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Abstract During certain portions of the Cassini mission to Saturn, Cassini made repeated and periodic
crossings of the magnetospheric current sheet that lies near the magnetic equator and extends well down
the magnetospheric tail. These repeated crossings are part of the puzzling set of planetary period variations
in numerous magnetospheric properties that have been discovered at Saturn. During 2010 these periodic
crossings often display asymmetries such that the northbound crossing occurs faster than the southbound
crossing or vice versa, while at other times the crossings are more symmetric. The character of the crossings is
well organized by the relative phase of the northern versus southern perturbation currents inferred in earlier
analyses of the magnetic field observations. Further, the dependence of the character of the crossings on the
relative phase is consistent with similar asymmetries predicted both by the dual rotating current systems
inferred from magnetic field observations and by global MHD models that incorporate the effects of
hypothesized atmospheric vortices. The two models are themselves in generally good agreement on those
predictions. In both models the asymmetries are attributable to a periodic thickening and thinning of the
magnetospheric current sheet, combined with a periodic vertical flapping of the sheet. The Cassini
observations thus provide additional observational support to such current systems as a likely explanation for
many of the known magnetospheric planetary period variations.

1. Introduction

Saturn’s magnetosphere has now been visited by four spacecraft (Pioneer 11, Voyager 1 and 2, and Cassini)
and remotely observed by the Ulysses radio wave experiment. One of the most puzzling discoveries from
these missions has been the occurrence of periodic variations in a wide range of magnetospheric observa-
bles, from bursts of Saturn kilometric radiation (SKR) [e.g., Warwick et al., 1981; Desch and Kaiser, 1981;
Galopeau and Lecacheux, 2000; Gurnett et al., 2009; Lamy, 2011] to in situ magnetic field [e.g., Espinosa and
Dougherty, 2000; Cowley et al., 2006; Southwood and Kivelson, 2007; Andrews et al., 2008], energetic particle
[e.g., Carbary and Krimigis, 1982; Carbary et al., 2007, 2008], and plasma [e.g., Burch et al., 2009; Arridge
et al., 2011; Nemeth et al., 2016] properties. These periodicities occur at approximately the planetary rotation
rate, which is inferred from tracking identifiable cloud features in the atmosphere since at Saturn it is not pos-
sible to observe a solid planetary body. When they were first observed, the periodicity of the SKR bursts was
taken to be the best determination of the planetary spin period.

The initial puzzling aspect of these periodicities was their very existence since Saturn’s magnetic dipole is
very nearly aligned with its rotational axis, with no tilt or offset to break the cylindrical symmetry. Further
confounding the mystery was the discovery that the SKR period actually varied slowly in time [e.g.,
Galopeau and Lecacheux, 2000], clearly incompatible with a signature of underlying planetary rotation.
Moreover, evidence was then found for not just one but two different periodicities, one associated with
SKR and magnetic field variations in the northern hemisphere and the other associated with the southern
hemisphere [e.g., Galopeau and Lecacheux, 2000; Kurth et al., 2008; Gurnett et al., 2009]. These findings were
reviewed by Carbary and Mitchell [2013] and have subsequently been supplemented by a number of studies,
many of which are summarized by Cowley et al. [2016].

These observations have given rise to a large number of hypothesized sources of the periodicities [e.g.,
Espinosa et al., 2003; Gurnett et al., 2007; Goldreich and Farmer, 2007; Carbary et al., 2007; Southwood and
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Kivelson, 2007;Mitchell et al., 2009a; Khurana et al., 2009; Burch et al., 2009; Brandt et al., 2010] (for reviews see
Mitchell et al. [2009b] and Carbary and Mitchell [2013]). Two of the models that have been particularly success-
ful in reproducing a wide range of observed periodic features are the empirical dual rotating current system
(which we will refer to as DRC henceforth) [e.g., Southwood and Kivelson, 2007; Andrews et al., 2010, 2012;
Provan et al., 2012; Cowley et al., 2017] and the atmospheric vortex model (referred to as AV) [Jia et al.,
2012; Jia and Kivelson, 2012]. These two models are closely related: The former is based on an analytical
description of the periodic magnetic field perturbations, and the latter is based on a global magnetospheric
MHD model that imposes in the ionosphere a rotating pattern of flow designed to drive the field-aligned
currents (recently discussed by Hunt et al. [2015] and Southwood and Cowley [2014]) needed to account for
the very same periodic magnetic field fluctuations. Both models predict periodic variations in the field and
plasma properties throughout the magnetosphere, rather successfully explaining many of the observed
periodicities. Two further advantages of these two models over many of the other proposed periodicity-
producingmechanisms are that they provide natural explanations of how the phase of the periodic variations
can remain constant over many months or years and they naturally allow for dual periodicities and slow
temporal variations in the periods.

Of particular interest for the present study, both these models predict periodic vertical motions of the mag-
netospheric current sheet (accounting for the periodic current sheet encounters commonly seen with the
Cassini spacecraft) and periodic thickening and thinning of the current sheet [e.g., Jia and Kivelson, 2012;
Provan et al., 2012; Cowley et al., 2017]. Such modulation of the current sheet thickness has previously been
inferred from Cassini observations [e.g., Morooka et al., 2009; Provan et al., 2012]. In the present work, we
show observations of asymmetries in the north-to-south and south-to-north crossings of the tail current
sheet that provide additional evidence for periodic modulation of the current sheet thickness. Further, we
show that the nature of the asymmetries depends on the relative phase of the north and south current sys-
tems in a manner that is consistent with the expectations of both the DRC and AV models mentioned above.

2. Observations

We report observations from the Cassini magnetometer (MAG) [Dougherty et al., 2004] obtained during 2010,
a time of repeated low-latitude orbits passing through the nightside region under near-equinoctial condi-
tions (when the warping of the night-side current sheet is not strong [e.g., Arridge et al., 2008]). For context,
the plasma ion and electron data from the Cassini plasma spectrometer (CAPS) [Young et al., 2004] are also
presented for one of the intervals examined.

