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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
pﬂ!‘l‘l‘!ﬂset of planetary period variations in numerous magnetospheric properties that
ha\mn.discovered at Saturn. During 2010 these periodic crossings often display

= —

asygnmetries such that the northbound crossing occurs faster than the southbound
cro@or vice versa, while at other times the crossings are more symmetric. The
cha@j of the crossings is well organized by the relative phase of the northern vs.

S0 perturbation currents inferred in earlier analyses of the magnetic field
obﬁons. Further, the dependence of the character of the crossings on the relative
phgconsistent with similar asymmetries predicted both by the dual rotating current
sy%nferred from magnetic field observations and by global MHD models that

i orate the effects of hypothesized atmospheric vortices. The two models are

t s in generally good agreement on those predictions. In both models the
asygnmetries are attributable to a periodic thickening and thinning of the magnetospheric
curoheet, combined with a periodic vertical flapping of the sheet. The Cassini

oﬁons thus provide additional observational support to such current systems as a

IKely xPIanation for many of the known magnetospheric planetary period variations.

Introduggion
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Saturn’s magnetosphere has now been visited by four spacecraft (Pioneer 11,
Voyagers 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
oEEl!H'Eﬁce of periodic variations in a wide range of magnetospheric observables, from
bu&aturn Kilometric Radiation (SKR) [e.g., Warwick et al., 1981; Desch and
K.aE981; Galopeau and Lecacheux, 2000; Gurnett et al., 2009; Lamy, 2011] to in situ
ma@ field [e.g., Espinosa and Dougherty, 2000; Cowley et al., 2006; Southwood and
Kiyglgeg, 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.,
20§meth etal., 2016] properties. These periodicities occur at approximately the
plag rotation rate, which is inferred from tracking identifiable cloud features in the

atn%re since at Saturn it is not possible to observe a solid planetary body. When they

Eobserved, the periodicity of the SKR bursts was taken to be the best
mation of the planetary spin period.

E_The initial puzzling aspect of these periodicities was their very existence since
SatOmagnetic dipole is very nearly aligned with its rotational axis, with no tilt or
offs reak the cylindrical symmetry. Further confounding the mystery was the

w that the SKR period actually varied slowly in time [e.g., Galopeau and
Lecﬁlx, 2000], clearly incompatible with a signature of underlying planetary rotation.

Moreovir, evidence was then found for not just the one but two different periodicities,
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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
I\Ml!'!'!'!l"[ZOlS] and have subsequently been supplemented by a number of studies, many
of \@a‘e summarized by Cowley et al. [20164a].
- Ehese observations have given rise to a large number of hypothesized sources of
the(@dicities [e.g., Espinosa et al., 2003; Gurnett et al., 2007; Goldreich and Farmer,
20%rbary et al., 2007; Southwood and Kivelson, 2007; Mitchell et al., 2009a;
Kh et al., 2009; Burch et al., 2009; Brandt et al., 2010; for reviews see Mitchell et
aI.,ﬁb, and Carbary and Mitchell, 2013]. Two of the models that have been
par ly successful in reproducing a wide range of observed periodic features are the
emm dual rotating current system (which we will refer to as DRC henceforth) [e.g.,
gi)od and Kivelson, 2007; Andrews et al., 2010, 2012; Provan et al., 2012; Cowley
- 6b] and the atmospheric vortex model (referred to as AV) [Jia et al., 2012; Jia
ancﬂlson, 2012]. These two models are closely related: The former is based on an
ana@l description of the periodic magnetic field perturbations, and the latter is based
on al magnetospheric MHD model that imposes in the ionosphere a rotating pattern
oﬁesigned to drive the field-aligned currents [recently discussed by Hunt et al.,

ZOj Southwood and Cowley, 2014] needed to account for the very same

pg magnetic field fluctuations. Both models predict periodic variations in the
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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-producing mechanisms are that they
p'd?l'd@!]atural explanations of how the phase of the periodic variations can remain

co er many months or years, and they naturally allow for dual periodicities and
- —

slo!‘te_mporal variations in the periods.

