(http://omniweb.gsfc.nasa.gov/), the color bars mark the four solor phases; (b-i) Cassini tra-

jectories during declining phase, solar minimum, ascending phase and solar maximum (in KSM

coordinates, where X directs to the Sun, X − Z plane contains Saturn’s centered magnetic dipole

axis and Y completes right handed set.)

–4–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Space Physics

-40-2002040 R
S

X
KSM

Y
KSM

(a)

-40-2002040 R
S

X
KSM

Z
KSM(b)

2

4

6

B
(n

T
)

(c)

00:00     01:00     02:00     03:00     04:00     05:00     06:00

2005-10-28 UTC

-2

0

2

B
d
e
tr

e
n
d
e
d

(n
T

) (d)

5 10 15 20 25 30 35 40 45 50 55 60

Period (min)

500

1000

1500

P
S

D
(n

T
2
/H

z
)

P = 0.99(453.85)

(e)

Figure 2. An example wave event on October 28, 2005. Cassini locations represented by red

dots on (a) XKSM − YKSM and (b) XKSM − ZKSM plane; The magenta and black curves are

potential and possible magnetopause positions based on the A06 model with improved param-

eters for solar wind pressure of 0.00906Pa (Kanani et al., 2010; Guo, Yao, Wei, et al., 2018)(c)

The intensity of the magnetic field detected by Cassini MAG instrument. The red curve rep-

resents background magnetic field, obtained from 6-hour running average. (d) The detrended

magnetic field and (e) power spectral density (PSD) for the detrended magnetic field which is

obtained from the Lomb-Scargle periodogram method. The red horizontal line shows power-level

thresholds that are consistent with a probability of detection equal to 0.99.
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Figure 3. Scatterplots of low-frequency waves PSDwave versus equatorial distances D from

Saturn (positive when XKSM > 0; negative when XKSM < 0) and the occurrence rates for in-

tense waves in different regions, during (a-b) declining phase, (c-d) solar minimum, (e-f) ascend-

ing phase and (g-h) solar maximum. The dayside sectors contain events in the local time range

of 9-15 LT, while nightside events are in the local time range of 21-03 LT. Blue dots are events

with |ZKSM | < 5RS , while red dots are events with |ZKSM | > 5RS . The black stars represent the

median value of PSDwave for each bin and the shaded areas mark events between upper quartile

and lower quartile. Each bin contains at least 10 data points. Blue bar charts show occurence

rates for intense waves, which are defined as the number of events with PSDwave > 103nT2/Hz

divided by the number of all events in each bin.
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from Saturn in XKSM−YKSM plane. The dayside wave events are selected to be those121

where the local time ranges from 9 to 15. The blue dots are events at low latitude with122

|ZKSM | < 5 RS, and red dots are events at high latitude with |ZKSM | > 5 RS. The123

black stars are the median value of PSDwave for each bin, while the upper (lower) bound-124

aries of shaded areas are consistent with the upper (lower) quartiles, displaying the over-125

all trend of the data. We note that events with large PSDwave (> 103nT2/Hz) at the126

dayside sector are mostly located at/within ∼25RS, indicating strong wave activities near/within127

magnetopause. The PSDwave and the occurrence rates of these strong waves at dayside128

(∼ 40%) are similar for the four solar cycle phases. The PSDwave also shows a decreas-129

ing trend for D > 30 RS as shown in Figures 3e and 3g. The nightside wave power spec-130

trum density is monotonically decreasing toward large distances during the declining phase131

(Figure 3a) and is largely scattered with a relatively low mean value during the solar max-132

imum phase (Figure 3g). There was insufficient data to obtain the trend in the night-133

side for the other two solar phases (Figure 3c, 3e), so that it is hard to study the day-134

night asymmetry or compare the nightside wave activities.135

Figure 4 focuses on events located in the dawn sector (03-09 LT) and the dusk sec-136

tor (15-21 UT). The positive value of the abscissas in Figure 4 represent the dusk sec-137

tor (YKSM > 0). The wave intensity decreases with increasing equatorial distances D,138

in both the dawnside (Figure 4a and 4g) and the duskside (Figure 4c and 4e) for each139

phase of the solar cycle. The PSDwave distributions for events at high latitude (red dots)140

are usually much more dispersed than those events at low latitude (blue dots). We noted141

that the bias of the Cassini orbits strongly mixes the effects of solar activities and spa-142

tial variations so that it is hard to compare the dawnside/duskside wave activities. In143

addition, we used electron data with energy up to 28 keV provided by Cassini-CAPS (Young144

et al., 2004), to examine the wave intensity distribution inside the magnetopause. We145

analyzed the events with an electron temperature greater than 100eV, as the electron146

temperature in the magnetosheath is well below this value (Supplementary Figure S1147

and S2). The results show that only intense waves remained, implying that most of the148

weak waves (PSDwave < 103nT2/Hz) are from the magnetosheath, which is consistent149

with the results in Figure 5 (shown later).150

3 An Overview: Dependence on Local Time151

In this section, we combine data from all sub-solar phases as marked in Figure 1152

to investigate the dependence of wave activity with spatial variations. Figure 5a and 5b153