Figure 1 shows plasma and magnetic field measurements from CAPS and MAG for a 3 day interval in 2010
when Cassini was inbound at near-zero latitude and a local time of ~21 h. During these 3 days, the spacecraft
moved from 31.5 to 12.8 Rs in radial distance from Saturn (1 Rs= 60,268 km). Figures 1a and 1b show intermit-
tent enhancements in the plasma fluxes, many associated with recurring encounters with the equatorially
confined plasma sheet. Figures 1c–1f show the magnetic field components in the Kronocentric radial theta
phi (KRTP) coordinate system (Br, Bθ, and Bφ), and Figure 1f shows the field magnitude. The KRTP system is
a spherical polar coordinate system referenced to Saturn’s spin axis and is very useful for studying the tail cur-
rent sheet [e.g., Jackman et al., 2009]. In particular, the radial component provides a clear indication of
whether the spacecraft is located north of the tail current sheet (Br> 0) or south of it (Br< 0). The times where
Br passes through zero are the times when the spacecraft is crossing the current sheet and are generally asso-
ciated with enhancements in the plasma flux [e.g., Szego et al., 2012].

Figure 1c shows that during this 3 day interval, the current sheet repeatedly swept up and down across
Cassini, with a clear periodicity of ~10.7 h (double-headed arrow in the upper portion of that panel), with
the radial component of the field periodically changing from positive to negative and back to positive again.
That periodicity is reflected as well in the other components and in the field magnitude. These periodic
encounters with the current sheet reflect the oscillatory motion of the tail structure that is one of the clear
features of Saturn’s puzzling planetary period oscillations discussed above (and modeled in work such as
Arridge et al. [2011]). In addition to the large-scale oscillations, there are numerous shorter-scale variations
in Br, indicating brief approaches to or penetrations of the current sheet. These do not appear to be systema-
tic, and we assume that they reflect more rapid fluctuations in the location of the current sheet, perhaps due
to propagating waves. In this work we are primarily interested in the planetary period oscillations.
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Figure 1. Cassini plasma and magnetic field measurements from a 3 day interval in 2010, during which the spacecraft made repeated periodic crossings of the tail
current sheet. (a and b) Color-coded logarithm of the ion and electron count rates (proportional to energy flux) as a function of energy. (c–e) Magnetic field r, θ,
and φ components in the KRTP coordinate system. (f) Magnetic field magnitude. Reversals in the r component of the field indicate crossings of the current sheet from
one hemisphere to the other (positive Br indicates northern hemisphere). The double-headed arrow in Figure 1c shows the duration of the ~10.7 h planetary rotation
period.
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Another feature of the Br signature of the large-scale current sheet crossings seen in Figure 1 is a clear
asymmetry between the north-to-south and south-to-north crossings. When the spacecraft moves from
the southern hemisphere (Br< 0) to the northern hemisphere (Br> 0), it does so quite rapidly, whereas the
reverse transition appears to be much more gradual. A similar asymmetry is reflected in the Bφ component,
which shows an almost sawtooth-like behavior.

Cassini’s 2010 season featured 18 orbits (Revs 124–142) with characteristics very similar to the one that
produced the data in Figure 1. Figure 2 shows the radial magnetic field component for 5 day intervals from
each of those orbits. In every case the signature of the periodic approach to or crossing of the current
sheet is evident, as Br periodically nears or crosses zero. (The interval featured in Figure 1 is indicated
by the arrow in the right-hand margin of Figure 2a.) Figure 2 shows a wide diversity of Br signatures:
Some show an asymmetry similar to that seen in Figure 1 (e.g., day of year (DOY) 151–152 and DOY
167–168). Others show the opposite asymmetry, i.e., slow south-to-north and more rapid north-to-south
transitions (e.g., DOY 40–43 and DOY 95–96). Still others seem to be roughly symmetric (e.g., DOY 56–59
and DOY 115–117). And yet others are indeterminate, or the spacecraft only approaches but does not actually
cross the current sheet.

3. Discussion

Asymmetric crossings of the current sheet, in which the passage in one direction is faster than the return
passage, would not be expected from a simple periodic flapping up and down of an otherwise rather uniform
current sheet. Two possible scenarios that could produce such an asymmetry are illustrated schematically in
Figure 3. Both cases are meant to illustrate how the z extent of the current sheet varies at a particular local
time as the current sheet rotates at a uniform rate around the planet. The phase is thus related to the time,

Figure 2. Radial component of the magnetic field observed by Cassini on 5 day segments of the 18 orbits of 2010 that featured periodic crossings of the tail current
sheet, as indicated by reversals of the sign of Br: (a) prior to DOY 153 and (b) after DOY 164. The arrow in the right-hand column of Figure 2a indicates the interval
featured in Figure 1.
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with 360° corresponding to a full rotational period. Figure 3a shows the case where a current sheet not only
has a sinusoidally varying vertical (z) displacement but also varies periodically in thickness, such that it is
thickest at zero phase and thinnest at a phase of 180°. Figure 3b illustrates the radial field component that
would be observed at z= 0 as the structure in Figure 3a is swept past an observing spacecraft. The field
model is a very simple one with constant (but opposite) values of Br in the lobes outside of the current-sheet
boundaries marked by the red curves in Figure 3a, and with a linear variation from one lobe to the other
across the current sheet between the red curves, with Br= 0 at the blue curve. The results in Figure 3b illus-
trate what one would qualitatively expect: The transition from the south lobe to the north lobe at a phase of
180° (thin current sheet) is considerably sharper than the transition from north to south lobes near zero
phase (thick current sheet). Figures 3c and 3d illustrate that a similar asymmetry in the south-to-north and
north-to-south crossings could arise if the current sheet itself is particularly steep in some phase range, even
if the current sheet is uniformly thick.

