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Abstract The large-scale structure of Saturn's magnetosphere is determined by internal and external
factors, including the rapid planetary rotation rate, significant internal hot and cold plasma sources, and
varying solar wind pressure. Under certain conditions the dayside magnetospheric magnetic field changes
from a dipolar to more disk-like structure, due to global force balance being approximately maintained
during the reconfiguration. However, it is still not fully understood which factors dominantly influence
this behavior, and in particular how it varies with local time. We explore this in detail using a 2-D
force-balance model of Saturn’'s magnetodisk to describe the magnetosphere at different local time sectors.
For model inputs, we use recent observational results that suggest a significant local time asymmetry in
the pressure of the hot (>3 keV) plasma population, and magnetopause location. We make calculations
under different solar wind conditions, in order to investigate how these local time asymmetries influence
magnetospheric structure for different system sizes. We find significant day/night asymmetries in

the model magnetic field, consistent with recent empirical studies based on Cassini magnetometer
observations. We also find dawn-dusk asymmetries in equatorial current sheet thickness, with the varying
hot plasma content and magnetodisk radius having comparable influence on overall structure, depending
on external conditions. We also find significant variations in magnetic mapping between the ionosphere
and equatorial disk, and ring current intensity, with substantial enhancements in the night and dusk
sectors. These results have consequences for interpreting many magnetospheric phenomena that vary with
local time, such as reconnection events and auroral observations.

1. Introduction

A magnetosphere is a magnetic and plasma structure that surrounds a magnetized planet, due to the inter-
action between the planetary magnetic field and the solar wind. At Saturn, the large-scale configuration of
the magnetosphere is determined by a number of factors; the rapid (~10.7-hr period) rotation rate of the
planet (Desch & Kaiser, 1981) and significant internal plasma population originating from the cryovolcanic
moon Enceladus (Dougherty et al., 2006) give rise to a “disk-like” magnetic field structure. In the outer mag-
netosphere, beyond ~15 Rg (where Ry is Saturn's radius, 60,268 km), the magnetospheric magnetic field
lines are radially stretched outward in the equatorial plane compared to a dipolar configuration. This is sup-
ported by an equatorial azimuthal ring current, such that the associated magnetic pressure and curvature
forces balance the centrifugal force acting radially outward on the rapidly rotating plasma. The centrifugal
force can be directly linked to an inertial current, which contributes to the total ring current; this inertial
component is equivalent to the azimuthal drift associated with centrifugal force in a frame corotating with
the plasma. In the middle and outer magnetosphere, beyond ~10 Ry, there is also a significant population
of hotter (>3 keV for ions) and more variable plasma, which also contributes to the formation of a magne-
todisk structure, via an enhancement of the ring current (Sergis et al., 2010). This relationship is discussed
in more detail in the next section via equation (1). In addition, pressure balance between the magnetosphere
and the varying external solar wind pressure conditions typically determines the approximate shape and
size of the magnetosphere (Pilkington et al., 2015a). Changes in magnetopause morphology in turn influ-
ences the internal magnetic field configuration. Both modeling and observational studies have shown that
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the dayside magnetic field changes configuration to become more disk-like when the system expands to a
larger size (Achilleos et al., 2010; Arridge et al., 2008; Bunce et al., 2008; Sorba et al., 2017).

The relative importance of each of these factors in controlling Saturn's magnetospheric structure is cur-
rently an area of active research. In recent years, a more global understanding of Saturn's magnetosphere
has become possible largely thanks to the extensive temporal, spatial, and seasonal coverage of the Cassini
space mission, which toured the Saturnian magnetosphere from 2004 to 2017. In particular, there is now
an opportunity to investigate in more detail how the large-scale structure of Saturn's magnetosphere varies
with local time, and which factors control this behavior. This information is important for interpreting a
range of phenomena at Saturn, for example, the likelihood of reconnection events in different regions of
the magnetosphere (Delamere et al., 2015), which is related to how current sheet thickness varies with local
time (Kellett et al., 2011). Understanding more about the structure of the current sheet is also important
for studies of the observed periodicities at Saturn's magnetosphere, which investigate how the position and
thickness of the equatorial current sheet are modulated at a period close to the planetary rotation rate (e.g.,
Cowley & Provan, 2017; Thomsen et al., 2017). More generally, a good picture of the global magnetic field
structure at different local times is important for understanding how different regions of the magnetosphere
magnetically map to the polar ionosphere in different local time sectors, for example, when interpreting
observations of Saturn's aurora.

A recent empirical study of magnetopause crossings by Pilkington et al. (2015b) showed evidence of a
dawn-dusk asymmetry in the location of the magnetopause boundary, while a survey of magnetospheric
plasma populations from Sergis et al. (2017) showed significant local time asymmetry in the hot plasma pop-
ulation, with enhanced pressures in the dusk and midnight local time sectors compared to dawn and noon.
These factors will influence the magnetic and plasma configuration of the magnetosphere differently at dif-
ferent local times. In addition, a recent magnetic field model by Carbary (2018) shows significant day-night
asymmetry in equatorial-ionospheric magnetic mapping profiles, and local time asymmetries in the location
of Saturn's aurora have been observed in studies such as Badman et al., (2006, 2011).

In this work we investigate the relative importance of these factors in controlling magnetospheric struc-
ture at different local time sectors using a modeling approach, to complement observational studies. We use
the University College London/Achilleos-Guio-Arridge (UCL/AGA) model, a 2-D force-balance magnetic
and plasma model of Saturn's magnetodisk from Achilleos et al. (2010). We adapt this model to describe
the typical, equilibrium conditions of Saturn’s magnetosphere at four different local time sectors; noon
(09:00-15:00), dawn (03:00-09:00), dusk (15:00-21:00), and night (21:00-03:00). We use equatorial profiles
of the hot plasma pressure from Sergis et al. (2017) for the different local time sectors as boundary condition
inputs to the magnetodisk model and determine appropriate magnetopause radius values to use for each
sector based on the magnetopause surface model of Pilkington et al. (2015b). Our method of constructing
these models is described in section 2. In section 3 we present the results of these calculations and highlight
interesting comparisons in the magnetic field structure, azimuthal current density, and magnetic mappings
for the different local time sectors. Section 4 provides a brief summary of the main conclusions of this work.

