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Crossings of Saturn’s magnetopause made by the Cassini spacecraft on 12, 13 and 17 March 2006 are

analysed. During this period Cassini’s trajectory was approximately parallel to the magnetopause

boundary given by a model of the surface. Magnetic field and electron data are used to identify

excursions into the magnetosheath bounded by crossings of the magnetopause current layer. Minimum

variance analysis of the magnetic field vector measurements is used to determine the normal to the

boundary for each crossing. The normals corresponding to the crossings oscillate about an average

orientation that is consistent with the unperturbed normal predicted by the surface model. This reveals

the presence of regular boundary waves with a direction of propagation found to be within 241 of

Saturn’s rotational equator. Two categories of boundary wave are identified: the first with a period of

the order of hours, and the second with a period of 4579 min. Based on the propagation direction and

a comparison of magnetospheric and magnetosheath magnetic fields, we conclude that both types of

wave were driven by the Kelvin–Helmholtz instability. The observed boundary perturbations are

consistent with a superposition of different types of surface wave activity.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The dynamics of planetary magnetopauses has been a topic of
intense research for many years; the existence of a magnetopause
current sheet separating solar wind and planetary magnetic fields
was first proposed by Chapman and Ferraro (1931). This initial
concept of a ‘closed’ magnetosphere was then revolutionised
by Dungey (1961) who suggested an ‘open’ magnetosphere as a
result of magnetic reconnection. Earth’s magnetopause has been
extensively studied since the beginning of the space age using in
situ observations (see the review by de Keyser et al., 2005) that
have revealed the complicated structure of the boundary, and
have provided the basis for our understanding of the stability of
planetary magnetopauses in general.

The dynamics of Earth’s magnetopause include global expan-
sion and contraction, principally controlled by variations in the
solar wind dynamic pressure (e.g. Sibeck et al., 1991); transient
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episodes known as flux transfer events (FTEs), where magneto-
spheric flux tubes are ripped off due to sporadic magnetic
reconnection with the interplanetary magnetic field (IMF) (Russell
and Elphic, 1978, 1979); erosion of the dayside magnetopause, also
caused by reconnection (Holzer and Slavin, 1978); and surface
waves (Aubry et al., 1971; Lepping and Burlaga, 1979; Chen and
Kivelson, 1993; Seon et al., 1995). The driving mechanism of the
surface waves has been the subject of much debate; Song et al.
(1988) and Sibeck (1990) both suggested that they could be the
result of solar wind dynamic pressure fluctuations, and Song et al.
(1988) also proposed that they could be caused by reconnection-
related phenomena.

The possibility that a planetary magnetopause boundary could
become Kelvin–Helmholtz (K–H) unstable was first suggested
by Dungey (1955). The K–H instability grows at the interface
between two fluids under the appropriate conditions and can
manifest itself in the form of boundary waves. Conditions are
favourable for the growth of the K–H instability when there is
an adequately strong flow velocity shear across the boundary. The
kinetic energy of this velocity shear is the source of free energy
that drives the instability. The magnetopause K–H instability
rn’s dawn flank magnetopause driven by the Kelvin–Helmholtz
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problem has been investigated by many authors using both a
theoretical approach (Fejer, 1964; Sen, 1963, 1965; Southwood,
1968; Pu and Kivelson, 1983a, 1983b; Kivelson and Pu, 1984) and
simulations (e.g. Nykyri and Otto, 2001, 2004). Ogilvie and
Fitzenreiter (1989) used observations made by the ISEE 1 space-
craft to assess the K–H stability at Earth’s magnetopause and
inner boundary layer and concluded that the magnetopause itself
is generally stable, although the inner boundary layer is often
unstable.

Compared to the initial discussion of the problem in the
literature, strong observational evidence for the K–H instability at
Earth’s magnetopause has only been presented recently. In its
linear phase the K–H instability generates surface waves; how-
ever, when the instability enters its nonlinear phase the waves
evolve into ‘rolled-up’ vortices. Fairfield et al. (2000) argued
that multiple magnetopause crossings made by the Geotail
spacecraft were due to K–H vortices moving past the spacecraft,
before Hasegawa et al. (2004) used the four Cluster spacecraft to
unambiguously identify vortices on the dusk flank. The identifica-
tion of such structures provides conclusive evidence of the
instability operating at the terrestrial magnetopause. The possi-
bility that K–H vortices can promote magnetic reconnection has
also been discussed (Nikutowski et al., 2002; Nykyri et al., 2006).

In contrast to the terrestrial magnetosphere, Saturn’s magneto-
sphere has only been explored by four spacecraft. Pioneer 11
(Acuña and Ness, 1980; Smith et al., 1980), Voyager 1 (Stone and
Miner, 1981) and Voyager 2 (Stone and Miner, 1982) flew by the
planet in 1979, 1980 and 1981, respectively, whereas Cassini has
been orbiting Saturn since July 2004. The dominant plasma
motion within the kronian magnetosphere is (sub)corotation with
the planet (Eviatar and Richardson, 1986). This motion results
in a strong velocity shear at the dawn flank of the magnetopause
(see the review by Lepping, 1992) since at this location the
magnetosheath flow and the subcorotating magnetospheric flow
are approximately anti-parallel. By contrast, on the dusk flank the
flows on either side of the boundary are approximately parallel,
resulting in a less dramatic flow velocity shear across the
interface.