The two scenarios presented in Figure 3 are just illustrative of a range of possible conditions that might give
rise to asymmetric current sheet crossings. Other possibilities include propagating pressure waves that cause
current-sheet stretching and vertical motions [e.g., Kivelson and Jia, 2014; Jia and Kivelson, 2012]. From single-
point measurements it would be difficult to distinguish between any of these scenarios, but analytical and
numerical models offer insight into what may be the actual physical cause of the asymmetric crossings. As
mentioned in section 1, both the DRC and the AV models predict not only periodic vertical motion of the
current sheet (accounting for the periodic crossings seen in Figures 1 and 2) but also periodic variations in
the thickness of the current sheet. The current sheet thickness in the AV model is measured by the scale
height of a fit of the simulated field to a Harris sheet function [Jia and Kivelson, 2012], and the current sheet
thickness in the DRC model can be specified [Cowley et al., 2017] as the sum of three terms: a uniform
thickness of the underlying current sheet, plus contributions from both the southern rotating dipole and
the northern rotating dipole. As described fully in Cowley et al. [2017], for the illustrative examples in that
paper the undisturbed current sheet half-thickness (2.5 Rs) and oscillation amplitude (4 Rs for the southern

Figure 3. Schematic illustration of how asymmetric Br signatures of northward versus southward crossings of the current
sheet could arise from (a and b) a variable current sheet thickness or (c and d) a steepening of the current sheet in the
azimuthal direction. Figures 3a and 3c show the hypothesized vertical location of the center (blue curve) and north and
south edges (red curves) of the current sheet as a function of azimuthal phase angle. Figures 3b and 3d show the resulting
Br signature that would be observed at a point in the equatorial plane as the corresponding current sheet structure rotated
past it. The field structure is taken to be a simple form: constant but opposite values of Br in the lobes outside of the current
sheet boundaries, with a linear variation from one boundary to the other across the current sheet.
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system) were chosen based on fits done to tail observations by Arridge et al. [2011]. In bothmodels, the north-
ern and southern sources rotate at different rates and hence at times add together and at other times coun-
teract each other in their effects on the current sheet thickness. The resulting effects on the location and
thickness of the current sheet can be seen in Figure 9b of Jia and Kivelson [2012] and in Figures 3–6 of
Cowley et al. [2017]. In both models both the z position and the thickness of the current sheet vary with
the planetary period, with an amplitude that depends on the relative phase between the north and south cur-
rent sources and is modulated at the beat frequency between them.

Because of the time-varying position and thickness of the current sheet, both the DRC and AV models
result in a complicated temporal variability in the magnetic field at any given location in the magneto-
sphere, and the magnetic signature depends on the relative phase of the north and south current sources.
Figure 4 (left column) illustrates how the radial magnetic field component varies with southern phase
(as a proxy for time) within the analytical model of Cowley et al. [2017], which is designed to represent the
behavior of the two current sources in the DRC model. In each panel, the radial component of the field is
shown as a function of phase at three different positions relative to the nominal z= 0 plane (z= 0 and
z=�2.5 Rs). The different panels correspond to different values of the relative phase (ΦN–ΦS, listed along
the left-hand margin), where the north and south phases are defined as described in Cowley et al. [2017]:
Both phases increase linearly with time as viewed by a stationary observer (hence in a left-hand sense with
respect to Saturn’s spin axis), and the zero phase value of each system occurs where its equatorial perturba-
tion field is radially outward.

Figure 4 (right column) shows the radial magnetic field component measured at the location of r= 20 Rs and
LT = 21 (chosen for direct comparison with the Cassini data in Figure 1) in the global MHD simulation of Jia
and Kivelson [2012]. The different panels correspond to times within the simulation when the relative phases
of the northern and southern vortices were approximately as given in the left-handmargin of the figure. Note
that the phases of the two systems were defined by Jia and Kivelson [2012] to increase in a right-hand sense
relative to Saturn’s north pole, i.e., the negative of the phases defined by Cowley et al. [2017] and previous
discussions of the DRC model [cf. Jia and Kivelson, 2012, equation (2)]. Thus, we have selected the panels in
Figure 4 (right column) from times where the phase differences defined within the code are the negative
of the values shown in the left-hand margin of Figure 4 (modulo 360).

There are strong qualitative similarities between the two columns in Figure 4: Both models exhibit periodic
northward and southward crossings of the current sheet, as indicated by the recurrent reversals of the Br
component, and the Br signatures in both models show considerable diversity, with the character varying
with the relative phase. Both the amplitude of the Br variations and the symmetry (or asymmetry) of the
northward versus southward crossings vary systematically with ΦN–ΦS. For relative phases of 165° and
195°, both the DRC and AV models show low-amplitude variations in Br. At relative phases of 90° and 135°,
both models show larger-amplitude variations, with a distinct asymmetry between the south-to-north cross-
ings (rapid) and the north-to-south crossings (slow). The opposite asymmetry occurs for 225° and to a lesser
extent 270°. At 315° the crossings are more symmetric. Thus, both models appear to be able to reproduce
qualitatively the variety of Br signatures seen in the Cassini observations of Figure 2, and the organizing prop-
erty is the relative phase between the north and south current sources.

To testwhether the relative phaseof thenorth and south current sourcesmight likewise organize the character
of themagneticfield signatures seen in theCassini data (Figure 2),we use the time-dependent north and south
systemphasesderived fromtheCassinimagneticfielddatabyProvanetal. [2011] andAndrews etal. [2012] (see,
e.g., Jackman et al. [2016] for discussion of the link between northern and southern phases and the occurrence
of tail reconnection events). The phase angle is the azimuth about Saturn’s spin axis, relative to noon, at which
the equatorial perturbation field from each current source points radially outward from Saturn. Jackman et al.
[2016] adopted an additional correction to thephases to account for the radial propagation of the perturbation
field signal, but since our interest is in the relative phase difference between the two systems, that correction
would cancel out and can be ignored. Likewise, the dependence of the individual phases on local time also
cancels out when the relative phase is computed. Each of the intervals in Figure 2 is assigned a value of the
relative phase ΦN–ΦS appropriate to the center time of the interval, as listed in Table 1.

