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Abstract Many of the periodic variations observed in Saturn’s magnetosphere can be linked directly to the
presence of a rotating pattern of field-aligned currents that link the northern and southern ionospheres with
each other and with the magnetosphere. Such a current system is incorporated in a magnetohydrodynamic
simulation that has previously been shown to reproduce many of the observed periodic properties of the
system. Here the simulation is used to investigate a range of phenomena that can be attributed to the effects of
compressional waves launched from the rotating current sources. The compressional waves are found to drive
the flapping of the plasma sheet and the expansion and contraction of the magnetopause in each rotation
period. Because the compressional perturbations weaken as they rotate frommorning to evening around the
dayside of the magnetosphere, the boundary develops a strong morning-evening asymmetry. A fit to the
shape is provided that may be useful in further investigation of magnetopause properties, but there is already
evidence of the proposed asymmetry in the observations of Clarke et al. (2010a).

1. Introduction

Periodic variations at roughly Saturn’s rotation period were first identified in the power emitted in kilometric
radiation (SKR) [Desch and Kaiser, 1981; Gurnett et al., 2005; Kurth et al., 2007, 2008; Lamy, 2011]. Subsequent
studies have found the periodicity of SKR in diverse features of the magnetosphere including the perturbation
magnetic field near the equator [Andrews et al., 2008, 2010a, 2010b], the flapping of the equatorial current sheet
[Khurana et al., 2009; Arridge et al., 2011], the location of the magnetopause and bow shock [Clarke et al., 2006,
2010a, and 2010b], the plasma density [Gurnett et al., 2007], the intensity of energetic neutral atom fluxes
[Paranicas et al., 2005; Carbary et al., 2008], and auroral properties [Nichols et al., 2008, 2010; Provan et al., 2009;
Carbary, 2013]. The source of the periodicities remains uncertain, but there is little doubt that field-aligned
currents (FACs) are required to couple the rotating planet to the equator and to impose periodic behavior
on the entire system. The rotating FACs drive rather directly such magnetospheric signals as magnetic
perturbations inside of ~15 RS (RS=60268 km is Saturn’s radius) and SKR emissions that rotate about the planet.
However, other phenomena, including plasma sheet flapping and magnetopause motion, although periodic,
do not rotate. These types of responses require the rotating current system to couple to compressional
perturbations that can drive nonrotational periodic behavior, a different mode of magnetospheric response.
In this work we focus on compressional signals that drive reconfiguration of the magnetosphere, displace the
plasma sheet of the magnetotail, and control the location and shape of the magnetopause.

The results presented here are based on a magnetohydrodynamic (MHD) simulation that introduces the
periodicity through a heuristic pattern of FACs rotating at a prescribed period. In the model, the FACs that link
the ionosphere and the magnetosphere are driven by vortical flows imposed on the ionosphere [Jia et al.,
2012; Jia and Kivelson, 2012], but the driver of the vorticity is unspecified. The flow pattern could arise through
coupling to vortical winds in the thermosphere such as have been explored by Smith [2006, 2010] or through
perturbations of polar cap rotation such as those proposed by Southwood and Cowley [2014]. However they
are imposed, we argue that the dynamo source of the currents must have sufficient inertia to restore both
periodicity and phase of the perturbations subsequent to intermittent magnetospheric reconfigurations
driven by the solar wind. We, therefore, argue that the source is likely to involve the thermosphere either as
source or flywheel. The simulation captures numerous properties imposed by ionosphere-magnetosphere
coupling with considerable fidelity. Here we continue to explore its properties in order to understand better
some of the more puzzling features of the observations not previously examined (e.g., by Jia et al. [2012]
and Jia and Kivelson [2012]).
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The version of the simulation used in this analysis is presented in Jia et al. [2012], which should be consulted
for details. Critical to understanding this paper are the following features: The planetary dipole (equatorial
surface strength of 20,800 nT) is centered, implying internal north-south symmetry of background properties.
The inner boundary of the simulation is a sphere at 3 RS. The solar wind is maintained constant throughout
the simulation. It flows at 400 km/s at right angles to the spin axis in the �X direction. Its density and
temperature are 0.05 amu/cm3 and 20 eV, respectively. The dynamic pressure is thus 0.013 nPa. The
interplanetary magnetic field (0.5 nT) is oriented southward, and there is no evidence of reconnection at
the dayside boundary. Periodicity is imposed in the southern ionosphere where a pair of flow vortices,
centered at 70° southern latitude, rotates rigidly at the nominal 10.8 h period of modulation of the southern
SKR signal close to southern summer solstice in the early part of the Cassini mission [Gurnett et al., 2005;
Kurth et al., 2007, 2008; Lamy, 2011]. The vortices drive FACs into the magnetosphere and, in part, to
the opposite ionosphere. The interhemispheric currents form what has been described as a rotating cam
current system [Southwood and Kivelson, 2007].

Section 2 describes the compressional perturbations that arise in the equatorial magnetosphere and notes
that they do not rigidly rotate with the ionospheric current sources, especially in regions beyond ~15 RS.
Section 3 describes the compressional perturbations as waves and characterizes their properties. The
effects of the waves on the dayside boundaries and on the nightside plasma sheet are noted. Section 4
provides more quantitative insight into the periodic displacement of the modeled magnetopause and
discusses the structure and location of the nightside plasma sheet. Section 5 explains why the maximum
magnetopause displacement is found at a different rotation phase in observations and in the simulation.
Section 6 provides a model of the dawn-dusk asymmetry of the magnetopause boundary and characterizes
its variation with rotation phase. Section 7 relates the magnetopause displacement to the periodic flow
bursts or plasmoids that form in the simulation. Section 8 identifies features of our predictions that can be
tested with Cassini data.