The K–H instability at Saturn’s magnetopause was first
discussed by Lepping et al. (1981) who used magnetopause
crossings made by Voyager 1 during its inbound leg to identify
boundary waves, which they concluded could have been driven by
the K–H instability. Pu and Kivelson (1984) then used a theoretical
approach to demonstrate that the dawn flank is generally K–H
unstable and the properties of their predicted waves were in good
agreement with those identified by Lepping et al. (1981). The K–H
stability of Saturn’s magnetopause was evaluated as a function of
Saturn local time by Galopeau et al. (1995), who showed that
there is a dawn–dusk asymmetry in the stability of Saturn’s
dayside, equatorial magnetopause due to the differences in flow
shear. They found that the dawn flank is generally K–H unstable
whereas the dusk flank is generally K–H stable. Simulation results
also suggest that Saturn’s magnetopause is unstable to the growth
of boundary waves. Fukazawa et al. (2007) carried out a global
magnetohydrodynamic simulation of Saturn’s magnetosphere and
found that vortices formed on the dayside magnetopause before
propagating tailward, principally on the dawn flank but also on
the dusk flank.

During the initial phase of Cassini’s orbital tour of the kronian
system the spacecraft explored the dawn sector at low latitudes.
The magnetopause has been shown to oscillate with approxi-
mately the planetary rotation period due to compressive waves
that originate in the near-planet region and propagate outward
through the magnetospheric plasma (Clarke et al., 2006),
and reconnection at the magnetopause has been observed
(McAndrews et al., 2008), which could also affect the magneto-
Please cite this article as: Masters, A., et al., Surface waves on Satu
instability. Planet. Space Sci. (2009), doi:10.1016/j.pss.2009.02.010
pause position (Holzer and Slavin, 1978). Despite the large
number of Cassini magnetopause crossings the topic of boundary
waves on Saturn’s magnetopause has not previously been
investigated using Cassini observations; in this paper we present
the first such study. We analysed a series of magnetopause
crossings made on the dawn flank during a single spacecraft orbit
in March 2006 to determine the boundary orientation. In the
following sections we present evidence for boundary waves
driven by the K–H instability during specific intervals. This result
is relevant to our understanding of the transfer of solar wind
momentum to the kronian magnetosphere, potentially the source
location of Saturn kilometric radiation (Galopeau et al., 1995) and
overall magnetospheric configuration.
2. Observations

The Cartesian coordinate system used throughout this study is
the kronocentric solar magnetospheric (KSM) system which is
Saturn-centred, with the positive x-axis pointing towards the Sun
and the z-axis chosen such that the x–z plane contains Saturn’s
magnetic dipole axis, with the positive z-axis pointing north. The
y-axis completes the orthogonal set, with the positive y-axis
pointing towards dusk. The unit of distance used is Saturn radii
(RS; 1RS ¼ 60,268 km).

To search for evidence of boundary waves we considered all
the dawn flank magnetopause crossings made by Cassini between
July 2004 (Saturn orbit insertion) and April 2006, since after this
interval the spacecraft explored the magnetotail, staying mostly
within the magnetosphere and rarely crossing the magnetopause.
We inspected each spacecraft orbit, using the list of magnetopause
crossings compiled by McAndrews (2007), to identify sets of
multiple crossings that could be caused by boundary waves, and
found a particular orbit during which more crossings occurred
than any other. This orbit is referred to as Revolution (Rev) 22,
using the mission nomenclature; panel a of Fig. 1 shows the
spacecraft trajectory between 1 and 30 March 2006 in the x–y

plane. This period encompasses part of the inbound pass of the
Rev 22 orbit, during which Cassini stayed at low latitudes
approximately in the plane of Saturn’s rotational equator.

Panel b of Fig. 1 shows the x–y positions of the Rev 22
magnetopause crossings in more detail and illustrates that they
can be grouped into three sets according to the days on which
they occurred: set A (12 and 13 March), set B (14,15 and 16 March)
and set C (17 March). Initially the crossings were grouped in
this way because they naturally organise themselves into three
groups according to their spatial locations, as shown in panel b.
The projection of the Arridge et al. (2006) model of Saturn’s
magnetopause on the x–y plane is also shown in both panels
of Fig. 1 for a typical solar wind dynamic pressure of 0.05 nPa
(Crary et al., 2005; Masters et al., 2008), and reveals that Cassini
was moving approximately parallel to the model surface during
the interval spanning all the crossings.

The aim of our analysis of the Rev 22 crossings was to check for
the presence of magnetopause boundary waves by using magnetic
field data to determine the boundary normal at each crossing.
To a first approximation, and in the absence of reconnection, the
magnetopause is a tangential discontinuity (TD) separating the
magnetised plasmas of the magnetosheath and magnetospher-
e—that is, there is no magnetic flux threading the boundary. In
fact, the magnetopause is observed to have a finite thickness and
consequently the normal to the magnetopause surface is usually
given as the direction in which the field has a component equal to
zero as the boundary (of finite extent) is crossed. As we will go on
to discuss, calculating the normal to the boundary for each
crossing required magnetic field measurements made by Cassini
rn’s dawn flank magnetopause driven by the Kelvin–Helmholtz
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Fig. 1. Cassini’s trajectory during March 2006 projected into the x–y plane. (a) Overview of the spacecraft trajectory for the whole month with all magnetopause crossings

indicated. (b) Expanded view of the magnetopause crossings with crossing sets A, B and C indicated. In both plots the projection of the Arridge et al. (2006) magnetopause

model is shown for a solar wind dynamic pressure of 0.05 nPa.

