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[11 Using ray tracing and Landau damping calculations based on recent data on
suprathermal particle fluxes from the HYDRA instrument aboard the POLAR satellite, we
estimate the energy distribution and the lifetimes of 0.2—10 kHz whistler mode waves in the
plasmasphere. The rays are injected at 1000 km altitude and latitudes of 25°, 35°, 45°,
and 55° to represent whistler wave energy originating in lightning discharges occurring in
middle to low-latitude thunderstorms. The lifetime is defined as the time at which the
wave power is reduced by 10 dB. Results indicate that the lifetime of whistler waves at
lower frequencies is dramatically larger than those at higher frequencies and that rays
injected at lower latitudes generally persist longer than those injected at higher latitudes in
agreement with previous studies. An important characteristic of magnetospherically
reflected (MR) whistlers is the strong tendency for whistler wave components at each
frequency to eventually migrate to and settle into a multiply reflecting pattern at a specific
(determined only by the wave frequency) L-shell, at which the wave energy would persist
indefinitely in the absence of Landau damping and other losses. Consideration of this
behavior together with the typical power spectrum of a single, vertical, cloud-to-ground
lightning stroke, allows the estimation of the relative MR whistler wave energy in the
inner magnetosphere as a function of L-shell. Results indicate that MR whistler energy
deposition is maximized at the location of the slot region, suggesting that such MR whistlers
launched by lightning discharges may be responsible for the enhanced diffusion rates and
may play a more significant role than previously assumed in the formation and maintenance

of the slot region between the inner and outer radiation belts.
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1. Introduction

[2] Lightning generated whistler waves can propagate in
the magnetosphere in the nonducted mode and form mag-
netospherically reflected (MR) whistler trains as originally
observed by Smith and Angerami [1968] using data from
the OGO1 and OGO3 satellites. These MR whistler trains
typically persist for several seconds and remain geomagneti-
cally trapped in the inner magnetosphere [Smith and Anger-
ami, 1968]. The fundamental ability of whistlers to be
reflected within the magnetosphere was first explained by
Kimura [1966], who derived the dispersion relation with the
inclusion of ions, demonstrating that the wave normal angle
of the whistler wave could rotate past an angle of 90° (with
respect to the static geomagnetic field) roughly reversing the
ray’s direction of propagation. A typical MR whistler ray
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path is shown in Figure 1a for a 500 Hz component injected
at 25° geomagnetic latitude. As the whistler propagates
through the magnetosphere, it is Landau damped due to
interactions with the suprathermal particle population with
the local rate of damping being determined by the wave
frequency, the local ambient magnetic field and plasma
density, the wave normal angle, and the particle distribution
function [Brinca, 1972].

[3] MR whistlers have been previously studied by numer-
ous authors, for example Edgar [1972], who has docu-
mented occurrence statistics in both geomagnetically quiet
and active times and used extensive ray tracing to explain
the observed upper and lower cutoff frequencies of MR
whistlers [Edgar, 1976]; Sonwalker and Inan [1989], who
have shown how such signals may upon many reflections
evolve into an incoherent noise-like band; and Draganov et
al. [1992, 1993] and Thorne and Horne [1994], who have
studied the hypothesized relationship between MR whistlers
and plasmaspheric hiss arriving at positive and negative
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Figure 1. MR whistler ray path properties for two frequency components (left column: 0.5 kHz, right
column 5 kHz) settling to a specific L-shell in the magnetosphere, (a) and (e) ray tracing plot, (b) and (f)
Ray’s local L-shell as a function of time, (¢) and (g) power density damping of the ray due to parallel
resonant interactions, (d) and (h) typical refractive index surfaces of the rays showing a closed refractive
index surface, at the equator, on the second equatorial crossing (Figure 1d) and an open refractive index
surface, at the equator, on the sixth equatorial crossing (Figure lh).
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conclusions respectively. More recent work has considered
the quasi-resonant regime [Lundin and Krafft, 2001] and the
interpretation of low-altitude satellite observations of tran-
sient flux enhancements in the drift loss cone as precipita-
tion due to MR whistlers [Blake et al., 2001; Bortnik et al.,
2002]. While the role of MR whistlers in the loss-rate of
energetic radiation-belt electrons has been noted and esti-
mated [Abel and Thorne, 1998a, 1998b], accurate models of
the distribution of MR whistler wave power in the inner
magnetosphere have not yet been available.