2. Method

2.1. The UCL/AGA Force-Balance Magnetodisk Model

In this study we used a modified version of the UCL/AGA magnetic field and plasma model first described
by Achilleos et al. (2010), itself based on a model originally constructed for the Jovian magnetodisk by
Caudal (1986), adapted for Saturn. More information can be found in those studies. The model is axisym-
metric about the planetary dipole/rotation axis, which are assumed to be parallel. This parallel assumption
is appropriate for Saturn in particular, as the rotation and dipole axes are aligned to within 0.01° (Dougherty
et al., 2018). This axisymmetric assumption is appropriate as an approximation of the large-scale structure
of the magnetic field, as shown by Hunt et al. (2014), who compared the gradients of currents in radial,
azimuthal, and meridional directions and found the azimuthal gradients could be neglected. The model is
constructed based on the assumption of force balance in the rotating plasma of the magnetosphere between
the Lorentz body force (magnetic pressure and tension forces), pressure gradient force, and centrifugal force,
such that

J x B = VP — nm;0*pp, 1)
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where J is the current density, B is the magnetic field vector, and p is cylindrical radial distance from the
rotation/dipole axis, with p its unit vector. The plasma properties are isotropic pressure P, ion number
density n, mean ion mass m;, and angular velocity . Equatorial radial profiles of these plasma properties
are required boundary conditions for this model and were obtained from studies based on observations from
the Cassini plasma instruments CAPS (CAssini Plasma Spectrometer; Young et al., 2004) and MIMI (Mag-
netospheric IMaging Instrument; Krimigis et al., 2004). These are presented in Achilleos et al. (2010) and
updated for this study as described in the following sections. The equatorial radial profile of angular velocity
o necessary to calculate the centrifugal force term was obtained using a recent study of CAPS observations
from Wilson et al. (2017), as described in Sorba et al. (2018). The plasma is assumed to consist of a cold pop-
ulation with pressure P, confined toward the equatorial plane due to the centrifugal force exerted on it, and
a hot population with associated pressure Py distributed uniformly along magnetic field lines.

Any magnetic field can be represented in terms of two Euler potentials « and 8, B = Va X VJ, as a conse-
quence of magnetic fields being divergence free (Stern, 1970). For an axisymmetric field with no azimuthal
component, the forms of @ and f can be chosen such that all information about the poloidal field is con-
tained in one Euler potential, which we call «, which is constant along magnetic field lines. Caudal (1986)
showed that equation (1) corresponds to a partial differential equation, which can be solved iteratively for «,
providing magnetic field and plasma distributions as a function of cylindrical radial distance p, and height
with respect to the rotational equator z. We say that the model has achieved convergence when the rela-
tive difference in @ between two successive iterations falls below 0.5%, when using the mean of the current
and previous solutions at each iteration (see detailed discussion about this numerical relaxation in Sorba
et al., 2018).

This model was originally used to represent typical dayside conditions at Saturn, and so we made various
modifications described herein, which are necessary to appropriately represent different local time sectors.

2.2. Hot Plasma Parameterization for Different Local Time Sectors

An important boundary condition for this model is the equatorial profile of hot plasma pressure. It was
shown by Achilleos et al. (2010) that variations in this quantity estimated using the spread of observations
from, for example, Sergis et al. (2007) can have a significant impact on the magnetic field configuration of
a typical dayside model. In Achilleos et al. (2010), the authors used quartile fits to equatorial hot (>3 keV)
plasma pressure observations from Cassini MIMI to show that a globally elevated hot plasma pressure and
associated pressure gradient causes a more disk-like magnetic field structure, with more radially stretched
field lines, due to the enhancement of the equatorial ring current. Achilleos et al. (2010) also found that
variations in the hot plasma content affected magnetic mapping between the equatorial disk and the iono-
sphere. As discussed in section 1, the magnetospheric hot plasma population also affects the compressibility
of the magnetopause and overall force balance (Sorba et al., 2017).

More recently, a comprehensive study using Cassini MIMI data (Sergis et al., 2017) showed that the pressure
of this hot plasma population not only varies over time and distance but also varies significantly with local
time, even when averaged over a large portion of the Cassini mission (July 2004 to December 2013). Sergis
et al. (2017) also found that especially in the middle and outer magnetosphere beyond ~11 Rg pressure
gradients associated with both hot and cold populations contributed more to the total ring current than
centrifugal acceleration, except in the noon sector where both contributed approximately equally. Therefore,
in this study, we used average equatorial profiles of hot plasma pressure between 5 and 16 R presented in
Sergis et al. (2017) for the different local time sectors, as boundary conditions for our models. Specifically,
we fit the 1 Rg-width-binned data presented in Sergis et al. (2017) using polynomial functions of the form

log(Py) = ay + a;p + ayp* + ayp* + a0, @)

following the approach used in Sergis et al. (2017), with each point weighted by the inverse square of the
provided standard error of the mean. The resulting coefficients for each sector are shown in Table 1, with
pressure in units of nPa and radial distance in units of Ry. The polynomials are shown in Figure 1, as well as
the corresponding observations from Sergis et al. (2017), with standard error of the mean of each bin shown
by the error bars. This figure shows that the hot plasma pressure is significantly higher in the dusk and night
sectors than the dawn and noon sectors. Here the dawn, noon, dusk, and night sectors are defined by the
magnetic local time intervals 03:00-09:00, 09:00-15:00, 15:00-21:00, and 21:00-03:00, respectively.

SORBA ET AL.
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Table 1
Coefficients of Fourth-Order Polynomial Fits to the Logarithm of Each of the Hot
Pressure Profiles Shown in Figure 1, as Described in the Main Text

Coefficient Noon Dawn Dusk Night

a, —-5.47 -1.96 -1.36 —6.86

a 1.10 —0.149 -0.311 2.07

a, -0.114 0.0686 0.109 -0.258

a; 0.00514 —0.00652 -0.0104 0.0137

a, -847x 107>  1.83x10™*  2.99x107*  -271x10™*

For values of p smaller than the applicable range of the polynomials (5.5 Rg) we assumed the hot plasma
pressure falls linearly to zero with p, broadly in line with observations and with the approach of Achilleos
et al. (2010). For the dawn profile we used an inner boundary of 6.5 Ry due to lack of data in the innermost
bin in the Sergis et al. (2017) data, which can be seen in Figure 1. For values of p above the applicable range
of the polynomials (15.5 Ry), we assumed a profile where the product of the hot plasma pressure and the
local flux tube volume is constant with radial distance, following previous studies such as Achilleos et al.
(2010, 2017). In practice for the dawn and dusk models we used outer limits of 15.3 and 15.1 Ry, respectively,
which are the locations of the local minima in the hot pressure polynomials, to ensure a smoother profile.