Further, each interval is assigned a “character” based on visual inspection of the Br signature. We use four
values of the character: Indet = indeterminate, FN/SS = fast south-to-north crossing/slow north-to-south
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Figure 4. Variation of the radial magnetic field component with time for (left column) the DRC model of Cowley et al. [2017] and (right column) the AV model of Jia
and Kivelson [2012]. The different panels show the Br variation for the different values of the relative phase between the northern and southern current systems
(ΦN–ΦS) listed along the left-hand margin. The three curves in the DRC panels show the Br value expected at three different vertical locations relative to the nominal
center of the current sheet: green (z = +2.5 Rs), black (z = 0), and purple (z =�2.5 Rs). The AV panels on the right-hand side are extracted from the position (r = 20 Rs
and 21 LT) at epochs in the global MHD simulation of Jia and Kivelson [2012] when the relative phase of the two atmospheric vortices is approximately the
negative of the values in the left-hand column of the figure (modulo 360) to account for the different handedness of the definition of phase in Jia and Kivelson
compared to that used here (which follows Cowley et al. [2017] and previous related works). The DRC calculations in the left-hand column assume a ratio of north-
to-south current densities of 1:1, while the AV simulation in the right-hand column assumed a current density ratio of 1:3.
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crossing, Symm= symmetric, and SN/FS = slow south-to-north crossing/fast north-to-south crossing, where
the direction refers to the apparent motion of the spacecraft (e.g., negative Br followed by positive Br corre-
sponds to a south-to-north crossing). Because the determination of the character of the crossings is subjective,
we compile the assessments of two independent observers. The resulting characters are listed in Table 1 for the
full set of intervals shown in Figure 2.

Figure 5 is a graphical summary of the phase differences and characters listed in Table 1. Also shown in
Figure 5 are similar assessments of the Br signatures shown for the two models in Figure 4, performed by
the same two independent observers whose character identifications are listed in Table 1. With the exception
of just a few points, it is clear from Figure 5 that the relative phase of the two current systems does indeed
order the character of the Br signatures seen by Cassini, in the same sense that emerges for both the DRC
and AV models: Asymmetric current sheet crossings in which the northbound crossing occurs more rapidly
than the southbound crossing (character = FN/SS) are seen when the relative phase lies between 0° and
180°, while the reverse asymmetry is seen between 180° and 360°. Symmetric crossings, with a couple of
exceptions, occur near 0° and 180°.

It should be noted that asymmetric structure in the Br profiles for northward versus southward crossing of the
current sheet is also found in the AVmodel evenwhen it is run with only a single atmospheric vortex [Jia et al.,
2012], as illustrated in Figure 6. The variation of Br from an AV run with a source only in the south arises from
the combination of a periodically varying current sheet thickness and a periodically varying current sheet
position, which are dynamical changes arising from compressional waves generated by the vortical iono-
spheric flow and propagating through the magnetotail [Kivelson and Jia, 2014]. Importantly, these variations,
while periodic, are not sinusoidal and are not in phase with each other as assumed by the DRC formalism
(Figure 6a). The primary asymmetry arises because the current sheet moves southward from z=0 to
z=�0.5 Rs much more rapidly than it returns northward from �0.5 Rs to 0 Rs, a behavior similar to that
depicted in Figure 3c. The current sheet is thicker when it approaches z= 0 going southward than when
it approaches z= 0 going northward, but this produces only a small bump in the Br profile. Thus, it is not
necessary to have current sources in both hemispheres to produce asymmetric current sheet crossings
per se, but the crucial finding in this study is that the character of the asymmetry varies with time in such
a way that it is well organized by the relative phase of a northern and southern source, as inferred from
magnetic field measurements, and that variation requires dual sources of changing relative phase. That
element of the asymmetry is well captured by both the DRC and the AV model with dual sources
[Jia and Kivelson, 2012]. We believe that the nonsinusoidal variation of the thickness and position of the

Table 1. Character of 2010 Current Sheet Crossings

DOY Range Ra (Rs) Latitudea (deg) Local Timea (h) ΦN–ΦS
a (deg) Characterb (Observer 1) Characterb (Observer 2)

4–9 33.0 �14.5 19.7 115 Indet Symm
20–25 33.6 �3.3 19.6 202 Indet Indet
38–43 32.7 0.1 20.1 298 SN/FS SN/FS
54–59 37.1 0.1 19.7 9 Symm Symm
75–80 24.2 0.4 20.8 94 FN/SS FN/SS
92–97 27.7 0.3 20.4 168 SN/FS SN/FS
112–117 29.8 0.2 20.2 269 Symm Symm
133–138 27.0 0.3 20.4 9 FN/SS FN/SS
148–153 30.6 8.7 19.1 65 FN/SS FN/SS
164–169 30.7 �1.0 19.1 123 FN/SS Indet
180–185 30.0 �13.9 19.2 168 Indet Indet
200–205 30.8 �3.8 19.9 206 Symm Indet
220–225 30.4 �3.8 19.9 245 SN/FS SN/FS
240–245 30.5 �3.9 19.9 299 Indet Indet
260–265 30.2 �3.9 19.9 339 Indet SN/FS
284–289 29.3 �2.8 20.6 15 Indet Indet
328–333 32.1 �0.1 19.7 104 FN/SS FN/SS
349–354 30.0 �0.1 19.8 118 Indet Indet

aSpecified at center of interval.
bCharacter definitions: Indet = indeterminate, FN/SS = fast south-to-north crossing/slow north-to-south crossing, Symm= symmetric, SN/FS = slow south-to-

north crossing/fast north-to-south crossing.
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current sheet is probably responsible for the double-humped substructure that appears in a number of the Br
profiles from the AV model in Figure 4.

The clear dependence in Figure 5 of the character of the current sheet crossings on the relative phase of the
two perturbation current systems provides additional observational support to the DRC and AVmodels of the
planetary period oscillations. The observed asymmetries in the crossings are thus quite consistent with
periodic variations of both the location and thickness of the tail current sheet as predicted by both models
and previously inferred from other data [e.g., Morooka et al., 2009; Provan et al., 2012].

