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Abstract

The magnetospheres of outer planets are very different than the terrestrial magneto

sphere. The magnetosphere of Saturn is rapidly rotating, and has its own plasma source. 

Enceladus located around 4Rs is the main source of plasma. The strong magnetic field of 

Saturn's magnetosphere picks up the plasma which experiences a strong centrifugal force in 

the non-inertial reference frame. The plasma produced in the inner magnetosphere has to be 

transported radially outward and lost to the solar wind. The transport of plasma in Saturn's 

magnetosphere is not fully understood. It is believed that transport is centrifugally-driven, 

occurring via flux tube interchange motions in the inner magnetosphere and via plasmoid 

expulsion in the magnetotail due to reconnection. It has been found that these mechanisms 

are not sufficient to explain the transport. We tried to determine different possible transport 

mechanisms that could exist in the outer planetary magnetosphere. Ma et al. (2019a) showed 

the low-specific entropy plasma with a narrow distribution in Saturn's inner magnetosphere 

and suggests a significant nonadiabatic cooling process during the inward motion while high 

specific entropy suggests the nonadiabatic heating during the outward transport. We have 

estimated the outward plasma transport rate about 55 kg s-1 . The calculation of magnetic 

flux transport and analysis of magnetic field data indicates that plasma transport in the 

Saturn magnetosphere could be dominated by small scale magnetic reconnection.
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Chapter 1 Introduction

All the planets in the solar system interact with solar wind. Many planets have an intrinsic 

dipole magnetic field. The interaction between the planetary dipole magnetic field with solar 

wind forms the cavity-like structure around the planet called the magnetosphere. The outer

boundary of the magnetosphere is called the magnetopause. This boundary separates the 

planetery magnetic field and the solar wind. The location of the magnetopause boundary 

is determined by the dynamic pressure balance between solar wind and the magnetic field 

and plasma pressure of the planet. When the supersonic solar wind encounters a planet's 

magnetosphere, the result is the formation of the bow shock, where the solar wind plasma is 

slowed to sub-sonic velocity and diverted around magnetosphere. The interaction between 

the solar wind and the magnetosphere stretches the midnight magnetic field lines into the 

tail.
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Figure 1.1: Sketch of Cross section of the global magnetosphere, showing the magnetopause 
current system, the cusps, the magnetotail, and the magnetotail current sheet. Open arrows: 
solar wind bulk flow. Solid lines within magnetosphere: magnetic field lines.

A review of comparative magnetospheres was given by Keiling et al. (2015). Figure 

1.5 shows the relative size of Mercury, earth and outer planet magnetospheres. A stronger 

magnetic field provides more magnetic pressure to balance the solar wind dynamic pressure. 

At Jupiter and Saturn, the magnetospheric cavity is puffed up even more by pressure exerted 

from internally sourced plasma. There are also unmagnetized bodies like comets and Earth's 

moon whose interactions are the results of mass loading and electrical conductivity.
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Figure 1.2: Relative size of planetary magnetosphere. Credit: Fran Bagenal and Steve 
Bartlett.

The dynamic pressure of the solar wind exerts a force on anything in its path but the 

coupling can also be facilitated by the magnetic field. The most studied case of the solar 

wind and planet interaction is the terrestial magnetosphere. Momentum transfer from solar 

wind to the magnetosphere stretches the midnight sector of the magnetosphere into a tail. 

The dynamics of the terrestrial magnetosphere is modeled using the Dungey cycle (Dungey , 

1961). Magnetic reconnection at the dayside magnetopause is the dominant process that 

couples the solar wind momentum to the magnetosphere and ionosphere which makes polar 

regions open to the solar wind. The cycle also drives convection in the ionosphere, and 

is modeled ideally as a large-scale two-cell process. Eventually, the cycle is closed with 

magnetic reconnection in the night side tail region. Instabilities driven by sheared flow at 

the magnetopause are important drivers of mass transport in the magnetosphere allowing the 
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solar wind plasma into the magnetosphere. Magnetospheres of Earth and the inner planets, 

are primarily driven by interactions with the solar wind. While the interaction of solar wind 

with Jupiter and Saturn is different than the interaction at Earth due in part to the much 

larger size of the obstacle (Delamere and Bagenal , 2010; Masters, 2018). The magnetosphere 

of outer planets, namely Jupiter and Saturn, are primarily driven by dynamics in the inner 

magnetosphere. This is due to their internal source of plasma from active satellites , namely 

Io and Enceladus. The giant planet magnetospheres are mostly dominated by rapid planetary 

rotation. Plasma that originates from the deep interior of the magnetosphere is centrifugally 

confined. However, the centrifugal force from the rapid rotation pushes the plasma into a 

thin structure called the magnetodisc. The magnetic field picks up the plasma produced 

and is pushed outward, greatly inflating the size of the magnetosphere. In order to have the 

stable configuration of the magnetodisc, the plasma produced in the inner magnetosphere 

has to be transported radially outward and lost to the solar wind. In this thesis, we have 

used the different Cassini instrument data to understand the radial transport in Saturn's 

magnetopshere.

Figure 1.3: .
Schematic diagram showing the stages of the Dungey cycle for the case of Earth's 

magnetosphere. Reproduced by Seki et al. (2015).
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The giant magnetospheres have a very large range in standoff distance due to variations 

in the solar wind. Tangential stresses from the viscous interaction in the solar wind helps 

drive the transport of plasma from the magnetodisc (Delamere and Bagenal , 2010). If 

we assume that an Earth-like Dungey cycle is also operating at the giant magnetospheres, 

magnetic reconnection must not only accomplish convection in the ionosphere, but also 

transfer sufficient momentum to facilitate sunward convection in the magnetodisc. The 

standard corotation-convection model illustrates the differences in magnetospheric flows at 

both Earth and Jupiter (Brice and Ioannidis, 1970). Comparing total potentials in the sun

planet frame of reference for both Earth and Jupiter, Brice and Ioannidis (1970) found that 

the boundary of the plasmasphere at Earth lies within the magnetopause, while Jupiter's 

magnetodisc lies at the magnetopause. Therefore internally generated plasma is a significant 

factor in radial transport at Jupiter and Saturn, and Dungey cycle reconnection at the giant 

magnetospheres is not enough to explain internal dynamics.

Earth's magnetosphere is the prototypical example of a solar wind controlled magneto

sphere. Earth is a slow rotator having very little or no plasma source. The resulting solar 

wind interaction is usually referred to as the “Dungey cycle” ( Dungey , 1961). Dungey cycle 

starts at the dayside magnetopause where reconnection between the planetary magnetic field 

lines and the southward component of the IMF can take place along an extended region. 

This reconnection at the day side creates a set of open magnetic field lines originating from 

the high-latitude ionosphere and extending to the free flowing solar wind. The open ends of 

these magnetic field lines move with the ambient solar wind speed, while the ionospheric ends 

are convecting anti sunward and these open field lines form the open flux magnetospheric 

tail lobes. In the end, the open flux tubes close again by reconnecting in the plasma sheet. 

This process forms stretched closed flux tubes on the Earthward side of the tail reconnection 

line, which contract back toward the Earth and eventually flow to the dayside where the 

process can repeat. On the other side, “disconnected” field lines accelerate the tail plasma 

downstream and eventually “accommodate” it into the solar wind. The key feature of the 
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“Dungey cycle” is therefore the magnetospheric convection controlled by reconnection.

However, Jupiter and the Saturn are typical examples of internally driven mangetosphere 

where solar wind plays a minor role. These outer planets are rapidly rotating and having 

strong magnetic fields. Internal processes are more important and the solar wind interaction 

is marginally important. These planets have their own internal plasma sources. This plasma 

source adds considerable “new mass” to the corotating magnetic flux tubes and eventually 

stretches them outward. When a mass-loaded heavy magnetic flux tube stretches beyond 

the corotation breakdown distance, defined as the location where magnetospheric plasma 

rotates with essentially the angular velocity of planetary rotation (Hill , 1979), the plasma 

will continue moving outward unless there is some process that inhibits this motion. On 

the dayside the magnetopause acts as a barrier and forces the magnetic field line to move 

along the inner boundary of the magnetosphere, thus forcing a corotation-like motion around 

the planet. On the nightside, however, the plasma can move without much resistance into 

the low pressure magnetotail. The magnetic field lines remain attached to the corotating 

ionosphere at one end and to the outward moving heavy equatorial plasma on the other end. 

Eventually the field line becomes so stretched and thin that a magnetic ‘O' line is formed and 

a plasmoid is formed that can now freely move down the magnetotail. On the planetary side 

the newly shortened field line is “shed” of its plasma content, and the magnetic stress pulls 

the equatorial part of the field line towards the planet, restoring the flow toward corotation. 

This process is called the Vasyliunas cycle (Vasyliuńas, 1983).
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Figure 1.4: .
Schematic representation of plasma flow in the equatorial plane (left panel) and of the 

associated magnetic field and plasma flow in a sequence of meridional cuts (right panel) 
(Vasyliúnas, 2015).

Flow shear between shocked solar wind plasma and sub-corotating magnetospheric plasma 

generates the Kelvin-Helmholtz (KH) instabilities Moreover, this solar wind interaction with 

Saturn's rapidly rotating magnetodisc involves asymmetric flow shear between the sub coro

tating outer magnetosphere and magnetosheath Burkholder et al. (2017). Flow shear is 

the primary suspect for tangential drag coupling the solar wind to the magnetosphere in a 

viscous-like process rather than large-scale reconnection. In contrast with Earth, a viscous- 

like interaction has been suggested as dominant at Saturn compared to global-scale reconnec

tion (Masters, 2018). This patchy network of small scale reconnection produces a magnetic 

field which threads the boundary, allowing for cross magnetopause transport of mass and 

momentum. Magnetic reconnection on the magnetopause boundary driven by KH allows 

blobs of plasma to be transported across the boundary.
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Figure 1.5: .
Fast rotating magnetodisc configuration of Jupiter and Saturn's magnetospheres. 

Reproduced by Delamere and Bagenal (2013).

Figure 1.5(left) shows the equatorial plane of the outer magnetosphere (Delamere and 

Bagenal , 2013). Green streamlines indicate the paths for particles generated by the source in 

the inner magnetosphere. The solar wind grabs hold of this magnetosphere mainly through 

a viscous interaction facilitated by intermittent reconnection on the magnetopause boundary 

(Delamere and Bagenal , 2010). This transports mass and momentum across the boundary 

in a two way process. The right panel of Figure 1.5 shows a structure of open flux that would 

exist where a Dungey cycle interaction is important. An open polar cap is not observed. 

The steady state Dungey-type reconnection is never established because the time to advect 

a reconnected field line down tail is far too long compared to the characteristic time scale 

for variability in the solar wind (Delamere et al., 2015).
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Figure 1.6: .
Sketch of the evolution of magnetic reconnection in the Kelvin-Helmholtz vortex (Nykyri 

and Otto , 2001).

Moreover, the shear flow between shocked solar wind plasma and sub corotating plasma 

on magnetosphere stimulates Kelvin-Helmholtz (KH) instabilities. These generated KH 

instabilities drive the intermittent reconnection. This patchy network reconnection produces 

a magnetic field which threads the boundary, allowing for cross magnetopause transport of 

mass and momentum as labeled in Figure 1.5. The rolling of the KH vortex forms a thin 

current sheet and ultimately gets reconnected and forms a small blob of plasma. This blob of 

plasma will be transported across the boundary. Figure 1.6 is the schematic representation of 

the evolution of magnetic reconnection in the KH vortex. Nykyri and Otto (2001) stated that 

magnetic reconnection inside KH vortices can provide a major mass transport mechanism 

from the solar wind into the magnetosphere.

Ma et al. (2017) showed that three dimension (3-D) dynamics of the KH instability con

figurations is fundamentally different from two dimensions. For the favorable IMF direction 

nonlinear KH waves that are localized in the vicinity of the equatorial plane can twist the 

magnetic field, which drives pairs of high-latitude magnetic reconnection sites, transporting 

plasma by exchanging the part of magnetic flux tube between these two reconnection sites 

(Otto , 2008; Ma et al., 2017). Figure 1.7 is the sketch of 3-D KH instability, which shows 
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the high latitude reconnection sites. The black line and red line represents the closed field 

line and the solar wind field line. The blue circle shows the high-latitude reconnection sites. 

Conserved quantities provide important constraints to the physical system. Entropy is a 

conserved quantity when the plasma response is adiabatic. In magnetospheric physics two 

types of entropy are used, specific entropy (s) and flux tube entropy (H). The formalism 

for both entropies is given by Birn et al. (2009). The entropy per unit mass in an ideal, 

isotropic plasma is σ = Clog(p1/y/ρ), where p is the plasma pressure, ρ is mass density, γ is 

the polytropic index, and C is a constant. The quantity s = p∕ργ is commonly referred to as 

the specific entropy. In an ideal MHD fluid element specific entropy is a conserved quantity 

and is an intensive variable as it does not depend on system size. Therefore, specific entropy 

is used to trace the source of the plasma. However, the increase of specific entropy implies 

the presence of nonadiabatic heating.

On the contrary, the total flux tube entropy of unit magnetic flux is obtained by in

tegrating the entropy per unit volume, ρσ, over the flux tube volume (V), due to mass 

content conservation along the magnetic field lines. The integral constraint is equivalent to 

S = f P1/γdl/B, where dl is infinitesimal length along B and B is a magnetic field line. 

Unlike specific entropy, flux tube entropy is an extensive physical quantity.
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Figure 1.7: .
Sketch of 3-D KH instability (Ma et al., 2017). The black and red lines are represented for 
the closed magnetospheric field line and solar wind field line before (left) and after (right) 

high-latitude double reconnection operates, respectively. The blue circles highlight the 
high-latitude reconnection sites.

In addition, Ma et al. (2016) showed that the three-dimensional Rayleigh-Taylor (RT) 

instability could generate interchange which forms a convection flow pattern, locally twist

ing the magnetic flux, consequently forming a pair of high-latitude reconnection sites. This 

process exchanges a part of the flux tube, thereby transporting the plasma radially out

ward without requiring significant convection of magnetic flux in the ionosphere. Ma et al. 

(2019) demonstrated that this process can radially transport plasma outward even without 
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involving a significant modification of the radial flux tube entropy profile. Figure 1.9 shows 

the distribution of total flux tube content, η(x), (color index) and flux tube entropy, H(x), 

(magenta contour lines), integrated from the equatorial plane along the magnetic field line 

to the given point, x. The value between different magenta contour lines is equivalent. The 

two black lines are part of a magnetic field line (AA and BB' ) that cross a flux tube entropy 

contour line (red line). Exchanging the part of magnetic flux AA and BB' (presumably by a 

double-reconnection process) does not modify the radial flux tube entropy profile. However, 

there is a net outward plasma transport, since the flux tube content in AA' is greater than 

it is in BB' (i.e., η(xA) > η(xB)). The bottom panel of Figure 1.9 shows the gradient of the 

flux tube content along the flux tube entropy contour line, and shows that net radial outward 

plasma transport is possible by a double-reconnection process operating between two neigh

boring flux tubes without flux tube entropy transport. However, reconnection operates when 

there is a strong antiparallel magnetic component (i.e., thin current layer), which does not 

have to occur along the magenta curve or the flux tube pressure contour lines. Therefore, 

the bottom panel in Figure 1.9 should be carefully interpreted as, if double reconnection 

operates at low latitude/midlatitude, it can transport plasma mass more efficiently than it 

can transport flux tube entropy.
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Figure 1.8: .
Magnetohydrodynamic RT instability. At large scales, RT instabilities cause magnetic field 

lines to twist at high latitudes, where magnetic reconnection takes place, decoupling the 
plasma from the magnetodisc (Ma et al., 2016).
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Figure 1.9: .
Top: the distribution of flux tube content, η(x), (color index) and total flux tube entropy, 
H (x) (magenta contour lines) for model 1. The red line is also a flux tube entropy contour 
line, and black lines are two parts of a magnetic field line. Bottom: the gradient of the flux 

tube content along the direction of constant flux tube entropy, t · HV(x), t gives the 
direction of flux tube entropy . The minimum value of t · H V (x) along each field line is 

highlighted by the magenta line. The red line represents half of the scale height along the 
magnetic field line (Ma et al., 2019) .