[4] In this work we provide a first-order estimate of the
distribution of MR whistler wave energy as a function of
L-shell. Our modeling starts with a broadband whistler wave
injected into the magnetosphere at 1000 km altitude, with
each wave frequency component propagating away from the
Earth and tending to migrate to and settle on its “preferred”
L-shell, thus undergoing spatial dispersion as discussed in
section 2. The Landau damping of each frequency compo-
nent along its propagation path is modeled using the Stan-
ford VLF ray tracing code [Inan and Bell, 1977], in
conjunction with the Landau damping formulation of Brinca
[1972] and plasmaspheric suprathermal flux measurements
from the HYDRA instrument aboard the POLAR satellite
[Bell et al., 2002]. In addition, we take into account the fact
that each frequency component of the whistler carries a
different power density at the injection latitude due to the
particular frequency spectrum associated with the radiated
fields of the lightning strike. Combining the lightning
frequency spectrum and the frequency-dependent lifetime
of MR whistlers allows us to quantify the MR whistler wave
energy distribution in the inner magnetosphere.

2. Preferential Deposition of MR Wave Energy at
Frequency-Specific L-Shells

[s] Lightning generated whistler waves injected into the
magnetosphere typically contain a continuum of frequencies
in the ELF and VLF bands. If the various frequency
components of the whistler were to propagate in the
magnetosphere indefinitely without being damped, each
wave frequency component would tend to migrate within
a few seconds to a “preferred” L-shell region, and sub-
sequently slowly (tens of seconds) settle on a particular
L-shell within that region in which the wave frequency is
approximately equal to the equatorial lower hybrid reso-
nance (LHR) frequency (discussed previously by Thorne
and Horne [1994] and Ristic -Djurovic’ et al. [1998] and
references therein). In this context the magnetosphere
resembles a resonant cavity to whistler-mode waves, with
the difference that at the reflection points it is the
transverse component of the wave’s magnetic field that
vanishes, rather than the electric field.

[6] This ray path behavior is illustrated in Figure 1. The
left column shows the ray path of a 500 Hz wave compo-
nent injected at 25° geomagnetic latitude (Figure la), the
L-shell of the ray as a function of time (Figure 1b), the
relative wave power density as a function of time (Figure 1c),
and a typical refractive index surface of the ray (Figure 1d).
As shown in Figure 1b, the ray starts at L ~ 1.4 (A = 25° at
1000 km altitude), migrates to higher L-shells, and then
slowly converges on its specific settling L-shell of L ~ 3.45.
For comparison, Figure le shows a 5 kHz frequency
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component injected at the same latitude, X = 25°, initially
overshooting its specific settling L-shell and then slowly
moving lower in altitude until it settles at L ~ 1.6. We note
that for injection at midlatitudes, some frequency compo-
nents move predominantly from lower to higher L-shells
(e.g., Figures la and 1b), whereas others move predomi-
nantly from higher to lower L-shells (e.g., Figures le and
1f). Thus each L-shell is associated with a particular
frequency component that is most likely to settle there,
hereafter referred to as f;. A plot of f; (or alternatively the
equatorial LHR frequency) as a function of L-shell is shown
in Figure 3a. The degree to which wave energy is prefer-
entially deposited at a particular L-shell is discussed in
section 5 in connection with Figure 5.

3. Lifetime of MR Whistler Waves

[7] The damping due to parallel resonant interactions
between whistler waves and suprathermal electrons (Landau
damping) is computed using the formulation of Brinca
[1972] and a distribution function of suprathermal electrons
given by:

f)=2x10°/v* (em™®s*) )

where v is the electron velocity measured in units of cm/s.
This distribution represents an approximate numerical fit to
measurements made with the HYDRA instrument on the
POLAR satellite [Bell et al., 2002] of electrons in the range
300 eV-2 keV, which are the energies of electrons most
heavily involved in the Landau interaction. For reference,
the corresponding flux values are j(1 keV) = 10° and (300
eV)=3 x 10° cm *s~ ' str~' keV . It should be noted that
the above flux values are substantially lower than those used
by Thorne and Horne [1994] in their study. This
discrepancy is discussed by Bell et al. [2002] and appears
to be due to the fact that the model fluxes for L <4 used by
Thorne and Horne were based on spacecraft measurements
made on a few passes in the outer plasmasphere (L > 5.3),
whereas the fluxes given by Bell et al. represent an average
of many satellite observations in the region 2.3 < L < 4
which is most appropriate for MR whistler propagation. As
a result of Landau damping, the wave power along the ray
path varies as P = P exp (—2 [ kdS), where Py is the power
at the injection point, k; is the component of the imaginary
part of the wave vector k directed along the ray path, and dS
is an element of distance along the ray path. The quantity ;
is computed at each time step for each ray using the
formulation given by Brinca [1972, equation 2]. Subsequent
integration of k; with respect to the distance traversed by the
ray leads to the variation of the wave power density along
the ray path. The real part of the refractive index p (which is
used to evaluate k;) is calculated by the VLF ray tracing
code [Inan and Bell, 1977] using the cold plasma
approximation, which tends to overestimate . very close
to the resonance cone (where it would otherwise be
bounded by thermal effects). This cold-plasma assumption
leads to increased damping, and hence the lifetime values
listed below should be treated as a lower bound to actual
lifetimes, evaluated with the full thermal effects taken into
account.

