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ABSTRAKT - POPULÄRVETENSKAPLIG 

SAMMANFATTNING 

 

Den här studien använder  magnetfält, plasma och elektrondensitetsdata från Cassini 

rymdskepp för banor från 2004 till 2010 och för avstånd upp till 30 Rs, för att 

beskriva Saturns nattsidan plasma ark (nightside plasma sheet) . Vi identifierar 

centrum av den nightside plasma sheet med den radiella komponenten av magnetfältet 

Br, i motsats till geometriska kriterier som används i tidigare studier. Br omkastar sitt 

tecken runt centrum av plasma arket oavsett den variabla ekvatorial förskjutningen av 

Saturnian magnetotail. 

Två karakteristiska exempel på Cassini nightside korsningar  visar hur vi missledande 

kan dra slutsatsen att rymdfarkosten förblir kontinuerligt i eller ut ur plasma arket 

under en nightside passning. 

Vi producerar ett electron number density radial distribution för den nightside plasma 

sheet för avstånd större än 15 Rs och jämföra våra resultat med resultaten från 

Morooka et al. och Persoon et al. Förhållandet -Br to z filtered- elektrondensitetsdata 

ges och den data distributionen undersöks för tre olika rymdparametrar: Avståndet 

från planeten Rs, lokal tid LT och vertikala ekvatorial avståndet z, medan 

distributionen av förhållandet -Br filtered to total data- för varje parameter är också 

studeras. 

Dessutom söker vi till förändringar av Br filtrerade data runt den centrala regionen av 

Saturnian plasma arket före och efter det Saturnian jämningen. Slutligen söker vi till 

säsongsmässiga förändringar av den plasma sheet positionen för tre nära vertikala 

nightside plasma sheet korsningar och försök uppskatta den plasma sheet tjockleken. 

Vi drar slutsatsen att Br kriterier totalt ger en högre elektrondensitet värde när vi följer 

närmare centrum av den plasma sheet i sin dagliga och säsongs rörelse och kan 

användas för att ytterligare förbättra Morooka et al. studieresultat. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    ABSTRACT 

 

  [1] We use magnetic field data from Cassini’s on board magnetometer (MAG), 

plasma measurements by Cassini Plasma Spectrometer (CAPS) and electron density 

measurements from the RPWS Langmuir probe (LP) on board Cassini, for an 

extended set of orbits from 2004 to 2010 and for distances up to 30 Rs from the 

planet. The central region of the nightside plasma sheet is identified using the radial 

component of the magnetic field Br, in contrary to solely geometrical criteria used in 

previous studies, such as the vertical distance z from the equatorial plane. This 

parameter reverses its sign around the center of the plasma sheet regardless of the 

variable equatorial displacement of the Saturnian magnetotail. We give the radial 

distribution for all data points used in this study to point the magnitude of our data set 

towards our statistics. We analyze two characteristic examples of Cassini spacecraft 

nightside plasma sheet pass. An equatorial pass for days 143 to 145 of 2006 and a 

near equatorial pass for days 222 to 225 of 2010 showing respectively how we can 

misleadingly conclude that the spacecraft remains continuously in or out of the 

plasma sheet throughout a nightside pass. We filter our data set using two Br criteria: 

Br<0.5 nT and Br<0.2 |B|. This way we consider only time periods during which the 

radial component of the magnetic field is below 0.5 nT and less than 1/5 of the total 

magnetic field, so that the field vector points within ~11° from the local BΘ-BΦ plane 

and we end up with 1806 10-min data points. We produce an electron number density 

radial distribution for the nightside plasma sheet of the planet considering only 

distances greater than 15 Rs and compare our results to the results from Morooka et 

al. and Persoon et al.  Our results follow the described decreasing trend of these 

studies for the electron number density as we move outwards from the planet but with 

a decreasing rate of approximately L
-3.59

 accompanied by an uncertainty given by the 

standard error equal to ± 0.42. The derived fit line approaches the upper limit given by 

Morooka et al. varying as L
-3

 while remaining higher than the electron density model 

fit line by Persoon et al. varying as  L
-4.14

. The ratio of Br to z filtered electron density 

(Ne) data is also given, taking values greater than one for more than 90 per cent of the 

cases. The data distribution is also examined for three different space parameters: The 

distance from the planet Rs, the local time LT and the vertical equatorial distance z, 

while the distribution of the ratio of the Br filtered to total data for each parameter is 

also studied. We further search for seasonal change of the Br filtered data around the 

central region of the Saturnian plasma sheet before and after decimal year 2008.5 in 

different spatial distributions (the limit of 2008.5 refers to a 5˚ angle between the solar 

wind flow direction and the magnetic equatorial plane of Saturn which roughly 

delimits the beginning of the near Saturnian equinox conditions). Finally we search 

for seasonal change of the plasma sheet position for three near vertical nightside 

plasma sheet crossings and attempt an initial estimation of the plasma sheet thickness. 

We conclude that the Br criteria give overall higher electron density values as we 

follow closer the plasma sheet center in its daily and seasonal motion and can be used 

to further improve Morooka et al. study results. 
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1. Introduction 
 

  [2] Our first limited data from the Saturnian magnetosphere and plasma sheet were 

obtained with Pioneer 11 and Voyager 1 and 2 during their flybys in 1979, 1980 and 

1981 respectively. Extended in-situ and remote measurements became available only 

when Cassini spacecraft when into orbit around Saturn on July 1, 2004. 

  [3] Initially, data from Voyager spacecraft encounter were used to construct models 

describing plasma density in Saturn’s magnetosphere. For the inner magnetosphere 

(<12 RS) Richardson and Sittler [1990] suggested an electron density model with a 

peak close to the equator, decreasing for greater L-shell and distance from the 

equatorial plane. For the outer magnetosphere (>12 RS) Richardson et al., (1986) 

proposed an electron density with a highly variable behavior. 

