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Abstract 

In steady state, magnetic flux conservation must be maintained in Saturn’s 

magnetosphere. The Enceladus plumes add mass to magnetic flux tubes in the inner 

magnetosphere, and centrifugal force pulls the mass-loaded flux tubes outward. Those 

flux tubes are carried outward to the magnetotail where they deposit their mass and 

return to the mass loading region. It may take days for the magnetic flux to be carried 

outward to the tail, but the return of the nearly empty flux tubes can last only several 

hours, with speeds of inward motion around 200km/s. Using time sequences of Cassini 

particle count rate, the difference in curvature drift and gradient drift is accounted for 

to determine the return speed, age and starting dipole L-shell of return flux tubes. 

Determination of this flux-return process improves our understanding of the magnetic 

flux circulation at Saturn, and provides insight into how other giant planets remove the 

mass added by their moons. 

1. Introduction A
ut

ho
r 

M
an

us
cr

ip
t  

 

 

 

 

 

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1029/2021JA029304.

This article is protected by copyright. All rights reserved.

https://doi.org/10.1029/2021JA029304
https://doi.org/10.1029/2021JA029304
https://doi.org/10.1029/2021JA029304


A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

The plasma and magnetic flux circulations in the Saturnian magnetosphere, a 

fast-rotating system with an inner plasma source [e.g., Burger et al., 2007; Holmberg 

et al., 2012], are usually considered to be driven intrinsically by the Vasyliunas cycle 

[Vasyliunas, 1983]. Recently, evidence for a solar wind-driven Dungey cycle 

[Dungey, 1963] was also found at Saturn [Badman and Cowley, 2007]. In both cycles, 

the cold plasma stretches the magnetic flux tubes outward, and eventually is allowed 

to escape from the magnetosphere by reconnection. Meanwhile, conservation of total 

magnetic flux requires the emptied flux tubes to return to the mass-loading region by 

buoyancy. 

The return magnetic flux is well distinguishable using the Cassini magnetometer 

and plasma data: Over 700 such events, from 5 to 18 Rs (Rs= 60268 km is Saturn’s 

radius), have been identified and catalogued by Lai et al. [2016]. During these events, 

in magnetic field strength, such return flux tubes feature intermittent short-duration 

increase/decrease with abrupt onset and recovery, while in plasma data, cold plasma is 

depleted, replaced by hot and tenuous plasma. In addition to the radially inward 

relaxation, these flux tubes may also be diverted azimuthally by the rotating 

ionosphere [Burch et al., 2005]. 

Currently, two different types of flux-return processes are proposed: A simple 

picture expects the empty flux tubes to return directly to the inner magnetosphere, 

after they are formed in tail reconnection, which usually takes place beyond 20~30Rs 

[Smith et al., 2016]. As one piece of evidence, the statistical study by Lai et al. [2016] 

found no boundary from 4 to 18 Rs in the distribution of the flux tube properties. In 

the other picture, Thomsen et al. [2015] postulated a plasma boundary at around 8.6 

Rs using case studies, and more recent statistical results set this boundary at ~10 Rs 

[Thomsen & Coates, 2019]. They propose that the return flux tubes would stop at the 

plasma boundary. To penetrate further, an “interchange” process is proposed in their 

model to swap magnetic flux within this boundary. Empty return flux tubes outside 

the plasma boundary would interchange with flux tubes loaded with cold plasma 

inside the plasmasphere. This process has been employed in some 
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magnetohydrodynamic simulations [e.g., Winglee et al., 2013]. Hence, determination 

of the starting dipole L shell (Ls) of the return flux tubes is an effective way to 

distinguish the two different proposed processes. 

The history of the return process should be recorded in the hot plasma population 

inside the return flux tubes until they encounter another significant change in their 

environment conditions, such as entry into the mass loading region near Enceladus 

[Jia et al., 2016]. After drifting in the curved magnetic field, higher energy ions arrive 

earlier at a spacecraft and vice versa for electrons, forming a monotonic curve in their 

energy spectrum, respectively, as sketched in Figure 2 in Hill et al. [2005]. The 

authors fitted these slopes linearly, related them to the age of return flux tubes, which 

are identified from plasma data only, and found most of the flux tubes to be less than 

2 hours old [Hill et al., 2005; Chen and Hill, 2008]. Based on the estimated age, 

whether the injection locations are organized by the Saturnian longitude or local time 

is still under debate [Hill et al, 2005; Chen and Hill, 2008; Kennelly et al., 2013; 

Azari et al. 2019]. 