2. Compressional Signals

Compressional perturbations are observed in numerous properties of Saturn’s magnetosphere including the
magnitude of the magnetic field, the plasma density and pressure, and the magnetic pressure [Andrews et al.,
2010a, Ramer et al., 2013]. In the MHD simulation, the periodicity imposed by ionospheric sources results
in significant periodic reconfiguration of the entire magnetosphere. In order to understand how such
variations are imposed by localized current sources, we examine the development and propagation of
periodically varying compressional signals. At each position in the simulation volume, we average over five
rotation periods to obtain the rotation-averaged thermal pressure, magnetic pressure, and total pressure
(<Pth>, <Pb>, <Pthb>=< Pth>+< Pb>); we define the perturbations (dPth, dPb, dPthb) as the differences
between values at a specific simulation time and the calculated averages.

Figure 1 gives examples of the spatial variation of pressure perturbations at different rotation phases. The
columns (from left to right) show perturbations of thermal pressure, magnetic pressure, and their sum in
the equatorial plane. Rows are separated by 2 h or 19% of a rotation period within a single rotation period.
In each equatorial plot, a contour marked by small green circles delineates the equatorial crossing of the
magnetic shell at 70° invariant latitude, from which field lines have been traced every 10° of longitude in the
ionosphere. (In the simulation, the rotating ionospheric vortices that drive FACs are centered on 70° south
latitude.) Unit vectors show the direction of the magnetic perturbations imposed by the rotating FACs. Orange
curves identify the locus of the magnetopause identified as the last closed field line.

We refer to the magnetic perturbations inside of ~12–15 RS as the “cam field,” alluding to the descriptions of
the quasi-uniform perturbation field in the middle magnetosphere given by Southwood and Kivelson [2007]
and Andrews et al. [2008]. The quasi-uniform field (arrows in the diagrams) rotates; its orientation correlates
with the intensity of SKR emissions. The magnetic pressure perturbations (column 2) reveal that a field-
aligned component of the cam field is present. Near the equator, the average magnetic field (B) orientation is
southward, with Bθ> 0. Correspondingly, positive magnetic pressure perturbations imply positive dBθ. For a
source in the Southern Hemisphere, the field-aligned perturbation is known to vary in phase with the radial
component [Andrews et al., 2010a; Provan et al., 2009] and the same is true of the simulation. The magnetic
pressure perturbations are closely coupled to rotation phase inside of ~15 RS. For example, at hour 194,
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inside of 15 RS positive dPb is centered at about 2130 LT and negative dPb is centered roughly 12 h later in LT,
near 0930. A rigidly rotating perturbation would move through ~4.5 h of LT in 2 h, displacing the center of
the positive perturbation to ~0200 LT at hour 196 in Figure 1b, to ~0630 LT at hour 198 in Figure 1c, and
so forth. The center of the negative perturbation would remain in antiphase with the positive perturbation.
The plots confirm these expectations and are consistent with the assumption of nearly rigid rotation in the
inner andmiddlemagnetosphere where Cassini magnetometer measurements have been analyzed [Andrews
et al., 2010a; Provan et al., 2009]. The assumption of rigid rotation does not apply to the thermal pressure
perturbations even in the inner region. The form of the perturbation varies with rotation phase, with peak
and trough changing relative phase through a cycle. For example, minima of thermal pressure perturbations
(Figure 1a, column 1) are present at two different local times and radial distances in the inner magnetosphere.
Neither of them is 12 h away from the local time of the maximum.

Figure 1. Equatorial plane perturbations (the Sun is at the left) extracted from the Jia et al. [2012] MHD simulation of periodic variations in Saturn’s magnetosphere.
The Sun is to the left. Plots are extracted at hours (a) 194, (b) 196, (c) 198, (d) 200, (e) 202, and (f ) 204. Magenta circles on the axes are separated by 5 RS.
(left to right) Color bars represent the change of perturbation thermal pressure, magnetic pressure, and total pressure. The color scales correspond to a
pressure range of ±0.01 nPa. In the plots of total pressure perturbations, we have overlaid purple dashed curves to identify the peak positive perturbations
at different time steps so that their displacements at successive time steps become more apparent. Arrows are unit vectors in the direction of the perturbation
magnetic field. Green circles lie on the 70° invariant latitude shell starting in the ionosphere with 10° of azimuthal separation. The orange contour is the magnetopause
extracted from the simulation as the open-closed field line boundary.
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Although increases and decreases of pressure perturbations rotate through local time inside of ~15 RS, even
if not rigidly, the temporal evolution of pressure perturbations is far from purely rotational outside of ~15 RS.
In this outer region, compressional structures behave like waves moving not only azimuthally but also radially
outward. Evidently, the picture of purely rotating perturbations is not systematically valid. We discuss the
propagation and the effect of compressional waves in subsequent sections.

3. Propagating Pressure Fronts

The properties of the solar wind in the simulation remain fixed. Consequently, pressure perturbations launched
by the rotating FACs of our MHD model and propagating sunward on the dayside cause the magnetopause
and bow shock to move and change form. On the nightside, the pressure perturbations propagating tailward
modify the structure and position of the current sheet. Throughout the outer magnetosphere, the pressure
perturbations have the form of propagating waves.