  [4] Later observations revealed a more complex density behavior. [Moncuquet et al., 

2005; Persoon et al., 2005, 2006; Wahlund et al., 2005; Sittler et al., 2008]. Persoon 

et al., [2005] measured the equatorial electron density using upper hybrid resonance 

emissions. The outcome was that the electron density varies significantly inside 5 RS 

but diminishes exponentially beyond that distance. This implies the existence of 

ionized material transported outwards from centrifugal forces. This material originates 

from Saturn’s moons and especially Enceladus expelling water molecules and vapor 

from its south polar jets [Dougherty et al., 2006; Porco et al., 2006]. 

  [5] Equatorial observations and studies on the outer magnetosphere revealed an 

unexpected periodic modulation in almost all magnetospheric particle and magnetic 

field properties [Espinosa and Dougherty, 2000; Clarke et al., 2006; Krupp et al., 

2005; Paranicas et al., 2005; Carbary et al., 2007, 2008; Krimigis et al., 2007; 

Gurnett et al., 2007; Arridge et al., 2008]. Saturn’s magnetic dipole and spin axis are 

almost allied (tilt angle <1˚) and thus such observation was not expected. 

  [6] While the question on the origin of this behavior remains open, several models 

have been suggested [Espinosa et al., 2003; Khurana and Schawrzl, 2005; Gurnett et 

al., 2007; Southwood and Kivelson, 2007]. A longitudinal asymmetry found in the 

density distribution of the inner magnetosphere [Gurnett et al., 2007] sets there the 

source of the effect as appears in outer regions. The longitudinally asymmetric field 

align currents in the inner magnetosphere as proposed by Southwood and Kivelson 

[2007], can impose a periodic vertical oscillation of the plasma sheet and thus cause a 

periodic modulation of the particle density as suggested by Arridge et al. [2008]. 

  [7] Krupp et al. [2005] studied a quasi-periodic modulation of the high energy 

electrons (28-49 keV) for southern hemisphere data. However, as revealed by the 

comparison of the electron flux to the magnetic field, the electron flux behavior 

resulted from the spacecraft entering and exiting the plasma sheet. 

  [8] Saturn’s magnetospheric current sheet characteristics were revealed in more 

detail when Cassini carried out high-latitude (fast, 2 days north-south structure 

crossing) orbits (July 2006-June 2007 and January 2008-September 2009) confined 

within small cylindrical radial distance and thus reducing effects from time-dependent 

behavior such as the periodic vertical plasma sheet motion and the plasma sheet 

warping by the upstream solar wind flow. Before that, Kellet et al. [2009] using 

Connerney et al. [1983] model and vertical distribution from six highly inclined orbits 

through the Saturnian current sheet, found half thickness values of the current sheet 

between 1.5 and 2.5 RS. Kidder et al. [2009] added to the equation possible effects of 
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the solar wind, while Arridge et al., [2008] revealed a current sheet morphology 

ousted from the equatorial plane.  

  [9] Krupp at al. [2009] studied thoroughly the energetic particle population (>keV) 

concluding that the energetic particles are not strongly equatorially confined, while 

Krimigis et al., [2007] and Sergis et al., [2009] showed that the energetic particle 

distribution is dynamical and asymmetric in local time. Dayside was found broadened 

in latitude up to ±50˚ reaching the magnetopause while the nightside had a thickness 

of around 10 Rs. 

  [10] Summarizing the characteristics of the plasma sheet, we have a thin and cold 

equatorial current layer [Sergis et al., 2010; Kellett et al., 2010] and an extended hot 

plasma layer [Kellet et al., 2009]. 

  [11] Morooka et al., [2009] examined an extensive set (44 orbits) of electron density 

measurements from RPWS Langmuir probe, [Gurnett et al., 2004] interfering the 

plasma distribution in the middle and outer magnetosphere of Saturn. The spatial 

distribution covered a great part of the equatorial region inside L=80 (primarily dawn 

and tail region) and parts of the nightside northern hemisphere as well as the dayside 

southern hemisphere. The electron number density in Saturn’s magnetosphere was 

obtained by the floating potential of the probe (Ufloat) [Wahlund et al., 2005]. In that 

study, an electron density model of the Saturnian nightside magnetosphere was 

constructed, for radial distances beyond 7 Rs. Three main regions were identified: the 

plasma disk (L˂15), the magnetodisc (L>15) and the lobe (Z>15 RS). Additionally, 

several nightside magnetosphere models were introduced showing a considerable 

longitudinal asymmetry while solar wind impact on the location of the magnetodisc 

centre was mentioned but not included in the study. 

  [12] We use plasma and magnetic field data for a statistical approach of the 

Saturnian plasma sheet conditions. We present our results in the Saturn Equatorial co-

ordinate System (SZS) where z-axis is parallel to Saturn’s spin axis, y-axis is the cross 

product of z vector with Saturn-Sun direction and x-axis is directed towards the Sun. 

This is comparable to the Kronocentric Magnetic Equatorial (KME) co-ordinate 

system [Persoon et al., 2005, 2006] used by Morooka et al., [2009] where z-axis 

points along Saturn’s magnetic axis and x-axis lies in the plane containing the z-axis 

the direction from Saturn to the Sun. Electron plasma measurements are made by 

Cassini Plasma Spectrometer (CAPS), and its electron spectrometer (ELS) (energy 

range between 0.7 to 30 KeV). Spacecraft’s rotation can occasionally limit the amount 

of data collected by CAPS as the instruments field of view does not point at the ion 

peak direction. Magnetic field data are provided by Cassini’s dual technique 

magnetometer (MAG) [Dougherty, et al., 2004]. MAG consists of a vector fluxgate 

sensor (VFG) and a helium sensor. The magnetic field data sampling has an initial 

resolution of less than 4 sec. The spacecraft is mostly oriented in three-axis, pointing 

in specific directions. However, it occasionally rotates about the z-axis sending data to 

Earth through its parabolic antenna. 

  [13] The key characteristic of this study is that we identify plasma sheet intervals 

from the radial component of the magnetic field Br. This way, we can closely follow 

the center of the plasma sheet regardless of its periodic vertical displacement and 

estimate the effect of the plasma sheet motion on our results. 