Uf particular interest for the present study, both these models predict periodic
verwwotions of the magnetospheric current sheet (accounting for the periodic current
sh ounters 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
aI.,g)]. Such modulation of the current sheet thickness has previously been inferred
fromyni observations [e.g., Morooka et al., 2009; Provan et al., 2012]. In the present

e show observations of asymmetries in the north-to-south and south-to-north
of the tail current sheet that provide additional evidence for periodic
moglulation of the current sheet thickness. Further, we show that the nature of the
asy@ries depends on the relative phase of the north and south current systems in a
Tat is consistent with the expectations of both the DRC and AV models

mentioned above.

Observiions

U
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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
night-side region under near-equinoctial conditions (when the warping of the night-side
cMeet is not strong [e.g., Arridge et al., 2008]). For context, the plasma ion and
eleaa.ta from the Cassini plasma spectrometer (CAPS) [Young et al., 2004] are also
p.r mj for one of the intervals examined.

Ogure 1 shows plasma and magnetic field measurements from CAPS and MAG
forcjje-day interval in 2010 when Cassini was inbound at near-zero latitude and a
locglddme of ~21 hours. During these three days the spacecraft moved from 31.5 to 12.8
Rs ﬁal distance from Saturn (1 Rs = 60268 km). Panels a) and b) show intermittent

enlgﬂents in the plasma fluxes, many associated with recurring encounters with the

eqmlly confined plasma sheet. Panels c)-f) of the figure show the magnetic field

cﬁnts in the KRTP coordinate system (By, Bg, By), and the bottom panel shows the

field magnitude. The KRTP system is a spherical polar coordinate system referenced to
Satilﬁo-spin axis and is very useful for studying the tail current sheet [e.g., Jackman et

aI.,. In particular, the radial component provides a clear indication of whether the

seéecraft is located north of the tail current sheet (B, >0) or south of it (B, <0). The

timle's where Br passes through zero are the times when the spacecraft is crossing the

cur;\eet and are generally associated with enhancements in the plasma flux [e.g.,

%al., 2012].
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Figure 1c shows that during this three-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
pﬁ'ﬂﬂ'l'tglly changing from positive to negative and back to positive again. That
per&is reflected as well in the other components and in the field magnitude. These
= —
perﬂencounters with the current sheet reflect the oscillatory motion of the tail
str@that is one of the clear features of Saturn’s puzzling planetary period oscillations
disw above (and modeled in work such as Arridge et al. [2011]). In addition to the
larggasgale oscillations, there are numerous shorter-scale variations in Br, indicating brief
ap:;es to or penetrations of the current sheet. These do not appear to be systematic,
an(Cssume they reflect more rapid fluctuations in the location of the current sheet,

per@Biue to propagating waves. In this work we are primarily interested in the

ry period oscillations.
nother feature of the B, signature of the large-scale current sheet crossings seen
in Ihm 1 is a clear asymmetry between the north-to-south and south-to-north crossings.

W?@s spacecraft moves from the southern hemisphere (B, <0) to the northern
h-gre (Br >0), it does so quite rapidly, whereas the reverse transition appears to be
e —

mumre gradual. A similar asymmetry is reflected in the By, component, which shows

a%t sawtooth-like behavior.
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Cassini’s 2010 season featured eighteen 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
eVd'y'L'a!e the signature of the periodic approach to or crossing of the current sheet is
evi@gBr periodically nears or crosses zero. (The interval featured in Figure 1 is

indg' ated by the arrow in the right-hand margin of Figure 2a.) Figure 2 shows a wide

div@of B, signatures: Some show an asymmetry similar to that seen in Figure 1 (e.g.,

dog1)152, doy 167-168). Others show the opposite asymmetry, i.e., slow south-to-
no@i more rapid north-to-south transitions (e.g., doy 40-43, doy 95-96). Still others
seet)e roughly symmetric (e.g., doy 56-59, doy115-117). And yet others are
indeterminate, or the spacecraft only approaches but doesn’t actually cross the current
shem