Moreover, Stauffer et al. (2019) simulated a 3-D Rayleigh-Taylor (RT) instability and 

suggested the strong guide field magnetic reconnection and diffusive processes as plausible 

mechanisms to facilitate kinetic-scale radial transport and have examined electric fields par

allel (E∣∣) to the magnetic field as an indicator of component magnetic reconnection in three 

dimensions. They also examined electric fields parallel (E∣∣) to the magnetic field as an in

dicator of component magnetic reconnection in three dimensions at ion inertial length and 

observed that strong guide field reconnection allows diffusion of the magnetic field, detaching 

small plasmoids as shown in figure 1.10.
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Figure 1.10: .
The blue regions represent plasmoids of the ion inertial scale generated by guide field 

reconnection which allows diffusion of the magnetic field, detaching small plasmoids. Thus, 
a parcel of plasma is no longer frozen to its initial field line and is transported radially 

outward. (Stauffer et al., 2019).

We will talk about the change in the structure of the magnetic field due to RT instability 

observed in the magnetic field and its importance in radial transport in Saturn's magneto

sphere.

The plasma mass loading rate on Jupiter and Saturn is about 300to1300 kg s-1 for Jupiter 

and 12to250 kg s-1 respectively (Bagenal and Delamere , 2011). Based on the structure of the 

magnetic field configurations, the magnetospheres of Jupiter and Saturn could be divided 
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into three regions. The inner magnetosphere has a dipole field, the middle magnetosphere 

called “magnetodisc” has a stretched magnetic field, and the outer magnetosphere is referred 

to as the cushion region because the strength of magnetic field exceeds the dipole field. It 

is believed that the cushion region is formed by the accumulation of stretched magnetic flux 

from the middle magnetosphere.

The continuous loading of plasma intermittently breaks the force balance and triggers 

radial plasma transport. In the inner magnetosphere, the unperturbed dipolar magnetic field 

is unfavorable for magnetic reconnection. Observational results suggest a radial increase of 

flux tube entropy, which can stabilize the magnetosphere (Bagenal and De lamere , 2011). 

However, radially decreasing profiles of flux tube content (i.e., δrη∕δL <0) can destabilize the 

magnetosphere, which triggers the interchange instability (Kivelson, 2005).

An interchange instability process switches the positions of two neighboring magnetic 

flux tubes. After a mass loading process on the inner magnetic flux, the flux tube content 

gradient effect, δη∕δL, (i.e., moving outward) overcomes the flux tube entropy δH∕δL (i.e., 

moving inward). Thus, the inner magnetic flux tube interchanges the outer magnetic flux 

tube. Note the outer magnetic flux tube usually has a higher flux tube entropy, which makes 

the final configuration (higher flux tube entropy inside with mass loading process) even more 

unstable compared to the original configuration (lower flux tube entropy inside with mass 

loading process). Therefore, this type of interchange process can only operate between cold 

dense outflow flux with low-entropy inward flux, which involves global convection. Ma et al. 

(2019) studied the different transport mechanism on Saturn's magnetosphere in terms of flux 

tube and specific entropy. They showed that the larger value of specific entropy distribution 

outside of L = 20 can be partially explained by possible mixing of compressed and expanded 

states of the magnetosphere but also indicates that the outer magnetospheremay contain 

different types of magnetic flux: newly reconnected and simply connected to the planet, 

outward drifting flux tubes loaded with denser and colder material, and reconnected plasmoid 

type flux ropes. In addition, meso- and small-scale nonadiabatic processes can also change 
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the specific entropy. Moreover, they also suggested that strong enhancement of specific 

entropy between L = 6 and 20 suggests a nonadiabatic heating source for radially outward 

transport and a possible nonadiabatic cooling source for radially inward transport. Both the 

loss of high-energy particles through drift motion and mixing of dense cold material will lead 

to strong nonadiabatic cooling of the plasma.

In the second chapter of this thesis, we have calculated mass and magnetic flux transport 

in Saturn's magnetosphere and suggested the different possible mechanism which is impor

tant for the circulation of mass and magnetic flux in Saturn's magnetosphere. The third 

chapter of the thesis focuses on the structure of the magnetic field in Saturn's magneto

sphere and we have categorized the magnetic field in terms of the active and quiet periods 

based on the background fluctuations. We also calculated the turbulent heating rate density 

on Saturn's magnetosphere and talked about its implication on the transport on the Sat

urn's magnetosphere. The fourth chapter of this thesis focuses on temperature and density 

fluctuations observed on Saturn's magnetosphere. These observed fluctuation of density and 

temperature has not been understood properly. It is believed that the origin of these fluc

tuation is important to understand the transport in Saturn's magnetosphere. Moreover, we 

will discuss the different small scale periodicity using the Cassini magnetometer data.
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Chapter 2 Quantifying Mass and Magnetic Flux Transport in Saturn's Magnetosphere1

1 Neupane, B. R., Delamere, P. A, Wilson, R. J., Ma, X. (2019). Quantifying mass and magnetic flux 
transport in Saturn's magnetosphere. Journal of Geophysical Research: Space Physics, 124, 1916- 1926. 
https://doi.org/10.1029/2018JA026022

2.1 Abstract

Radial transport is an important dynamical process in Saturn's internally-driven magne

tosphere. Radial transport is presumed to occur by a centrifugally-driven interchange in

stability, determined by the gradient of flux tube content and flux tube entropy. Plasma 

produced in the inner magnetosphere must be transported radially outward. The outward 

motion of the plasma stretches the magnetic field lines, leading to magnetic reconnection. 

Reconnection allows the mass to be transported radially while allowing the flux to circulate 

back to the inner magnetosphere. Both radial transport of mass and magnetic flux in Sat

urn's magnetosphere have been estimated based on Cassini Plasma Spectrometer (CAPS) 

data provided by Wilson et al. (2017) and suggesting a radial transport rate of plasma of 

around 55 kg s-1. The net magnetic flux transport should be zero, but the data suggest a 

net outward magnetic flux transport indicating the existence of different possible transport 

mechanisms in Saturn's magnetodisc.

2.2 Introduction

Saturn is a rotation-driven magnetosphere dominated by its own internal source of plasma. 

Most of Saturn's plasma is produced by the ionization of neutral gases from its moon Ence

ladus ( Dougherty et al., 2006; Porco et al., 2006; Waite et al., 2006; Sittler et al., 2008). 

Saturn's magnetic field couples the plasma with a rapidly rotating planet and hence magne

tospheric plasma also rotates with the planet (Achilleos et al., 2015; Delamere et al., 2015a; 

Blanc et al., 2015). The rotating plasma feels a centrifugal force in the non-inertial refer

ence frame which confines the plasma into a thin equatorial disc known as the magnetodisc 

(Gledill, 1967; Kivelson , 2015).
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The outward transport of plasma via a centrifugally-driven flux tube interchange insta

bility (which is similar to the gravitationally driven Rayleigh-Taylor instability where cold 

dense plasma rests inward of a hot tenuous plasma forming finger-like structures), is gov

erned by a radial gradient of flux tube mass content and flux tube entropy. The stability 

of a magnetic flux tube is determined, in part, by mass content per unit magnetic flux, 

η = f B ds, (with V = f B ds defined as flux tube volume per unit magnetic flux and ρ is 

mass density). If ∂L < 0, then the flux tube can be unstable. The condition ∂L < 0 is also 

unstable, where S = f pBds is the flux tube entropy. Here, ds is the line element along the 

magnetic field line and L is the radial distance in Saturn radii where the field line crosses the 

equator. Flux tube entropy must increase with the radial distance as a result of the required 

stability condition, otherwise the magnetodisc would be convectivly unstable (Southwood 

and Kivelson, 1987). Reconnection of the magnetic field lines changes the flux tube entropy 

leading to radial transport (Vasyliuńas, 1983; Otto et al., 2015; Ma et al., 2019).

The neutrals (water group) are produced by thermally ejected plumes of H2O from 

Enceladus located at ~ 4Rs (Rs = 1 Saturn Radius) at a rate of 200to300 kgs-1 (Jurac 

and Richardson, 2005; Hansen et al., 2008; Sittler et al., 2008) and these neutrals form a 

torus of gas around Saturn. This neutral gas undergoes charge exchange, impact dissocia

tion, photo dissociation and electron impact ionization to produce an extended neutral cloud 

around Enceladus (Fleshman et al., 2012; Cassidy and Johnson, 2010). About half of these 

neutrals escape, one fourth are absorbed by Saturn and one fourth gets ionized and trans

ported radially outward. The water-group plasma is produced through a combination of 

photoionization and electron impact ionization. Fleshman et al. (2013) showed that physical 

chemistry dominates up to 7Rs and radial transport of plasma starts to dominate after 7Rs. 

Thus this study estimates the rate of radial mass transport after 7Rs. Sittler et al. (2008) 

also showed that the radial gradient in flux tube mass content (η) in Saturn's magnetosphere 

decreases around 7Rs which leads to transport of mass radially outward. Fleshman et al. 

(2013) found a radial plasma mass transport rate around 60 kgs-1 at 10Rs.
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During radial plasma transport total magnetic flux must be conserved (Lai et al., 2016; 

Delamere et al., 2015b). For an ideal plasma (i.e., E = -V × B, where V and B are plasma 

velocity and magnetic field respectively) outward transport stretches the magnetic field and 

leads to magnetic reconnection shedding the plasma mass and forming plasma depleted 

flux tubes. Empty flux tubes convect back to the inner magnetosphere completing the flux 

circulation. This internally driven reconnection is called the Vasyliunas cycle and takes place 

on closed field lines (Vasyliuńas, 1983). A recent analysis of Cassini magnetometer data 

suggests that much of the Vasyliuńas cycle occurs in subsolar and dusk sector releasing the 

plasma in small-scale plasmoids down the dusk flank (Delamere et al., 2015b). Alternatively, 

Ma et al. (2016) showed that a Rayleigh-Taylor instability can locally twist the magnetic 

field, leading to the formation of a high latitude pair of magnetic reconnection sites. This 

type of reconnection transports the plasma radially outward without involving large magnetic 

flux circulation. This double reconnection helps to maintain the stability in the magnetodisc 

because partial flux tube interchange preserves the flux tube entropy profile (Ma et al., 2019) 

. Wave induced (diffusive) transport can be significant in high beta plasma where kinetic 

Alfven waves produce stochastic ion motion (Johnson and Cheng, 1997).

Various signatures of radial transport in Saturn's magnetosphere have been studied. The 

study of CAPS data by Hill et al. (2005) shows the outward transport of cold dense plasma 

and inward transport of hot tenuous plasma producing a V-like structure which is associated 

with injection of hot plasma from the outer magnetosphere followed by dispersive drift. Azari 

et al. (2018) showed that the majority of the injection events were found around 8to10Rs, 

leaving questions about the transport in middle and outer magnetosphere. Paranicas et al. 

(2016) showed the average inward propagation speed is 50kms-1to100kms-1 and the inflow 

channel is very narrow (0.25Rs), narrower than the inferred injection channels of width (1Rs) 

or < 1Rs observed in the simulation by Chen andHill (2008). Paranicas et al. (2016) studied 

the time-dependent evolution of injected flux tubes, inferring radial travel time and starting 

L shell of injection. During inward motion, particles are expected to drift into and out of the 

23



flow channels, suggesting that very narrow channels cannot transport energetic particles deep 

in to the inner magnetosphere. The rapid inflow speed and relatively short radial propagation 

distance indicates a transport timescale that is shorter than the Alfven travel time to the 

planetary ionosphere. The presence of short duration or narrow width (~< 0.25Rs) transient 

events suggests that magnetic field line slippage due to parallel electric fields associated with 

inertial Alfveen waves may be more important than ionospheric magnetic diffusion (Ma et al., 

2016; Paranicas et al., 2016; Azari et al., 2018; Lai et al., 2016).

Dungey-type magnetotail reconnection has been inferred by Thomsen et al. (2015) via 

observation of sunward flowing plasma. However, observations of these types of events are 

limited. On the other hand, observations of energetic neutral atom fluxes in the inner mag

netosphere due to charge exchange between energetic ions and the neutral torus (Mitchell 

et al., 2005) suggest that magnetotail reconnection during, for example, solar wind compres

sion events is more common. We note that steady mass loss can be facilitated by a drizzle-like 

process and that large-scale tail reconnection may not be required (Bagenal , 2007).

Thomsen et al. (2014) studied plasma properties obtained from numerical integration of 

CAPS Ion Mass Spectrometer measurements during intervals when the CAPS field of view 

encompassed both inward and outward flow directions relative to the corotation direction. 

They estimated the mass loss down the tail by integrating the observed mass flux and found 

a mass loss of 34kgs-1 at the night side but could not find a large-scale X line. The study 

of magnetic flux circulation by Delamere et al. (2015b) found current sheet crossings and 

potential reconnection sites in the dusk and subsolar region which indicates flux circulation 

is associated with nearly all local times (LT).

The present study involves the calculation of the rate of radial transport of mass (M) and 

magnetic flux transport by using the CAPS data provided by Wilson et al. (2017). Bagenal 

and Delamere (2011) estimated the flow using the net plasma mass transport rate provided 

by different models. But, we calculate the plasma mass transport rate using the radial flow 

provided by Wilson et al. (2017). The study suggests a dawn-dusk asymmetry in flows, 
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with inflows dominating in the dusk and midnight sector, which is consistent with observed 

noon-midnight global electric field (Wilson et al., 2013; Thomsen et al., 2012; Andriopoulou 

et al., 2012). There are large number of inflows in the inner magnetosphere (< 23Rs ) while 

we see very few inflows in the outer magnetosphere (> 23Rs ) possibly indicating different 

transport mechanisms in the inner and outer magnetosphere. The transition distance is set 

to be 23Rs because the cushion region (Bθ component dominates over the dipolar magnetic 

field) starts at this radial distance (Delamere et al., 2015b).