  [14] In section 2 the methodology used in this study is described. In section 3 we 

discuss the observations and main findings of the study attempting a comparison with 

previous works and considering possible implications. In section 4 two characteristic 

sample passes of Cassini spacecraft through the center of the nightside plasma side 

are presented and finally, in section 5 we give a summary of this study, an overview of 
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the remaining open questions and suggest some required future work on pending 

issues 

2. Methodology and data selection 
 

  [15] The data used in this study come from different instruments with varying 

sampling rates and –in cases– randomly spread data gaps. Therefore, treating data 

gaps and averaging was essential in order to create a uniform and complete data file. 

  [16] Identifying the central region of the plasma sheet based solely on geometrical 

criteria can introduce a relatively significant error to our results. Saturn’s plasma sheet 

shows a dynamical behavior, which is -at least in some degree- predictable. Under the 

influence of the solar wind pressure, the Saturnian magnetodisc oscillates, compelling 

the plasma sheet to perform a seasonal and a short-time-scale (~10.8 hr) periodic 

motion. For distances greater than 15 Rs the current and plasma sheet of the planet 

follows a warped geometry [Arridge et al., 2008] especially during periods away from 

planetary equinox. The phenomenon is stronger in the nightside [Carbary et al., 2008] 

where the magnetosphere is less compressed. In the dayside the magnetopause is 

closer to the planet, evoking a strong day – nightside asymmetry in the vertical 

distribution of the energetic particles [Krimigis et al., 2007; Sergis et al., 2009].   

  [17] Figure 1 gives a side view of the warped plasma sheet geometry model [Arridge 

et al., 2008]. RH is the hinging distance, where the plasma sheet displacement from 

the equatorial plane starts to become noticeable, z0 is the elevation of the plasma sheet 

center from the rotational equator, M the magnetic dipole and Ω the angular velocity 

of Saturn’s rotation around its spin axis. The direction of the Sun (incoming solar 

wind direction) is also indicated. The plasma sheet asymptotically follows the 

direction of the solar wind as Saturn seasons change before and after the Saturnian 

equinox of August 2009. Saturn is located above the solar equator during the northern 

hemisphere winter. 

 

 

 
 

Figure 1. The warped geometry of the Saturnian plasma sheet [Arridge et al., 2008] 

in the KSMAG (Kronocentric Solar Magnetic) coordinate system for northern 

hemisphere winter. RH is the hinging distance, z0 the equatorial offset, M the magnetic 

dipole and Ω the rotational angular velocity of Saturn. For distances greater than 15 

Rs the plasma sheet follows a warped geometry. 
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  [18] In this study we attempt to expand and improve the work of Morooka et al., 

[2009] on the electron density distribution in the Saturnian magnetosphere. Apart 

from RPWS/LP data, this study is enriched with magnetometer (MAG) data from an 

extended set of orbits covering a greater time interval from 2004 to 2010. 

  [19] The central region of the Saturnian plasma sheet is identified using the radial 

component of the magnetic field Br, which enable us to exclude from our study points 

mistakenly considered in the past as central plasma sheet environment, due to the 

oscillation of the plasma sheet. Around the center of the plasma sheet, the Br 

component reverses its sign. At the center, Br remains close to zero and the direction 

of the magnetic field vector becomes in principal vertical to the local plasma sheet 

plane [Figure 2].  

 

 

 

 

 
 

 

Figure 2. A schematic of the Saturnian magnetosphere. Red arrows indicate the 

magnetic field vectors, B and Br. Around the center of the plasma sheet, the Br 

component reverses its sign. At the center, Br remains close to zero and the direction 

of the magnetic field vector becomes in principal vertical to the plasma sheet plane 

[image: F. Bagenal, University of Colorado, 

vega.lpl.arizona.edu/~gilda/images/Bag_Sat2.gif]. 

 

 

  [20] To ensure that Cassini is kept within the magnetosphere, we confine our study 

between 5 and 15 Rs (1 RS=60,258 Km) in the dayside (0600-1800 hrs) and between 

5 and 30 Rs in the nightside (1800-0600 hrs). Then we apply the selection criteria to 

10-min resolution data from Cassini/MAG:  
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                                                             Br<0.5 nT                                                       (1) 

and 

                                                             Br<0.2 |B|                                                       (2) 

 

  [21] This way, we consider only time periods during which the radial component of 

the magnetic field is below 0.5 nT and less than 1/5 of the total magnetic field, so that 

the field vector points within ~11° from the local BΘ-BΦ plane. After the filtering we 

end up with 1806 10-min data points that truly correspond to the central region of the 

Saturnian plasma sheet, which appear enough to offer reliable statistics, at least for 

some magnetospheric regions. 

  [22] The spatial and temporal coverage of our final filtered data set depends on the 

spacecraft trajectory geometry. Figure 3 gives the radial distribution of the data points 

used in this study for distances up to 30 Rs from the planet. While we get enough data 

points for almost every range, sampling is limited down to a few measurements for 

distances below 7 Rs and rather limited at around 18 Rs. Likewise, Figure 4 shows the 

number of data points distributed in local time. We have none to few points from 

dawn to dayside (around 0600 to 1300 hrs) and limited data around dusk (1800 -1900 

hrs). Areas with low coverage may lead to statistical results with large uncertainty. 

Thus, they should be evaluated accordingly. 

 

 
Figure 3.  The radial distribution of the data points used in this study for distances up 

to 30 Rs. Sampling is narrowed down to a few points for distances below 7 Rs and 

limited at around 18 Rs 

. 
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Figure 4.  The distribution of the used data points in local time. We have none to little 

coverage from dawn to dayside (around 0600 to 1300 hours) and limited data points 

around dusk (1800-1900 hours). 

