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Abstract We model the omnipresent quasiperiodic 60 min waves in Saturn’s outer magnetosphere as
field line resonances adopting a realistic magnetic field model and a measurement-based plasma density
distribution using Alfvén wave resonance theory for arbitrary field geometries (Singer et al., 1981). The
modeled eigenfrequencies for the second and higher modes are roughly independent of invariant latitude,
mapping into large regions of the magnetosphere up to at least 20 R, and the third and fourth harmonic
modes having close to 1 h eigenperiod. The model predicts the normalized amplitudes of these higher
modes of the magnetic field perturbations at high latitudes to exceed the amplitudes at the plasma sheet,
in agreement with the observations of more frequent occurrences at mid-to-high latitudes. The periods

of the higher order field line resonances in the outer magnetosphere differ considerably from those in a
dipole model, illustrating the importance of a realistic field model.

Plain Language Summary 1-h waves have been observed around Saturn for a long time, but
their origin remains not well understood. We study these waves as resonances of Saturn’s magnetic field,
in an analogous way to a plucked guitar string vibrating at its natural frequency. One could approximate
Saturn’s magnetic field as a bar magnet, but we show that such an approximation is not sufficient to
reproduce 1 h waves throughout large regions far outside Saturn. Similar to how a guitar's string is
dependent on its mass and length, we also use a realistic plasma mass density along the field, and show
that the higher harmonics of these vibrations match the observed 1 h wave period.

1. Introduction

One of the more puzzling features in Saturn's magnetosphere is the source of persistent quasiperiodic
60 min (QP60) phenomena, which became particularly apparent during continuous in-situ investigations
by the Cassini spacecraft from 2004 to 2017. The QP60 phenomena are observed in much of the magneto-
spheric data, from magnetic field fluctuations (Bunce et al., 2014; Mitchell et al., 2016; Yates et al., 2016)
and field-aligned electron beams and ion conics (Mitchell, Kurth, et al., 2009; Schardt et al., 1985) to auroral
pulsations (Bader et al., 2019; Bunce et al., 2014; Menietti et al., 2020; Mitchell, Krimigis, et al., 2009; Mitch-
ell et al., 2016) and auroral hiss (Carbary et al., 2016). An extensive global survey of these events is provided
by Roussos et al. (2016) and Palmaerts et al. (2016), focusing both on their spatial and spectral distribution.
‘We will focus on the transverse quasiperiodic magnetic field perturbations in this study.

The QP60 magnetic field oscillations were found mostly in the outer magnetosphere, mapping inside Titan's
orbit of roughly 20 Rg (Carbary et al., 2016) and beyond, with highest frequency of occurrence in the dusk
sector and mid-to-high latitudes (Roussos et al., 2016). The field perturbations are typically transverse to the
magnetic field with amplitudes between 1.0 X 10~ and 1 nT (Kleindienst et al., 2009; Yates et al., 2016), and
come in short wave trains, that is, they typically last ~5 h before decaying. The Alfvénic signature of these
perturbations, as well as the persistence of the 1 h periodicity over a wide range of local times, distances,
and latitudes is indicative of characteristic time scales of the Kronian magnetosphere. Simple estimates of
the Alfvén interhemispheric transit times in the outer Kronian magnetospheres are found to be close to 1 h,
or roughly within 10% of the planetary rotation period, consistent with the idea that the observed periodic
perturbations are standing Alfvén waves (Bagenal et al., 2017; Bunce et al., 2005).

RUSAITIS ET AL.

1of 11


https://orcid.org/0000-0003-2904-3672
https://orcid.org/0000-0002-2856-1171
https://orcid.org/0000-0003-3859-8581
https://orcid.org/0000-0002-5092-5699
https://doi.org/10.1029/2020GL090967
https://doi.org/10.1029/2020GL090967
https://doi.org/10.1029/2020GL090967
https://doi.org/10.1029/2020GL090967
https://doi.org/10.1029/2020GL090967

A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL090967

The concept and theory of standing Alfvén waves were first explored by Alfvén (1942a, 1942b) and Dun-
gey (1955) as an application of magnetohydrodynamics (MHD) to waves in a conducting medium embed-
ded in a uniform magnetic field. Alfvén (1942b) likened the magnetic lines of force to elastic vibrating
strings because of the frozen-in flux condition and named the resulting waves MHD waves. The coupling
between the MHD wave modes, namely the fast (compressional) mode and the shear (Alfvén) mode, was
subsequently established as a field line resonance (FLR) or, more generally, a resonant mode coupling phe-
nomenon (Chen & Hasegawa, 1974; Radoski, 1972; Southwood, 1974; Tamao, 1965). In this paper, we treat
field line resonance as any phenomenon that leads to resonant Alfvén waves, irrespective of the properties
of the driver. Resonant conditions for Saturn are discussed by Glassmeier et al. (1999), concluding that the
spatial structure of the resonant waves is independent of the coupling mechanism.