2.3 Methods

2.3.1 CAPS Field of View

The plasma properties were obtained by a forward fitting method applied to the CAPS 

data developed by Wilson et al. (2017). The CAPS instrument and its data sets have been 

described by Young et al. (2004). The quality of the CAPS data depends upon the look 

direction of the instrument given the 2π steradian field of view. Distinguishing between 

inflows and outflows requires that local directions both towards and away from the planet 

must be captured by the instrument field of view. Only the data for which the instrument was 

looking simultaneously towards and away from Saturn were used to eliminate the ambiguity 

in the radial flow measurement. For the calculation of mass and magnetic flux transport 

only cases with adequate viewing of the CAPS instruments were selected. The field of view 

of the instrument is discussed by Wilson et al. (2012). Ion singles (SNG) and the electron 

spectrometer (ELS) data sets in CAPS are from eight anodes. The centerline of each anode's 

field of view vector in the spacecraft coordinate system is converted to Saturn-centered, 

right-handed coordinate (RTP) system. The anode look directions in the Saturn-centered, 

right-handed coordinate system are then converted into a theta and phi vector using the 

following equations given by Wilson et al. (2012):

25



where R, θ, φ are spherical coordinates (RTP), and theta and phi represent the radial and 

azimuthal directions which is the all-sky projection on to 2-D space using a 360° hemisphere 

fish-eye view format. Note that theta and phi are in units of degrees. In Figure 2.1 the 

origin is in the direction of Saturn marked as “+” which is equivalent to the - R direction 

and the solid circle marked 180° represents the +R direction. Figure 2.2 shows the CAPS 

field of view within the actuation period. In Figure 2.2 (left) CAPS is looking only towards 

Saturn while in Figure 2.2 (right) CAPS is looking towards and away from Saturn within 

the actuation period. For selection of the field of view, if any of the anodes cover the range 

in theta angle between 20° to 150° then it is considered as a valid field of view for a given 

actuation period. In Figure 2.2 (left) the field of view of the anodes fall inside the inner 

circle (i.e., theta from 0° to 90°), which therefore is a invalid case while in Figure 2.2 (right) 

the field of view of the anodes cover almost from 0° to 180°. This is the valid case of the 

field of view for a given actuation period.
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Figure 2.1: Field of view plot of CAPS SNG/ELS in the spacecraft frame for the interval 
Dec 12, 2005 00:00-04:50 UT while the spacecraft is spinning. Figure shows 4π steradians 
coverage around Cassini pro jected as a 360° hemisphere fish-eye view, along with the field of 
view of each of the 8 anodes during the interval (each anode's edges are shown in different 
colors). Plus symbol at the center of the figure represents Saturn's location. Here in 2D 
pro jection the radial distance represents theta (0° to 180°), while the azimuth angle represents 
phi (0° to 360°). The colors indicate the edge of anodes.
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Figure 2.2: Figure 2.2 (left) is 2D pro jection of CAPS field of view when CAPS is looking 
only toward Saturn for a given actuation period, while figure 2.2 (right) is 2D pro jection 
of CAPS field of view when CAPS is looking both toward and away from the Saturn for a 
given actuation period.

2.3.2 Estimation of Mass and Magnetic Flux Transport

The radial distribution of mass is obtained by integrating azimuthally and vertically by 

taking the radial profile of particle density (no), and scale height (H ) given by Bagenal and 

Delamere (2011), 

where Ai is the atomic mass number, H is scale height, mp is the mass of proton and R is 

radial distance. The radial mass transport rate is 

where Vr is the radial flow velocity. The scale height is given by (Hill and Michel , 1976;

Bagenal and Delamere, 2011), 
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where, Ho = 0.59Rs.

Magnetic reconnection is a critical aspect of the balanced flux transport. The magnetic flux 

circulated is calculated in terms of the electric field. From ideal MHD, the electric field is 

magnetic flux per unit time and per unit length,

E = -V ×B. (2.7)

For a calculation of Ṁ and flux transport, Vr is based on the forward fits method (Wilson 

et al., 2017). Calculation of the magnetic flux transport is given by the φ component of the 

electric field defined in Equation 2.7. The magnetic field is taken from a 7-minute average (3.5 

min either way from the dates of given flow) from the one-minute averaged magnetometer 

data (Dougherty et al., 2005).

2.3.3 Data Filtering

As stated earlier, we have used data fitted by Wilson et al. (2017). For the calculation of 

Ṁ we have used those radial flow and density measurements with uncertainty less than the 

200% and greater than 0.1% that includes both good and bad fits. For the calculation of 

the scale height we have used the parallel temperature with uncertainty less than 100% and 

greater than 0.1%. For the calculation of the magnetic flux circulation we have used values 

with uncertainty less than 200% and greater than 0.1% for both radial and theta component 

of the flows i.e., Vr and Vθ. We have propagated the uncertainty of each quantity in our 

calculation.

2.4 Results

2.4.1 Local Time Dependence of Transport Process

Figure 2.3 shows the local time asymmetry in flow, where inward flow dominates from local 

time 18 to 24 in the middle to outer magnetosphere. This asymmetry in flow in the night 

29



side could be related to small-scale dusk-side reconnection rather than the large-scale recon

nection. The lack of inflows in the dawn sector could be due to the lack of “downtail”-type 

Vasyliunas reconnection or current sheet warping. Figure 2.4 clearly shows the dawn-dusk 

asymmetry. The blue bars indicate the inflows while the yellow bars indicate the outflows. 

The bar diagram clearly shows that inflows dominate around local time 18to24. Inflows and 

outflows are normalized with respect to the number of events in each bin.

Figure 2.3: Mapping of flows Figure 2.3 (top) indicates there is a local time asymmetry in 
plasma flows around Saturn's magnetodisc. Mapping of the flows in the equatorial plane 
shows there is dawn-dusk asymmetry in radial plasma flows. Inflows dominate only in the 
dusk sector 18to24 local time. +X is noon, -X is midnight, +Y is dusk and -Y is dawn. 
Figure 2.3 (bottom) represents the propagated error associated with each arrow in the x(left) 
direction and y(right) direction.
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Figure 2.4: Top figure is the bar diagram of the normalized flows with respect to local time. 
The blue bar indicates the inflows while the yellow bar indicates the outflows. The data is 
sorted into 2 hour local time bins and normalized to the number of observations in each bin. 
Bottom figure is the bar plot of number of data for the given bin.

2.4.2 Mass and Magnetic Flux Calculations

The calculation of the radial plasma mass transport rate in the magnetosphere as a function 

of radial distance is shown in Figure 2.5. The grey line indicates outward transport, the red 

line represents inward transport, and the blue line represents the net transport rate. The 

average net outflow of the plasma mass is about ~ 55kgs-1. The calculation of magnetic 

flux transport as a function of radial distance is shown in Figure 2.6. The net magnetic flux 

transported should be zero to conserve total magnetic flux, but Figure 2.6 illustrates there 

is net outward transport of magnetic flux. The vertical black line represents the uncertainty 

in magnetic flux which obtained from the propagation of uncertainty in flows taken from 

forward fits but not in the magnetic field.
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Figure 2.5: The radial transport of plasma in the magnetosphere. The grey line represents the 
outward plasma transport rate, the red line represents the inward plasma transport rate and 
the blue line represents the net plasma transport rate. From the above figure, net transport 
is radially outward and its value is about 55 kg s-1 which is within the range calculated by 
Bagenal and Delamere (2011). Limits given by cyan and magenta color represents 25th and 
75th percentiles of outward and inward flowing mass rate.

Figure 2.6: Magnetic flux transport as a function of radial distance. The blue line is the 
average value of the magnetic flux circulated while vertical black line represents the uncer
tainty. The cyan gives upper and lower limits indicated by 75th and 25th percentile values. 
The average value shows that there is net deficit of magnetic flux.
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2.5 Discussion

We have conducted calculations of radial transport of mass (Ṁ) and magnetic flux (Eφ) 

using the forward fits provided by Wilson et al. (2017) of the Cassini data from 2004 to 

2012. The criteria imposed for the calculation of radial transport of mass and flux is the 

CAPS view direction as described in Section 2.3.1 to make sure that there is no bias in the 

given inflow and outflow measurement.

As CAPS was looking towards the planet most of the time, the measured Vr could be 

biased. We attempted to alleviate this difficulty by taking only those fits of CAPS data in 

which the instrument is looking away and towards the planet within the actuation period 

of the CAPS instrument. The fitted value of the flows is obtained from the sweeping of an 

actuation period of the CAPS instrument (~ 7min). Therefore, taking an average would 

smear out any indications of inflows in narrow channels. If the measurements miss some of 

the narrow channel inflows, than this could lead to an imbalance of magnetic flux transport. 

Double magnetic reconnection due to a local twist of the magnetic flux tube in higher latitude 

regions due to interchange instability could transport the plasma radially outward without 

involving magnetic flux transport (Ma et al., 2016). Furthermore, the plasma beta in Saturn's 

magnetosphere is high (β ~ 1) (Sergis et al., 2017) and when there are significant fluctuations 

in the magnetic field (e.g. kinetic Alfven wave), the resulting stochastic motion of the ions 

leads to wave-induced transport. These types of plasma transport mechanisms do not stretch 

field lines but only move plasma outward. The calculation of the magnetic flux transport 

rate involves the velocity values. Therefore, if plasma is not actually frozen to the flow, we 

would expect to find an imbalance in the net flux transport inside the magnetosphere using 

this method.

Figure 2.3 indicates that most of the plasma flow is in corotation with the planet. How

ever, between local time 19 - 22 there is strong inflow at 15 - 21 Rs while we found a 

strong outward flow of plasma from 2 - 6 local time at 15 - 30 Rs. The flow map in figure 
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2.3 indicates that most of the assumed magnetic reconnection happens in the dusk region 

being consistent with strong inflow between 15 - 21Rs from local time 18 - 24. Even after 

reconnection, the plasma flows in the corotation direction are due to conservation of angular 

momentum. These inflows at the dusk sector could indicate the dominance of small-scale 

(patchy) type reconnection as describe by Delamere et al. (2015b) rather than large-scale 

tail reconnection.

We have studied 378 cases of events in which Bθ changes sign, independent of Wilson 

et al. (2017) moments. These transition events are short-lived (up to a few minutes) and 

most of them are from the dayside. That is, we do not find evidence of large-scale plasmoids 

formed by magnetodisc reconnection. On the other hand it is possible that the spacecraft did 

not sample the region where reconnection occurs due to the current sheet warping (Arridge 

et al., 2008). This could be due to the lack of large-scale magnetodisc reconnection down the 

tail. Figure 2.7 shows that most transitions of Bθ occur in a minute. The transition time of 

order of a minute is equivalent to the ion inertial length which is calculated by considering 

the azimuthal flow around ~ 100 km s-1 and the ion density given by Wilson et al. (2017).

Figure 2.7: Transition of temporal scale of Bθ for disturbed events found in the magnetodisc 
of Saturn. Most of the cases are short-lived and last about a minute.
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Figure 2.8 shows a bar diagram of the ratio of the theta component (Bθ ) of the magnetic 

field corresponding to flow given by Wilson et al. (2017) and the dipolar magnetic field (BDip ) 

for inner region (< 23Rs ) and outer region (> 23Rs ) respectively. Figure 2.8 (top) is for inner 

region while 2.8 (bottom) is for outer region. The outer region is also defined as the cushion 

region, where the Bθ dominates the strength of the dipolar magnetic field (Delamere et al., 

2015b). The ratio (Bθ /BDip) is important in the dipolarization because during the magnetic 

reconnection in the magnetodisc the newly formed magnetic flux tube moves inward. This 

process can accumulate in a magnetic flux tube, which increases the ratio Bθ /BDip. If the 

magnetodisc reconnection is the primary mechanism in the outer magnetosphere, we should 

see a large number of inflows associated with large values of Bθ /BDip. Large numbers of 

inflows with large values of Bθ /DDip in the inner region (< 23Rs) could indicate most of 

the reconnection happens in the inner magnetosphere. This also suggests that plasma loss 

could be dominated by small-scale (drizzle) or double reconnection processes in Saturn's 

outer magnetosphere rather than large-scale magnetodisc reconnection.
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Figure 2.8: Figure 2.8 (top) is bar diagram of the ratio (Bθ/BDip) for region (< 23Rs) while 
Figure 2.8 (bottom) is for region (> 23Rs). Blue bar indicates the inflow events and yellow 
bar indicates the outflow events measured by CAPS instrument. The number of inflow events 
for outer region (> 23Rs) is less than the inner region (< 23Rs). Here we take the transition 
region at 23Rs because cushion region (where Bθ dominates the dipole magnetic field) starts 
after around this radial distance.

2.6 Conclusion

Bagenal (2007) suggested that most of the plasma is lost from Jupiter's magnetsphere by 

small-scale rather than large-scale plasmoid formation. Cases of plasmoid formation at Sat

urn have been reported by Jackman et al. (2014) and Cow ley et al. (2015) in the night sector. 

Cow ley et al. (2015) showed that mass loaded flux tubes from the inner magnetosphere are 

stretched out to a few hundreds of Saturn radii forming the plasmoids of order of ~ 100Rs. 

Jackman et al. (2014) estimated the associated mass transport rate to be 2.6kgs-1 instead
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of the expected 50 - 60 kg s-1. Thomsen et al. (2014) calculated the net mass flow between 

18 and 3 LT of 34 kg s-1 , and could not find the expected quasi-steady X line within 30Rs. 

We have analyzed CAPS data for the entire magnetosphere of Saturn from 2004 - 2012 

given by Wilson et al. (2017) when the field of view covered both radial directions inward 

and outward. Our calculation of the radial transport rate of mass is about 55 kg s-1 .

In order to understand magnetic flux circulation in Saturn's magnetodisc, Delamere et al. 

(2015b) surveyed Cassini magnetometer data (MAG) that include the dayside. Surprisingly, 

they found many current sheet crossings (some of which may be potential reconnection sites) 

in the subsolar and dusk sectors, suggesting that flux circulation (and thus mass loss) cannot 

be understood by isolating the nightside. The conceptual model of Delamere et al. (2015b) 

shows that much of the Vasyliunas cycle of reconnection occurs on the dayside in a complex 

and patchy network of reconnection sites that ultimately allows plasma to escape on the 

dusk flank while conserving the total magnetic flux.

The mapping of the flow in Figure 2.3 (top) indicates most of the plasma corotates 

around Saturn. However, the map shows there is local time asymmetry in radial flows. 

Inflow dominates in the dusk sector while outflow dominates in the dawn section. This 

inflow in the dusk sector could be associated with reconnection in the magnetosphere in 

the dusk sector. This asymmetry in flows suggests a lack of large-scale Vasyliunas type 

reconnection in the tail. On the other hand, Jia and Kivelson (2016) showed that local 

time asymmetry in flows is the property of MHD simulation. They showed that such a flow 

pattern can be attributed to the plasma sheet attempting to settle into different equilibrium 

configurations in response to the various forces on the plasma itself.

We further note that the lack of inflows from the cushion region suggests that the nature 

of the transport process differs between inner and outer magnetospheric regions. Mass 

and magnetic flux transport in Saturn's outer magnetosphere could be dominated by small 

scale patchy type reconnection as described by Delamere et al. (2015b) rather than large- 

scale plasmoid formation down the magnetotail. The net deficit in magnetic flux transport 

37



also indicates that double reconnection in the magnetodisc may occur whereby plasma is 

transported radially outward without transporting magnetic flux. Also, patchy reconnection 

could promote kinetic Alfven waves which in turn could promote wave-induced transport 

(Johnson and Cheng , 1997).

We summarize our results as:

1. The outward radial plasma mass transport rate is roughly ~ 55kgs-1.

2. There is a dawn-dusk asymmetry in the flows. The dusk region is dominated by the 

inward flows while dawn is dominated by outward flows which could indicate that mass 

loss in the dusk flank is important.