By assuming conservation of the first adiabatic invariant and introducing a 

constant radial return speed, Paranicas et al. [2016 and 2020] used a similar method to 

model the energy dispersion of electrons. However, with an extra unknown variable 

employed, the radial velocity and Ls have a wide range of solutions. The authors 

thus compared the measured phase-space density to its background average to obtain 

Ls and then the radial velocity and age. It is found that a return speed between 0 and 

50km/s with an average at 22km/s results in an energy-time dispersion of electrons, 

which matches observations the best. In addition, the authors also found that for 

“fresh” events, the age of the observed flux tubes is 1~2hr, and Ls is about 1Rs 

radially outward from the point of observation, supporting the two-step return theory. 

After repeating their work, we further analyzed the difference between gradient 

drift and curvature drift that depends on the pitch angle of the particles when they 

pass the equator. We find that even particles in one energy channel of the detectors 
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should still be drifting at different speeds due to their different pitch angles, as shown 

in Figure 1, for example. Such a dispersive drift in particles of different pitch angles 

creates a trapezoid shape in their count rate across the return flux tube, which gives us 

extra constraint and thus a unique solution. 

In this study, we revisit the detailed structures in count rate distributions of 

ions/electrons at each energy channel available, and fit these structures with our new 

method that incorporates more physics to determine the return speed u, the Ls and 

age of the empty flux tubes on detection. The data we used is described in Section 2; 

model and results are shown in Section 3; and Section 4 concludes this study with a 

discussion of the results. 

2. Data 

Three data sets are used in this study: Magnetic field data of one-second 

resolution measured by the Cassini magnetometer (MAG) [Dougherty et al., 2013], 4-

second resolution electron spectrometer (ELS) data (energy range from 0.58eV to 

26.04keV) and 16-second resolution ion mass spectrometer (IMS) data (energy range 

from 1.19eV to 46.34keV) from Cassini plasma spectrometer (CAPS) [Young et al., 

2004]. 

Figure 1 shows the magnetic field and plasma count rate during the same event 

studied by Paranicas et al. [2016] (this paper is referenced as Paranicas16 hereafter). 

Since the measurement was obtained on 17 November 2007, we name it the Nov07 

event hereafter. Although we use a lower energy dataset, a “straight-back blade” 

shape similar to Figure 1 in Paranicas16 is shown in the time-energy spectrum of 

Figure 1. In the panels below, the effect of differential drifting between particles 

conducting gradient and curvature drifts shows up in each energy channel of the 

electron count rate: From bottom to top, the shape of the count rate inside the tube 

transforms gradually from a rectangle for relatively low energy electrons to a 

trapezoid, and eventually into a triangle for high energy electrons. The trapezoid-

shaped profiles are visible from 2.1 keV to 5.4 keV. As an example, a blue triangle 
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and a red square are added to mark the slanted side along the profile of 4keV 

electrons. The two points are defined at the two vertices of the best fitted trapezoid 

(red dashed line), whose two parallel sides are parallel to the x-axis. Both vertices are 

inside the flux tube, to be consistent with our theory. The final result is found not 

sensitive to the location of these two points, so some points can be estimated 

manually. As energy increases, drifting enhances, so the slanted side moves to the 

right, and the slope decreases, until the 10.1keV energy channel, at which the top spot 

(red) touches the boundary of the flux tube, leaving a triangular shape in the flux tube. 