2.3. Magnetopause Radius for Different Local Time Sectors

The UCL/AGA magnetodisk model used in this work can also be parameterized by an effective disk radius
Ry, the equatorial radial distance of the last closed field line in the model. As discussed in section 1, vari-
ations in this quantity also significantly impact the resulting magnetic field structure in the model, with
more expanded systems (larger R,) having a more disk-like magnetic field structure, that is, more radially
“stretched” field lines (e.g., Achilleos et al., 2010; Sorba et al., 2017). This relationship is due to overall force
balance in the magnetosphere requiring a larger magnetic tension force with a smaller radius of curvature
for more expanded systems. This is also seen in observational studies such as Arridge et al. (2008), who find
that in the noon sector, Saturn's magnetosphere only shows a significant divergence from a dipolar field
structure for a magnetopause radius greater than ~23 Ry. They also find that in contrast, the magnetodisc
structure is consistently observed on the flanks and nightside, where the magnetopause radius is greater.

= Noon
= Dawn

Dusk
= Night

—

o
4
T

Hot Pressure (nPa)

-

on
)
T

6 8 10 12 14 16
Radial Distance (Rg)

Figure 1. Equatorial radial profiles of hot plasma pressure for different local time sectors, as shown by the color. Solid
circles and error bars are means and standard errors for binned data from Sergis et al. (2017), and solid lines are
fourth-order polynomial fits to the logarithms of the data points, as described in the main text.
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Table 2

Configuration Details for the Two Families of Models Used to Represent Different local Time
Sectors, for Compressed (High Solar Wind Dynamic Pressure) and Expanded (Low Solar Wind
Dynamic Pressure) Regimes

Regime LT sector Disk radius (Rg) Shield B, (nT) Dp estimate (nPa)
Compressed Noon 21.0 —2.62 0.032
Dawn 34.3 -0.97 0.026
Dusk 33.2 —0.88 0.030
Night 42.0 0.14 —
Expanded Noon 27.0 -1.40 0.012
Dawn 43.8 -0.47 0.015
Dusk 42.3 —-0.41 0.016
Night 54.0 0.13 =

Note. Magnetodisk radius, shielding magnetic field value, and an estimate for the solar wind
dynamic pressure Dp are shown for each model.

It was therefore important for this work that we chose appropriate values of the disk radius Ry, for each of
the local time sectors we were describing. To do this, we appealed to the study of Pilkington et al. (2015b),
who improved the earlier Saturn magnetopause surface models of Arridge et al. (2006, 2015a, 2010) by in
particular including a small dawn-dusk asymmetry in magnetopause radius in the model. In Pilkington
et al. (2015b), the authors used observations of magnetopause crossings made throughout a large portion of
the Cassini mission to constrain parameters for a Shue et al. (1997)-type magnetopause model, introducing
an extra parameter to describe the dawn-dusk asymmetry. They found that on average the magnetopause
boundary extends farther from the planet on the dawnside than the duskside, by ~ 7%. The authors sug-
gested this may be due to a combination of factors including asymmetries in internal pressure populations,
and intrinsic asymmetry in plasma flow around the planet with respect to the direction of solar wind flow,
with the flows in approximately opposite directions at dawn pushing the magnetopause further out in
this sector.

In order to investigate how local time variation in magnetospheric structure varies with system size, we cal-
culated two sets of models under different solar wind dynamic pressure conditions; a compressed regime
with subsolar magnetopause radius fixed at 21 Ry and an expanded regime with subsolar magnetopause
radius fixed at 27 R, following the bimodal values observed in Pilkington et al. (2015a) and Achilleos et al.
(2008). For the corresponding dawn and dusk disk radii, we calculated the magnetopause radius at the center
of each local time sector (06:00 for dawn and 18:00 for dusk) using the best fit parameters given in Pilking-
ton et al. (2015a, 2015b). We used a value of the nose plasma f = 3 (where f is the ratio of plasma pressure to
magnetic pressure), which is the median value for the data set quoted in Pilkington et al. (2015a), although
for a fixed subsolar radius this choice of # had very little impact on the resulting flank radii. Thus, we deter-
mined the appropriate disk radii R, for noon, dawn, and dusk local time sectors, for both high and low solar
wind pressure conditions. The resulting values are shown in Table 2. In the absence of an accurate mag-
netopause model for the nightside of Saturn's magnetosphere, we used a disk radius of twice the subsolar
magnetopause radius to represent an approximate nightside local time sector structure.

The solar wind dynamic pressure corresponding to a given equilibrium magnetodisk model can be estimated
by assuming pressure balance across the boundary at the equator, as in Sorba et al. (2017). Specifically, we
can assume

B2 ki T,
=L 4 Py = [keos?(y) + ————sin’(y) | Dy. (3)
2u, L16m,ug,,

where terms on the left-hand side represent the magnetospheric (hence MS subscript) magnetic and plasma
pressures just inside the magnetopause boundary and the terms on the right (the coefficients of upstream
solar wind dynamic pressure Dp) represent the component of solar wind dynamic pressure incident on
the magnetopause surface, and a smaller component associated with the solar wind's thermal pressure.
k = 0.881 is a factor to account for the diversion of flow around the magnetosphere obstacle (see Spreiter
et al., 1966), Tgy and ug,, are the temperature and speed of the solar wind, and y is the angle between
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the incident solar wind and the magnetopause surface normal. This same relationship was also used in
Pilkington et al. (2015a) to estimate solar wind dynamic pressure based on internal magnetospheric obser-
vations and was initially proposed in this form by Kanani et al. (2010), based on the original formulation by
Petrinec and Russell (1997).

We used values for Byg and Py;g = Py; + P extracted just inside the magnetopause boundary of each model
and obtained y from the Pilkington et al. (2015a) magnetopause surface model at the appropriate local time
sector. Finally, we assumed typical parameters kyTgy = 100 eV and ugy, = 460 km/s following Pilkington
et al. (2015a). The resulting estimates of D}, are shown in Table 2. This approach is not appropriate for the
far nightside tail, where a concept of y is not directly applicable, and so we do not attempt to estimate D,
for those sector models. While the values of D, do not exactly agree for all compressed or all expanded mod-
els, we can see that the two regimes provide significantly different, self-consistent estimates; the mean D,
estimates are 0.029 + 0.003 nPa and 0.014 + 0.002 nPa for the compressed and expanded regimes, respec-
tively. Therefore our two families of models, compressed and expanded, broadly correspond to systems under
different solar wind conditions, while representing typical internal conditions.

It is also interesting to note that there is evidence that Saturn's magnetopause boundary position is period-
ically modulated at a rate close to planetary rotation rate, independent of changes in incident solar wind
dynamic pressure. This was first suggested by Espinosa and Dougherty (2001) and Espinosa et al. (2003)
based on observations from Pioneer 11 magnetic field data. Later, Clarke et al. (2010) analyzed Cassini mag-
netometer (MAG; Dougherty et al., 2004) and CAPS electron spectrometer data and found that Saturn's
dayside magnetopause was periodically displaced by up to 5 Ry in the postnoon local time sector, associ-
ated with rotating perturbations in internal magnetic field and plasma properties. Magnetohydrodynamic
(MHD) simulations of Saturn's magnetosphere presented in Kivelson and Jia (2014) showed similar behav-
ior, with constant solar wind properties in their models such that the observed perturbations were again
driven by periodic perturbations in internal processes. Kivelson and Jia (2014) and later Ramer et al. (2017)
explored how this modulation in magnetopause position may vary across local time sectors and found a
complicated relationship between the phase of the rotating perturbation and its effect on the magnetosphere
morphology depending on the local time.