The shifting locations of pressure fronts in successive plots of Figure 1 allow us to estimate the equatorial
radial component of the group velocity of the waves that change the global structure. For example, near
midnight in Figure 1d at hour 200, the total pressure peak (red and emphasized with a dashed purple curve)

Figure 1. (continued)
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is centered just beyond 15 RS. At hour 202, in Figure 1e, the total pressure enhancement has rotated to later
local time and moved radially outward near midnight to about 23 RS. At hour 204 (Figure 1f), the perturbation
has rotated to still later local time and is centered near 33 RS, implying outward propagation by 60–100 km/s or
~1 RS in 10min, implying that displacements may propagate further than 50 RS downtail within a rotation cycle.
On the dayside, the waves appear to move mostly azimuthally with smaller radial velocity.

The sense of radial propagation of the compressional waves beyond ~15 RS changes through a rotation period.
Even in the widely spaced time steps of Figure 1, the propagation of the fronts in dPthb can be followed.
On the dayside, a compressional perturbation in the prenoon sector moves outward, starting in Figure 1a and
continuing in Figures 1b–1d. In Figure 1e the front begins to retreat inward and has disappeared in Figure 1f.
Wavelengths of waves propagating radially on the dayside are of order 5–10 RS. On the nightside, fronts
propagate downtail with wavelengths of order 35 RS. Simulation steps not illustrated confirm that inward and
outward propagation is occurring as inferred from the time steps shown in Figure 1.

A cut through the noon-midnight meridian plane (Figure 2) reveals additional features of the compressional
waves that propagate through the system at the same time steps as those selected for Figure 1. Because the

Figure 2. (a–f ) Pressure perturbations (dPthb) normalized to the average background pressure (<Pthb>) in the noon-midnight meridian plane are shown in color
at times differing by 2 h between hours 194 and 202 in the simulation. The Sun is to the left. Black curves are field lines selected for approximately uniform coverage
and projected into the meridian plane. The small green circles show the location of the nose of the magnetopause. The magenta circles have radii of 10, 20, and 30 RS.
The central black circle has a radius of 4 RS.
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background field varies by orders of magnitude over the range of distances plotted, we have normalized
the pressure perturbation to the background pressure; thus, in these plots, color represents dPthb/<Pthb>.
On the nightside, the pressure peaks and troughs in the south are typically slightly more intense and more
widely distributed than they are in the north. For example, tailward of ~10 RS in Figures 2c and 2d, the red
region (positive pressure perturbation) is brighter and more extended in the south than in the north, and
in Figures 2a and 2f the blue region (negative pressure perturbation) is brighter and more extended in the
south than in the north. Centers of the extrema of pressure perturbations move at an angle of ~ 6° northward
as they propagate down the tail and drive north-south displacements of the tail plasma sheet. This northward
drift is seen best by following the pressure minimum (blue) seen near x=�20 RS in Figure 2a, in the region�30
to �40 RS in Figure 2c, and beyond �40 RS in Figure 2d. The center of the plasma sheet (defined for this
purpose by the reversal of Br) remains slightly northward of the equator through the entire rotation period
illustrated. Focusing on the region near X=�20 RS, we find that the center of the plasma sheet falls closest
to the equator at hour 196, following the passage of a reduced pressure front and farthest above the equator at
hour 200 as a front of increased pressure passes.

The stationary boundary on the upstream side in Figure 2 corresponds to the location of the bow shock at
its extreme excursion. When the bow shock lies closer to Saturn, the pressure perturbation about the
mean is negative just inside the upstream boundary. The boundary is displaced farthest inward at hour
194 when a minimum of pressure perturbation is present over several RS inside the extremum of the bow
shock location. At hour 196, a positive pressure perturbation in the outer magnetosphere initiates outward
motion of the boundary. The positive pressure perturbation remains present for several hours. Within the
outermost boundary, the pressure perturbation is predominantly positive when the outward displacement
is greatest at hours 200 and 202. At hour 204, a minimum in pressure is seen in the region within the extremum
of the bow shock location and the boundary has moved back in.

In a uniform field, compressional MHDwaves that propagate rapidly across the background field are fast-mode
waves; such waves have a predictable in-phase relation between magnetic and thermal pressure. It is initially
perplexing to note that the perturbations of magnetic and thermal pressure shown in Figure 1 are more often
in antiphase than in phase, but in a nonuniform system, fast- and slow-mode waves are coupled, and the
simple relations between magnetic and thermal pressure perturbations no longer apply. For example, an
out-of-phase relationship may arise if the thermal pressure distribution falls off with radial distance at a faster
rate than the adiabatic pressure lapse rate. Rotation further complicates the picture. For example, where
rotating flux tubes are stretched outward, reducing Bθ in the equatorial region, centrifugal acceleration drives
plasma along the flux tube toward the equator, readily accounting for the antiphase perturbations observed
in the figure. It follows that the phase relations between variations of thermal and magnetic pressure are
unpredictable in a nonuniform magnetic field in a rotating plasma.