The same evolution of these shapes is found in the ion distribution during other events 

(not shown). At the boundary of the flux tubes, the sharp changes in magnetic field 

only affects the counts of electrons with energy below ~700eV (not shown), and thus 

this effect is not discussed further. 
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Figure 1. Detrended magnetic field and plasma profiles during the event on 17 

November 2007 [Paranicas et al., 2016]. The two vertical red lines mark the boundary 

of the flux tube that is empty of water group ions and has “floated” inward from the 

tail. The sinusoidal oscillations in the top panel are ion cyclotron waves induced by 

water group ions added by the Enceladus plume. This event was detected at a Saturn-

centric distance of 5.9Rs, a latitude of 3.19°, and a local time of 21.03 Hours. 

3. Model and results 

In Paranicas16, only gradient drift is considered, assuming that particles with the 

same energy drift at the same speed. This is inconsistent with the observed trapezoid-

shaped electron counts, which requires multiple drift motions to elongate the returning 

flux rope. In a curved magnetic field, a charged particle naturally drifts at a speed 

combining two different mechanisms: Gradient drift Vg and curvature drift Vc: 

Vg = W⊥
𝐁×𝛁𝐁

qB3 , Vc = 2W∥
𝐁×𝛁𝐁

qB3 ,      (1) 

where W⊥ is the energy of the particle thermal velocity component perpendicular to 

the ambient magnetic field, and W∥ is the parallel energy [Kivelson and Russell, 

1995]. 
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Figure 2. (a) A cartoon illustrating the combination of drift motion of electrons and 

the return motion of the flux tubes. (b) Comparisons of curvature and gradient drift 

motions in a stretched magnetosphere: Top panel plots the ratio of the energies related 

to different drift motions, while bottom panel plots the calculated ratio between drift 

speeds Vg′/Vac, with the dashed line marking unity. (c) Modeled electron counts at 

different return speeds, u, of the flux tube (color-coded) compared to the 

observations: upper panel shows time series for 10.1 keV electrons, while lower panel 

shows result for 4.0 keV electrons. 

In Saturnian magnetosphere, for the electrons, both drifts are in the direction 

against the corotating plasma. The relative motions of the flux tube and electrons are 

summarized in Figure 2(a). To determine the return history and match the observed 

curve of count rate, it is necessary to figure out the leading drift motion, which 



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

depends not only on the corresponding energy, but also on the bouncing process. For 

a particle with energy W//=W, as can be seen from equation (1), its instantaneous 

curvature drift speed Vc is twice the gradient drift speed Vg at the equator. However, 

the bounce-averaged “pure” curvature drift speed (Vac) for 0° pitch angle particle is 

about 0.7 times the “pure” gradient drift for 90° pitch angle in a dipole field [Hamlin 

et al. 1961]. 

The real magnetosphere field that returning particles drift in is usually 

significantly from a dipole field [Kivelson and Russell, 1995].To assess the effect of 

the stretched field on the drift process, we run a steady-state global 

magnetohydrodynamic (MHD) simulation of Saturn’s magnetosphere using the 

BATS-R-US code, with 0° magnetic declination [Connerney et al., 1982] and 

similar mass loading as presented by Jia and Kivelson [2012], but on a coarse 

Cartesian grid, to generate a set of  stretched magnetic field lines stretched by the 

fast rotating planet (also see Appendix). From observations, the field strength inside 

the flux tube is about 4.5% increase over the background [Lai et al., 2016]. Therefore, 

it is safe to use the background field strength and curvature offered by this model in 

the following calculation. 

At Ld, where the event is detected, electrons in the same energy channel are 

assumed to have the same energy W(Ld). However, when the return process is traced 

backward, the inferred energy W(L) of those electrons varies depending on their 

pitch angle θ(L). In the equatorial plane, the estimated loss cones of particles are less 

than 10 in this part of the Saturnian magnetosphere, so it is safe to neglect the loss 

cone effect and investigate a v = v, or “perpendicular” (90° pitch angle) case and an 

approximately v = v∥, or “perpendicular” (90° pitch angle) case as two extremities. 

In addition, the calculated flux tube return process where the drifts take place lasts at 

least several hours, which is much slower than the gyroperiod and bounce periods of 

electrons of at most several minutes. Therefore, we can assume that the first adiabatic 

invariant is conserved for “perpendicular” case during its relatively slow gradient 



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

drift, and the second adiabatic invariant is conserved for the “parallel” case during its 

curvature drift, respectively. With the calculated known field strength and geometry 

using our magnetospheric MHD model, the variation of “perpendicular”/“parallel” 

(Wg/Wc) energy as a function of the radial distance is shown in top panel of Figure 

2(b): in order to end up with the same energy at Ld, a “parallel” particle needs to start 

with and always keep at a higher energy: Wc(L) > Wg(L). 