The discussion above emphasized the importance of the relative phase of the two current systems in deter-
mining the nature of the current sheet crossing. However, as described in detail by Cowley et al. [2017],
another similarly important parameter is the relative amplitudes of the two current systems. As shown in that
study, asymmetric (“sawtooth”-like) crossings are most pronounced for near-equal amplitudes of the two sys-
tems. For the DRC calculations shown in Figure 4 (left column), a north-to-south amplitude ratio of 1:1 was

Figure 5. Graphical summary of the character of the current sheet crossings at various values of the relative phase of the
north and south current systems as inferred from the 2010 Cassini observations in Figure 2 (black filled and open circles),
the AV model of Jia and Kivelson [2012] (red open triangles), and the DRC model of Cowley et al. [2017] (blue inverted tri-
angles). Character abbreviations correspond to the following: Indet = indeterminate, FN/SS = fast northward crossing/slow
southward crossing, Symm= symmetric, and SN/FS = slow northward crossing/fast southward crossing, where the direc-
tion refers to the apparent motion of the spacecraft (e.g., negative Br followed by positive Br corresponds to a northward
crossing). There are two Cassini points (Cassini 1 and Cassini 2, connected by vertical lines) for each of the intervals in
Figure 2 and Table 1, corresponding to assessments of Figure 2 by two independent observers. This procedure provides a
rough guide to the uncertainty of the various determinations. Likewise, the error bars on the AV and DRC points indicate
disparities in the determinations by the same two observers.
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used, producing a very marked asymmetry. In the AV simulation that produced Figure 4 (right column), the
ratio of northern vortex current density to southern was only 1:3 [Jia and Kivelson, 2012], and wemight expect
a smaller asymmetry, but at least in the range of ΦN–ΦS~0–180° the asymmetry is quite evident.

With regard to the observations, fits to Cassini magnetometer data have found that the ratio of the north and
south current densities varies substantially on the time scale of months [Andrews et al., 2012; Provan et al.,
2013; Cowley et al., 2017]. During the 2010 season shown in Figure 2 the ratio of the north to south perturba-
tion field amplitudes was found to be ~1.03, consistent with the clear asymmetries seen when the relative
phases were favorable (Figure 5). However, as discussed by Cowley et al. [2017], there were other intervals
in the Cassini mission during which the ratio was significantly different from 1.0, which might be suitable
for examining this dependence. In particular, low-latitude, nightside passes somewhat similar to those in
2010 occurred in 2006, 2009, and 2015 [cf. Cowley et al., 2017, Figure 1], and we have examined MAG data
from these periods as well. Unfortunately, for a combination of reasons we note below, the observations from
those intervals were less than ideal for this study.

During 2006 the derived ratio of field amplitudes was 0.38 [Andrews et al., 2012], for which less asymmetry in
N→ SversusS→Ncrossingsmightbeexpected [Cowleyetal., 2017].Anexaminationof the intervalsofmultiple
current sheet crossings from the 2006 Cassini tail season similar to Figure 2 reveals no evidence for clear and
repeated asymmetric crossings. In part, this is because the spacecraft orbit and current sheet deflection [e.g.,
Arridge et al., 2008]were such thatmanyof the current sheet encounterswere just brief dips into thefield rever-
sal region, rather than full-blowncrossingsbackandforth.Atother times theorbitwas such that therewasonlya
single transition from the northern hemisphere to the southern, without themultiple back-and-forth crossings
needed to establish the character of the northward versus southward crossings. Still other intervals showed
rather disturbed fields, with no clear pattern of crossings or character. Nonetheless, during the few intervals
when the crossings were suitable to determine the character, no pronounced asymmetries were observed.

We have also examined the Br data for current sheet crossings in 2009, when the inferred N/S amplitude ratio
was 0.87 for the first half of the year and 1.02 for the second half [Andrews et al., 2012], both apparently

Figure 6. From the AV simulation of Jia et al. [2012] at the location (20 Rs, 21 LT): (a) the height in Rs (blue) and the thickness
in Rs (green) of the current sheet. (Thickness is evaluated from a fit to a Harris equilibriummodel.) (b) The radial component
of the magnetic field (Br) at the equator (z = 0). Both are plotted versus simulation time in hours.
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favorable for pronounced asymmetries. While many of the crossings were again single transitions from one
hemisphere to the other, particularly in the first half of the year, there were several intervals with repeated
crossings. Two of those showed FN/SS asymmetries like those in Figure 2, but generally weaker. The relative
phase of the N and S systems for those intervals was 48° and 65°, consistent with the relationship shown in
Figure 5. There were three sets of crossings that were more nearly symmetric, and they had relative phases of
279°, 287°, and 304°, consistent with other symmetric crossings found in 2010 (Figure 5). None of the 2009
intervals that were suitable for examining the symmetry of the crossings were of the SN/FS character.

Finally, we examined the Br data for 2015, when the inferred N/S amplitude was >2 [Provan et al., 2016; see
also Cowley et al., 2016], for which little asymmetry would be expected. Again, there were very few intervals
of repeated crossings that would be suitable to determine the character of the crossings. Only three sets of
repeated crossings were found to be useful, and all three intervals (corresponding to relative phases of 45°,
130°, and 330°) were essentially symmetric with respect to northward and southward crossings.
Examination of Figure 5 suggests that while crossings at 45° and 330°mightwell be expected to be symmetric,
the event at 130° should have been FN/SS if it followed the 2010 trend. Thus, this one event seems to support
the expectation that N/S amplitude ratios well away from 1.0 would not produce a pronounced asymmetry.

While the observing conditions were not ideal during 2006, 2009, and 2015, the observation of clear asym-
metries in 2010 and a few asymmetries in 2009, while none was seen in 2006 or 2015, is at least modestly
consistent with the expectation of stronger asymmetries for nearly equal amplitudes of the north and south
systems, as discussed by Cowley et al. [2017].