The periodic pressure variations that we analyze here are initiated by the rotating flows that we imposed
on the ionosphere. The associated magnetic perturbations can be followed through the noon-midnight
meridian in Figure 3. The rows of the figure are separated by 2 h and are taken at the times selected for
Figures 1 and 2. The columns (left to right) show the components of the magnetic perturbations, with the
transverse toroidal and meridional components in the first two columns and the field-aligned component
in the third column. The striking new information in this set of images is the relation of the magnetic
perturbations to the sources of the FACs in the southern ionosphere. The centers of the ionospheric vortices
at 70° latitude lie in the meridian plane at hours ~197 and ~202. The azimuthally extended sheet currents
that flow out of or into the ionosphere near the centers of the vortices (in opposite senses near noon and
near midnight) account for the strong toroidal perturbations emerging from high latitude in the southern
ionosphere (bright yellow and cyan regions emerging from the black circle) at hours 196 and 198 and at
hours 202 and 204. In the noon meridian, the positive perturbation is on the high-latitude side; and in the
midnight meridian, it is on the low-latitude side of the extended signal, as required for oppositely directed
field-aligned current sheets in the two sectors. The breaks between the clockwise and counterclockwise
ionospheric vortices lie in the noon-midnight meridian plane at hours ~194 and ~199:30. At times near these
rotation phases (hours 194–196 and 200), the predominantly latitudinal ionospheric flows impose intense
meridional perturbations in the Southern Hemisphere, which are apparent in the figure as yellow and cyan
regions emerging from the black circle in the plot of the poloidal component of the perturbation. The reversal
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of the meridional transverse perturbation approximately across the equatorial plane (note the change of color
across the equator on the nightside at these times) shows that the nightside current sheet is twisted at an angle
relative to the equatorial plane.

The right-hand column of Figure 3 shows field-aligned perturbations, which are less intense than the transverse
perturbations but central to the large-scale motions of the magnetosphere that we are trying to understand.
They, too, arise from the flows imposed by the ionospheric vortices, flows directed meridionally at locations
90° from the centers of the vortices (in the noon-midnight meridian plane at hours 194 and 200, for example),
and directed zonally near the centers of the vortices (near the noon-midnight meridian plane at hours 196
and 198, for example). Meridional flows in the ionosphere compress or expand the field and drive the weak
field-aligned perturbations seen near the southern sources on the right at hours 194 (positive perturbation
near noon and negative perturbation near midnight) and 200 (negative perturbation near noon and positive
perturbation near midnight). Close to the planet, normalized compressional components of the perturbation
field are negligible because of the rigidity of the background field, but the perturbations become significant
where the background field drops below of order tens of nT. Thus, the most intense field-aligned component
of the normalized perturbation field is concentrated near the equator. Inside of ~15 RS the compressional
perturbations are typically in phase with the meridional perturbations in the Southern Hemisphere in the same
local time sector, as expected from the effects of latitudinal flows imposed by the ionospheric vortices, and also
in phase with the magnetic pressure perturbations to which they contribute.

Figure 3. Noon midnight meridian cuts at time steps within a rotation cycle as in Figure 1. (left) Transverse azimuthal components. (middle) Transverse meridional
components of the perturbation magnetic field. (right) Field-aligned components of the magnetic field. Perturbations are differences between the instantaneous
magnetic field and the magnetic field averaged over 5 cycles, with values in nT indicated on the color scale. Green circles have radii of 10 and 20 RS. The black circle
has a radius of 4 RS.
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4. Magnetopause and Plasma Sheet Motion

Figure 1 is helpful in identifying the large-scale oscillation of the magnetopause. Orange curves represent the
magnetopause identified as the open/closed field line boundary. A striking feature is the morning-evening
asymmetry, a matter to which we will return. The solar wind conditions are steady and there is no evidence of
dayside reconnection; but, over the rotation period, the magnetopause moves out and back in response to
changing internal pressure. On the dayside, the pressure fronts propagate right through the magnetopause.
As expected in the MHD limit, the outward propagating pressure fronts do not modify the pressure in the
solar wind. They merely cause the bow shock to move out and in. The excursions of the magnetopause are
quantified in Figure 4, a plot of the distance to the subsolar magnetopause that reveals both the range of
displacement—from ~23 RS at hour 194 (and again at hour 204) to ~28 RS at hour 200—and the nonsinusoidal
nature of the motion. Comparison with Figure 1 shows that the greatest compression occurs about a quarter
of a cycle before the SKR emissions would peak in the simulated magnetosphere.

Figure 1 confirms that the magnetopause is displaced by the propagating pressure fronts. When the nose of
the magnetopause falls at a minimum radial distance along the noon meridian (e.g., Figure 1a, hour 194),
it lies near a zero of dPthb where pressure gradient forces vanish. However, an inward pressure gradient can
be identified just inside the magnetopause, part of an outward propagating pressure perturbation that
accounts for the outward motion of the boundary between hours 194 and 196 (Figures 1a and 1b). In the two
succeeding time steps, the pressure boundary moves slowly outward while the pressure perturbations
weaken. At maximum displacement near hour 200 (Figure 1d), the nose of the magnetopause again lies
close to a zero in pressure perturbation where it continues to hover at hour 202 (Figure 1e). The sign of the

Figure 3. (continued)
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pressure perturbation near noon reverses
between hours 202 and 204 (Figure 1f),
consistent with the development of a
reversed pressure gradient and inward
motion of the magnetopause by about
3 RS and completion of a cycle.