 

 

  [23] We analyzed the distribution of the 10 minute intervals that remain after the Br 

filter is applied alongside the full data set for three different space parameters: The 

distance from the planet r, the local time LT, and the vertical distance from the 

equatorial plane z. The distribution of the ratio of the Br filtered to total data for each 

parameter is also given.  Figures 5, 6 and 7 illustrate our results. 
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Figure 5.  Τhe distribution of the 10 minute intervals for Br filtered data as a function 

of the distance from the planet r in Rs (upper panel). Middle and lower panel show 

the same distribution for the full sample set and the distribution of the ratio of the Br 

filtered to the total data set respectively. Cassini coverage favors distances r>15 Rs. 
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Figure 6.  Τhe distribution of the 10 minute intervals for Br filtered data as a function 

to the Local Time (upper panel). Middle and lower panel show the same distribution 

for the full data  set and the distribution of the ratio of the Br filtered to the total data 

respectively. Cassini covers adequately the area between 0000 and 1200 hrs. For the 

same Local Time interval plasma sheet detection is significantly lower. 
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Figure 7.  Τhe distribution of the 10 minute intervals for Br filtered data as a function 

to the equatorial distance z (upper panel). Middle and lower panel show the same 

distribution for the full data  set and the distribution of the ratio of the Br filtered to 

the total data respectively. Full data set analysis reveals a symmetric spacecraft 

coverage (middle panel) but we have non counts for z<-2 Rs and few to zero for z>5 
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Rs when only Br filtered data are considered (upper panel). Br/Total counts ratio 

diagram illustrates this asymmetry. 

 

  [24] We note that Cassini’s coverage favors distances greater than 15 Rs. However,   

we have a great amount of plasma sheet detection events for r<15 Rs due to the 

extended dayside coverage. The spacecraft samples adequately the area between 0000 

and 1200 hrs but for the same Local Time interval plasma sheet detection is 

significantly lower. In some cases, plasma sheet is detected even in low Cassini 

coverage areas (e.g. around 1500 hrs). While Cassini's coverage is nearly symmetric 

as seen in the full sample set for z, the Br filtered data show that Cassini does not 

detect plasma sheet conditions for z<-2 Rs. The asymmetry is visible in the Br/total 

counts ratio diagram (lower panel). This provides a first image of the Saturnian 

plasma sheet seasonal effect, since the majority of our data is obtained during pre-

equinox conditions. 

3. Electron density distribution [Morooka et al. 2009; Persoon et 

al. 2005] 
 

  [25] Figure 8 illustrates the electron number density below 5 cm
-3

 for the 

magnetosphere of Saturn as studied by Morooka et al. [2009]. Results are given in the 

form of electron number density radial profiles in the equatorial plane as a function of 

the distance from the rotational axis: √𝑋2 + 𝑌2  (coequal to L in the equatorial plane) 

[Morooka et al., 2009]. The distribution of data in the nightside is given in panel a. 

Color code is as follows: Black and red dots are densities from the LP (red for orbit 

20), green dots are densities from the RPWS using the upper hybrid wave frequency, 

fUH [Persoon et al. 2009]. Panel b gives the nightside density probability versus L. Our 

data distribution can be contained between a higher (blue dashed line) and a lower 

(green dashed line) limit, decreasing with a rate of L
-3

 and L
-7

 respectively. The 

magenta dashed line represents the electron density model from Persoon et al., [2005] 

varying approximately as L
-4

. 

  [26] An initial assessment reveals a clear density decrease trend for L>5 Rs and to 

distances up to 20 Rs (middle to outer magnetosphere). Density probability in panel b 

shows a peak close, but overall lower, to the Persoon et al. [2005] fit line. Density is 

stable close to the planet for distances up to 9 Rs but decreases gradually for distance 

L>7 Rs.  
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Figure 8.  Electron density distribution in the equatorial plane (z<|0.5| Rs) for the 

nightside (panel a). Black dots refer to LP proxy method data, green dots come from 

fUH, red dots derive from the LP proxy method for orbit 20. Panel b gives the density 

probability distribution for every L-shell bin in the nightside. Dashed lines give the 

density upper and lower limit in the outer magnetosphere. Blue line varies as L
-3

 

while green line varies as
 
L

-7
. For distance greater than L=30, the lower limit (light 

blue line) varies as
 
L

-1.5
. The electron density by Persoon et al. [2005] varying as  

L
-4.14

 is given with the magenta line [Morooka et al., 2009]. 

 

 

  [27] The distribution of the Br filtered data points in the local time vs vertical 

displacement z used in this study is given in Figure 9. The majority is located in the 

nightside (between 2000 and 0400 hrs), while several data points are scattered at 

higher latitudes. A study of the central region of the plasma sheet based solely on 

geometrical criteria (|z|<0.5 Rs) as used by Morooka et al. would consider only those 

data points that lie between the two red lines and thus would limit the amount of 

information utilized.  
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Figure 9. Distribution of the Br filtered data points in the z-local time parameter 

space (z axis parallel to spin axis). Most data points (center of the plasma sheet) are 

located between 2000 and 0400 hrs (nightside) where we also observe a great amount 

of high latitude scattering. Dayside (0800-1600 hrs) density data are well confined 

around the equator. Strictly geometrical criteria refer to data located at the area 

between the red lines (-0.5<z<0.5 Rs).However, a great amount of data referring to 

central plasma sheet crossings is located outside this area. 

 

 

  [28] The dayside magnetosphere of Saturn remains compressed under the solar wind 

pressure. The magnetopause is located closer to the planet and the plasma sheet is 

wider in latitude creating a day-night asymmetry in the vertical distribution of the 

energetic particles population as described by Krimigis et al., [2007] Sergis et al., 

[2009]. 

  [29] In what follows, we will show 2 characteristic cases of Cassini passes from the 

Saturnian plasma sheet that illustrate why such passes require to be treated with 

caution. 
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4. Characteristic Cassini passes 

4.1 Equatorial sample pass 

  
  [30] The geometry of a typical equatorial Cassini pass from the plasma sheet for 

days 143 to 145 of 2006 is given in Figure 10. For these dates Saturn is located above 

the equator and the solar wind direction is similar to the one indicated in Figure 1. 