To estimate Vac, the bounce averaged curvature drift speed, in the stretched 

magnetic field, we launch test particles with different pitch angles θ from 0.1 to 

85.1 at the equator, with a step size of 5, at an L shell. For each of such particles i, 

following the procedures in Hamlin et al. [1961], we calculate the coordinates of the 

pair of mirror points. Between this pair of mirror points, we integrate the angular 

displacement Φ resulting from both gradient and curvature drift in a bounce period 

(Tb) to obtain the bounce-averaged angular drift speed ωai = Φ(θi, L)/Tb(θi, L) 

using equation (1). In addition, to calculate the extreme case of parallel electrons, we 

then extrapolate the drift speed ratio R(, L)= 
ωa(,L)L

Vg
′ (L)

 to θ=0 to obtain R(0, L) = 

Vac(𝐿)

Vg
′ (𝐿)

. Here Vg
′ is the averaged gradient drift speed. As an example, at L=5, where the 

magnetic field is almost dipolar, this ratio is R(0, 5) = 0.8, close to the 0.7 value in a 

pure dipole magnetic field [Hamlin et al. 1961]. 

We repeat such θ extrapolation for each of the integer L between 5 and 40, and 

the variation of 
V𝑔

′

Vac
 ratio as a function of L is shown in the bottom panel of Figure 

2(b). Inside ~29Rs, due to the higher energy of the “parallel” particles, Vac is slightly 

larger than Vg
′. However, close to the tail reconnection X-line where the magnetic 

field lines are highly stretched, the local radius of curvature is huge off the equator, 

decreasing Vac to almost zero. Therefore, beyond 29RS, only perpendicular particles 

undergo significant gradient drift motions. The ratio 
V𝑔

′

Vac
 changes from below to 

above unity implies that depending on the Ls location, the leading particles in drift 
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motions can be either parallel or perpendicular ones: If Ls < 29, “parallel” particles 

dominated by curvature drift always drift fastest and would be the first to get out of 

the flux tube while perpendicular particles drift the slowest and would be the ones 

closest to the “trailing” boundary; while if Ls is well beyond 34, perpendicular 

particles will lead the drift. Between the two extreme pitch angles, particles with 

intermediate pitch angles drift at a speed between Vac and Vg′, to form the slope in 

count rates. 

Based on the Magnetosphere Imaging Instrument (MIMI) data set, Paranicas16 

defined a critical energy, with which electrons gradient drift a distance just equals the 

diameter of the flux tube. In our model, when curvature drift is also considered, in 

addition to the distance where fastest electrons drift (red square in Figure 1), the 

distance corresponding to slowest electrons (blue triangle in Figure 1) also sets a 

constraint. In this situation, the Ls and age of the flux tube can be determined 

without comparing the PSD profile. The Nov07 event is used to illustrate our 

procedure and the results are shown in Figure 2(c). The duration of this Nov07 event 

is 363.6s, and an 80% sub-corotating speed gives a diameter of the flux tube of d0 =

1.77 × 107m. First, we assume several different averaged return speeds u(km/s). 

We then examine the 10.1 keV electrons whose top of the slope reaches the right-

hand side boundary, indicating that the faster particles at that energy have drifted 

entirely out of the flux tube. Two electrons with energy Wg = 10.1keV and Wc =

10.1keV are released at Ld = 5.9. A 1-second time step is chosen to trace the 

electrons backward: at 𝑖th second, the two electrons are at 𝐿 = 𝐿𝑑 + 𝑖u/Rs with 

drifting speed 𝑉𝑔′(𝐿) and 𝑉𝑎𝑐(𝐿), respectively. This tracing process stops when the 

faster electron has crossed the distance of d0 and the corresponding travel time T is 

then the age of the flux tube and Ls = Le + uT. For each travel time T, the drift 

distance d of the slower particles can also be integrated. The results are compared in 