Varying the magnetopause radius in such a way would affect the magnetic field and plasma properties pre-
dicted by our magnetodisk models for a given local time sector, similarly to how our model predictions vary
for compressed and expanded regimes (as discussed later in this study). In Sorba et al. (2018), the authors
used forms of the UCL/AGA magnetodisk model to try and characterize these periodic perturbations in
Cassini magnetic field data in the outer magnetosphere around the dusk sector. They used a family of mag-
netodisk models calculated at different magnetopause radii and organized with planetary longitude (but not
local time) to represent a rotational perturbation in current sheet thickness, with a thicker current sheet
represented by a model with a smaller magnetodisk radius. As in this study, Sorba et al. (2018) calculated
that the estimated effective solar wind dynamic pressure associated with each magnetodisk model was dif-
ferent and so the family of models did not represent a system under constant solar wind dynamic pressure.
However, Sorba et al. (2018) found that their approach could still characterize the phase and amplitude of
the perturbations particularly in the meridional component of the magnetic field data. A deepened under-
standing of how the large-scale structure of Saturn's magnetosphere varies across local time would further
help with future studies of this nature.

2.4. Magnetodisk Model Adaptations

Finally, we made minor adaptations to the magnetodisk model construction in order to be more appro-
priate for different local time sectors. In Achilleos et al. (2010) the authors include a small, uniform,
southward-directed “shielding field” to the total magnetic field at every iteration, to approximately account
for the magnetic field associated with the magnetopause and magnetotail current sheets. The magni-
tude of this field was chosen by calculating dayside equatorial averages of the empirical field models of
Alexeev and Belenkaya (2005) and Alexeev et al. (2006), and it varied with model magnetodisk radius Ry, (see
Achilleos et al., 2010, Figure 6). For this study, we calculated local time sector averages of these field mod-
els over circular segments with radius Ry, to account for the increased significance of the tail current field
compared to the magnetopause current field for nightside local time sectors in particular. We also enhanced
the field associated with the magnetopause current beyond a dipole approximation by a factor (1 + kyp),
where ky, is the ratio of the ring current and planetary dipole magnetic moments, as in Sorba et al. (2018),

SORBA ET AL.
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Figure 2. Equatorial profiles of total magnetic field strength B with radial distance for each local time sector as shown
by the color, for both the compressed (a) and expanded (b) regimes. On each plot a profile for a dipole magnetic field is
shown in dashed gray for comparison.

following Alexeev and Belenkaya (2005). As in Sorba et al. (2018), to estimate the appropriate ky, for each
model, we employed an extrapolation of the empirical linear fit from Bunce et al. (2007), although here we
used our values of Ry, rather than the subsolar magnetopause radius to estimate ky,, as we found that this
in particular improved convergence in our models. The resulting values for the shielding magnetic field B,
for each model are shown in Table 2. It can be seen that, as expected, the total shielding field decreases
and becomes northward directed for the nightside models due to the increased influence of the more north-
ward field associated with the distant tail currents, compared to the more southward field associated with
magnetopause currents. While the use of these shielding field values does not significantly affect the global
magnetic field structure of the resulting models, we find it does improve the ability for our models to achieve
convergence as defined above, compared to model calculations using the same system size and hot plasma
content parameters but the approach of Sorba et al. (2018).

We also updated the representation of the cold equatorial ion temperatures used as a boundary condition in
the magnetodisk model, using a recent comprehensive survey of equatorial Cassini CAPS observations from
Wilson et al. (2017). We fit the equatorial profiles of parallel and perpendicular temperatures for hydrogen
and water group ions between 5.5 and 30 Rg presented in Wilson et al. (2017) with fourth-order polynomi-
als, with points weighted by the inverse square of the error (assumed to be half the interquartile range of
each bin). We then derived a single equatorial plasma temperature profile for the magnetodisk model as in
Achilleos et al. (2010), who used the same approach but with earlier more restricted data sets from Wilson
et al. (2008) and McAndrews et al. (2009). The best fit polynomials for each ion species and temperature
moment are given in the supporting information. We found that this update using a much more compre-
hensive data set did not significantly affect the overall resulting magnetic field profile of the magnetodisk
model, in general causing only a slight increase in magnetic field strength in the inner magnetosphere and
slight decrease in the outer magnetosphere, with a maximum difference under 1 nT. However, this update
did improve model estimates of the cold plasma pressure, reducing the values in the outer magnetosphere
such that they showed better agreement with recent observations from Sergis et al. (2017; also based on
CAPS data). This modification is an improvement resulting from better radial coverage and global constraint
of the cold plasma temperature than in previous studies.

3. Results and Discussion

3.1. Magnetic Field Structure

The equatorial magnetic field profiles from the resulting magnetodisk models for each local time sector are
shown in Figure 2. For comparison, a representative profile for the internal planetary dipole magnetic field
is shown by the gray dashed line on each plot.

For the dayside (noon) models, we can see that the magnetic field is approximately dipolar in the
inner (S10 Rg) magnetosphere and falls more slowly with radial distance than a dipole in the middle

SORBA ET AL.
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Figure 3. A comparison of model magnetic field lines from Carbary (2018) and this study. In gray are shown traces
based on binned Cassini magnetometer meridional magnetic field observations from Carbary, (2018; top and bottom
panels an exact reproduction). In red are shown magnetic field lines from the noon and nightside models presented in
this study, for the compressed (top panel) and expanded (bottom panel) regimes, for L shells to match those of the
Carbary (2018) study.

(10 5 p S 15 Ry) and outer magnetosphere. This behavior broadly corresponds to a more disk-like magnetic
field structure compared to a dipole and appears for a more significant range in radial distance for the
expanded noon model. Similar behavior has been found in observational studies of Saturn's magnetosphere.
For example, Arridge et al. (2008) showed that the dayside magnetospheric magnetic field was approxi-
mately dipolar when the system was compressed, but more disk-like when expanded, particularly beyond a
subsolar magnetopause radius of ~23 Rg. Results of ring current modeling from Bunce et al. (2008) found
a similar result. This behavior is expected as a consequence of conservation of magnetic flux threading the
equatorial plane of the magnetosphere, such that compressing the system necessarily increases the total
magnetic field strength inside the magnetosphere as field lines are pushed together, corresponding to a more
dipolar configuration.