The problem of field line resonance is analytically tractable if evaluated using a magnetospheric box model
with a uniform magnetic field. Southwood and Kivelson (1986) introduced and investigated a model with
a nonuniform box-function density profile to study the effects of the Alfvén velocity gradients along the
unperturbed field direction. The effects of plasma inhomogeneity along the field are particularly important
for rotationally driven magnetospheres like Saturn’s and Jupiter's, with dense plasma sheets centrifugally
confined near the equator. Khurana and Kivelson (1989) modeled the Jovian 10-20 min ULF waves as FLR's
using such a simplified hydromagnetic box model magnetosphere with a two-density plasma distribution.
More recently, the hydromagnetic box model has been applied to the study of Saturn's QP60 waves (Yates
et al., 2016), and Jupiter's QP 10-60 min waves (Manners & Masters, 2019). The MHD wave theory of stand-
ing Alfvén waves has also been evaluated for more complicated field geometries. Cummings et al. (1969)
expressed the decoupled standing Alfvén wave equations for the toroidal and the poloidal modes in an
orthogonal dipole coordinate system. Singer et al. (1981) derived and solved linearized transverse wave
equations for an arbitrary field geometry, enabling numerical calculations of eigenoscillations for the toroi-
dal and poloidal modes in arbitrary magnetic fields and plasma density distributions. A magnetic field and
plasma model for Jupiter has been recently applied to investigate the field line resonances in the Jovian
magnetosphere (Lysak & Song, 2020), indicating that the FLR harmonics are possible in the 10-40 min
band, agreeing with the observations by Juno, Galileo, and other satellites.

Singer et al. (1981) and Warner and Orr (1979) demonstrated that a realistic field model is important for an
accurate determination of resonant frequencies, especially for high invariant latitude field lines that map far
into the outer magnetosphere as we discuss below. More realistic field and plasma density models have not
yet been used in the modeling of the field line resonances in the Kronian magnetosphere, and it is important
to do so in order to fully understand the peculiar characteristics of the QP60 waves.

2. Theory

We follow the standing wave MHD theory of Singer et al. (1981) for calculations of the field line resonances
in a curvilinear coordinate system, neglecting any effects of the centrifugal or Coriolis forces. The stationary
plasma conditions are justified, as the timescales of the higher ULF MHD modes are a small fraction of the
planetary rotation rate (~10%) (Glassmeier et al., 1999).

From the linear MHD equations for a cold, collisionless, magnetized plasma, the wave electric field E must
satisfy (ignoring the effects of a background current)
O’E

—— =V, x(vy x(Vx(VxE))) 1)
or’

where vy, =B/ (1, )2 is the Alfvén velocity, p is the local plasma mass density, B is the background field,
and all vectors and differential vector operators in the wave equation depend implicitly on the coordinate
along the field line. Using the Alfvén frozen-in flux condition, the wave electric field can be expressed in
terms of the plasma (field) displacement & as

—a—ng
ot

E = 2
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In a uniform field embedded in cold plasma of constant density, (1) can be used to describe two uncoupled
MHD wave modes: the shear Alfvén (transverse) mode, with its Poynting vector directed along B, and the
fast (compressional) mode, with a Poynting vector angled at any direction to B (but parallel to the wave
vector k). A plasma or field aligned inhomogeneity, however, couples the two modes. Assuming the longi-
tudinal variation is ¢, where ¢ is longitude and m is the azimuthal wave number, the modes decouple for
special limits of m (see, Orr, 1973, for a dipole field case). Two shear Alfvén modes are then possible: one for
m = 0 (toroidal axisymmetric by oscillations), and the other for m — o (poloidal asymmetric oscillations in
the meridian plane). The third uncoupled case is a fast (compressional) mode with an axisymmetric (m = 0)
poloidal disturbance, which represents symmetric expansions and compressions of the entire magneto-
sphere (Orr, 1973; Radoski, 1967).