[8] To examine the effects of Landau damping, we launch
rays from four assumed lightning source locations (A = 25°,
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35°, 45°, and 55°) at an altitude of 1000 km, with vertical
wave normal angles, and from each location we trace rays in
the frequency range 0.2—10 kHz in a smooth magneto-
sphere modeled after Carpenter and Anderson [1992] under
geomagnetically quiet conditions (K, ~ 0, resulting in
plasmapause located at L ~ 5.5). We then compute the
Landau damping along the path of each ray, note the time at
which its power density is reduced by a total of 10 dB
relative to its initial power density, and designate this value
the lifetime 7(f, X\) of this particular ray. For example the
lifetimes of the 0.5 kHz and 5 kHz rays launched at \ = 25°
are ~37 s and ~6 s, respectively, as can be inferred from
Figures 1c and lg. It should be noted that in calculating
lifetimes, only wave power deposition due to Landau
damping from the magnetosphere is considered. Geomet-
rical effects such as spreading or focusing losses (or gains)
are neglected in this preliminary treatment, as is the colli-
sional power loss in the ionosphere.

[o] Lifetimes calculated as described above are shown in
Figure 2. Waves at lower frequencies (<1 kHz) have
dramatically longer lifetimes than those at the higher
frequencies, with the 200 Hz component launched at 25°
lasting over 70 s. We note that wave frequency components
below ~400 Hz are plotted as dashed lines to indicate that
in order to propagate up to the radiation belts, they would
have to undergo mode conversion from the left-hand
polarized ion cyclotron mode into the right-hand polarized
whistler mode in the ionosphere. Such mode coupling has
been both experimentally observed [Rodriguez and Gurnett,
1971] and theoretically explained in previous work [Arantes
and Scarabucci, 1975]. Nevertheless, when considering
absolute power levels of such low-frequency wave compo-
nents it is necessary to account for the power loss due to
imperfect mode coupling. The lifetimes of MR whistlers
decrease as the injection latitude of the rays is increased,
regardless of the wave frequency. For injection latitudes
lying in the range 25° to 45°, the lifetime of MR whistlers
can be approximately expressed analytically as a function of
wave frequency f (in kHz), and injection latitude X\ (in
degrees) as:

9 + 26.17X/10
(/N = 709350005 )

To understand the frequency and injection latitude depen-
dence of MR whistler lifetimes, we refer to Figure 3a, which
shows the equatorial LHR frequency (which is the also the
frequency of waves which eventually settle at this L-shell)
as a function of L-shell. In order to settle at the appropriate
L-shell, a wave component at a given frequency propagates
predominantly to either higher or lower L-shells relative to
the L-shell of injection. In propagating from lower to higher
L-shells, the wave frequency remains almost entirely below
the LHR frequency, with the result that the wave refractive
index () surface is closed, the magnitude of p is therefore
bounded, and stays at relatively low values as shown in
Figure 1d. If on the other hand, the ray path moves from
higher to lower L-shells, the wave frequency remains above
the LHR frequency, with a corresponding refractive index
surface that is open, with consequent values of | being
unbounded and potentially very large. To move to lower
L-shells, the k-vector of the ray extends beyond the Gendrin
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Figure 2. MR whistler lifetime (defined as the time when

the wave power density along the ray path is diminished by

10 dB) plotted as a function of wave frequency for MR

whistler wave, parameterized in injection latitude (showing
Xs = 25°, 35°, 45°, and 55°).

angle [Edgar, 1972] and remains very close to the resonance
cone, resulting in large values of .. The large values of p in
turn imply lower phase (and group) velocities, which cause
the waves to resonate with lower energy particles, of which
there are many more (a condition necessary for Landau
damping) than higher energy particles, thus resulting in
significant damping.