We have confirmed that the
magnetopause is in approximate
pressure balance in the model. The
pressure along a portion of the x axis
at hour 194, when the subsolar
magnetopause lies at 23 RS, and at hour
200 (when the subsolar magnetopause
lies at 28 RS) is plotted in Figure 5. The
solar wind dynamic pressure remains
constant at the nominal value of 0.013 nPa
and quite closely matches the pressure
at the boundary. Just within the boundary,
the pressure perturbation slightly
exceeds the solar wind dynamic pressure
because part of the outward force per

unit area is compensated by the curvature force. (The nonnegligible field curvature within the dayside
boundary is evident in Figure 2.) Figure 5a shows a large inward gradient of the total pressure perturbation
that accounts for the rapid outward displacement following hour 194 that is consistent with the gradient of
the green curve in Figure 4. By contrast, at hour 200 when the magnetopause has reached its maximum
displacement, the pressure gradient within the boundary (Figure 5b) is relatively small (once again probably
partly compensated by curvature forces) and the rate of displacement of the boundary at this time step is
very low, again consistent with the gradient of the green curve of Figure 4.

Although the phase-dependent changes of magnetic configuration are relatively subtle in regions dominated
by the dipole field, at radial distances beyond ~15 RS the entire magnetosphere changes its configuration
periodically in response to the propagating pressure perturbations. In particular, compressional perturbations
similar to those that we relate to the displacement of the magnetopause drive flows and reconfiguration of
the plasma sheet on the nightside. The effects of the perturbations are particularly well revealed by the
changing equatorial locus of the 70° invariant latitude shell shown in Figure 1. In Figure 1a, the equatorial
intersection of this critical surface is approximately elliptical between ~10 and 15 RS. In Figure 1b, roughly

Figure 4. Location of the nose of the magnetopause as a function of
simulation time. The red points identify the location of the largest velocity
gradient. The green points identify the location of the open-closed field
line boundary. The horizontal lines surrounding 27 RS are separated by
2.5 RS, marking the range of typical oscillations about the mean reported
by Clarke et al. [2010b].

Figure 5. Plasma thermal pressure, magnetic pressure, and the total pressure (nPa) in the equatorial plane along the noon
meridian plotted versus distance in RS at hours (a) 194 and (b) 200 of the simulation. The dynamic pressure of the solar wind
is represented by the dashed orange line. The location of the magnetopause is marked by the vertical green line.
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coincident with SKR maximum, the distribution has contracted into a near circle of radius ~12 RS. In Figure 1c,
in a limited local time sector between dusk and midnight some of the green circles have moved out almost
to 20 RS. In Figure 1d, some of the circles in the premidnight sector have moved well beyond 30 RS, and
outward displacement has commenced in the postmidnight sector. In Figure 1e at a time close to SKR
minimum, the most distant mapping is to a downtail distance beyond 40 RS, and the peak outward
displacement has rotated into the postmidnight sector. The significant outward displacements correspond to
times when inward pressure gradients are propagating outward beyond r≈ 12 RS on the nightside. For
example, in Figures 1c and 1d (column 3), the perturbation pressure is high (red) inside and low (blue) outside
of the outward moving boundary marked by the green circles on the nightside. In Figure 1e, the total
pressure perturbation within the green circles is low. The boundary has reached its maximum displacement
and has begun to contract to the form that it will have within 2 h following the start of the next cycle
when the 70° invariant latitude boundary has contracted to resemble the form in Figure 1a. The maximum
and minimum displacements of the 70° invariant latitude field lines on the nightside lag the maximum
and minimum of outward displacements of the nose of the magnetopause by about 2 h, but to a good
approximation, the entire magnetosphere appears to expand and contract over a cycle, changes described as
“breathing” by Ramer et al. [2013].

The flows that displace the 70° invariant latitude shell indubitably relate to the processes that drive periodic
plasmoid release in the simulation. Figure 8 of Jia et al. [2012] shows the structure of field lines that cross
the equator at 20 RS over an interval between hours 198 and 212, part of which overlaps the cycle selected for
Figure 1. The structure at 20 RS is highly ordered at hours 198 and 199. A bulge appears in the postmidnight
sector at hour 100 and by hour 202; this bulge has developed into a large plasmoid that is centered high
above the equatorial plane. The structure is largely gone by hour 206. The plasmoid moves upward off the
equatorial plane in the next 4 h but does not disappear until hour 207 (a time that corresponds to
approximately the same rotation phase as hour 197).

Because the background pressure is close to uniform throughout the tail, the plasma sheet is more
readily identified in images showing the distribution of density than in the images of Figure 2 that show
the distribution of normalized pressure perturbations. Images of density distributions and field lines
through one cycle are shown in the simulation of Jia and Kivelson [2012] for a run in which a weak
northern source is also included. Fortunately, the principal features of the variations are insensitive to
the presence of the second signal, and there are only minor differences in response from one cycle to the
next, so we can extract insight into the temporal variation of plasma sheet location from previously
published figures. The comparison shows that the displacement of the plasma sheet from the equator
occurs with increasing delay as a function of downtail distance. In the cycle illustrated in Figure 8 of
Jia and Kivelson [2012], minimum magnetopause displacement occurs near hour 411; its position
corresponds quite closely to that found at hour 194. Maximum magnetopause displacement occurs
near hour 415:30 when the magnetopause lies close to 28 RS. Responses in the magnetotail do not
develop instantaneously. At minimum magnetopause compression (hour 411), the magnetotail current
sheet falls on the equator between 0> X>�45 RS. By hour 412:30, it has moved upward but only
inside of �40 RS. Both at hours 414 and 415:30 (the time of maximum displacement of the noon
magnetopause), the tail current sheet lies well above the equator everywhere inside of�70 RS. At hour 417,
the inner part of the current sheet has moved back toward the equator but the region between �20
and �70 RS is at its most northern extreme. The time delays are, of course, expected for the propagating
compressional waves that we consider the source of the reconfiguration, and delays of the sort noted
require propagation speeds close to 100 km/s, within a factor of 2 of the downtail speed in the near tail
discussed in section 3.