The field of a realistic magnetosphere is nonuniform. We will therefore, consider a model field with two
adjacent field lines separated by a distance h, along a unit vector & normal to the background field and by
a distance hg along a unit vector ﬁ normal to both B and &. We allow both h, and hg to vary along the field.
We write the normal unit vector & as

Va=a&lh, (3)

We can choose any direction & transverse to the field, but we will explicitly define our coordinate system in
Section 3. Faraday's law and the Alfvén frozen-in flux condition imply that a small displacement in the &
direction, &, produces a magnetic perturbation

b =Vx(£,axB) 4)

Substituting 4 and Amperes's law in Cauchy's momentum equation (ignoring the contributions from the
background currents), and assuming b -B = 0 (as in Singer et al., 1981), we arrive at the wave equation for
plasma (field) displacement &,

2 h 1
%p% :—ZBAV{hi[B'V(QZa /ha)l} )

(24

Assuming a time dependence of the form ¢, and writing an increment along the local magnetic field B
as ds, we rewrite 5 as a second-order partial differential equation for plasma (field) displacement &, as a
function of s

O (S0 )1 O (i) 2 S|4 Hop@ [ Ea |
852[h j+as(zn(ha3))as(h J+ | =0 )

o o o

Once &, is numerically determined using a value of the eigenfrequency, w, that satisfies the homogeneous
boundary conditions at the ionosphere (&, = 0), the magnetic perturbation, b, electric field perturbation Eg,
and the plasma velocity, u,, can be calculated using 4 and 2 as

~ n o
ba = PPy h, ™
E, = -io,B ®)
U, = iwg, )

where ﬁ is a unit vector perpendicular to both the unperturbed field B and the chosen normal vector to the
field &, that is,

=

X o (10)

>
I
=
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We find orthogonal perturbations &, bg, and E, by solving 6 for a geometric scale factor, i, orthogonal to hg.
Equations analogous to 7 to 9 apply to the § components of the perturbations.

3. Model

We use a global magnetic field of the Saturn's field (Khurana et al., 2006), based on the general deformation
technique of Tsyganenko (1998); Tsyganenko (2002a, 2002b). Saturn's internal field uses magnetic moments
derived from Cassini's proximal orbits (Cao et al., 2011, 2012). The field lines calculation use nominal solar
wind conditions of dynamic pressure Dp = 0.017 nPa, B, = 0.1 nT, B, = —0.2 nT, and are traced using a
fourth-order Runge Kutta method in a dipole centered coordinate system with x pointing toward the Sun
(with Saturn’s magnetic equivalent dipole being offset 0.04 Rs northward of the center of mass of Saturn).

Thanks to many Cassini plasma sheet crossings, models of plasma sheet densities and scale heights are
available (Bagenal & Delamere, 2011). We use the equatorial water-group ion density profiles within the
3 -20 Rsregion and use a local cubic spline to obtain the density on field lines that extend slightly beyond
the modeled density profiles, crossing the equator within 20 R, sufficiently far out to represent regions
where some of the quasiperiodic pulsations have been observed. The density variation along the field line
uses an exponential scale height given by Hill and Michel (1976)

n(s) = nyexp(—s / H)* (11)

where s is distance along the field line, with s = 0 the maximum radial distance of the field line, the center
of the plasma sheet, and we use the water-group ion scale height, H, given in Bagenal and Delamere (2011,
Figure 5). We use the same equatorial plasma density profiles for the day-side and night-side, but allow the
field line configuration to change with local time.

The solution of the second order partial differential equation for displacement, &, (Equation 6), uses a shoot-
ing method (see Press, 2007, Section 18) with homogeneous boundary conditions in the ionosphere. We
start with &, = 0 at the northern ionosphere, selecting the eigenfrequencies, w, and the initial displacement
derivatives, d&/ds, that satisfy homogeneous boundary conditions at the other end of the field line.

The local geometric scaling factors, h,, in Equation 3 are calculated by using flux conservation along a
magnetic field line. Starting from an equatorial position of the field line, two nearby field lines are mapped,
displaced from the original by a finite increment along unit vectors & and f:

a = lA)”xa)/‘lA)”xa) 12)

B = bxa 13)
where f’ll is a unit vector along the field line.

We verify our implementation of the model by calculating properties of the field line resonances in a purely
dipolar field (Cummings et al., 1969) using the wave Equation 1 expressed in orthogonal dipole field coor-
dinates. We also test our calculation by reproducing the known scale factors for a dipole field, that is, h, =
(rBsin®)™" and hg = rsin®.