A. Masters et al. / Planetary and Space Science ] (]]]]) ]]]–]]] 3
during the crossing, and so we were only able to include crossings
with clear magnetic transitions in our analysis. We will now
discuss the Rev 22 magnetopause crossings in more detail.

Fig. 2 presents the magnetic field and electron data for 12
and 13 March; the magnetic field data were acquired by the
fluxgate magnetometer sensor (FGM) of the Cassini dual techni-
que magnetometer (MAG) (Dougherty et al., 2004) at one-second
resolution, and the electron data were taken by the electron
spectrometer sensor (ELS) of the Cassini plasma spectrometer
(CAPS) (Young et al., 2004) at 32-second resolution. In addition to
the Cartesian KSM components of the magnetic field the spherical
polar components are also shown. The field elevation angle (yB) is
the angle between the field vector and the x–y plane, and the field
azimuthal angle (jB) is the angle between the projection of the
field vector into the x–y plane and the negative x direction
(antisunward), with jB increasing in the direction of planetary
rotation.

At the beginning of the interval shown in Fig. 2 Cassini was
inside the magnetosphere; the magnetic field magnitude was
�2.3 nT, the electron number density was �(2.4�10�4) cm�3 and
the electron temperature was �(4.9�106) K. Throughout the
interval Cassini made excursions into a region of lower, more
variable magnetic field, where the electron number density
increased and the electron temperature decreased. In the first of
these excursions the mean magnetic field magnitude was �0.4 nT,
the electron number density was �9.8�10�2 cm�3 and the
electron temperature was �9.1�104 K. This distinctly different
magnetic and electron environment corresponds to the magne-
tosheath, thus these are magnetosheath excursions bounded by
magnetopause crossings. The time–energy spectrogram for elec-
trons shown in panel f illustrates that in the magnetosphere the
observed electron energy distribution lies mainly between �100
and 1000 eV, whereas in the magnetosheath the electron energies
lie between �5 and 100 eV. Throughout the interval a population
of spacecraft photoelectrons is present below 10 eV.

A magnetopause crossing can be identified as a relatively brief
interval during which the strength and orientation of the field go
from being magnetosphere-like to magnetosheath-like, or vice
versa. During these intervals there was a distinct change in each of
the KSM components of the field, this field re-orientation being
well-illustrated by the field elevation and azimuthal angles
(panels c and d of Fig. 2). The precise intervals corresponding to
Please cite this article as: Masters, A., et al., Surface waves on Satu
instability. Planet. Space Sci. (2009), doi:10.1016/j.pss.2009.02.010
magnetopause crossings were identified and the resulting periods
during which Cassini was in the magnetosheath proper are
shaded in Fig. 2; in total 18 crossings were identified on 12
and 13 March and comprise the set A crossings. At this stage it is
important to note that although the duration of the magne-
tosheath excursions was variable there are clearly two categories
of excursion. The majority were of the order of hours, whereas
four excursions were of the order of minutes and took place at
�13:03, �13:41 and �14:33 on 12 March and at �02:17 on 13
March.

The presence of boundary layers adjacent to the kronian
magnetopause has been previously confirmed (Lepping et al.,
1981; McAndrews, 2007; McAndrews et al., 2008); in these
regions the magnetic field and plasma properties are intermediate
between those of the magnetosphere and magnetosheath,
although the crossings of the magnetopause itself are still
identifiable. During the interval shown in Fig. 2 signatures of
boundary layers were observed on either side of a number of the
crossings. In addition, at �00:55 and �08:24 on 12 March, and at
�01:27 on 13 March, Cassini observed an electron population
with characteristics of both the typical magnetospheric and
magnetosheath populations where the magnetic field did not
undergo a clear transition between the two anticipated magnetic
environments. As a result there were no clear magnetopause
crossings either side of these encounters and thus we have
interpreted them as boundary layer excursions. Since our analysis
relies on magnetic field observations made during clear crossings
of the magnetopause current layer we have not considered these
encounters any further and they are not shown as shaded
intervals in Fig. 2.

Following this inspection of the 12 and 13 March data sets we
then considered the 14, 15 and 16 March data to identify the set B
crossings. During this interval there were clear transitions
between magnetospheric and magnetosheath electron popula-
tions; however, no clear re-orientation of the magnetic field was
present. These are magnetopause crossings that correspond to a
low magnetic shear which makes them untenable to our analysis,
and as a result we were unable to include these set B crossings in
our study of the boundary orientation.