Having noted that the tail expansion and contraction occur at different times at different locations, we must
identify where we wish to examine the phenomenon of expansion and contraction. Let us consider the
response of the plasma sheet in the region between X=�10 and �20 RS. Before hour 415:30, Figures 8b
and 8c of Jia and Kivelson [2012] show that the plasma sheet is compressed in the north-south direction.
Near the time of maximum dayside expansion, the plasma sheet is relatively thick in the same region as
seen in Figures 2e and 2f. This response is what leads us to describe the magnetosphere as expanding and
contracting, even though the responses are not observed instantaneously at all locations.
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5. Relation of Simulated to Observed Magnetopause Motion

The compressional perturbations identified in section 3 drive the periodic excursions of the dayside
magnetopause that we characterized in section 2. The pressure fronts appear to rotate from morning to
evening and in most of the panels in Figure 1, the perturbations weaken as they rotate past noon. This
change is reflected in the boundary position which is found to have a significant morning-evening
asymmetry, lying closer to Saturn on the evening side.

In this section, we compare the properties of the boundary extracted from the simulation with properties of
the magnetopause inferred from Cassini data by Clarke et al. [2006, 2010a]. Clarke et al. [2010a] find typical
oscillations of order 1.2 RS about the mean, but note that some of the displacements are as great as ∼4–5 RS.
The shape of the curves in Figure 4, representing the radial distance to the nose of the magnetopause
extracted from the simulation, explains the two ranges. The simulated displacement varies nonsinusoidally.
Encounters near noon would occur somewhere near 27 RS for 70% of all random crossings (within the upper
and lower bounds of the horizontal lines in the figure) for the assumed solar wind dynamic pressure. On 30%
of all random crossings, inward displacements to 23 RS would account for the report of occasional motion
through as much as 4–5 RS. The range of displacements differs at other local times, but even away from noon,
the interpretation in terms of the nonsinusoidal structure of the curves provides a basic understanding of the
statistics of observed magnetopause encounters.

Although the position of the magnetopause and its range of displacement are well represented in the
simulation, the timing of the maximum and minimum displacements relative to the rotation phase of the
core field is not. Let us try to understand why there is such a discrepancy of phase. In order to compare with
observations, we note that the orientation of the magnetic perturbations inside of ~15 RS provides the
effective SKR phase. In the “longitude” system defined by Kurth et al. [2008], the most intense SKR emissions
occur, on average, “when the subsolar longitude is 100°, as was the case in the Voyager era.” For the interval
from October 2004 to July 2006, Andrews et al. [2008], following the orientation of the cam field, establish
that “at the peak of the SKR modulation, the field points radially outward (and southward) at ~0200 LT ±2h,”
a location at which the SKR phase (a nomenclature that we prefer to longitude) is 250°. Clarke et al. [2010a]
report that the maximum outward displacement of the magnetopause occurs when the cam field (within
∼15 RS) points away from the dayside (>250° phase), but Figure 1 shows that the magnetopause displacement
maximizes when the cam field points toward the dayside (~100° phase).

In the simulation, the magnetopause location is modulated by compressional waves launched from a source
region near 12 RS. If the wave speeds in the simulation are underestimated in the region beyond ~10–15 RS,
there will be a delay in the magnetopause response. Clarke et al. [2010a] infer radial wave speeds of 250 km/s
on the dayside. In this region, the simulated wave speed varies through a rotation period from less than
50 km/s to ~200 km/s, with brief and localized occurrence of higher speeds. Beyond ~11 RS, the mean wave
speed is roughly 100 km/s and less than half that speed is radially directed.

We can explain why compressional wave speeds are underestimated in the simulation. The difference
between the measured and modeled radial wave speeds (250 km/s versus ~50 km/s) results from the fact
that MHD simulations do not include the effects of superthermal plasma. Where the pressure of energetic
particles is important, the fast-mode wave speed is underestimated. In Saturn’s magnetosphere, the thermal
plasma dominates the pressure within 11 RS. In that part of the magnetosphere, we believe that signal
propagation speed is well represented in the simulation. Energetic particles contribute significantly to the
thermal pressure beyond that distance [Sergis et al., 2010], so in the outer part of the magnetosphere, the
processes linked to the imposition of periodic perturbations may be captured by the simulation but timing
may be inconsistent with observations. A linear approximation to the Sergis et al. plot of total pressure in
units of nPa in Figure 1b is P(10�10 Pa) = 4.625–0.275 r(RS), with average from 11 to 21 of 3.25 a factor of 16.3
larger than the average pressure found in this region in the MHD simulation. The difference between
modeled and observed phases can be understood if the (missing) energetic particle pressure exceeds the
thermal pressure by a factor of ~16 in the outer magnetosphere. Wave speeds are proportional to the square
root of the pressure, so the wave speed in the simulation is reduced by roughly a factor of 4, close to the
factor of 5 estimated above. A wave traveling radially outward at 250 km/s requires 40min to travel 10 RS.
The simulated waves in the outer magnetosphere require 2 h and 40min to propagate 10 RS and only part of
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that is radial propagation. Waves propagating at 45° to the radial direction would cover the distance in half a
cycle. We believe that this slow outward expansion of compressional perturbations accounts for the delay
in the time of maximum outward displacement of the magnetopause in the simulation.