[10] For rays injected from >45° latitude and for the
200 Hz—10 kHz frequency range considered here, ray paths
for all of the frequency components need to move from
higher to lower L-shells, resulting in overall high p values,
increased damping rates, and decreased lifetimes. Note from
Figure 2 that the lifetimes for 45° and 55° source latitude are
very similar. For the lower injection latitude of 35°, some of
the frequency components need to move to higher L-shells to
reach their settling L-shells, and since these are primarily the
low frequency components, their lifetimes are dramatically
longer, whereas the lifetimes of the higher frequency com-
ponents (>5 kHz) differ only slightly from the >45° injec-
tion cases. For the lowest injection latitude considered of
25°, rays for most of the frequencies considered move from
lower to higher L-shells, resulting in significantly larger
lifetimes. An additional effect, which accounts for the slight
differences between the 45° and 55° cases, is that rays
launched from higher latitudes damp faster since they
initially follow longer geomagnetic field lines.

4. Frequency Spectrum of Lightning-Generated
Whistler Waves

[11] To determine the power spectral density of a typical
vertical cloud-to-ground lightning discharge, we start with
the radiation field component of the electric field at a
distance D given [Uman, 1984, p. 61] as:

-l

:4TY€06'2D dr? :4’IT€0(32D dt
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Figure 3. Determination of MR whistler energy deposition
as a function of L-shell (a) settling frequency versus L-shell,
the gray shaded region indicating frequency components
which can only enter the magnetosphere upon mode
conversion in the ionosphere (b) fie is replaced by its
—10 dB lifetime, showing injection latitudes of 25° (solid
line), 35° (dashed line), 45° (dotted line), and 55° (dash-dot
line) versus L-shell, (¢) fiete 1S replaced by each frequency’s
lightning power spectral density plotted as function of
L-shell normalized to its maximum value S(3.56 kHz) =
24 pW/m? at 100 km, and (d) the curves of Figures 2b and 2¢
are multiplied and the resulting curve is normalized to obtain
an estimate of the distribution of energy deposited into the
magnetosphere by lightning generated MR whistlers, as a
function of L-shell. Dash-circle curve shows a similar
analysis for expected-L values (see Figure 5).

where c is the velocity of light, g, is the permittivity of free
space, M = 2h,Q is the lightning dipole moment due to a total
charge Q ata height of /1, above ground, /=dQ/dt is the return
stroke current, and the quantities in brackets are their retarded
values obtained at time (¢ — D/c). We model the return stroke
current at VLF frequencies as a double exponential:

—e ), (4)

giving radiated far-field, time domain electric field £, and
associated power spectral density S(w) in W/m*/Hz as:

[(l‘) =1 (eibt

1

E(D) = gy (Phelo) [ae™ = be™] (5)
_ 1 hel w2(a o b)z
% <2“€°22D) Frawrn O
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where Z, =377 ( is the intrinsic impedance of free space, 4,
is set to a typical assumed lightning stroke height of 5 km, and
the model parameters a, b and Iy are setto 5 x 10> sec ™', 1 x
10° sec™', and —0.53 kA to give a typical spectrum which is
broadly peaked between f'= 2 kHz and /= 6 kHz, and gives
E(100 km) = 10 V/m [Lauben, 1998].

5. L-Shell Distribution of MR Whistler Wave
Energy
5.1. Analysis of Wave Energy Distribution Assuming

fsetne = fuur

[12] From Figure 3a, we note that a wider range of
frequency components settle at the lower L-shells, for
instance, the region 3 < L < 5 is occupied essentially by
frequencies of /< 0.8 kHz or a bandwidth of approximately
0.6 kHz, (i.e., spectral density of 0.3 kHz/L-shell), while the
region 2 < L < 3 is occupied by a bandwidth of 1.7 kHz
(i.e., 1.7 kHz/L-shell), and 1.5 < L < 2 by a bandwidth of
~3.5 kHz (i.e., 7 kHz/L-shell). Based on the frequency
spectrum of lightning, the most intense components are 3 <
f < 6 kHz, which tend to settle at the lowest L-shells.
However, from Figure 2 we note that the low-frequency
components are the more persistent, with dramatically
longer lifetimes than their higher-frequency counterparts.
The competing effects of intense, spectrally dense but short-
lived high frequency components at low L-shells and
weaker, spectrally diffuse but much longer-lived low fre-
quency components at high L-shells suggest that there could
be an L-region where the MR whistler wave energy is
maximized.