3. The non-zero magnetic flux transport rate indicates that the transport process at 

Saturn could be dominated by small-scale, patchy reconnection where plasma mass is 

transported outward without changing magnetic flux significantly (Ma et al., 2019).
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Chapter 3 On The Nature of Turbulent Heating and Radial Transport in Saturn's Magne- 

tosphere2

2 Neupane, B. R., Delamere, P. A., Ma, X., Ng, C.-S., Burkholder, B., Damiano, P. (2021). On the nature 
of turbulent heating and radial transport in Saturn's magnetosphere. Journal of Geophysical Research: Space 
Physics, 126, e2020JA027986. https://doi.org/10.1029/2020JA027986

3.1 Abstract

Based on magnetic field fluctuations, Saturn's magnetosphere can be divided into quiet (little 

or not much fluctuation) and disturbed periods (large fluctuation of the magnetic field). 

Kaminker et al. (2017) showed that the average heating rate density of entire magnetosphere 

of Saturn is ~ 10-17 Wm-3 based on magnetic field fluctuations. Here, we categorize the 

magnetosphere of Saturn on the basis of magnetic field fluctuation. Using the eigenvalues 

of the variance analysis of the magnetic field it has been found that the magnetodisc is in 

a disturbed state 6 - 7% of the time. Dwell time normalization of the disturbed events 

suggests that most of the events happen at all latitudes between -5° to 30° and on the 

dayside. Kinetic turbulent heating due to magnetic field fluctuation (δB) could potentially 

provide a significant amount of the required power.

3.2 Introduction

The rapidly rotating magnetosphere of Saturn has its own plasma source. Enceladus, located 

at ~ 4Rs(Rs= 1 Saturn Radius) is the main source of plasma. The plasma produced couples 

with the strong magnetic field of the rapidly rotating planet and also corotates with the 

planet. The rotating plasma experiences a centrifugal force in the non-inertial frame of 

reference which confines the plasma and forms a magnetodisc. The planet's magnetic field is 

assumed to be dipolar and these dipolar field lines are stretched outwards near the magnetic 

equatorial plane. In order to have a stable configuration of magnetodisc, plasma carried by 

stretched magnetic field lines get reconnected in the outer magnetosphere and lost to the 

solar wind.
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Furthermore, the stability of Saturn's magnetosphere is determined by the flux tube 

content η = f B ds and flux tube entropy S B pB- ds, (with V B B ds defining the volume 

of the flux tube, ρ is the plasma mass density, p is the plasma pressure and γ is adiabatic 

gas constant). Here both BL < θ and ∣η < 0 denote the instability condition, where ds is 

the line element of the magnetic flux and L is the radial distance in Saturn's radius where 

the field line crosses the equator. Sittler et al. (2008) showed that flux tube content starts 

to decrease around 7Rs. After this region, the radial transport rates increase significantly. 

However, the flux tube entropy increases with radial distance due to an ever increasing flux 

tube volume and increasing plasma pressure in the middle and outer magnetosphere (Ma 

et al., 2019). In general, if ∂S∕∂L > 0 then the magnetodisc should be stable to centrifugal 

interchange motion. Understanding the competing effects of negative flux tube mass content 

gradients and positive flux tube entropy gradients is key to understanding the nature of 

radial transport physics. The transport physics in a rapidly rotating magnetosphere is not 

fully understood and different transport mechanisms have been proposed.

The centrifugal force experienced by the plasma in the inner magnetosphere, stretches 

the magnetic field lines. These stretched field lines are reconnected and release plasma and 

must subsequently return to the inner magnetosphere. This internally driven cycle is called 

the Vasyliunas cycle. Delamere et al. (2015) showed evidence that the Vasyliunas cycle 

happens on the day side in addition to the nightside. However, Ma et al. (2016) showed 

that the Rayleigh-Taylor instability can locally twist the magnetic field at higher latitudes 

and forms a pair of reconnection sites. This type of process helps to mantain the stability 

of the magnetodisc without involving large flux circulation in the ionosphere. Ma et al. 

(2019) described the radial transport in terms of specific and flux tube entropy and explored 

the different possible transport mechanisms to explain the observed specific entropy and 

flux tube entropy profiles. Johnson and Cheng (1997) suggest that diffusive transport is 

important in high β plasma regions.

In Figure 10 of Bagenal and Delamere (2011), the empirically derived radial transport 

47



rates and integrated transport times are plotted. It is shown that the integrated transport 

time to transport the mass of 12to250 kgs-1 from 4 to 8Rs is 5 to 40 days, while from 8Rs to 

the outer magnetosphere is on the order of a day with radial outflow speeds approximately 

20kms-1. Bagenal and Delamere (2011) suggested there are not enough large-scale plas

moids present to transport the necessary amount of plasma such that much of the material 

has to be lost either through small-scale processes and/or out of the flanks of the magnetotail.

Meanwhile, Neupane et al. (2019) used fits given by Wilson et al. (2017) to study mass 

and magnetic flux transport. They found a plasma mass transport rate of around 55 kg s-1. 

However, they also found a deficit in magnetic flux. This deficit suggests that the transport 

process at Saturn could be dominated by small-scale, patchy reconnection where plasma mass 

is transported outward without changing magnetic flux significantly in a manner similar to 

the double reconnection process proposed by Ma et al. (2016). Also, they have studied the 

transition of the temporal scale of the negative Bθ component of the magnetic field. Among 

378 cases of -Bθ transition events, they found that most of the events are very short lived 

(~ 1 minute) and are mostly found on the day side. This could account for the lack of large 

scale plasmoids due to magnetodisc reconnection on the night side. However, Arridge et al. 

(2008) found that the current sheet is displaced above Saturn's rotational equator, and thus 

the current sheet adopts the shape of a bowl or basin. As the Cassini spacecraft spends most 

of the time in the equatorial plane, this might be the reason the spacecraft had missed the 

detection of the large-scale plasmoids.

A major clue of the nature of the transport in a rapidly rotating magnetosphere could 

be found using a magnetic field survey. The Cassini magnetometer data suggest that the 

magnetic field of Saturn can be divided into quiet and disturbed intervals. Figure 3.1 shows 

an example of a quiet and disturbed interval. The disturbed interval shows large fluctua

tions in all three components of the magnetic field while the quiet interval shows smaller 

fluctuations to the background field. It is believed that the origin of injection events is 

due to the reconfiguration of the magnetic field lines in the outer magnetosphere during the 
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magnetic reconnection. Injection events are the signature of radial transport in Saturn's 

magnetosphere.

Figure 3.1: Cassini magnetometer data with disturbed and quiet interval in number of days 
of year 2007.

Injection events have been observed with multiple sensors by Cassini spacecraft and 

assumed to be associated with plasma and magnetic flux transport (Hill et al., 2005; Rymer 

et al., 2009; Thomsen et al., 2014; Azari et al., 2018). These events are observed mostly 

from 8 - 12Rs. Interchange injection events are thought to arise from a Rayleigh-Taylor 

like plasma instability driven by Saturn's rapid rotation (~ 10.8 hr). The plasma that is 

produced from Enceladus's neutral plume experiences strong centrifugal forces due to rapid 

planetary rotation. The centrifugal force causes interchange between a magnetic flux tube 

that contains dense and cold plasma produced at the inner magnetosphere and a depleted 

flux tube containing hot plasma produced at the outer magnetosphere. These inward moving 

hotter flux tubes are considered as the interchange injection events.

Azari et al. (2018) shows injection events occur less than 6% of the time in the entire 

magnetosphere and the distribution of these events shows asymmetry in local time, occuring 

more on the nightside than the dayside. Are these observed injection events able to explain 

all the transport happening in the magnetosphere? Disturbed magnetic field events found in 

this study also occur with a similar frequency. The injection events are found mostly in the 
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inner magnetosphere so the question remains as to what happens in the outer magnetosphere, 

while the middle to outer magnetosphere is the location of most of the disturbed magnetic 

fields in this study. We also observe that these disturbed events are similar to the Rayleigh- 

Taylor structure produced by the hybrid simulation results seen in Figure 14 of Stauffer 

et al. (2019). Some of these disturbed events that are found on the equatorial region could 

be caused by the observed interchange events during the magnetic field re-configuration in 

the outer magnetosphere. This is why it is very important to study these disturbed magnetic 

field conditions to understand the transport process.

Local time asymmetry is an important property of rotationally driven giant magneto

spheres; the solar wind is a key component in producing such asymmetry (Khurana, 2001). 

Different physical parameter studies of Saturn's magnetosphere show both spatial and local 

time variation. Magnetic fluctuations are common in Saturn's magnetodisc. Kaminker et al. 

(2017) found that the magnetic field fluctuations are also known to be local time depen

dent with an active region occuring roughly between 10 and 20 LT which can be related to 

magnetic flux circulation and associated magnetic reconnection within the magnetosphere as 

explained by Delamere et al. (2015). It has been shown that there is dawn-dusk asymmetry 

in radial flows where the dawn side is dominated by outflows and dusk side is dominated 

by inflows (Neupane et al., 2019; Jia and Kivelson, 2016) which is consistent with the noon- 

midnight global electric field (Wilson et al., 2013; Thomsen et al., 2012). Magnetic recon

nection is not confined only to the equatorial plane but is also found at higher latitudes (Guo 

et al., 2018). The study of three-dimensional Kelvin Helmholtz instability (Ma et al., 2017) 

shows dramatic bending of the magnetic field line, generating strong antiparallel magnetic 

field components at high latitudes in both north and south hemispheres, which leads to dou

ble magnetic reconnection. This paper will also discuss the distribution of disturbed events 

in local time and latitudinal variation, and its implication on the transport mechanism and 

heating in the magnetosphere of Saturn.

The study of turbulent magnetic field fluctuations within Saturn's magnetodisc by von 
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Papen et al. (2014) suggested that a turbulent cascade can provide 60to100 GW of heating 

power based on estimates of the plasma heating rate density from strong kinetic Alfven 

wave (KAW) turbulence. Their study analyzes only up to the radial distances from 6Rs to 

17Rs due to the uncertainty of the location of the magnetopause boundary. Therefore, their 

volume integration yielding 60to100 GW would represent a lower limit heating power. Using 

magnetopause boundary identifications by Delamere et al. (2015, 2013), Kaminker et al. 

(2017) gave the global turbulent heating rate density as (~ 10-17 Wm-3) and showed an 

average turbulent heating power input (~ 300GW) consistent with Bagenal and Delamere 

(2011). This paper will calculate the KAW heating rate density associated with the disturbed 

events and compare it with the average heating rate density of the entire magnetosphere.

Ng et al. (2018) stated that MHD turbulence could potentially provide the required 

heating to explain some of the increase in plasma temperature. They developed a model 

to look at the non-adiabatic heating in the magnetosphere of Jupiter and the temperature 

evolution associated with the non-adiabatic heating and found good agreement with the 

Bagenal and Delamere (2011) profile. This turbulent heating model is based on advection, 

similar to models commonly used in solar wind heating. In this paper we have used the same 

heating model to investigate the non-adiabatic heating in the magnetosphere of Saturn.

3.3 Methods

To categorize into disturbed and quiet periods we have used a method based on variance 

analysis. This method gives an idea of the field fluctuation relative to the background mag

netic field. For this, we have calculated the fluctuation of each component of the magnetic 

field from their average value and take the sum of all the fluctuations. The average value 

of the background magnetic field is given by the Siscoe method (Siscoe et al., 1968). In 

a simple quasi-uniform magnetic field configuration, the average of the magnetic field will 

likely provide the unperturbed magnetic field. However, if there is, for example, a preexist

ing current sheet in the background magnetic field, then the average of the magnetic field 
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will underestimate the background magnetic field. Therefore, it is important to identify the 

direction which the background magnetic field is mostly aligned to. The direction associ

ated with the maximum eigenvalue from the Siscoe method (Siscoe et al., 1968) maximizes 

the average magnitude of the magnetic field along this direction, which exactly serves this 

purpose. Thus, we use the square root of the maximum eigenvalue from the Siscoe method 

(Siscoe et al., 1968) to represent the background magnetic field magnitude.

The identification of disturbed and quiet events is determined from relative fluctuation of 

the magnetic field to the background magnetic field. The total fluctuation of the magnetic 

field in spherical coordinates is given by:
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The average background field is calculated from the eigenvalues of the following 3 × 3 matrix:

where B and Bz are the magnetic field vector and transpose of magnetic field vector re

spectively. The maximum eigenvalue (λ) of matrix (M) gives the square of the average 

background magnetic field. The relative fluctuation value (σB ) is calculated from the two 

coordinate-dependent quantities λ and δB:

For this variance analysis we have used 4-minute sliding windows of the 1-minute averaged 

magnetometer data of magnetic field in KRTP coordinates (Dougherty et al., 2004). Each 

4-minute sliding window has 5 data points. As the CAPS data is required to identify the 

magnetopause boundary, and is only available to 2012, we have confined our use of the 

magnetometer data to the interval from 2004 to 2012. We have used short interval window



to minimize spatial variations in the magnetic field. Moreover, We have investigated the 

heating rate density as a function of window size. Generally speaking we have found that 

the maximum heating rate density is around four minute so we have used the four-minutes 

window. If the values obtained from variance analysis is greater than the transition value, 

defined as the two standard deviations away from the geometric mean, it is considered as a 

disturbed event and if not then a quiet event. If the disturbed event includes the current sheet 

crossing then it is considered as a highly disturbed event. Figure 3.2 shows the distribution of 

the σB, red bar indicates the disturbed events, while yellow bar indicates the highly disturbed 

events. Figure 3.3 shows an example of a quiet (right) and a disturbed (left) event. The 

disturbed events show turbulent like structure due to the large fluctuation on the magnetic 

field with respect to background and could have current sheet crossings.

Figure 3.2: Figure 3.2 is the distribution ofthe values obtained from the variance analysis, red 
bar indicates the disturbed events, while yellow bar indicates the highly disturbed events. 
For disturbed events σB are greater than transition value, while highly disturbed events 
includes the current sheet crossings.
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Figure 3.3: An example of quiet (right) and disturbed event (left) categorized using the 
variance analysis method. Disturbed events shows turbulent like structure.

3.4 Turbulent Heating Rate Density

Saturn's magnetosphere can be classified into three different regions: (a) inner magneto

sphere (< 7Rs) where physical chemistry model dominates (Fleshman et al., 2013) and the 

magnetic field is mostly dipolar, (b) the middle magnetosphere (7- 16Rs) where we see the 

transport signatures of flux tube interchange and the magnetic field is stretched, (c) the outer 

magnetosphere (also called the cushion region (Delamere et al., 2015), which is dominated 

by the hot population) is where almost all of our disturbed cases lie and where the structure 

is largely turbulent. However, Went et al. (2011) found no clear evidence for the formation 

of cushion region in Saturn's outer magnetosphere.

In this study we consider regions (b) and (c), where radial transport dominates, with 

knowledge of the magnetospheric boundaries as cataloged by Delamere et al. (2013). Any 

perturbation in the plasma generates an Alfveen wave. These counter-propagating Alfveen 

waves interact and produce the turbulent spectrum of magnetic field fluctuations. In this 

analysis we will consider the effect of magnetic field fluctuations on the plasma in terms of 

the turbulent heating rate using a kinetic turbulence model for counter-propagating Aflveen 
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waves (Saur, 2004).