One may ask whether the failure to incorporate effects of the high-pressure population in the simulation affects
results other than propagation speeds. We emphasize that the effects of neglecting the energetic particle
population may affect not only wave phase velocities but also other results of the model that we have
not explicitly identified. Furthermore, an MHD simulation does not correspond to properties of the actual
magnetosphere in other ways. Numerical dissipation in the simulation, for example, is likely to exceed
dissipation in the Saturn system, and it is hard to identify how this affects our results. The simulation does not
model pressure anisotropy, which can be important in regions where ion pickup rates are high. Consequently,
the simulated plasma density is underestimated near the equator and overestimated off the equator, particularly
on L shells between 4 and 10. On the other hand, the flux tube content is more correctly represented because
of careful selection of simulation parameters. Thus, we recognize that the model magnetosphere is not fully
faithful as a representation of Saturn’s magnetosphere. However, the amplitude of the periodic perturbations
seems to be well modeled. This is largely because the periodicities are driven by FACs, and the locations and
amplitudes of those currents were selected to match the observations. It is the responses to those FACs that
account for the periodic displacements of the magnetotail current sheet, the varying thickness of the nightside
plasma sheet, the intensity of the rotating field-aligned currents, and the location and displacement of the
magnetopause and bow shock, all of which are found in the simulation and shown to be in quantitative
agreement with observations. These quantitative comparisons lead us to believe that most properties of the
periodic perturbations observed in Saturn’s magnetosphere are quite well modeled. It seems that the waves
generated in the systemhave the right amplitudes and impose appropriate perturbations even on remote parts
of the system, but they take a bit too long to reach large distances from their sources in the ionosphere.
To summarize, it seems that at large distance, the simulation models the periodic disturbances quite well but
that the phase of the rotation at which different responses develop may be inaccurate.

6. Magnetopause Asymmetries

Asymmetries of the magnetopause boundary in the equatorial plane can, in principle, arise from deviations of the
flow direction of the solar wind or from a strong dawn-dusk component of the interplanetary magnetic field.
However, at rapidly rotating planets such as Saturn and Jupiter, the sense of plasma rotation, sunward on the
dawn flank and antisunward on the dusk flank, implies that asymmetry can be internally driven. In an investigation
of the form of the magnetopause of Jupiter, Joy et al. [2002] identified a very weak dawn-dusk asymmetry of
Jupiter’smagnetopause, but studies of Saturn’smagnetopause have assumed little asymmetry. Clarke et al. [2010a]
allow a slightly asymmetricmagnetopause to rock in the dawn-dusk direction about the Sun-planet line. However,
our simulated magnetopause shows considerable dawn-dusk asymmetry modulated by rotational phase.

The magnetopause defined as the open-closed field line separatrix is shown at different rotation phases in
Figure 1. In Figure 6a, these different traces have been superimposed. It is striking that the largest excursions
of the boundary are localized on the morning side. A quadratic fit to the mean of the plotted magnetopause
locations in the local time range from dawn to dusk yields (distances in Saturn radii)

X ¼ �0:016 Y2 � 0:042 Y þ 26:61 (1)

This fit is plotted in Figure 6b. At the terminator, the means fall at �42.1 RS and +39.5 RS, a dawn-dusk
asymmetry of 6%.

The extrema of the magnetopause displacement from the mean as a function of local time are shown in
Figure 6c withmaximumdisplacement plotted in black andminimumdisplacement plotted in blue. An average
of these curves (in red) and a fit to the average (in green) for the local time sector between 0700 and 1700 LT

Displacement amplitude Rsð Þ ¼ 8:64–0:47 LT hð Þ (2)

are also shown. Typical excursions near noon are close to ±3 RS. Near dusk they drop to ~1 RS. Near dawn they
may become as large as 9 RS.

There is evidence in the work of Clarke et al. [2010a] that the asymmetry we extract from the simulation is
observed. Table 2 of that paper lists 77 magnetopause encounters observed on 68 orbits. Only 15 were
encountered at distances beyond the 42.1 RS that we suggest as the mean location at 0600 LT, and they were
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all on the morning side. Our Table 1 lists properties of 21 encounters within 2 h of dawn and 8 within 2 h of
dusk. The radial distances of our average model magnetopause are also listed in the table. The data and
model track each other closely, and both show the strong asymmetry on which we remark.

7. Links to Other Magnetospheric Responses

The strong asymmetry of the magnetopause described in the previous section must relate to the nature of
periodic flows and compressional perturbations that characterize the internally driven dynamics of the system.