The set C crossings that took place on 17 March had clearer
signatures in the magnetic field data than the set B crossings.
Fig. 3 presents the magnetic field and electron observations for
rn’s dawn flank magnetopause driven by the Kelvin–Helmholtz
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Fig. 2. MAG and ELS data for 12 and 13 March 2006 encompassing the set A magnetopause crossings. (a) Magnetic field components. (b) Magnetic field magnitude. (c) Field

elevation angle. (d) Field azimuthal angle. (e) Electron number density and temperature. (f) Time–energy spectrogram of electron energy from ELS anode 5. Shaded

intervals correspond to when the spacecraft was in the magnetosheath proper. The range, latitude and Saturn local time (SLT) of the spacecraft is shown under the plots.
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17 March, using data from the same instruments, at the same time
resolutions and in the same format as Fig. 2. At the beginning of
17 March Cassini was in the magnetosphere and as for the 12 and
13 March interval a number of excursions into the magnetos-
heath took place, where the field magnitude decreased, the field
orientation changed and the measured electron population
became colder and denser. The magnetopause crossings flanking
each of these excursions were identified using the same criteria
that was used to identify the set A crossings and resulted in
six crossings that comprise set C. Once again, the shaded regions
of Fig. 3 correspond to when Cassini was in the magnetos-
heath proper. At �06:37 and �14:52 there are boundary layer
signatures, and between �12:44 and �13:48 and at �20:20 there
are boundary layer excursions. These features are similar to those
seen on 12 and 13 March.

As discussed earlier in this section, the magnetopause surface
normal direction for each crossing is the direction in which the
field varies the least during the crossing transition. To determine
this normal direction we carried out a minimum variance analysis
(MVA) (Sonnerup and Scheible, 1998) of the high-resolution
(32 vectors s�1) magnetic field measurements that were made
during each crossing by the FGM. This resulted in a magnetopause
Please cite this article as: Masters, A., et al., Surface waves on Satu
instability. Planet. Space Sci. (2009), doi:10.1016/j.pss.2009.02.010
normal for each of the 18 crossings in set A and each of the six
crossings in set C, in the following section we will discuss the
implications of these normals for the dynamics of the boundary.
3. Boundary normal analysis

Carrying out MVA on a set of field vectors results in three unit
vectors that form an orthogonal set: the directions of maximum,
intermediate and minimum field variance. Each of these vectors is
associated with an eigenvalue (l1, l2 and l3 for the maximum,
intermediate and minimum variance directions, respectively)
with the largest eigenvalue associated with the maximum
variance direction and the smallest eigenvalue associated with
the minimum variance direction (Sonnerup and Scheible, 1998).
For our purposes we are only interested in the minimum variance
direction produced by carrying out MVA on the field vectors
corresponding to a magnetopause crossing as this is the boundary
normal. The greater the ratio of l2–l3 the better defined the
minimum variance direction is, thus this ratio indicates whether
or not the magnetopause normal has been unambiguously
identified.
rn’s dawn flank magnetopause driven by the Kelvin–Helmholtz
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Fig. 3. MAG and ELS data for 17 March 2006 encompassing the set C magnetopause crossings. (a) Magnetic field components. (b) Magnetic field magnitude. (c) Field

elevation angle. (d) Field azimuthal angle. (e) Electron number density and temperature. (f) Time–energy spectrogram of electron energy from ELS anode 5. Shaded

intervals correspond to when the spacecraft was in the magnetosheath proper. The range, latitude and Saturn local time (SLT) of the spacecraft is shown under the plots.

A. Masters et al. / Planetary and Space Science ] (]]]]) ]]]–]]] 5
The results of the MVA of the magnetopause crossings in sets A
and C, including the surface normals, are given in Table 1. In
addition to the time of each crossing the quantity l2/l3 is also
given in the third column; the ratio is generally well above one
which indicates that the normals are well-defined; however, for
one crossing in set A the ratio was as low as 2.3. Analytical
estimates of the angular error in the MVA normals (Khrabrov and
Sonnerup, 1998) were all below 31, the use of high-resolution
magnetic field data was important in reducing the errors. The
sixth, seventh and eighth columns of Table 1 give the x, y and z

components of each MVA normal, respectively ([Nx, Ny, Nz]), all of
the normals have been constrained to point out into the
magnetosheath away from Saturn.

We then tested the normals based on an understanding of the
physics of magnetopause crossings (Lepping and Burlaga, 1979).
As the magnetopause TD is crossed the component of the field in
the normal direction should be zero, thus the first test involved
calculating the average field during each crossing interval and
then determining the ratio of the component of the average field
in the corresponding normal direction to the average field
magnitude. The absolute value of this ratio for each crossing is
given in the fourth column of Table 1 (|BN|/|B|); Lepping and
Behannon (1980) showed that for TDs this ratio should not be
higher than 0.30. The highest value of this ratio for any crossing
was 0.25, which suggests that we have correctly identified the
normal in each case. To provide further confirmation of the
validity of the normals we calculated the vector product of
the average magnetic fields in one minute intervals immediately
before and after each magnetopause crossing interval. Since no
magnetic flux threads the surface of a TD, this vector product
Please cite this article as: Masters, A., et al., Surface waves on Satu
instability. Planet. Space Sci. (2009), doi:10.1016/j.pss.2009.02.010
should also give the normal to each magnetopause crossing and
can be compared to the normal determined using MVA (Knetter
et al., 2004). The angular difference between the MVA normal and
the vector product normal for each crossing is given in the fifth
column of Table 1 (Z), the maximum angular difference was 17.11
and the average error in these angular differences was 8.91, due to
the errors in the averaged field vectors used to calculate each
vector product normal. As a result we concluded that the MVA and
vector product normals are generally consistent, and thus the
MVA normals are accurate representations of the boundary
orientation.