For the larger dawn, dusk, and night sector models, the model magnetic field strengths are lower than the
corresponding dipole field in the inner magnetosphere and greater in the outer magnetosphere. This too is in
line with in situ observations of Saturn's magnetosphere, such as Delamere et al. (2015), who analyzed equa-
torial current sheet crossings using Cassini MAG data in order to demonstrate how the equatorial magnetic
field varies with radial distance in different local time sectors. There is also a small dawn-dusk asymmetry
in the magnetic field strengths in our model, with the dusk sector profile persistently higher than the dawn.
This is likely due to the asymmetry in magnetopause radius across the sectors, with a larger magnetic field
strength at dusk associated with the more compressed system there. This may also be partially associated
with the higher hot plasma pressure and associated gradient in the dusk sector requiring a greater magnetic
curvature force to balance it. This is interesting to note, as such a small asymmetry in field strength would be
unlikely to reveal itself in observational studies of Saturn's magnetosphere, especially due to the relatively
poor sampling of the dawn sector equatorial magnetosphere by the Cassini spacecraft over its mission. Pre-
vious studies using the UCL/AGA model have not investigated local time variations specifically; however,
it was shown in Achilleos et al. (2010, 2014) and Sorba et al. (2018) that this type of model can characterize
well the magnetic field measured by Cassini along some individual trajectories, especially when the periodic
perturbations in the current sheet are accounted for.
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Figure 4. The magnetic field structure for each magnetodisk model for the compressed (left column) and expanded
(right column) regimes, shown by the solid black lines. Superposed in color for each model are pairs of lines in each
hemisphere, which bound regions where the local magnetic field direction lies within 30° of the p vector direction.

Looking at the day-night asymmetry in more detail, in Figure 3 we show the magnetic field structure for
our noonside and nightside magnetodisk models, for the compressed (top panel) and expanded (bottom
panel) regimes in the range p = 4 — 22R; for the dayside and p = 4 — 28Ry on the nightside, noting that
our compressed dayside model only extends out to p = 21Rg. For comparison, we include in gray field
line traces based on empirical observations from a recent study by Carbary (2018). In that study the author
binned magnetic field observations from almost the entire Cassini mission (2004-2016) into two local time
sectors, dayside and nightside, and calculated traces using a Runge-Kutta propagator (see Carbary, 2018,
and references therein for more details). Carbary (2018) accounted for seasonal warping of the current sheet
via a coordinate transformation; however, their model did not account for a change in external solar wind
conditions, and so we have reproduced the same traces from Carbary (2018) in the top and bottom panels.
We can see that the overall magnetic field structures in our models are similar to those of the Carbary (2018)
model, in particular the expanded 27 Rg dayside model, and the compressed 42 R nightside model. Our
expanded nightside model shows a magnetic field structure that is significantly more disk-like than the
Carbary (2018) analytical model, suggesting that perhaps a magnetodisk radius of 54 Ry is somewhat too
extreme to accurately characterize the typical midnight magnetosphere. In addition, our compressed dayside
model has a significantly more dipolar structure than the Carbary (2018) model results. We should note that
here we are comparing specifically our noon (LT 09:00-15:00 ) and night (LT 21:00-03:00) sector models with
the Carbary (2018) traces, which correspond to wider, 12-hr local time regions. Therefore, to more accurately
represent, for example, the entire dayside for a more direct comparison, we would need to consider some
combination of our noon, dawn, and dusk sector model outputs. This makes it difficult to assess which
approach gives a better overall representation of the true Saturn magnetosphere system. However, it can be
seen that both our models and the Carbary (2018) results show a transition from a more dipolar magnetic
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Figure 5. Reproduction of the more equatorward colored lines from Figure 4, for each local time sector model, for
compressed (left) and expanded (right) regimes. These represent the low-latitude boundaries of regions where the local
magnetic field direction lies within 30° of the p vector direction.

field configuration when compressed on the dayside to a more stretched, disk-like configuration on the
nightside.

In order to investigate more just how disk-like the magnetic field is in each local time sector, we use a visu-
alization technique employed in Bunce et al. (2008), itself based on the analytical approach in Arridge et al.
(2008). F or each model we bound regions of the magnetosphere where the local magnetic field direction
lies within 30° of the p vector direction such that the field lines are approximately parallel to the equatorial
plane. The results are shown in Figure 4, and the reproduction of the most lower latitude of the bounding
lines is shown in Figure 5. The magnetic field structure for each model is also shown in black, to further illus-
trate how this method characterizes the “disky-ness” of the magnetic field structures. These figures show
that, as expected, the larger magnetodisk models have significantly more disk-like magnetic field structures
in the middle magnetosphere, than the smaller, more dipolar models. As discussed in section 1, this was
observed in previous studies such as Arridge et al. (2008), Achilleos et al. (2010), and Sorba et al. (2017) and
is a result of how the overall force balance within the magnetosphere changes with system size, in terms of
the dominant magnetic and plasma related forces.

In addition, from Figure 5 in particular, it can be seen that, for the compressed regime, the dusk sector has
a slightly thinner and more disk-like magnetodisk structure in the middle magnetosphere than the dawn
sector, as shown by the bounding lines being more equatorward for the dusk model (shown in green). This
effect is likely due to the local enhancement of the ring current in the dusk sector due to the increased hot
plasma pressure, which causes a more extreme perturbation from a dipolar magnetic field. This was also
discussed in section 1 and observed in Achilleos et al. (2010) and Sorba et al. (2017). Note that this “thinning”
of the disk is not the same as thinning of the plasma sheet, which is made up of both hot and cold plasma
populations. While the current sheet and associated cold plasma sheet thin, the hot plasma is actually more
populous for the thinner, dusk model, and the associated hot plasma pressure is constant along magnetic
field lines. The pressure distribution is also affected by particle temperature, or more generally velocity
distribution of particles. As described in Sergis et al. (2011) and Arridge et al. (2009), the current sheet, a
predominantly magnetic structure, has been observed to be thinner than the plasma sheet it is embedded
in, and the plasma sheet itself can have different thicknesses in different particle energies and species.