Figure 6. (a) Magnetopause boundary every 1 h through five rotation cycles (grey) and fit to the mean (blue). (b) Quadratic
fit (red) to the mean magnetopause position (blue). (c) Maximum (black) and minimum (blue) magnetopause displacements
from the mean radial distance versus LT, average of this displacement versus LT (red), and linear fit to the displacement
versus LT (green).
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In the Jia et al. [2012] and Jia and Kivelson [2012] simulations, major configurational changes are imposed by the
rotating current system generated in the ionosphere. On each rotation cycle, a plasmoid develops in the
midnight-morning quadrant and propagates dawnward, northward, and antisunward, while expanding in
size (see Figure 8 of Jia et al. [2012]), setting up flows and distorting the surrounding plasma and field.
The interplay of field and plasma perturbations directly imposed by the rotating cam current and those
generated by propagating plasmoids greatly complicates the interpretation of periodic behavior in parts of
the magnetosphere remote from themagnetic shell carrying the highest intensity FACs. The way in which flows
related to the plasmoid release affect the structure of the system is evident from the changing configuration of
the 70° invariant latitude magnetic shell on which we have commented above. We have evaluated the mass
flux through quadrants of a cylinder of 20 RS radius and height ± 10 RS as a function of rotation phase. On each
rotation cycle, peak fluxes occur successively through the quadrants centered at midnight, at dawn, and at
noon; and the rotating cam linked to this outflow pushes out the magnetopause, first near dawn (Figure 1a),
later near noon (Figure 1d), and with decreasing effectiveness with increasing LT to dusk. Thus, themagnetopause
should not be thought of as rocking from dawn to dusk, but rather as responding to an ever weakening
driver that rotates within its confinement once each rotation period. This interpretation accounts for the strong
dawn and dusk asymmetry observed in both Cassini measurements and in the simulation.

8. Discussion and Summary of Testable Predictions

The MHD simulation of Jia et al. [2012] was designed to interpret the periodicities that appear in a wide range
of magnetospheric phenomena at Saturn. The rotating magnetic perturbations of the inner magnetosphere
provided evidence that a rotating system of FACsmust play a central role in producing the periodic responses
and that many features of the magnetosphere can be understood in terms of the perturbations imposed
fairly directly by those rotating cam currents. However, other periodic features of the system such as the
flapping of the tail plasma sheet and the periodic excursions of the magnetopause require that compressional
forces be present. Compressional forces are transmitted by magnetosonic waves whose propagation is
omnidirectional. Although rotating and propagating signals are generated by the same sources, the differences
in propagation produce a distinctly nonsinusoidal response that may differ considerably from one part of the
magnetosphere to another. Ramer et al. [2013] have emphasized that the rotational phase dependence of
plasma and field properties varies with location in the magnetosphere, attributing the effect largely to the

Table 1. Data on Magnetopause Crossings Within 2 h of Dawn (Columns 1–4) and Dusk (Columns 5–8) Reported by Clarke
et al. [2010a] (Ordered by Local Time) Compared With Predictions From the Simulation From Equations (1) and (2)a

Orbit Local Time RObserved RModel Orbit Local Time RObserved RModel

21/22 4.4 44.7 60.5 ± 6.6 43/44 16.1 35.8 31.9 ± 1.1
20/21 4.4 66.5 59.9 ± 6.6 49/50 16.2 42.2 32.2 ± 1.0
17/18 out 4.6 37.3 56.6 ± 6.5 45/46 16.3 33.5 32.6 ± 1.0
A out 4.7 46.1 54.8 ± 6.4 46/47 16.6 29.3 33.7 ± 0.8
18/19 4.8 40.8 41.2 ± 6.4 44/45 16.9 29.3 35.0 ± 0.7
19/20 out 5.1 43.2 48.8 ± 6.2 47/48 17.2 39.3 36.6 ± 0.6
16/17 5.8 29.9 41.2 ± 5.9 40/41 17.6 30.4 39.1 ± 0.4
C out 5.8 44.7 41.2 ± 5.9 48/49 17.9 28.6 41.3 ± 0.2
B out 5.9 44.9 40.3 ± 5.9
6/7 out 6.0 28.5 42.1 ± 5.8
12/13 6.1 32.1 38.7 ± 5.8
19/20 in 6.2 46.1 38.0 ± 5.7
13/14 6.3 34.6 37.3 ± 5.7
8/9 6.3 32.5 37.3 ± 5.7
7/8 6.3 31.5 37.3 ± 5.7
4/5 out 6.4 32.5 36.6 ± 5.6
15/16 7.0 40.5 33.4 ± 5.4
9/10 7.05 39.6 33.1 ± 5.3
17/18 in 7.2 45.7 32.5 ± 5.2
3/4 out 7.2 41.3 32.5 ± 5.2
SOI 7.7 33.6 30.6 ± 5.0

a(Equation (1) has been extrapolated to times earlier than those used for the fit.) Local time in hours, distances in RS.
Multiple close encounters are calculated using averages over distances and local times on a single pass. SOI is the
inbound capture orbit referred to as “Saturn Orbit Insertion.”
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expansion and contraction of the system. Here we have shown that the simulation launches compressional
waves from the dominant southern source, and it is these waves that cause the plasma sheet to change its
magnetic and plasma configuration and to flap. Propagating toward the dayside boundary, these waves
produce periodic nonsinusoidal displacement of the magnetopause and the bow shock. Their effects are
strongly modified by the confining forces of the dayside magnetopause, but the pressure fronts are probably
significant in producing highly structured flow with a significant dawn-dusk component in the magnetotail.

We have provided quantitative descriptions of the properties of the magnetopause position and motion
that we suggest are worth testing. We find that excursions of magnetopause distance about the mean are
nonsinusoidal, with long dwells near the largest displacements and short-lived, deep penetrations inward,
a description that may provide a useful guide for further analysis of boundarymotions in Cassini data. We also
find a significant dawn-dusk asymmetry, with extreme excursions about the mean on the dawnside and highly
limited excursions about themean on the duskside. Fits to the expected forms provided in equations (1) and (2)
should prove helpful in studies of boundary properties.
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