The Arridge et al. (2006) model of Saturn’s magnetopause was
then scaled to intersect each crossing to predict the normal in
each case. The angular difference between each MVA normal and
its model normal counterpart was variable; however, the angle
between the average MVA normal and the average model normal
for sets A and C was 6.21 and 14.21, respectively. This suggests that
the average orientation of the boundary was in reasonably good
agreement with the prediction of the Arridge et al. (2006) model
for both crossing sets.

In the following discussion we will consider crossing sets
A and C separately due to their spatial and temporal separation. By
examining the behaviour of the normal direction for the set A
crossings we identified a systematic flipping of the normals about
the average of all the normals in a specific direction from each
crossing to the next. To quantify the extent of the flipping we used
the approach taken by Lepping and Burlaga (1979) in their
analysis of crossings of Earth’s magnetopause, where they also
observed flipping normals. We carried out MVA on the set A
normals to calculate the maximum variance direction, since this is
rn’s dawn flank magnetopause driven by the Kelvin–Helmholtz
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Table 1
Boundary normals for the magnetopause crossings in sets A and C.

Day of month Time (UTC) l2/l3 |BN|/|B| Z (deg.) Nx Ny Nz a (deg.) b (deg.)

12 01:14:28 11.4 0.03 11.1 0.51 �0.81 �0.29 6.4 �1.2

12 08:03:56 6.8 0.25 15.0 0.45 �0.81 �0.38 8.9 4.6

12 12:58:37 5.6 0.03 10.7 0.73 �0.58 0.37 �10.9 �41.5

12 13:07:39 26.6 0.01 1.3 �0.05 �0.88 �0.47 �5.3 31.7

12 13:39:56 3.8 0.17 15.3 0.35 �0.94 �0.01 �13.3 �3.2

12 13:42:37 25.5 0.10 14.9 �0.13 �0.84 �0.52 �4.5 37.5

12 14:29:29 2.3 0.02 15.6 0.70 �0.72 0.01 2.0 �21.8

12 14:37:36 6.3 0.01 3.5 0.13 �0.89 �0.44 �0.6 21.8

12 19:02:24 4.9 0.06 13.0 0.68 �0.68 �0.27 14.6 �11.2

12 21:30:00 24.0 0.06 2.7 0.34 �0.85 �0.41 5.8 11.2

13 00:08:27 17.0 0.02 3.1 0.64 �0.74 0.19 �8.8 �26.8

13 00:45:22 7.6 0.04 9.9 0.07 �0.93 �0.35 �7.9 21.9

13 02:15:01 8.3 0.11 10.6 0.72 �0.65 0.23 �5.4 �33.0

13 02:18:03 6.6 0.03 7.6 0.83 �0.07 0.55 0.9 �72.1

13 05:02:03 15.0 0.05 9.3 �0.52 �0.50 �0.69 0.9 69.1

13 13:39:08 57.9 0.10 13.5 0.35 �0.83 �0.42 7.0 10.9

13 15:09:33 10.7 0.03 6.3 0.77 �0.64 �0.03 8.8 �24.7

13 19:37:30 24.7 0.08 13.9 0.10 �0.90 �0.41 �3.1 22.3

17 06:44:50 7.8 0.05 10.3 0.69 �0.72 �0.13 2.0 �13.8

17 12:15:13 3.5 0.17 16.9 0.30 �0.84 �0.46 1.1 16.4

17 14:45:21 5.0 0.16 3.9 0.72 �0.65 �0.22 8.8 �12.8

17 19:34:25 9.9 0.16 12.6 0.33 �0.86 �0.39 �1.3 12.6

17 20:51:15 6.8 0.08 11.3 0.63 �0.78 0.05 �9.3 �17.9

17 21:21:11 6.7 0.10 17.1 0.29 �0.86 �0.42 �1.5 15.2

n

a

b

ni

α < 0

n

α

α > 0

ni

β < 0a

n

β

β > 0
b

ni

Fig. 4. Diagrams illustrating how the angles a and b were defined for each MVA normal. ni is an arbitrary MVA normal, n is the average of the MVA normals, b is the flipping

direction of the normals, and a is the direction perpendicular to the flipping direction. (A) Three-dimensional view showing the orientation of the vectors. (B) Projection of

the vectors into the n–a plane, showing the definition of the angle a. (C) Projection of the vectors into the n–b plane, showing the definition of the angle b.
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the direction in which the flipping about the average normal
occurs, and obtained a ratio of l1–l2 of 6.2, which implies that the
direction in which the normals oscillate is reasonably well-
defined.

This flipping direction (hereafter referred to as ‘vector b’)
had a positive x component and made an angle of �881 with the
average of all the normals (hereafter referred to as ‘vector n’).
Vector b was rotated by �21 in the n–b plane so that it was
perpendicular to vector n. We then took the vector product of
vectors b and n to define a direction perpendicular to the flipping
direction (hereafter referred to as ‘vector a’). To quantify the
flipping of the normals two angles were then defined and
calculated for each normal: a and b. a is the angular difference
between vector n and the projection of each normal into the plane
containing vectors a and n, with positive a corresponding to a
positive projection of the normal onto vector a, and vice versa.
Whereas b is the angular difference between vector n and the
projection of each normal into the plane containing vectors b and
n; positive b corresponds to a positive projection of the normal
onto vector b, and vice versa. Thus a and b describe how each
normal differs from the average normal in the direction
perpendicular and parallel to the direction of the flipping,
Please cite this article as: Masters, A., et al., Surface waves on Satu
instability. Planet. Space Sci. (2009), doi:10.1016/j.pss.2009.02.010
respectively. The diagrams shown in Fig. 4 illustrate how these
two angles were defined for each normal.