A cross-section of a portion of the magnetosphere (field lines at invariant latitudes of 64°-73°) is visualized
in Figure 1 for the day and night sides, with (a) the plasma density and (b) the Alfvén velocity color-coded
along the field. The peak of the plasma density (~70 cm™) is at 4 Rs near the orbit of Enceladus, but the
Alfvén velocity (especially close to the magnetic equator) varies little with x along the equator and the
changes along the field are similar from one field line to the next. This will help us understand the eigen-
frequencies that we discuss later.
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Figure 1. (a) Color plot of the plasma density (Bagenal & Delamere, 2011) in Saturn’'s magnetic field model (Khurana et al., 2006), visualized along field lines
(solid lines, both colored and gray) of equatorial crossing distances of 3 -24 Rs. The field is in a dipole-centered coordinate system, with the x axis pointing
toward the Sun. The field reversal position is marked with a thick gray dashed line. (b) Alfvén speed color plot, based upon the plasma densities and field lines

visualized in Figure 1a.

4. Results

Consider a single field line that crosses the day-side equator at 20 Rs (invariant latitude 75.8°) in the field
model. The wave electric field, E, (shown in Figure 2a) and magnetic field perturbation, b, (shown in Fig-
ure 2b), represent a typical form of an eigenoscillation in the outer magnetosphere of our model, calculated
using the shooting-method procedure explained in the previous section. The eigenperiods of the third and
fourth harmonics, 75 and 52 min, match the expected period of a QP60 event, while the eigenperiods of the
second and first harmonics, 121 and 469 min, are well outside the typical QP60 range. The poloidal field
displacement, £, is shown in yellow in Figure 2c for the fourth harmonic of the same field line. Other har-
monics are shown in different colors for three sufficiently separated field lines for visual clarity. As required
in our wave equation solutions, the field displacement vanishes to zero at the ionosphere.

Note the magnetic field perturbation, b, amplitude at high latitudes (>60°) surpasses the amplitude at the
equator (Figure 2b). This is consistent with the fact that QP60 pulsations are less frequently observed at the
equator than at mid-to-high latitudes (Palmaerts et al., 2016; Roussos et al., 2016), perhaps because they are
more readily detectable at higher latitudes where the perturbation amplitude is greater. This latitude de-
pendence is also a feature of perturbations in a dipolar field; similar variation with latitude can be observed
in the numerical results of Cummings et al. (1969) for the standing waves in Earth's dipole field, in which
the perturbations at the ionosphere are 10 times larger than those at the equator. A hydromagnetic box
model like the one in Southwood and Kivelson (1986) and Yates et al. (2016), in contrast, produces relatively
small amplitudes of magnetic perturbations outside the plasma sheet because of the uniform magnetic field
and low plasma density outside the plasma sheet.
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Figure 2. (a) The wave electric field, E|, and (b) magnetic field perturbations, b, shown for the first four harmonics of a field line with an equatorial crossing
distance of 20 Rs. The Alfvén velocity along the field line is color coded in the background. (c) Poloidal field displacement, &,, for the first four harmonics,
drawn perpendicularly to four arbitrarily chosen day-side field lines that are sufficiently separated to display distinct nodal structures of the first four
harmonics. All quantities in (a)-(c) are normalized to an arbitrary amplitude of 1.

The nodes and the local peaks of field perturbations occur within the denser region of the plasma sheet
(Figure 2a). The exception to this is the fundamental mode, which does not have any nodes beyond the ion-
osphere, and is less sensitive to the ambient plasma. The close spacing of the nodes of the higher harmonics
near the equator (or equivalently, the short parallel wavelength of the perturbations) can be understood by
evaluating the radius of curvature, R, which for slow changes of the field magnitude, can be approximated
(see Riley et al., 2006) as
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Let's consider a small perpendicular perturbation, by, in the ¢ direction. Since (ﬁ -V) = 0/ 0s for a field-
aligned coordinate system, we can rewrite 14 as

B o Beb) b ofha)  ofhs as)
R, os\IB+bl R.p 0Os\ h,B os\ h,B
where we neglected the contribution of the perturbation to the total field strength in the denominator. We

substitute the expression for b, (7) for the last term in 15, assuming the geometric scale factor, h,, varies
negligibly near the equator. Since the radius of curvature of the background field, R, g, is big, and & changes

slowly with s, we then get
n 2
LR 72 [l K 73 (16)
R, os\ h,B os>\ h

Noting that the second term in 6 scales like variations in the background field and is small above the
fundamental

A - 2
X {1]“’—2@ (7)

where b, is a field perturbation in the & direction and we assumed the orientation of the background field
to be changing slowly at the equator.