E_Asymmetric crossings of the current sheet, in which the passage in one direction
IS han the return passage, would not be expected from a simple periodic flapping
up wn of an otherwise rather uniform current sheet. Two possible scenarios that
cqq.d.nmduce such an asymmetry are illustrated schematically in Figure 3. Both cases
are meafjt to illustrate how the z-extent of the current sheet varies at a particular local

twe current sheet rotates at a uniform rate around the planet. The phase is thus
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related to the time, with 360° corresponding to a full rotational period. Figure 3a shows
the case where a current sheet 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
pHi@'U'I’lSO degrees. Figure 3b illustrates the radial field component that would be

ob@.ﬁ z=0 as the structure in Figure 3a is swept past an observing spacecraft. The
H

fieq model is a very simple one with constant (but opposite) values of By in the lobes

out§jde #f the current-sheet boundaries marked by the red curves in Figure 3a, and with a

Iin%iation from one lobe to the other across the current sheet between the red

curves, iith B =0 at the blue curve. The results in Figure 3b illustrate what one would

qu@ely expect: The transition from the south lobe to the north lobe at a phase of 180
demthin current sheet) is considerably sharper than the transition from north to south
I r zero phase (thick current sheet). Figures 3c and 3d illustrate that a similar

etry 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
unihy thick.

he two scenarios presented in Figure 3 are just illustrative of a range of possible

CQES that might give rise to asymmetric current sheet crossings. Other possibilities
imropagating pressure waves that cause current-sheet stretching and vertical
moa[e.g., Kivelson and Jia, 2014; Jia and Kivelson, 2012]. From single-point

r@ments it would be difficult to distinguish between any of these scenarios, but
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analytical and numerical models offer insight into what may be the actual physical cause
of the asymmetric crossings. As mentioned in the introduction, both the DRC and the
AV models predict not only periodic vertical motion of the current sheet (accounting for
tﬁﬁwdic crossings seen in Figures 1 and 2), but periodic variations in the thickness of
the&sheet as well. The current sheet thickness in the AV model is measured by the
s::@ght of a fit of the simulated field to a Harris sheet function [Jia and Kivelson,
20@ in the DRC model can be specified [Cowley et al., 2016b] as the sum of three
termmiform thickness of the underlying current sheet, plus contributions from both
the ern rotating dipole and the northern rotating dipole. As described fully in
Covﬁy;t al. [2016b], for the illustrative examples in that paper the undisturbed current
sheG—thickness (2.5 Rs) and oscillation amplitude ( 4 Rs for the southern system)
we%sen based on fits done to tail observations by Arridge et al. [2011]. In both

S, the northern and southern sources rotate at different rates and hence at times add
t nd at other times counteract each other in their effects on the current sheet
thiglk&ss. The resulting effects on the location and thickness of the current sheet can be
see@igure 9b of Jia and Kivelson [2012] and in Figures 3-6 of Cowley et al. [2016b].
Inh odels both the z position and the thickness of the current sheet vary with the
p%‘ period, with an amplitude that depends on the relative phase between the north

andj\ current sources and is modulated at the beat frequency between them.

<C
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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 magnetosphere, and the magnetic signature depends on the
rél'!ﬂﬂ'ﬁhase of the north and south current sources. The left-hand column of Figure 4
iIIu@.how the radial magnetic field component varies with southern phase (as a
p.rogzor time) within the analytical model of Cowley et al. [2016b], which is designed
to r@nt the behavior of the two current sources in the DRC model. In each panel, the
radjal ponent of the field is shown as a function of phase at three different positions
relatd the nominal z=0 plane (z=0 and z=+2.5 Rs). The different panels correspond
to different values of the relative phase (®n-®s, listed along the left-hand margin), where
theg and south phases are defined as described in Cowley et al. [2016b]: Both phases
inc%inearly with time as viewed by a stationary observer (hence in a left-hand sense
wi ect to Saturn’s spin axis), and the zero phase value of each system occurs where
i rial perturbation field is radially outward.