The values of a and b for each crossing in set A are shown in
the ninth and tenth columns of Table 1; for these crossings a
ranges from �13.31 to 14.61 and there is no systematic behaviour
of the angle. However, the b angle reveals the extent of the
flipping implied by the initial visual inspection; there is a clear
oscillation between positive and negative values of b for the first
13 of the 18 crossings in the set, with b ranging from �41.51 to
37.51. This flipping effect cannot be explained by purely normal
oscillations of the surface and is clear evidence that regular
boundary waves led to these crossings (Lepping and Burlaga,
1979). The fact that the flipping direction has a positive x

component, the first value of b is positive, and that first crossing
in set A was from the magnetosphere to the magnetosheath,
suggests that the waves were propagating tailward.

The normals indicate that boundary waves not only caused the
excursions that lasted for the order of hours, but also the shorter
excursions of the order of minutes that were observed during
set A, and were mentioned in the previous section. This implies
that during the set A interval two types of boundary wave were
present that had different periods. The longer magnetosheath
rn’s dawn flank magnetopause driven by the Kelvin–Helmholtz
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excursions due to the longer period waves had a variable duration
(as shown in Figs. 2 and 3), which was possibly caused by normal
motions of the boundary leading to Cassini encountering a
different part of the waveform from one crossing to the next.
However the set of three excursions in set A, that all occurred
within one hour of 14:00 on 12 March 2006, which were caused
by the shorter period waves, have a more consistent duration. To
calculate the period of these shorter period waves we assumed
that the start of each of the three excursions corresponded to
Cassini encountering the same part of the waveform, and the
same for the end of each excursion, and that the waveform was
not subject to temporal variation. Thus, we took the time duration
between the start (end) of an excursion and the start (end) of the
following excursion as the period of the waves. This left us with
four time durations; we calculated the average and standard
deviation of this set to give the period of the waves, and the
associated error, respectively. The resulting period of the shorter
period waves was 4579 min, which is longer than the 2372 min
period of the boundary waves identified by Lepping et al. (1981)
using Voyager 1 observations. The boundary layer excursions
noted in the previous section could also be due to these shorter
period waves.

For crossings 14–18 of set A the positive–negative oscillation of
b breaks down, indicating that there are no longer waves on the
magnetopause during the interval spanning these crossings.
However, we note that these normals still approximately lie in
the plane in which the previous normals were flipping, and that
the fourteenth and fifteenth crossing normals made angles of
72.31 and 68.91 to the average normal, respectively. We therefore
conclude that the orientation of the magnetopause during these
last five crossings was intimately related to the preceding
boundary waves and that the magnetopause had a highly
perturbed orientation at the time of two of the crossings.

The set C crossings were then considered and once again a
visual inspection suggested that the normals flipped in a preferred
direction, so the same approach was used to examine the
oscillation of the set C crossing normals. MVA of the set C
normals led to a well-defined maximum variance direction, with a
l1–l2 ratio of 8.0, that was then used to define a and b in exactly
the same way as for set A. The values of a and b for the set C
normals, shown in Table 1, lead to the same conclusion as for set
A; the crossings were caused by regular boundary waves
propagating tailward along the magnetopause surface. As a test
for our identification of boundary waves during the set A and set C
crossings we also examined the vector product normals for the
crossings that were mentioned earlier. The same behaviour of the
normals was observed and the quantitative results were very
similar, providing confirmation of the identification of boundary
waves.

In order to investigate the direction of propagation of these
waves in more detail we began by comparing the flipping
directions for the set A and set C normals and found that the
angular difference between the two was 0.61, which suggests
that the set A and set C crossings were both caused by the same
type of wave activity. To further examine the wave propagation
direction we used the approach described by Huddleston et al.
(1997), which uses each pair of consecutive normals to infer a
wave propagation direction. Thus 17 propagation directions were
calculated for the set A crossings and 5 were calculated for the set
C crossings; Fig. 5 presents the propagation directions projected
onto the x–y and x–z planes for each set. The projection of the
crossing positions onto the x–z plane appear to lie further from
the typical position of the magnetopause than their projection
onto the x–y plane because the crossings took place at low
latitudes in the pre-dawn sector. There is little spread in both sets
of propagation directions compared to when this approach has
Please cite this article as: Masters, A., et al., Surface waves on Satu
instability. Planet. Space Sci. (2009), doi:10.1016/j.pss.2009.02.010
been used in previous studies of planetary magnetopause
boundary waves (Huddleston et al., 1997) and the similarity of
the propagation directions in both sets is apparent. Panels a and c
of Fig. 5 show that the boundary wave propagation directions are
approximately parallel to the Arridge et al. (2006) model of the
magnetopause, whereas panels b and d reveal that the waves do
not propagate strictly in the anti-sunward direction. The waves
propagated tailward along the directions shown.