For the expanded regime, it can be seen in Figure 5 that the opposite relationship is true; in the middle and
outer magnetosphere, the dawn sector magnetic field has a thinner and more disk-like structure (shown
in blue) than the dusk sector magnetic field (shown in green). This is likely associated with the increased
influence of the dawn-dusk asymmetry in effective magnetodisk radius for the expanded regime, as a larger
magnetopause radius also promotes a more disk-like structure. For the expanded regime, the dawn mag-
netopause is 1.5 Ry greater than the dusk, compared to 1.1 Ry for the compressed regime. It is interesting
that this transition in dominant behavior occurs across this compressed-expanded regime threshold. These
results suggest that the asymmetries in magnetopause radius and hot plasma content have comparable influ-
ence on the global magnetic field structure in those local time sectors. In addition, the expanded system
models may be more strongly influenced by the assumption we made that the product of flux tube volume
and hot plasma pressure is constant beyond 15.5 Ry, as described in section 2.2, as this region is by definition
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more extended for the expanded system models, where Ry, is greater. We hope to relax this assumption with
an updated parameterization of the hot plasma pressure beyond 15.5 Ry in a future study.

In order to more fully understand the significance of these observed differences between the dawn and dusk
configurations, it would be helpful to estimate uncertainties on the positions of these bounding lines. This
could involve calculating an ensemble of models with slightly varying input boundary conditions, or perhaps
calculating models to varying numbers of iterations, and comparing the outputs. While beyond the scope of
this study, this could be pursued in future.

In the aforementioned study by Delamere et al. (2015), the authors find significantly more incidences of
“critically thin” equatorial current sheet encounters in the dusk sector than the dawn sector, even when
accounting for the sampling bias of Cassini (which spent more time in the dusk sector). This is therefore
perhaps more in line with our picture of the compressed regime, with a thinner current sheet on the dusk
side due to the influence of the increased hot plasma pressure. However, in general, Delamere et al. (2015)
observe that the current sheet is only uniformly thin in the 0:00-6:00 “predawn” local time sector and that
in all other sectors the observed meridional magnetic field strength at the current sheet center shows signif-
icant variability, with perhaps stronger average magnetic field strengths observed in the postnoon local time
sector. In a study from Jia and Kivelson (2016), based on MHD simulations of Saturn's magnetosphere from
Jia et al. (2012), they find a significantly thinner current sheet and more radially stretched magnetic field
lines in the dawn sector, which is also observed at Jupiter (e.g., Khurana et al., 2004). This may be under-
stood, as that the simulations of Jia et al. (2012) do not include a suprathermal plasma population, and so
the effect of the enhanced hot plasma population on the dusk side is not captured in their study. In addition,
it was suggested by Pilkington et al. (2015b) that this absence of suprathermal plasma in the Jia et al. (2012)
models may cause their models to slightly overestimate the dawn-dusk asymmetry in magnetopause radius,
which predict a mean asymmetry of 2.6 Ry, compared to 1.5 Ry for the Pilkington et al. (2015b) empirical
model. Therefore, the results of Jia and Kivelson (2016) may be more strongly influenced by this asymme-
try in magnetopause radius, which, as discussed, provides a thinner and more disk-like current sheet in
the dawn sector. However, their MHD models do account for plasma acceleration, and azimuthal asymme-
try in the magnetic field, which the force-balance models presented in this study do not. Therefore, some
dawn-dusk asymmetry in these factors may also influence current sheet thickness in ways that our model
cannot capture.

3.2. Ionospheric Field Line Mapping and Azimuthal Current Density

As previously mentioned, varying hot plasma content and magnetopause radius can both affect the mapping
of magnetic field lines from the equator to the ionosphere, due to a reconfiguration of the magnetospheric
magnetic field structure. It is therefore important to consider how this ionospheric mapping varies for
different local time sectors.

The inner boundary of our magnetodisk model is located at a radial locus of 1 Rg where Ry = 60,268 km,
specifically the equatorial radius of Saturn at 1-bar atmosphere level. This is greater than the polar radius
at 1 bar, as Saturn is oblate. Our model therefore does not directly calculate the magnetic field in the polar
ionospheric regions, as these regions are closer to the planet than the inner boundary of our model. Also,
our model assumes a centered dipole planetary magnetic field. Therefore, we need to account for the oblate
spheroid shape of the planet, the altitude of the ionosphere, and effective offset of the planetary dipole in
our ionospheric mapping calculations. We do this by calculating the magnetic potential « (see discussion
in section 2.1) for a dipole magnetic field with origin offset northward by z.; = 0.0466 R (Dougherty et al.,
2018), along a surface 1,100-km altitude above an oblate spheroid with equatorial radius 60,268 km and
polar radius 54,364 km (Seidelmann et al., 2007). The ionospheric altitude of 1,100 km was chosen follow-
ing studies from Gérard et al. (2009), Stallard et al. (2012), and others. As the Euler magnetic potential « is
constant along a given magnetic field line by definition, we can then map equatorial values of « to values cal-
culated on the oblate ionospheric surface in order to estimate the realistic colatitude at which the magnetic
field lines would pierce the northern and southern polar ionospheres.

This approach of mapping equatorial and ionospheric values of « means we are not explicitly following
a magnetic field line out into high latitudes but are equating flux functions at the equator and the iono-
sphere regions where the magnetic field models are well constrained. This mitigates our sensitivity to the
high-latitude loci of the field lines predicted by our models. In addition, similar mappings of UCL/AGA

SORBA ET AL.

11



100 Journal of Geophysical Research: Space Physics 10.1029/2018JA026363

30 Compressed Regime Expanded Regime

—Noon 3 ‘ ; B06 Noon AI‘JT‘OTa (S)
B B06 Dawn Aurora (S

o5 | _gﬁz’k” | :'é. ng Dusk Auurgoraa((S))
— Night E:

200 N, T,

;_ .....
15+
10
5

0 10 20 30 40 50 O 10 20 30 40 50

Figure 6. Profiles showing the mapping of magnetic field lines from the equatorial plane to the northern (solid lines)
and southern (dotted lines) polar ionospheres, with local time sector shown by the color. Ionospheric colatitude 6; is
measured relative to the northern pole for northern hemisphere values and the southern pole for southern hemisphere
values. Also shown by the solid circles with error bars are median locations and widths of the main auroral oval in the
southern hemisphere for different local time sectors as shown by the color, from a statistical study by Badman et al.
(2006). Model values shown here are provided in tables in the supporting information.

model calculations have been used in Sergis et al. (2018) to confirm that hot plasma pressure is approximately
uniform along magnetic field lines, using high-latitude proximal Cassini orbits.

The resulting values are shown in Figure 6, with northern hemisphere values shown by solid lines and
southern hemisphere counterparts shown by dotted lines. All values shown in Figure 6 are also provided in
tables in the supporting information. Also shown by the colored solid circles with error bars are the average
locations and widths of the main auroral oval for noon, dawn, and dusk local time sectors, respectively, esti-
mated from a statistical study of multiple Hubble Space Telescope observations of the ultraviolet aurora in
the southern hemisphere from Badman et al. (2006). As these observations were of the southern hemisphere
only, they should be compared with the dotted lines of the model outputs.