Therefore, a small radius of curvature in a region of low Alfvén velocity implies that the perturbation revers-
es sign over a comparatively short range of s, and that the local wavelength of the perturbation field is small.

This explains the close spacing of the nodes of the perturbation near the equator, but does not account for
the high perturbation amplitudes near the plasma sheet and in the tenuous high-latitude regions. High am-
plitudes closer to the ionosphere can be viewed as an effect of a curvilinear field geometry, where the field
strength becomes large close to the planet. Even small reorientation of a strong field can create a significant
perturbation field. As seen in Equation 7, the magnetic perturbation amplitude, b,, is proportional to the

magnitude of the unperturbed field, B|.

Because we use a realistic model of Saturn’s magnetic field, the field lines of the same invariant latitude map
differently from ionosphere to equator in the day-side and night-side meridians (see Figures 1la and 1b).
We calculate the resonant periods separately for the day-side and night-side field lines (Figures 3a and 3b,
respectively) for both the toroidal and the poloidal modes. Only the fundamental gives values that notably
differ between the two modes, similar to the findings of Orr and Matthew (1971), but in the outer magne-
tosphere, those periods greatly exceed 1 h. Consequently, we will not distinguish between the toroidal and
the poloidal modes.

Field line resonances in substantial regions of the outer magnetosphere (invariant latitudes of 72°-76° on
the day-side, and 72°-74° on the night-side) have periods that vary little with equatorial crossing distance
for the harmonics above the fundamental. The third (odd) and the fourth (even) harmonics oscillate at close
to a 60 min period in this region. The field lines with 60 min resonances map to equatorial radii of 10-20 Rj.
Notably, the resonant periods on the night-side start to increase sharply past 74° invariant latitude. Since the
field is highly stretched on the night side, the field lines map into a region outside the validity of the plasma
sheet models of Bagenal and Delamere (2011). A model of the plasma sheet density valid at larger distances
might reveal a larger region for the 1 h eigenoscillations on the night side. The day-side magnetosphere, on
the other hand, is compressed, and the resonant periods remain roughly constant for field lines of higher
invariant latitudes, even close to the magnetopause.
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Figure 3. (a) Eigenfrequencies for the first six toroidal (solid) and poloidal (dashed) modes for varying invariant latitudes of field lines in the day side of
Saturn's magnetosphere. (b) Same as (a), but for the night-side meridian. (c) Regions of 45-75 min field line resonances for the first four modes, shown for the

day and night side meridian planes.

The regions in which field lines resonate with periods of 45-75 min are indicated in 3c. Only the third and
the fourth harmonics resonate at ~1 h eigenperiods (45-75 min) in the outer magnetosphere (10 -20 Rg in
radial distance from the planet), with the fundamental and the second harmonic resonating close to this
period only in very narrow ranges close to the planet. If we compare our results to those for a purely dipolar
field embedded in the same plasma distribution, it becomes apparent that a realistic field model is impor-
tant for producing these large regions of field lines resonances with 1-h periodicities (see Supplementary
Figure S1). The eigenperiods in the dipole model decrease continuously with L, and beyond ~15 Rsdo not
fall in the required 45-75 min range. Saturn's field becomes decreasingly dipolar beyond ~10 Ry from the
planet, and the stretched-out field geometry produces a roughly constant eigenperiod in the outer magne-
tosphere (at least up to 20 Ry in our model). Thus, neither a hydromagnetic box model nor a dipole field
provides a valid model of the periodic phenomena observed in Saturn’'s magnetosphere.

5. Conclusion

Using the approach introduced by Singer et al. (1981), we have calculated the resonant frequencies of MHD
waves in regions within ~20 R of Saturn using realistic models of the magnetic field (Khurana et al., 2006)
and the plasma density (Bagenal & Delamere, 2011). We find that field line resonances can produce the
quasiperiodic ~60 min pulsations reported in particle and field data. As contrasted with the standing wave
periods calculated in a hydromagnetic box model, the eigenperiods matching the observations the closest
are produced by the third (odd) and fourth (even) harmonics, rather than the second (even) mode (Yates
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et al., 2016). The period of the fundamental is comparable to the rotational rate of the planet, prohibiting
the development of such long-period Alfvén standing modes (Glassmeier et al., 2004). Higher harmonics
may also be present in Saturn’s magnetosphere but the wave power at the higher frequencies is probably
not observable.