Figure 2(c): with 200km/s and 300km/s injection speeds and Ls beyond 40, the 

top of the slope corresponds to the gradient drift (perpendicular particles), while the 
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bottom of the slope corresponds to the curvature drift (parallel particles). In 

comparison, with 20km/s and 100km/s injection speeds and Ls inside 29, 

parallel particles with curvature drift move faster. The best fit is defined as the 

shortest distance to both the fastest moving point (red square in Figure 1) and the 

slowest one (blue triangle in Figure 1). In the Nov07 case, a 300km/s injection 

speed with a Ls = 45.8 and travel time T = 2.2hr returns the best fit. It should be 

noted that for simplification, the slope as a straight line is a special case of the count 

curve, which relies on the initial pitch angle distribution of the particles. 

Two more events detected near equator with well-defined slopes are studied, as 

shown in Figure 3. The best fit is obtained with an injection speed of 150km/s and 

300km/s, respectively. In both cases, the perpendicular particles under gradient drift 

move faster than the parallel ones. Figure 3(a) is, again, the Nov07 event, with all 

energy channels modeled. As shown, all profiles can be fitted well with a constant 

velocity. 

During the returning process of these flux tubes, the evolution of their plasma 

contents should disturb the magnetic field. Hence, Lai et al. [2016] have identified the 

flux tubes with “well defined” magnetic field signature as younger events. Compared 

with the remaining 700 such events, the magnetic field profile during this Nov07 

event is among the most well-defined [Paranicas et al., 2016], indicating a younger 

flux tube by the above standard. In this study, our calculated travel time, T, shows that 

it is the youngest among the three events shown in Figure 3, consistent with the age 

predictions by Lai et al. [2016]. On the other hand, the case in Figure 3(b) is judged to 

be “old” from the magnetic field data [Lai et al., 2016], and its modeled travel time is 

also the longest in this study. Such consistency obtained with two independent 

methods studying two different data sets strongly supports our picture of particle drift 

during the flux return processes. We note that the case in Figure 3(c) lasts only 1 

minute, and the ion data are not shown due to their time resolution of 32 seconds 

being too low to judge the degree of fitting with our model. 
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Figure 3. Comparisons of modeled distributions of electrons and ions against 

Cassini measurements during three flux tube events. All orange lines are modeled by 

assuming a constant return speed varies from 150km/s to 300km/s. 

4. Discussion and conclusions 

The Nov07 event was previously studied by Paranicas16, considering an upper 

cutoff energy (defined as the energy with which electrons can drift out of the flux tube 

completely) of 60keV and a return speed of u = 18km/s. With only the gradient 

drift considered, the starting L-shell and travel time are found to be Ls = 7.2 and 

T = 1.2hr, respectively. In addition, the 9 March 2005 event shown in Figure 3(b) 

has also been studied in Paranicas16, to arrive at an upper cutoff energy at 27keV 

and return speed of u = 18km/s; a starting L shell of Ls = 8.55; and a travel time 

of T = 1.3hr. 

We note that the method adopted by Paranicas16 to fit the whole energy 

spectrum may bring in a large uncertainty above or below their line fit. Depending on 

the chosen dataset and the range of color code, the determined upper cutoff energy 

can be six times smaller (second panel in Figure 1). This artificial bias can be 

excluded if the count curves are employed as proceeded in our model. Here, with both 

drifts considered, fits the count curve of relatively lower energy particles (<~10keV) 
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and returns a set of much larger Ls and longer travel times. Another major difference 

is that Paranicas16 method only calculated the gradient drift but use that drift distance 

to fit the counterpart of the blue triangle in Figure 1, which is turned out to be 

completed by curvature drift, as determined with our method. In addition, the data that 

we use are at the lower end of the energy spectrum and consist of higher counts, 

associated with lower statistical errors. 

We acknowledge our significant difference in both method and result with 

Paranicas16. Their Ls is determined by matching the phase space density (PSD) of 

the particles inside the injection with the radial profile of the nominal phase space 

density. We note that there are two over-simplifications in Paranicas16’s assumption: 

First, in their Figure 4, the PSD line is assumed to grow monotonically with L. 