For a kinetic-scale turbulent cascade, the heating rate density ( qKAW ) is due to the 

counter-propagating Aflveen waves: 

where is a perpendicular wavenumber in the inertial range given by Saur

(2004). δB⊥ is the perpendicular magnetic field fluctuation calculated from the Cassini 

magnetometer instrument using the Morlet wavelet transform to derive the power spectrum 

as given by Tao et al. (2015), ρ is the plasma density; ρi is the ion gyroradius; f is the 

frequency range resolved in the power spectrum; θνB is the angle between flow and the 

magnetic field; and vrel is the flow velocity relative to Cassini. For the calculation of qKAW 
we have used the empirical profile of density and velocity given by Wilson et al. (2017).

3.5 Results

3.5.1 Distribution of Events

We want to confine our study from -30° to 30° latitude and radial distance from 8 - 35Rs 
Saturn radii and all local time. We have confined our latitude range to avoid the effect 

of any open magnetic field lines at higher latitudes. But most of the disturbed events are 

found from 10 to 22 local time. Figure 3.4 is the location of four minutes events plotted 

in cylindrical coordinates (i.e., ρ and Z plane) from 10 to 22 local time, clearly showing 

southern hemisphere regions have not been well sampled by the spacecraft. Due to the 

small sample size of the disturbed events in the southern hemisphere, we have confined our 

analysis to within -5° to 30° and assume that the southern hemispheric regions also show 

the same behavior as the positive latitude regions (i.e., symmetric behavior). It should be 

noted though, that the seasonal effect on the magnetosphere of Saturn studied by Carbary 

and Mitchell (2016) and Arridge et al. (2008) found that on average the current sheet warped
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upwards until equinox in 2009 and then downwards post-equinox. During this period, in the 

outer magnetosphere, Cassini spent most of the time in the northern hemisphere. Due to 

the lack of the Cassini coverage of the southern hemisphere of the outer magnetosphere, as 

shown in Figure 3.4, it is very hard to study the seasonal effect. We have therefore assumed 

that the disturbed events are distributed symmetrically. However, due to the seasonal effect, 

this distribution of the disturbed events could dominate in either hemisphere based on the 

shape of the current sheet.

Figure 3.4: Location of all four minutes events in ρ-Z plane. ρ is the distance in equatorial 
plane while Z is the vertical distance from equatorial plane. Color bar indicates local time.

3.5.2 Spatial and Local Time Distribution of Disturbed Events

The distribution of disturbed events as a function of radial distance, local time and latitude 

are shown in Figures 3.5, 3.6 and 3.7. The red histograms are dwell time normalized based 

on time spent by the spacecraft within the given radial, latitudinal, and local time sector. 

Figure 3.5 shows the distribution of disturbed events as function of radial distance. The 

yellow histogram shows that the spacecraft observed the ma jority of disturbed events around 

18 - 24Rs. But the dwell time normalization shows that disturbed events are most prevalent 

beyond 20Rs. Figure 3.6 shows that disturbed events are mostly found on the day side to dusk 

region rather than the nightside and this trend remains with the dwell time normalization.
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The constraint in the warping of the current sheet is within ±7° latitude (Carbary and 

Mitchell , 2016) and most of the data is taken during the equinox season where warping will 

not be significant. While dwell time normalization of disturbed events shows that disturbed 

events distributed throughout latitudes from -5° to 30° instead of current sheet region in 

the outer and middle magnetosphere region shown in Figure 3.7. In addition the dwell time 

normalization of highly disturbed events also shows the similar latitudinal distribution as 

disturbed events.

Figure 3.5: Yellow histogram shows the distribution of the disturbed events, while red bar 
indicates the dwell time normalized disturbed events. This shows that most of the disturbed 
events are found in the outer magnetosphere.

Figure 3.6: Distribution of disturbed events according to local time. This clearly shows that 
most of the disturbed events are found on the day to dusk side.
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Figure 3.7: Distribution of disturbed events according to latitude, in the same form as Figure 
3.5. Disturbed events happen at all latitudes instead of current sheet region.

3.5.3 Turbulent Heating

Figure 3.8 (top) shows the distribution of heating rate density of all events with respect to 

local time where the color bar indicates the heating rate density. The points above the black 

line are the disturbed events. The heating rate density of disturbed events is clearly larger 

than the quiet events. Figure 3.8 (bottom) shows distribution of the heating rate density. 

Yellow bars indicate the distribution of all the events while red bars are the distribution of 

disturbed events and blue bars are the distribution of highly disturbed events. The average 

heating rate density due to the kinetic turbulent heating is 10-16 W/m3 . This clearly

shows the average heating rate density of disturbed events is greater than one order of 

magnitude above the background heating rate density, which fall on the tail of the global 

distribution. This patchy network of disturbed events could be responsible for spot heating in 

the magnetosphere. Burkholder et al. (2020) assumed that plasma parcels near the subsolar 

magnetopause boundary take ~ 6 hr before being swept down tail to exit the magnetosphere. 

Given q ~ 10-15 Wm-3 for 6hr, the plasma temperature can change by 100's of eV for 

average Saturn parameters. Hence, if the turbulent cascade associated with these disturbed 

events has enough time then these disturbed events could provide a significant amount of the 
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required heating power based on the plasma heating rate density. Ng et al. (2018) explored 

an alternate turbulent heating model based on advection in the solar wind rather than the 

diffusive model used by Saur (2004). We have also used the advection heating model to 

compare the temperature observed by CAPS ion data given by Wilson et al. (2017).

Figure 3.8: Figure 3.8(top) is the local time distribution all events with the color bar indicat
ing the turbulent heating rate density. The points above black horizontal line are disturbed 
events. Figure 3.8 (bottom) is a histogram plot of heating rate density, yellow bars are the 
distribution of all events, red bars give the heating rate density of disturbed events while 
blue bars are the heating rate associated with highly disturbed events (ie. current sheet 
crossings).

3.6 Radial Transport and Turbulence Heating

We have taken all radial flow values given by the Wilson et al. (2017) fits and compared 

with the local Alfven speed. Local Alfven speed is calculated using the density provided by 

the Wilson et al. (2017) fits and the magnetic field is calculated using the Caudal model 
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(Caudal , 1986; Achilleos et al., 2010). Figure 3.9 shows that the average radial flows start 

to exceed the local Alfven speed after 23Rs which indicates the importance of advective 

effects on transport. Based on observed radial flows outflow begins to dominate over inflow 

in this region (Neupane et al., 2019). Does this show the possibility of a planetary wind 

after this region? If the radial flow is comparable to the local Alfveen speed the travel time 

of information (MI coupling currents) to the ionosphere is longer then the radial transport 

time scales.

Figure 3.9: Blue line indicates the local Alfveen speed calculated using the Wilson et al. 
(2017) density fits and magnetic field from Caudal (1986) model. The red line is the average 
flow calculated from the Wilson et al. (2017) fits. This shows that the local Alfveen speeds 
are less than the radial flows given by the Wilson et al. (2017) fits after 23Rs which could 
indicate delay in communication with the ionosphere.

Bagenal and Delamere (2011) showed that the integrated transport time scale to 8Rs is 

5 to 40 days while from the 8Rs to outer magnetosphere is almost on order of a day which 

suggests that rapid radial transport is occuring and could be approximated as large-scale 

advective transport. Note that due to magnetic flux conservation there must be return flow 

from the outer region back to the inner region. However, since in MHD, average velocity 

is weighted by mass density, the outflow carrying mass dominates in the average over the 

return flow after mass is dumped in the outer magnetosphere. Figure 3.9 suggests that the 

turbulent heating model based on advection, commonly used as a model for heating in the 
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Here, we are assuming radial distance (L) in Saturn radii, n α L-β, Lo = 8 and To average 

plasma temperature at R = 8Rs derived from Wilson et al. (2017) and Thomsen et al. 

(2010). As the magnetosphere of Saturn is inflated as we move outwards, the scale height 

becomes larger for the outer magnetosphere. We take the scale height as a linear function of 

radial distance instead of taking it as constant, i.e., H L, α = 2 and c1 = 3. Here, 

mi is the mass of the water molecule ion; M is the mass transport rate in kgs-1; and KB 
is the Boltzmann constant. We have used β value derived using the power law density fit 

given in table 3.1.

Table 3.1: Fitted Parameter

Thomsen et al. (2010) moments Wilson et al. (2017) fits
Number Density 1.66 × 105L-4.93cm-3 1.79 × 105L-4.84cm-3

Scale Height 0.27L 0.27L
Radial velocity 1.65L — 15.63 kms-1 1.29L — 10.58 kms-1

Azimuthal velocity 7.20L — 23.00 kms-1 3.95L + 26.40 kms-1

Thomsen et al. (2010) used a numerical moments approach while Wilson et al. (2017) 

used the forward model to find the plasma parameters from the Cassini Plasma Spectrometer 

instrument. Wilson et al. (2017) issued a concern associated with numerical moments due to 

the too few counts on Time of Flight (TOF) and too few counts in singles (SNG) data. We 

explicitly use Thomsen et al. (2010) moments where they overlap with Wilson et al. (2017) 
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solar wind model could be used. Ng et al. (2018) used the turbulent heating model based 

on advection for Jupiter's magnetosphere. However, diffusion transport is dominant in the 

inner magnetosphere. Understanding where the transition between diffusion and advection 

occurs will be a topic of future study. This solar wind advection model is just a limiting case 

of the study. A turbulent heating model based on advective transport can be derived from 

the heating equation of an ideal gas given by Ng et al. (2018):



(for direct comparison). We have filtered out Thomsen et al. (2010) moments to only keep 

the moments when the times are within 2 minutes of Wilson et al. (2017) fits if available.

Figure 3.10: Heating rate density of all the events (both quiet and disturbed) in Saturn 
magnetosphere as a function of radial distance using the profile Wilson et al. (2017) fits 
(top) and Thomsen et al. (2010) moments (bottom) respectively. Data points (dots) are 
geometric average values over 0.5Rs bins, plotted with standard error as error bars. The 
black line depicts a smooth power law, qKAW ~ (2.51 × 10-16)L-0.30W/m3 (top), qKAW ~ 
(3.24× 10-17)L1.28W/m3 (bottom) and fitted through average values. Here, the bump in the 
heating rate density around 20Rs could be due to Titan. The opposite slope in the profile of 
heating rate density is due to the different values of azimuthal velocity calculated by Wilson 
et al. (2017) and Thomsen et al. (2010) which determines the perpendicular component of 
wave number (k⊥).

Figure 3.10 shows the distribution ofthe heating rate density for all the events (both quiet 

and disturbed) in Saturn's magnetosphere as a function of radial distance using the profile 

Wilson et al. (2017) fits (top) and Thomsen et al. (2010) moments (bottom) respectively. 
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Dots are the geometric average of the turbulent heating rate density while the black line is 

the power law fit to the given geometric average and the error bars are the standard error. 

The bump in the heating rate density around 20Rs could be due, primarily, to Titan. The 

opposite slope in the profile of heating rate density is due to the different values of azimuthal 

velocity calculated by Wilson et al. (2017) and Thomsen et al. (2010) which determines the 

perpendicular component of wave number (k⊥ ).

We have used the given power-law fit of heating rate density (qKAW ) in Equation 3.5 for 

the calculation of the temperature due to the non-adiabatic heating and compared it with 

the temperature profile derived from Wilson et al. (2017) fits and Thomsen et al. (2010) 

moments independently. Figure 3.11 shows the temperature associated with non-adiabatic 

heating calculated using Equation 3.5 for the different plasma transport rates estimated by 

Bagenal and Delamere (2011). The dots(*) give the adiabatic cooling, black line is the tem

perature profile derived from the power law fits to Wilson et al. (2017) (top) and Thomsen 

et al. (2010) (bottom) temperature, while red, green and blue lines are the temperature due 

to the non-adiabatic heating as a result of turbulence for different mass transport rates 30, 

50 and 80 kg s-1 respectively. Limits given by magenta color represent the 25th and 75th 

percentile for temperature. The deficit in temperature in the inner magnetosphere could 

be associated with injections of hot plasma and this advective model approach does not 

assume inward transport , which is very important for capturing the complete plasma tem

perature profile. Moreover, The temperature profile calculated using the lower and upper 

limits of heating rate density (qKAW ±error) does not change the temperature profile notice

ably. This suggests that turbulent heating can provide significant power input to Saturn's 

magnetosphere. Hence, turbulent fluctuations also have important implications for overall 

properties of Saturn's magnetosphere. Besides turbulent heating, other physical process like 

reconnection, injections of the hot population, adiabatic heating, etc., can contribute to the 

heating of Saturn's magnetosphere.
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Figure 3.11: Temperature profile calculated using Equation 3.5. The dots(*) give the adia
batic cooling, black line is the temperature profile derived from the power law fits to Wilson 
et al. (2017) (top) and Thomsen et al. (2010) (bottom) temperature, while red, green and 
blue lines are the temperature due to the non-adiabatic heating as a result of turbulence for 
different mass transport rates 30, 50 and 80 kg s-1 respectively. Limits given by magenta 
color represent the 25th and 75th percentile for temperature. The deficit in temperature in 
the inner magnetosphere could be associated with injections of hot plasma and this advective 
model approach does not assume inward transport.

3.7 Discussion

Internally produced plasma in Saturn's magnetosphere has to be transported outwards 

through the magnetosphere, and ultimately lost from the system. One of the most stud

ied mechanisms is flux tube interchange, which transports the mass but conserves magnetic 

flux. Plasma mass loss is also associated with magnetic reconnection events in the mag
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netotail regions. However, Neupane et al. (2019) showed using CAPS flow data that the 

outer magnetosphere (e.g., after 23Rs) is dominated by outflows rather than inflows while 

in the inner to middle magnetosphere they see balanced inflows and outflows. This sug

gests that transport phenomena may be different in the middle magnetosphere and outer 

magnetosphere.

Stauffer et al. (2019) studied the transport process due to the Raleigh Taylor structure 

using hybrid simulations in Saturn's magnetodisc. They stated that Rayleigh-Taylor fingers 

include diffusive transport, patchy reconnection sites, and kinetic-scale structures. They 

found that the magnetic field fluctuations in the Rayleigh-Taylor structure compares favor

ably with the Cassini data; the major peaks (or current sheet crossings) are separated by 

5 - 10λi, where λi is ion inertial length. Moreover, the Rayleigh-Taylor structure leads to the 

formation of reconnection sites at high latitude. Double magnetic reconnection triggered by 

local twisting of the magnetic flux tube in higher latitude regions due to interchange insta

bility could transport the plasma radially outward without involving magnetic flux transport 

(Ma et al., 2016), which could be important to explain the observed magnetic flux deficit 

calculated using the Cassini spacecraft (Neupane et al., 2019). These observed high latitude 

disturbed events could be associated with double magnetic reconnection.

The warping of the current sheet happens within ±7° latitude (Carbary and Mitchell , 

2016) and the distribution of higher latitude disturbed events suggests that the transport 

process in the magnetosphere cannot be explained without understanding the origin of these 

disturbed events. These disturbed events at higher latitude also suggest that magnetodisc 

reconnection at the equatorial plane is not enough to explain the transport process in Saturn's 

magnetosphere. As stated earlier, these higher latitude disturbed events could be associated 

with the Kelvin Helmholtz and/or Rayleigh-Taylor instability, which play a significant role 

in mass transport.