E_The right-hand column of Figure 4 shows the radial magnetic field component
me@i at the location r=20 Ry and LT=21 (chosen for direct comparison with the
Crata in Figure 1) in the global MHD simulation of Jia and Kivelson [2012]. The
differentpanels correspond to times within the simulation when the relative phases of the
nmmand southern vortices were approximately as given in the left-hand margin of the

fig&lote that the phases of the two systems were defined by Jia and Kivelson [2012]

11
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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. [2016b] and previous discussions of the DRC model
[c.f., Equation 2 of Jia and Kivelson, 2012]. Thus, we have selected the panels in Figure
4T*H$'from times where the phase differences defined within the code are the negative
of Qﬂes shown in the left-hand margin of Figure 4 (modulo 360).

! There are strong qualitative similarities between the two columns in Figure 4:

Bo@els exhibit periodic northward and southward crossings of the current sheet, as
indw by the recurrent reversals of the B, component; and the By signatures in both
mo@ow considerable diversity, with the character varying with the relative phase.

BoEamplitude of the By variations and the symmetry (or asymmetry) of the
nomd vs. southward crossings vary systematically with ®n-®s. For relative phases
d 195°, both the DRC and AV models show low-amplitude variations in B,. At

hases of 90° and 135°, both models show larger-amplitude variations, with a
disiinct asymmetry between the south-to-north crossings (rapid) and the north-to-south
cro@ (slow). The opposite asymmetry occurs for 225° and to a lesser extent 270°. At

3ﬁcrossings are more symmetric. Thus, both models appear able to reproduce

qualitatiyely the variety of B, signatures seen in the Cassini observations of Figure 2, and

the orgéiizing property is the relative phase between the north and south current sources.

<
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To test whether the relative phase of the north and south current sources might
likewise organize the character of the magnetic field signatures seen in the Cassini data
(Figure 2), we use the time-dependent north and south system phases derived from the
Cﬁtl'fﬂ'pnagnetic field data by Provan et al. [2011] and Andrews et al. [2012] (see, e.g.,
Jac@an al. [2016] for discussion of the link between northern and southern phases
- —
anggthe occurrence of tail reconnection events). The phase angle is the azimuth about
Sat@spin axis, relative to noon, at which the equatorial perturbation field from each
curmource points radially outward from Saturn. Jackman et al. [2016] adopted an
addifignal correction to the phases to account for the radial propagation of the
pegion field signal, but since our interest is in the relative phase difference between
theCystems, that correction would cancel out and can be ignored. Likewise, the
dece of the individual phases on local time also cancels out when the relative

IS computed. Each of the intervals in Figure 2 is assigned a value of the relative
-dg appropriate to the center time of the interval, as listed in Table 1.
E_Further, each interval is assigned a “character” based on visual inspection of the
Br @ure. We use four values of the character: Indet=Indeterminate, FN/SS=Fast

So North Crossing/Slow North-to-South Crossing, Symm=Symmetric,

low South-to-North Crossing/Fast North-to-South Crossing, where the direction

ref@the apparent motion of the spacecraft (e.g., negative B, followed by positive By

c@nds to a south-to-north crossing). Because the determination of the character of

13
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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.

"_I—‘lgure 5 is a graphical summary of the phase differences and characters listed in

TalQﬁlso shown in Figure 5 are similar assessments of the B, signatures shown for

thehﬂ.models in Figure 4, performed by the same two independent observers whose
ch@ identifications are listed in Table 1. With the exception of just a few points, it
is mom Figure 5 that the relative phase of the two current systems does indeed order
the@cter of the Br signatures seen by Cassini, in the same sense that emerges for both
theﬁ and AV models: Asymmetric current sheet crossings in which the northbound
crossing occurs more rapidly than the southbound crossing (character=FN/SS) are seen
Whm relative phase lies between 0° and 180°, while the reverse asymmetry is seen
b@l 80° and 360°. Symmetric crossings, with a couple of exceptions, occur near 0°
and 180°.