4. Summary

Repeated crossings of Saturn’s magnetospheric current sheet observed by the Cassini spacecraft during 2010
often display asymmetries such that the northbound crossing occurs faster than the southbound crossing or
vice versa, while at other times the crossings are more symmetric. The character of the crossings is well orga-
nized by the relative phase of the northern versus southern perturbation currents inferred in earlier analyses
of the magnetic field observations [e.g., Andrews et al., 2012; Provan et al., 2012]. Further, the dependence of
the character on the relative phase is consistent with similar asymmetries predicted by the dual rotating
current systems inferred from those magnetic field observations [Cowley et al., 2017] and predicted by
global MHD models that incorporate the effects of hypothesized atmospheric vortices [e.g., Jia and
Kivelson, 2012]. We thus conclude that the observed asymmetries are consistent with a periodic thickening
and thinning of the magnetospheric current sheet as predicted by these two models.

Current sheet crossings observed in 2006, 2009, and 2015 are also basically supportive of theoretical expec-
tations [Cowley et al., 2017] that asymmetric crossings should be most pronounced during epochs when the
perturbation amplitudes of the two current systems are near equal. However, because of the nature and
orientation of the orbits during these years, Cassini spent less time near the current sheet, and the effect is
less definitively visible. It is further likely that other effects (e.g., solar wind pressure variations) may also affect
the location and apparent thickness of the current sheet, yielding a few discrepancies between the observa-
tions and expectations. Nonetheless, the evidence presented here is clearly consistent with the periodic
thickening and thinning of Saturn’s magnetospheric current sheet in response to perturbations produced
by the current systems hypothesized in earlier studies.

References
Andrews, D. J., E. J. Bunce, S. W. H. Cowley, M. K. Dougherty, G. Provan, and D. J. Southwood (2008), Planetary period oscillations in Saturn’s

magnetosphere: Phase relation of equatorial magnetic field oscillations and Saturn kilometric radiation modulation, J. Geophys. Res., 113,
A09205, doi:10.1029/2007JA012937.

Andrews, D. J., A. J. Coates, S. W. H. Cowley, M. K. Dougherty, L. Lamy, G. Provan, and P. Zarka (2010), Magnetospheric period oscillations at
Saturn: Comparison of equatorial and high latitude magnetic field periods with north and south Saturn kilometric radiation periods,
J. Geophys. Res., 115, A12252, doi:10.1029/2010JA015666.

Andrews, D. J., S. W. H. Cowley, M. K. Dougherty, L. Lamy, G. Provan, and D. J. Southwood (2012), Planetary period oscillations in Saturn’s
magnetosphere: Evolution of magnetic oscillation properties from southern summer to post-equinox, J. Geophys. Res., 117, A04224,
doi:10.1029/2011JA017444.

Arridge, C. S., K. K. Khurana, C. T. Russell, D. J. Southwood, N. Achilleos, M. K. Dougherty, A. J. Coates, and H. K. Leinweber (2008), Warping of
Saturn’s magnetospheric and magnetotail current sheets, J. Geophys. Res., 113, A08217, doi:10.1029/2007JA012963.

Arridge, C. S., N. Andre, K. K. Khurana, C. T. Russell, S. W. H. Cowley, G. Provan, and D. J. Andrews (2011), Periodic motion of Saturn’s nightside
plasma sheet, J. Geophys. Res., 116, A11205, doi:10.1029/2011JA016827.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023368

THOMSEN ET AL. THICKNESS OF SATURN’S PLASMA SHEET 290

Acknowledgments
This work emerged from collaborative
discussions that took place during a visit
of M.F.T. to the University of
Southampton as a Diamond Jubilee fel-
low. The support provided by the
Diamond Jubilee Fellowship is grate-
fully acknowledged. Work at PSI was
supported by the NASA Cassini program
through JPL contract 1243218 with
Southwest Research Institute. The
Cassini project is managed by the Jet
Propulsion Laboratory for NASA. C.M.J.
is supported by a Science and
Technology Facilities Council Ernest
Rutherford Fellowship ST/L004399/1.
Work at the University of Leicester was
supported by STFC consolidated grant
ST/N000749/1. M.G.K. is supported by
NASA grant NNX14AG87G:000002.
Work by X.J. is supported by NASA grant
NNX12AK34G. All Cassini magnet-
ometer and plasma data used for this
study are available from the Planetary
Data System (http://pds.nasa.gov/).

http://doi.org/10.1029/2007JA012937
http://doi.org/10.1029/2010JA015666
http://doi.org/10.1029/2011JA017444
http://doi.org/10.1029/2007JA012963
http://doi.org/10.1029/2011JA016827
http://pds.nasa.gov/


Brandt, P. C., K. K. Khurana, D. G. Mitchell, N. Sergis, K. Dialynas, J. F. Carbary, E. C. Roelof, C. P. Paranicas, S. M. Krimigis, and B. H. Mauk (2010),
Saturn’s periodic magnetic field perturbations caused by a rotating partial ring current, Geophys. Res. Lett., 37, L22103, doi:10.1029/
2010GL045285.

Burch, J. L., A. D. DeJong, J. Goldstein, and D. T. Young (2009), Periodicity in Saturn’s magnetosphere: Plasma cam, Geophys. Res. Lett., 36,
L14203, doi:10.1029/2009GL039043.

Carbary, J. F., and S. M. Krimigis (1982), Charged particle periodicity in the Saturnian magnetosphere, Geophys. Res. Lett., 9(9), 1073–1076,
doi:10.1029/GL009i009p01073.