Guo et al. (2019) showed the existence of signatures of multiple drizzle-type reconnection 

in Saturn's magnetosphere using Cassini magnetometer, MIMI-LEMMS, and CAPS-ELS 
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data. They stated that multiple drizzle reconnection is driven by planetary rotation and 

distributed around all local times. We have found the disturbed events also occur within the 

region of long-standing reconnection regions. This suggests that these disturbed events are 

important to understanding the transport process in Saturn's magnetosphere. However, our 

disturbed events show local time asymmetry.

The significant number of disturbed events on the dayside and at high latitude indicates 

that a majority of the magnetospheric magnetic reconnection events could occur in this re

gion. Also, Guo et al. (2018) showed evidence of magnetic reconnection at high latitude on 

the day side. We note that sheared flows at the mangetopause can twist the magnetic field 

at high-latitudes leading to component magnetic reconnection. Hwang et al. (2012) reported 

the in-situ observation of Kelvin-Helmholtz structure at Earth's high latitude magnetopause 

boundary. Unlike rapidly rotating magnetospheres, the IMF orientation is associated with 

the properties of KHI at the high-latitude magnetopause in the terrestial magnetosphere. 

Using the multifluid Lyon-Fedder-Mobarry model Zhang et al. (2018) conducted global sim

ulations of the giant planet magnetospheres. They showed that the observed dawn-dusk 

asymmetries (Burkholder et al., 2017) can be associated with the growth and evolution of 

Kelvin-Helmholtz vortices on the magnetopause boundary and these vortices are indepen

dent of IMF orientation. Burkholder et al. (2020) studied the heating rate density of the 

quiet and the disturbed events using the similar analysis at the magnetopause boundary. 

They showed that the heating rate density of the disturbed events is 2 orders of magnitude 

greater then the quiet events which is similar to our result.

In this paper, we have considered the turbulent magnetic field as the source of heating in 

Saturn's magnetosphere. We have adopted an alternative transport model based on advective 

outflow of magnetodisc plasma beyond 8Rs, showing that the heating rate density due to 

turbulent dissipation is sufficient to account for Saturn's observed radial ion temperature. 

The upper range of the turbulent heating is consistent with a plama mass transport rate of 

almost 30 — 80 kgs-1 shown in Figure 3.11. This is consistent with Delamere and Bagenal 
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(2013) showing that an equilibrium configuration is established when the radial transport rate 

of magnetospheric plasma is balanced by the solar wind mass coupling rate via an Alfveenic 

interaction. They showed that Saturn's magnetopause standoff distances are consistent with 

mass loading of 20 - 50 kg s-1.

The total heating rate for disturbed events suggests that spot heating from the disturbed 

cases could provide the necessary heating power input. These localized disturbed events 

suggest that patchy spot heating areas could provide the necessary heating power input, 

provided that there is sufficient time to act on the rapidly transported plasma in the outer 

magnetosphere. Also, Burkholder et al. (2020) studied the magnetic field fluctuation due 

to the Kelvin-Helmholtz instability at the magnetopause boundary and reported that the 

turbulent heating rate density associated with the Kelvin-Helmholtz active region is two 

orders of magnitude greater than the non-active regions and found similar types of magnetic 

field variations. The Kelvin-Helmholtz instability, double reconnection, and magnetodisc 

reconnection could be associated with disturbed events and we have shown that the kinetic 

turbulence mechanism for those disturbed events could provide the sufficient power to explain 

the non-adiabatic heating in the magnetosphere. In addition, we have found that most of the 

disturbed events are on the dayside to dusk flank and are evenly distributed in all latitude.

3.8 Summary

We have analyzed Cassini magnetometer data and based on the magnetic field fluctuations, 

we have categorized the magnetosphere of Saturn into disturbed and quiet events. This 

study of the disturbed events could be very important to explain transport processes in the 

magnetosphere.

1. We have found that almost 6% of the magnetometer data are in disturbed state and 

most of the time it is in quiet state.

2. We have found disturbed events are distributed throughout all latitudes between -5° 
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to 30° rather than confined to the equatorial plane. We have assumed ”symmetric 

behavior” of hemispheres i.e. from -30° to 30°. We have speculated that disturbed 

events could be a signature of potential magnetic reconnection sites. The Kelvin- 

Helmholtz and/or Raleigh-Taylor instability leading to double magnetic reconnection, 

could be the reason for the high latitude disturbed events. While the disturbed events 

in the equatorial plane could be associated with magnetic reconnection and could be 

the origin of injection events observed in the inner magnetosphere.

3. The average kinetic turbulent heating rate density associated with the disturbed events 

is more than an order of magnitude greater then average heating rate density, which 

indicates that spot heating may be very important for the non-adiabatic heating in 

Saturn's magnetosphere

4. The turbulent heating mechanism in the magnetosphere of Saturn could be one of 

the main sources of heating in the magnetosphere of Saturn. Results show that the 

heating rate density due to turbulent dissipation is nearly sufficient to account for 

Saturn's observed radial ion temperature profile.
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Chapter 4 The Study of Electron Fluctuation in Saturn's Magnetosphere: Implication for 

Radial Transport3

3 Neupane, B. R., Delamere P.A., Damiano, P. (2021).The Study of Electron Fluctuation in Saturn's 
Magnetosphere: Implication for Radial Transport. Unpublished manuscript.

4.1 Abstract

Radial transport in Saturn magnetosphere is not understood properly. Plasma produced 

in the inner magnetosphere of Saturn's should be transported radially outward and lost to 

solar wind. Based on electron density observation by Cassini CAPS ELS instrument, we 

have found an order of magnitude variation in electron density at the dawn side of the outer 

magnetosphere. The MFLFM (Multi Fluid Lyon-Fedder-Mobarry) simulation also shows a 

similar type of density variation in the dawn side. This MFLFM simulation shows that these 

density cavities are produced by flux tubes generated at the night side of the magnetosphere. 

Moreover, Goertz (1983) had noted a striking variation of plasma density at both low and 

the high latitude during the flyover of Voyager 1 and Voyager 2, respectively. Both spacecraft 

showed that the density seems to alternate between a low value of ≤ 10-2 cm-3 and a high 

value of 10-1 cm-3. The simulation shows that some of the low density flux tubes generated 

also co-rotate with the planet. Thus the corotating flux tubes generated in the tail could 

be responsible for observed density variation on the dawn flank of the magnetosphere of 

Saturn. We are trying to understand the different quasi periodicity spectrum on Saturn's 

magnetosphere to better understand the nature of these density fluctuations. To understand 

the different quasi periodicity we have used the continuous wavelet transformation (CWT) of 

magnetic field data. Moreover, we have used the information theory between two variables 

to understand these density fluctuations.
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4.2 Introduction

Goertz (1983) described a striking variation of plasma density in the outer magnetosphere 

at both low and the high latitude during the flyby of the Voyager 1 and Voyager 2 space

craft. Both spacecraft showed that the density seems to alternate between a low value of 

< 10-2 cm-3 and a high value of 10-1 cm-3 . They stated that these observed high densi

ties in the outer magnetopause boundary are due to the detached plasma produced by fluid 

instability and also could be due to the Kelvin-Helmholtz instability.

Figure 4.1: Electron density and temperature variations on the Voyager I and II tra jectory 
in Saturn's outer magnetosphere (left). Schematic sketch of detached plasma due to flute 
instability (figure courtesy Goertz (1983)).

In addition, Cassini's CAPS electron moments also shows the similar density fluctuation 

in the outer magnetosphere. The time series of the electron density fluctuation in using CAPS 

electron data shows an order of a magnitude fluctuation. However, Persoon et al. (2005) 

have studied the electron density in the inner magnetosphere from 3to9Rs using the Radio 

and Plasma Wave Science (RPWS) instrument on the Cassini spacecraft. They found that 

the electron density profiles are highly variable inside 5Rs with increasing value of the plasma 

density due to the presence of a plasma source around this region. However, our study of 
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electron density variation region is outer-magnetosphere. In this paper we will discuss these 

variations and their implication of transport processes on Saturn's magnetosphere.

Figure 4.2: Electron density variation observed by CAPS/ELS in the outer magnetosphere 
in the dawn region. This variation is similar to the variation observed by Voyager I and II.

The internal source of plasma on Saturn's magnetosphere is its moon Enceladus located 

at ~ 4Rs. The plasma produced in the magnetosphere couples with the strong magnetic 

field of the rapidly rotating planet and corotates with the planet. The planet's magnetic 

field is assumed to be dipolar and these dipolar field lines are stretched outwards near the 

magnetic equatorial plane. These stretched magnetic field lines forms a cushion like structure 

in the outer magnetosphere. In order to have a stable magnetodisc configuration the plasma 

produced has to be transported radially outward.

Furthermore, the stability of Saturn's magnetosphere is determined by the flux tube con

tent η = f B ds and flux tube entropy S B' ds, (with V = f B ds defining the volume 

of the flux tube and ρ is the plasma mass density). Here both dL < 0 and dL < 0 is the 

unstable condition, where ds is the line element of the magnetic flux and L is the radial 

distance in units of Saturn's radius where the field line crosses the equator. Sittler et al. 

(2008) shows that the flux tube content starts to decrease around 7Rs. After this region, 

the radial transport rates increase significantly. However, the flux tube entropy increases 

with radial distance due to an ever increasing flux tube volume and increasing plasma pres
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sure in the middle and outer magnetosphere (Ma et al., 2019a). In general, if ∂S∕∂L > 0 

then the magnetodisc should be stable to centrifugal interchange motion. Understanding 

the competing effects of negative flux tube mass content gradients and positive flux tube 

entropy gradients is key to understanding the nature of radial transport physics. The trans

port physics in rapidly rotating magnetosphere is not fully understood. Different transport 

mechanisms have been proposed.

The centrifugal force experienced by the plasma in the inner magnetosphere, stretches the 

magnetic field lines. These stretched field lines are reconnected in the tail region and release 

the plasma and subsequently must return to the inner magnetosphere. This internally driven 

cycle is called Vasyliunas cycle. Delamere et al. (2015) showed evidence that the Vasyliunas 

cycle happens in the day side rather than the nightside. However, Ma et al. (2016) shows that 

the Rayleigh-Taylor instability can locally twist the magnetic field at the higher latitudes 

and forms a pair of reconnection sites. This type of process helps to maintain the stability 

of the magnetodisc without involving the large flux circulation in the ionosphere. Ma et al. 

(2019a) describes the radial transport process based on specific and flux tube entropy and 

explores the different possible transport mechanisms to explain observed specific entropy and 

flux tube entropy. Neupane et al. (2019) showed a deficit in the magnetic flux circulation 

in Saturn's magnetosphere and stated that large-scale plasmoid due to the reconnection at 

tail is not enough to explain the transport in Saturn's magnetosphere. However, Cassini 

showed the existence energetic neutrals (ENA) around 20Rs. These ENA are produced by 

the charge exchange with energetic ions carried by the empty flux tube generated at the tail 

due to the solar wind compressed magnetosphere (Mitchell et al., 2005).

Stauffer et al. (2019) conducted the hybrid plasma simulations of Raleigh-Taylor insta

bility using high plasma beta for Saturn and Jupiter magnetosphere. They showed a strong 

guide field magnetic reconnection and diffusive processes as plausible mechanisms to fa

cilitate kinetic-scale radial transport. The KH instability within the magnetosphere could 

also contribute to radial transport (Ma et al., 2019b). In addition, Neupane et al. (2020) 

78



have studied the kinetic turbulent heating of Saturn's magnetophere and suggested that the 

power input due to the turbulent heating is sufficient to explain the observed temperature 

in Saturn's magnetodisc. Also, Neupane et al. (2020) categorized the entire magnetosphere 

of Saturn based on the magnetic field structure into quiet and disturbed events. Disturbed 

events are possible magnetic reconnection sites, which have almost two order of magnitude 

larger heating rate densities. Also, they showed that the advective transport model used for 

the solar wind is important in the outer magnetosphere.

However, injections events have been observed by the Cassini spacecraft and assumed 

that these injection events are the result of mass and magnetic flux circulation on Saturn's 

magnetosphere (Hill et al., 2005; Rymer et al., 2009; Thomsen et al., 2014; Azari et al., 

2018). Injection events are assumed to be caused by Releigh-Taylor instability of plasma 

due to the rapid rotation of Saturn. The plasma produced in the inner magnetosphere 

experience the outward force. Interchange between the flux tubes that contain the cold 

plasma in the inner magnetosphere and the less dense flux tubes generated in the outer 

magnetosphere containing hot plasma. The inward moving less dense flux tubes with hot 

plasma are injection events. Additionally, Azari et al. (2018) showed that the injection events 

are observed around 6% of the time and dominate on the night side. Neupane et al. (2020) 

assumed that these events are not sufficient to explain radial transport and showed that the 

magnetically disturbed events observed at low latitude could be responsible for these injection 

events. At the same time they showed the distribution of disturbed events happen at all 

latitudes and they believed that these disturbed events could be the potential reconnection 

sites. These disturbed events could be generated by Kelvin Helmholtz and/or Rayleigh- 

Taylor instability at the higher latitude. These disturbed events are very localized in space 

with higher heating rate density. Delamere et al. (2021) calculated the heating rate density 

in three-dimensional Kelvin-Helmholtz simulations during the non-linear growth phase found 

out the heating rate density is similar to heating rate density of disturbed events near the 

magnetopause boundary.
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Local time asymmetry is an important property of Saturn's magnetosphere. It is believed 

that the solar wind plays an important role for such asymmetry (Khurana, 2001). Different 

physical parameter studies of Saturn's magnetosphere show both spatial and local time 

variation. It has been shown that there is dawn-dusk asymmetry in radial flows where the 

dawn side is dominated by outflows and dusk side is dominated by inflows (Neupane et al., 

2019; Jia and Kivelson , 2016) which is consistent with the noon-midnight global electric field 

(Wilson et al., 2013; Thomsen et al., 2012). In this paper we will also talk about the local 

time asymmetry observed in the density variation and temperature.

A newly developed magnetohydrodynamic code (Zhang et al., 2019), GAMERA (Grid 

Agnostic MHD for Extended Research Applications), combines geometric flexibility with 

high-order spatial reconstruction and constrained transport to maintain the divergence-free 

magnetic field. GAMERA is inherited from LFM (Lyon-Fedder-Mobarry) (Lyon et al., 2004), 

which is used in space physics research. The LFM code main features gives eighth-order 

centered spatial differencing, the Partial Donor Cell Method limiter for shock capturing, 

a non-orthogonal staggered mesh with constrained transport, and conservative averaging

reconstruction for axis singularities. A main advantage of the MFLFM/GAMERA simulation 

is a total variation diminishing (TVD) scheme that preserves steep gradients with little 

numerical dissipation or dispersion during advection. Figure 4.3 is a MFLFM simulation of 

Jupiter which shows the structure of KH and in local time asymmetry.

In-order to study the variation of the electron density in the outer magnetosphere, we have 

used two virtual spacecraft on the dawn and dusk side of the outer magnetosphere. We have 

not fully understood the reasons for the fluctuation of density in the outer magnetosphere and 

its implication for the transport. This is why it is very important to understand the physics 

for the generation of these observed fluctuations in density. To understand this fluctuation, 

we have studied two different parameters and their response of lag time by calculating the 

transfer of entropy, which determine the amount of information transfer from one variable 

to another.
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Figure 4.3: The KH instability structure using MFLFM simulation of Jupiter. This shows 
the structure of KH instability and asymmetry with local time (Zhang et al., 2018).