During this pass, the distance z from the (rotational) equatorial plane remains 

continuously under 0.4 RS. Identifying the center of the plasma sheet based solely on 

a geometrical criterion (e.g. z<0.5 Rs) can mislead us to the conclusion that 

throughout this pass the spacecraft remains continuously within the plasma sheet.  

 

 

 

 

 

Figure 10. Trajectory of an equatorial Cassini pass for days 143 to 145 of 2006 in the 

Saturn Equatorial co-ordinate System (SZS) where  z axis is parallel to Saturn’s spin 

axis,  x axis points to the Sun in the Sun–spin axis plane and  y axis pointing toward 

dusk. Time and spacecraft’s-motion direction goes from red to blue. Based solely on 

geometrical criteria, we would conclude that the spacecraft remains in the Saturnian 

plasma sheet throughout this pass. 

 

 

  [31] For the same time interval Figure 11 shows the behavior of the radial 

component Br (black) and the magnitude B (blue) of the magnetic field from 

Cassini/MAG (panel a) together with the electron number density from CAPS/ELS 

(panel b) and the electron number density from the RPWS/Langmuir probe (panel c). 

The center of the plasma sheet is located at the region where the Br component of the 

magnetic field reverses its sign. Around that region, Br remains close to zero and the 

direction of the magnetic field vector becomes in principal vertical to the plasma sheet 

plane.  

  [32] The magnetic field behavior indicates that the spacecraft is inside the plasma 

sheet only during the periods that are shown as shaded areas in panel 11a, where the 

magnetic field magnitude B and the component Br are colored in red. This way, we 

can avoid getting an erroneous image of the central region of the active magnetotail 

and get a wrong estimation of plasma sheet particle properties, such as the radial 

gradient of the electron density or plasma pressure. For example, the blue lines in 

panel 11b indicate times when density changes significantly within a very small time 
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interval not due to a change in the spacecraft’s vertical displacement, the radial 

distance or the sampled local time, but because the spacecraft periodically entered and 

exited the plasma sheet. For the same period, electron number density obtained by the 

RPWS dropped and increased in accordance with the plasma sheet crossings. This 

example clearly indicates that only data obtained in areas where the magnetic field 

verifies that Cassini is inside the plasma sheet and the electron number density shows 

local peaks (red squares in panel 11b) should be considered in studies that plan to 

address the phenomena and physical mechanisms that characterize the plasma sheet. 

 

 
Figure 11.  (a) The radial component Br and the magnitude B of the magnetic field 

(MAG) (b) the electron number density from CAPS/ELS (c) the electron number 

density from RPWS for a typical equatorial pass of Cassini for days 143 to 145 of 

2006. In panel (b), electron density changes sharply within a short time interval (blue 

lines) while the spacecraft does not move as much as required to justify such a 

change. This change is a result of Cassini’s interaction with the oscillating plasma 

sheet and should not be mistaken for radial or local time dependence. For the same 
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period, RPWS data show a similar fluctuation as the spacecraft enters and exits the 

plasma sheet. Missing data in panel (c) are due to a data gap. 

 

4.2 Near equatorial sample pass 
  

  [33] Figure 12 shows a near equatorial Cassini pass from the nightside plasma sheet 

for days 222 to 225 of 2010. For this pass the vertical distance z from the rotational 

equatorial plane remains constantly over 0.5 RS. 

 

 
 

Figure 12. Trajectory of a near equatorial Cassini pass for days 222 to 225 of 2010 

in the Saturn Equatorial co-ordinate System (SZS) where z axis is parallel to Saturn’s 

spin axis,  x axis points to the Sun in the Sun–spin axis plane and  y axis pointing 

toward dusk. Time and spacecraft’s-motion direction goes from red to blue. Based 

solely on geometrical criteria, we would conclude that the spacecraft remains outside 

the Saturnian plasma sheet throughout this pass. 

 

 

  [34] For the same period Figure 13 gives the behavior of the radial component Br 

(black) and the magnitude B (blue) of the magnetic field from Cassini/MAG (panel a) 

together with the electron number density from CAPS/ELS (panel b) and the electron 

number density from the RPWS/LP (panel c).  

  [35] A geometrical criterion (e.g. z<0.5 Rs) would lead us to the conclusion that the 

spacecraft remains outside of the plasma sheet throughout this pass. However, the 

magnetic field behavior indicates that the spacecraft is inside the plasma sheet for the 

periods that are shown as shaded areas in panel 13a. Excluding these points from our 

statistical analysis would result in a systematic deviation from the actual picture of the 

plasma sheet and the magnetotail. Density changes significantly within a very small 

time interval due to the overall displacement of the plasma sheet. For the same period, 

electron number density data obtained by the RPWS and CAPS agree with the plasma 

sheet crossings. This example clearly shows that strictly geometrical selection criteria 

could cause the loss of valuable information, and would not be appropriate if we truly 

want to obtain a good approximation of the plasma sheet conditions, especially at the 

magnetotail. 
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Figure 13.  (a) The radial component Br and the magnitude B of the magnetic field 

(MAG) (b) the electron number density from CAPS/ELS (c) the electron number 

density from RPWS for a near equatorial pass of Cassini for days 222 to 225 of 2010. 

In panel (b) electron density changes sharply within a short time interval while the 

spacecraft does not move as much as required to justify such a change. This change is 

a result of Cassini’s interaction with the oscillating plasma sheet and should not be 

mistaken for radial or local time dependence. For the same period RPWS data show a 

similar fluctuation as the spacecraft enters and exits the plasma sheet. 
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5.  Analysis and Results 

5.1 Electron density distribution 
 

  [36] In this study we will focus on the nightside plasma sheet since there the plasma 

sheet displacement becomes more evident for distances beyond 15 Rs. 