As defined in Section 2, in the KSM coordinate system the x–z

plane contains the sunward direction (the positive x-axis) and
Saturn’s magnetic dipole vector; however, the dipole vector is not
coincident with the z-axis. During the period of the Rev 22 orbit
the planet’s dipole axis was tilted 18.31 antisunward of the z-axis,
and since Saturn’s magnetic dipole and rotation axes are the same
to within 11 (e.g. Smith et al., 1980) the average direction of wave
propagation for sets A and C is within 241 of Saturn’s magnetic
and rotational equators. We considered calculating the properties
of the boundary waves using each set of three consecutive
normals using the analytical approach of Lepping and Burlaga
(1979); however, Cassini’s trajectory during Rev 22 was not
appropriate for the use of this technique as the spacecraft had a
small velocity component in the direction normal to the boundary,
prohibiting the accurate determination of the spatial and
temporal characteristics of the waves.
4. Discussion

We have identified tailward propagating surface waves on
Saturn’s dawn flank magnetopause during the Rev 22 orbit. What
driving mechanism generates these waves? Fluctuations in the
dynamic pressure of the solar wind can generate boundary waves
on a planet’s magnetopause (Sibeck, 1990); however, this external
driver is implausible because of the wave propagation directions
shown in Fig. 5. This potential driving mechanism cannot provide
a clear explanation of the north–south component of the wave
propagation directions, since waves due to such pressure fluctua-
tions typically propagate tailward, away from the nose of the
magnetopause, in the direction of the magnetosheath flow.

Another candidate mechanism is the oscillations of Saturn’s
magnetopause that were identified and discussed by Clarke et al.
(2006). They showed that the magnetopause oscillates at
approximately Saturn’s rotation period with an estimated ampli-
tude of �2RS, and proposed that this is due to compressive waves
that originate from a corotating source in the near-planet region.
In their identification they used Cassini magnetopause crossings
from two orbits (Rev 16 and Rev 17) and did not investigate the
possibility that the orientation of the boundary was perturbed
by this oscillation. They proposed that the nature of the
oscillation is a relatively large ‘bulge’ which propagates along
the magnetopause in the direction of planetary rotation as a result
of the compressive wave fronts. If this effect perturbs the
boundary orientation we would expect the resultant flipping of
the normals to imply sunward, rather than tailward, propagation
on the dawn flank; this is not the case for the Rev 22 boundary
waves. In addition the magnetosheath excursion times during
Rev 22 are variable and are not organised by the approximate
planetary rotation period, thus we ruled out this possible driving
mechanism.

As mentioned in Section 1, it has been proposed that
magnetopause boundary waves can be driven by reconnection-
related phenomena. For the case of Earth’s magnetopause, Song
et al. (1988) showed that for a southward orientation of the IMF
the boundary became more oscillatory. They suggested that
dayside reconnection associated with southward IMF leads to
surface waves that propagate tailward, away from the subsolar
rn’s dawn flank magnetopause driven by the Kelvin–Helmholtz
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Fig. 5. Boundary wave propagation directions. All propagation directions are shown as red lines. (a) Set A directions in the x–y plane. (b) Set A directions in the x–z plane. (c)

Set C directions in the x–y plane. (d) Set C directions in the x–z plane. In all plots the projection of the Arridge et al. (2006) magnetopause model is shown in blue for a solar

wind dynamic pressure of 0.05 nPa. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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point. However, although reconnection has been observed at
Saturn’s dayside magnetopause (McAndrews et al., 2008), no
examples of kronian FTEs have been reported to date; thus, it is
possible that the nature of dayside reconnection at Saturn differs
from the terrestrial case, making it unclear whether reconnection-
related phenomena can produce boundary waves on Saturn’s
magnetopause. In addition, a reconnection-related driving me-
chanism cannot provide a clear explanation of the north–south
component of the wave propagation directions.

As also discussed in Section 1, it has been hypothesised that
Saturn’s dawn flank magnetopause is unstable to the growth of
the K–H instability, which should result in boundary waves. In
order to assess whether the waves identified during Rev 22 were
K–H driven we considered the K–H instability criterion given in
Eq. (1) (e.g. Ogilvie and Fitzenreiter, 1989), where k is the wave
vector, V is the flow velocity, m0 is the permeability of free space, r
is the mass density, B is the magnetic field vector, and the
subscripts 1 and 2 indicate whether a parameter corresponds to
the magnetosheath or magnetosphere, respectively.

½k � ðV2 � V1Þ�
24

1

m0

1

r1

þ
1

r2

� �
½ðk � B1Þ

2
þ ðk � B2Þ

2
� (1)