It is very difficult to model a complex system like a magnetosphere (physically and 

computationally) and the empirical model developed using the assumption to fit the data by 

choosing the free parameter may lead to different conclusion. We have to be careful while 

choosing or fitting the data so that we don't violate the physical laws. Information theory 

has proven to be a powerful method to analyze the dynamics of complex systems and is 

particularly useful in characterizing responses that are nonlinear and for determining causal 

relationships. Mutual information theory has been used is space physics to understand causal 

relationships between two parameters. Johnson and Wing (2005) identify the non linearities 

in the Kp response time and relate the timescales to geomagnetic storms, to identify the 

differences between the linear and nonlinear response of radiation belt fluxes and Dst to solar 

wind parameters (Wing et al., 2016; Johnson and Wing , 2018) and to identify the relationship 

of storm and substorms (De Michelis et al., 2011). Here, we are trying to understand the 

fluctuation in observed density on the dawn side of the magnetosphere and its causal relation 

with different parameters. We will talk about the different possible mechanism that produces 

this density fluctuation.
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The rotation period of Saturn is about of 10.7 hours. Besides this rotation period, dif

ferent quasi-periodic (QP) pulsations have been observed from few minutes to few hours 

have been observed on Saturn's magnetosphere. Similarly, many unexplained QP pulsa

tions of different frequency bands have been observed throughout the Jovian magnetosphere 

(Kivelson , 1976). Carbary and Mitchell (2013) reviewed periodicities observed in Saturn's 

magnetosphere, and presented the models to explain these periodicities. Both the Voyager 

and Cassini RPWS instrument show a 10 hours periodicity, which is assumed to be associ

ated with Saturn's rotation period. Manners and Masters (2019) used the magnetometer 

data from the Galileo spacecraft and studied the quasi-periodic pulsations in the ultra low- 

frequency band in the Jovian magnetosphere and believed that they are due to the standing 

Alfven waves on magnetic field lines. Similarly, one-hour quasiperodicity observed in Sat

urn's outer magnetosphere is believed to be associated with standing Alfven waves (Rusaitis 

et al., 2020). In this paper we will talk about the observed perodicity obtained from the 

CWT transformation of magnetic field in Saturn's outer magnetosphere on dawn sector. Due 

to the shorter time spent by the Cassini spacecraft on the dawn flank of the magnetosphere, 

we will discuss periodicities of less than 5 hours and their implication on the transport of 

mass and magnetic flux circulation.

4.3 Methods

4.3.1 Linear Regression and Mutual Information

A general method to establish causal relationships between two time series, e.g., x(t) and 

y(t), is to use a time-shifted cross correlation function, 

where r =correlation coefficient and τ =lag time. The results of this type of analysis may 

not be particularly clear when the correlation function has multiple peaks or there is not an 
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and m is the number of bins used in the discretization to integers, H is entropy, pia is the 

measured probability of observing an element of a with the value i, and piajb is the joint 

probability of observing time series a in bin i and time series b in bin j . If the entropy H is 

considered to be the amount of information gained about a system via a single observation, 

then the mutual information I (a,b) is the information gained about b, on observation of a.

The availability of time series of the evolution of the properties of physical systems is 

increasing, stimulating the development of many novel methods for the extraction of informa

tion about their behaviour over time, including whether or not they arise from deterministic 

or stochastic dynamical systems. Surrogate data testing is an essential part of many of these 

methods, as it enables robust statistical evaluations to ensure that the results observed are 

not obtained by chance, but are a true characteristic of the underlying system. The sur-

83

obvious asymmetry. Additionally, correlational analysis only detects linear correlations, but 

many or most causal relationships found in nature are nonlinear. Nevertheless, time-shifted 

mutual information, MI[x(t),y(t+τ )] can be used to detect causality in nonlinear systems, 

but this too suffers from the same problems as the time-shifted correlation.

The mutual information (Shannon , 1948), is sensitive to both linear and nonlinear cor

relations. For two integer time series a and b, the mutual information (in units of bits) is 

defined by

where,



rogate data technique is based on the comparison of a particular property of the data (a 

discriminating statistic) with the distribution of the same property calculated in a set of 

constructed signals (surrogates) which match the original data set but do not possess the 

property that is being tested. Here, we have created the surrogate data by randomizing the 

time series for the parameter understudy.

We have set up the null hypothesis that the two-parameters do not have any correlation 

between them using the surrogate data. Our purpose here is to falsify the null hypothesis. For 

this, we are calculating the transfer of information value between the two parameters under 

study using the surrogate data sets. Then, the mean and standard deviation of surrogate 

data is calculated. If the transfer of information calculated between two time series under 

study falls within the interval of mean and three standard deviations of the surrogate data, 

we will accept the null hypothesis.

4.3.2 Wavelet Transform

We are using the wavelet transform (WT) to understand the different periodicities observed 

in Saturn's outer magnetosphere using the Cassini magnetometer data. The WT is a very 

powerful signal processing technique to analyze non-stationary time series. Analogously to 

the Fourier analysis, which decomposes a signal into sine waves of several frequencies, the 

wavelet transform decomposes a signal in translated and scaled (dilated or compressed) ver

sions of the mother wavelet, each one multiplied by an appropriate coefficient. By varying 

the wavelet scale and translating along the localized time index n, one can obtain a picture 

(wavelet map) showing both the amplitude of any feature versus the scale and how this am

plitude varies with time. We have used Morlet wavelet type transformation of the magnetic 

field.

The Fourier transformation (FT) decomposes a signal into frequencies by using a series 

of sine waves. It transitions between the time and frequency domain. FT only decomposes a 

signal in its frequency domain without any information about its time domain. This is why 
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it is not possible to determine which frequencies are part of a signal at a specific moment 

in time, or vice versa. FT can be confined to either the time or the frequency domain. To 

handle this problem we need to use look at the continuous wavelet transformation.

In contrast to infinite series of sine functions that are used for FT, WT contains different 

families and types of wavelets with differing compactness and smoothness which are zero 

mean and limited (finite) in time.

Figure 4.4: Shape of the Mexican hat, Morlet and Gaussian mother wavelets.

The different wavelet shapes enable us to choose the one that fits best with the features 

that we are looking for in our signal. Most common wavelets for CWT are the “Mexican, 

Morlet and Gaussian” wavelet (Figure 2). They are also called “Mother Wavelets”. Figure 

4.4 also demonstrates the zero mean and the time limitation of the mother wavelets. Both of 

these conditions allow a localization from time and frequency at the same time. Additionally, 

they enable the necessary integrable and inverse wavelet transformation. CWT can be 

described by the following equation:

85

Here, τ is translation, s is a scale factor ψ(η) = ∏~i∕ieιmηe~n/2 is mother wavelet, where m 

is the wave number, η is dimensionless time parameter and is a scale factor.

To find out the active regions of frequency, we have used time average wavelet power and 

this time averaged power is integrated over the selected frequency band.



where γ is frequency, P is power spectral density, and γmin and γmax are the minimum and 

maximum frequency of the interested frequency band. We set the threshold as three times 

the time average mean band power. The active frequency is considered only if the value of 

power spectral density is greater than the threshold for about an hour for a given time series.

4.4 Discussion

4.4.1 Electron Density Fluctuation

To study the observed fluctuation of electron density in the outer magnetosphere from dawn 

to dusk region, we have looked at the time series of density observed from CAPS ELS 

data shown in Figure 4.2 and compared that with time series with the MLFM/GAMERA 

fluid simulation shown in 4.5, keeping the virtual spacecraft on the dawn and dusk sectors. 

Both the observed and simulated electron time series at dawn give a similar fluctuation on 

spatial and temporal scales. The red line in Figure 4.5 shows about an order of magnitude 

density fluctuation in Saturn's outer magnetosphere. The blue line is the density on the 

dusk sector, where the fluctuation is not as prominent as in the dawn sector. Figure 4.6 

shows that a finger-like structure could be generated by the KH and/or the Rayleigh-Taylor 

instability. These generated low density flux tubes could be associated with the observed 

density fluctuation on the dawn side of the outer magnetosphere.
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Figure 4.5: Electron density variation given by MLFM/GAMERA simulation. Figure 4.5 
shows local time asymmetry in density fluctuation.

Figure 4.6: Pro jection of electron density on equatorial plane from the MFLFM/GAMERA 
simulation. Figure 4.6 shows the generation of low flux tubes on the dayside.

87



4.4.2 Local time asymmetry in temperature

The study of average temperature for both ions and electrons using Cassini CAPS data 

shows average local time asymmetry in temperature for electrons and ion data. The average 

observed electron temperature on the dawn side is around 280eV and dusk region electron 

temperature is around 120eV . Similarly, the average ion temperature on the dawn side is 

around 340eV and 240eV on the dusk side. This clearly shows that the equatorial projection 

of average plasma temperature on the dawn side is hotter than the dusk region. The low 

density flux tubes generated at the tail region of the magnetosphere could be responsible for 

the asymmetry for the temperature.

88



Figure 4.7: Local time asymmetry in temperature (top) observed by CAPS/ELS in electron 
and CAPS ion temperature (bottom) given by Wilson et al. (2017) forward fits. Both ions 
and electrons show temperature local time asymmetry in the temperature. This asymmetry 
in temperature could be due to the empty flux generated at the magnetotail.

4.4.3 Transfer of Information Between Density Fluctuation (tail) and Vorticity on Day-side 

Information theory based on entropy is a valuable tool used to determine the information flow 

among various parameters. We have used information theory based on entropy to find out 

the relation between the different parameters under study to understand the electron density 

fluctuation in the dawn sector of the magnetosphere. In Figure 4.8 the red boxes indicate the
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region under study between the z-component of magnetic field (night side) and the density 

fluctuation (noon) in the outer magnetosphere. In Figure 4.9 (top) is the correlation between 

the z-component of magnetic field (night side) and the density fluctuation (noon) and peaks 

show the weak correlation. To better understand the relation between these parameters 

we have used information theory, where the blue line in Figure 4.9 shows the information 

transfer between the z-component of the magnetic field and the density fluctuation at noon, 

while the red line is the average information between the surrogate data and the green line 

indicates the three standard deviations away from mean surrogate value. Here we have 

generated the surrogate data by randomly shuffling the one of the time series under study. 

The peak around 2-5 hours indicates the time required to see the effect of midnight on the 

day side. While the 12 - 15 hour peak could be associated with Saturn's rotation or sub 

co-rotation period.

Figure 4.8: The red box in Figure 4.8 is the region selected to study two parameters, z- 
component of magnetic field (tail) and the density fluctuation (noon) at the outer magneto
sphere.
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Figure 4.9: Figure 4.9 (top) is the correlation coefficient between the z -component of mag
netic field (midnight) and density variations (noon). The peaks show very weak correlation 
between the parameters under study. Figure 4.9 gives the information transfer between the 
z -component of the magnetic field (midnight) and density variation (noon). The blue line in 
Figure 4.9 (bottom) is the information transfer between z -component of magnetic field in the 
tail and the density fluctuation at noon. The red line shows the mean value of information 
of surrogate data, while the green line shows the three standard deviation from the mean of 
the surrogate value.

Similarly, in Figure 4.10 the red box indicates the region under study between density 

fluctuation in the tail region near the magnetopause boundary of magnetosphere and the 

vorticity at noon. Figure 4.11 shows that there is weak linear correlation between the 

density fluctuation (dawn) and vorticity (noon). In Figure 4.11 (bottom) the blue line 

shows the information transfer between density fluctuation and the vorticity at noon. The 

red line is the average information between the surrogate data and the yellow line indicates 

three standard deviations away from the mean surrogate value. The transfer of information 

peaks around 2 hours, 6 hours and 10 hours is shown by the blue line, while the red line is 

the average information between the surrogate data and the yellow line indicates the three 

standard deviation away from mean surrogate value. The peaks around two to five hours 

are not understood properly. But it is believed that it could be due to the Kelvin-Helmholtz 

modulation on the dawn flank at the magnetopause boundary.
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Figure 4.10: The red box in Figure 4.10 is the region selected to study two parameters, 
density fluctuation (dawn) and the vorticity (noon).

Figure 4.11: Figure 4.11 (top) is the correlation coefficient between density variation (dawn) 
and vorticity (noon) . The peaks show very weak correlation between the parameters under 
study. The blue line in Figure 4.11 (bottom) is the information transfer between density 
fluctuation (tail) and the vorticity (noon). The red line shows the mean value of information 
of surrogate data, while green line shows the three standard deviation from the mean of 
information from surrogate value.
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4.4.4 Continuous Wavelet Transformation

Figure 4.12: Cassani orbit in Saturn's magnetosphere, red line indicates section of orbit on 
the dawn sector used in this study for CWT.

Figure 4.13: An example of continuous wavelet transform of the perpendicular component 
of the magnetic field (bottom). The blue line (top) is the perpendicular component of 
the magnetic field. The color bar indicates the absolute value of the CWT values for the 
perpendicular component of the magnetic field.
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Figure 4.14: The distribution of active frequency obtained using cwt transformation from the 
perpendicular component of magnetic field on the dusk region at the outer magnetosphere.
The peaks around 30 minutes and an hour are believed to be associated with the Alfvenic 
perturbation, while the local peaks around 2 to 3 hours are believed to be associated with 
the KHI modulation on the dusk regions.

The transport of mass and magnetic flux is not properly understood. Is the transport 

dominated by small-scale or large scale reconnection? Jackman et al. (2014) evaluated mass 

loss down Saturn's magnetotail by investigating plasmoids and found a mass loss rate of 

2.6 kg s-1 instead of 50 kg s-1to100 kg s-1. Moreover, Smith et al. (2016) confirmed the mass 

imbalance, suggesting that steady mass loss occurs on the dusk flank despite more infrequent 

reconnection events being observed. However, Cowley et al. (2015) argued that large scale 

tail reconnection events are sufficient to explain the transport is Saturn's magnetosphere, 

provided that that the plasma sheet extends hundreds of RS down tail.

However, the analyses of Cassini magnetometer (MAG) data suggest that much of the 

Vasyliunas cycle of reconnection may occur in the subsolar to dusk sector, releasing plasma 

in a small (kinetic) scale “drizzle” down the dusk flank (Wilson et al., 2017; Delamere et al., 

2015). Also, Neupane et al. (2019) have studied more than 400 cases of transition of the 

theta component of magnetic field Bθ and found that the majority of events are less then 

one minute long and suggested that drizzle type small reconnection is very important for the 
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mass and magnetic flux circulation in Saturn magnetosphere.

Figure 4.7 shows that both ion and electron temperature gives local time asymmetry. It 

also shows that the dawn side is hotter than the dusk in the outer magnetosphere, while 

the calculation of heating rate density using Cassini magnetometer (MAG) data shows a 

significant local time asymmetry in turbulent heating. However, the turbulent heating rate 

density is more active on the dusk sector then the post-midnight to dawn (Kaminker et al., 

2017; Neupane et al., 2020) sector. This contrast in the observed temperature and turbulent 

heating rate density associated with magnetic field fluctuation indicates it will take time to 

release the energy of the magnetic fluctuation.