However, this is inconsistent with the figure. In the same figure, the slope of the 

averaged PSD line decreases toward 0 as L increases. Hence, we conclude that with 

Paranicas16’s analysis, greater L origin of the flux tubes are inherently excluded with 

this method. Second, at the location of detection in the inner magnetosphere, 

including the range of L shells plotted in their Figure 4, the background plasma 

surrounding the flux tubes is magnetospheric plasma constituting the plasma torus. In 

contrast, as stated by Hill [2016], the plasma inside the returning flux tube is probably 

the planetward exhaust from tail reconnection, which should be the entrance of 

external plasma [Vasyliunas 1983]. There is no reason for the PSD of the torus 

plasma to match the PSD of solar wind plasma: Searching for a matched PSD of a 

stream of particles from an external source in the averaged PSD of Saturn’s torus 

particles may not return where the external particles are launched. Therefore, we 

conclude that what Paranicas16 have found is not necessarily the Ls of flux tube 

origin. Instead, our method does not have these problems. 

Our high return velocity from 150km/s to 300km/s is reasonable, as Lai et al. 

[2016] find that the return speed of flux tubes should be about 200km/s at L=10, and 

can be up to 80km/s at L=5 by balancing the reconnection rate with the return 

magnetic flux.  
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As Figure 2(b) shows, the ratio of perpendicular to parallel energy at the equator 

varies with L. Therefore, the pitch angle distributions at Ld does not necessary 

resemble their original pitch angle and energy at Ls, which are not available in any 

observations. We did not follow a full pitch angle range of particles from Ls to Ld 

in a particular flux tube. Instead we only use the two extreme points of the curve to 

determine Ls, as particles of close- to-0° pitch angle and 90° pitch angle at the 

equator will retain the same drift angle at the same latitude, unless disturbed in a non-

adiabatic process. On the other hand, the count of these two extreme types of particles 

defines the two ends of the line fit, and thus can be compared with the modeled results 

directly using our method, without requiring the shape of the curve in between, or the 

unconstrained pitch angle distribution at Ls. 

Due to the fluctuations and the time-resolution of the data, the two points on the 

curve of count rate cannot be determined unambiguously. However, as we can see in 

Figure 2(c), even a slow return speed gives a Ls beyond 10, which is the key 

conclusion of this study. This is also true in the other two cases. Therefore, our 

method is not sensitive to the exact location of the two extreme points. 

All starting L shells Ls that we found are greater than 45, when we use the 

stretched dipole field. This Ls location is way outside the plasmapause. Rather, all our 

Ls values are consistent with a direct release from the tail reconnection region. 

Although the magnetospheres of the gas giants are largely internally driven, the solar 

wind plays a major role in shaping the magnetic field in distant regions away from the 

planets [e.g., Arridge et al., 2008]. However, because age T = 𝑅𝑠 ∫
𝑑𝐿

𝑢
, the relatively 

slower travel speed in the inner magnetosphere where the field is less influenced by 

the solar wind contributes more to the total age, so even if there is a warped dynamic 

magnetotail different from out stretched dipole, we will still arrive at Ls is not in the 

inner magnetosphere, but close to the tail reconnection site. Similarly, in the Jovian 

magnetosphere, the non-axisymmetry of the internal field relative to the rotation axis 

[Russell and Dougherty, 2010 and references therein] is expected to make the 
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geometry more complicated, but this key conclusion of direct return will not change 

qualitatively. On the other hand, since the return process consists of a segment in the 

mid tail, estimating the local time of release at Ls still faces uncertainties and will 

not be discussed here. 

In our simplified model, to figure out the leading drift motion, we use 

extrapolated results of “pure” parallel particles. The existence of a finite loss cone 

limits the real curvature drift to be slower than that of the “pure” parallel extremity. 

However, in the region where Ls locates, the faster particles are under gradient drift 

motion as shown in Figure 2(c). Therefore, our conclusion of direct return still holds. 