Carbary, J. F., and D. G. Mitchell (2013), Periodicities in Saturn’s magnetosphere, Rev. Geophys., 51, 1–30, doi:10.1002/rog.20006.
Carbary, J. F., D. G. Mitchell, S. M. Krimigis, D. C. Hamilton, and N. Krupp (2007), Charged particle periodicities in Saturn’s outer magnetosphere,

J. Geophys. Res., 112, A06246, doi:10.1029/2007JA012351.
Carbary, J. F., D. G. Mitchell, P. Brandt, C. Paranicas, and S. M. Krimigis (2008), ENA periodicities at Saturn, Geophys. Res. Lett., 35, L07102,

doi:10.1029/2008GL033230.
Cowley, S. W. H., D. M. Wright, E. J. Bunce, A. C. Carter, M. K. Dougherty, G. Giampieri, J. D. Nichols, and T. R. Robinson (2006), Cassini

observations of planetary-period magnetic field oscillations in Saturn’s magnetosphere: Doppler shifts and phase motion, Geophys. Res.
Lett., 33, L07104, doi:10.1029/2005GL025522.

Cowley, S. W. H., P. Zarka, G. Provan, L. Lamy, and D. J. Andrews (2016), Comment on “A new approach to Saturn’s periodicities” by J. F.
Carbary, J. Geophys. Res. Space Physics, 121, 2418–2422, doi:10.1002/2015JA021996.

Cowley, S. W. H., G. Provan, G. J. Hunt, and C. M. Jackman (2017), Planetary period modulations of Saturn’s magnetotail current sheet: A
simple illustrative mathematical model, J. Geophys. Res. Space Physics, 122, 258–279, doi:10.1002/2016JA023367.

Desch, M. D., and M. L. Kaiser (1981), Voyager measurement of the rotation period of Saturn’s magnetic field, Geophys. Res. Lett., 8, 253–256,
doi:10.1029/GL008i003p00253.

Dougherty, M. K., et al. (2004), The Cassini magnetic field investigation, Space Sci. Rev., 114(1–4), 331–383, doi:10.1007/s11214-004-1432-2.
Espinosa, S. A., and M. K. Dougherty (2000), Periodic perturbations in Saturn’s magnetic field, Geophys. Res. Lett., 27, 2785–2788, doi:10.1029/

2000GL000048.
Espinosa, S. A., D. J. Southwood, and M. K. Dougherty (2003), How can Saturn impose its rotation period in a noncorotating magnetosphere?,

J. Geophys. Res., 108(A2), 1086, doi:10.1029/2001JA005084.
Galopeau, P. H. M., and A. Lecacheux (2000), Variations of Saturn’s radio rotation period measured at kilometer wavelengths, J. Geophys. Res.,

105, 13,089–13,101, doi:10.1029/1999JA005089.
Goldreich, P., and A. J. Farmer (2007), Spontaneous axisymmetry breaking of the external magnetic field at Saturn, J. Geophys. Res., 112

A05225, doi:10.1029/2006JA012163.
Gurnett, D. A., A. M. Persoon, W. S. Kurth, J. B. Groene, T. F. Averkamp, M. K. Dougherty, and D. J. Southwood (2007), The variable rotation

period of the inner region of Saturn’s plasma disk, Science, 316(5823), 442–445, doi:10.1126/science.1138562.
Gurnett, D. A., A. Lecacheux, W. S. Kurth, A. M. Persoon, J. B. Groene, L. Lamy, P. Zarka, and J. F. Carbary (2009), Discovery of a north-south

asymmetry in Saturn’s radio rotation period, Geophys. Res. Lett., 36, L16102, doi:10.1029/2009GL039621.
Hunt, G. J., S. W. H. Cowley, G. Provan, E. J. Bunce, I. I. Alexeev, E. S. Belenkaya, V. V. Kalegaev, M. K. Dougherty, and A. J. Coates (2015), Field-

aligned currents in Saturn’s southern nightside magnetosphere: Subcorotation and planetary period oscillation components, J. Geophys.
Res. Space Physics, 119, 9847–9899, doi:10.1002/2014JA020506.

Jackman, C. M., C. S. Arridge, H. J. McAndrews, M. G. Henderson, and R. J. Wilson (2009), Northward field excursions in Saturn’s magnetotail
and their relationship to magnetospheric periodicities, Geophys. Res. Lett., 36, L16101, doi:10.1029/2009GL039149.

Jackman, C. M., G. Provan, and S. W. H. Cowley (2016), Reconnection events in Saturn’s magnetotail: Dependence of plasmoid occurrence on
planetary period oscillation phase, J. Geophys. Res. Space Physics, 121, 2922–2934, doi:10.1002/2015JA021985.

Jia, X., and M. G. Kivelson (2012), Driving Saturn’s magnetospheric periodicities from the upper atmosphere/ionosphere: Magnetotail
response to dual sources, J. Geophys. Res., 117, A11219, doi:10.1029/2012JA018183.

Jia, X., M. G. Kivelson, and T. I. Gombosi (2012), Driving Saturn’s magnetospheric periodicities from the upper atmosphere/ionosphere,
J. Geophys. Res., 117, A04215, doi:10.1029/2011JA017367.

Khurana, K. K., D. G. Mitchell, C. S. Arridge, M. K. Dougherty, C. T. Russell, C. Paranicas, N. Krupp, and A. J. Coates (2009), Sources of rotational
signals in Saturn’s magnetosphere, J. Geophys. Res., 114, A02211, doi:10.1029/2008JA013312.

Kivelson, M. G., and X. Z. Jia (2014), Control of periodic variations in Saturn’s magnetosphere by compressional waves, J. Geophys. Res. Space
Physics, 119, 8030–8045, doi:10.1002/2014JA020258.

Kurth, W. S., T. F. Averkamp, D. A. Gurnett, J. B. Groene, and A. Lecacheux (2008), An update to a Saturnian longitude system based on
kilometric radio emissions, J. Geophys. Res., 113, A05222, doi:10.1029/2007JA012861.

Lamy, L. (2011), Variability of southern and northern SKR periodicities, in Planetary Radio Emissions VII, edited by H. O. Rucker et al., pp. 39–50 ,
Austrian Acad. Sci. Press, Vienna.