Furthermore, Cassini CAPS ELS data show the prominent density fluctuation at the 

dawn sector in the outer magnetosphere both spatially and temporarily. It is key to under

standing the generation of density fluctuations in the dawn sector to understand the global 

dynamics of Saturn's magnetosphere. Moreover, MLFM/GAMERA simulations also show 

that there are prominent density fluctuations in the dawn sector. Magnetic reconnection of 

stretched magnetic field lines at the night side of the magnetosphere generate empty flux 

tubes. It is believed that these reconnected flux tubes convect back to the inner magne

tosphere, which is observed as injection events in the middle to the inner magnetosphere. 

However, it is observed in the MFLFM/GAMERA simulation that these low-density flux 

tubes generated not only convect back to the inner magnetosphere, but also corotate with 

the planet around the dawn sector and gets compressed at the magnetopause boundary, and 

ultimately relaxe at the dusk sector. These observed density variations could be associated 

with empty flux tubes co-rotating with the planets. It is also believed that the empty flux 

tubes are hotter. These empty flux tubes observed in the dawn sector could potentially 

explain the dawn and dusk temperature asymmetry.

The contrast in the observation of density and temperature in the dawn and dusk region 

of the outer magnetosphere is important to understand the dynamics of the magnetosphere. 

Likewise, the temperature indicates that the dawn to the day sector is hotter than the dusk 
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to midnight sector. The MLFM/GAMERA simulation shows the generation of the low flux 

tube in the tail. Careful observation of the simulation results shows that these low density 

flux tubes generated could be associated with the tail reconnection. The continuous sheared 

flow on the dawn flank is very favorable for KH instability and leads to the reconnection that 

could also potentially produce the low mass density flux tube. MLFM/GAMERA simulation 

also shows that these flux tubes co-rotate rapidly. This rapid co-rotation of empty flux tubes 

could be observed in terms of vorticity in the dawn to dusk regions. We have used information 

theory to determine any correlation between different parameters under study.

The red boxes in Figure 4.8 show the region of study between the z -component of mag

netic field fluctuations in the dawn sector of the outer magnetosphere. Figure 4.9 shows 

the transfer of information between these two variables with peaks around 2 to 5 and 12 

hours. The peak around 2-5 hours indicates the time required to see the effect of midnight 

on the day sides. While the 12 hours peak could be associated with Saturn's rotation or sub 

co-rotation period.

Figure 4.11 shows the information transfer between density fluctuation in the tail region 

near the magnetopause boundary of magnetosphere and the vorticity at noon shown in Figure 

4.10 as a function of time. The transfer of information peaks around 2 hours, 7 hours and 12 

hours. The two hours peak is not understood properly about the information carried. But 

it is believed that it could be due to the Kelvin-Helmholtz modulation on the dawn flank at 

the magnetopause boundary.

Figure 4.13 shows an example of continuous wavelet transformation of the perpendicular 

magnetic field in the dawn sector of the outer magnetosphere. We have selected the dawn 

sector of the magnetosphere to understand the observed density fluctuation along with the 

different periodicities in Saturn's outer magnetosphere. The Cassini spacecraft spent very 

little time in the dawn sector of the magnetosphere as shown in Figure 4.12. Due to the 

shorter time series of magnetic field data, we have confined our analysis of the periodicities 

only up to 5 hours. The CWT transformation of the remaining time series is in Appendix 
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A2. The boundary of the magnetosphere is very dynamic and it is very hard to choose the 

starting region in the outer magnetosphere and analyze the results. For the CWT study, 

we have considered the region outside the 18Rs as the outer magnetosphere region. We 

know that the dawn sector is favorable for the KH instability due to the high sheared flow 

between magnetosphere plasma and the solar wind (Zhang et al., 2018; Burkholder et al., 

2017). Figure 4.14 shows low frequency regions, i.e., between one hour to few minutes, 

indicating that the maximum active frequency corresponds to 30 minutes and an hour, which 

is assumed to be associated with the Alfvenic perturbation in the magnetodisc resonant 

cavity. Rusaitis et al. (2020) have calculated the resonant frequencies of MHD waves in the 

outer magnetosphere of Saturn using the magnetic field model from Khurana et al. (2006) 

and the plasma density from Bagenal and Delamere (2011) and found that the field line 

resonances can produce the quasi-periodic one hour pulsations with the third and the fourth 

harmonics. Moreover, the different local peaks around a period of 2 to 3 hours could be due 

to the KH modulation observed as the density variation in MLFM simulation. Note that 

this few hours KHI modulation is present when there is active KHI. The rough estimates of 

density fluctuation using CAPS ELS data with density fluctuation of more than an order of 

magnitude in the outer magnetosphere are about 15% to 20%.

4.5 Summary

We have compared the CAPS ELS data with the MLF/GAMERA simulation to compare the 

electron fluctuation data and determine the information transferred between two variables. 

The summary of our findings is below:

1 The density variation observed on the dawn sides could be associated with the low 

density (and high temperature) flux tubes generated in the tail regions due to the 

magnetic reconnection.

2 There is dawn-dusk asymmetry in temperature in the outer magnetosphere. This 
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temperature asymmetry could be due to the low density flux tube generated in the tail 

region.

3 The calculation of the transfer of information shows that it takes almost 2-4 hours for 

the effect of magnetic reconnection to appear on the day side. Also, the local peaks of 

the active frequency around 2 to 3 hours could be associated with KHI modulation on 

the dawn flank.
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Chapter 5 Summary and Future Work

There is a debate regarding how the plasma transport happens in rotationally driven mag

netosphere like Jupiter and Saturn. It is evident that both the large-scale reconnection on 

the tail and the drizzle type small-scale reconnection play an important role to transport 

the internally generated plasma out of the magnetosphere. This thesis has used data and 

model to understand the radial transport in Saturn's magnetosphere. For the data analysis, 

we have used the data from the different instruments on the Cassini spacecraft. We have 

compared the observed data from the Cassini to MFLFM/GAMERA simulations. Unlike 

the terrestial magnetosphere, the solar wind plays a less important role in Saturn's mag

netosphere. Therefore, it is important to understand the radial transport problem in the 

outer planetary magnetosphere. There are many different studies to understand the trans

port in Saturn's magnetosphere. These studies have come at a time where outer planet 

magnetospheric missions like Juno are going on. On the simulation side, a new magneto

hydrodynamic code, GAMERA (Grid Agnostic MHD for Extended Research Applications), 

has been designed to combine geometric flexibility with high-order spatial reconstruction 

and constrained transport to maintain the divergence-free magnetic field. GAMERA carries 

the legacy of its predecessor, the LFM (Lyon-Fedder-Mobarry), a research code whose use in 

space physics has spanned three decades (Zhang et al., 2019). We also look forward to com

parisons with global MHD simulations to understand the role of different physical process 

like Kelvin-Helmholtz instability, Raleigh-Taylor instability and others for the global mass 

and energy budgets at Jupiter and Saturn.

5.1 Summary of Results

5.1.1 Quantifying Mass and Magnetic Flux Transport in Saturn's Magneto- sphere

Internally produced plasma in the inner magnetosphere of Saturn must be transported out

ward and lost to the solar wind. There are different models that have been used to estimate 
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the mass transport rate in Saturn's magnetosphere. Different studies reported the mass 

transport rate should vary between 12 to 200 kg s-1 . We have found the plasma transport 

rate of 50 kg/ sec and a deficit in the magnetic flux transport. Magnetic reconnection is 

a ubiquitous process in a dynamic space plasma, removing mass, and conserving magnetic 

flux. We have observed local time asymmetry in radial flows, where inflows dominate on the 

dusk flank rather than the dawn flank of Saturn's magnetosphere, indicating that the drizzle 

type reconnection on the dusk flank is very important rather than the large scale magnetic 

reconnection on the tail. In addition, the deficit in the magnetic flux circulation calculation 

also suggests that the small scale reconnection is very important to the transport of mass 

and magnetic flux circulation.

5.1.2 On The Nature of Turbulent Heating and Radial Transport in Saturn's Magnetosphere 

The statistical properties of magnetic field fluctuations in Saturn's magnetosphere show that 

its magnetosphere is the perfect place to study plasma turbulence. The calculation of the 

kinetic turbulent heating rate density is about ~ 10-17 Wm-3. Based on the magnetic 

field fluctuations, Saturn's magnetosphere could be divide into disturbed and quiet periods. 

Based on the Cassini magnetometer data we have found that 6% to 7% of the time is in a 

disturbed state. We have suggested that these disturbed events are potential reconnection 

sites. The latitudinal distribution of disturbed events indicates that they are distributed 

over all latitudes. This latitudinal distribution of the disturbed events suggests that the 

magnetodisc reconnection is not enough to explain the transport. The radial velocity in the 

outer magnetosphere suggests that the advective transport model used in the solar wind 

could explain the transport in the outer magnetosphere. However, the diffusive transport 

model could be dominant in the inner magnetosphere. The turbulent heating model based on 

the advective transport could be the dominant mechanism in the outer magnetosphere. The 

comparison between the local Alfven speed with the radial flow in the outer magnetosphere 

could indicate the existence of planetary solar wind in the outer magnetosphere of Saturn.
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Furthermore, the heating rate density of disturbed events is almost two orders of magnitude 

greater than the quiet events. This distribution of disturbed events suggests that spot heating 

is important to explain the observed temperature in the magnetosphere of Saturn.

5.1.3 The Study of Electron Fluctuation in Saturn's Magnetosphere: Implication for Radial 

Transport

The flyby of Voyager 1 and Voyager 2 on the magnetopause boundary observed order of 

density fluctuation in the outer magnetosphere. Recent Cassini ELS CAPS data also show 

a similar variation on the dawn side of the magnetosphere. Initially, it is believed that these 

observed density fluctuations could be associated with the plasmoid formation due to the 

flute instability or reconnection in the magnetosphere. However, the MFLFM/GAMERA 

simulations show that these density fluctuations could be associated with co-rotating low- 

density flux tubes generated down the tail due to the KHI, Raleigh-Taylor instability, or 

magnetic reconnection. This prominent density fluctuation on the dawn side is believed to 

be associated with the low-density flux tubes generated due to the reconnection down the 

tail region which could explain the observed asymmetry in the flows.

At the same time, we have calculated the time required to propagate the information 

from the night side to the day sides using the mutual information theory. We have estimated 

that it takes 2-3 hours to propagate the information of any events from the night side to 

the noon region. In addition, the two hours period observed between the two variables like 

density fluctuation on the dawn flank and the vorticity at noon could be associated with the 

KHI modulation on the dawn flank. The CWT of the magnetic field data on the dawn flank 

of Saturn's magnetosphere shows the maximum power around different time periods from a 

few minutes to a few hours. It is believed that the maximum power of around 2 hours could 

be due to the KHI modulation.
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5.2 Future Work

5.2.1 Quantifying Mass and Magnetic Flux Transport in Saturn's Magnetosphere

Recent work by Ma et al. (2019) has produced very interesting results concerning the mech

anism of transport in hybrid simulations compared with Hall MHD simulations. Ma et al. 

(2019) initialized two-dimensional simulations of the KHI using very similar parameters in 

the two different frameworks. While both simulations produced essentially the same amount 

of transport , the Hall MHD simulation does so through the production of large magnetic 

islands while the hybrid simulations show transport is primarily facilitated by diffusion. The 

obvious next step is to perform three dimensional simulations to make comparisons between 

the hybrid simulation and Hall MHD. The patchy network of intermittent reconnection sites 

produced in the hybrid simulation is particularly important in three dimensions, and may 

shed further light on the specific physical mechanism driving transport.

5.2.2 On The Nature ofTurbulent Heating and Radial Transport in Saturn's Magnetosphere 

We have used the strong turbulent heating rate density due to the counter propagating 

Alfven waves. Moreover, Delamere et al. (2021) have used a modified equation of kinetic 

turbulent heating rate density for the strong turbulence.

Here, we have used the advective model used in the solar wind to calculate the tempera

ture in the magnetosphere of Saturn. However, we know that this advective model approach 

is only valid in the outer magnetosphere. Many studies suggest that transport in the in

ner magnetosphere is dominated by the diffusive transport. We suggest to use the hybrid 

mode, i.e. used the diffusive transport and advective transport model in the inner and outer 

magnetosphere respectively for the calculation of the temperature profile.

In this study we have categorized the magnetosphere into disturbed and quiet periods. 

We suggested that the disturbed events are the possible reconnection sites and found that 

these disturbed events are located in the magnetic reconnection regions. However, these 
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disturbed events are likely to be found everywhere between —30° to 30°. The next step is to 

use these disturbed events on the high latitude to understand the nature of the reconnection 

at higher latitude.

5.2.3 The Study of Electron Fluctuation in Saturn's Magnetosphere: Implication for Radial 

Transport

Density observation shows a large fluctuation on the dawn side rather than the dusk regions. 

Also, we see the local time asymmetry in temperature shows that the dawn side is hotter 

than the dusk regions. We have suggested that these density fluctuations and asymmetry in 

temperature are due to the reconnection in the tail or the dawn flank of the magnetosphere. 

It is believed that the reconnected magnetic flux tube should penetrate the magnetosphere, 

but the MFLFM/GAMERA simulation shows that these reconnected flux tubes co-rotate 

in the outer magnetosphere. The next step for this study is to determine what makes these 

flux tubes co-rotate instead of penetrate into the inner magnetosphere. It is important to 

understand these co-rotating low density flux tubes and how they relate to injection events 

observed in the inner magnetosphere.

We have used the mutual information theory to understand the relation between two 

parameters. In the future we could use the conditional mutual information between two 

parameters for certain given condition of a third parameter. For example, for a given z- 

component of magnetic field in the tail, we could calculate the information between flow on 

the night side and density variation around the dusk region.
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A1 Mass Transport Rate (Ṁ) Calculation
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To derive the plasma mass distribution in Saturn's magnetosphere, we assumed that the 

plasma in Saturn magnetodisc is distributed in concentrically symmetric discs with radius 

R and scale height H. We calculate the radial transport rate from conservation of mass and 

the empirical radial density profile.

Figure 1: Saturn's magnetodisc is assumed to be concentrically symmetric with radius R 
and scale height H .

The density distribution of the plasma and scale height away from the equator is given 

by (?)

Here, n is in units of per cubic volume. Taking our radial profiles of plasma density, scale 

height H , we integrate vertically to obtain the distribution of mass, that is

For a given radial distribution of mass and radial flow, the rate of the mass flow is given
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by

Ṁ =M (R)Vr

where, mi(= Aimp) is the mass of the ion, Ai is the atomic mass unit and mp is the mass 

of the plasma and no is the plasma density in the center of the plasma sheet. Note: All the 

fits we have used is within the ±5 degree latitude. So our assumption is all the fits provided 

are within the plasma sheet though current sheet warping may be an issue.
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A2 CWT Using Magnetic Field Data
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The Continuous Wavelet Transform (CWT) is used to decompose a signal into wavelets. 

Wavelets are small oscillations that are highly localized in time. The CWT is used to con

struct a time-frequency representation of a signal that offers very good time and frequency 

localization. We have used wavelet transformation of perpendicular magnetic field in the 

dawn sector of the outer magnetosphere. This is the region where we see significantly fluc

tuation on all three component of magnetic field.

Figure 2: CWT of perpendicular component of magnetic field in the dawn sector of Saturn's 
outer magnetosphere.
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Figure 3: CWT of perpendicular component of magnetic field in the dawn sector of Saturn's 
outer magnetosphere.



Figure 4: CWT of perpendicular component of magnetic field in the dawn sector of Saturn's 
outer magnetosphere.
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