 

Figure 4. Illustration of the time-integrated circulation of magnetic flux in the 

Saturnian magnetosphere, indicated by our result. The blue ring is the neutral torus 

from Enceladus. (a) Black lines are magnetic field lines drawn until around the tail 

reconnection site in side view. (b) The black line marks the magnetopause. The blue 

dotted curve sketches the radially slow convection of plasma-loaded magnetic flux 

tubes spinning outward into the tail. The red dashed line indicates the return of 

plasma-depleted magnetic field tubes directly back to the inner magnetosphere at a 

higher radial speed. This red line may not end at the dawn side, but is not expected to 

wind multiple circles as indicated by the age estimation. 

We have applied our model to another 10 cases with both magnetic field and 

plasma data available. Their starting locations are all found to be Ls >> 10. This result 
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supports the hypothesis that empty flux tubes generated by reconnection in the far-tail 

region return directly into the inner magnetosphere. On the other hand, we suspect 

that even if there is a plasma boundary at around 10RS, the effective viscosity may not 

be sufficient to perturb the return motion significantly. Slowing-down of the returning 

flux tubes is expected only when mass-loading processes become significant, i.e., 

inside 6RS. A cartoon summarizing our interpreted circulation of magnetic flux in the 

Saturnian magnetosphere is shown in Figure 4. On the other hand, however, a lot of 

events studied by Thomsen et al. [2015] and Thomsen and Coates [2019] are not 

selected based on their magnetic signatures like we did, but on their plasma signatures 

(second panel in Figure 1), and, therefore, are not included in our study. This different 

data pool may be a reason for our different conclusions. We leave such distinction to 

future studies with a new criterion that may accommodate all available data. 

In summary, we present case studies to model the fine structures in the particle 

profiles observed by Cassini during its flux tube encounters. Our new method not only 

incorporates more physics, but also yields results that are consistent with both the age 

judged by magnetic measurements, and the velocity estimated by outflow speed. 

More sophisticated models of magnetic field and plasma background, including 

numerical simulations, should be applied to improve the accuracy of such studies. 

Last, the method and understandings we applied to Saturn’s magnetosphere should 

also be applicable to observations of the Jovian magnetosphere obtained by Galileo 

[Kivelson et al., 1997], Juno [Haggerty et al., 2019], and future missions to the Jupiter 

system, to determine the circulation of plasma and magnetic flux. For the ice giant 

planets and exoplanets with limited or no in situ observations available, we believe 

that such a process may be the best paradigm for global circulation estimates. 
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Appendix: The Saturn model that generates the stretched field lines 

The following MHD equations are used in this model: 

∂ρ

∂t
+ ∇ ⋅ (ρ𝐮) = ρs       (A1) 


∂𝐮

∂t
+ (𝐮 ∙ ∇)𝐮 = −∇P − en(𝐮 × 𝐁) + 𝐌𝐬      (A2) 

∂P

∂t
+ (𝐮 ⋅ ∇)P + γP(∇ ⋅ 𝐮) = Es (A3) 

∂𝐁

∂t
= ∇ × (𝐮 × 𝐁)                    (A4) 

where e is the electric charge on an electron; ρ, u, and P is the mass density, 

bulk velocity vector and thermal pressure of the plasma, respectively. Variable n =

ρ/m is the number density of protons, m is proton mass, and we neglect the electron 

momentum. B is the magnetic field vector, and the mass, momentum, and energy 

source terms (
s
, 𝐌s, Es) follow the same used by Jia et al. [2012]. 

Equations (A1-A4) are solved numerically using the Michigan BATS-R-US code 

[Tóth et al., 2012], on a 204.8×102.4×102.4Rs Cartesian grid, with finest resolution 

0.1Rs. A steady state solution is reached, with the following solar wind conditions 

launched at the x = 51.2 Rs upstream boundary: n = 0.0081/cc, T = 104K, U =

Ux = 615km/s, 𝐁 = (0.00594, 0.00173, 0.00063)nT. Saturn’s dipole tilt is 

assumed to be 0. Ionospheric inner boundary is assumed at r = 3.5Rs, where thermal 

pressure and magnetic field has 0 gradient (float), plasma velocity is 0 at the inner 

boundary interface, and density is set to constant nin = 70/cc. 