It is clear that magnetic tension force acts to stabilise the
boundary (Southwood, 1968) whereas a strong flow velocity shear
makes the interface more likely to become K–H unstable. Pu and
Kivelson (1984) have already investigated the stability of the
Please cite this article as: Masters, A., et al., Surface waves on Satu
instability. Planet. Space Sci. (2009), doi:10.1016/j.pss.2009.02.010
kronian magnetopause boundary from a theoretical perspective;
however, a qualitative consideration of Eq. (1) is important in
identifying the driving mechanism generating the Rev 22 surface
waves. We also note that the boundary waves may have been
generated by the growth of the K–H instability at a part of the
interface other than the region in which they were observed, with
the waves subsequently propagating to the region of observation,
but nonetheless it is potentially important to consider the
parameters measured where the waves were observed. Kivelson
and Pu (1984) discussed that if the field magnitude either side of
the interface differs greatly then the most unstable wave vector is
roughly perpendicular to the stronger of the two fields, since the
stronger field exerts a greater magnetic tension force. During
the intervals of both the set A and set C crossings of Rev 22 the
magnetospheric field was stronger than the magnetosheath field
(as shown in Figs. 2 and 3). If we take the direction in which the
normals flip for each set as the unstable wave vector direction,
then the angular difference between the wave vector and the
magnetospheric field was 79.31 and 69.21, respectively. Given that
both of the stronger magnetospheric fields are within 211 of being
perpendicular to the appropriate wave vector, that a strong flow
velocity shear is expected at the dawn flank of the boundary, and
that the average wave propagation direction for both the set A and
set C crossings is within 241 of Saturn’s rotational equator, a K–H
instability driving mechanism is plausible, since it is able to
clearly explain the wave propagation directions. As this is by far
rn’s dawn flank magnetopause driven by the Kelvin–Helmholtz

dx.doi.org/10.1016/j.pss.2009.02.010


ARTICLE IN PRESS

A. Masters et al. / Planetary and Space Science ] (]]]]) ]]]–]]] 9
the most plausible mechanism for generating the observed waves,
we conclude that the Rev 22 surface waves were driven by the
K–H instability.

Our analysis of the Rev 22 magnetopause crossings has
revealed two types of wave activity: waves with a period of the
order of hours that we were unable to accurately constrain, and
waves with a period of 4579 min. It is possible that the shorter
period wave activity is similar to that observed by Voyager 1
(Lepping et al., 1981), although we obtain a longer average period.
Since we see numerous excursions caused by the longer period
waves and only three caused by the shorter period waves this
suggests that either the shorter period waves were a transient
feature of the wave activity, or they had an amplitude that was
less than that of the longer period waves and were present
throughout the set A and set C intervals. Since we observe a
number of excursions into the boundary layer with durations of
the order of minutes in both sets A and C we propose that these
shorter period waves were present throughout the set A and set C
intervals and resulted in these features.

The qualitative picture of the nature of the wave activity on the
dawn flank magnetopause during the intervals of the set A and
set C crossings of Rev 22 that we propose is shown in Fig. 6.
The schematic illustrates that we suggest that smaller amplitude,
shorter period waves were superposed with larger amplitude,
longer period waves on the magnetopause boundary. Many of the
initial, theoretical studies of the K–H instability at a planetary
magnetopause assumed that the plasmas on either side of the
interface were incompressible (e.g. Sen, 1963); Pu and Kivelson
(1983a) then showed that for compressible plasmas two kinds of
Fig. 6. Schematic illustrating the proposed nature of the wave activity present on

Saturn’s dawn flank magnetopause at the time of the crossings in sets A and C.

Solid lines represent the magnetopause boundary, dashed lines represent an

expanded view of the part of the boundary observed during the Rev 22 orbit.

Please cite this article as: Masters, A., et al., Surface waves on Satu
instability. Planet. Space Sci. (2009), doi:10.1016/j.pss.2009.02.010
dominant surface wave can exist simultaneously. They labelled
these waves fast and slow waves because of their different
propagation speeds. We note that the two types of wave activity
we have identified on Saturn’s magnetopause during Rev 22 may
be examples of these two types of K–H surface wave; however,
since we are unable to accurately determine all of the properties
of each type of wave we are unable to investigate this further.
5. Conclusions

In this paper we have examined the orientation of Saturn’s
dawn flank magnetopause surface by analysing a series of
magnetopause crossings made by the Cassini spacecraft in March
2006. The normal to the boundary was calculated for each
crossing using MVA and the resulting series of normals revealed
that regular surface waves were present on the magnetopause
during both intervals analysed. Two categories of surface wave
were identified, both of which were propagating tailward in a
direction that was within 241 of Saturn’s magnetic and rotational
equators. We conclude that these surface waves were driven by
the K–H instability, and we propose that during the intervals
considered a superposition of two types of boundary wave activity
was present.

This result contributes to our understanding of the nature of
the perturbations of Saturn’s magnetopause, and thus the overall
configuration of Saturn’s magnetosphere. If the growth of the K–H
instability leads to significant boundary perturbations then this
has implications for the transport of solar wind energy into the
magnetosphere, since deformations of the magnetopause can
launch compressive waves into the magnetosphere and can lead
to field-aligned current systems (e.g. Sibeck, 1990). The antici-
pated dawn–dusk asymmetry in the K–H stability of Saturn’s
magnetopause may also have implications for the source locations
of Saturn kilometric radiation auroral emissions (Galopeau et al.,
1995). For these reasons the topic of Kelvin–Helmholtz instability
at Saturn’s magnetopause is deserving of further research.

Cassini has made a number of crossings of Saturn’s dawn flank
magnetopause, in addition to those discussed in this study. The
analysis of further crossings from different spacecraft orbits is
necessary to build up a clearer picture of the dynamics of the
magnetopause, in particular a detailed survey of the dawn flank
crossings could reveal how often the boundary is unstable to the
growth of surface waves. The simulations of Fukazawa et al.
(2007) suggest that rolled-up vortices can form near the nose of
Saturn’s magnetopause, before propagating tailward along the
dawn flank. The identification of such structures is an important
topic of further study.
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