[13] We examine this possibility in Figures 3b, 3c, and
3d. As mentioned before, Figure 3a is a plot of settling
frequency versus L-shell, which is also a plot of the
equatorial LHR frequency. We note once again that fre-
quency components below ~400 Hz must undergo mode
conversion from the ion cyclotron mode to the whistler
mode in the ionosphere in order to escape into the magneto-
sphere [Rodriguez and Gurnett, 1971; Arantes and Scar-
abucci, 1975]. These low-frequency components are
included for completeness but shaded with gray to indicate
that their power levels are likely to be lower due to
imperfect coupling between right-hand (RH) and left-hand
(LH) polarized modes. Figure 3b shows the lifetime at each
L-shell of waves at the particular frequency that settles at
that L-shell (as given in Figure 3a), calculated using (2) for
X = 25°, 35°, 45°, and 55°. For example, the /= 2.5 kHz
component settles at L = 2 as shown in Figure 3a. The
lifetime of the 2.5 kHz wave injected at A\ = 25° is ~10 s as
shown in Figure 3b, noting that the abscissa value shows the
settling L-shell (L = 2) rather than the wave frequency (f'=
2.5 kHz). The lifetimes shown in Figure 3b can be thought
of as the lifetimes of MR whistlers on different L-shells,
with the understanding that each L-shell is maximally
illuminated (as discussed earlier in connection with Figures
3b and 3¢ and later in connection with Figure 5) by waves at
a particular frequency (as given in Figure 3a). Figure 3c
shows normalized wave power spectral density as a function
of L-shell of waves at the particular frequency that settles
at that L-shell (as given in Figure 3a), calculated using
equation (6). Considering once again 2.5 kHz waves as
a numerical example, the relative spectral power of the
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2.5 kHz component is 0.98 relative to the maximum spectral
component, as shown in Figure 3c, once again as a function
of settling L-shell.

[14] This association between wave power spectral den-
sity and L-shell is valid only to the degree that each L-shell
is illuminated maximally by waves at the particular fre-
quency shown in Figure 3a, with the understanding that
waves at a given frequency do also pass through (and
deposit energy at) other L-shells as they migrate out to their
settling L-shell, as discussed below in connection with
Figure 5.

[15] The L-dependence of the MR whistler lifetime as
shown in Figure 3b and the L-dependence of lightning-
induced MR whistler wave power density as shown in
Figure 3¢ can be simply multiplied to determine the
L-dependence of MR whistler wave energy deposition.
The resultant curve shown in Figure 3d indicates that
there indeed is an L-shell region at which a maximum
amount of MR whistler wave energy is deposited, as a
result of the competing effects of increasing lifetimes and
decreasing whistler wave power spectral density with
increasing L-shell. The maximum in MR whistler energy
deposition lies in the range 2.5 < L < 3, a region known
for reduced fluxes of energetic radiation belt particles, also
referred to as the “slot region™ [Walt, 1994, p. 80]. The
concentration of MR whistler energy deposition in this
region would necessarily lead to enhanced diffusion rates
of energetic electrons into the loss-cone and may thus be
responsible for the formation of the slot region between
the inner and outer radiation belts. This idea fits well with
previous work which shows that the slot region is formed
as a natural balance between particles diffusing radially
inward from higher L-shells and whistler-mode wave
driven diffusion of particles into the loss cone at lower
L-shells [Lyons and Thorne, 1973]. In most past work the
source of whistler-mode waves was modeled to represent
plasmaspheric hiss following Lyons et al. [1972], while in
recent studies, the source of particle loss was expanded to
include plasmaspheric hiss, coulomb collisions, anthropo-
genic VLF transmitters, and MR whistler waves [4bel and
Thorne, 1998a, 1998b]. Based on the present work,
showing the close association between extended lifetimes
and the particular L-dependent wave energy distribution
exhibited by MR whistlers, it is likely that MR whistler
waves originating in lightning discharges play a more
dominant role in the loss process than what was previously
believed.