We have established that a realistic magnetic field model is important for obtaining quantitative eigenpe-
riods of field line resonances, especially in the outer magnetosphere. Even the combination of a realistic
plasma density distribution and a purely dipolar model produces model eigenperiods that continue to in-
crease with L beyond roughly 15 Rs, inconsistent with the widespread appearance of fluctuations in the
~60 min range. Our implementation of a realistic field model reveals that there are large regions in the
outer magnetosphere (10-20 Rs) in which resonances have eigenperiods in the 45-75 min range, even as
the flux tubes become long compared with the height of the high density region near the equator. We would
expect to identify fewer pulsations at latitudes of 15°-60°. At the equator, the plasma sheet is dense, and the
local peaks are confined to a narrow region of roughly +15°. Many QP60 pulsations have been detected very
close to the equator (Palmaerts et al., 2016), but the closeness of the magnetic field perturbation nodes may
make it difficult to distinguish between the odd and even modes (Figure 2b).

We were limited to considering field lines that cross the equator within 20 Rs by the restricted distance
range of the plasma density model; it would be informative to extend the plasma density model to establish
if eigenperiods of 1 h extend into the outer magnetosphere beyond 20 Rs. Our model assumes wave per-
turbations transverse to the background field and a perfectly conducting ionosphere (i.e. E; = 0 at the field
line boundaries). These assumptions can be justified. Most of the QP60 pulsations map to the auroral zone
on closed field lines (Roussos et al., 2016). The highly conducting auroral regions of the ionosphere satisfy
our E, ~0 condition most closely and should provide sufficiently good reflection for the development of a
standing wave. Nevertheless, the fact that these Alfvén waves come in 4-6 h wave trains implies a dissipa-
tion mechanism, and wave damping by a less than perfectly conducting ionosphere could account for the
wave decay. However, a quantitative model of wave decay also requires knowledge of the time-variation of
the driving source, which is not readily characterized.

Our work also neglected the effects of Saturn's rotating plasma (similar to Glassmeier et al., 1989). We be-
lieve this approximation is valid for the higher resonance modes, for which the plasma is quasistationary
relative to the MHD wave timescales. An analytical treatment of MHD perturbations in a rotating plasma
by Ferriére et al. (1999) shows that the stability of the Alfvén modes either remains unchanged or increases
with the inclusion of the Coriolis force, albeit for constant background parameters along the field. Fur-
thermore, the estimates of magnetic Rossby numbers by Glassmeier et al. (1999) show that rotation has no
significant impact on any resonant coupling at Jupiter or Saturn.

Although the classical mechanism of field line resonances seems plausible, it is challenging to identify the
energy source that excites the oscillations. Any phenomenon that disturbs a quasiequilibrium state of the
magnetosphere can, in principle, excite field line resonances. Possible sources include such external distur-
bances as interplanetary shocks or pressure fronts, boundary oscillations driven by the Kelvin-Helmholtz
instability or magnetic reconnection, and internal disturbances such as those arising from reconnection in
the plasma sheet. Because the third and fourth harmonics map to field lines close to the magnetopause, the
possibility of the waves being driven externally by the solar wind buffeting (Mathie & Mann, 2000), or al-
ternatively, by the Kelvin Helmholtz instability at the magnetopause boundary (Fujita et al., 1996) becomes
an attractive suggestion. Resonant mode coupling between fast mode magnetopause surface waves and the
local Alfvén waves has been previously reported in Saturn's magnetosphere — transverse Alfvén perturba-
tions have been observed 2 h after an observation of Kelvin Helmholtz waves of the same period, albeit of
23 min periodicity, not 1 h (Cramm et al., 1998; Lepping et al., 1981). A proposed explanation for the source
of these waves, at least on the day side, is magnetodisk reconnection (Guo et al., 2018). Guo et al. (2018)
observed QP60 events for 14 h during a reconnection event, and the energy flux has been estimated to be
high enough to power aurorea (~2.6 mWm ™). If the QP60 events, including the auroral pulsations, are
driven by magnetodisc or magnetopause reconnection, we could estimate the energy input into the FLR's
and model their dissipation.
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