shows the distribution of the wave events on the XKSM −YKSM and XKSM −ZKSM154

plane combining the data from all four subsets. Each dot represents a wave event and155

the color represents the wave intensity. The magenta curve predicted the magnetopause156

position calculated from the A06 model with improved parameters (Kanani et al., 2010)157

using the solar wind pressure of 0.00906Pa (Guo, et al., 2018). The inner and outer black158

curves represent the possible magnetopause positions corresponding to the root mean159

square errors of the A60 model coefficients. It is clear that the wave activity is strong160

near ∼25RS and inside, especially near the subsolar point. We find that the wave activ-161

ity rapidly decreases outside of ∼25RS at dayside, which is consistent with the nominal162

magnetopause location (Kanani et al., 2010). We would like to point out that there is163

little data along the subsolar line at >25 RS, but the trend is clear in both the morn-164

ing and afternoon sectors, implying that low-frequency waves are magnetospheric as op-165

posed to a magnetosheath or solar wind process. The main periods of these intense waves166

are 30-60min, shown in Figure 5c.167

Figure 5d shows the PSDwave as a function of local time with events located at168

a distance D ranging from 20RS to 30RS. The grey dots represent the wave events. The169

red stars are the median value of PSDwave for each local time, while blue bars repre-170

sent the occurrence rate of intense waves. The wave activity peaks in the noon sector,171

implying that solar winds interaction with Saturns magnetopause is an important mech-172
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Figure 4. Same format as Figure 3, but for dawnside and duskside events. The abscissas rep-

resent equatorial distances D from Saturn (positive when YKSM > 0; negative when YKSM < 0).

The dawnside sectors contain events within the range 03-09 LT, while the duskside sectors are

defined as events in the local time range 15-21 LT.
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Figure 5. Low-frequency wave activity distributions on (a) XKSM − YKSM and (b)

XKSM − ZKSM plane.The color scheme represents the magnitude of log10PSDwave.The ma-

genta and black curves are potential and possible magnetopause positions based on A06 model

with improved parameters for solar wind pressure of 0.00906Pa (Kanani et al., 2010; Guo, Yao,

Wei, et al., 2018) (c) The distribution of periods for intense waves (PSDwave > 103nT2/Hz) (d)

The dependence of low-frequency wave power spectrum density with local time. Each grey dot

represents a wave event, and red stars gives the median value of PSDwave for each local time for

the events located at distance D from 20RS to 30RS.Blue bars represent the occurrence rate of

intense waves for each local time.
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anism in driving the magnetospheric low-frequency waves. Magnetopause surface waves173

(Masters et al., 2012, 2009) and/or Kelvin-Helmholtz waves(Wilson et al., 2012) caused174

by the interactions between the solar wind and Saturns magnetopause are likely the ma-175

jor contributions. We also noted that the wave intensity also peaks at pre-midnight and176

post-midnight. The driver for nightside waves is inconsistent with the magnetopause sur-177

face waves. Nightside waves may instead be a consequence of Titan torus perturbation178

or nightside transient plasma processes (e.g., magnetic reconnection or bursty bulk flows).179

4 Conclusions180

Low-frequency wave activity is a consequence of many fundamental magnetospheric181

processes that perturb the magnetic field, energetic particles, auroral emissions, etc. In182

this study, the low-frequency waves are selected only based on the periodicity. There are183

many proposed mechanisms for driving these waves, for example, K-H instabilities or so-184

lar wind pressure pulses. Since the wave power peaks near the magnetopause, we sug-185

gest the interaction between the solar wind and the rotating magnetosphere to be piv-186

otal for the wave generation. These waves are associated with macro-processes, thus they187

are likely MHD waves. However, the interaction between the solar wind and the rotat-188

ing magnetosphere can also modify particle distribution and this may induce kinetic ef-189

fects. The limited data coverage in local times for each solar phase does not allow us to190

draw a firm conclusion on a connection with solar activity. Nevertheless, no significant191

dependence on solar activity is identified from the existing dataset. The results also show192

that dayside wave activity is generally stronger than at nightside near solar maximum,193

probably indicating the presence of a systematic wave driver on the magnetopause. It194

is clear that the wave power rapidly decreases beyond ∼25RS at morning and afternoon195

sectors, indicating that the detected waves are not from the magnetosheath or solar wind.196

In analysing the local time sectors, we found that a peak wave power was found197

near the noon sector, which is probably related to the active auroral region in the prenoon198

sector (Bader et al., 2019). The dayside wave distribution might also be related to drizzle-199

like reconnection, which also displays a peak occurrence probability near noon (Delamere200

et al., 2015). Auroral observations suggest pulsating auroral emissions with a periodic-201

ity of ∼ 60 min (Palmaerts, Radioti, et al., 2016), which is consistent with the wave pe-202

riodicities shown in this study. Our results suggest that low-frequency waves could be203

an important source of auroral emission at Saturn, as was proposed at Earth (Keiling204

et al., 2003, 2019; Zhao et al., 2019) and Jupiter (Saur et al., 2018). A further study com-205

bining magnetic perturbations and auroral images will help to answer this question. It206

is also worth conducting a magnetohydrodynamic (MHD) simulation to examine the im-207

portance of Alfvnic precipitation in driving auroral emissions.208
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