[16] To further illustrate the implications of the maximum
in MR whistler wave energy and in terms of the formation
of the slot region, we plot in Figure 4 the energy of counter-
streaming electrons at the bounce loss-cone which undergo
first order gyroresonance with MR whistler waves of differ-
ent frequencies as a function of wave normal angle at the
magnetic equator at L =2 and L = 3. We see that energies of
the electrons that would interact with MR whistler waves
considered here extend from tens of keV to tens of MeV and
even higher, which is the range of energies most depleted in
the slot region. As the whistler waves approach their settling
L-shell, the wave normal vector tends to the resonance cone,
where higher order cyclotron resonance interactions begin
to dominate. We note that although Figure 4 only shows
resonant energies for equatorial first-order gyroresonance,
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the energies of electrons involved in off-equatorial and
higher-order gyroresonance interactions are even higher
and lie well within the range of electron energies for which
the slot region is prominently observed [Walt, 1994; p. 80].

5.2. Inclusion of Path Losses in Determining f;.y. and
Resulting Energy Distribution

[17] Although the fact that the L-shell region of maximum
MR whistler energy deposition is coincident with the slot
region is suggestive of a causative association, the general-
ity of this result needs to be assessed in terms of the degree
to which the wave energy at a particular frequency is
actually deposited at the settling L-shell. As noted previ-
ously in connection with Figure 1, MR whistlers take a
finite amount of time to reach their settling L-shells so that
not all of the wave energy at a given frequency is deposited
at that particular L-shell. The foregoing discussion in con-
nection with Figure 3 was based on the simplifying assump-
tion that the MR whistler waves deposit all of their energy at
the corresponding settling L-shell We now quantitatively
consider the deposition of whistler wave energy everywhere
along the ray path, and discuss the implications in terms of
the generality of the result shown in Figure 3.

[18] We consider eight representative frequency compo-
nents, namely 5, 3, 2, 1.5, 1, 0.75, 0.5, and 0.25 kHz, trace
ray paths at each frequency component injected at 25° at
1000 km altitude and vertical wave normal angles, and
calculate the damping until the wave power density reaches
1% of its initial value. The magnetosphere is divided into
0.1L wide “bins,” and the power density of the wave at
points sampled at 1 ms intervals along the ray path is added
into the appropriate L-bin. Once the entire ray path has been
sampled, the resultant total wave power-density is normal-
ized and treated as the L-shell distribution of the wave
energy at that particular frequency component. Resultant
wave energy distributions for the 5 and 0.5 kHz frequency
components are shown as an example in Figure 5.

[19] Using L-shell distributions for other frequencies (not
shown) similar to those shown in Figure 5 for 0.5 and 5 kHz,
we carry out a similar analysis as discussed earlier in
connection with Figure 3 to determine the location in the
magnetosphere where the maximum amount of MR whistler
wave energy would be deposited. Instead of using the
equatorial LHR frequency to associate each frequency
component with a particular settling L-shell, we now
calculate the expected value of the L-shell distribution for
each frequency component and plot this value as the dash-
circle curve in Figure 3a (the circles show the data points for
5,3,2,1.5,1,0.75, 0.5, and 0.25 kHz), which represents
the more realistic association between wave frequency and
L-shell, which accounts for the deposition of wave energy at
L-shells other than the settling L-shell. Figures 3b, 3c, and
3d, respectively show the lifetimes, normalized power
density, and MR whistler energy deposition profiles corre-
sponding to this more realistic case represented by the dash-
circle curve in Figure 3a.

[20] Figure 3a shows that the actual (or expected) L-shell
of deposition differs significantly from the so-called settling
L-shell represented by the equatorial LHR frequency. In
particular, the higher-frequency components initially prop-
agate to higher L-shells before returning to their settling
L-shells and in so doing are damped well before they
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Figure 4. Energy of near-loss-cone counter-streaming electrons in first order gyroresonance with
whistler waves of different frequencies, plotted as a function of wave normal angle at the magnetic

equator at (a) L =2 and (b) L = 3.

settle. The expected L-shell of deposition for such rays is
higher than the settling L-value. The lower frequencies,
on the other hand, spend a significant portion of their
time propagating to their settling L-shell and so their
expected-L location tends to be lower than the settling L-
shell as determined by the corresponding equatorial LHR
value. The net effect of using the expected-L value as
opposed to settling L-shells can be seen most clearly in
Figure 3d, where we observe that the peak in MR
whistler wave energy deposition has become sharper.
However, the location of the peak has basically remained
near L ~ 2.8.