  [37] We identified and studied the central region of the nightside (2000-0400 hrs) 

plasma sheet using the two different filters. The z filter, based on the geometrical 

criterion |z|<0.5 Rs and a filter using the radial component of the magnetic field Br, 

where the criteria Br<0.5 nT and Br<0.2 |B| are applied.                                                                                                              

  [38] For the nightside part of the Saturnian magnetosphere we created the radial 

profile of the mean electron number density Ne after having applied the Br and the z 

filters. We binned our data points in 2 Rs intervals and set as error bar the standard 

error of the mean. Figure 14 shows the equatorial electron number density distribution 

of our data for the Br filter for distances greater than 15 Rs. 

 

 
 

 Figure 14.  The equatorial electron density distribution for the nightside of Saturn’s 

magnetosphere for distances greater than 15 Rs as a function of the radial distance 

for data between 2004 and 2010. Data points from the equatorial regions were 

identified using the criterion of the radial magnetic field component Br (Br<0.5 nT 

and Br<0.2 |B|). Electron density diffuses outwards from the planet following an 

inverse L-shell dependence law. The distribution decreases gradually as we move 

outwards descending as: 10
4.21

*r
-3.59

 (N=N0*r
L
), where N, N0 number density N0 = 

10
4.21 ± 0.56

, L = -3.59 ± 0.42. The derived fit line approaches the upper limit given by 

Morooka et al. varying as L
-3

 while remaining higher than the electron density model 

fit line by Persoon et al. varying as L
-4.14

. 
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  [39] Figure 15, presents the same radial profile when the z filter is applied. Table 1 

gives the values of the power law dependence exponents as derived from this work 

and the results of Morooka et al. and Persoon et al. 

 

 

 
 

Figure 15.  The equatorial electron density distribution for the nightside of the planet 

for distances greater than 15 Rs as a function of the radial distance Rs for data 

between 2004 and 2010. Data points from the equatorial regions were identified using 

the geometrical criterion |z|≤0.5 Rs. Electron density diffuses outwards from the 

planet following an inverse L-shell dependence law. The distribution decreases 

gradually as we move outwards descending as:  10
3.36

*r
-3.04

 (N=N0*r
L
), where N, N0 

number density N0 = 10
3.36 ± 0.07

, L = -3.04 ± 0.05. z filtered density values remain 

statistically lower in comparison to Br filtered density measurements throughout our 

data set. 

 
 

 Morooka et 

al. 

Persoon et al. This study  

z filter 

This study 

Br filter 

α in Ne~L
α
 -7 to -3 -4.14 -3.04 ± 0.05 -3.59 ± 0.42 

 

Table 1.  Values of the power law dependence exponents as derived from this study. 

The results of Morooka et al. and Persoon et al. are also included. 

 

 

  [40] Our distribution decreases outwards remaining within the upper and lower limit 

as described by Morooka et al. However, while it follows well the upper limit, the 

lower limit seems distant from the majority of our data. This deviation is also 
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recognizable in comparison to the electron density model line by Persoon et al. While 

our density profile drops as we move outwards from the planet, data from Br filtering 

describe in principle higher electron densities. 

  [41] Br filtered density values remain statistically higher in comparison to z filtered 

density averages throughout our data set. Table 2 gives the density values used in this 

graph for the two filters and the Br to z filtered electron number density ratio as we 

move outwards from the planet. The ratio becomes greater than 1 for almost 90% of 

the cases. Figure 16 illustrates this result. 

 

 

Radial distance 

(Rs) 

Mean Ne (cm
-3

) 

Br filter 

Mean Ne (cm
-3

) 

Z filter 

Br/z filtered data ratio 

15 1.29 0.73 1.77 

17 0.43 0.46 0.93 

19 0.35 0.25 1.37 

21 0.19 0.19 1.05 

23 0.25 0.19 1.29 

25 0.17 0.13 1.32 

27 0.11 0.10 1.12 

29 0.10 0.09 1.05 

 

Table 2. Mean density data for filters Br and z for increasing L values. Br to z filtered 

electron number density data ratio takes values greater than 1 for almost 90% of the 

cases. Frequency of data points with values smaller than 1 shows a decreasing trend 

as we move outwards. 

 

15 20 25 30
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2
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Figure 16.  Graph showing the ratio of the electron number density (Ne) when the two 
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different filters Br and z are applied as a function of the radial distance. Takes values 

greater than 1 for almost 90% of the cases. 

5.2 Search for seasonal change in the plasma sheet position 
 

  [42] In search for seasonal change in the plasma sheet distribution, as Saturnian 

equinox is on August 2009, we characterized the interval between decimal years 

2004.5 - 2008.5 as pre-equinox and the 2008.5 - 2010.5 as near-equinox period.  

Decimal year 2008.5 corresponds to a 5˚ angle between the solar wind flow direction 

and the magnetic equatorial plane of Saturn which roughly delimits the beginning of 

the near Saturnian equinox conditions. Cassini orbital geometry for our data set limits 

the range of suitable high latitude spacecraft orbits between mid-2006 to mid-2007 

and 2008-2009 as illustrated in figure 17. 

 

 

 
 

 

Figure 17.  Cassini orbital latitude as a function of the decimal year for our data set. 

Red vertical line delimits our range of high latitude spacecraft orbits towards the end 

of our data set. Blue vertical line at decimal year 2008.5 is our limit for pre and near 

equinox period. 

 

 

  [43] We studied the distribution of Br filtered data plasma sheet detection events for 

pre (t<2008.5) and near-equinox (t>2008.5) data as a function of the equatorial 

distance z and the local time LT. Results are illustrated in figures 18 and 19 

respectively. 
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Figure 18.  Distribution of Br filter data plasma sheet detection events for pre 

(t<2008.5) and near-equinox (t>2008.5) data around the central region of the 

Saturnian plasma sheet as a function of the equatorial distance z. 

 



22 

 

 
 

 
Figure 19.  Distribution of Br filter data plasma sheet detection events for pre 

(t<2008.5) and near-equinox data (t>2008.5) around the central region of the 

Saturnian plasma sheet as a function of the local time LT. 