LI.; should be noted that asymmetric structure in the B, profiles for northward vs.
so@d crossing of the current sheet is also found in the AV model even when it is run
wﬂ/ a single atmospheric vortex [Jia et al., 2012], as illustrated in Figure 6. The
va;'aﬁim of B, from an AV run with a source only in the south arises from the

combindion of a periodically varying current sheet thickness and a periodically varying

cweet position, which are dynamical changes arising from compressional waves

14
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generated by the vortical ionospheric 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
pl'l'l‘lﬁ'!'?‘asymmetry arises because the current sheet moves southward fromz=0toz = -
0.5 h more rapidly than it returns northward from -0.5 Rs to 0 Rs, a behavior
sTrrﬂa_r_to that depicted in Figure 3c. The current sheet is thicker when it approaches z=0
goi@nhward than when it approaches z=0 going northward, but this produces only a
sm%np in the B, profile. Thus, it is not necessary to have current sources in both
hergl res to produce asymmetric current sheet crossings per se, but the crucial finding
in :ﬁdy is that the character of the asymmetry varies with time in such a way that it
IS \/Eganized by the relative phase of a northern and southern source, as inferred from
ma field measurements, and that variation requires dual sources of changing
Ehase. That element of the asymmetry is well captured by both the DRC and the
| with dual sources (Jia and Kivelson, 2012). We believe that the nonsinusoidal

vargation of the thickness and position of the current sheet is probably responsible for the

do@umped substructure that appears in a number of the Br profiles from the AV

rﬁ Figure 4.
he clear dependence in Figure 5 of the character of the current sheet crossings on
theﬂ/e phase of the two perturbation current systems provides additional

observfonal support to the DRC and AV models of the planetary period oscillations.

15
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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.,
2oder=s
Qhﬁ discussion above emphasized the importance of the relative phase of the two
- —
curse;nt_systems in determining the nature of the current sheet crossing. However, as
des@ai in detail by Cowley et al. [2016b], another similarly important parameter is the
reI%mplitudes of the two current systems. As shown in that study, asymmetric
(“s th”-like) crossings are most pronounced for near-equal amplitudes of the two
sysﬁ For the DRC calculations shown in the left-hand column of Figure 4, a north-
to-Gamplitude ratio of 1:1 was used, producing a very marked asymmetry. In the
A\GEIation that produced the right-hand column, the ratio of northern vortex current
0 southern was only 1:3 [Jia and Kivelson, 2012], and we might expect a smaller
ry, but at least in the range of ®y-®s~0-180° the asymmetry is quite evident.
uVith regard to the observations, fits to Cassini magnetometer data have found that
the@of the north and south current densities varies substantially on the time scale of
mo ndrews et al., 2012; Provan et al., 2013; Cowley et al., 2016b]. During the
segson shown in Figure 2 the ratio of the north to south perturbation field

amﬁes was found to be ~1.03, consistent with the clear asymmetries seen when the

relatiVﬁhases were favorable (Figure 5). However, as discussed by Cowley et al.

16
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[2016Db], 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, night-side passes somewhat similar to those in 2010 occurred
ir‘I'JUUB','ZOOQ, and 2015 [c.f., Figure 1 of Cowley et al., 2016b], and we have examined
M&from these periods as well. Unfortunately, for a combination of reasons we
n —
notg below, the observations from those intervals were less than ideal for this study.

(Juring 2006 the derived ratio of field amplitudes was 0.38 [Andrews et al., 2012],
forw less asymmetry in N->S vs S->N crossings might be expected [Cowley et al.,
20 n examination of the intervals of multiple current sheet crossings from the
Zoﬁas,:ini tail season similar to Figure 2 reveals no evidence for clear and repeated
asyEric crossings. In part this is because the spacecraft orbit and current sheet
dem [e.g., Arridge et al., 2008] were such that many of the current sheet encounters
E brief dips into the field reversal region, rather than full-blown crossings back

. At other times the orbit was such that there was only a single transition from

themern hemisphere to the southern, without the multiple back-and-forth crossings
nee@ establish the character of the northward vs. southward crossings. Still other
:ﬁshowed rather disturbed fields, with no clear pattern of crossings or character.

ess, during the few intervals when the crossings were suitable to determine the

chaﬁ, no pronounced asymmetries were observed.