5.3. Discussion

[21] The fact that MR whistler wave energy peaks in the
vicinity of the slot region suggests a tantalizing causal
relationship that we now discuss in light of past work. In
particular we note the work of Abel and Thorne [1998a,
1998b], who have calculated scattering rates and electron
lifetimes due to plasmaspheric hiss, coulomb interactions,

whistlers, and anthropogenic VLF transmitters and have
concluded that in the vicinity of the slot region whistlers
are indeed important drivers of scattering, with plasma-
spheric hiss dominating at higher L-shells and VLF trans-
mitters becoming more important towards the outer edge of
the inner zone. We now use simple scaling of the results of
the Abel and Thorne analysis to qualitatively show that
MR whistlers could play a more dominant role in the
formation and maintenance of the slot region than previ-
ously assumed.

[22] Abel and Thorne [1998a, 1998b] modeled MR
whistlers as an incoherent band of frequencies at 4.5 kHz
+ 2 kHz, extending between L = 1.2 and L = 4, with an
average wave normal angle of 45° + 22.5°. Other param-
eters were taken from ducted whistler statistics and shown
to be approximately valid for MR whistlers, namely an
intensity of 10 pT and duration of 30 ms (or intensity of
3 pT and duration of 0.3 s), with a rate of 60/min giving an
occurrence rate of 3%. The analysis showed that for lower
energy electrons (~100 keV), MR whistlers were most
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Figure 5. Distribution function of MR whistler wave
energy as a function of L-shell in 0.1 L bins for the
frequency components (a) 5 kHz, and (b) 0.5 kHz. The
power of each ray is Landau damped, sampled along its
trajectory at 1 ms intervals, and added into the appropriate
bin.

effective at controlling the lifetime at L ~ 3, and that this
region of MR whistler effectiveness moved closer to the
Earth with increasing energy, such that for example for
1500 keV electrons, MR whistlers played a dominant role at
L~22.

[23] In light of the present and previous works we now
discuss several refinements to the assumptions of Abel and
Thorne [1998a, 1998b]. We begin by examining the general
condition for wave/particle resonance given by equation (7)
and field-aligned component of the wave vector k| given by
equation (8) below:

w—ky = —nQy [y (7)

k= wp cos(0)/c, (8)

where w is the wave frequency, v is the field-aligned
component of the particle velocity, n is the resonance
number, )y is the electron gyrofrequency, <y is the
relativistic Lorentz correction factor, p is the refractive
index, 0 is the angle of the wave vector with respect to the
static magnetic field, and c is the speed of light. Combining
equations (7) and (8) we obtain equation (9):

(1 —vypcos(0)/c) = —nQu /yw. (9)

If, instead of assuming that the MR whistler waves occupy
a constant frequency band throughout the plasmasphere,
we assume that they occupy a band centered on the local
LHR frequency as has been discussed above and by
previous authors [Thorne and Horne, 1994; Ristic’-
Djurovic’ et al., 1998], then both w and the gyrofrequency
vary approximately as L > in the inner plasmasphere.
Such a variation would in turn imply that v and (hence
particle resonant energy) would be approximately inde-
pendent of L.
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[24] In addition we have shown in the present work that
the product of wave power and duration does not stay
constant throughout the plasmasphere as was assumed by
Abel and Thorne [1998a, 1998b] but rather that this product
exhibits a maximum in the vicinity of the slot region. This
assertion is partly confirmed (because Edgar only counted
MR whistler components and did not examine their energy
content) by Edgar [1976, p. 77] who has shown that
although MR whistlers can occur at 1.2 < L < 4 the
distribution is not uniform, showing strong localization
between 2 < L < 3, with a maximum of ~15.4 compo-
nents/min occurring at 2.2 < L <2.4.

[25] Applying the two modifications discussed above to
the analysis of Abel and Thorne [1998a], we expect all
electron energies to be affected in roughly the same manner
as a function of L-shell and scattering rates in the vicinity of
the slot region to be approximately 2 times larger than those
obtained using Abel and Thorne’s original assumptions
(with a corresponding scattering rate reduction at 3.5 < L
< 2).

[26] Based on the foregoing discussion and building
upon previous work that has dealt with assessing scattering
rates in the vicinity of the slot region [Abel and Thorne,
1998a, 1998b], we believe that MR waves could play a
more dominant role in the formation and maintenance of
the slot region than previously supposed. While this
conclusion is a slight modification of the conclusions of
past studies [Abel and Thorne, 1998a, 1998b], it fits well
with the generally accepted mechanism of slot-region
formation which is essentially a balance between particles
diffusing radially inwards from higher L-shells, and par-
ticles scattered into the loss cone by resonant interactions
with waves and other loss processes [Lyons et al., 1971;
Lyons and Thorne, 1973]. Previous assessments of the
distribution of lightning generated whistler waves in the
magnetosphere have only considered “ducted” waves
[Burgess and Inan, 1993]. Similar efforts for nonducted
whistlers have yielded mixed results [Sonwalker and Inan,
1989; Draganov et al., 1992, 1993; Thorne and Horne,
1994] leading to contradicting conclusions. We believe
that with the more recent and richer data sets obtained
from the HYDRA instrument aboard the POLAR satellite
[Bell et al., 2002], a more accurate estimate can be made
of the suprathermal particle fluxes that lead to Landau
damping and hence of the overall distribution and spatial
structure of MR whistler wave energy that populates the
magnetosphere.