It can clearly be seen that there is significant variation in ionospheric mapping of field lines for different
local time sectors. In particular, the locations of the open-closed field line boundary (OCFLB), shown by the
colatitude of the most radially distant point for each profile, vary greatly between sectors. We can see that
the OCFLB maps to more polar regions in the noon sector, with ~10° (11.5°) for the northern (southern)
hemisphere, than for the night sector, with ~15.5° (17.5°) for the northern (southern) hemisphere. This
behavior is qualitatively in agreement with the results of Carbary (2018), who find corresponding values of
~13° (16°) for the dayside and ~16° (18°) for the nightside, using a data-based magnetic field model. Our
noon sector values are somewhat lower than the dayside values of Carbary (2018); however, if we were to
consider some combination of our noon, dawn, and dusk values to represent the entire dayside hemisphere,
for a more appropriate comparison, they would likely be in better agreement. This is because the values for
dawn and dusk are both higher than the noon value alone.

In addition, for the compressed regime in particular, we find a slight dawn-dusk asymmetry in the location
of the OCFLB, with the dusk location around 1° equatorward of the dawn location. It can be seen on close
inspection of Figure 6 that this asymmetry is mainly due to the small asymmetry in magnetopause radius in
these models, rather than the influence of the hot plasma pressure profiles on the magnetic field structure.
This is evident as the two profiles are broadly coincident in the outer magnetosphere until the dusk model
terminates at p = 33.2 Ry, in comparison to dawn's 34.3 Ry (see Table 2). It is interesting to note that this
relationship is qualitatively similar to that observed by Badman et al. (2006), who found that on average the
main auroral oval in the dusk sector was located ~1° equatorward of the aurora in the dawn sector, in the
southern hemisphere. Furthermore, the dawn aurora was observed to be ~1.5° equatorward of the noon
auroral location in Badman et al. (2006). This is approximately the same as the difference in the OCFLB we
observe between our noon and dawn models for the compressed regime, southern hemisphere values, as
shown in the first panel of Figure 6 (although the difference is significantly higher for the expanded regime).
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Figure 7. Solid lines show profiles of equatorial azimuthal current density with radial distance, for each local time
sector model as shown by the color, for compressed (left) and expanded (right) regimes. Dashed lines in each color
show corresponding profiles from Sergis et al. (2017) estimated in the radial range 6 — 15Rg using Cassini observations
(left and right plots an exact reproduction). The gray dotted line shows a representative profile with current density
inversely proportional to radial distance, as for a Connerney et al., (1981, 1983) style ring current model.

Such a comparison supports the hypothesis from this and other studies, that the main auroral oval may
map to regions in the outer equatorial magnetosphere, within a few R of the OCFLB. In addition, a later
study by Badman et al. (2011) of Saturn's infrared aurora found that the nightside main oval was persistently
~ 2 ° equatorward of the dayside, in line with the aforementioned day-night asymmetry we observe in our
OCFLB. It is interesting to note that this agreement is achieved despite the shielding field associated with
the UCL/AGA model, discussed in Section 2.4, being a less accurate approximation in the higher latitude
regions, beyond around 50° latitude (Caudal, 1986).

Now comparing the results for the compressed and expanded regimes, we see that the differences between
the profiles are not as extreme as the differences between local time sectors. This suggests that variations
in external solar wind conditions do not have a significant impact on the magnetic mapping between
ionosphere and the equatorial disk. In particular for the noon sector, the profiles for the compressed and
expanded regimes are very similar, with near coincident locations of the OCFLB, and similar regions of the
equatorial magnetosphere mapping to similar values of 6; in each case. For example, the equatorial radial
distance corresponding to the outer one-third of the noon sector magnetosphere for each regime, maps to
roughly the same 6, for each case, ~ 14° in the north, and ~ 16.5° in the south. A similar result was found
in Bunce et al. (2008), who used an adapted “CAN”-type (Connerney et al., 1981, 1983) ring current model
from Bunce et al. (2007) to investigate how ionospheric mapping varied with system size in the noon sector
magnetosphere. They found only a very modest variation with system size, for a noon magnetopause radius
range of 16 — 26Rg, comparable to the range in this work. Bunce et al. (2008) then used the results of this
modeling, in combination with Hubble Space Telescope observations of the ultraviolet aurora and Cassini
data, to show that the noon aurora are indeed likely to lie near the boundary between open and closed mag-
netic field lines. These authors go on to suggest that the quasi-continuous main auroral oval corresponds to
the OCFLB at other local time sectors, in line with our interpretation here. Combining results for all local
time sectors and compressed/expanded regimes, we find a mean location of the OCFLB equal to 12.4° in the
north and 14.4° in the south. This is comparable to recent results from a Cassini multi-instrument study from
Jinks et al. (2014), who find corresponding values of 13.3° in the north and 15.6°. In that study, the major-
ity of observations are from the post-midnight sector where we expect the OCFLB to be more equatorward,
which may explain why their average values are a little higher than ours.

When interpreting ionospheric-equatorial magnetic mappings, it is also pertinent to consider how the total
current density varies with radial distance in the equatorial magnetosphere. Predictions for total azimuthal
current density at the equator for each local time sector model, for compressed and expanded regimes, are
shown in Figure 7. (Note that as the magnetodisk model is azimuthally axisymmetric, and hence used here to
represent individual local time sectors separately, radial currents are not directly predicted.) Superimposed
on each plot is a representative profile with azimuthal current density inversely proportional to cylindrical
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radial distance p, as is the case for CAN-type ring current model constructions from Connerney et al.
(1981, 1983).