 

 

  [44] Additionally, we constructed a z – rho (=sqrt[x
2
+y

2
]) diagram for pre (t<2008.5) 

and near-equinox (t>2008.5) data as seen in figure 20. 
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Figure 20. Distribution of Br filtered data points in the rho (=sqrt[x

2
+y

2
]) plane as a 

function to the equatorial distance z in Rs. Black and red points represent pre and 

near-equinox plasma sheet crossing respectively. As we approach the Saturnian 

equinox of 2009, points tend to meet the equatorial plane z=0. 

 

 

  [45] For the pre-equinox period (t<2008.5), central plasma sheet crossings can be 

detected in higher vertical equatorial distances z, up to approximately 7 Rs while for 

the near equinox period (t>2008.5) we get few to none detections events beyond 5 Rs. 

As we approach the equinox of 2009, the oscillating plasma sheet is gradually located 

closer to the equatorial plane. 

 5.3 Thickness for three near vertical nightside plasma sheet crossings 
 

  [46] In order to study the vertical extent of the plasma sheet, we selected three near 

vertical Cassini nightside plasma sheet crossing. One before (2006, DOY 291-299), 

one near (2009, DOY 172-174) and one after (2009, DOY 250-262) the Saturnian 

equinox of 2009 [Figure 21]. 
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Figure 21.  Spacecraft nightside crossing trajectory projected on the x-y, x-z and y-z 

level respectively, on the SZS co-ordinate system for pre (upper panel), near (middle 

panel) and post (lower panel) 2009 Saturnian equinox Cassini orbits. Time goes from 

red to blue. 

 

 

  [47] Figure 22 offers a direct comparison of the electron number density as a 

function of the vertical equatorial distance z for the three selected near vertical 

nightside Cassini crossings. The sudden increase of the electron population indicates 

the spacecraft entering the nightside plasma sheet of Saturn. While we get clear 

evidence of plasma sheet detection for the pre and near to equinox crossing, the 

trajectory of the post equinox crossing (2009, DOY 250-262) does not lead us to safe 

conclusions other than to an estimation of a negative vertical plasma sheet 

displacement after the 2009 Saturnian equinox. As illustrated in figure 17, post 

equinox orbits provide us with limited high latitude Cassini nightside plasma 

crossings.  
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Figure 22. Direct comparison of the selected nightside near vertical spacecraft 

crossings. The sudden increase and descent of the electron number density indicates 

the sequential ingress and egress of the spacecraft in the plasma sheet. Post equinox 

crossing’s geometry makes it ineligible for any safe interference other than an 

estimation of a negative vertical plasma sheet displacement after the 2009 Saturnian 

equinox. 

 

 

  [48] In figure 23 and 24 we compare the electron density attitude of the pre and near-

equinox crossings to the respective behavior of the Br component of the magnetic 

field. Likewise we can make a more precise estimation of the inbound and outbound 

crossings and consequently a better assessment of the nightside plasma sheet 

thickness. The magnetic component Br increases as we approach the center of the 

plasma sheet, reverses its sign when the spacecraft crosses the center and settles 

around a positive value when the spacecraft exits the plasma sheet. 

 

 

 



26 

 

 
Figure 23. Comparison of electron density attitude (upper panel) of the pre-equinox 

pass (2006, DOY 291-299) to the respective behavior of the Br component (lower 

panel) of the magnetic field. The plasma sheet is located above the Saturnian 

equatorial plane z=0. The center of the plasma sheet is identified where the reversal 

of the magnetic component Br (red arrow) occurs, at around z=1.5 Rs. Plasma sheet 

thickness estimated by electron density (indicated by the blue vertical dashed lines) is 

approximately 2.5 Rs. When Br data are considered plasma sheet thickness gets 

overall higher values, approximately 4 Rs. 
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Figure 24.  Comparison of electron density attitude (upper panel) of the close to 

equinox pass (2009, DOY 172-174) to the respective behavior of the Br component 

(lower panel) of the magnetic field. In comparison to the pre-equinox crossing, the 

plasma sheet is located above but closer to the Saturnian equatorial plane z=0. The 

center of the plasma sheet is identified as the reversal of the magnetic component Br 

(red arrow), at around z=0.6 Rs. Plasma sheet thickness estimated by electron density 

(indicated from blue vertical dashed lines) is approximately 2 Rs. When Br data are 

considered plasma sheet thickness gets overall higher values, approximately 2.5 Rs. 

Plasma sheet is now located closer to the equatorial plane. 

 

 

  [49] For the pre-equinox crossing, when electron density data are considered, the 

plasma sheet is located above the Saturnian equatorial plane and an initial estimation 

of its thickness (blue vertical dashed lines) is approximately 2.5 Rs. When magnetic 

data are considered, the spacecraft enters the plasma sheet at around z=-1 Rs and exits 

at around z=3 Rs, so we estimate its thickness to be close to 4 Rs. The center of the 

structure is where the component Br reverses its sign (red arrow), at around z=1.5 Rs. 

  [50] For the near-equinox crossing, from electron density data we note that the 

plasma sheet remains above but closer to the Saturnian equatorial plane and we can 

estimate the plasma sheet thickness to be approximately 2 Rs. As revealed by the 

behavior of the magnetic component Br the center of the plasma sheet is now closer to 

the Saturnian equatorial plane at around z=0.6 Rs (red arrow) with a thickness of 

approximately 2 Rs. 

  [51] Comparing the two crossings we can securely say that as we approach the 

Saturnian equinox of 2009 a seasonal change is observed. Plasma sheet vertical 

distance from the equatorial plane decreases gradually and its vertical displacement 

becomes negative for the post equinox night side crossing (2009, DOY 250-262). 
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There also appears to be a gradual decrease in the plasma sheet thickness while 

estimating the thickness from magnetic field (Br) data gives overall higher values. 

Post equinox available data (up to middle 2010) limit our ability to fully map the 

vertical displacement (reversal) of the plasma sheet. 