[27] We note also that not all MR whistler injection
latitudes contribute uniformly to the formation of the slot
region. Figure 2 shows that as the lightning injection
latitude is increased, the lifetimes of MR whistlers become
significantly shorter, meaning that lightning discharges at
lower latitudes dominate in terms of deposition of whistler
wave energy in the plasmasphere. In addition, lightning
occurrence statistics indicate that low-latitude lightning
discharges are significantly more numerous those at higher
latitudes [Orville and Spencer, 1979] so that there is far
more energy injected in the form of MR whistlers originat-
ing at low latitudes. The dominance of low-latitude MR
whistlers does not extend all the way to the equator; we
support the conclusion of Thorne and Horne [1994] that
below ~15° whistlers do not escape out of the ionosphere
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and hence cannot magnetospherically reflect. In addition, as
whistler waves propagate through the ionosphere, the tran-
sionospheric collisional damping rates increase dramatically
near the equator [Helliwell, 1965]. Using lightning occur-
rence versus latitude data [Orville and Spencer, 1979]
combined with the latitude dependant trans-ionospheric
damping rates, we find that the region of maximum whistler
escape energy peaks at approximately 25°-35° degrees
geomagnetic latitude, which is the focus of attention in
the present work.

[28] Our particular choice of vertical wave normal angles
at the injection point of the rays deserves discussion: it is
certainly true that initial wave normal angles need not be
vertical at the topside ionosphere [James, 1972] and can in
general be confined to a cone of ~10° about the vertical.
This spreading of the initial wave normal angles can in turn
influence the lifetime of the wave energy along the ray path
[Thorne and Horne, 1994]. In this work we have chosen not
to explicitly present the effects of nonvertical initial wave
normal angle because while deviations from vertical do
affect lifetimes, the general trend of the lifetime-versus-
frequency remains roughly constant (much like the case
shown in Figure 3b, where injection latitude changes
absolute lifetime values, but not the general trend of the
frequency dependence) so that upon normalizing, Figure 3d
remains essentially unchanged.

6. Conclusions

[20] Different wave frequency components constituting a
lightning-generated MR whistler wave packet tend to settle
on a preferred L-shell in the magnetosphere, if allowed to
propagate indefinitely. The lower frequency components
settle at higher L-shells whereas the higher frequency
components settle at lower L-shells. This preferred (or
settling) L-shell is that at which the wave frequency is
approximately equal to the equatorial lower hybrid reso-
nance frequency.

[30] Associated with each frequency component of the
MR whistler wave is a certain lifetime which we have
computed using the Landau damping formulation of Brinca
[1972] and representative plasmaspheric suprathermal par-
ticle fluxes obtained from the HYDRA instrument aboard
the POLAR satellite [Bell et al., 2002] and an initial power
spectral density associated with the particular lightning
discharge.

[31] The combination of the MR whistler lifetimes with
the power spectral density of lightning radiation is used to
determine the resultant MR whistler energy deposition as a
function of L-shell in the magnetosphere. A prominent
feature of this analysis is a clear maximum in energy
deposition in the vicinity of the slot region. This result
comes about due to the fact that low frequency components
which settle at higher L-shells have a long lifetime but
relatively low power spectral density, whereas higher fre-
quency components which settle at low L-shells have a
short lifetime but a relatively high power spectral density.
The competition between lifetime and power spectral den-
sity results in the maximum in MR whistler wave energy at
L ~238.

[32] We further note that the energies of electrons that
undergo cyclotron resonance interactions with the whistler
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wave frequencies considered here, lie in the tens of keV to
tens of MeV range (even higher for off-equatorial and
higher gyroresonance interactions). Based on the prelimi-
nary analysis presented above, we conclude that the prefer-
ential accumulation of MR whistler wave energy in the
vicinity of the slot region would lead to enhanced diffusion
rates of energetic particles and could potentially result in the
formation of the slot region.
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