<C
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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 favorable for pronounced asymmetries.
VMany of the crossings were again single transitions from one hemisphere to the
oth@ﬁcularly in the first half of the year, there were several intervals with repeated
- —
crogin_gs. Two of those showed FN/SS asymmetries like those in Figure 2, but generally
we@The relative phase of the N and S systems for those intervals was 48° and 65°,
corfiﬁt with the relationship shown in Figure 5. There were three sets of crossings that
we e nearly symmetric, and they had relative phases of 279°, 287° and 304°,
conﬁt with other symmetric crossings found in 2010 (Figure 5). None of the 2009
inthhat were suitable for examining the symmetry of the crossings were of the
SNmaracter.

inally, we examined the Br data for 2015, when the inferred N/S amplitude was

n et al., 2016; see also Cowley et al., 2016], for which little asymmetry would
be wted. Again there were very few intervals of repeated crossings that would be
sui@o determine the character of the crossings. Only three sets of repeated crossings
wer d to be useful, and all three intervals (corresponding to relative phases of 45°,
ﬂg%@’) were essentially symmetric with respect to northward and southward

crosssags. Examination of Figure 5 suggests that, while crossings at 45° and 330° might

well be ixpected to be symmetric, the event at 130° should have been FN/SS if it

18
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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
ob*!ﬂﬂon of clear asymmetries in 2010 and a few asymmetries in 2009, while none was
see@% or 2015, is at least modestly consistent with the expectation of stronger

asygnmetries for nearly equal amplitudes of the N and S systems, as discussed by Cowley

et @wb].
/)

Su
rﬁ:epeated crossings of Saturn’s magnetospheric current sheet observed by the
CaGpacecraft during 2010 often display asymmetries such that the northbound
croeﬁoccurs faster than the southbound crossing or vice versa, while at other times the
S are more symmetric. The character of the crossings is well organized by the
rSwemmemm nase of the northern vs. southern perturbation currents inferred in earlier
anz@of the magnetic field observations [e.g., Andrews et al., 2012; Provan et al.,
201®urther, the dependence of the character on the relative phase is consistent with
simj ymmetries predicted by the dual rotating current systems inferred from those
IC field observations [Cowley et al., 2016b] and predicted by global MHD models
thaksl porate the effects of hypothesized atmospheric vortices [e.g., Jia and Kivelson,

2012]. f\le thus conclude that the observed asymmetries are consistent with a periodic

19
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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
sUd!U'!'HQ/e of theoretical expectations [Cowley et al., 2016b] that asymmetric crossings
shmmost pronounced during epochs when the perturbation amplitudes of the two

= —

curse;nt_systems are near-equal. However, because of the nature and orientation of the
orb@ing these years, Cassini spent less time near the current sheet, and the effect is
Ies%\itively visible. It is further likely that other effects (e.g., solar wind pressure
varjgiigas) may also affect the location and apparent thickness of the current sheet,
yiem few discrepancies between the observations and expectations. Nonetheless,

theGnce presented here is clearly consistent with the periodic thickening and thinning

of M’s magnetospheric current sheet in response to perturbations produced by the

Eystems hypothesized in earlier studies.
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Table 1. Character of 2010 Current Sheet Crossings

DOY R? Latitude* Local ®\-Ds?  Character” Character”
Range (R)  (deg) Time® (h)  (deg) (Observer 1)  (Observer 2)
4#_l 33.0 -145 19.7 115 Indet Symm
ZOQ 336 -3.3 19.6 202 Indet Indet

. —

38-& 327 0.1 20.1 298 SN/FS SN/FS
54@ 371 0.1 19.7 9 Symm Symm
75-m 242 04 20.8 94 FN/SS FN/SS

92 277 03 20.4 168 SN/FS SN/FS
112-117 298 0.2 20.2 269 Symm Symm
13g 270 03 20.4 9 FN/SS FN/SS
14{16 306 8.7 19.1 65 FN/SS FN/SS
12 307 -10 191 123 FNISS Indet
T80% 30.0 -13.9 19.2 168 Indet Indet
20% 308 -3.8 19.9 206 Symm Indet
22@ 304 -3.8 19.9 245 SN/FS SN/FS

24 30.5 -39 19.9 299 Indet Indet
26Q-265 30.2 -39 19.9 339 Indet SN/FS
2;?5 293 -28 20.6 15 Indet Indet
328-3 321 -01 19.7 104 FN/SS FN/SS