Mitchell, D. G., et al. (2009a), Recurrent energization of plasma in the midnight-to-dawn quadrant of Saturn’s magnetosphere, and its
relationship to auroral UV and radio emissions, Planet. Space Sci., 57, 1732–1742, doi:10.1016/j.pss.2009.04.002.

Mitchell, D. G., J. F. Carbary, S. W. H. Cowley, T. W. Hill, and P. Zarka (2009b), The dynamics of Saturn’s magnetosphere, in Saturn From Cassini-
Huygens, edited byM. K. Dougherty, L.W. Esposito, and S.M. Krimigis, pp. 257–279, Springer, NewYork, doi:10.1007/978-1-4020-9217-6_10.

Morooka, M. W., R. Modolo, J. E. Wahlund, M. Andre, A. I. Eriksson, A. M. Persoon, and D. A. Gurnett (2009), The electron density of Saturn’s
magnetosphere, Ann. Geophys., 27, 2971–2991, doi:10.5194/angeo-27-2971-2009.

Nemeth, Z., K. Szego, L. Foldy, S. W. H. Cowley, G. Provan, and M. Thomsen (2016), Periodic motion of the magnetodisk as a cause of quasi-
periodic variations in the Kronian magnetosphere, Planet. Space Sci., 130, 54, doi:10.1016/j.pss.2016.07.002.

Provan, G., D. J. Andrews, B. Cecconi, S. W. H. Cowley, M. K. Dougherty, L. Lamy, and P. Zarka (2011), Magnetospheric period magnetic field
oscillations at Saturn: Equatorial phase ‘jitter’ produced by superposition of southern- and northern-period oscillations, J. Geophys. Res.,
116, A04225, doi:10.1029/2010JA016213.

Provan, G., D. J. Andrews, C. S. Arridge, A. J. Coates, S. W. H. Cowley, G. Cox, M. K. Dougherty, and C. M. Jackman (2012), Dual periodicities in
planetary-period magnetic field oscillations in Saturn’s tail, J. Geophys. Res., 117, A01209, doi:10.1029/2011JA017104.

Provan, G., S. W. H. Cowley, J. Sandhu, D. J. Andrews, and M. K. Dougherty (2013), Planetary period magnetic field oscillations in Saturn’s
magnetosphere: Post-equinox abrupt non-monotonic transitions to northern system dominance, J. Geophys. Res. Space Physics, 118,
3243–3264, doi:10.1002/jgra.50186.

Provan, G., S. W. H. Cowley, L. Lamy, E. J. Bunce, G. J. Hunt, P. Zarka, and M. K. Dougherty (2016), Planetary period oscillations in Saturn’s
magnetosphere: Coalescence and reversal of northern and southern periods in late northern spring, J. Geophys. Res. Space Physics, 121,
9829–9862, doi:10.1002/2016JA023056.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023368

THOMSEN ET AL. THICKNESS OF SATURN’S PLASMA SHEET 291

http://doi.org/10.1029/2010GL045285
http://doi.org/10.1029/2010GL045285
http://doi.org/10.1029/2009GL039043
http://doi.org/10.1029/GL009i009p01073
http://doi.org/10.1002/rog.20006
http://doi.org/10.1029/2007JA012351
http://doi.org/10.1029/2008GL033230
http://doi.org/10.1029/2005GL025522
http://doi.org/10.1002/2015JA021996
http://doi.org/10.1002/2016JA023367
http://doi.org/10.1029/GL008i003p00253
http://doi.org/10.1007/s11214-004-1432-2
http://doi.org/10.1029/2000GL000048
http://doi.org/10.1029/2000GL000048
http://doi.org/10.1029/2001JA005084
http://doi.org/10.1029/1999JA005089
http://doi.org/10.1029/2006JA012163
http://doi.org/10.1126/science.1138562
http://doi.org/10.1029/2009GL039621
http://doi.org/10.1002/2014JA020506
http://doi.org/10.1029/2009GL039149
http://doi.org/10.1002/2015JA021985
http://doi.org/10.1029/2012JA018183
http://doi.org/10.1029/2011JA017367
http://doi.org/10.1029/2008JA013312
http://doi.org/10.1002/2014JA020258
http://doi.org/10.1029/2007JA012861
http://doi.org/10.1016/j.pss.2009.04.002
http://doi.org/10.1007/978-1-4020-9217-6_10
http://doi.org/10.5194/angeo-27-2971-2009
http://doi.org/10.1016/j.pss.2016.07.002
http://doi.org/10.1029/2010JA016213
http://doi.org/10.1029/2011JA017104
http://doi.org/10.1002/jgra.50186
http://doi.org/10.1002/2016JA023056


Southwood, D. J., and S. W. H. Cowley (2014), The origin of Saturn’s magnetic periodicities: Northern and southern current systems,
J. Geophys. Res. Space Physics, 119, 1563–1571, doi:10.1002/2013JA019632.

Southwood, D. J., and M. G. Kivelson (2007), Saturn magnetospheric dynamics: Elucidation of a camshaft model, J. Geophys. Res., 112, A12222,
doi:10.1029/2007JA012254.

Szego, K., Z. Nemeth, G. Erdos, L. Foldy, Z. Bebesi, M. Thomsen, and D. Delapp (2012), Location of the magnetodisk in the nightside outer
magnetosphere of Saturn near equinox based on ion densities, J. Geophys. Res., 117, A09225, doi:10.1029/2012JA017817.

Warwick, J. W., et al. (1981), Planetary radio astronomy observations from Voyager 1 near Saturn, Science, 212, 239.
Young, D. T., et al. (2004), Cassini plasma spectrometer investigation, Space Sci. Rev., 114, 1–112, doi:10.1007/s11214-004-1406-4.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023368

THOMSEN ET AL. THICKNESS OF SATURN’S PLASMA SHEET 292

http://doi.org/10.1002/2013JA019632
http://doi.org/10.1029/2007JA012254
http://doi.org/10.1029/2012JA017817
http://doi.org/10.1007/s11214-004-1406-4


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