  [52] We must take into consideration that our valuation approach includes a great 

amount of error sources. The plasma sheet oscillates as a structure. Thus, its vertical 

motion can be in or out of phase with the spacecraft’s velocity direction. This would -

in cases- give respectively a higher or lower estimation of the plasma sheet thickness. 

Our sample is limited to only 3 crossings.  A much more extensive set of crossings is 

required to firmly support any dependence of the plasma sheet thickness on the 

Saturnian season.  

6. Conclusions 
 

  [53] Introducing the magnetic field criterion, we can closely follow the motion and 

the actual position of the plasma sheet and further improve the Morooka et al. study. 

Nightside electron density distribution derived from data filtered using the radial 

component of the magnetic field Br, show, as expected, a clear decrease trend as we 

move from the inner to the outer magnetosphere of the planet. In comparison with 

Morooka et al. results we observe a similar behavior but identifying the center of the 

plasma sheet using a magnetic criterion results into overall higher density values. 

Data better fit our expectations for a tilted bowl shaped plasma sheet as we move 

outwards and especially for distances over 15 Rs where the equatorial offset is 

evident. Particularly, Br to z filtered electron number density data ratio, with values 

under one shows a decreasing frequency with increasing L as the plasma sheet center 

follows the bowl shape elevation; a strong indication towards Arridge et al. [2008 and 

2011] oscillating warped geometry model of the plasma sheet. 

  [54] Our estimated radial profile of electron number density remains well below the 

upper limit described by Morooka et al. but there is a lack of data points over the 

lower limit suggesting and endorsing the nightside elevated structure of the plasma 

sheet. Likewise the model distribution by Persoon et al. successfully follows the 

gradient of our distribution but for a systematically lower electron density profile. 

  [55] Electron number density values derived by Br filtered data, drop following a 

power law as we move away from the planet with a dependence approximately 

described by L
-3.59

, while z filtered data drop following an L
-3.04 

power law.  

  [56] From the comparison of the two data sets we conclude that identifying the 

center of the plasma sheet using strictly geometrical criteria gives a good 

approximation of the decreasing trend of the magnetospheric electron distribution but 

also frequently results into missing the real position of the plasma sheet. Morooka et 

al. and Persoon et al. models give satisfactory results close to Saturn and for near the 

equinox dates but require further adjustment as we move outwards from the planet. 

There, data points referring to the actual center of the plasma sheet can be neglected 

and points away from the central plasma sheet region can be misinterpreted for 

plasma sheet environment. 

  [57] Analysis of the identified plasma sheet interval distribution in different 

parameter spaces, supports the seasonal behavior of the Saturnian nightside plasma 

sheet and shows a decreasing trend of the vertical equatorial distance as we approach 

the equinox of August 2009. Comparing the electron density and magnetic behavior 

from three near vertical nightside Cassini crossings, we derived initial estimations on 
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the plasma sheet thickness and further evidence on the seasonal motion of the 

Saturnian plasma sheet. 

 

 

7. Summary and Discussion 

 
  [58] We analyzed magnetic field and electron number density data for an extensive 

set of Cassini orbits from 2004 to 2010. We followed the center of the plasma sheet 

using the radial component of the magnetic field Br as it reverses its sign when the 

spacecraft crosses the center of the plasma tail. The spatial and temporal distribution 

of our data revealed limited sampling for distances below 7 Rs and rather limited at 

around 18 Rs. The distribution of the Br filtered data showed that the dayside (0800-

1600 hrs) of the plasma sheet remains well confined close to the equatorial plane. We 

also have none to little points from dawn to dayside (around 0600 to 1300 hrs) and 

limited data points around dusk (1800 -1900 hrs). Thus, we focused on the nightside 

plasma sheet since there our current data could provide more reliable results. As 

demonstrated with two examples of an equatorial (for days 143 to 145 of 2006) and a 

near equatorial (for days 222 to 225 of 2010) pass, if we identify the center of the 

plasma sheet using solely geometrical criteria such as the vertical distance from the 

rotational equatorial plane, we cannot follow closely the central plasma sheet region. 

The plasma tail is a variable structure with a seasonal and a short time scale 

oscillation in addition to an unpredicted dynamical behavior.  

  [59] We constructed the electron number density distribution using Br filtered data 

and made a direct comparison to the distribution models of two previous studies from 

Morooka et al. and Persoon et al. We concluded that our distribution shows a similar 

decreasing behavior as a function of distance from the planet. However, the Br filtered 

distribution gives overall higher electron density values. Examining the Br to z 

filtered electron number density data ratio, we saw that this is >1 for more than 90% 

of the cases.  

  [60] Morooka et al. gives a lower and an upper limit for the electron distribution 

varying as L
-7

 and L
-3

 respectively while in the Persoon et al. model electron number 

density varies as L
-4.14

. In our study we used a larger set of measurements. For our Br 

filtered data set, electron distribution decreases approximately as L
-3.59

 while z filtered 

data follow an L
-3.04

 power law. Our results are in accordance with the well-

established elevated magnetotail geometry and can be used to expand the work of 

Morooka et al. 

  [61] We studied the distribution of our data in different parameter space, searched for 

seasonal change evident in different spatial distributions and examined the seasonal 

change of the plasma sheet location and thickness from three near vertical nightside 

plasma sheet crossings. Our results are in agreement with the warped geometry of the 

Saturnian plasma sheet [Arridge et al., 2008]. 

  [62] Since many aspects of this study require further research, future work must 

include a greater data set of symmetric spacecraft data coverage and eventually better 

electron density distribution models including an extended pre to post equinox 

behavior comparison. This would provide a more accurate radial electron density 

profile, a better estimation of the radial gradient of number density, leading to a more 

precise input for the radial force balance equation. Additionally, dayside warping 

would be described more accurately. Furthermore we can input energetic particle data 

as sampled by the Charge Energy Mass Spectrometer (CHEMS) sensor of the 
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Magnetospheric Imaging Instrument (MIMI) [Krimigis et al., 2004] to produce 

particle property maps for the actual central region of the Saturnian plasma sheet. 
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