We can clearly see significant dawn-dusk and noon-night asymmetry in the model current density pro-
files, with higher magnitudes for the dusk and night sector models, for both the compressed and expanded
regimes. This is due to the similar relationship between the different input equatorial hot plasma pressure
profiles for each local time sector, shown in Figure 1, enhancing the component of the ring current associated
with the hot plasma pressure gradient. In addition, the underlying magnetic field structure, and the centrifu-
gal force on the cold plasma, both influence the current density profile via equation (1). This helps explain
the significant difference in all profiles between the compressed and expanded regimes, with larger models
having in general higher magnitude predicted azimuthal currents, due to lower magnetic field strengths at
the equator as shown in Figure 2. The nightside models in particular have much higher predicted current
densities than all other sector models for this reason. Similar results were also shown in a study by Jia et al.
(2012); in that study, the authors presented results of MHD simulations of Saturn's magnetosphere and iono-
sphere and found that the predicted azimuthal current density had a persistent local time asymmetry, being
higher by a factor of ~ 2 across the nightside than at other local times, with predicted broad peak of ~ 100
pA/m? (0.36 MA/R?) on the nightside at around 10-15 Ry radial distance. Through comparison with the
dashed lines on Figure 7, we can see that our observed local time asymmetry is also broadly in agreement
with the results of Sergis et al. (2017), who used long-term averages of properties measured from Cassini
MAG, MIMI, and CAPS observations to make estimates of the typical distribution of equatorial azimuthal
current density at local time sectors. Due to the complexity and the strong temporal variability of the system,
Sergis et al. (2017) estimate the uncertainty in their presented current values as ~ 50%, which is not shown
on the plot but must be considered when directly comparing these results with our model predictions. It
can be seen that Sergis et al. (2017) found the peak and overall current densities were higher for the dusk
and midnight sectors than the dawn and noon sectors, though with peaks closer in to the planet than the
Jia et al. (2012) results, at around the 7-13 R radial range. This observed variation in peak location between
our model results and those of Sergis et al. (2017) and Jia et al. (2012) is likely associated with the variation
in approaches used to model both the hot and cold plasma pressure populations, as the calculated currents
are sensitive to the exact parameterizations. It is interesting to note that for our expanded regime models,
the region p ~ 13 Ry where the current density at dawn surpasses the current density at dusk is approxi-
mately coincident with the region where the dawn magnetic field structure becomes more disk-like than
dusk, as shown by the crossing of the blue and green lines in Figure 5 right panel. This further illustrates
the relationship between ring current intensity and magnetodisk magnetic field structure.

Our overall results considered across all local times are also broadly consistent with the observation-based
estimates from Kellett et al. (2011) and Carbary et al. (2012). Kellett et al. (2011) analyzed Cassini mag-
netic field and plasma data from 11 near-equatorial orbits and observed a rapid increase in current density
from around 5 R to a peak of around at 90 pA/m?* (~0.33 MA/R}) at ~9 Ry radial distance, before falling
more gradually to below 20 pA/m? (0.07 MA/R?) at ~20 Rg. Kellett et al. (2011) found only modest local
time asymmetry in current density, perhaps in part due to limited observations across different sectors for
this early study. Carbary et al. (2012) used magnetic field data from the first 5 years of the Cassini mission
binned without accounting for local time and similarly found a sharp rise in calculated azimuthal current
density to a peak of around 75 pA/m? (0.27 MA/R;) at ~9.5 R, radial distance, before a more gradual drop
off. In that study, the estimated current sheet profile was also compared directly to predictions from the ear-
lier UCL/AGA model of Achilleos et al. (2010), and the two profiles showed considerable agreement. Only
our expanded nightside model shows peak and overall current density predictions that are perhaps unreal-
istically high in magnitude when compared to results of previous studies; this may be due to a particularly
low equatorial magnetic field strength magnitude predicted for this model as shown in Figure 2, requiring
an intense azimuthal current to maintain force balance in the magnetosphere. This low field strength is in
turn caused by the choice of a perhaps artificially large magnetopause radius of R, = 54 Ry for this expanded
nightside model, as discussed previously in section 3.1 in the context of Figure 3.

From Figure 7 we can also see that for all local time sectors, beyond the local maximum region, the equatorial
current density falls more quickly than the 1/p decrease predicted by a CAN-type ring current model. Similar
behavior is also clearly shown was also found in the results from the observational study from Sergis et al.
(2017). This suggests that the more complex ring current structure enabled by the modified UCL/AGA model
used in this study may be more appropriate at characterizing the true structure of Saturn'’s equatorial current
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sheet than a CAN-type model. However, both types of model give similar predictions for the magnetic field
away from the edges of the CAN disk, as discussed in Achilleos et al. (2010). Furthermore, in Achilleos
et al. (2010), the UCL/AGA model predictions of azimuthal current density were validated by comparing to
data-derived currents from Sergis et al. (2010).

4. Summary and Conclusions

In this study we have used the 2-D, force-balance UCL/AGA model from Achilleos et al. (2010) to describe
the typical, equilibrium conditions of Saturn’s magnetosphere at four different local time sectors. We have
used equatorial profiles of hot plasma pressure at different local times from Sergis et al. (2017), and a mag-
netopause surface model from Pilkington et al. (2015b), to investigate how global hot plasma content and
system size influence the magnetospheric structure at different local times.

We have found that, as expected, there is significant day-night asymmetry in the magnetic field structure
of the magnetosphere and that this is mainly due to the large asymmetry in magnetopause radius between
day and night. We also find a small dawn-dusk asymmetry in the magnetic field structure, with both the hot
plasma content and mangetopause radius having comparable influence. For the compressed regime, where
the magnetosphere is under high solar wind dynamic pressure conditions, we find that the dusk sector
magnetic field is more disk-like due to the influence of the increased hot plasma pressure in that sector.
Meanwhile, for the expanded regime we find the opposite is true and that the dawn magnetic field is more
disk-like, due to the larger magnetopause radius at dawn for this regime. Importantly, we also find significant
differences in how equatorial magnetic field lines map to the polar ionosphere for the different local time
sector models, with field lines from the outer magnetosphere mapping to far more equatorward regions
of the ionosphere on the nightside than the dayside. This result is useful in particular when interpreting
auroral observations at Saturn's ionosphere and attempting to ascertain their origins in the magnetosphere.
These results may also be useful for future studies looking at local time variations in other magnetospheric
properties, such as current sheet thickness.

The simplicity of the modeling approach used in this work means that many magnetospheric properties
can be easily compared between different local time sectors. However, a consequence of this is that any
dynamical behavior, such as reconnection events or plasmoids, cannot be directly captured. In addition, due
to the assumed axisymmetry of each model, we cannot investigate the influence of any observed local time
asymmetry in azimuthal phenomena. For example, a nonnegligible dawn-dusk asymmetry in the azimuthal
bend-back of magnetic field lines in the direction opposite to planetary rotation has been observed, with
more substantial bend-back in the dawn sector than the dusk sector (e.g., Delamere et al., 2015). This may
affect our assumptions of how magnetospheric plasma properties vary with radial distance, such as the
angular velocity, which in turn influences our estimates of centrifugal force. In Jia and Kivelson (2016),
the authors offer a formulation for how the force-balance assumption of equation (1) could be modified to
account for a local time variation in radial outflow of plasma. While a preliminary investigation suggests
this approach would not have a significant impact on our results, it would be worthwhile to investigate this
further in a future study.

In summary, this study shows that there is a significant local time variation in the magnetic field structure
of Saturn's magnetosphere. The equatorial current sheet thickness, current density, and magnetic mapping
to the ionosphere all vary depending on both local time and external solar wind pressure conditions, due
to force balance within the magnetosphere in this study. Our results are useful for potential future studies
looking to interpret a range of phenomena at Saturn, from reconnection events and plasmoids to auroral
oval modulations.
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