<
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349-354 30.0 -0.1 19.8 118 Indet Indet

®Specified at center of interval
®Character definitions: Indet=Indeterminate, FN/SS=Fast South-to-North Crossing/Slow

NU*H!ﬂf-South Crossing, Symm=Symmetric, SN/FS=Slow South-to-North Crossing/Fast

No@ﬁouth Crossing

Author Manuscr
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Figure Captions

1. Cassini plasma and magnetic field measurements from a three-day interval in 2010,
dm'fm’hich the spacecraft made repeated periodic crossings of the tail current sheet. a-
b) mmded logarithm of the ion and electron count rates (proportional to energy flux)
| |

as sfunction of energy. c-e) Magnetic field r, 6, and ¢ components in the KRTP

co@e system. f) Magnetic field magnitude. Reversals in the r-component of the

fiemcate crossings of the current sheet from one hemisphere to the other (positive By

indicatey northern hemisphere). The double-headed arrow in panel ¢ shows the duration

of to .7-h planetary rotation period.

wl component of the magnetic field observed by Cassini on 5-day segments of the
eighte

orbits of 2010 that featured periodic crossings of the tail current sheet, as
ié by reversals of the sign of B,: a) prior to DOY 153, b) after DOY 164. The
arrow in the right-hand column of a) indicates the interval featured in Figure 1.
3.

atic illustration of how asymmetric B, signatures of northward vs southward

crogakiage of the current sheet could arise from a variable current sheet thickness (a,b) or a

hor

steipenlpg of the current sheet in the azimuthal direction (c,d). Panels a and ¢ show the
hy[ﬁized vertical location of the center (blue curve) and north and south edges (red

curves:f the current sheet as a function of azimuthal phase angle. Panels b and d show
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the resulting By 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

simﬁle fgrm: constant but opposite values of By in the lobes outside of the current sheet
bo with a linear variation from one boundary to the other across the current
Sin Crum—

4. Var:ation of the radial magnetic field component with time for (left column) the DRC

mo Cowley et al. [2016b] and (right column) the AV model of Jia and Kivelson

[Zqurhe different panels show the By variation for the different values of the relative

hase ;etween the northern and southern current systems (dn-®s) listed along the left-

©

har%gin. The three curves in the DRC panels show the B, value expected at three

dif‘grgvertical locations relative to the nominal center of the current sheet: Green

(z=+ s), 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
sinheiien of Jia and Kivelson [2012] when the relative phase of the two atmospheric
vos approximately the negative of the values in the left-hand column of the figure
(md¢dulo 360) to account for the different handedness of the definition of phase in Jia and
kenjedaadl compared to that used here (which follows Cowley et al. [2016b] and previous
rel@orks). The DRC calculations in the left-hand column assume a ratio of north-to-

s%rrent densities of 1:1, while the AV simulation in the right-hand column assumed
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a current density ratio of 1:3.

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
Cﬁ*l'!'ﬂ'ebservations in Figure 2 (black filled and open circles), the AV model of Jia and
Ki\@.l’.?OlZ] (red open triangles), and the DRC model of Cowley et al. [2016b] (blue
| |

invgrted triangles). Character abbreviations correspond to the following:
Ind@eterminate, FN/SS=Fast northward crossing/Slow southward crossing,

Symymmetric, SN/FS=Slow northward crossing/Fast southward crossing, where the

dirﬁ refers to the apparent motion of the spacecraft (e.g., negative B, followed by

potBr corresponds to a northward crossing). There are two Cassini points (Cassini 1

an(mini 2, connected by vertical lines) for each of the intervals in Figure 2 and Table
onding to assessments of Figure 2 by two independent observers. This

re 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.
6. the AV simulation of Jia et al. [2012] at the location (20 Rs, 21 LT): (a) the
IﬂERS (blue) and the thickness in Rs (green) of the current sheet. (Thickness is
e\m from a fit to a Harris equilibrium model.) (b) The radial component of the

maeae€ field (Br) at the equator (z=0). Both are plotted vs simulation time in hours.

<
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